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ABSTRACT

The threat of terrorism-related explosive attacks is substantial. Thus,
the successful detection of explosives, be that on a person, surface or
as a vapour, is of great importance.

Despite a number of effective trace detection methods being cur-
rently available, there is still a requirement to develop novel materials
that demonstrate timely, sensitive, selective, and portable sensing of
explosives.

Metal-organic frameworks (MOFs) have emerged in recent years as
promising candidates for the fluorescence-based detection of explo-
sives owing to their structural tailor-ability, facile synthesis, variable
luminescence properties and high permanent porosities.

This thesis further expands on the relatively limited knowledge of
MOFs for the application of trace explosives detection, with a partic-
ular focus on probing their potential for real-world applicability.

The first experimental Chapter details a pilot study whereby two
novel fluorescent MOFs have been synthesised and characterised for
the vapour-phase detection of explosives-related compounds. It was
found that porosity is an important consideration for analyte detec-
tion.

Chapter three discusses the synthesis and characterisation of an-
other novel fluorescent MOF, which was tested for its ability to detect
trace quantities of explosives as both vapours and liquids. This MOF
demonstrated flexibility in its structure. Thus, additional techniques
were used for its characterisation; included in this was in-depth study
of its humidity stability.

Chapter four investigates the use of MOFs in sensory arrays for the
discriminative detection of explosives. It was found that MOFs can
identify explosives they are exposed to using this approach.

Chapter five explores the potential of MOFs as explosive vapour
pre-concentrators; samples of the MOF presented in Chapter three
could be used to capture and release 2,4,6-trinitrotoluene vapours.

Ultimately, this thesis combines materials synthesis, crystal engi-
neering, various materials characterisation techniques with fluores-
cence spectroscopy and mass spectrometry to conclude that MOFs
hold promising potential in the application of trace explosives detec-
tion.
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INTRODUCTION AND SCOPE

The threat of terrorism-related explosives attacks is of global concern.
Although recent years have seen terrorists use a wide range of differ-
ent attack methods, the use of explosives within terrorist incidences is
still highly prevalent [1, 2]. Since the start of this doctoral research in
September 2014, until the present day (February 2018), a vast number
of mass casualties have resulted from the direct use of explosives in

terrorist-related assaults around the world. Some of which include:

e SiNal, Ecyrt, 315 of October 2015 - An improvised explosive
device (IED) is believed to have been smuggled onto a Russian

Metrojet airliner, causing it to crash, killing 224 people [3].

e Parrs, FRANCE, 13" of November 2015 - Eight militants carried
out coordinated shootings and suicide bombings in the French

capital, leaving 129 dead, and hundreds more injured [4].

e BrusseLs, BELcruMm, 22™94 of March 2016 - Coordinated suicide
attacks killed 32 individuals and injured more than 300 in Brus-

sels airport and metro station [5].

e BaGHDAD, IrRAQ, 379 of July 2016 - A suicide truck and roadside
bomb targeted a crowded shopping area killing 281 and injuring

hundreds more people [6].

e MANCHESTER, UNTTED KINGDOM, 22™4 of May 2017 - A suicide

attack on a concert arena killed 23 and injured 250 [7].

As evidenced by the above, the explosives threat is very real. As a

consequence of such events, the United Kingdom’s international ter-



INTRODUCTION AND SCOPE

rorism threat level remains at severe, meaning that a terrorist attack
within the UK is highly likely [8]. The UK’s strategy for countering
terrorism (CONTEST) has defined objectives which aim to mitigate
the explosives threat [1]. Under the protect stream of CONTEST, tar-

gets have been outlined to:

Strengthen UK border security

Reduce the vulnerability of the transportation network

Increase the resilience of infrastructure in the UK

¢ Improve protective security for crowded places and people at

specific risk of terrorism

Therefore, there is a crucial demand for explosives detection meth-
ods that can successfully identify explosives on a surface, person or
as a vapour, in order to meet the protection objectives outlined above.
However, explosives detection is not a trivial task, and many factors
exacerbate its difficulty; including the very complex environments in
which detection is required, as well as the clever concealment of ex-
plosives in an attempt to avoid their detection, to name just a few. Al-
though a number of effective technologies exist and are operationally
used, there is a growing scope for research into novel materials and
methods to add to the current capabilities so that a multifaceted ap-
proach to explosives detection can be used [9, 10].

This thesis endeavours to further explore the potential that metal-
organic frameworks may hold as fluorescence-based chemical sensors
of explosive substances and related compounds, it also investigates

their capabilities as explosive vapour pre-concentrators.
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2.1 EXPLOSIVE MATERIALS

An explosive material is one that has the potential (upon initiation by
an appropriate stimulus) to produce a very rapid exothermic reaction,
whereby a small quantity of solid or liquid is converted into a large
volume of gas. It is the unprecedented speed of an explosives reaction
that distinguishes it from conventional combustion [11-13].

A good approximation for the thermodynamic favourability of an

explosive reaction is that of Gibbs Free Energy:

AG = AH —-TAS (2.1)

To achieve a successful explosive reaction (a large and negative
AG); large heats of formation (negative AH) and a large increase in
reaction volume (large and positive AS) are required. For optimal en-
ergy release, the explosive composition should be able to convert all
of its constituent atoms into gases [13]. Explosive substances (or mix-
tures) are typically comprised of oxygen, nitrogen and "fuel" com-
ponents. While nitrogen content is not paramount, it is highly de-
sired for greater energy release, owing to the formation of stable N,
gas (yielding a more negative AH). Additionally, the evolution of N,
gas increases the expansion of matter and thus, brings greater disor-
der to the system (increased AS). Nitrogen is generally incorporated
into explosives through nitrogroups; NO, NO, and NO;~ [11]. Cru-

cially, for the successful conversion of the fuel elements into gases;

"Fuels’ refer to
oxidizable elements
such as carbon and

hydrogen.
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sufficient oxygen content must be present within the explosive com-
pounds. Cyclotrimethylene trinitramine, or RDX, is an example of an
explosive substance with sufficient oxygen content to convert all of
its constituent atoms into stable gases, therefore producing a highly
powerful explosion. When RDX is detonated, the nitrogen and oxy-
gen molecules separate and subsequently unite with the fuel compo-

nents of the system; producing the gases shown in Scheme 2.1 [11, 13].

O2N\N/\N/N02

I\N) _— 300(9) + SHQO(Q) + 3N2(g)

|
NO,

RDX

Scheme 2.1: Reaction scheme detailing the detonation of RDX.

2.2 CLASSIFICATION OF EXPLOSIVES

Explosive materials can be classified in three main ways; by their
chemical nature, performance or uses [11]. These classifications are
not mutually exclusive, and explosives are often characterised using

all three descriptives.

2.2.1  Chemical nature

Explosive materials can be primarily divided into two groups depend-
ing on their chemical nature; those that are classed as SUBSTANCES
which are explosive, such as RDX (Scheme 2.1), and those that are
MIXTURES, for example the historical ‘black powder” also known as

"‘qun powder™[11]. Explosive SUBSTANCEs are further categorised de-

+ Black powder, also known as gun powder, was most likely the first explosive com-
position ever discovered. This mixture contains a fuel composition of charcoal and
sulphur which is mixed with the oxidiser potassium nitrate [14].
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pending on their molecular construction, namely their functional group

composition [11]:
¢ Nitroaromatic compounds (NACs)
¢ Nitric esters
¢ Nitramines
* Nitroaliphatics
* Derivatives of chloric and perchloric acids
e Azides
* Peroxides

* Various other explosive compounds such as fulminates, acetylides,

and ozonides.

The classification of explosives by their molecular functionality is
extremely useful when discussing sensors that target specific func-
tional groups for detection (as will be demonstrated in Section 2.4.4).
However, categorising explosives in this manner does not indicate as
to their performance. Thus, especially within practical contexts (such
as within military settings), the classification of explosives is achieved
based on their detonation velocities, sensitivities and their role within

the “explosives train’ [11] (defined in Section 2.2.3.1).

5
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2.2.2  Performance

Detonation velocities

The velocity at which the chemical reaction proceeds through an ex-
plosive material and the amount of heat and gas evolved, will depict
its practical effects. An explosive material is categorised as either a
DEFLAGRATING (low) explosive or a DETONATING (high) explosive. If
the speed of the decomposition is less than or equal to the speed of
sound (subsonic); the explosive is regarded as deflagrating. Alterna-
tively, when a reaction wave propagates through an explosive mate-
rial at a supersonic velocity; the material is classed as a detonating
(high) explosive. The majority of explosives used within military and
commercial contexts, or even those utilised for terrorist activity; are
detonating high explosives, as they produce the greatest explosive

effects [13].

Sensitivities

The sensitivity of an explosive is the degree to which it can be ini-
tiated by stimuli such as impact, heat or friction. This classifies ex-
plosives as either PRIMARY explosives, SECONDARY explosives or as
PROPELLANTS [11].

PRIMARY explosives burn to detonation (extremely rapidly) and
have the ability to transfer their detonation products (heat or shock)
to less sensitive explosives. Primary explosives will detonate when
subject to heat, shock, friction or electric spark. Detonation velocities
of primary explosives are typically between 3500 - 5500 m/s [11].

SECONDARY explosives are distinguished from primary explosives
based on their sensitivity; they cannot be easily detonated by appli-
cation of heat and shock stimuli. Secondary explosives are initiated

to detonation by the shock produced by the explosion of primary ex-
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plosives. Secondary explosives are usually much more powerful than
primary explosives with typical detonation velocities in the range of
5500 - 9000 m/s [11].

PROPELLANTS are an alternate class of explosive. These are self sus-
taining combustible materials that deflagrate and not detonate (un-
less placed under extreme conditions), an example of which is black

power [11, 13].

2.2.3 Uses of explosives

Explosives can also be classified by their intended area of use; Com-
MERCIALLY used explosives, explosives designed for MILITARY pur-
poses, or HOME-MADE explosives (HMEs); produced for illegal/ter-
rorist activities.

CoMMERCIAL explosives encompass those that are to be used for
demolition within the construction and mining industries. Fuel oxi-
dizer mixtures such as ammonium nitrate fuel oil (ANFO) are most
commonly encountered, as these secondary explosives have relatively
slow detonation velocities, for the controlled fragmentation of mov-
ing rock and dirt [13].

MiLITARY explosives make use of high detonating secondary ex-
plosives such as Pentaerythritol tetranitrate (PETN), cyclotrimethy-
lene trinitramine (RDX), 2,4,6-Trinitrophenylmethylnitramine (Tetryl)
and 2,4,6-Trinitrotoluene (TNT) (Figure 2.1). Military grade explo-
sives require a high level of stability’ to prevent accidental detona-
tion when being used operationally. Thus, explosives like RDX, TNT,
Tetryl, PETN that commonly occur in powder (or melt-cast) form

are typically combined with plasticisers to impart greater stability

Stability in this context is referring to both the ability to not decompose at elevated
temperatures or over time, as well as to not be initiated to decomposition or detona-
tion by flame, impact, friction or spark.

Fuel oil refers to oil
fractions as obtained
from petroleum
distillation such as

diesel.



8

LITERATURE REVIEW

as well as malleability to these compounds; producing explosive for-

mulations like C4 (or PE-4) and SEMTEX [13, 15].

-

¢} O,N NO.
NO. N N Y2
o 2 N N

OoN NO,
/o\/]\/o\ o o” ¢ k )
O,N NO. N
|

2

[} NO,

Nitroglycerin Pentaerythritol tetranitrate Cyclotrimethylene trinitramine
NG PETN RDX
Nitrate ester Nitrate ester Nitramine
Primary detonating explosive Secondary detonating explosive Secondary detonating
(sensitive) explosive (low sensitivity)
Military/commercial (Detonator) Military/commercial (Booster) Military/commerical (Main charge)

CHg OH OzN\N/CHs

O,N NO, OzN NO, ON NO,

N
NO, O, NO,
2,4,6-Trinitrotoluene 2,4,6-Trinitrophenol/ Picric acid 5 4 6. Trinitrophenylmethylnitramine
TNT TNP/ PA Tetryl
Nitroaromatic Nitroaromatic Nitroaromatic
Secondary detonating explosive Primary detonating explosive Secondary detonating explosive
(insensitive) (sensitive) (sensitive)
Military/commercial (Main charge) Military/commercial (Main charge) Military/commercial (Booster)
Out dated

N HsC CH,

_J

!

o

L

Hexamethylene triperoxide diamine Triacetone triperoxide
HMTD TATP
Peroxide Peroxide
Primary detonating explosive Primary detonating explosive
Home-made explosive Home-made explosive

o O’O CHg

b _0—0 cH,

\_o-0

z—O0-0

HsC CHa

Figure 2.1: Molecular structures of some commonly occurring explosive substances.
Detailed underneath each explosive is the chemical nature, performance
and use category within which it belongs.

HomEe-MADE explosives (HMEs) are defined as those that that can
be readily produced through "high street" commercially available chem-
icals. Examples include fertiliser (ammonium nitrate) used to formu-
late fuel oxidisers such as ANFO, as well as bleach (sodium hypochlo-
rite), acetone or hydrogen peroxide; used for the synthesis of explo-
sive substances (usually peroxide-based) such as triacetone triper-
oxide (TATP). Although also used in commercial denotation, home-
made ANFO based explosives have featured in a number of terrorist

incidences such as the 1995 Oklahoma City bombings [13]. Lately,



2.2 CLASSIFICATION OF EXPLOSIVES

the use of peroxide-based explosives such as TATP and hexamethy-
lene triperoxide (HMTD) have gained in popularity, owing to the ease
of starting material availability and simple preparatory methods (al-
though despite their ease of synthesis; these materials are often very
dangerous to produce) [13]. For reference, peroxide-based explosives
(TATP) were used in the Paris and Manchester bombings mentioned

in Chapter 1 [16].

2.2.3.1 The explosives train

An alternate point to note is that explosive devices (bombs) can be
comprised of several substances and /or mixtures. This is mainly due
to the fact that in order for an explosive event to occur using sec-
ondary explosives; they must be stimulated by the detonation of a
primary explosive. For this reason, primary explosives are known
as INITIATORS (or DETONATORS) of secondary explosives in what is
known as an ExpLOSIVES TRAIN. With this said, secondary explosives
with very low sensitivities such as TNT, require greater initial det-
onating shocks and velocities to be initiated than can be supplied
from primary explosives. Thus, to detonate these explosives, BOOST-
ERs are used. These are secondary explosives with high sensitivity
that are used to detonate secondary explosives with low sensitiv-
ity (MAIN EXPLOSIVE CHARGE) [13, 17]. The explosive devices fabri-
cated by adversaries engaging in illegal/terrorist activities are typi-
cally termed “improvised explosive devices” (IEDs) and can take vari-

ous non-traditional forms [18].

9
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2.3 EXPLOSIVES DETECTION

2.3.1 Approaches to explosives detection

The detection of explosives involves collecting a sample, processing
the sample and deciding whether explosives are present or not [19].
The first decision in explosives detection is which physical form of
the explosive is to be detected. Explosives can be detected in either
BULK Or TRACE form [20]. In BULK detection, macroscopic amounts
of explosive materials are detected, most typically through the use
of imaging [20]. In essence, bulk detection seeks to locate an entire
mass of an explosive within a device [10]. In TRACE explosives detec-
tion, non-detonatable microscopic quantities of explosive materials
are detected. These are found as either particulates on surfaces or as
vapours emitted from bulk devices [21, 22]. Thus, trace explosives
detection involves both vapour and particle detection techniques. Al-
though bulk detection is a widely used approach, this thesis focuses
on the trace detection of explosives.

Within trace explosives detection, distinctions can also be made be-
tween CONTACT and STAND-OFF detection approaches. Both of which
are related to the various ways in which explosive materials are sam-
pled for presentation into trace detectors. Contact detection as the
name suggests, requires physical contact with the sample under in-
terrogation during the detection procedure. For example the swab-
bing of a surface, for the detection of explosive particles. ¥ On the
other hand, stand-off detection most typically makes use of explo-
sive vapours for detection (although particle stand-off detection is

also possible as will be discussed), and is able to place the detection

It is important to note that vapour-phase detectors can be used to analyse particles
collected from surfaces, however, their vaporization (within the detector) is required
prior to detection [23].
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method (and those using it) at some distance away from the explo-
sive being detected. This distance, at present, is typically within one
meter of the threat material or screening area [23]. It has been sug-
gested by the explosives detection community that the ideal detection
technique would be able to detect trace amounts of explosives from
a stand-off distance that ensures personnel safety [24][19]. It can be
argued that the direct, stand-off sensing of explosive vapours is of
particular importance; as the probability of detecting the main explo-
sive device is high, due to the vapours being emitted directly from
the source. In the case of particle detection, information is obtained
that the interrogation surface (be that a piece of luggage or a suspects
hands) has had some contact with explosive materials (either directly
or through contamination), but this does not necessarily mean that
the explosive charge is present [25]. However, the trace detection of

explosives, especially in the vapour phase, is not a trivial task.

2.3.2  Challenges in trace explosives detection

Several factors that exacerbate the difficulty of explosives detection in-
clude; the wide range of explosive materials required to be detected,
the physical properties of explosives; namely their very low vapour
pressures, the dynamic environment in which we need to sense ex-
plosives, as well as amongst others; the need for a timely detection

response [9, 22, 23].

2.3.2.1  Wide range of explosive materials

Trace explosive detection technologies are required to be able to de-
tect a wide range of explosive materials belonging to different chem-
ical classes. For example, trace detectors are required to detect both

traditional high explosives such as TNT, as well as chemical used in

11
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IEDs such as ammonium nitrate, TATP and other HME substances or
mixtures. The differing chemical nature of these explosives often ren-
ders broad-class explosives detection to be quite challenging [9, 10,
22, 26]. For example, some sensors such as optical sensors are effec-
tive at detecting nitroaromatic explosive substances, but struggle to

detect nitroaliphatic or peroxide based explosives (Section 2.4.4) [26].

2.3.2.2  Low Vapour Pressures

A substantial challenge in the vapour-phase detection of explosives
is the very low volatility of most explosives at ambient temperature.
In addition, explosive vapours are often present in very small sam-
ple sizes within large open air environments; which exacerbates the
difficulty in their sampling and detection. Moreover, explosives are
often concealed within packages by adversaries to prevent their de-
tection, this in turn further reduces the amount of explosive vapours
available for presentation into a detector [22]. Kolla et al. reported
that the wrapping of an explosive can decrease vapour concentra-
tions omitted from the material by a factor of 1000 [27]. As a con-
sequence, many vapour-phase detection platforms detect precursors,
breakdown products, or by products of explosives as well as the ex-
plosive compounds themselves, as these often give a good indica-
tion as to the presence of explosive materials and have much higher
vapour pressures than their parent compound [23]. For example, de-
tectable explosives related compounds of TNT include 2,6-dinitrotolu-
ene (2,6-DNT), 2,4-dinitrotoluene (2,4-DNT), para-nitrotoluene (p-NT)
and nitrobenzene (NB), shown in Figure 2.2. Furthermore, regulations
state that taggants, such as 2,3-dimethyl-2,3-dinitrobutane (DMNB),
must be used in the manufacture of all commercial and military grade
plastic explosives in countries such as the United Kingdom and the

United States [28, 29]. These highly volatile organic components are
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used in explosive compositions such as C4 and SEMTEX to aid detec-
tion capabilities owing to their higher vapour pressures [22, 23]. Ta-
ble 2.1 details the equilibrium (saturated) vapour pressures (SVPs) of
some common explosive substances and related compounds at room

temperature.

CHg CHg
NO,
O;N
NO, NO, NO,

2,4-Dinitrotoluene  para-Nitrotoluene Nitrobenzene  2,3-Dimethyl-2,3-dinitrobutane
2,4-DNT p-NT NB DMNB

Figure 2.2: Molecular structures of some detectable explosives related compounds.

Table 2.1: Vapour pressures of some common explosives and related com-

pounds[30].”

Class Name Acronym  Pyap. 25 °C/Torr?

Nitroaromatic  2,4,6-Trinitrotoluene TNT 5.5 X 10 -6
2,4,6-Trinitrophenylmethylnitramine  Tetryl 6.51 X 10 7
2,4,6-Trinitrophenol / picric acid TNP/PA  7.48 x 1077

Nitramine Cyclotrimethylene trinitramine RDX 3.30 x 10 ~?

Nitrate ester Nitroglycerine NG 4.81 x 10 4
Pentaerythritol tetranitrate PETN 1.16 X 10 ~°

Peroxides Triacetone triperoxide TATP 4.63x10 2

Hexamethylene triperoxide diamine HMTD not reported

Class Name Acronym  Pyap, 25°C/Torr

Nitroaliphatic  2,3-Dimethyl-2,3-dinitrobutane DMNB 2.1x10 3°€
Nitromethane NM 36.5

Nitroaromatic  para-nitrotoluene p-NT 4.89 x 10 72
2,4-Dinitrotoluene 2,4-DNT  2.63x 1074
2,6-Dinitrotoluene 2,6-DNT  6.20x 10 4
Nitrobenzene NB 2.4 10 14

a Vapour pressures have been obtained from Ostmark et al. [30] unless stated other-
wise.

b 1 Torr = 133.322 Pa = 1.3158 x 10 ~3 atm; 1 Pa = 7.5006 x 10 ~3 Torr = 9.8692 x 10 ~
atm; 1 atm = 760 Torr = 760 mm Hg = 101325 Pa. 1 ppb (in air @ STP) = 101325 X
10 79 =1.01 x 10 4 Pa.

¢ Oxley et al.[13]

d Lietal [31]
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Sensitivity = the
probability of the
detector identifying
an explosive when it
is present (the
change in
measurement signal
per unit
concentration of
target analyte) [32]

[19].
LOD = the lowest

concentration of
analyte able to be

detected [32].
Selectivity = the

ability of the detector
to identify targets
only when they are
present. A detector
can respond
selectively to a
group of analytes or
specifically to one

analyte [32][19].

LITERATURE REVIEW

Owing to the low vapour pressure of most explosives, vapour-
phase detectors are required to have high levels of sensitivity and
low limits of detection (LOD) in order to detect the low levels that
may be present in a search environment. However, with increased
sensitivity the consideration of selectivity becomes more critical (as
discussed in Section 2.3.2.3).

The low volatility and very adhesive nature of the majority of ex-
plosives does however benefit contact sampling techniques as many
explosives are found to adsorb onto surfaces, thus, are available for
swab sampling and particle detection [19, 26, 33, 34]. For example,
a first generation Cy4 fingerprint has been reported to yield several
micrograms of RDX on a surface which is potentially higher than
the amount of RDX that may be present in vapour form in a given
scenario, thus, particle sampling is often deemed “easier” than vapour-
phase sampling and is a routinely employed approach to explosives
detection within transportation hubs such as airports [19, 22, 35].
Nevertheless, explosive particle contamination requires careful con-
tact sampling methods to be employed in order to effectively retrieve

particles from surfaces prior to their detection [35].

2.3.2.3 Challenging Detection Environments

An intuitive solution to the challenging vapour pressures of explo-
sives is to produce extremely sensitive detectors (i.e. increase the
likelihood of finding the target being sought), however, due to the
extremely complex and dynamic environments in which the detec-
tion of explosives is required, selectivity becomes increasingly impor-
tant when detecting ultratrace levels of explosives i.e. the detector re-
sponds to explosives and not interferents [10]. Interferents are classed
as compounds that may interfere with the detection of explosives;

leading to errors in detection known as FALSE ALARMS [36]. In oper-
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ational detection environments there are many different compounds
that may act as interferents of detectors (both vapour and particle de-
tectors), such as; volatile organic compounds (VOCs), dust and even
water molecules (humidity) [23]. During a search for explosives a de-
tector continuously operates within a two-by-two dimension of out-

come possibilities (Table 2.2).

Table 2.2: Possible detection outcomes of a trace explosives detector [10].

System Indication Actual Condition
Explosive Present No Explosive Present

Explosive ‘ True Positive False Positive

No Explosive ‘ False Negative True Negative

A system may accurately determine the presence or absence of ex-
plosives; TRUE POSITIVES and TRUE NEGATIVES. Alternatively there are
two error conditions (false alarms) that may arise, FALSE POSITIVES
and FALSE NEGATIVES [10]. A FALSE NEGATIVE is a failure to detect an
explosive when it is present; a missed target [19]. These typically arise
from the lack of sensitivity of a system, interferents masking the pres-
ence of explosives or from user error (i.e. an incorrect interpretation
of the detector response) [36, 37]. A FALSE POSITIVE is where a de-
tector suggests the presence of an explosive when explosives are not
present. Such outcomes are typical of detectors that lack selectivity
and arise due to interferents yielding similar responses of the detec-
tor as explosives [19]. Therefore, the sensitivity and selectivity of an

explosives detector are frequently in a trade off.

15
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DYNAMIC RANGE =
the analyte
concentration from
LOD to maximum
concentration that
can be reliably

detected [34].

THROUGHPUT = the
total time required
for an object, person
or area to be

screened [38].

Detection = the time
required for a
detector response
from zero
concentration to a
step change in
concentration of
analyte (i.e. after
sampling has taken

place) [32].
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2.3.3 Detector requirements

As well as being able to accurately detect the low levels of explosives
present within a given environment, in some instances it is also neces-
sary to determine which explosive compound is present and in what
quantity, this requirement depends on the situation in which the de-
tector is operating. In fact, many requirements of explosives detectors
are dependent on their intended environment of use. For example, a
device intended for use in military search operations will have very
different requirements to devices used in airport security. A military-
used explosives detector will need to have a large dynamic range
owing to the high background levels of explosives in military envi-
ronments. Equally, the portability of the device is also a key require-
ment for use in military contexts. Whereas a device used in airport
security can be fixed; but a high throughput is required [23].

Other requirements that necessitate careful consideration when im-
plementing or designing an explosives detector for a particular detec-

tion scenario include [9, 23]:
* Real-time sensing vs. analysis of different samples
* Detection time
¢ Size and weight of the device
* Regeneration and reset time before the next measurement
* Operational ease of use (i.e. user friendly)

e Cost (initial investment, maintenance, consumables, lifetime of

device)
e Robustness

A commonly held view in the explosives detection community is

that whilst there is no single detection system that is perfect and
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meets all the requirements for a given scenario (i.e. is capable of di-
rect, stand-off vapour-phase detection at distances that ensures per-
sonnel safety, with high sensitivity, selectivity, and is able to iden-
tify the explosive that is present in a quick, cost-effective and non-
disruptive way), current systems (whilst they do have their limita-
tions) are in general very effective at meeting current threats. This is
particularly true when multiple systems are used in conjunction with
each other; in a layered or ‘orthogonal” detection approach (some of
these systems will be briefly discussed in Section 2.4) [39]. Neverthe-
less, it is acknowledged that the continued improvement of current
detectors, and the development of new and emerging technologies,
remains important in order to overcome existing and potential new
challenges posed by new developments in the field of explosives de-
tection [23].

The next section will detail some existing explosives detection tech-
nologies with a primary focus on fluorescence-based detectors, before
introducing fluorescent metal-organic frameworks and the research
completed to date on their potential as explosives sensors; which are

the focus materials of this thesis.

2.4 CURRENT TECHNOLOGIES

2.4.1  Animal olfaction

The use of sniffer dogs for the stand-off (short-range) detection of
explosive vapours are widespread across both military and civilian
security settings, and are deemed one of the most effective methods
of explosives detection [23, 40]. This is due to their highly sensitive de-

tection capabilities (dogs have been reported to detect down to part-

17
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exploit different
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properties of targets
in their detection
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per-trillionS levels of explosives [23]), their ability to detect a broad
range of explosives, their good selectivity, as well as their rapid, di-
rectional, portable and real-time detection capabilities [23, 40].

During canine olfaction, vapours are very effectively sampled into
the dog’s nasal cavity where they interact with various receptors.
These interactions in turn cause a signal to be sent to the dogs brain
where it is interpreted and perceived [41]. However, in order to suc-
cessfully detect explosives, dogs must be trained to react to smells
of interest, in a way that their handler can interpret, for example by
sitting or freezing. Dogs are trained to recognise explosives by expos-
ing them to known compounds of interest, as well as to interfering
compounds, and rewarding them upon indicating correctly towards
a target compound and not an interferent [23].

Whilst canine olfaction is very effective; it is not without its lim-
itations. A significant disadvantage of dogs is the amount of train-
ing required for both the dog and handler, which is both lengthy
and expensive. In addition, dogs can get tired, they require plentiful
maintenance, they can be influenced by handler behaviour and it is
difficult to ascertain whether a dog is fully operational in its duties
i.e. whether it is “‘working” or not. Furthermore, dogs are not able to
detail which threat is present of the many they are trained to recog-
nise and they lack the capability to give qualitative information [23,
24, 40].

Other animals have also been explored for explosives detection
such as rats [42] and bees [43]. However, they too suffer drawbacks
and are not suitable for all detection scenarios [23]. As a result, instru-
mental techniques are also used and continuously developed to give

a further breadth to explosives detection capabilities.

1

1 part-per-trillion t) is 1 volume of vapour in 10 ~** volumes of air [13].
part-p PP p 3
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2.4.2  Separation and ion detection techniques

Some of the most widely used techniques for the trace detection of
explosives make use of molecular separation processes to separate
different types of molecules (either whole or as fragments) present
within a given sample into various fractions, prior to their detection.
This allows for the potential isolation of target molecules from those
that are interferents; imparting selectivity into the detection process.
The most prominent of these technologies include gas chromatogra-
phy (GC), mass spectrometry (MS) and ion mobility spectrometry
(IMS). These techniques can each be used individually or they can be
combined (e.g. a GC couple with an MS; GC-MS) for greater efficacy
[23].

Common to all three of these techniques is that they require effec-
tive sample collection steps (wWhether that is in either the vapour or
solid-state) that deliver adequate amounts of sample into the instru-
mentation to allow for their detection [10]. Further to this, since the
concentrations of explosives available in screening scenarios are often
very low (particularly in the vapour-phase) a pre-concentration stage
maybe employed during sampling. Pre-concentrators are sorbent ma-
terials that enrich analyte concentrations prior to delivering them to
a detection system. Therefore, increasing the probability of detecting
the analytes [36]. Pre-concentrators can be used in both vapour and
particle detection methods [44]. Vapour-phase pre-concentrators will

be discussed in further depth in Chapter 6.

2.4.2.1  Gas chromatography

Gas chromatography is purely an analyte separation and analysis
method. It requires interfacing to a detector for the identification of

the separated analytes. Such detectors are generally mass spectrom-
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eters (MS), however, electron capture detectors amongst others have
also been explored [10, 23]. GC analysis is able to be performed on
both direct vapour and particle samples, although vaporization of the
particles is required prior to their injection into the GC, however, this
does not decompose the compounds within the samples [23].

In gas chromatography, a carrier gas (generally helium or nitrogen)
transports the sample vapour through a column that is coated with
either a liquid or a polymer; termed the stationary phase. The dif-
ferent constituents of the sample vapour interact with the stationary
phase to varying extents. Therefore, they move through the column
at different speeds, meaning that they emerge from the column at dif-
ferent ‘retention times’. These different retention times are how the
materials within the sample are separated. The separated materials
are detected by a chosen device that responds with an intensity that
is directly proportional to the concentration of that component in the
mixture [45].

Gas chromatography is very useful for imparting selectivity in de-
tection and a number of GC-MS explosives detectors are commer-
cially available [23]. However, GC techniques have previously been
criticised for their time-consuming procedures that have precluded
their applicability to a number of screening scenarios [22]. However,
substantial advancements in speed have been achieved and it has
been shown that GC in combination with tandem mass spectrome-
try (two mass spectrometers interfaced with one another) can detect
various explosives, at picogram (pg) detection levels, in under three

minutes [46].

2.4.2.2  Mass spectrometry

In mass spectrometry, analytes are charged and separated according

to the mass to charge (m/z) ratio of their parent ions and fragments,



2.4 CURRENT TECHNOLOGIES

using a magnetic or electric field. A sample (in either vapour or liquid
form) is introduced into a sample chamber in one of many ways (for
example from the outlet of a GC column), either at atmospheric or
reduced (vacuum) pressure. It is then ionised using a specific method,
for example; ion impact or electron impact. The resultant ions are
then accelerated into the spectrometer (operating under high vacuum)
which separates the ions based on their geometric path or time of
flight [23, 45].

Mass spectrometry has been deemed a very effective tool for the de-
tection of explosive vapours and particulates [47]. MS offers picogram
or better detection sensitivities, high selectivity (on the basis of ion
mass generally measured to < 1 Dalton (D)) and rapid instrumental
response (some MS analysis times have been reported at around 5
seconds) [21, 23, 47].

Limitations of this technique have often been concerned with its
lack of portability (due to the need for a vacuum environment within
the spectrometer leading to bulky instrumentation) as well as high
costs. However, since the advancements in atmospheric pressure ioni-
sation (API) techniques, plentiful research into the miniaturization of

mass spectrometers has been stimulated.

2.4.2.3 lon mobility spectrometry

Ion mobility spectrometry (IMS) is a very prevalent technique used
within airport security for the screening of small luggage articles via
contact swabbing. Although vapour-phase detection is possible with
IMS, the low SVP of explosives coupled with the difficulty in vapour
sampling; has led to the predominant use of IMS for swab analysis
[21].

The explosive particles collected on the swab surfaces are thermally

desorbed inside of the IMS instrument. The vapours produced are
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subsequently ionised using one of many methods, such as; through
the use of radioactive materials (°3Ni), electrospray ionization, corona
discharge ionization etc. It is important to note that the ionization of
the samples (vapours) occurs at atmospheric pressure. The generated
ions are then introduced into a drift tube along with a carrier gas (typ-
ically purified air), which, upon the application of an electric field;
propels the ions through the field at characteristic velocities, which
allow for their separation and identification. These velocities are de-
pendent on the mass, charge, and dimensions of the ions [24][23]. The
main distinguishing feature between IMS and MS is that the former
does not require a vacuum in order to operate. Thus, the size and
shape of the ions become important in IMS. This is due to collisions
with the drift gas impacting on the movement of the ions through the
electric field [48].

IMS has been used to successfully detect picogram (pg, 1 x 10 ~**
g) levels of explosives, with detection times of less than a minute.
The popularity of this technique mainly arises from its simplicity [21,
24, 49]. Some reported limitations of the technique include: the frag-
mentation of explosives during the thermal desorption of the parti-
cles present on the collected swabs; leading to issues with selectivity.
However, research into atmospheric pressure ionisation/desorption
methods are emerging; to avoid the thermal decomposition of frag-
ile explosives. In addition, IMS peaks are relatively broad compared
with the total drift time (low resolution), which limits the selectivity
of the method. However, combining IMS with GC has been proposed
for increased selectivity and false alarm reduction. Further to this,
the definitive identification of IMS peaks is often performed by inter-
facing an IMS instrument with a mass spectrometer [21]. Therefore

yielding high selectivity (and sensitivity) in detection.
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A common challenge for both IMS and MS is the ability to produce
instruments that are compact and portable, whilst still retaining sensi-
tivity as well as ensuring cost-effectiveness. Another significant point
to note is that threat materials are typically identified (by both of
these techniques) through the matching of the detector outputs (upon
exposure to unknown samples) with a pre-defined library of outputs
of the threat materials. If the detector outputs match those that are
known; the threat is able to be identified. It is therefore imperative
that the libraries within these instruments are constantly expanded

in line with the constantly evolving threats [9].

2.4.3 Spectroscopic techniques

Spectroscopic techniques such as infra-red (IR) and Raman, have at-
tracted ample attention within the explosives detection field. This is
primarily due to their ability to perform non-destructive analysis of a
wide variety of threat materials, and their potential for stand-off de-
tection (particularly for Raman spectroscopy) [50, 51]. Both of these
techniques detect and identify explosives via molecular characterisa-
tion from their vibrational spectra, adding further breadth to the ap-
proaches available for explosives detection [52].

The basic principles of IR spectroscopy are that samples (either
solid, liquid or gas) are exposed to an infra-red beam of light and
certain functional groups within the materials will absorb the radia-
tion at specific wavelengths that are dependent on the frequency of
their molecular vibrations (in the IR spectral range), as well as the
change in the dipole moment of a specific molecular vibration [45,
53]. The resultant IR spectra are a reflection of the molecular struc-

ture of the interrogated material and can be interpreted in terms of
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the functional groups present (or absent), or by pattern matching to
a library database of reference spectra [50].

The detection of explosives using IR is especially successful for
those containing NO, functional groups; owing to the strong infra-
red absorption signatures of the NO, moiety [45]. However, IR is not
limited to the detection of just nitro-containing explosives, the detec-
tion of peroxides and explosives of other chemical natures are also
possible [54]. Various forms of IR instrument have been explored for
explosives detection, most of which use Fourier transforms (FT-IR)
to allow for the full range scanning of frequencies simultaneously
[53]. The most frequently encountered and commercially available
instruments are attenuated-total-reflection (ATR) FT-IR instruments
that require a trace sample (of between ng to pug mass) to be placed
in contact with an ATR prism during detection. The benefit of this ap-
proach is that no sample preparation is required and analysis can be
completed on solids or liquids. Reported limitations of IR include is-
sues in sensitivity, selectivity, as well as the fact that this technique is
very sensitive to the presence of moisture within a system (humidity
interferent) [50, 52, 53].

Raman spectroscopy is similar to IR in that it also provides infor-
mation on molecular vibrations. However, instead of absorbing the
incident radiation; Raman relies on the sample scattering the radia-
tion (which is typically a monochromatic laser source). Raman spec-
tra record the inelastic scattering of radiation as a consequence of in-
teraction with the molecular vibrations of a molecule, which require
a change in polarisability in order to be Raman active.

Raman and IR spectroscopy are regarded as complementary tech-
niques, this is due to the vibrations that are usually weak in IR spec-
tra being strong in Raman spectra, and vice versa [50, 52]. Portable

and commercially available Raman spectrometers have been devel-
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oped for trace explosives detection. The main benefit of Raman is
that it is able to perform stand-off (short-range at present) detection.
In addition, Raman is able to analyse materials present within some
containers (typically translucent) which is advantageous owing to the
potential hazardous nature of the interrogation materials [50].
Limitations of Raman have included; laser-induced background flu-
orescence interfering with the detection of fluorescent and coloured
compounds. In addition, Raman is frequently criticised for its low sen-
sitivity (it is of lower sensitivity than IR methods). However, plentiful
research into surface enhanced Raman spectroscopy (SERS) as well as
the use of Raman in conjunction with IR, is aimed at preventing such

limitations [50, 52, 53, 55].

2.4.4 Sensors

Sensors add another dimension to the explosives detection tool-kit.
The advantages of sensors is that they can produce very low-cost,
simple-to-use, portable devices, that have the potential for continu-
ous real-time detection and can be economically viable for mass de-
ployment. In addition, sensors have the capability to mimic the ca-
nine olfaction system through their incorporation in ELECTRONIC or
CHEMICAL NOsSESs (discussed below). This is of significance as dogs
are deemed the most reliable method of explosives detection to date,
thus, by mimicking their detection approaches; sensor devices that
are both sensitive and selective can potentially be obtained. Whilst
only a few sensor-based technologies have been commercialised into
devices for real-world explosives detection, a vast amount of research
has and continues to lie within this field for the aforementioned rea-

sons [24, 34, 53, 56]. A brief outline of sensors will be given below
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with a main focus on fluorescence-based sensors for explosives detec-
tion.

Common to any type of sensor are two steps; recognition and trans-
duction. Every sensor must contain an immobilised active species that
can recognise a target such as an explosive or class or explosives (ei-
ther specifically or with some degree of selectivity). It is then the
transduction step that converts the recognition of the target by the
active species into a measurable change [53]. The active species in
a sensor can either be biological or chemical, and transduction can
occur as a result of changes in electronic, mass or optical properties
of a sensing material; giving many options for sensor design. Conse-
quently, many combinations of active species and transducers have
been researched for both the vapour and particle detection of explo-
sives [53, 56, 57].

With the exception of highly specific biosensors (such as immuno-
chemical sensors), a frequent criticism of chemical-based sensors (those
that rely on weak chemical interactions between the targets and the
receptors for analyte recognition) has been their lack of selectivity
towards target analytes, and inability to discriminate between simi-
lar target compounds. However, electronic/chemical nose approaches

are often employed in such scenarios with aim to overcome selectivity

barriers [23, 45, 53, 58].

2.4.4.1 Electronic/chemical noses

In essence, electronic (or chemical) noses make use of arrays con-
structed from semi-selective receptors that each interact with target
analytes in different ways and to different extents; depending on the
nature of the receptor and the concentration of the analyte present.
The collective response of a sensing array towards a target analyte (en-

compassing each of the different signals yielded by each individual



2.4 CURRENT TECHNOLOGIES

sensor) is processed using pattern recognition algorithms that gen-
erate a unique ‘fingerprint’ for each analyte the array is exposed to;
which is stored in a library of fingerprints. Upon the exposure of the
array to an unknown sample; the response produced by the array is
processed and the fingerprint produced by the unknown is compared
to those that are known. If there is a match between fingerprints; the
unknown sample is able to be identified. Array-based sensing ap-
proaches are designed with aim to minimise false alarms [53, 58-60].
This concept of electronic/chemical noses will be discussed in sub-

stantial depth in Chapter 5.

2.4.4.2 Chemical sensors for optical-based detection

Chemical sensors that use optical-based signal transduction are a
particularly significant sub-field within the field of sensors for trace
explosives detection. Colourimetric and fluorescence-based chemical
sensors are amongst the very few sensor systems that have been de-
veloped and commercialised for in-field trace explosives detection [21,
23, 61].

COLOURIMETRIC chemical sensors rely on a chemical reaction be-
tween the explosive target analyte and an indicator molecule to pro-
duce a colour change, which is typically visible to the naked eye.
Colourimetric sensors are generally used to identify explosives by
their class; based on their different chemical nature. For example,
Meisenheimer and Greiss reactions have been used for the detec-
tion of nitroromatics and nitramines. In both instances, new chro-
mophores are produced from the chemical reaction between the ex-
plosives and the indicator molecules, to yield the observed colour
change [21, 61].

Many colourimetric ‘kits” based on different chemical indicators

targeting different classes of explosives are commercially available
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for quick, simple, and easily interpretable in-field diagnostics. Such
tools can exist as aerosols that are sprayed onto interrogation sur-
faces, they can take the form of swipes impregnated with chemicals,
reagent drops added to sample swipes or simple small-scale liquid so-
lutions into which particles are added. Generally, colourimetric-based
techniques are used for the contact-based detection of explosive par-
ticles, with limits of detection of less than miligram (mg) amounts
[21]. More recent research has explored the use of colourimetric sen-
sors in chemical noses for the vapour-phase detection of explosives.
For example Suslick et al. reported the successful detection of TATP
vapours using a colourimetric array with an LOD of < 2 parts-per-
billion (ppb), which is around 0.02% of the saturated vapour pressure
of this peroxide-based explosive [21, 62, 63].

Current limitations of colourimetric-based sensing approaches in-
clude the need for hazardous chemicals in some of the liquid reagent
based test kits, therefore subjecting those operating these kits to var-
ious levels of toxic exposure [63]. In addition, many of these colouri-
metric approaches are single-use only systems, incurring costs to
replace the sensor after each use. Furthermore, in comparison with
fluorescence-based optical detection, colourimetric approaches are one
to three orders of magnitude less sensitive [26]. Consequently, fluores-
cence-based explosives detection methods have also been extensively

researched.

2.5 FLUORESCENCE-BASED EXPLOSIVES DETECTION

Before discussing the contributions to trace explosives detection us-
ing fluorescence-based methods, it is important to define what ex-
actly fluorescence is and how this phenomenon can be exploited for

sensing.
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2.5.1  Fluorescence theory

Luminescence refers to the process of light emission by the absorption
of energy, and occurs from electronically excited states. The excitation
energy of this process is most typically in the form of photons and
s0 is often termed as PHOTOLUMINESCENCE. Luminescence is formally
divided into two categories; fluorescence and phosphorescence, de-
pending on the nature of the excited states. Fluorescence arises form
the emission of light between energy states of the same spin multiplic-
ity (spin allowed) and phosphorescence occurs when light is emitted
from transitions between states of different spin multiplicity (spin for-
bidden). Fluorescence is a rapid emission and generally lasts around
10 ns (10 x 10~ 7 s), whereas a phosphorescent emission is approxi-
mately in the range of a microsecond to a second in duration [64-66].
These light emitting process are illustrated through use of a Jablonski

diagram; Figure 2.3.
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Figure 2.3: Schematic illustration of one form of a Jablonski diagram detailing the
electronic (S, S;, S,) and vibrational states (o, 1, 2) involved in the lumi-
nescence phenomena, as well as the transitions between them. Adapted
from [67] with permission of the The Royal Society of Chemistry.
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In Figure 2.3, the singlet ground state, the first electronic excited
state, and second electronic excited state are represented by S,, S;,
and S, respectively. Within each of these electronic energy levels, flu-
orophores (fluorescent chemical compounds) can exist in a number
of vibrational energy levels; o, 1, 2 etc. [64].

Following the absorption of light energy (photons), a fluorophore
is excited to some higher vibrational energy level of an excited state
(such as S;). With a few rare exceptions, fluorophores subsequently
rapidly relax to the lowest vibrational state of S,. This process is a non-
radiative process (does not emit a photon) and is termed INTERNAL

1

coNVERSION (IC). IC lasts approximately 10 ~** s or less. As fluores-

cence lifetimes are ~ 1 x 10 8

s, internal conversion generally occurs
prior to emission. Upon the return of the excited state fluorophore
(from the thermally equilibrated excited state, that is, the lowest vi-
brational energy level of S;) to the ground state; a photon is emitted
and fluorescence is observed. Return to the ground state most typi-
cally occurs to a higher excited vibrational ground state level, which

2 g (return-

then reaches thermal equilibrium in approximately 10 ~
ing to the lowest vibrational energy level). It is the return to the an
excited vibrational level at the S, ground state that generates a mirror
image in most fluorophore absorption and emission spectra, as this
causes the energy of emission to be lower than that of absorption; this
effect is known as the STOKES SHIFT.

Alternatively, excited molecules in the S, state may also undergo a
spin conversion to the first triplet state, T;. Emission from this excited
state takes the form of phosphorescence. Conversion to the T, state
from S, is termed INTERSYSTEM CROSSING (ISC). Owing to the transi-
tion from T; to S, being forbidden (spin selection rule); the lifetime of

phosphoresence emission is several orders of magnitude longer than

that of fluorescence [64].
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2.5.1.1  Characterisation of fluorescence properties

The fluorescence properties of materials are generally characterised

by three parameters [64]:

1. FLUORESCENCE EMISSION SPECTRA - which is defined as the fluo-

rescence intensity of a material as a function of a wavelength.

2. THE QUANTUM YIELD - this denotes the efficiency of the fluroes-
cence process for a material, and is determined by the number
of photons emitted during fluorescence compared to the num-

ber of photons absorbed.

3. THE FLUORESCENCE LIFETIME - the average time a fluorophore

stays in its excited state prior to emitting a photon.

2.5.2  Mechanisms and processes for fluorescence-based explosives detection

As explosive compounds are non-fluorescent, fluorescence-based sen-
sors offer an indirect approach to explosives detection. In such ap-
proach, fluorophores are used to interact with target explosive mate-
rials to yield a measurable change in their fluorescence emissions. Al-
terations in fluorescence intensity (quenching or enhancement), wave-
length, anisotropy or lifetime of the material may be exploited for the
indication as to the presence (or absence) of explosives. The most com-
mon measurable transformation of a fluorescent sensor upon contact
with an explosive is that of FLUORESCENCE QUENCHING which is a
decrease in the fluorescence intensity of the fluorophore upon inter-
action with the target analyte. Explosives detection sensors based on
fluorescence enhancements or ‘turn-on’ are also observed, however,
they less frequently encountered [26].

There are various mechanism that can lead to the quenching of

a fluorescent system upon interaction with an explosive, the most

31



32

Exiplexes (excited
complexes) =
molecular complexes
that are formed in
the excited state,
which dissociate in
the ground state.
Exiplex emissions
are typically
characterised by the
broadening and loss
of features in
fluorescence spectra

[68].

LITERATURE REVIEW

significant of which are: PHOTO-INDUCED ELECTRON TRANSFER (PIET),
FORSTER RESONANCE ENERGY TRANSFER (FRET) and DEXTER ELECTRON
EXCHANGE (DEE); the mechanisms of which are briefly outlined be-

low.

2.5.2.1 Photo-induced electron transfer mechanism

Many explosive substances are highly nitrated organic compounds,
as a consequence they are very electron-deficient. This attribute gives
them potential to bind to electron-rich fluorophores through ponor
(D) - ACCEPTOR (A) interactions. In photo-induced electron transfer
(PIET), the excited state, electron-rich donor analytes (excited state
fluorophores) give an electron to the ground state acceptor analytes
(electron-poor explosives); forming a complex between the electron
donor and acceptor (as demonstrated in Figure 2.4). This charge trans-
fer complex most typically then returns to the ground state without
the emission of a photon, thus, causing a quenching of the excited
state fluorophore. In some instances, the donor-acceptor complexion
yields exciplex formation, in which case exciplex emissions are ob-
served as opposed to a fluorescence quench (which is still a useful
and detectable change of the fluorophore emission). Upon returning
to the ground state in either case, charge recombination and the re-
generation of the ground state donor/acceptor species occurs, with

the excess energy released as heat [26, 67].
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Figure 2.4: Molecular orbital schematic detailing the photo-induced electron transfer
(PIET) mechanism [64].

For the PIET mechanism, it is the energy gap between the low-
est unoccupied molecular orbital (LUMO) of the electron donor flu-
orophore and the LUMO of the acceptor (explosive), that is approx-
imately the driving force for this redox process (as shown in Fig-
ure 2.4). Further to this, the quenching efficiency of a system is di-
rectly proportional to that of the electron transfer and can be analysed

using Marcus theory [26, 69, 70].
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where

Ket Electron transfer rate

h Planck’s constant
k Boltzmann constant
T Temperature (Kelvin)

AG°  Standard Gibbs free energy difference of the electron transfer reaction
\ Electron coupling between the initial (D*) and final state (DTA™)

A Relaxation energy adjusting the molecular structure of the new stable state
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Through the use of quantum calculation methods the energy gap
between the LUMO of the acceptor and donor may be obtained and
thus AG for the electron transfer process may be determined. This
allows for an approximate evaluation of the quenching efficiency be-

tween a donor and an acceptor to be made [70].

2.5.2.2 Forster-resonance energy transfer mechanism

An alternate mechanism that can result in the fluorescence attenua-
tion of a fluorophore is FORSTER RESONANCE ENERGY TRANSFER (FRET).
FRET is a distance-dependent interaction in which energy (not an
electron) is transferred from the donor fluorophore to the acceptor
(through dipole-dipole interactions), via a non-radiative process, which
in turn causes a decrease in the fluorescence intensity of the donor [64,

71]. This process is illustrated by Figure 2.5.
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Figure 2.5: Molecular orbital schematic detailing the Forster-resonance energy trans-
fer mechanism [26, 64].

As demonstrated by Figure 2.5 the donor is excited by a photon,
after which, it relaxes to the lowest vibrational state of the excited
level S,. If the acceptor (explosive) is in close proximity to the donor
fluorophore, the energy released when the excited electron returns
to the ground state (S,) may excite the acceptor. After excitation, the

acceptor returns to the ground state typically through the emission
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of a photon (providing that no other quenching states exist). How-
ever, in the case of explosives, owing to their non-emissive nature, no
fluorescence is observed upon the relaxation of the excited state ex-
plosive. This transfer of energy from the donor to the acceptor, with-
out the emission of light, causes the fluorescence quenching of the
fluorophore.

The FRET quenching mechanism requires the close interaction of
the donor and acceptor (typically 10 - 100 A). In addition, this process
relies on equal transitions being possible in both donor and acceptor
species and thus, requires spectral overlap between the donor species’
emission spectrum and the acceptor species” absorption spectrum [67,
71]. The greater the spectral overlaps the more efficient the energy
transfer from donor to acceptor. FRET type interactions have been
known to dramatically enhance the fluorescence-quenching efficien-
cies and thus improve the sensitivities of fluorescent sensors. This has
consequently led to the rational design of numerous materials that are
able to interact with target analytes using this resonance process (by
careful consideration of donor-acceptor spectral overlaps and possi-
bilities for close range molecular interactions). However, owing to the
strict requirements for this process to occur, FRET is only commonly
observed for fluorophore interactions with some explosive analytes
(such as Picric Acid), that are able to demonstrate good absorption
spectral overlap with donor emission spectra and where close spacial

proximities (between donor and acceptor) can be achieved [26].
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2.5.2.3 Dexter electron exchange mechanism

The Dexter electron exchange (DEE) mechanism, as the name sug-
gests, involves the exchange of electrons between donors (in their
excited state) and acceptors (in their ground state). In this process,
the excited state donor transfers an electron present within its LUMO
excited state orbital to the acceptor (in the ground state), and the ac-
ceptor then transfers an electron back to the donor. The electron from
the acceptor comes from its HOMO, and therefore the acceptor is left
in the excited state [64]. This process can occur in a concerted process
(illustrated in Figure 2.6) or a two step process (where by electron do-

nation from the donor precedes electron donation from the acceptor).
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Figure 2.6: Molecular orbital schematic detailing the Dexter electron exchange (DEE)
mechanism [64].

DEE is a short-range mechanism (the distances required for this
process are shorter than those for FRET, typically less than 10 A) and
like FRET relies on orbital overlap between the donor and the accep-
tor. However, spectral overlap is less important for DEE. Typically, if
spectral overlap is present between a donor and an acceptor, FRET
will be the more important interaction. However, where spectral over-
lap is small, and where interaction ranges are very short; DEE will be

the dominant mechanism. Much like FRET, dexter electron exchange
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can results in either the quenching or enhancement of the fluorophore
in the presence of explosives (or related compounds). However, as

aforementioned, quenching is much more common [64].

2.5.2.4 Quenching rates

The rate at which a fluorophore is quenched by an analyte (by any of
the previously mentioned mechanisms) is determined through steady-
state quenching experiments and an evaluation of the Stern-Volmer

(SV) equation and binding constant (Ksy) [72] (Equation 2.3):

I

TO =1+ Ksv[Q] (2.3)
I, Fluorescence intensity in the absence of a quencher
I Fluorescence intensity in the presence of a quencher

[Q]  Quencher concentration

Kgy Stern-Volmer constant

It should be noted that quenching rates can only be estimated ac-
curately if the plot of ITO vs. [Q] is linear. A linear stern-volmer plot
is indicative of only one type of quenching process occurring within
the system. There are two types of quenching processes that can ex-
ist; sTATIC and COLLISIONAL quenching (which will be defined in Sec-
tion 2.5.2.5). If an SV plot deviates from linearity; quenching rates can-
not be accurately determined. In such instance, it is likely that both
static and collisional quenching processes are occurring. Steady-state
measurements do not provide insight into which type of quenching
process is happening within a system; they can only evaluate rates.
For quenching processes to be determined, time-resolved measure-

ments must be performed [72].

37

There are two types
of fluorescence
measurements;
steady-state and
time resolved. In
steady-state
measurements the
sample is constantly
illuminated and the
intensity of the
sample is recorded.
In time-resolved
measurements the
sample is exposed to
a pulse of light,
where the pulse
width is typically
shorter than that of
the sample decay
time, and the
intensity of the
sample is measured

[64].
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2.5.2.5 Types of quenching processes

For each of the fluorescence quenching mechanisms discussed, the
fluorophore and the quencher are required to come into contact. This
association between the two molecules can result from a diffusive
encounter, which is DYNAMIC QUENCHING or from complex forma-
tion; STATIC QUENCHING. These two processes can be distinguished
through the analysis of time-resolved fluorescence decay measure-
ments of the fluorophore material.

During STATIC QUENCHING, the fluorescence decay lifetime of a flu-
orophore will remain unchanged as the concentration of the quencher
is increased. The fluorescence quenching in this interaction arises
from the formation of non-fluorescent, ground-state fluorophore-quen-
cher complexes, which are formed prior to excitation, and typically
result from the rapid electron transfer from fluorophore to quencher
upon photo-excitation; eliminating the fluorescence. Thus, any fluo-
rophore molecules not bound to an analyte will decay following their
natural lifetime decay pathways. In COLLISIONAL QUENCHING, the flu-
orophore and quencher must collide, therefore this process is diffu-
sion controlled and results in a decrease in the average fluorescence
lifetime of the fluorophore. The fluorophore and the quencher are un-
bound and quenching occurs when a photo-excited material interacts
briefly with a colliding analyte molecule [26, 61, 64, 72].

The determination of whether fluorescence quenching is occurring
statically or dynamically can be ascertained by measuring the fluores-
cence lifetime change of the material in the presence and absence of
the explosive quenchers [72]. Typically the ratios of lifetime (%) are

plotted against the quencher concentration ([Q]). For static quenching

T

—0 IO
T

.« . . T
= 1, whereas for collisional quenching; 2= 3.
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For collisional quenching, the Stern-Volmer equation can be used
to describe the correlation between the lifetime of the fluorophore

and the quencher concentration [26]:

ITO =1+kq7,[Q] =1+ Kpl[Q] (2.4)
Ty I
T 1 (2.5)

I, Fluorescence intensity in the absence of a quencher

I Fluorescence intensity in the presence of a quencher

T, Lifetime of the fluorophore in the absence of a quencher
T Lifetime of the fluorophore in teh presence of a quencher
kq Bimolecular quenching constant

Kp Stern-Volmer dynamic quenching constant

[Q] Quencher concentration

For static quenching the Stern-Volmer is derived to consider the
association constant for complex formation (Ks is the Stern-Volmer

constant for static quenching):

I

1= 1 +Ks[Q] (2.6)

Combination of these two equations for reactions that involve both

collisional and static quenching is given by:

= (1+KplQH(1+XKs[Q)) (2.7)

= 1+ (Kp +Ks)[Q] +KpKs[Q]*

—| &

39



40

LITERATURE REVIEW

When quencher concentrations are very low, the contribution to
[Q]? is less significant and so a linear plot for the equation is observed.
In contrast, at higher quencher concentrations, the plot deviates from
linearity demonstrating an upward curvature, concave to the y-axis;
such plots are characteristic of flurophores in which both static and
dynamic quenching processes are simultaneously occurring.

Whilst both of these fluorescence quenching processes are feasible,
it is reported that static quenching is much more prominent in explo-
sives detection, as a result of the high association constants between

fluorophores and explosives [73].

2.5.3 Previous contributions to fluorescence-based explosives detection

A number of fluorescence-based sensors have been explored for the
trace detection of explosives. Arguably the most notable contributions
to date have been made by Swager et al. with the use of AMPLIFY-
ING FLUORESCENT CONJUGATED POLYMERS (AFCP) as sensing materi-
als, some of which have been developed into devices that are used
within the security industry [23].

A conjugated polymer is comprised of a number of macromolecule
repeating units which are bound together using both saturated and
unsaturated bonds. These generate a main chain which is often re-
ferred to as a ‘molecular wire’, due to the repeating units of the
chain being electronically coupled. It is this conjugation that allows
for the coalescing of individual molecular orbitals, which gives rise to
semiconducting type polymers with electrons in their valence bands
and devoid conduction bands. This facilitates fluorescence-based ex-
plosives detection by fluorescence quenching, most typically via the

photo-induced electron transfer mechanism [74].
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The uniqueness of AFCPs is their ability for signal amplification
when a receptor interacts with a target analyte. As a result of the
molecular wire effect, an exciton has the ability to migrate through
the conjugated polymer backbone, sampling each receptor site that
it passes. If during its excited state lifetime, the exciton encounters a
bound analyte, its emission will be quenched. Due to the enhanced
delocalization of the structure, this one binding event causes the en-
tire system to be quenched (Figure 2.7a). This signal amplification is
synonymous to ‘the Christmas tree light effect’, whereby the extin-

guishing of one light bulb in series, turns off the entire network [74].
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Figure 2.7: a) Schematic illustrating the molecular wire theory. b) Examples of some
basic backbone structures of conjugated polymers as synthesised by Swa-
ger et al.. c) Pentiptycene-derived PPE conjugate polymer structure and a
representation of the porosity imparted in this polymer for analyte bind-
ing. d) Example of a ‘FIDO’ amplifying fluorescent conjugate polymer
hand held trace explosives vapour detector [75]. Figures a) and b) have
been reproduced from [26] with permission from The Royal Society of
Chemistry. Figure c) has been reprinted with permission from [76]. Copy-
right 1998 American Chemical Society.
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A number of fluorescent conjugated polymers with varying organic
or inorganic basic backbones (some of which are denoted in Fig-
ure 2.7b) have been explored for the detection of explosives in either
the solution or vapour-phase. Poly(phenylene ethynylene)s (PPEs)
and their functionalised derivatives are the most prominent family
of conjugated polymers. In the solution state they demonstrate high
quantum yields. However, once condensed (when producing thin
films for the vapour-phase detection of explosives), PPEs suffer from
self-quenching caused by inter-chain aggregation. Thus, spacers must
be introduced into these polymers for the efficient separation of PPE
backbones to ensure their high fluorescence emission intensity. Swa-
ger et al. used pentiptycene units for the successful isolation of PPE
backbones to prevent the self quenching of the AFCPs, as illustrated
by Figure 2.7c. Whilst doing this, the group noted that the porosity
that these spacer units imparted into the conjugate polymers thin
films, were crucial for the increased sensitivity of vapour-phase ex-
plosives detection. The fabricated pores allowed for the diffusion of
explosive molecules into polymer films; enhancing interactions be-
tween the two.

Thin films of the PPE polymer (shown in Figure 2.7¢c) demonstrated
good quenching upon exposure to the saturated vapours of TNT,
with approximately 50% and 70% quenching of the system upon 30
s and 60 s exposure to the analyte respectively. The more volatile
derivative 2,4—DNT yielded around a 90% quench of the polymers
upon exposure to saturated vapours for 60 s. Demonstrating the effec-
tiveness of these materials for vapour-phase detection. It is important
to note that AFCPs are frequently characterised for their sensing ca-
pabilities in the solution-phase, prior to fabrication and optimisation

of thin films [26, 74, 77].
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Significant optimisation attempts have been performed with aim
to enhance the sensitivity and selectivity of AFCPs. For example,
polymers have been functionalised with highly electron rich moieties
(such as pyrene) with aim to enhance the initial fluorescence of the
systems and thus, impart a greater driving force for electron transfer.
In addition, polymers with different HOMO-LUMO band gaps have
been generated. Tailoring the band-gap in order for the PIET driving
force to be favourable in the presence of some analytes and not others,
can allow for some discrimination in analyte sensing. This is impor-
tant for preventing the detection of unwanted interferents [26, 74]. Us-
ing this strategy AFCP have also been tailored to respond to target an-
alytes that are not nitroaromatic, and are less electron-deficient, such
as DMNB, whose interactions with the polymers are less favourable.
Through optimisation of the polymers band gap, the detection of this
analyte was made successful [78]. Further to this, varying the size
of the fabricated pores within AFCP thin films was also observed to
impart sensing selectivity. This process is termed the size exclusion
principle and is where some analytes are able to diffuse into the pores
of the films and some, that are too large, cannot. The included ana-
lytes are able to form effective interactions that lead to quenching and
those excluded are unable to interact effectively and so do not cause
a system quench [74]. Increasing the selectivity of analyte detection
has also been attempted through the use of two polymers in tandem,
in pseudo-sensing arrays. In such systems two AFCPs are present in
different channels, when analytes (in the vapour-phase) are passed
over the separate films, the time of response and the different peak
shapes are monitored, and ratios between the two polymer responses
are obtained. These responses are different for various analytes owing
to their different vapour pressures and binding affinities. For exam-

ple, TNT progresses along the length of tandem polymer films more
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slowly than 2,4-DNT, and so it has a different temporal response, in-
ducing some discrimination in the system [74]. Functionalised PPE
polymers used in such a process have been successfully incorporated
into commercially available devices (“FIDO”, FLIR Inc., Figure 2.7d)
for the vapour phase detection of nitroaromatic explosives, with sen-
sitivities that have been reported to rival those of sniffer dogs [23,
26, 74]. In addition, some attempts have been made to use AFCPs
in electronic noses for the differential discrimination of analytes [58].
However, this area of research appears to be still within its infancy.
Although these chemical sensors have shown very good explosives
detection capabilities in particular for nitroaromatic compounds, they
are not without their disadvantages [23, 74, 77, 79]. As aforemen-
tioned, great importance has been placed on the porosity of these ma-
terials for vapour-phase detection; in order to prevent self-quenching
and to promote the diffusion of analytes into the sensing material
where they can form the most significant interactions. However, this
is somewhat a challenging task as conjugated polymers themselves
are not inherently porous. Thus, porosity must be imparted with the
correct selection of spacer compounds, otherwise the sensitivity of
analyte detection is significantly hampered. Further to this, thin film
fabrication has proven itself non-trivial. Swager et al. found that films
with increased thickness led to diminished responses towards target
analytes, this was rationalised on the basis of poor diffusion of the
analytes into the pores of the film [77]. Furthermore, the synthesis
and functionalisation of conjugate polymers is often lengthy, involv-
ing complex multi-step routes, that often result in very low yields.
Additionally, the control of molecular organisation and structural de-
termination of these polymers is difficult as they are non-crystalline
and have poor solubility. This makes it difficult to ascertain whether

the correct amounts of binding sites have been incorporated into the
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materials and if they are in the correct positions. There is therefore
scope to develop new sensory materials that can address these issues
whilst still enabling large-exciton migrations ([26])

Other explored fluorescence-based chemical sensors include SMALL
MOLECULE FLUOROPHORES. Small molecule fluorophores can be or-
ganic or inorganic in nature. Organic polycyclic aromatic hydrocar-
bons have been extensively researched such as pyrene, anthracene,
perylene, naphthalene and have all demonstrated successful detec-
tion responses upon exposure to explosive analytes. Inorganic small
molecule fluorophores such as oligo-fluorophores have also shown
the ability to detect explosives via fluorescence quenching. Disad-
vantages of small molecule fluorophores are their decreased quench-
ing efficiency in comparison to conjugated structures, as they are
quenched in a stoichiometric fashion of one analyte per fluorophore
and no amplified responses are observed (as illustrated in Figure 2.7a).
However, sensing experiments on small molecule fluorophores are
useful in the early developmental stages of designing fluorescent
sensors such as AFCPs, as they allow for quick and simple proof-
of-concept experiments as to which fluorophores interact beneficially
with explosives [26, 80].

An alternative approach to creating sensors is through the use of
SUPRAMOLECULAR CHEMISTRY; cyclodextrins [81], calix[n]arenes [82,
83], cucurbits[n]urils [84], dendrimers [85], and supramolecular poly-
mers [86] have all been explored. More recently, metal-organic frame-
works (MOFs) are emerging as very promising candidates for fluores-
cence-based explosives detection and will be the focus of this thesis

herein.

45



46

A cooordination
polymer is defined as
a coordination
compound
continuously
extending in 1, 2, or
3-dimensions
through
coordination bonds

[87].

LITERATURE REVIEW

2.6 FLUORESCENT METAL-ORGANIC FRAMEWORKS

2.6.1 An introduction to metal-organic frameworks

Metal-organic frameworks are defined (following the international
union of pure and applied chemistry (IUPAC) recommendations) as
coordination polymers with open framework structures that contain
potential voids [87]. As the name suggests, MOFs belong to a family
of organic-inorganic hybrid compounds. Inorganic metal ions (or ag-
gregates) act as the coordination centres in MOFs for various organic
ligands (such as carboxylates or nitrogen donor linkers) to coordinate
to, it is the connectivity and geometry of these organic and inorganic
components that depict whether one-, two- or three-dimensional in-
finite structures will be formed [88, 89]. Upon the coordination be-
tween one or more inorganic metal ions and the donor atoms of the
organic linkers in a MOF, rigid and defined entities are constructed,
these are known as secondary building units (SBU), as demonstrated
in Figure 2.8. Depending on their varying geometry, these molecular
building blocks govern the overall structure a MOF exhibits [9o]. Sec-
ondary building units are assembled into the overall MOF structures

through the linking of multidentate organic ligands (Figure 2.8) [91,

92].
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Organic and inorganic
monomer units

Secondary Building Unit (SBU) Overall framework structure

Figure 2.8: Illustration of how metal ions (purple), combine with organic ligands
(in this case through the carboxylate moieties) to form the metal ag-
gregates known as secondary building units (circled). The SBUs subse-
quently link to other SBUs forming the overall three-dimensional MOFs.
Oxygen atoms are denoted by the colour red, carbon atoms are grey and
the inorganic metal ions are purple. Hydrogen atoms have been omitted

for clarity. Adapted with permission from [92]. Copyright (2001) Ameri-
can Chemical Society.

The MOF illustrated in Figure 2.8 is MOF-5, the pioneering and
most prevalent metal-organic framework made famous by Yaghi et al.
[92]. It is important to note that MOFs are sometimes characterised
by three letter codes which describe their overall framework (or net)
topology, the code that details the structure of MOF-5 is pcu and it
stands for primitive cubic net. Specific topological nets can often be
targeted when designing MOFs [93]. Through the alteration of the
individual modular building components, MOFs with the same un-
derlying topology (net) but with different pore size and functionality
can be produced; such analogous frameworks are termed ‘isoreticu-
lar” MOFs. For example, through the use of different organic linkers,
sixteen different MOFs based on the pcu net of MOF-5 have been pro-
duced, all of which have different cavity sizes and environments. An

illustrative example can be seen in Figure 2.9.

47



48

LITERATURE REVIEW

Figure 2.9: Illustration of the isoreticular MOF concept. Each of the three isorteticular
pcu MOFs are comprised of the same metal (zinc) but vary in their linker
composition. As such, three different MOFs with varying cavity size and
functionality are produced but still retaining the same net topology. In
this representation zinc atoms are represented by blue polyhedron, car-
bon atoms are black spheres and oxygen atoms are red spheres. The large
yellow spheres represent the void space present within the cavities of the
MOE. From [94]. Reprinted with permission from AAAS.

Given the almost limitless possibilities of both metal and ligand
combinations, metal-organic frameworks prosper in their structural
diversity as well as their tunable chemical and physical properties
[95]. Such structural tailorability is arguably the most prosperous
characteristic of MOFs; owing to its benefit for a number of applica-
tions. Other advantageous characteristics of MOFs include their often
very porous structures with high surface areas (> 7,000 m* g~* and
up to 90% free volume); their straightforward synthesis that typically
yield highly crystalline materials (that allow for facile characterisa-
tion) and their thermal robustness (typically between 250 - 500 °C)
[67, 93, 96, 97]. As a result, MOFs have been investigated and have
shown promise for use in a number of applications including drug
delivery [98], gas storage and separation [99], catalysis [100] and most

significantly for this thesis; sensing [31].



2.6 FLUORESCENT METAL-ORGANIC FRAMEWORKS 49

2.6.1.1 Flexible MOFs

An important sub-category of metal-organic frameworks are flexi-
ble MOFs. Despite forming rigid SBUs that contribute to the overall
framework structure of these materials; some MOFs (FLExiBLE MOFs)
are able to demonstrate a degree of structural transform-ability upon
the application of stimuli. This can include expansion/shrinking of
the frameworks (also termed ‘breathing’), opening or closing of pores,
or some reversible change in the physiochemical properties of the
MOF, as demonstrated by Figure 2.10 [101]. These types of frame-
works can be very important for sensing as will be discussed in Sec-

tion 2.6.4.

Host-Guest
Interaction

Figure 2.10: Schematic overview of flexible MOFs. Reproduced from [101] - Pub-
lished The Royal Society of Chemistry.
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2.6.1.2  Synthesis of metal-organic frameworks

Metal-organic frameworks are generally produced using facile, rapid,
one-pot synthetic techniques. The most common approach to MOF
synthesis in small-scale laboratories is the SOLVOTHERMAL METHOD.
In this approach, reactants and solvents are combined in sealed ves-
sels and raised to elevated temperatures using conventional electric

heating, as illustrated by Figure 2.11 [102].

solvent
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Figure 2.11: Conventional solvothermal synthesis of MOF structures. Reproduced
from [102]. With permission from Springer.

For a syntheisis to be classified as SOLVOTHERMAL a reaction must
be undertaken in a closed system with autogenous (self-generating)
pressure, at a temperature above the boiling point of the solvent used
in the system [103] [104]. However, such definition is not always
strictly adhered to, as solvothermal syntheses can occur at tempera-
tures below those of the solvent media boiling point. Essentially, MOF
syntheses are simply Lewis acid-base reactions, in which metal ions
behave as Lewis acids and the organic linkers Lewis bases [105]. The
inorganic metal ions used in these reactions are obtained from solu-
ble metal salts such as metal nitrates, sulphates or acetates and the
organic ligands are generally carboxylic acids or N-containing com-
pounds. The deprotonation of the carboxylic acid moieties of the or-
ganic linkers occurs through addition of bases such as N,N- Dimethyl-

formamide (DMF), which often also act as the solvent for these reac-
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tions [105]. The reactants are combined in sealed vessels (glass tubes
or Teflon-lined stainless steel autoclaves) in order for autogenous
pressure to be reached [106]. Solvothermal synthetic methods often
yield good quality three-dimensional and highly crystalline MOFs
which can be used for structural analysis using crystallographic tech-
niques. The reaction times for this approach vary from several hours
to days.

An Alternative synthetic method that have been explored to shorten
these synthetic times and to produce smaller, more uniform crystals is

the microwave-assisted solvothermal method (Figure 2.12) [102][107].

oo

Microwave Solventexchange

Localheating fig | g | & washin
VAVAVAN solvent %+ | — | 2
FaVaVaN L. ° %Y | Dipolerotation Heat/vacuum
AL ® X e 3. |lonicconduction| & ® treatment — 89

1. ¢

b As-synthesised

><3<{ Organicligand @ Metal salt

Figure 2.12: Microwave-assisted solvothermal synthesis of MOF structures. Repro-
duced from [102]. With permission from Springer.

In this method, a reaction mixture in a suitable solvent is trans-
ferred into a sealable vessel and placed inside a microwave unit and
heated for an appropriate time, at a set temperature. The applied os-
cillating electric field is coupled with the permanent dipole moment
of the molecules in the reaction mixture, inducing molecular rota-
tions that result in the rapid heating of the liquid phase, providing
activation energy for the reactions to take place [102]. Reaction times
for this approach vary from minutes to hours [104]. As well as fast
crystallization, this technique offers phase selectivity, narrow particle
size-distributions and simple morphology control [102]. Both conven-
tional solvothermal and microwave-assisted solvothermal synthetic
techniques will be demonstrated for the synthesis of novel MOFs

within this thesis.
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Additional techniques explored for the synthesis of metal-organic
frameworks include sonochemical [108], electrochemical [109] and
mechanochemical methods [110]. Furthermore, the synthesis of MOF
thin films has also been explored through various techniques includ-
ing: layer-by-layer deposition, liquid phase epitaxial growth and seed-
ed growth on a coated substrate, amongst others [111, 112]. Whilst
this sub-field of MOF chemistry is rapidly growing in popularity and
importance for various applications; it is still very much in its infancy
and proof-of-concept stages. There is no singular method that has
been identified that yields the successful production of MOF-films

for each framework type [67, 112].

2.6.1.3 Activation of MOFs

During the synthesis of metal-organic frameworks solvent molecules
are inevitably trapped within their cavities. Therefore, they are re-
quired to be removed in order to access the permanent porosities and
high surface areas of many MOF structures. This solvent removal pro-
cess is termed ‘activation” and is usually performed prior to the use of
a MOF within a given application [111]. The concept of activation is il-
lustrated in both Figure 2.11 and Figure 2.12, and as denoted in these
figures; the activation of a MOF is most typically achieved through
either vacuum drying (with or without the application of heat) or
through a solvent exchange procedure (explained below), or, a mix-
ture of both. It is important to note that MOF activation is not a trivial
task, and care is often required when removing solvents from MOF
pores as loss of MOF crystallinity (owing to defect and/or disorder
formation) and/or porosity can frequently occur (to varying extents)
during activation [101, 111, 113-116]. For example, for some MOFs,
simply heating the frameworks under vacuum directly after synthe-

sis yields active structures with high crystallinities and porosities.
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In most instances, however, this direct application of heat and vac-
uum post-synthesis yields MOFs with lower surface area (as well as
a decrease in crystallinity) than expected, due to framework collapse.
Such structural collapse is attributed to the high surface tension and
capillary forces inflicted on the framework by the liquid to gas-phase
transformations of the trapped solvents. This is most frequently ob-
served for solvents with high boiling points and/or surface tensions
[111]. The way that such structural collapse is normally overcome is
by exchanging the solvents present within the pores of the MOF with
those of a lower boiling point/surface tension, prior to heating under
vacuum (termed either ‘solvent exchange” or ‘washing’). The lower
boiling-point solvents have weaker intermolecular interactions and
thus, minimise the surface tension and capillary forces acting on the
structure during activation.

Solvent exchange is achieved by soaking the as-synthesised MOF
crystals in the newly chosen solution for either hours or days; to en-
sure that the solvent molecules infiltrate the MOF pores. Consecutive
solvent exchanges with further decreasing solvent boiling points/-
surface tensions can also be employed prior to final vacuum heat-
ing. However, while solvent-exchange is a widely and successfully
used MOF activation approach, it can still lead to materials exhibit-
ing lower porosities than expected and poorer cyrstallinities, due to
the formation of defects, disorder, and some levels of pore collapse.
Such findings are most typically observed when incomplete activa-
tion occurs (not removing all guest molecules) [111, 114, 116]. It is
worthwhile mentioning that activation can often lead to perturbations
in the overall structure of a MOEF. Solvents in MOF pores often act as
templating agents keeping the pores shaped, changing and remov-
ing the solvent present in the cavities of the structure may alter these

templating effects, thus, altering the shape of the pores [115].
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2.6.1.4 Characterisation of MOFs

Metal-organic frameworks (particularly newly synthesised MOFs) are
rarely characterised using only one technique. Basic MOF character-
isation typically includes: Single crystal X-ray diffraction, powder X-
ray diffraction (PXRD), absorption and desorption isotherms, scan-
ning electron microscopy (SEM), thermogravimetric analysis (TGA),
and nuclear magnetic resonance (NMR) analyses.

Single crystal X-ray diffraction is the best method for the unam-
biguous structural determination of a MOF. However, as is the case
for any material, high quality crystals of the MOF are required for
collecting reliable data using this technique; which are not always
easy to obtain. Optimisation of synthetic procedures may be required
to yield crystals of good enough quality for characterisation using
this technique. In general, MOF crystallography is often challenging
due to large amounts of disordered solvents present within the pores
of as-synthesised MOFs. In addition, activated MOFs are even more
difficult and often not possible to characterise using single crystal
X-ray diffraction. This is due to their often poorer crystallinity than
their non-activated (solvent-containing) parent frameworks (for rea-
sons discussed in Section 2.6.1.3), therefore, other techniques are re-
quired for their characterisation [111]. It is important to note that a
MOF does not have to be crystalline for it to be useful in its applica-
tion [114, 117]. Single crystal X-ray diffraction data can also indicate
as to the potential porosity of a MOF material through calculation of
the solvent accessible volume of a framework. However, the appar-
ent surface area of the activated material should be determined using
physisorption isotherms (discussed below) where possible [111].

Powder X-ray diffraction (PXRD) patterns are used to establish bulk
crystallinty and phase purity in MOF samples. Once a sample is de-

termined to be crystalline, its PXRD pattern can be used for full struc-
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tural determination (although the structure solution process is chal-
lenging) or other information such as unit cell size can be extracted
(which can indicate as to the presence of flexible MOFs) [101, 118].
The phase purity of a MOF sample can be confirmed through the
comparison of the experimentally obtained PXRD pattern with that
of the simulated PXRD pattern generated from single crystal X-ray
diffraction data or computational modelling [111, 119]. PXRD is also
a very useful technique for evaluating the effects of activation on a
MOF sample. Shifts in the PXRD pattern peaks, the emergence of new
peaks, or the dissaperance of peaks can indicate as to the structural
change of a MOF post-activation [115].

Soprtion and desorption isotherms are used to determine the ap-
parent surface areas for MOFs, as well as their pore volumes and
pore size distributions. In addition, the shape of a sorption/desorp-
tion isotherm (a plot of how much is sorbed/desorbed by a material
vs the relative pressure of an analyte) can yield valuable information
about a MOF material. Generally, physisorption isotherms are clas-
sified into one of six categories following IUPAC recommendations,
Types I - VI (Figure 2.13) [121]. Each of these isotherm types are gen-

erally related to a particular pore structure.
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Figure 2.13: IUPAC classification of sorption isotherms [121]. The point labelled ‘B’
denotes the completion of a monolayer coverage.

The type I isotherm is most generally observed for microporous
materials with strong adosrbant-adsorbate interactions, as evidence
by the steep uptake of the adsorbate at very low partial pressures
[121][122]. The difference between type I(a) and I(b) isotherms are
the material pore size; type I(a) have mainly narrow micropores (with
widths less that 1 nm or 10 A) and the materials with I(b) isotherms
have pore sizes up to 2.5 nm (25 A) in width [121]. Type II isotherms
are typical of non-porous or macroporous materials with weak adsorb-
ant-adsorbate interactions. The isotherm shape results from unrest-
ricted monolayer-multilayer adsorption. The presence of a sharp bend
in isotherm (labelled ‘B” in Figure 2.13) indicates that a monolayer
coverage has been completed. If a more gradual curve is observed;
this indicates that there is a certain amount of overlap between mono-
layer coverage and the start of multilayer adsorption [121]. Type III

isotherms are relatively uncommon and are the direct opposite of
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type I isotherms, they occur when adsorbate-adsorbate interactions
are much more favourable that adsorbate-adsorbant ones [121]. Type
IV isotherms are generally yielded by mesoporous adsorbents (pore
widths greater than 2 nm or 20 A) and often exhibit a hysteresis loop.
Sorption follows the same pathway as type II, however, desoprtion is
delayed at higher relative pressures owing to capillary condensation
(where a liquid-like phase fills the empty space remaining within
the pores of the adsorbant after multilayer coverage has been com-
pleted)[121]. The difference between type IV(a) and IV(b) isotherms
are the size and shape of the mesopores; in IV(b) hysteresis is not ob-
served. Type V isotherms are similar to type III particularly in the low
partial pressure range, but a hysteresis is also observed on desopriton
[121]. Type VI isotherms represent multilayer adsorptions on highly
uniform and nonporous surfaces [122]. Nitrogen (N,) gas sorption at
77 K is normally performed on activated MOFs in order to obtain
physisorption isotherms. As the majority of MOFs are microporous;
they tend to demonstrate type I isotherms upon the soprtion of many
gases. However, MOFs are also known to demonstrate unusual hy-
brids of isotherms. For instance, frameworks with large pores have
been shown to demonstrate type III isotherms at low pressure and
then transition to type I isotherms at higher pressure [122]. The pres-
ence of unusual isotherms can help identify interesting structural oc-
currences in some MOFs such as framework flexibility.

The most common way of obtaining the apparent surface area for a
MOF is through the use of Brunauer-Emmett-Teller (BET) theory. The

BET equation is given in Equation 2.8 [111, 121].

PP, 1 C-—1
n(-P/Pa) i e P/Po) (28)

where:
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n  specific amount of water adsorbed at relative pressure (P/P,)
n, specific monolayer capacity
C  constant related to the enthalpy of adsorption

The monolayer capacity (n,;) can be calculated by plotting %

vs P/P, (the * BET plot’) and obtaining the values of the slope (s) and

intercept (i) for use in the below equations [121]:

C—-1
1
i, - 1’11117(: (2.10)
1
Ny = =y (2.11)

The n, value (in moles) can then be used to calculate the total
BET surface area (A;) of the adsorbent, providing that the average
area (molecular cross-sectional area, 0,,) occupied by an adsorbate

molecule in the complete monolayer is known [121]:

A(BET) =nm.Loo, (2.12)

L  Avogadro constant

o molecular cross-sectional area

m

The specific BET surface area (as) can then be obtained by simply
dividing As; with the mass of the adsorbent (m), giving the surface

area for one unit of sorbent. This is the most commonly expressed
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value for BET surface area found in the literature and is generally

expressed as m*/g [121].

dg =

(2.13)

32

TGA is used to determine the thermal stability of an MOF and to
evaluate if solvents have been effectively removed from MOF pores
during activation [111]. SEM is useful for gaining an insight into MOF
crystal size and morphology [111]. NMR can be used to determine
MOF purity, linker ratios and evaluate the presence of any left over

solvents post-activation [111].

2.6.1.5 Stability of MOFs

Whilst MOFs generally demonstrate high thermal stabilities (as afore-
mentioned in Section 2.6.1 around 250 - 500 °C), they have been fre-
quently criticized for their instability in water or to humid conditions.
For many years, this has been considered a major challenge for the
commercialization of MOFs for a number of applications owing to
the omnipresence of water in many environments and settings [122].
However, the number of reported water-stable MOFs is vastly increas-
ing and recent developments in the field have sought to standardise
how water stability in MOFs is classified and measured. As such, it is
encouraged and becoming commonplace in the published literature
that all new MOFs are characterised for their humidity stability and

classified as to how stable they are [122, 123].

Characterisation of water stability

The stability of a framework towards moisture is ascertained by eval-
uated two parameters; the retention of structure and porosity. The

former is typically characterised through an assessment of the crys-
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tallinity of the material pre- and post- exposure to water using pow-
der X-ray diffraction (PXRD) and the latter by an evaluation of the
BET surface area (using probe gases such as N,, CO, or by even wa-
ter vapour itself). It should be noted that the retention of porosity is
the most important of the two parameters, as aforementioned, MOFs
do not require crystallinity to maintain their function [123]. However,
crystallinity change does give an additional indication as to the extent

to which the material is affected by the imparted conditions.

Classification of water stability

When classifying a MOF’s water stability two factors are considered;
the level of water exposure that the framework has been exposed
to and as mentioned above; the effect that this exposure has on the
material in terms of structure and function (porosity). Burtch et al.
[122] used three main categories to classify the stability of MOFs in

the presence of water:

¢ Thermodynamically Stable - MOFs that are stable after long-
term exposure to aqueous solutions. For example, immersed
in pure water for longer than a week or boiled in acidic/basic

conditions for a period of day(s).

* High Kinetic Stability - MOFs that are stable after exposure to
high humidity conditions but decompose after short exposure

times in liquid water.

* Low Kinetic Stability - These are MOFs that are stable under

low humidity conditions.

For example, if a MOF retains it’s pristine crystallinity and porosity
upon the harshest of conditions (e.g. boiling in water for a month)
it can be declared that this MOF has high thermodynamic stability

with respect to water according to Burtch et al. [122]. Conversely, if
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a framework yields a PXRD pattern that is entirely amorphous and
the calculated BET value is negligible, the framework is classified
as having no stability towards humidity. In reality, most MOFs fall
somewhere between these two extremes. Shimizu et al. recognised
this and proposed more explicit categories for the benchmarking of
water stability in MOFs. The group proposed six levels of humidity
exposure (1-6 given in Table 2.3) and four metrics for the proof of
stability (A-D given in Table 2.4); they suggest the pairing of a value
from each (e.g. 3B), gives more specific classifications to be used as

guidelines for discussion [123]. Relative humidity

Table 2.3: Water exposure level as proposed by Shimizu et al.[123]. (RH) is the ratio o

the absolute amount

Level Degree of exposure of water vapour

1 Near ambient conditions (20 °C at 20% RH) present in the

2 Mild humid conditions (25 °C at 50% RH) atmosphere, to the
3 Intermediate humid conditions ( 50 °C at 50% RH) Tibrium (

4 Immersion in water cquissorism tar

5 Harsh humid conditions (8o °C at 90% RH) saturated) vapour
6 Boiling water pressure of water at

a given temperature.

Table 2.4: Metric of water stability as proposed by Shimizu et al.[123].

Category Proof of stability

A Retention of crystallinity

B Retention of some porosity but loss of order
C Retention of some order but loss of porosity
D Loss of porosity and crystallinity

Both of these classification types are used interchangeably within
literature. Therefore, where humidity stability measurements have
been performed within this thesis; both ways of classifying a MOFs

humidity stability will be used.
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2.6.2  The origin of fluorescence in MOFs

The origin of the fluorescence in emissive MOFs results from a num-
ber of different sources. By virtue of their nature, MOFs have two dis-
tinct kinds of potentially emissive components; the metal ions and the
organic linkers. In addition, the incorporation of guest molecules en-
capsulated within frameworks can also induce fluorescence in MOFs.
Furthermore, effects such as the antennae effect, charge-transfers and
the formation of excimers and exciplexes can all have an influence
on the emissions of fluorescent MOFs [65, 67]. An illustrative exam-

ple of the different modes of fluorescence in MOFs can be seen in

Figure 2.14.
Metal-based Mhetal-tot-“ga?d
emission Charge transter

Sensitizer assisted
Metal-based emission

Ligand-based G Ligand-to-ligand
gemission | charge transfer (LLCT)

Ligand-to-metal
charge transfer (LMCT)

Figure 2.14: Illustrative example of the origin of fluorescence in MOFs. Figure repro-
duced from [67] with permission from The Royal Society of Chemistry.

The organic ligands are the most prevalent source of fluorescence in
MOFs. Organic ligands that are highly conjugated are often strongly
absorbing and emissive, they also have very little spin-orbit coupling,
and so they are commonly chosen for the construction of fluores-

cent MOFs [65]. The excitation of the linker usually occurs via the
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allowed singlet state transition (Figure 2.3) with the emission typi-
cally occurring from the lowest singlet excited state as fluorescence.
If efficient non-radiative transfer to lower-lying states such as the
triplet state, or states localised on the metal unit is achieved, no emis-
sion is observed. The triplet states are non-emissive as the spin se-
lection rules are not relaxed via organic ligand spin-orbit coupling in
MOFs [65]. The emissions can occur directly from the linker them-
selves or may result from a charge transfer with the coordinated
metal ion or aggregate (or other linkers within the framework). If
the emission spectra of a particular MOF and the free organic linker
with which it is constructed show a similar profile (when excited
at the same fixed wavelength); the MOF is said to be demonstrat-
ing linker-based emission [65]. For this to occur, generally the MOF
must be constructed with transition-metal ions without unpaired elec-
trons, such as d'° metal ions. Paramagnetic transition-metal MOF
complexes are typically not very emissive due to ligand-field tran-
sitions (d—d) which can lead to the quenching of fluorescence (i.e.
electron or energy transfer from the organic molecule through the
partially filled d-orbitals). The most commonly reported linker-based
and highly emissive MOFs are constructed from Cd(II) and Zn(II)
metals [65]. The immobilization of organic ligands in ordered orienta-
tions within frameworks can lead to perturbations of the Stoke shift;
which leads to the broadening of emission peaks for MOFs in compar-
ison to individual ligand molecules. In addition, some organic linkers
that are non-fluorescent in solution may become emissive once once
incorporated into rigid MOF frameworks, this phenomenon is known
as aggregation induced emission (AIE) [124]. Furthermore, owing to
the well-defined spatial arrangements of the linkers, other interest-
ing intermolecular communications can occur which result in pho-

toemissions that are different from free linker forms, such as charge-
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transfers [65, 95]. Charge transfers include ligand-ligand charge trans-

fers (LLCT), metal-to-ligand (MLCT) or ligand-to-metal (LMCT) charg
e transfers. LLCT causes the loss of vibronic structure and enhance
luminescence lifetimes of MOF emissions [67][65]. LMCTs result in
emissions from the metal moiety of the complex. It is the structure
of a MOF that depicts whether linker-based emissions, or charge
transfers arise, or some combination, as these emission pathways are
not mutually exclusive. The orientations of the organic linkers, the
HOMO - LUMO gap of the metal and ligand components, as well as
the electronic configurations and bonding geometry of the metals, all
play a part in the resulting fluorescence emission of a MOF [65].

Generally, metal-based fluorescence in MOFs is observed when lan-
thanide ions are incorporated into frameworks. Lanthanides are lumi-
nescent, but their electronic transitions are forbidden by the parity La-
porte selection rules. Thus, weak luminescence, low quantum yields,
but very long lifetimes are most typically encountered for individual
lanthanide compounds. However, when lanthanides and strongly ab-
sorbing organic ligands are combined together in a MOF, an increase
in the lanthanide fluorescence is observed. This is attributed to the
vibronic coupling between the metal and the ligands which facilitates
energy transfer from the linker-excited state to the lanthanide ions
(LMCT). This process is often referred to as the ‘antenna’ effect. When
the luminescence of lanthanides is sensitized by antenna organic lig-
ands, the long emission lifetimes of the lanthanides further increase;
reaching almost a millisecond in duration [65].

Alternate origins of fluorescence in MOFs can arise from the for-
mation of exciplexes and exciplexes; heterodimers and homodimers
in the excited state respectively. These complexes originate through
either 7t - 7t interactions between the organic linkers present within

the MOFs or through interactions between the organic linkers of the



2.6 FLUORESCENT METAL-ORGANIC FRAMEWORKS

MOF and guest molecules. The formation of these complexes gen-
erate broad, featureless fluorescence emission spectra that are typ-
ically at red shifted wavelengths compared to their corresponding
monomer MOF units [65]. Additionally, fluorescent guest molecules
that are able to reside in the pores of MOFs sometimes create op-
portunities for non-emissive MOFs to demonstrate some level of lu-
minescence. This fluorescence turn-on phenomena is increasing in

popularity for sensing applications [65].

2.6.3 Advantages of MOFs as fluorescence-based explosives sensors

As discussed (Section 2.3), key requirements that are sought when
developing explosives detectors for use in a given scenario include
their ability to detect explosives sensitively, selectively and rapidly;
while still maintaining detector integrity and re-usability of the ma-
terial. Fluorescent MOFs have many inherent characteristics that can
address these requirements and help promote their potential as explo-
sive sensing materials. For example, the sustainable porosity of many
MOFs facilitates their sensitive detection of target analytes. Through
the encapsulation of analytes into MOF pores, the chances of sensor-
analyte interactions are increased. Also, the capture of analytes into
pores yields pre-concentration of the guests; increasing the sensitivity
of these materials [67, 95]. Further to this, explosives sensors such as
fluorescent conjugated polymers have demonstrated the fundamen-
tal importance of porosity on the sensitivity of analyte detection, and
synthetic methods have been attempted to impart this characteristic
in these materials (Section 2.5.3). Thus, MOFs, which are inherently
porous, gain an automatic advantage in terms of their sensing poten-

tial over such materials [34, 95, 125].
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With regards to selectivity, a substantial advantage of MOFs over
other fluorescent sensing materials is their diverse and easily mod-
ifiable structures and topologies. Through the careful consideration
of their building components, MOFs with specific pore sizes and di-
mensions can be produced, that can allow for the capture of some
analytes and not others (the ‘size exclusion principle” or ‘molecular
sieving’ effect, as previously discussed in Section 2.5.3). Moreover, the
skilful manipulation of organic ligands within the frameworks can in-
troduce functional groups such as Lewis acidic or basic sites, and/or
open metal sites; these can help promote a greater affinity of analyte
binding with the MOFs; to impart greater selectivity in detection [67,
95]. A further benefit is the systematically tunable electronic prop-
erties of fluorescent MOFs. Through alterations of either the metal,
organic linker, secondary building unit geometry and/or overall net-
work connectivity; band gaps and atomic compositions of the valence
band (HOMO) and conduction band (LUMO) of the MOFs can be al-
tered. This is an important consideration for sensing applications as
these properties directly correlate to the facilitation of electron and/or
energy transfer between a MOF and an analyte. Thus, the ability to
design MOFs to promote these features is highly beneficial [95].

The size, shape and nature of MOF pores are also directly linked to
analyte adsorption kinetics and strongly influence the speed in which
a response signal is produced. For example, MOFs possess the ability
to be synthesised as nanoparticles which facilitate the faster diffusion
of analyte molecules into the framework pores [31]. MOFs have the
potential for rapid response times as a result of their porosity [67].

Generally analytes are physisorbed in MOF pores and can typi-
cally be easily desorbed through the application of appropriate stim-
uli, such as heat. MOFs are also very structurally stable and are able

to retain their fluorescence at elevated temperatures (a phenomenon
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not observed for AFCPs). Therefore regeneration of these materials is
facile. Whilst stability with respect to heat is generally not an issue
for MOFs; the hydrolytic stability of these materials can be a barrier
to their use. However, as discussed (Section 2.6.1.5), such issues are
being adressed by the MOF community and a number of water stable
MOFs, fit for application, are being produced. The following section
herein details the contributions made to date in the field of fluores-
cent MOFs for trace explosives detection. Each of these contributions
demonstrate how the above-mentioned characteristics of MOFs pro-

motes their potential as explosives sensors.

2.6.4 Previous contributions to research on MOFs as explosives sensors

2.6.4.1 Pioneering research

The pioneering research outlining the potential of fluorescent MOFs
for explosives detection was reported by Li et al., who solvother-
mally synthesised mixed ligand MOF [Zn,(bpdc),(bpee)]-2DMF, for
the vapour-phase detection of the TNT derivative 2,4-DNT and the
plastic explosives taggant DMNB [126].

Metal-organic framework [Zn,(bpdc),(bpee)]-2DMF is constructed
from 4,4 -biphenyl dicarboxylic acid (H,bpdc) and 1,2-bipyridylethene
(bpee). Single crystal X-ray diffraction confirmed the structure of this
MOF to be three-dimensional and to contain eight membered-ring
type secondary building units (SBUs). In addition, one-dimensional
channels were observed to run throughout the structure of this MOF,
within which, solvent DMF molecules were found to reside. As dis-
cussed (Section 2.6.1.3), solvent free, ‘activated” frameworks are desir-
able for sensing; as the presence of surplus guests within MOF pores
can hinder the encapsulation of target analytes. Thus, the guest DMF

molecules present within this MOF’s cavities were removed through
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the use of a solvent exchange procedure. Powder X-ray diffraction

(PXRD) confirmed the guest free framework ([Zn,(bpdc),(bpee)]) to

have retained its crystallinity upon solvent evacuation, although some

distortions of the unit cell were apparent as evidenced by shifts in the

PXRD peaks, indicative of a slight structural change of the framework.

The Langmuir surface area of the active MOF was reported to be 483

m?*g~". An illustration of guest free MOF [Zn,(bpdc),(bpee)] can be

seen in Figure 2.15a.
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Figure 2.15: a) Representation of the overall three-dimensional structure of active

MOF [Zn,(bpdc),(bpee)] and the secondary building units through
which this MOF is constructed. Carbon atoms are denoted by the colour
grey, oxygen atoms red, nitrogen atoms navy blue and zinc atoms light
blue. Hydrogens have been omitted for clarity. b) SEM images of a typi-
cal thin film of the MOF; top SEM as viewed from the top of the film and
bottom SEM; a side on view. c¢) and d) Results of the time-dependent
sensing reposes of the MOF upon exposure to DNT and DMNB satu-
rated vapours respectively, plotted as quenching percentages. Inset of
the graphs show the initial fluorescence emission profile of the MOF
and the emission after 10 s exposure to the analytes. Reprinted with
permission from [126]. Copyright 2009 Wiley-VCH.

‘Thin films” of the activated metal-organic framework, of approx-

imately 5 pm thickness were fabricated using quartz slides. Double

sided tape was applied to the slides and subsequently removed to
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allow for an adhesive residue to remain, onto which, finely ground
crystals of the MOF were scattered (Figure 2.15b). Upon illumination
by UV radiation (A, 320 nm) this MOF was observed to be highly
fluorescent in the solid state, with its emissions attributed to the or-
ganic linkers present within the structure (inset of Figure 2.15¢ and
Figure 2.15d).

In the sensing procedure the films were exposed to the saturated
vapours of the analytes 2,4-DNT and DMNB (Table 2.1) each for 10
s, 30 s, 60 s, 90 s, 150 s and 240 s, during which, changes in the
fluorescence intensity of the films were measured.

The high intensity of the MOF fluorescence emission peak was ob-
served to attenuate upon exposure to each analyte. Quenching per-
centages (QPs; calculated using Equation 2.14) were reported as 85%
and 84% for 2,4-DNT and DMNB respectively, after 10 s of exposure
to the MOF, with no additional quenching observed after longer ex-
posure times (Figure 2.15¢ and Figure 2.15d). It is significant to note
that thicker films of the framework (ca. 30 um) produced much slower
response times, attributed by Li ef al. to the restricted diffusion path-
ways for the analytes to penetrate MOF pores. The same was reported

for non-activated, solvent containing MOF films [126].

(0]

Quenching Percentage (QP) = (IOI_ I) x 100 (2.14)

where

I, Original peak maximum intensity

I Maximum intensity after exposure to the analyte

The magnitude of the quenching response demonstrated by the
‘thin films” of this MOF towards 2,4-DNT is comparable to that re-
ported for this analyte using amplified fluorescent conjugated poly-

mer (AFCP) films. Whereas, the reported speed and sensitivity of the
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response by this MOF towards DMNB seems to outperform those re-
ported for AFCPs significantly (Section 2.5.3)[126]. Li et al. attributed
such findings to the microporosity of the MOF and thus, its ability to
facilitate strong and rapid host-guest interactions through the encap-
sulation of the analyte into the framework cavities. The quenching
mechanism through which these analytes quenched the MOF was
briefly hinted at during this initial proof-of-concept study and at-
tributed to the PIET mechanism (Section 2.5.2.1), similarly to AFCPs.

Subsequent research by Li et al. sought to clarify this.

Mechanism proposition

In their follow up research, Li et al. generated ‘thin films” of MOF
[Zn,(oba),(bpy)]- DMA, where oba = 4,4’-oxybis(benzoic acid), bpy =
4,4 -bipyridine, and DMA = N-N-Dimethylacetamide (Figure 2.16),
using the same film fabrication method as previously stated. This
MOF was reported to have a porosity of 84 m?g~". During sensing,

the MOF was exposed to the vapours of two groups of analytes; group

A and B [127].
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Figure 2.16: Structure of MOF [Zn,(oba),(bpy)] DMA, where oba = 4,4'-
oxybis(benzoic acid), bpy = 4,4 -bipyridine, and DMA = N-N-
Dimethylacetamide as synthesised by Li et al.. Figure reproduced from
the crystallographic data available and with permission from [127].
Copyright 2011 American Chemical Society.

Group A consisted of electron-poor nitroaromatic compounds that

contained electron-withdrawing moieties (e.g. 2,4-DNT, NB, p-NT)
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and group B contained electron-rich aromatic compounds on which,
electron-donating groups were present (e.g. toluene, benzene, chloro-
benzene). Upon exposure of the MOF to these different groups it was
seen that group A analytes quenched MOFs fluorescences, where as
group B analytes enhanced the fluorescence emissions of the frame-
work.

Based on these results Li et al. proposed that the observed quench-
ing and enhancement of the MOF occurred as a result of the photo-
induced electron transfer mechanism. The group suggested that al-
though MOFs have extended structures, they can be characterized
by narrow energy bands owing to their highly localized electronic
states, particularly those containing d'° metals. Thus, proposing that
MOFs can be regarded as ‘giant molecules’, and their ‘valence’ (VB)
and ‘conduction bands’ (CB) can be expressed in an approach similar
to that for molecular orbitals (HOMOs and LUMOs) [127]. Li et al.
suggested that the electron deficient compounds with low lying 7
LUMOs below the conduction band of the MOF (or MOF LUMO con-
taining an excited sate electron), were able to receive excitons from
the framework and thus, a quench of the system was observed. The
group confirmed the positions of the MOF conduction bands and an-
alyte HOMO - LUMO gaps through computational calculations. This
proposed mechanism has been widely accepted by the MOF com-
munity as a plausible explanation for the quenching of MOFs in the
presence of such analytes [67, 128].

Regarding the electron-rich aromatic compounds enhancing the flu-
orescence of the MOF, the group attributed such findings as a result
of the excited electrons from the high-lying non-bonding orbitals of
these electron-rich analytes, which are above the CB of the MOF, be-
ing transferred from the analytes to the MOF; thereby leading to fluo-

rescence enhancements. An illustration of these fluorescence quench-
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ing and enhancement mechanisms as suggested by Li et al., for MOFs
in the presence of these two distinct analyte groups can be seen in Fig-
ure 2.17. Additionally, it was proposed that the direction of the elec-
tron transfer between the photo-excited states of MOFs and analytes
could be determined based on the reduction potential of the analytes.
Group A analytes all had reduction potentials more positive than the
MOFs and group B analytes had more negative reduction potentials.
As such, the MOFs would act as electron donors in the case of group

A analytes and electron acceptors of group B compounds [127].
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Figure 2.17: Energy diagram representation of the PIET mechanism that occurs for
MOFs in the presence of different analytes as proposed by ef al.. Left:
shows the fluorescence quenching process by electron deficient analytes
and Right: shows the fluorescence enhancement process in the presence
of electron rich analytes. Reprinted from [127]. Copyright 2011 Ameri-
can Chemical Society.

The rationale proposed for the enhancement of MOF emissions (oc-
curring as a result of PIET from analytes to MOFs) has been some-
what criticised by the MOF sensor community. It has been claimed
that such explanation is unlikely, as this opposite electron transfer
would instead cause the MOF fluorescence to be attenuated owing
to non-radiative relaxation of the excited state [128, 129]. An alter-
nate explanation that has been proposed is that the sorbed analytes
inhibit linker rotations (vibrations, torsional displacements etc.) that
otherwise facilitate the non-radiative decay of the photo-excited state
(and therefore enhance fluorescence emissions of the MOF), or, the

formation of MOF-analyte exciplexes [128, 129]. Whilst Li et al. have
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acknowledged these differing explanations, there is still some ambi-
guity as to which mechanism is the reason for such fluorescent en-
hancement in these materials [95]. Nevertheless, it is significant to
note that these electron-rich analytes cause different changes in the
fluorescence emissions of the MOF in comparison to the electron-poor
nitroaromatics; potentially allowing for differentiation between some
explosive and non-explosive compounds by virtue of the electron de-

ficient nature of most explosives [127].

The importance of MOF structure and porosity on sensing

Another interesting observation gleaned from this secondary study
by Li et al. was the minimal quenching effect observed by MOF [Zn,-
(oba),(bpy)](Figure 2.16) in the presence of DMNB ( <1 %). This is
very different to that observed by the initial MOF [Zn,(bpdc),(bpee)]
(Figure 2.15) which was quenched by 84% after DMNB exposure.
These differences were noted despite the two MOF ‘thin films’ be-
ing made and exposed to the analyte in the same way. These obser-
vations were rationalised based upon the differing structures of the
two MOFs. Li et al. suggested that the reduced sensitivity of MOF
[Zn,(oba),(bpy)] towards DMNB is attributed to its poor orbital over-
lap between the MOF conduction band and the LUMO of the analyte,
leading to difficulty in electron transfer. This poor orbital overlap was
attributed to the pore sizes of the MOF being too small for the non-
planar, bulky, DMNB to enter. This size exclusion principle is very
useful for imparting selectivity into MOF sensors. In addition, the ob-
served minimal response towards DMNB was also attributed to the
similar reduction potentials between the MOF an the analyte, there-
fore the driving force for the electron transfer was lacking [127]. These
results highlight the importance of MOF structure and porosity on

sensing capabilities.
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Peak shift phenomenon and two dimensional maps

In addition to demonstrating alterations in the intensity of fluores-
cence emission upon exposure to explosive related analytes; a num-
ber of MOFs synthesised by Li et al. have also displayed shifts in their
fluorescence emission wavelength (frequency), which differ upon con-
tact with various analytes [67, 126, 130-132]. Such shifts typically
originate due to strong MOF-analyte interactions during excitation;
such as the formation of exciplex structures (Section 2.6.2) [31]. These
transformations in wavelength are by in large only observed for flexi-
ble framework structures that facilitate pore-based host-guest interac-
tions and structural perturbations. This phenomenon of fluorescence
emission peak shift adds great value to these materials as sensors.
The detection of explosive analytes with very low vapour pressures
based on fluorescence intensity changes alone can be challenging. Ad-
ditionally, compounds of a similar chemical nature generate almost
identical changes in emission intensity. Therefore, through monitor-
ing changes in fluorescence intensity alongside the shifts in emission
frequency, better discrimination of analytes is possible. Li et al. used
these two dimensions of analysis to construct maps that allow for the
"fingerprinting” of explosive related analytes, by representing each an-
alyte as a point on the 2D Cartesian coordinate projection, as shown

in Figure 2.18 [133].
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Figure 2.18: An example of a two-dimensional cartesian coordinate projection of the
sensing responses of a MOF as synthesis by Li et al. after 5 minutes of
exposure to varying analytes at room temperature. Electron deficient
nitroaromatic compounds are represented by coloured circles, electron
rich aromatic compounds are denoted by coloured squares, nitroaliphat-
ics are shown by triangles and solvents as diamonds. Reprinted with
permission from [133]. Copyright 2013 American Chemical Society.

Regeneration studies

As discussed, the re-usability of a sensor is desirable for its use within
real-world detection scenarios. All of the metal-organic frameworks
synthesised by Li et al. were subjected to regeneration studies, whereby
the reversibility of analytes binding to the MOFs were tested. After
the initial sensing experiments, the exposed MOFs would be heated
at elevated temperatures, causing the bound analytes to disassociate,
leaving fully regenerated and intact guest-free frameworks. Post re-
generation, the frameworks were re-tested against the same analytes
they were initially exposed to and were noted to still maintain their

detection capabilities with very little response variation [126].
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2.6.4.2  Vapour vs solution phase sensing

Since these initial exploratory studies on the use of fluorescent MOFs
for explosives detection, a number of groups have attempted to ex-
ploit the beneficial characteristics of these materials (Section 2.6.3), in
an attempt to yield MOFs that are best fit for the application in terms
of sensitivity, selectivity, regeneration and stability; some of which
will be discussed in the following section. Similarly to the research
conducted on AFCPs, there are two different ways in which MOFs
can be exposed to explosives to test their potential as sensors; expos-

ing the MOFs to analytes in the SOLUTION or VAPOUR-PHASE [95].

Vapour-phase detection

As demonstrated in the work conducted by Li et al. vapour phase sens-
ing involves the exposure of metal-organic frameworks in the solid
state to vapours of target analytes [95]. Another metal-organic frame-
work that has demonstrated the successful detection of target vapours
is [In,L][NH,(CH,),],-(DMF),(H,0),4 (Where L= tetrakis[(3,5-dicarb-
oxyphenoxy)methyl]Jmethane). This anionic framework exhibited sig-
nificant quenching responses upon exposure to the saturated vapours
of nitrobenzene (82% quench with 5 s of exposure). Upon exposure
to 1,3-dinitrobutane (1,3-DNB) and 2,4-DNT much slower and less
pronounced responses were noted, with around a 10% quench of the
MOF upon 5 seconds of interaction with the analytes and a ~ 50%
quench after 15 minutes exposure (both analytes yielded similar re-
sponses of the MOF). Du et al. attributed these differences to the low
vapour pressures of 1,3-DNB and 2,4-DNT, meaning in the tested time
frame; the MOF and analytes were not able to form adequate interac-
tions, unlike the MOF and NB. In addition the group attributed the

difference in responses between analytes to the inability of the bulkier
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1,3-DNB and 2,4-DNT molecules to enter into the MOF pores owing
to size exclusion [134].

Although sensing in the vapour-phase is highly desired, as it tests
the potential of MOFs as stand-off sensors, and despite a collection
of MOFs having already demonstrated such potential (each of which
have noted the importance of porosity on the successful detection
of target analytes) [31, 135-139]; there is a limited amount of research
whereby the responses of MOFs in the presence of explosives analytes
in the vapour-phase is tested [140]. This is potentially due to the afore-
mentioned difficulty in thin-film fabrication. The majority of vapour-
phase research has used ‘thin films’ that have been fabricated in a
simplistic way similar to that reported by Li et al. Whilst some work
has been done to fabricate thin films for the effective vapour-phase de-
tection of explosives (or related compounds), this area is very much in
its infancy [67]. The most notable contribution to date has been from
Yang et al. who produced a thin film of MOF [Eu,(TDC),(CH;0H),]-
‘CH;0H, using an electrodeposition method, for the vapour-phase
detection of saturated nitrobenzene vapours [141]. The films showed
an 80% quench upon exposure to the analyte for 240 seconds. This
work demonstrates a promising route for the fabrication of fluores-
cent MOF thin films for explosives detection. However, it remains at
proof-of-concept stage and further work is required to better under-
stand the optimum synthetic conditions and thin film morphology
that yields the greatest sensitivity in sensing. Additionally, all cur-
rent research on MOFs for the vapour-phase sensing of explosives is
limited to using saturated vapours of explosives-related compounds.
This approach makes it difficult to determine the potential sensitivity
and selectivity of a MOF towards different analytes, owing to their
different saturated vapour concentrations at room temperature. Fur-

ther to this, the ability of MOFs to detect the vapours of real explo-
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sives is very much under reported. Consequently, the majority of re-
search on the use of MOFs for explosives detection has tested the
sensors detection capabilities in the solution phase, which allows for
MOFs to be exposed to known concentrations of explosive substances
as well as related compounds [95]. An additional benefit to sensing
in the solution phase with adding known quantities of explosives is
that estimates as to the quenching efficiencies of materials, as well
as the type of quenching process operating, (static or collisional) can
be ascertained; through analysis of Stern-Volmer plots and constants
(Section 2.5.2.5). Further to this, knowing the concentration of ana-
lytes through titrations in the solution phase can allow for limits of

detection to be determined [142] [143].

Solution-phase sensing

The sensing of explosives in the solution phase is typically achieved
by suspending the MOF crystals in solvents such as methanol (MeOH),
ethanol (EtOH), acetonitrile (MeCN), or N, N-Dimethylformamide
(DMF), and subsequently titrating in known quantities of explosive
analytes, whilst monitoring any apparent changes in fluorescence
emissions. For example, Mukherjee et al. dispersed 5 mg of MOF
[Zn,O(L),-3DMA-3EtOH-H,O (where L = 5-(4-carboxyphenylethynyl)-
isophthalate) in 2 mL of ethanol using sonocation [144]. The MOF sus-
pension was exposed to 1 mM (1.0 x 103 M) solutions of NB, p-NT,
2,4-DNT and TNT by incremental addition of 20 uL of the analytes,
with fluorescence measurements taken after each addition, until 200
uL of each analyte were added. Figure 2.19 denotes the changes ob-
served upon addition of TNT to the framework. The group reported
the limit of detection of TNT in ethanol using this MOF to be 10

ppb. Which is comparable to the detection of this analyte by AFCP in
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solution [79]. Centrifugation of the dispersed solution after use and

washing with ethanol was able to regenerate the MOF [144].
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Figure 2.19: Illustration of the fluorescence emission profile of MOF [Zn,O(L),-
-3DMA-3EtOH-H,O suspended in ethanol, upon the gradual addition
of a 1mM solution of TNT (in ethanol). The arrow in the figure denotes
the loss of fluorescence intensity of the MOF suspension upon addition
of the analyte. Inset demonstrates the visual colour change of the MOF
before and after titrating with TNT under a UV-light. Reproduced from
[144] with permission from The Royal Society of Chemistry.

Mandal et al. demonstrated how Stern-Volmer (SV) plots and life-
time measurements can be used to understand the sensing dynam-
ics in MOFs. The group synthesised MOF [Zn,(NDC),(bpy)] (where
NDC = 2,6-napthalenedicarboxylic acid and bpy = 4,4’- bipyridine)
which was found to contain minimal porosity [136]. The MOF was
suspended in ethanol and titrations adding 1 — 7 uL of 1,4-Dinitroben-
zene (1,4-DNB), NB, TNT, 2,4—DNT, p-NT (4.4 mM) solutions were
performed. Unexpectedly, it was observed that p-NT yielded the great-
est quenching of the MOEF, with the order of quenching magnitude
of the other analytes (at the same concentration) following that of
2,4-DNT > TNT > NB > 1,4-DNB. SV plots were generated for the
addition of each of the analytes to the MOF and Kgy values obtained.
It was concluded that the small p-NT molecules yielded the most effi-
cient quenching, evidenced by the greatest Ksy value observed for p-

NT compared to the other tested analytes. The group rationalised the
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preferential sensing of p-NT due to its higher dipole moment in com-
parison to the other compounds. Therefore, leading to the strongest
MOF-analyte interactions. Mandal et al. additionally performed time-
resolved measurements to depict which type of quenching process
was causing the attenuation of the MOF during sensing. The life-
times of the MOF decreased upon incremental addition of the ana-
lytes and it was observed that the absorption maximum of the MOF
remained the same post interaction with the analytes; indicating no
MOF-analyte complex formation. Thus, it was determined that colli-
sional quenching dominated the sensing of analytes using this MOF,

which coincides with its minimal porosity [136].

2.6.4.3 Rational design of MOF sensors
Tuning MOF band gaps for enhanced analyte detection

As discussed (Section 2.6.3), a great merit of MOFs is their tunable na-
ture. Li et al. demonstrated how changing MOF framework structures
can lead to different electronic properties, such as different band gaps,
which can cause the varied sensing of analytes based on the thermo-
dynamics of the PIET mechanism (Section 2.6.4.1). Ghosh et al. further
built on this by constructing a MOF with a tuned band gap, which
was highly selective towards TNP in the presence of other explosives,
owing to its emission spectrum overlapping with the absorption spec-
trum of TNP. Thus, allowing for both PIET and FRET mechanism to
cause the quenching of the framework.

MOF [Cd(NDC)o.5(PCA)] (NDC = 2,6- napthalenedicarboxylic acid,
PCA = 4-pyridine carboxylic acid) was dispersed in MeCN and titrated
against TNP, TNT, 2,3-DNT, 2,6-DNT, DNB, NB, DMNB, NM, and
RDX. The MOF showed pronounced fluorescence quenching in the
presence of TNP compared to the other nitroaromatic analytes [143].

Subsequent titrations demonstrated that the selectivity towards TNP
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by this MOF was still apparent even in the presence of other in-
terfering analytes (which were added first to the MOF suspension)
whose chemical compositions were similar to that of TNP. For exam-
ple, upon addition of a saturated TNT solution to the MOF, there was
little effect on the fluorescence intensity of the framework, however,
the following addition of aqueous TNP to this same solution resulted
in significant quenching of the MOF’s fluorescence. Similar results
were also observed for the other analytes mentioned above. This se-
lective detection of TNP was attributed to both the photo-induced
electron transfer and Forster resonance energy transfer mechanisms
causing the quenching of the MOF with this analyte. This was ratio-
nalised based on the deviation of linearity of the Stern-Volmer plot as
well as the good spectral overlap between the absorption spectrum of
TNP and the emission spectrum of [Cd(NDC)o.5(PCA)] (as demon-
strated in Figure 2.20). The absorption spectra of the other analytes
and the emission spectrum of MOF had negligible overlap, and so any
quenching observed of the MOF upon exposure to these analytes was
attributed to the PIET mechanism alone. A number of other groups
have also successfully reported the amplified detection of TNP/Picric
acid over other nitroraromatic explosives and related compounds as

a result of FRET quenching mechanisms [145-148].
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Figure 2.20: Illustrative example of how the fluorescence emission spectrum of MOF
[CA(NDC)o.5(PCA)] (denoted as 1’ in the figure) overlaps with the ab-
sorption spectrum of TNP; leading to FRET. The figure also shows the
minimal spectral overlap between the emission of the MOF and the
absorption spectra of the other analytes. Reproduced with permission
from [143]. Copyright 2013 American Chemical Society.

The work in this study also demonstrated the successful detection
of TNP by the MOF suspended in an aqueous solution. The ability
of MOFs to detect explosives in the aqueous-phase is beneficial as it
allows for the detection of threat materials in aquatic systems, waste
water, and soil; which is important for both security and environmen-
tal monitoring applications [149]. A number of other MOFs have also
demonstrated the successful detection of explosives or related ana-

lytes in water [150-152].

Optimisation of the organic linker component

An alternate approach that has been sought by researchers to increase
the sensitivity of fluorescent MOF explosive sensors has been to en-
gineer highly electron dense and exceedingly fluorescent MOFs; this
has been achieved through the design and syntheses of highly conju-
gated organic linkers. The introduction of such linkers in a framework
has been suggested to better attract aromatic or conjugate analytes
(such as nitroaromatic explosives) through 7 — 7 interactions. Fur-

ther to this, the relative orbital energies of the CB (or LUMO) of the
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MOFs can be tailored through the manipulation of the organic linkers
through which they are constructed (the benefits of which have been
aforementioned) [95]. The judicial choice of organic linkers can also
allow for MOFs to be designed with various cavity sizes, which as dis-
cussed, can impart selectivity through size exclusion (Section 2.6.4.1).
Also, functionality can be introduced into ligands which can be used
to construct MOFs with additional interaction sites, for the potential
targeting of specific analytes or groups of analytes. For example cre-
ating MOFs with Lewis basic sites has been shown to facilitate the
detection of metal ions and the acidic analyte TNP (or Picric acid)
[127, 143]. In addition, the use of unsaturated metal sites (UMS) has UMS are open metal

been reported to preferentially bind NH; groups. Such interactions sites in MOFs which

g S . ) are produced upon
are significant for the facilitation of detection of non-aromatic com-
the removal of
pounds [127]. Figure 2.21 illustrates some of these linkers created by weakly bound

various groups, all of which have formed MOFs able to successfully solvent molecules

detect explosives and/or explosive related materials [135, 144, 146, coordinated to the

MOF metals.
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Judicious choice of MOF metal component

The inorganic metal component of an MOF can also be judiciously
chosen to yield highly fluorescent frameworks. Transition metals, spec-
ifically d'° transition metals, have been most frequently used in the
construction of fluorescent MOF sensors (due to their non-paramag-
netism as discussed in Section 2.6.2). However, other main group met-
als such as lithium [159] and indium [134] have also been explored.

Other research has reported the use of lanthanides for the construc-
tion of fluorescent MOFs, as lanthanides themselves can be good
sources of luminescence when used alongside highly absorbing or-
ganic linkers (Section 2.6.2). As discussed (Section 2.6.2), the fluo-
rescence of lanthanide containing MOFs arises as a result of the an-
tennae affect. The predominantly reported quenching mechanisms of
lanthanide-containing MOFs in the presence of explosives is the PIET
mechanism, whereby photo-induced electron transfer from the MOF
organic ligands to the explosives causes an interruption of the anten-
nae effect, resulting in the quench of the lanthanide emission in the
MOF [31, 67].

In one report by Zhou et al. the quenching of a lanthanide MOF
was attributed to a number of contributing factors, primarily as a re-
sult of the PIET mechanism but also due to the competition for light
absorption between the analytes and the organic ligands of the MOF.
It was suggested that analytes with high absorbance (a large molar
absorption coefficient ¢) can efficiently absorb light with which the
samples are excited. This prevents the light from being absorbed by
the organic linker antennaes and transferred to the lanthanide met-
als, thus, also causing a quench of the lanthanide emissions; this is
termed the antennae screening effect [160]. The group synthesised
MOF Eu;(MFDA),-(DMF), which is constructed from Eu3* ions and

the highly-electron rich ligand H, MFDA (9,9-dimethylfluorene-2,7-
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dicarboxylic acid, Figure 2.21). The MOF demonstrated good quench-
ing responses upon exposure to a number of different explosive re-
lated analytes [160], in particular 3,4-DNT was found to be the most
effective quencher of the MOF with quenching efficiencies of ~ 45 %
(0.5 mM conc. solution in DMF). Due to the quenching magnitudes
of the MOF not following those expected based on the electron with-
drawing abilities of the analytes; the group attributed the quenching
of the MOF in the presence of the nitroaromatics as a combined re-
sult of mainly the PIET mechanism but also the competition for ab-
sorption of the excited light source between the analytes and organic
ligands [160].

Although a number of lanthanide-based MOFs have been reported,
this area of research is still very much underdeveloped, as only ter-

bium and europium based frameworks are known [145, 160-162].

The use of NanoMOFs

Substantial efforts are being made to synthesise nanocrystalline fluo-
rescent MOFs for improved detection sensitivities, as sensing kinetics
can be enhanced with smaller particle sizes [31]. For example, Man-
dal et al. noted that decreasing the particle size of one of their MOF
sensors from 20 um to 50 nm nearly doubled the quenching efficiency
of the MOF towards TNP. The nanoparticles of this MOF were able to
be fabricated into test strips which demonstrated visible quenching
response upon exposure to TNP in amounts as low as 7.24 nm, or

1.66 ppb [163].
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2.7 THESIS AIMS, OUTLINE AND NOVELTY OF RESEARCH

This thesis aims to further expand the knowledge of fluorescent metal-
organic frameworks as explosives sensors. The synthesis and charac-
terisation of three novel MOFs will be presented, each of which have
different framework architectures, pore environments, and electronic
structures; which impact on their sensing capabilities towards explo-
sive substances and related compounds. The sensing performance
of these MOFs has been evaluated in both the solution and vapour-
phase. As well as contributing to the research field through the gener-
ation of new MOF sensors, this thesis explores the use of MOFs in a
sensor array (chemical nose) for the discriminative detection of explo-
sives. In addition, the ability of MOFs to be used as standalone pre-
concentrator sorbent materials towards explosive vapours (and not as
sensors) has also been investigated; with the aim to evaluate whether
MOFs can potentially be used to increase the sensitivity of other trace
explosives detectors. Both of these aspects add a significant contribu-
tion to the field of research on MOFs for trace explosives detection, as
such investigations have not been reported in the current literature. In
essence, the Ph.D. research presented in this thesis has sought to fur-
ther interrogate the potential applicability of MOFs within the field

of trace explosives detection.



A PILOT STUDY INTO TWO NOVEL MOEFS FOR
VAPOUR-PHASE SENSING

3.1 INTRODUCTION

This chapter details the synthesis and characterisation of two novel
fluorescent metal organic frameworks [Zn(dcbpy)(DMF)]-DMF (MOF
1) and [Dy(dcbpy)(DMF),(NO;)] (MOF 2) (where H,dcbpy = 2,2’-
bipyridine-4,4’-dicarboxylate and DMF = N,N -Dimethyl formamide),
for the vapour-phase detection of explosive related analytes and deriva-
tives [164].

As discussed in Chapter 2, it is believed that one of the greatest at-
tributes of MOFs as potential sensors, is the ease with which they can
be tailored (through the judicial choice of organic ligands and metal
ions) for their potential targeting of particular analytes (or groups of
analytes). The preliminary research presented in this chapter sought
to explore what effects altering one building block component may
have on the overall structure of an MOF that is formed, and what im-
pact different topologies may have on sensing. The work also inves-
tigated how to form MOF ‘thin films” and how to undertake sensing
on relevant analytes in the gas phase.

Metal-organic frameworks 1 and 2 have been synthesised from the
same organic ligand H,dcbpy (Figure 3.1), but vary in metal compo-

sition (zinc and dysprosium).
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Figure 3.1: Molecular structure of 2,2’-bipyridine-4,4’-dicarboxylate (H,dcbpy). The
dotted circles denote the potential binding sites of this linker.

This organic linker was chosen because of its aromatic and electron
rich nature; to allow for linker-based fluorescence emissions of the
MOFs. Further to this, the presence of two potential binding sites of
this ligand (the carboxylate and pyridine moieties, as highlighted in
Figure 3.1) allow it to coordinate with metal ions in different ways;
potentially leading to interesting and diverse MOF structures. The
use of a lanthanide for the construction of one of the MOFs was em-
ployed with the aim to increase the system’s fluorescence; resulting
in the synthesis of the first dysprosium MOF for the sensing of ex-
plosives related analytes and derivatives. The research presented in
this chapter also demonstrates how microwave synthesis can be im-
plemented to rapidly generate homogeneous microcrystals of MOF 1,
termed 1M, and it examines the effect that these uniform crystals had
on the MOF’s sensing performance.

The metal-organic frameworks synthesised were tested for their
abilities to act as fluorescence-based sensing materials towards the
TNT derivatives 2,4-dinitrotoluene (2,4-DNT), para-nitrotoluene (p-NT)
and nitrobenzene (NB), as well as the plastic explosives taggant 2,3-
dimethyl-2,3-dinitrobutane (DMNB) (Figure 2.2). These analytes were
chosen as they are often good markers as to the presence of explo-
sives, they have considerably higher vapour pressures than explo-
sives themselves, and they are readily available for testing in non-
specialised explosives research laboratories (Section 2.3.2.2). Further-
more, dinitrotoluenes and nitrobenzene are known toxic, organic pol-

lutants that are often discharged into the environment by industrial
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processes, therefore the detection of these compounds is of more gen-
eral interest [165]. Due to the aforementioned need for new portable,
stand-off, vapour-phase detection methods for the trace detection of
explosives; the sensing capabilities of the frameworks were assessed
with the analytes in the gaseous-phase. The methodology employed
for the initial examination of these materials was modelled on that
reported by Li et al. who conducted the pioneering and state of the

art research within this field (Section 2.6.4.1).
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3.2 EXPERIMENTAL

3.2.1 Synthesis of metal-organic frameworks

3.2.1.1  Synthesis of [Zn(dcbpy)(DMF)]- DMF (1)

0 o)
HO OH
DMF
. — — »  [Zn(dcbpy)(DMF)]-DMF
Zn(NO3),6H0 +  //  \ ) 100°C [Zn(dcbpy)(DMF)]
—N N 6 days

Scheme 3.1: Reaction scheme detailing the synthesis of [Zn(dcbpy)(DMF)]-DMF (1)

MOF [Zn(dcbpy)(DMF)]-DMF (1) was synthesised via a typical solvoth-
ermal method (Section 2.6.1.2), the reaction scheme of which is given
in Scheme 3.1. Zinc nitrate hexahydrate (Zn(NO,),-6 H,O, 0.4 mmol,
119.0 mg) and 2,2’-bipyridine-4,4’-dicarboxylate (H,dcbpy, 0.4 mmol,
97.8 mg) were dissolved in 15 mL of N,N-dimethylformamide (DMF)
whilst stirring in a glass vial. The vial was sealed to generate an auto-
genous pressure and placed inside a conventional heating oven set to
100°C for 6 days; affording colourless rectangular plate-like crystals

of 1, in approximately a 80% yield.

3.2.1.2  Microwave synthesis of [Zn(dcbpy)(DMF)]-DMF (1M)

Zn(NO;),-6 H,O (0.2 mmol, 60.0 mg) and H,dcbpy (0.2 mmol, 48.8
mg) were dissolved in 12 mL of DMF in a glass vial and stirred at
40°C for approximately 10 minutes. After most of the contents had
dissolved, 3 mL of the cloudy reactant solution was syringed into a
new glass vial, which was subsequently sealed and placed into a 700
W microwave oven operating at a 40% power output’. The sample
was irradiated initially for 30 s, followed by three more 30 s cycles.

This yielded a clear solution and a microcrystalline MOF precipitate.

+ Full details of the microwave used can be found in Chapter 8.
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3.2.1.3 Synthesis of [Dy(dcbpy)(DMF),(NOs)] (2)

0 (]
HO OH
DMF
Dy(NO3)3-5H,O0  + / \ - W [Dy(dcbpy)(DMF)2(NO3)
—N \N / 6 days

Scheme 3.2: Reaction scheme detailing the synthesis of [Dy(dcbpy)(DMF),(NO;3)] (2)

MOF [Dy(dcbpy)(DMF),(NO;)] (2) was also synthesised solvother-
mally (as per Scheme 3.2). Dy(NO;);-5 H,O (0.4 mmol, 175.6 mg) and
H,dcbpy (0.4 mmol, 97.9 mg) were dissolved in 15 mL of DMF, with
stirring in a glass vial. The glass vial was sealed and placed in an
oven set to 100°C for 6 days; yielding pale-pink rhomboidal crystals
of MOF 2 (~ 60% yield), Scheme 3.2.

3.2.2  Washing regimes to afford active MOFs

As active, guest-free frameworks are desirable for vapour-phase sens-
ing (Section 2.6.1.3) MOFs 1, 1M and 2 were subjected to washing
regimes in order to yield their "active” counterparts: 1’, 1M" and 2".
The solvent-exchange procedure previously reported by Li et al. (used
for the activation of the pioneering explosives detection MOF) was
implemented on MOFs 1, 1M and 2 [126]. The MOF crystals were ini-
tially dried under vacuum through use of Buchner filtration. The dry
crystals were subsequently immersed in methanol (MeOH) for four
days, after which they were re-dried (again using Buchner filtration).
This was followed by immersion of the crystals in dichloromethane
(DCM) for three days. A final vacuum filtration of the crystals af-

forded the active materials used in the sensing procedures.
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3.2.3 Fabrication of the MOF ‘thin films" used in sensing

‘Thin films” of the metal-organic frameworks (in their active form)
were constructed prior to vapour-phase sensing experiments. The
films were fabricated by the compaction of the MOF crystals (finely
ground’) onto microscopy slides (Thermo scientific, size = 76 x 26
mm, thickness = 0.8 - 1.0 mm). Approximately 5 mg of a MOF sam-
ple was compressed down onto each microscope slide using a spat-
ula, until the material was firmly into placet. Any excess residue was
tapped off from the slides prior to their use. A representative MOF 1’
‘thin film’ slide (with a side on view) as obtained by scanning electron

microscopy (SEM), can be seen in Figure 3.2. This particular “thin film’

has an approximate thickness of 10 um.

MOF thin film

el ““.{i‘;

Microscope slide ;.
o 2 & e 1

Figure 3.2: Scanning electron microscopy (SEM) image showing the side on view of
a representative MOF 1 “thin film’ used in vapour-phase sensing experi-
ments.

t The crystals of MOF 1M” were not ground but compacted as-synthesised and acti-
vated.

1 Different MOF synthetic batches were used to generate the various ‘thin films’ used
in repeat experiments. Efforts were made to ensure compaction methods remained
consistent.
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3.2.4 Generation of analyte vapours and ‘thin film” exposure method

The vapours of DMNB, 2,4-DNT, p-NT and NB were generated by
depositing ~ 0.5 g of each of the analytes into individual centrifuge
tubes, covered by tissue paper, to ensure there was no direct con-
tact between the analyte and the MOF-containing microscope slide
films. The sealed tubes were left for one week to equilibrate prior to
their use, generating a static saturated head-space of the analytes. The
MOF ‘“thin films” were quickly placed inside the sealed tubes (and sub-
sequently removed) for fixed amounts of time during the sensing pro-
cedure. This methodology employed was modelled on the pioneering
work within the field reported by Li et al. (Section 2.6.4.1) [126]. Fig-

ure 3.3 illustrates how the MOFs were exposed to the vapours.

MOF ‘thin fil

1= 4

Figure 3.3: Illustration of how a MOF ‘thin film’ (in this case a ‘thin film” of MOF 1’)
was exposed to the static vapour head-space of a particular analyte (in
this case DMNB) during its sensing.

3.2.5 Fluorescence sensing methodology

Fluorescence measurements on the active MOF ‘thin film” were con-
ducted using a time-correlated single photon counter (TCSPC), op-
erating in steady-state mode, with a fixed excitation wavelength of
405 nm. The fluorescence emission spectra were obtained by scan-
ning between 420 - 600 nm. Prior to the exposure of a ‘thin film’ to

any analyte; the initial fluorescence intensity of the film was mea-
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sured, after which, the thin film was placed in an empty centrifuge
tube for 30 s (which was left open to the environment), and the flu-
orescence intensity was re-measured. This was repeated three times
and the fluorescence emission was averaged to give a stable baseline
initial intensity for each thin film (I,) prior to sensing. This was con-
ducted to ensure that any quenching of the system observed was as a
result of MOF-analyte interactions and not due to MOF material loss
or interactions with the laboratory air environment. Then, after the
exposure of the film to the vapour head-space of a particular analyte
for 10 s, the fluorescence intensity was re-measured (I). Subsequently,
the film was exposed to an analyte for 30's, 60 s, 120 s, and 300 s with

the fluorescence intensity being re-measured after each time period.
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3.3 RESULTS AND DISCUSSION

3.3.1 Characterisation of metal-organic frameworks

3.3.1.1  MOF [Zn(dcbpy)(DMF)]-DMF (1) structure determination

A rectangular plate-like crystal of approximately 0.06 x 0.02 x 0.001
mm dimension that emerged from the reaction detailed by Scheme 3.1,
was used for structural analysis using single crystal X-ray diffractionS.
The data elucidated this metal-organic framework to have the for-
mula [Zn(dcbpy)(DMF)]-DMF (1). MOF 1 discloses a three-dimensional
framework belonging to the monoclinic space group P2,/n. The asym-

metric unit (ASU) for this MOF consists of one zinc metal, a dcbpy  The asymmetric unit
ligand and a DMF molecule; all with full occupancy. In addition, one 1 the smallest part

. . . . of the unit cell which
slightly disordered DMF solvent molecule was found to reside in the
contains all the

pores of this MOF per ASU. An ORTEP (Oak Ridge thermal ellipsoid structural
plot) showing the ASU found in MOF 1 can be see in Figure 3.4. information, so
when treated with
the symmetry
operations of the
given space group,
will produce the

whole contents of the

unit cell [166].

Figure 3.4: ORTEP plot detailing the asymmetric unit (ASU) found in MOF
[Zn(dcbpy)(DMF)]-DMF (1). Ellipsoids are displayed at the 30% proba-
bility level and hydrogen atoms have been omitted for clarity.

§ Full data collection, structure solution and refinement details can be found in Ap-
pendix A.
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As discussed
(Section 2.6.1),
SBUs are rigid and
defined entities that
are found in MOFs,
which typically
govern their overall
structural topology
[90].
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The overall architecture of MOF 1 is governed by the cyclic secondary
building units (SBUs) that are formed. The eight-membered SBUs lo-
cated in this MOF are constructed from the monodentate carboxylates
of two dcbpy ligands, two centrosymmetrically related dcbpy ligands
(coordinated to two zinc metals through the N-donor functionalities)
and two DMF solvent molecules. Figure 3.5 gives an illustration of

the SBUs found in MOF [Zn(dcbpy)(DMF)]-DME.

Figure 3.5: Representation of the cyclic 8-membered ring secondary building units
(SBUs) found in MOF 1. Residual DMF solvent molecules and hydrogen
atoms have been removed for clarity. The colour grey denotes carbon
atoms, purple; zinc atoms, blue; nitrogen atoms, and red; oxygen atoms.

The SBU nodes are further linked to other SBUs through the car-
boxylate and N-donor moieties of the dcbpy ligands. Thus, the lig-
ands act as structural pillars that form the overall three-dimensional
topology of this MOF. The crystallographic data denotes that DMF
solvent molecules reside in the pores of this MOF, with two residual
DMEF present for each SBU. Figure 3.6 illustrates the three-dimensional
structure of MOF 1” with and without solvent guest molecules (pre-

sented as both ball and stick and space filling diagrams).
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Figure 3.6: a) Representation of the overall three-dimensional structure of MOF 1
with guest solvent molecules present (circled). b) Space filling diagrams
of 3D 1 with guest solvent molecules present. c) 3D structure of MOF
1" without guest solvent molecules present. d) Space filling diagrams of
3D 1’ in the absence of guest solvent molecules. In all figures, hydrogen
atoms have been omitted for clarity, and each of the diagrams represent
the structure as viewed along the crystallographic a-axis.

As can be seen in Figure 3.6, when the solvent molecules are re-
moved from the pores of the MOF (yielding guest-free MOF 1’), oval-
oid one-dimensional channels that are approximately 10.0 Ax88A
wide can be see to run through the structure of this framework. The
space filling diagrams indicate that upon guest removal, solvent ac-
cessible voids are present within the MOF 1’ structure. The solvent
accessible volume (SAV) for 1’ was calculated to be 15%1. The frame-

work with the guest DMF present had a SAV of zero.

9 Solvent accessible volumes were calculated using PLATON software [167] as detailed
in Appendix A.
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3.3.1.2  MOF [Dy(dcbpy)(DMF),(NOs)] (2) structure determination

A pale-pink rthomboidal crystal of approximately 0.14 x 0.11 x 0.04
mm dimension that resulted from the reaction detailed in Scheme 3.2,
was used in single crystal X-ray diffraction analysis. It was confirmed
that the three-dimensional structure of MOF 2 belongs to the triclinic
space group PT and has the formula [Dy(dcbpy)(DMF),(NO;)].

The ASU present within this MOF was significantly different to
that of 1. Contained within the MOF 2 ASU are: two crystallograph-
ically independent dcbpy ligands (both with 50% occupancy), two
DMF molecules with full occupancy and interestingly; a nitrate group
(NOs;), as shown by the ORTEP plot in Figure 3.7. The presence of this
nitrate group arises from the dysprosium nitrate starting material,
whilst unusual, similar observations have previously been reported
for lanthanide MOFs [168]. Additionally, there were no residual sol-
vent molecules associated with this ASU, meaning that no solvent

guests permanently reside in the pores of this framework.

Figure 3.7: MOF [Dy(dcbpy)(DMF),(NO3)] asymmetric unit (ASU). Ellipsoids are
displayed at the 30% probability level and hydrogen atoms have been
omitted for clarity.
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The SBUs contained within MOF 2 were constructed from three
dysprosium metals (each with eight coordinate geometries), the mon-
odentate carboxylates of six dcbpy ligands, six solvent DMF molecules

and three nitrates (Figure 3.8).

Figure 3.8: Illustration of the secondary building units found in MOF
[Dy(dcbpy)(DMF),(NO;)] (2). Carbon atom are represented by the
colour grey, oxygen atoms; red and dysprosium atoms are green.
Hydrogen atoms have been omitted for clarity.

The monodentate caroboxylates of the dcbpy ligands act as pil-
lars to other SBUs, forming one-dimensional chains that run through-
out the three-dimensional structure of this MOF, along the crsytallo-
graphic b-axis. The dcbpy ligands project orthogonally along the crys-
tallographic g-axis to link the one-dimensional SBU chains together
in order to form the 3D topology observed for this MOF (Figure 3.9).

This MOF was found to contain no solvent accessible volume.

Figure 3.9: 3D structure of MOF 2 given as a ball and stick diagram on the left and
a space filling representation on the right (both viewed along the crys-
tallographic a-axis). In both representations hydrogen atoms have been
omitted for clarity.
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A comparison of the crystallographic structure parameters for MOFs

1 and 2 can be seen in Table 3.1". As evident, 1 and 2 demonstrate

very different topologies despite being constructed from the same or-

ganic linker.

Table 3.1: Crystal and structure refinement data for MOFs 1 and 2.

MOF 1

MOF 2

Formula
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/ A

b/A

c/A

o/

B/°

v/°

Volume/A3

V4

Pcale §/cm?
p/mm™*

F(000)

Crystal size/ mm
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness of fit on F?

Final R indexes [I>20(I)]

Final R indexes (all data)

Largest diff. peak/hole / eA3

[Zn(dcbpy)(DMF)]- DMF

ZnC;sH,,N,O¢
453.75

150

Monoclinic

P2 /n

9.3725(2)
14.7643(3)
14.7153(3)

90

101.058(2)

90

1998.47(7)

4

1.508

2.089

936

0.06 X 0.02 X 0.001
CuKoa(A = 1.54184)
8.564 to 102.878
-9<h<g, -14<k<14,
-14<1<14

14313

2158[Rint= 0.0590]
2158/0/282

1.044

R, =0.0358
wR,= 0.0875

Ry = 0.0459
wR,=0.0949
0.37/-0.40

[Dy(dcbpy)(DMF),(NO;)]

DyC8H20N504
612.89

149.9

Triclinic

P1

9-2414(5)
10.3040(5)
12.8291(6)
76.338(4)
69.431(4)
86.377(10)
1111.37(10)

2

1.831

18.524

602

0.2 X 0.15 X 0.05
CuKo(A = 1.54184)
8.832 to 149.79
-11<h<1, -12<k<12,
-16<1<16

16503

4464[Rint= 0.0997]
4464/0/297

1.109

R; = 0.0576
wWR,=0.1489

R; = 0.0628
wR,=0.1540
2.71/-1.63

[l The full crystallographic data for both MOFs can be found in Appendix A. The crys-

tallographic information files and structure files have been deposited in the Cam-
bridge Crystallographic Data Centre (CCDC) under 992713 (1) and 1026241 (2).
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3.3.1.3 Phase purity and “active” MOF structure evaluations

Powder X-ray diffraction (PXRD) analysis of the synthesised bulk 1
and 2 samples found them to be in good agreement with their corre-
sponding simulated PXRD patterns (as obtained from single crystal
X-ray diffraction data), confirming their phase purity (Figure 3.10).
Further to this, the PXRD pattern of the microwave synthesised mi-
crocrystals of MOF 1, termed "1M’, also demonstrated accordance
with the simulated pattern for [Zn(dcbpy)(DMF)]-DMF, verifying that
this MOF was successfully yielded using the implemented microwave
synthesis procedure (as detailed in Section 3.2.1.2).

As discussed (Section 2.6.1.3), “active’ MOFs are desirable for sens-
ing applications (owing to guest solvent molecules often hampering
MOF-analyte interactions), thus, the crystalline materials of 1, 1M
and 2 were ‘activated” using the washing regime described in Sec-
tion 4.2.3; affording 1" and 1M’ and 2’. This activation was partic-
ularly significant for MOFs 1 and 1M as from the crystallographic
data it was ascertained that this MOF contains residual DMF solvent
molecules present within its pores; obstructing their access. Whilst
MOF 2 was shown not to contain any solvent in it’s cavities (due to
it not having sufficiently sized pores), washing regimes were still im-
plemented on 2 to remove any DMF molecules potentially present on
its crystal surfaces from its synthesis. The PXRD patterns of the sim-

ulated, as-synthesised and ‘active’ MOFs can be seen in Figure 3.10.
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Powder X-ray diffraction patterns of: Simulated MOF 1 (produced from
crystallographic data), as-synthesised MOFs 1 and 1M, as well as active
MOFs 1" and 1M’ (top). Simulated MOF 2, as-synthesised MOF 2 and
active MOF 2’. The h, k, I values of the main MOF peaks as obtained
from crystallographic data are given in the figures also. The highlighted
box indicates PXRD peak discrepancies.

The PXRD patterns of MOF materials 1" and 1M’ confirmed that

the guest free MOFs retained their overall framework structure post-

activation

. This is evidenced by the matching of the majority of the

main MOF (low angle 20) peaks in the PXRD patterns of the active
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frameworks with those of their corresponding as-synthesised materi-
als (labelled with their h, k, 1 values in Figure 3.10). However, both
1" and 1M’ do demonstrate some distortions in their framework unit
cells, indicated by the shifts in the PXRD peaks, the absence of a ma-
jor peak (h, k, 1 = 1, 1, 0) as well as the emergence of new peaks
(highlighted by the dashed box in Figure 3.10). This is most likely
an artefact of DMF loss. Such perturbations in framework structures
after guest removal are well documented; as solvents frequently act
as templating agents in MOF pores. Thus, their removal may slightly
alter the shape of these pores and can lead to structures of lower sym-
metry [115][126] (as discussed in Section 2.6.1.3 and Section 2.6.1.4).
The PXRD pattern obtained for MOF 2’ shows that the framework
does observe some loss of crystallinity post-activation. This can be ra-
tionalised by the washing procedure removing some NO;~ or DMF
molecules (or both) coordinated to the dysprosium metal ions; lead-
ing to structural defects being created in the framework. This is not

uncommon during solvent exchange procedures [113].

3.3.1.4 MOF crystal morphologies

The morphologies of the crystalline materials present in MOFs 1, 2
and 1M are shown by the scanning electron microscopy (SEM) images
in Figure 3.11. The crystals present in the solvothermally synthesised
bulk samples of MOFs 1 and 2 demonstrate a wide range of crystal
sizes and shapes. In addition they contain crystal cracks, crevices and
some smaller nucleation points. Contrastingly, the SEM images of
microwave synthesised 1M show excellent uniformity amongst crys-
tals. The microcrystals are leaf like in structure with dimensions of

approximately 25 pm x 10 um x 2 pm.
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UCL Chem SEI 50kv  X8000 1gm  WDO9.1mm UCL Chem SEI X330 10pm WD 8.2mm

 /

ICL Chem Sl . %90 UCL Chem SEI 100kV  X3,700 1gm WD 8.3mm

Figure 3.11: Scanning electron microscopy images of: a) the bulk crystals ob-
tained from a sample of solvothermally synthesised MOF 1 crystals.
b) solvothermally synthesised MOF 2 crystals; evidencing the crystal
cracks and crevices present in the sample. c¢) the microcrystals of 1M
yielded by microwave synthesis. d) a close up of the surface of the 1M
crystals.

It is important to note that the implemented washing procedure
does cause some (further) crystal cracking (for each of the MOF sam-
ples including 1M’), as demonstrated in Figure 3.12, which shows a
representative MOF 1" sample post-activation. Such crystal cracking
is common during solvent exchange activation, however, it is not nec-
essarily detrimental to application. The presence of additional analyte

vapour binding sites could aid gas-phase sensing [113].
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UCL Chem SEI 10.0kv¥  X1,700 10um WD 7.8mm

Figure 3.12: SEM image of a representative MOF 1’ crystal after solvent activation.

3.3.1.5 MOF 1’ porosity characterisation

In order to confirm the porosity of ‘active’ MOF 1’; Brunauer-Emmett-
Teller (BET) surface area measurements (with nitrogen as the probe
gas) were attempted on this MOF*. MOF 1’ returned a surface area
value of 69.3 m?/g (after degassing at 200 °C). This is a relatively
low surface area in comparison to the highest porosity MOFs, but is
comparable to one of the first reported MOFs for the vapour-phase de-
tection of explosive related compounds (MOF [Zn,(oba),(bpy)-DMA],
surface area = 84 m*/g) [127]. These results suggest that void space
is available in 1” for analyte encapsulation during sensing. As some-
what predicted, MOF 1 did not return a meaningful BET surface area
value (negative), suggesting the non-activated framework to have no

residual porosity'™.

3.3.1.6  Thermal stabilities

The thermal stabilities of activated MOFs 1" and 2" were evaluated
using thermogravimetric analysis (TGA). The TGA for 1" indicated it
to be stable up to 400 °C and 2" showed stability up to 460 °C, as

shown by Figure 3.13. Both of these decomposition temperatures are

++ The BET general experimental procedure details can be found in Chapter 8
1t BET surface area measurements were not attempted on MOF 2" owing to its lack of
pores as indicated by crystallographic data.



106 A PILOT STUDY INTO TWO NOVEL MOFS FOR VAPOUR-PHASE SENSING

comparable to those reported for other MOFs synthesised for the ap-
plication of explosives detection [126]. Further to this, from analysis
of the TGA, it is suggested that the washing procedure implemented
on 1" was able to successfully remove the guest DMF from the pores
of this MOF. This is proposed due to the negligible (~ 1%) weight
percentage loss in the region of 103 - 156 °C in the TGA of 1. Guest
molecules are often liberated from the pores of MOFs in the region of

their boiling points during thermogravimetric anaysis [111].
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Figure 3.13: Results of the TGA analyses conducted on MOFs 1’ (top) and 2’(bottom).
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3.3.2  Vapour-phase fluorescence sensing

Metal-organic frameworks 1" and 2" were evaluated for their poten-
tial as fluorescence-based sensors of the explosives related analytes
DMNB, 2,4-DNT, p-NT and NB in the vapour-phase. ‘Thin films’ of
the active MOFs were fabricated (as detailed in Section 3.2.3) and dif-
ferent samples of these were individually exposed to the saturated
headspace of the above mentioned analytes for varying amounts of
time (as described in Section 3.2.5). The fluorescence emission spec-
tra for each MOF ‘thin films” sample, at each analyte exposure, were
monitored using a fluoremeter. The different sensing responses of the
two MOFs towards the above mentioned analytes were compared; in
order to gain insight into how their aforementioned differing topolo-
gies impact their vapour-phase sensing capabilities. In addition, ‘thin
film” samples of the 1M’ microcrystals were also exposed to the same
analytes, with the aim to test the effects that these uniform flat, leaf-

like crystals have on the sensing capabilities of this MOF.

3.3.2.1 Sensing of the explosives related compounds using MOF 1’

Upon excitation at 405 nm, the fluorescence emission maxima for
MOF 1’ ‘thin films” (in the solid-state at room temperature) were
observed at approximately 465 nm. Minor fluctuations in the fluo-
resce emission maxima peak positions were observed (+ 5 nm) and
attributed to the non-uniformity of the films. Such findings have also
previously been noted for the ‘thin films’ constructed by Li et al. in the
aforementioned pioneering work on MOFs for vapour-phase explo-
sives detection (Section 2.5.3)[126]. The observed fluorescence emis-
sion maxima of the MOF was significantly blue shifted in comparison
to the emission spectrum of the free linker H,dcbpy (570 nm) upon ex-

citation with the same wavelength (Figure 3.14). Similar observations
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have been previously reported and rationalised on the basis of charge-
transfers (either metal-to-ligand (MLCT) or ligand-to-metal (LMCT)
charge-transfers)[169, 170], which are often present in concurrence

with linker-based emissions in fluorescent MOFs (Section 2.6.2)[65].

—MOF 1*
1.0 - — H,dcbpy

0.8 4
0.6

0.4

Fluorescence Intensity (normalized)

0.2 4

0.0 T T T T T T T
450 500 550 600 650 700 750
Wavelength(nm)

Figure 3.14: An overlay of the fluorescence emission spectra of MOF 1" and H,dcbpy
(as “thin films’ in the solid-state) upon excitation at 405 nm. The slight
dip in the emission spectrum of the free linker (at approximately 525
nm) is the result of an instrumental defect and not an artefact of the
molecule.

Figure 3.15 shows an example fluorescence emission profile of a
MOF 1’ ‘thin film” upon exposure to DMNB for 0's, 10 s, 30 s, 60 s,
120 s and 300 s*. Figure 3.16, details the results of the time-dependent
fluorescence quenching of MOF 1’ ‘thin films” upon exposure to each
of the four analytes (DMNB, 2,4-DNT, p-NT and NB) and includes
repeated results. The plot denotes the quenching percentages (QPs)
of the MOF upon exposure to these analytes (as calculated by Equa-
tion 2.14, Section 2.6.4; [(I, - I)/1,)]x100; I, = original peak maximum

intensity, I = maximum intensity after analyte exposure)SS.

The remaining fluorescence emission profiles of the MOF 1" “thin films” upon expo-
sure to the other analytes can be found in Appendix A. As well as this the baseline
initial fluorescence intensity measurements that were averaged to give t = o in the
figure are given in Appendix A. It is important to note these were always stable.
The I, values used in the QP calculations were obtained from the fluorescence emis-
sion data, the wavelengths at which these occurred were the fixed points at which
the I values were taken.
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Figure 3.15: Fluorescence emission profile of a representative MOF 1 ‘thin film’ sam-
ple upon the exposure to the vapours of DMNB for o, 10, 30, 60, 120 and
300 seconds. The average initial intensity is the average of three baseline
emissions of the MOF prior to analyte exposure (DMNB t= o s), which
were always very stable.
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Figure 3.16: Results of the time-dependent fluorescence quenching of MOF 1’ ‘thin
films” (given as quench percentages) upon exposure to the vapours of
each of the four analytes: DMNB, NB, p-NT and 2,4-DNT for o, 10, 30,
60, 120 and 300 s. Repeat results on different MOF 1" ‘thin films’ are in-
cluded; the variance (standard error of the mean) in the results between
each sample is represented by the error bars. The asterisks denote points
of reference for the discussion in the main text.
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Evidently, MOF 1’ responds to each of the tested analytes, with
quenching percentages between 6 - 10% observed after only 300 s
of exposure. Although the magnitude of the responses yielded by the
‘thin films” of MOF 1" are not as high as some of those reported in pre-
vious literature on MOFs for explosives detection (Section 2.6.4), this
MOF does demonstrate the ability to detect these explosives related
analytes. The variations in the QPs between the repeat measurements
can be attributed to the difference in the absolute amount of the MOF
that was able to be compacted onto each of the ‘thin films” during
fabrication. While efforts were made to keep these films as consistent
as possible; discrepancies were inevitable and suggested the need for
better MOF-film fabrication methods for future work on these materi-
als. Also, the slight dips in the MOF responses upon exposure to the
analytes between different time periods (as denoted by the asterisk in
Figure 3.16) can be potentially attributed to the depletion of analyte
head-spaces during the sequential exposure of the films to the analyte
vapours. Similar dips in quenching profiles of the MOFs upon expo-
sure to explosives related analytes can be seen in the studies by Li
et al. on which this exposure method was modelled on. Nevertheless,
these proof-of-concept experiment results serve as a useful initial di-
agnostic as to the tested analytes detectability using MOF 1. It is pro-
posed that the aforementioned and well established photo-induced
electron transfer mechanism (PIET) caused the observed quenching
responses (Section 2.5.2.1). Interestingly, these results suggest that 1’
has potential as a fluorescence-based sensor of DMNB; which very
few other MOFs (and other fluorescence-based detection materials)
have been noted to detect [26, 126]. Table 3.2, details the literature re-
ported MOFs to date that have demonstrated the successful detection

of this analyte in either the vapour or solution-phase.
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Table 3.2: Significant sensing results for DMNB in either solution or vapour phase in
the literature. The exposure time or analyte concentration is given where
known. For specific MOF details, please see references included.

Group/Reference  Vapour or Solution Phase Response

Li et al. [126] Saturated vapour 84% quench, 10s

Li et al. [127] Saturated vapour 8% quench, 15 mins
Lietal. [131] Saturated vapour < 10%, 10 mins

Li et al. [133] Saturated vapour 47%

Ghosh et al. [154]  Saturated vapour 57% , 5 min

Ghosh et al. [149] ~ Solution (H,O) <10%

Cao et al. [171] Solution (ethanol) 21% (200 ppm)
Zhou et al. [172] Solution (H,O) < 15%

The difficulty in the detection of this analyte arises due to its low
electron affinity in comparison to nitroaromatic compounds (as well
as its unfavourable reduction potential) which minimises the thermo-
dynamic potential (driving force) for the PIET mechanism. Also, its
aliphatic nature prevents it from forming -7t stacking interactions,
which typically facilitate strong MOF-analyte interactions and lead
to effective PIET [26, 78, 126, 173]. It is therefore suggested that the
successful detection of DMNB with MOF 1" occurred as a result of
the encapsulation of the analyte into the cavities of the framework,
which potentially allowed for stronger host-guest interactions than
surface based interactions, owing to likely better degrees of orbital
overlap. This coincides with previous findings by Li et al. who also at-
tributed the successful detection of DMNB through its inclusion into
MOF [Zn,(bpdc).(bpee)] pores (Section 2.6.4.1) [126]. Further to this,
based on the molecular dimensions of the tested analytes reported by
Li et al. (given in Table 3.3) [127], the pore sizes present in MOF 1
as calculated from crystallographic data (ovaloid channels which are
approximately 10.0 x 8.8 A wide, as discussed in Section 3.3.1.1), sug-
gest that they are large enough to be able to encapsulate this analyte

into its pores, as well as NB and p-NT, and potentially 2,4-DNT.
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Table 3.3: Molecular dimensions of the tested analytes as reported by Li et al.[127].

Analyte  Dimensions (A)

DMNB 7.1X7.3X7.7
2,4-DNT 5.6 x7.7x 10.1
p-NT 5.6 x7.7x8.1
NB 3.4x6.2x8.6

Computational band and electronic structure calculations

In order to gain a further insight into the quenching mechanism oc-

curring between these analytes and the MOF; the geometry and elec-

tronic structure calculations of 1" and the analytes were obtainedT1.

Figure 3.17, shows the valence band maximum (VBM) and the con-

duction band minimum (CBM) for MOF 1’ (also known as the MOF

HOMO and LUMO respectively), as well as the ionization potentials

(IP) and electron affinities (EA) for the analytes (HOMO and LUMO

of the analytes respectively).
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Figure 3.17: Schematic of the calculated valence band maximum (VBM) and conduc-
tion band maximum (CBM) positions for 1”. As well as the ionization
potentials (IPs, denoted by the colour bule) and electron affinities (EAs,
denoted by the colour orange) for the explosive TNT and 5 explosive

related analytes.

I These calculations were performed by Christopher N. Savory and Dr. David. O. Scan-
lon, University College London. The calculation experimental details can be found

in Appendix A.
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As discussed, for photo-induced electron transfer to occur between
the excited state electron-rich MOFs and the ground state electron-
poor explosive analytes; the LUMO of the analytes (electron affini-
ties) must be below the conduction band maximum of the MOF (Sec-
tion 2.6.4.1). Figure 3.17 clearly demonstrates that based on the band
edge positions of the MOF versus the analytes, quenching should oc-
cur as electrons in the conduction band of the MOF should drop into
the LUMOs (coloured orange) of each of the analytes. This is of course
provided that adequate interactions between the host and guest occur
to facilitate the electron transfer. These calculations, therefore, sup-
port the results that show MOF 1" to be an effective sensor of DMNB,
NB, p-NT and 2,4-DNT.

Whilst these theoretical calculations suggest that MOF 1” should
demonstrate the greatest quenching in the presence of 2,4-DNT, fol-
lowed by NB, p-NT and finally DMNB (based on the decreasing elec-
tron affinities and so weaker PIET driving force going from 2,4-DNT
to DMNB), they cannot account for the effects of interactions between
the analytes and the MOFs. In addition, the current vapour sensing
method employed exposes the MOF 1’ ‘thin films’ to the saturated
head-spaces of the analytes, which differ in concentration. These facts,
coupled with the aforementioned slight variations in the ‘thin film’
fabrication, could help rationalise some of the discrepancies in the
magnitudes of quenching of the MOF observed ( Figure 3.16) in the
presence of the different analytes compared to those theoretically ex-

pected.

Regeneration studies of MOF 1’

As a result of the very ‘sticky” nature of explosives (Section 2.3.2.2),
the ability of a sensing material to be regenerated is a necessary con-

sideration. Whilst previous studies have shown MOFs to be able to be
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regenerated back to their initial active form (after saturation by the an-
alytes) through heating at elevated temperatures (>150 °C [126]), the
recycling of a MOF sensor under milder conditions had not been in-
vestigated. Therefore, a regeneration study on a “thin film” of MOF 1’
at ambient temperature and laboratory air conditions was attempted
for its continued detection of nitrobenzene vapours.

Initially, the “thin film” was exposed to NB for 300 s and then placed
on a bench top at room temperature. The film was left for an hour,
after which, sensing was repeated on the same sample; I, (initial fluo-
rescence intensity) and I,, (fluorescence intensity after 300 s analyte
exposure) were measured. Two more sensing cycles were repeated
using the same procedure, however, during these subsequent mea-
surements the same ‘thin film” was left for 3 hours and 16 hours in-
between nitrobenzene sensing. The results of this regeneration study

are summarised in Figure 3.18.
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Figure 3.18: Summary of the results from the regeneration of 1’. The graph indicates
the initial sensing response of 1’ towards NB and three cycles of sens-
ing using the same sample after 1, 3 and 16 hours of regeneration at
room temperature. At each time point the grey bar shows the initial flu-
orescence (I,) and the white bar indicates the fluorescence after 300 s
exposure to NB (I500).
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As evident (Figure 3.18), this ‘thin film” sample of MOF 1" was
still responsive to nitrobenzene after each sensing cycle. Between the
initial sensing and those conducted at subsequent cycles, there is
a decrease in the initial fluorescence intensity of the sample which
suggests that the nitrobenzene molecules that were sorbed (either
adsorbed, absorbed, or both) by this MOF were not fully liberated.
However, there is some evidence of regeneration occurring as the ini-
tial fluorescence intensities (I,) at these subsequent time periods are
observed to be higher than those of the I;,, intensities from their prior
exposure.

In particular, after the 16-hour sensing measurement, the material
appears to be regaining its initial fluorescence and the QP of the MOF
also begins to approach that of the initial quenching response of this
material, at time = 0 h (10.9%). However, the same fluorescence inten-
sity yielded by the pristine MOF 1’ “thin film” was not realised at t =
16 hours, and suggests the need to leave the films for longer periods
of time under these conditions for full MOF regeneration or heating is
necessary to overcome the thermodynamic barrier. Still, these results
suggest that MOF 1” could be reused for nitrobenzene detection 1, 3
and 16 hours post-initial sensing. In addition, these results imply that
the exposure of the MOF to the interferents present in common lab-
oratory air conditions do not have a significant impact on the ability

of 1’ to detect nitrobenzene.

Preliminary investigation into interferents effects on MOF 1’

As discussed in Section 2.3.2.3, an important consideration for ma-
terials that are to potentially be used in real-world explosives detec-
tion applications is the effects of other analytes, interferents, on the
sensing system; owing to their potential to cause false alarms. Thus,

an exploratory study was conducted which tested the responses of
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MOF 1’ against the electron rich analytes toluene and chlorobenzene,
nitroaliphatic nitromethane and solvents chloroform, acetone, water
and DMF, to investigate the effects of these compounds on the fluo-
rescence of this MOEF. Different ‘thin films” of MOF 1” were fabricated
in the same way as described in Section 3.2.3, and exposed to these
analytes using the same methodology employed for the explosives re-
lated analytes (Section 3.2.5, the head-spaces of which were generated
using the same methodology outlined in Section 3.2.4). The results of
this initial study are summarised in Figure 3.19, which shows the
quenching effects demonstrated by the MOF 1" “thin films” after 300 s

exposure to the above-mentioned interferents.
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Figure 3.19: Summary of the results from the exploratory study investigating the
effects of interferents on ‘thin films” of MOF 1’. The graph shows the
change in the fluorescence intensity (quench or enhancement) of differ-
ent ‘thin films’ of 1” after exposure to each of the analytes for 300 s.

As evident, the electron rich analytes (toluene and chlorobenzene)
enhanced the fluorescence emission of the MOF 1’ ‘thin films’, this
coincides with previous findings reported by Li et al. [127]. The rea-
sons for such enhancement can be rationalised due to the absence
of the PIET from the excited state MOF to the ground state ana-

lytes (as a result of the electron-rich analytes having higher lying
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LUMO orbitals than the conduction band of the MOF), as well as; the
sorbed analytes potentially inhibiting linker rotations and vibrations
in the MOF that otherwise facilitate non-radiative decay of the photo-
excited sate (Section 2.6.4.1). As aforementioned in Section 2.6.4.1, the
fact that such electron-rich analytes cause a different change in the flu-
orescence emissions of the MOF (enhancement vs. quench) compared
to electron-poor nitroaromatics can potentially aid the differentiation
between some explosive and non-explosive compounds, owing to ex-
plosives most typically being electron-deficient and thus generally
cause a quench in MOF systems. Therefore, being able to differenti-
ate between electron-rich and electron-poor analytes can potentially
help minimise the likelihood of some false alarms using MOF sens-
ing systems. The reason for the fluorescence enhancement of 1" upon
exposure to water are unclear, however, a potential explanation could
be the inclusion of the analyte into the pores of the MOF inhibiting
molecular vibrations and rotations of the framework. Such findings
have previously been reported by Zhang et al. [202] (and will be dis-
cussed further in Section 4.3.3.3). From Figure 3.19 it can be seen that
nitromethane gave a decrease in the fluorescence emission of 1’, ra-
tionalised on the basis of being a nitro compound and thus, electron
deficient. The solvents acetone, chloroform and DMF were observed
to quench the MOF to varying extents. The detection of acetone by
this MOF is of relevance as this anlayte is often a constituent of home-
made peroxide explosives (Section 2.2.3).

Whilst these initial results of the effects of interferents on MOF
1’ corroborate previous findings and demonstrate that fluorescent
MOFs can potentially differentiate between electron poor and rich
analytes based on the type of quenching response (increase or de-
crease), further work is required to fully understand the effects of

intereferents on this sensing system.
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3.3.2.2 Sensing using the homogeneous microcrystals of MOF 1M’

In an attempt to yield uniform microcrystals of MOF 1, an alterna-
tive synthetic method was employed whereby the MOF was yielded
via a microwave assisted method; producing MOF 1M. Solvent-free
‘thin films” of 1M’ (activated as described in Section 4.2.3 and films
produced as detailed in Section 3.2.3) were tested for their quenching
responses against the same analytes as those exposed to 1" (employ-
ing the same method as described in Section 3.2.5), with the aim to
evaluate the impact these differently shaped crystals may have on the
sensitivity of analyte detection using this MOF.

The initial sensing results of the 1M’ “thin films’ after exposure to
the four explosives related compounds can be seen in Figure 3.20. In
addition, the fluorescence emission profile of the 1M’ ‘thin film” used

for DMNB sensing is given in Figure 3.21 ™.

—o— DMNB
NB
50 2,4-DNT
®—p-NT
)
40
S
~ °
S
304 /
< '
0]
I
0]
Q
5 20 1
c
g
& ® g S
10 4 /
L —
/., o I —e
0 - T T T T T T
0 50 100 150 200 250 300

Time of exposure to analytes (seconds)

Figure 3.20: Fluorescence quenching percentages demonstrated by ‘thin films” of 1M’
upon exposure to explosive related analytes DMNB, NB, p-NT and 2,4-
DNT for o, 10, 30, 60, 120 and 300 s.

#++ The remaining fluorescence emission profiles of MOF 1M’ upon exposure to the

other analytes can be found in Appendix A.
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Figure 3.21: Fluorescence emission profile of the 1M’ ‘thin film” sample exposed to
the vapours of DMNB for o, 10, 30, 60, 120 and 300 seconds. The average
initial intensity is the average of three baseline emissions of the MOF
prior to analyte exposure (DMNB t = o0 s), which were always stable.

As can be seen, the QPs observed for the 1M’ ‘thin film” upon
exposure to DMNB are significantly greater than those yielded on
average by the ‘thin films’ of 1’. This is best evidenced by the QPs
at t = 300 s DMNB exposure where for the 1M’ ‘thin film” a QP of
44.1% was observed compared to an average QP of 9.2% for the films
of 1’. These results suggest that the sensitivity of detection of this
analyte by MOF [Zn(dcbpy)(DMF)] was greatly affected by its ‘thin
film” fabrication.

The QPs for the 1M’ ‘thin film” exposed to NB were also slightly
higher than those of 1” (QPs at t = 300 s NB exposure were 13.2%
vs. an average of 9.3% for 1M’ and 1’ respectively). Interestingly the
responses of the 1M’ films in the presence of p-NT were lower than
with 1" and within error for 2,4-DNT (QPs at 300 s = 5.4 % vs. 10.1%
and 6.8% vs. 7.2% for films of 1M’ and 1" upon exposure to p-NT
and 2,4-DNT respectively). The reasons for such responses are not
clear based on these preliminary sensing results and future work is

required to better understand the effects of film morphology on the
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sensitivity of analyte detection using MOF [Zn(dcbpy)(DMF)], how-
ever, they do suggest that optimisation of responses may be possible.
It is important to note that previous work by Li et al. also alluded
to the importance of film fabrication on MOF detection sensitivities.
The group reported (as discussed in Section 2.6.4.1) that thicker films
of their MOF sensors (30 um) showed diminished responses in the
testing time frame in comparison to their standard test films (of ap-
proximately 5 um), which the group attributed to slower quenching
responses of the former as a result of the restricted diffusion of the
analytes into the film layers [126]. Thus, yielding weaker responses
during the test time. Further to this, similar observations have been
found for amplified fluorescent conjugate polymer (AFCP) systems

[26]. Therefore, implying that optimised film fabrication is not trivial.

3.3.2.3 Sensing of explosive related analytes with MOF 2’

Upon excitation at 405 nm, ‘thin films” of MOF [Dy(dcbpy)(DMF),-
(NO;)] (2) appeared to demonstrate some form of linker-based emis-
sions and not dysprosium based emissions owing to the absence of
the Dy3* peaks in the fluorescence emission spectrum of the MOF,
which have been reported to be located at 480 nm, 570 nm and 660
nm and attributed to the *F3 — 6H175, Fy — 6H§ and ‘Fg — 6H%
transitions respectively [174].These findings are rationalised as a re-
sult of the inefficient ligand-to-metal charge transfer (LMCT) from the
dcbpy ligands to the Dy3" metals due to the fast fluorescence emis-
sions of the ligands in comparison to that of the metal. Thus, a poor
‘antenna’ effect for this lanthanide is observed (Section 2.6.2). A repre-
sentative fluorescence emission spectrum of a MOF 2’ ‘thin film’ can

be seen in Figure 3.22.
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Figure 3.22: Fluorescence emission spectrum of a MOF 2’ ‘thin film’ (in the solid-
state) upon excitation at 405 nm.

When MOF 2’ ‘thin films” were exposed to the vapours of the ex-
plosives related analytes, quenching responses of the MOF films were
only observed in the presence of NB and p-NT (demonstrated be-
low in Figure 3.23) and attributed to the PIET quenching mechanism.
DMNB and 2,4-DNT yielded negligible change in the fluorescence
intensity of the films (< 1%)™'. This semi-selectivity of MOF 2’ to-
wards NB and p-NT over the other analytes can be attributed to its
minimal porosity. Owing to the absence of the pores in this MOF, it is
suggested that surface based interactions are the cause of quenching
of 2” by NB and p-NT. These two analytes which have the highest
vapour pressures of the tested analytes, (Table 2.1), appear to be able
to form surface based interactions with the MOF during the testing
time; yielding detectable responses. It is suggested that surface based
interactions are not of sufficient to yield a quenching of the MOF in
the presence of DMNB and 2,4-DNT during the implemented testing
time-frame or even at all. Thus, these findings highlight the impor-

tance of porosity on a MOF sensing system.

ttt The fluorescence emission profiles of MOF 2’ upon exposure to these analytes can
be found in Appendix A.
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Figure 3.23: Fluorescence quenching percentages demonstrated by ‘thin films” of 2’
upon exposure to explosive related analytes NB and p-NT for o, 10, 30,
60, 120 and 300 s. Repeat results on different MOF 2’ “thin films’ are in-
cluded; the variance (standard error of the mean) in the results between
each sample is represented by the error bars.

3.4 CONCLUSIONS AND FUTURE WORK

In summary, during this exploratory pilot study, two novel fluores-
cent metal-organic frameworks [Zn(dcbpy)(DMF)]-DMF (1) and [Dy-
(dcbpy)(DMF),(NO;)] (2) were synthesises and characterised for the
application of explosives detection. Both MOFs were constructed from
the same organic linker ligand but varied in metal composition. As a
consequence, the two structures demonstrated very different overall
framework topologies. Despite this, both frameworks showed simi-
lar linker-based fluorescence emissions, with the possibility of some
charge-transfer influences to emissions also. The activated analogues
of these frameworks 1” and 2" were tested for their vapour phase sens-
ing capabilities against explosives-related compounds DMNB, 2,4-

DNT, p-NT and NB, and exhibited very different responses.
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Porous metal-organic framework 1” was able to detect the challeng-
ing explosives taggant DMNB, as well as NB, p-NT and 2,4-DNT via
the well established photo-induced electron transfer mechanism. The
successful detection of the DMNB analyte (as well as potentially the
other analytes also) was attributed to the ability of the MOF to be
able to encapsulate it in to its framework cavities. Non-porous frame-
work 2" showed selectivity in sensing towards the nitroaromatic com-
pounds NB and p-NT (also via the PIET mechanism). The detection
of these analytes was determined to be as a result of efficient surface
based interactions with the MOF.

The difference in the sensing of the explosive related analytes with
these MOFs was rationalised based upon the contrasting nature of
their overall framework architectures. Ultimately, this research high-
lights the importance that the topology of a MOF system plays on
its sensing capabilities. More specifically, it underlines the impor-
tance of porosity on analyte detection, especially for the detection
of unfavourable analytes such as DMNB, that are known to demon-
strate weak interactions with MOFs unless encapsulated into frame-
works. This coincides with previous research conducted on fluores-
cent MOFs and amplified fluorescent conjugated polymers [26, 127].

The work presented in this chapter also demonstrated that these
frameworks were able to offer timely responses (for analytes with
which interactions were favourable, a degree of MOF response was
observed even after just 10 s of analyte exposure) and MOF 1” demon-
strated regeneration ability at room temperature; both of these are
important considerations for the real-world applicability of these ma-
terials.

Additionally, the research presented in this chapter drew attention
to the need for uniformity in the ‘thin films” used for sensing ap-

plications. The initial, exploratory sensing of the explosives related
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analytes using the homogeneous shaped and sized crystals of 1M’
demonstrated that the sensitivities of analyte detection are greatly af-
fected by ‘thin film’ fabrication. Which again coincides with research
reported for other fluorescent MOFs for explosives detection, as well
as amplified fluorescent conjugate polymers [26, 127]. Therefore, us-
ing the film fabrication and sensing methods employed for the re-
search presented in this chapter, only the detectability of the tested
anlaytes with the MOFs can be evaluated; an accurate assessment
of their sensitivities is not possible. Whilst some efforts were made
to fabricate uniform MOF thin films, they were unfortunately unsuc-
cessful. Nevertheless, thin film fabrication should be a priority for
future work investigating the vapour-phase detection of analytes us-
ing MOFs.

Further to this, the work presented in this chapter eluded to the
need for a more robust analyte vapour exposure method. The method
proposed by Li et al. that was followed for these experiments exposes
the MOFs to saturated vapours of the analytes, which doesn’t allow
for a comparison as to which analytes quench the MOFs to the great-
est extent, owing to them being exposed to different concentrations
of the analyte vapours. Therefore, future work should aim to con-
struct an accurate and quantifiable vapour delivery flow that exposes
MOFs to known concentrations of analytes. While some work on this
has been reported by Swager et al. for explosives detection using car-
bon nanotubes [175]; there has been no attempt as of yet to expose
MOFs to quantified vapours of explosive analytes in the literature.

Whilst this pilot study gleaned insights into important considera-
tions for future work; namely the importance of porosity for analyte
detectability and the need for uniform films for accurate comparisons
of MOF sensitivity towards analytes. Further exploratory research on

these two MOFs is required prior to their consideration for in-field
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detection use. For example, whilst some investigations into interefer-
ents effects were attempted on MOF 1/, these effects should be further
probed by exposing the MOFs to more representative levels of in-
tereferents that might be found in real-world detection environments
(however this does again rely on the use of an accurate vapour de-
livery system), as well as this, they should be fully characterised for
their humidity stability; as discussed in Section 2.6.1.5 this can be
a pitfall of MOFs. Whilst MOF 1’ didn’t appear to show instability
when exposed to laboratory air (humidity) conditions; this should be
further investigated.

With this said, owing to the minimal porosity of MOF 2’ and the
pores of MOF 1" only just potentially being able to encapsulate the
analyte 2,4-DNT, these two MOFs were not further tested during the
research conducted within the time frame of this doctoral research.
Instead, owing to the importance of porosity, a flexible MOF sensor
Zn,L(H,0),-(solvent),,, MOF 3, was synthesised, fully characterised
and probed in depth for its potential within the domain of explosives

detection, and will be the focus of the remainder of this thesis.
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A FLEXIBLE MOF SENSOR

4.1 INTRODUCTION

This chapter details the synthesis and characterisation of a flexible flu-
orescent metal-organic framework [Zn,L(H,O),-(solvent)],, MOF 3,
(where L =5,5",5”,5""-[1,2,4,5-benzenetetrayltetrakis(methyleneoxy)tet-
ra-1,3-benzenedicarboxylate) and an evaluation of the differential sens-
ing behaviour exhibited by this MOF, when exposed to explosives and
related analytes in both the vapour and solution-phase.

Three structural objectives were sought when rationally designing

MOF 3, these were:

1. To synthesise a framework with sufficiently sized pores to al-
low for the encapsulation of all common explosive molecules
including larger compounds such as Tetryl, TNT and PETN. As
discussed in Chapter 3 and in the wider literature, the inclusion
of analytes into the cavities of MOFs facilitates stronger MOEF-
guest interactions [127], which impacts on the level of response

(sensitivity) produced by the sensor.

2. To produce a MOF with some degree of flexibility. Dynamic
MOFs can yield perturbations in host-guest frameworks which
can lead to shifts the fluorescence emission spectra and thus,
the possibility to differentiate between target analytes based on

both quenching and spectral shift (as discussed in Section 2.6.1.1).
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"Isoreticular” defines
analogous
frameworks that
vary in size and
nature but their
underlying topology
(‘nets’) remains the

same (Section 2.6.1).

A FLEXIBLE MOF SENSOR

3. To generate a MOF with the potential to contain unsaturated
metal sites (UMS). These open metal sites (that are produced
upon the removal of the weakly bound solvent molecules coor-
dinated to the MOF metals) have been shown to assist in MOF-
guest interactions and have imparted the preferential binding

of some analytes (Section 2.6.4.3).

MOF 3 was designed based on a framework pioneered by Eddaoudi
et al. [176]. The group sought to identify specific building blocks
that when combined, would yield MOFs with anticipated topologi-
cal nets, creating blueprints for the rational design of MOFs with in-
tended architectures that are amenable to isoreticular chemistry. This
is a useful synthetic strategy when attempting to design frameworks
with specific pore sizes based on topologies that are known to be
robust [92, 93, 176]. In doing so Eddaoudi et al. synthesised MOF
[Cu,L(H,0), (solvent)], (L = 5,5",57,5""-[1,2,4,5-benzenetetrayltetrakis-
(methyleneoxy)tetra-1, 3-benzenedicarboxylate), which has the same
tbo net as the prototypical MOF "HKUST-1" ([Cu;(BTC),], H,BTC =
benzene-1,3,5-tricarboxylic acid). As discussed in Section 2.6.1, MOFs
topologies are often characterised by three letter codes (e.g. pcu or
tbo). Tbo nets have underlying (3,4)-coordinations; they are construc-
ted from paddle-wheel SBUs with four points of extensions and link-
ers with three points of extension [177]. HKUST-1 is one of few indus-
trially manufactured metal-organic frameworks [178] and has shown
promise for suitability in a number of commercial applications, namely
catalysis [179]. The popularity of this MOF arises from it’s reported
chemical stability coupled with it’s high permanent porosity (BET
surface areas are typically in the range of 600 - 1600 m* g~* [120]).
The structures of both [Cu,L(H,O),-(solvent)], and HKUST-1 and the

linkers by which they are synthesised can be seen in Figure 4.1.
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HKUST-1 [CusL(H,0)4-(solvent)],

H,BTC
Figure 4.1: Illustration of the overall tbo framework topologies of MOFs HKUST-1
(left) and [Cu,L(H,O),-(solvent)], (right) as well the linkers by which

these two MOFs are synthesised. Figures were reproduced from the crys-
tallographic data obtained from [180] and [176] respectively.

MOF [Cu,L(H,O),-(solvent)], contains larger pore apertures than
HKUST-1 (Langmuir apparent surface = 2896 m* g™ "), is synthesised
with a flexible fluorescent linker and, similarly to HKUST-1 has the
potential through dehydration to contain UMS. Hence, its choice as
a blueprint framework for MOF 3 ([Zn,L(H.,O),-(solvent)],), which
is isostructural to [Cu,L(H,0),-(solvent)],, with the only variation
between the two being the metal with which they are constructed.
MOF 3 is also isoreticular to HKUST-1.

This chapter details the full characterisation of MOF 3 including
an in-depth evaluation of its water stability. It also compares how 3
performs as an explosives sensor in both the solution and vapour-
phase. This has been seldom reported in the MOF-sensor literature,
with many groups focussing on one or the other. This work seeks to
compare the two as it may help elucidate which sensing medium is
preferential for this MOF, thus, potentially indicating how it may be
used within real-world scenarios. For example, as the sensing compo-
nent of a vapour-phase detector, or, as a solution-phase diagnostic for

the detection of particles present on interrogation surfaces.
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4.2 EXPERIMENTAL

4.2.1  Synthesis of linker (HgL)

The organic ligand 5,5",5”,5"’-[1,2,4,5-benzenetetrayltetrakis(methylene-
oxy)]tetra-1,3-benzenedicarboxylic acid (HsL) was synthesised follow-
ing the previously reported procedure by Eddaoudi et al.[176] with

some adaptations. The reaction scheme for this synthesis is given in

Scheme 4.1.
COOCH, COOCH;
o OCH, i) DMF, KI, K,CO3
100 °C
1 hour
HyCOOC o} o} COOCHg
ii) DMF,
o 100 °C H,COOC o. o. COOCHg
HO 1 hour
OCH;  Br Br (a)
Br. Br COOCHg COOCH;Z

COOH COOH

O O f COOH
O O. COOH
HsL \Q/

COOH COOH

MeOH, NaOH
90 °C reflux
24 hours HOOC
(a)

HOOC.

Qo

Scheme 4.1: Schematic detailing the synthesis of linker HgL.

Initially dimethyl 5-hydroxyisopthalate (6 mmol, 1.27 g) was dis-
solved in DMF (13 mL) in a round bottom flask. A catalytic amount
of KI (end of a spatula) was added to the solution whilst stirring, fol-
lowed by K,COj; (0.026 mol, 2.60 g). This solution heated to 100 °C
and left to stir for an hour. After an hour, 1,2,4,5-tetrakis(bromomethyl)-
benzene (8 mmol, 0.288 g), which was dissolved in DMF (1 mL), was
added to the mixture dropwise (at 100 °C). The solution was further
left for an hour at the same temperature whilst still stirring, after
which, the reaction was cooled down to ambient temperature. Next,
approximately 8o mL of H,O (deionized) was added to the reaction

mixture to produce a white precipitate, which was filtered (using
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Buchner filtration), washed with ice cold deionized H,O and subse-
quently dried under dynamic vacuum. This afforded the tetramethyl
ester (a) as denoted in the reaction Scheme 4.1.

Once dried, the ester was added to a round bottom flask with 20
mL of MeOH. Then, an ageous solution of NaOH (1.2 g in 12 mL) was
added to the solution drop-wise whilst stirring. This final solution
was heated to 9o °C and left to reflux for 24 hours (this differs from
Eddaoudi et al. who only heated the reaction to 50 °C for 12 hours).
After this time, the solution (whilst still stirring) was cooled to room
temperature. It was then acidified to pH = 1 using concentrated HCl
(approx. 37.2 w/w%) and left to stir for an additional half an hour.
The final precipitate was separated by filtration, washed with cold
H,O and dried under a dynamic vacuum, giving HgL ( 5,5",5”,5"'-
[1,2,4,5-benzenetetrayltetrakis(methyleneoxy)]tetra-1,3-benzenedicarb-
oxylic acid) with a 79.5% yield. (300 MHz, DMSO-d¢) & 8.07 ppm
(4Hp, S), 7.82 ppm (2HA, S), 7.78 ppm (8Hc, S) and 5.42 ppm (8Hp,
S).

4.2.2  Synthesis of MOF Zn,L(H,0),-(solvent)],, (3)

COOH COOH

HooC” i ~0 0~ ﬁ ~COOH DMF
Zn(NO3),6H,O0  + ——» [ZnyL (H;0)4(solvent)],,
HoOC. ; o. o % COOH 100°C

24 hours

COOH COOH

Scheme 4.2: Reaction scheme detailing the synthesis of MOF 3.

Metal-organic framework 3 was synthesised via a solvothermal method,
the reaction scheme of which is provided in Scheme 4.2. Zinc nitrate
hexahydrate (Zn(NO;),-6H,O, 0.1 mmol, 29.8 mg) was combined

with synthesised ligand HgL, Scheme 4.1, (0.1 mmol, 85.5 mg) in 12
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mL of DMF in a glass vial. The reaction mixture was stirred until the
solution became clear, the vial was then sealed and placed in an oven
set to 100 °C for 24 hours, affording clear, block-shaped crystals of

metal-organic framework 3, in approximately a 35% yield.

4.2.3 Activation of MOF 3

A washing (solvent exchange) procedure was implemented on the
crystals of the as-synthesised MOF 3 to remove the solvent present
within the pores of this framework, generating active MOF 3’. Initially
the DMF mother liqueur in which crystals of MOF 3 were synthe-
sised was decanted off and acetonitrile (MeCN) was added, immers-
ing the crystals in the solvent. The crystals were left to soak in MeCN
for 24 hours, after which, the solvent was pipetted off and methanol
(MeOH) was added, again immersing the crystals in the new solution.
After a further 24 hours, the MeOH was replaced by acetone and the
crystals were left (24 hours). After this, the final wash was conducted
with the crystals now immersed in dichloromethane (DCM) for a fi-
nal 24 hours. Post immersion in DCM, the solvent was decanted off
and crystals were left to dry under dynamic vacuum, this yielded ac-
tive MOF 3’. An active sample of 3" was re-immersed in MeCN for

one month giving a re-solvated structure 3"-MeCN.

4.2.4 MOF 3" water and humidity stability tests

4.2.4.1  MOF 3" exposure to deionized H,O

2 mL of deionized H,O were added to 5 mg of a MOF 3’ sample and
left for 24 hours, after which, the resultant precipitate was filtered
under dynamic vacuum using Buchner filtration, ready for powder

X-ray diffraction (PXRD) analysis.
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4.2.4.2  MOF 3’ exposure to ambient air conditions

Samples of 3" were analysed by PXRD after activation, then placed in
open top glass vials and left exposed to regular laboratory conditions

for two weeks, after which they were re-analysed using PXRD.

4.2.4.3 Dynamic Vapour Sorption (DVS) humidity experiments

Metal-organic framework 3" was tested for its stability in the pres-
ence of water vapour at various temperatures and relative pressures

(humidities) using dynamic vapour sorption (DVS).

The DV'S technique

Water vapour sorption and desorption isotherms were obtained using
a vacuum dynamic gravimetric vapor sorption analyser 'DVS Vac-
uum’ manufactured by (and in collaboration with) Surface Measure-
ment System Ltd. London, UK ©.

Dynamic vapour sorption (DVS) exposes a sample to various con-
centrations (relative pressures, RP, P/P,) of sorbate vapours and mea-
sures the change in mass of the sample that is being monitored, as a
function of time. The mass of the sample is left to reach gravimetric
equilibrium prior to each incremental increase in the RP (P/P,) of the

system.
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Relative pressure
(RP) is defined as
"the ratio of the
analyte vapour
pressure to the
measured saturation
pressure at a given
temperature” The RP
for water is often
termed relative
humidity” RH. The
two are often used
interchangeably.

[120].
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'DV'S Vacuum’ analyser instrument

Figure 4.2 illustrates the 'DVS Vacuum’ analyser instrument.

Vacuum
Gauge

Incubator Turbomolecular |—— Rotary
‘ 1 o Pump = Pump

1
@uce”;y\./{:?%:] Transducer 2

Butterfly

Valve
Z A Microbalance

Sample
Preheater

Reference

MFC1 EVapoum

Figure 4.2: 'DVS Vacuum’ analyser instrument schematic. This figure has been repli-
cated by the permission of Surface Measurement System Ltd. London,
UK ©.

hY
L4 VFC2

The instrument was enclosed in a temperature controlled unit to
allow for a constant temperature (= 0.1 °C) to be maintained by the
system. A SMSUItraBalance with a sensitivity of 0.1 pg was used to
measure the change in mass of the sample. Sorbate (water vapour)
entry rates were controlled by mass flow controllers that ensured
the continuous delivery of vapours at constant flow rates. Butterfly
valves were used to regulate the sorbate exit rates. The transducers
were used to measure the pressure in the system, allowing for com-
munication to the butterfly valves, enabling them to open or close in

order to achieve desired RPs (P/P,s).
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Specific experimental procedure

Six different synthetic batches of MOF 3 were activated (3") and com-
bined for use in the DVS experiments. Approximately 30 mgs of MOF
3’ were taken from this batch and loaded into the instrument spec-
imen pan during each experiment. Where experiments were com-
pleted consecutively on the same MOF sample, they were not re-
moved from the analyser prior to subsequent analysis.

All samples were initially degassed at room temperature, in-situ,
under high vacuum (~ 10~> Torr) for two hours. This was followed
by degassing of the samples at a temperature of 150 ° C, also under
high vacuum, for a further two hours. The samples were subsequently
cooled down to the temperature at which the experiments were to
be performed. The water vapour sorption isotherms of MOF 3" were
measured at temperatures of 25, 40, 50 and 60 ° C, with RPs ranging
from 0-90 % (P/P,). The saturated vapour pressures of water used
(absolute pressure, P,) at each of the different temperatures are given
in Table 4.1.

Table 4.1: Saturated vapour pressures of water used in DVS experiments at different
temperatures.

Temperature / °C  Saturated vapour pressure (P,) /Torr

25 23.8
40 553
50 92.5
60 149.4

The experiments were performed in dém/6t mode. The criterion set
to expose the sample to the desired RP (0-90 %) was 0.006 %/min, up
to 40% *. A maximum step time of 360 minutes and a minimum step
time of 7 minutes were selected. This meant that at each step (from 1-

40% P/P,) mass change measurements were taken every minute, and

* dm/ ot was not available up to 9o% RP due to software constraints.
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the values measured needed to be below 0.006% for at least 7 minutes.
If the mass change went above 0.006%, the step was calculated again,
if a mass change of < 0.006% was not achieved in 6 hours; the sample
was automatically exposed to the next incremental RP. A time mode
criterion was set to collect data above 40% RP (P/P,) with a dwell
time of 120 minutes set for each step. Desorption was recorded in a
similar manner with a stage time of 60 minutes for go-40 % P/P, and

the same dm/ bt for P/P, 40-1%.

4.2.5 Solution-phase sensing procedures

4.2.5.1  Generation of MOF suspensions in solution

4

Solution-phase sensing experiments used stock solutions of MOF 3
suspended in acetonitrile (MeCN). The suspensions were generated
by adding 6 mg of finely ground active MOF 3" to 6 mL of MeCN. The
solutions were ultrasonicated for three hours to generate the ultrafine

suspensions of the MOF in solution, Figure 4.3.

Figure 4.3: Illustrative example of a cuvette containing a MOF 3’ suspension in ace-
tonitrile (MeCN).
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4.2.5.2  Production of explosives stock solutions

Explosives stock solutions of 1 mM concentration were used for sens-
ing experiments. These were obtained by dilution of commercially
purchased explosives standards of 1000 pg/mL in MeOH:MeCN (1:1).
The standards were purchased from AccuStandard ® via Kinesis Ltd.

All stock solutions were kept refrigerated at 4 °C.

4.2.5.3 Solution-phase sensing methodology

Prior to the sensing of an explosive substance or related compound
with 3", 1.5 mL of a freshly ultrasonicated MOF 3’ suspension sam-
ple was added to a quartz cuvette. The cuvette was then placed into
a Horiba Fluoro-max4 fluorometer and the sample was excited at
315 nm and scanned between 330 - 600 nm, giving a fluorescence
emission spectrum for the MOF in suspension. After this, the fluores-
cence emission was re-measured and a 5 cycle time delay was imple-
mented whereby the sample remained under constant illumination
by the source and the fluorescence emission was recorded every 60
s, giving fluorescence emission spectra for t = o, 60, 120, 180 and 240
s. Next, the sample was held on a vortexer, operating at 400 repeti-
tions per minute (rpm) for 15 s, and the fluorescence intensity was
re-measured. This was repeated 5 times in order to ensure a stable
base line of the fluorescence emission intensity of the sample prior to
analyte sensing.

During a sensing experiment, the MOF suspension was initially
vortexed for 15 s to ensure the MOF particulates remained in suspen-
sion in the solution. After this, the initial fluorescence emission (I,)
of the suspension was measured, this was repeated another 2 times
with mixing between each reading, giving three baseline readings of
the initial fluorescence emission of the MOF suspension prior to ana-

lyte addition.
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Explosive analytes were added in 10 pL aliquots, from 10 -100 pL,
from the chosen stock solutions. Upon addition of a 10 uL explosive
stock solution to the MOF suspension, the cuvette now containing
the MOF and analyte, was replaced onto the vortexer for a further
15 s, and the fluorescence emission was re-measured (I). Two more
15 s vortex and fluorescence re-measurements were repeated, giving
three fluorescence emission measurements for the addition of this
volume of analyte to the solution. These steps were repeated for each
further 10 puL addition of an explosive stock solution until 100 pL
were added. In essence, three repeat measurements were taken for
each 10 pL addition, with mixing using the vortexer between each

measurement.

4.2.5.4 Stability experiments

To check the stability of MOF 3" towards Tetryl and 2,4-DNT, PXRD
measurements were taken on samples pre- and post- exposure to 100
uL of 1 mM (62.5 uM) solutions of the two analytes. The PXRD pat-
terns were obtained with the MOF samples in solution. Additionally,
a 10 mg sample of 3" was immersed in a 2 mL solution containing 200
uL of 1 mM (91uM) 2,4-DNT for three months. Single crystal X-ray

diffraction was attempted on the crystals of this sample.

4.2.6  Vapour-phase sensing procedures

4.2.6.1  MOF 3’ ‘thin film’ fabrication

For vapour-phase sensing ‘thin films” of MOF 3’ were fabricated on
quartz glass. A 1 cm x 1 cm square of sticky adhesive tape was
placed on to the quartz slide, onto which, crystals of the MOF (as ac-
tivated) were scattered and any excess crystals were tapped off from

the slides.
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4.2.6.2  Generation of analyte vapour head-space

Analyte vapours of 2,4-DNT were generated in the same way as dis-

cussed in Section 3.2.4.

4.2.6.3 Vapour-phase sensing methodology

The same vapour-phase sensing methodology was used as described
in Section 3.2.4. The only discrepancies being that some films were
exposed to the analyte for longer periods of time (e.g. for 600 s, 1800 s
etc). In addition, four 2,4-DNT tubes containing saturated headspaces
of the analyte were used in each sensing experiment, on rotation, in

an attempt to mitigate for the depletion of analyte headspaces.

4.2.6.4 Stability experiments

The stability of a “thin film” of MOF 3” upon exposure to 2,4-DNT was
evaluated by measuring the PXRD pattern of the readily made film,
then exposing the film to the vapours of 2,4-DNT for 2 weeks, and
re-running the PXRD analysis.

An additional stability assessment of MOF 3’ towards the vapours
of 2,4-DNT was performed on a freshly activated MOF 3’ sample that
was exposed to vapours of the analyte for a prolonged period of time
and compared to an atmospherically exposed control sample. 10 mg
of a MOF 3" sample was placed in a glass vial which was inserted into
a centrifuge tube containing 2,4-DNT crystals (~ 0.5 g). The centrifuge
tube was sealed so that a headspace of the analyte would be gener-
ated in the tube, allowing for the MOF crystals to be surrounded by
the analyte vapours. At the same time, an additional 10 mgs of the
same MOF 3" sample were also placed in a glass vial and inserted in
an empty centrifuge tube, open to the ambient surrounding environ-
ment, containing no analyte. The experimental set up can be seen in

Figure 4.4. The MOF samples were left exposed to these conditions
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for two weeks, after which, PXRD measurements on the two samples
were obtained and Le Bail fitting was performed by Dr. Huw March-

bank, University College London.

2,4-DNT Exposure Control

Open top glass vial containing MOF 3’

Cotton wool

2,4-DNT crystals \—/

Figure 4.4: Illustration of the experimental set up for the prolonged exposure of MOF
3’ to the saturated headspace vapours of 2,4-DNT and the air exposure
control.

A variation of this experiment involved a MOF 3" sample being
initially exposed to atmospheric air conditions as a control sample
for two weeks, followed by exposing the same sample to 2,4-DNT

vapours for two weeks. Again PXRD measurements after each expo-

sure time were measured and analysed using Le Bail fitting.

4.2.7  Computational simulations

Computational simulations were performed by Christopher N. Sa-
vory and Dr. David O. Scanlon, the details of which can be found in

Appendix B.
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4.3 RESULTS AND DISCUSSION

4.3.1  Characterisation

4.3.1.1  Linker characterisation

'H Nuclear magnetic resonance (NMR) analysis confirmed the suc-

7

cessful synthesis of linker ligand HgL (5,5",5”,5"’-[1,2,4,5-benzenetetrayl-
tetrakis(methyleneoxy)]tetra-1,3-benzenedicarboxylic acid) after a slight
modification to the previously reported synthetic method by Eddaoudi
et al. [176] (as described in Section 4.2.1). The annotated "H NMR spec-

trum can be seen in Figure 4.5.
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Figure 4.5: Illustration of the proton environments found in linker HgL.
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4.3.1.2  MOF structure determination

From the crystalline product that emerged from the reaction detailed
by Scheme 4.2, a clear, block-shaped crystal of 0.13 x 0.09 x 0.13 mm
size was used for structural analysis using single crystal X-ray diffrac-
tion. The data confirmed the structure of this metal-organic frame-
work to be isostructural to that of the copper analogue synthesised
by Eddaoudi and co workers [176]; the newly synthesised MOF has
the same overall topology as [Cu,L(H,O),-(solvent)], (L = 5,5",5”,5"'-
[1,2,4,5-benzenetetrayltetrakis(methyleneoxy)tetra-1, 3-benzenedicarb-
oxylate) but is just comprised of a different transition metal. Thus, the
formula of this MOF was confirmed to be [Zn,L(H,0),-(solvent)],,.
A comparison of the crystallographic structural parameters between
MOFs [Cu,L(H,O),-(solvent)], and [Zn,L(H,O),-(solvent)], is given

below.
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Table 4.2: Crystal data and structure refinement comparison between [Cu,L(H,O),-
-(solvent)], and [Zn,L(H,0),(solvent)],."

MOF 3 Eddaoudi et al. MOF
Formula [Zn,L(H,0),-(solvent)], [Cu,L(H,O), (solvent)],
Empirical formula C4H3,7n,0,, C42H2Cu, O,y
Formula weight 1181.52 1164.76
Temperature/K 150 100(2)
Crystal system Orthorhombic Orthorhombic
Space group Fmmm Fmmm
a/A 25.0266(5) 25.042(4)
b/A 28.3181(7) 26.826(4)
c/A 30.3737(6) 30.848(5)
o/ 90 90
B/° 90 90
v/° 90 90
Volume/A3 21526.0(8) 20724(6)
Z 32 8
Pcale g/cm? 0.737 0.747
pw/mm™?* 1.360 0.167
F(oo0) 4791.0 4656

Crystal size/mm

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness of fit on F?

Final R indexes [I>20(I)]

Final R indexes (all data)

Largest diff. peak/hole / eA3

0.13 X 0.09 X 0.13
CuKa(A =1.54184)
6.242 t0 134.99
-29<h<25, -31<k<33,
-36<1<36

21168

5149[Rint= 0.0242]
5633/0/165

1.102

Ry =0.0433

wR,= 0.1490

R; = 0.0507

wR,= 0.1584
0.84/-0.53

0.60 X 0.004 X 0.004

A = 0.40663 (synchotron)
1.15 to 13.06
-25<h<21, -25<k<29,
-33<1<25

16210

3497[Rint= 0.0432]
3497/21/166

1.001

R; = 0.0762

wR,= 0.2391

R; = 0.0986

wR,= 0.2619
0.462/-0.491

a The full crystallographic data can be found in Appendix B. Additionally, the crys-
tallographic information file and structure factor files have been deposited in the
Cambridge Crystallographic Data Centre (CCDC) number 1552177.

Metal-organic framework [Zn,L(H,0),-(solvent)], (3) discloses a

three-dimensional framework belonging to the orthorhombic space

group Fmmm. The asymmetric unit (ASU) for the MOF consists of

two crystallographically independent zinc metals, an HgL ligand with

25% occupancy and two crystallographically independent water lig-
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ands coordinated to the two zinc metal centres, the ASU is illustrated
in Figure 4.6. As evident, one of the coordinated water ligands demon-

strates some disorder (atom O1 in Figure 4.6).

Figure 4.6: Illustration of the asymmetric unit (ASU) found in MOF 3. Hydrogen
atoms have been omitted for clarity and the thermal ellipoids are dis-
played at the 30% probability level.

It is important to note that solvent guest molecules do reside in the
pore of this MOF and are associated with the ASU. However, owing to
their high degree of disorder these guests remained unresolved. Dur-
ing the refinement of the MOF crystal structure, a “solvent mask” was
implemented in the structure solution programme Olex2 [181]. This
allows for the residual electron density from the disordered solvent
to be combined and incorporated as the solvent contribution to the
structure factor and refinement calculations [167]. A similar process
was implemented by Eddaoudi et al. who used SQUEEZE obtained
from PLATON [182] to account for the solvent molecules residing in
the pores of [Cu,L(H,O), (solvent)], [176]. The void electron count
for the disordered solvent was found to be 4116.7 electrons for the
whole unit cell. As Z is 32, this equates to 128.6 electrons associated
with each ASU. This could correlate with the presence of three DMF
solvent molecules, however as other solvents could be present, such

as water, the total solvent number cannot be fully ascertained using
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this method alone. As will be discussed later, other characterisation
methods such as thermogravimetric analysis assist in characterising

the nature of the solvents present within MOF 3’s pores.
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Figure 4.7: Left: MOF 3 unit cell structure showing the two different pore environ-
ments found within this MOF (green and yellow spheres). The shortest
pore distance found for the largest cavity of the MOF is illustrated by the
black arrow (the distance includes Van der Waal’s radii and hydrogen
atoms). Right: An alternative view of the unit cell, showing clearly the
shape of the largest pore found within MOF 3. In both crystal structure
illustrations, hydrogen atoms have been omitted for clarity. Carbon atoms
are coloured grey; oxygen atoms red; and zinc atoms are purple.

The ASU of MOF 3 is expanded to give the unit cell shown on the
left hand side of Figure 4.7. In this metal-organic framework, each
ligand serves as a 4-connected node, each 5-R-isophthalate moeity
as a 3-connected node and each Zn2(O2CR)4 paddle-wheel cluster
as another 4-connected node, generating an overall tbo framework
topology for this MOF. Figure 4.7 also gives a representation of the
two different pore environments found within the structure of this
MOF. The largest pore, expressed as a yellow sphere in Figure 4.7 has
a shortest diameter length of 15.106 A*. The solvent accessible volume
(SAV) for this structure was found to be 69.2% using PLATON[182]*.
This is marginally lower than the 72% solvent accessible volume re-

ported for the copper analogue [Cu,L(H,0),-(solvent)], [176].

t This calculation includes hydrogen atoms and Van der Waal radii. Details of the
other pore diameters are given in Appendix B.
1 The SAV details can be found in Appendix B.
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An extended three-dimension representation of MOF 3 is given in
Figure 4.8 as well as the space filling diagram for this metal-organic

framework.
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Figure 4.8: Left: Extended three-dimensional representation of MOF 3. Hydrogens
have been omitted for clarity. Right: Space filling diagram of 3D MOF 3.
Hydrogen atoms are included. Both figures are shown with view along
the crystallographic a-axis.

Molecular dimensions of some common explosives

The molecular dimensions of some common explosives (Section 2.2)
have been calculated based on their crystallographic data and are
summarised in Table 4.3. The values were calculated by finding the
longest distances between the atoms of an explosive molecule within
a particular axis, as demonstrated in Figure 4.9 using TNT as an ex-

ample.
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Table 4.3: Explosives molecular dimensions

Explosive length x A length y A length z A CIF Reference
TNT 6.660 6.984 5.976 [183]
PETN (II/beta”)  7.979 7-969 7-979 [184]
RDX (I/alpha)  5.033 5.702 5.391 [185]
PA 6.976 6.209 6.970 [186]
Tetryl 6.160 8.206 7.066 [187]
TATP 6.197 5.435 6.397 [188]

a This denotes the polymorph used when calculating the molecular dimensions.

Figure 4.9: TNT molecular dimensions.

Therefore, based on the crystallographic data for both MOF 3 and
the named explosives, these analytes should be able to penetrate into

this MOF’s pores during explosives sensing.

4.3.1.3  Phase purity and crystal morphology

Powder X-ray diffraction analysis (PXRD) confirmed phase purity in
the synthesised MOF 3 samples owing to good agreement between
the simulated PXRD pattern as obtained from single crystal X-ray
diffraction data and that of the as-synthesised material. Additionally,
the simulated PXRD pattern for MOF 3 is in agreement with the sim-
ulated PXRD pattern for [Cu,L(H,O),-(solvent)],; further confirming

the two frameworks are isostructural (Figure 4.10).
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Figure 4.10: Overlay of PXRD patterns of simulated MOFs [Cu,L(H,0),-(solvent)];,
[Zn,L(H,0),-(solvent)], (3) and as synthesised MOF 3.

The solvothermal method used to synthesis MOF 3 results in clear
block-shaped crystals that are clumped together. Scanning electron
microscopy (SEM) images of the crystals obtained immediately after

synthesis are shown in Figure 4.11.

Figure 4.11: Scanning electron microscopy images showing the morphology of the
crystals obtained directly from MOF 3 synthesis.

4.3.1.4 Activation

As described in Section 4.2.3, a four stage washing (solvent exchange)
procedure was implemented for the attempted removal of DMF sol-
vent from the pores of metal-organic framework 3, in order to yield

the active framework 3" ([ZngL(H20)4,). The PXRD patterns of the
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crystalline material present after each stage of the washing procedure
can be seen in Figure 4.12. The powder X-ray diffraction patterns were
obtained with each of the crystals in-situ, immersed in the solution
they were being washed with. This is true for all of the patterns other
than the last, which shows the “activated” MOF 3" framework post

solvent evacuation at room temperature, under dynamic vacuum.
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% : Acetone wash
€ 0.6+
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0.0 - : I PN, .
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Figure 4.12: PXRD patterns of MOF 3 after each stage of the washing procedure im-
plemented to generate active MOF 3’. Boxes indicate areas in the PXRD
pattern where discrepancies in peak positions arise between the differ-
ent diffraction patterns.

As can be seen, the overall structure of this metal-organic frame-
work remains intact during the implemented washing procedure ow-
ing to the retention of the main MOF peaks (at small 20 values) in the
PXRD pattern (labelled with their hk,1 values in Figure 4.12). How-
ever, it is observed there are discrepancies in the peak positions be-
tween each of the four washes (see boxes in Figure 4.12), and most no-
ticeably for the activated material 3’(which also demonstrates some
peak splitting in the main MOF peak), indicating some alterations

in the MOF’s structure (potentially to a lower symmetry structure)
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upon solvent exchange and removal. Further to this, the crystals of
the metal-organic framework go from clear (MOF 3) to a pale yellow
(MOF 3’) upon activation. This suggests again, that some structural
perturbations are occurring upon activation. These results are not sur-
prising as solvents in MOF pores often act as templating agents keep-
ing the pores shaped, thus, exchanging and removing the solvent
present in the cavities of the structure may alter these templating ef-
fects, thus, altering the shape of the pores [115] (Section 2.6.1.3). In
addition, some of the peaks at higher 20 angles are less defined, po-
tentially indicating to some loss of local, short-range order upon acti-
vation. From PXRD data it is not clear whether the water molecules
coordinated to the zinc metal centres in the MOF are being removed
during this activation method to leave unsaturated metal sites (UMS,
Section 4.1). This is due to the simulated PXRD patterns of the MOF
with and without the bound waters being virtually identical (Ap-

pendix B).

8.2mm 10pm UCL CHEM 5.0kvV/ X850 ‘WD 8.2mm 10pm

Figure 4.13: Scanning electron microscopy images showing the morphology of the
crystals obtained after the activation of MOF 3. The image on the right
is a zoomed in area of the box highlighted in the left hand image.

The morphology of the washed crystals can be seen in the SEM
images of Figure 4.13. The crystals are shown to have been broken
apart from the clumpy formation in which they were retrieved from
the as-synthesised solution and some also appear cracked. Such crys-

tal cracking is not a detriment to the application of this MOF as the
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presence of additional crevices on the crystal surfaces could aid gas

absorption and thus vapour-phase sensing.

4.3.1.5 Flexibility investigation using powder X-ray diffraction

As a result of the colour change observed and the discrepancies in
PXRD peak positions of MOF 3" upon activation, Le Bail fitting on
the powder X-ray diffraction patterns was used to evaluate whether
any breathing behaviour (flexibility) was demonstrated by this frame-
work. Breathing (briefly mentioned in Section 2.6.1.1) is defined as
transitions (reversible) of a metal-organic framework, where the dis-
placement of atoms of the framework, yield a change in the unit cell
volume of the structure (V # 0) [101]. Le Bail analysis§ was performed
on the PXRD data of two as-synthesised MOF 3 samples (3a and 3b)
and their corresponding activated frameworks (3a” and 3b’). The as
synthesised 3b sample was halved and two independent activation
procedures were performed (3b’(1) and 3b’(2)). The results of the
Le Bail fitting are summarised in Table 4.4 which gives the unit cell
lengths (4, b and c) and unit cell volume (V) for each sample as well
as the agreements of fit from the software model (R, Re,, and R)).

Table 4.4: Results of PXRD Le Bail fitting on as-synthesised MOF 3 (Zn,L(H,O),-
-(solvent)],) and active MOF 3" (Zn,L(H,O0),]).

Agreements of fit Unit cell lengths Unit cell volume
Ryp Rep R, a/A  b/A /A v /A3
3a 4.5 1.9 2.8 251(0) 282(0) 30.9(0) 21859(6)
3a’ 2.8 21 21 251(0) 27.5(0) 31.0(0) 21456(10)
3b 8.8 2.1 4.9 250(0) 28.0(0) 31.2(0) 21886(24)
3b’(1) 29 20 22 24.9(0) 27.8(0) 31.1(0) 21520(8)
3b’(2) 2.1 1.9 1.6 24.9(0) 28.1(0) 31.2(0) 21782(9)

It can be seen that there is a decrease in the unit cell volumes be-

tween the as-synthesised (3) and activated (3”) samples, suggesting

§ Le Balil fitting analyses were conduced by Dr. Huw Marchbank, University College
London.
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some pore contraction of the framework post-activation. All of the
samples however show differing extents of cell volume decrease, with
sample 3b’(2) yielding the smallest change. This indicates that the in-
teractions between the MOF and the residual solvents present within
its pores are complex and their removal does not yield uniform pore
structures. In the case of 3b’(2) it is possible that an ineffective wash-
ing procedure was implemented, with some solvent remaining in the
pores of this MOF sample, thus rationalising its larger cell volume
demonstrated in comparison to the other activated samples. The per-
turbations in the unit cell parameters show decreases in the a cell
lengths for all activated samples with changes in the b and c cell
lengths not conforming to a pattern; again, the changes observed are
not uniform across all samples.

The results of this analysis suggest that that upon solvent removal
breathing effects are existent, however the structural transformations
that are occurring appear varied, this is most likely due to the effects
of the surface tension and capillary forces that are present during
solvent-exchange and evacuation [116]. Based on these results it is
hypothesised that the removal of solvent molecules from the pores
of MOF 3 yields a flexible 3" framework that has the same overall
topology as the as-synthesised parent framework but some disorder,
defects and pore shrinking are present (Section 2.6.1.3), as illustrated

in Figure 4.14.
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Solvent

)

Figure 4.14: An illustration of the proposed nature of the structural alterations oc-
curring in MOF 3" (Zn,L(H,O),];) upon activation.

The powder X-ray diffraction pattern of Figure 4.12 corroborates
this hypothesis, as such disorder of the activated framework would
yield the loss of short-range order in its PXRD pattern (high angle
20). Such transformations upon activation are not uncommon, in-fact
recent research has reported the significant interplay between flexi-
bility, disorder and defects in metal-organic frameworks [114]. The
presence of such disorder is also not necessarily detrimental to sens-
ing applications [129, 189]. Additionally, the general observation of
a large-pore to narrow-pore transition upon activation is common in
many flexible MOFs [101, 129].

It is important to note that upon re-immersion of the crystals in
solution the short-range order can be restored owing to the solvent
molecules re-occupying the pores of the framework, again bringing
uniformity to the structure. This is evidenced by Figure 4.15 which
shows the PXRD patterns of a MOF 3" sample as-synthesised, acti-

vated and after immersion in MeCN for one month (3’-MeCN).
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Figure 4.15: PXRD patterns showing the restoration of long-range order in MOF 3
upon immersion in MeCN.

4.3.1.6  Porosity of active MOF 3’

As discussed in Section 2.6.1.4, sorption and desorption isotherms
allow for an evaluation of a MOF’s porosity and the calculation of
the apparent surface area of a MOF using Brunauer-Emmett-Teller
(BET) theory. A standard Nitrogen (N,) BET gas sorption at 77 K
was attempted on active MOF 3" but unfortunately the surface area
was not able to be calculated owing to minimal adsorption of N,
by the MOF in the typical BET region (o - 40% P/P,). However, as
will be discussed (Figure 4.3.1.7), BET surface area measurements and
sorption and desorption isotherms of the MOF using water as the
probe gas were successfully obtained and were indicative of porosity

within this MOE.

4.3.1.7 Stability

Metal-organic framework 3 was tested for its thermal and humidity

stability. This is an important consideration if this MOF is to be used
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as an explosives sensor in real-world scenarios where environmental

conditions are frequently hot and humid.

Thermal stabilities

Thermogravimetric analysis (TGA) was used to test the thermal ro-
bustness of as-synthesised MOF 3 and the active structure 3’. As can
be seen in Figure 4.16 the as-synthesised MOF remains intact until
approximately 430 °C and the active structure begins to decompose

at around 400 °C.
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Figure 4.16: Graph illustrating the results of the thermogravimetic analysis of MOFs
3 and 3"

In addition, the number of solvent molecules that are present in the
pores of the as-synthesised MOF can be estimated from the TGA. As
denoted in Figure 4.16, there is an 18.9% MOF 3 mass loss between
102 °C and 155 °C. As DMF has a boiling point in the region of 152 -
154 °C (and any water molecules present should have evaporated by

102 °C) the mass loss in this range can be ascribed to the loss of DMF

155



156

A FLEXIBLE MOF SENSOR

from the material. An 18.9% mass loss equates to 223.3 g mol~', this
can be attributed to three DMF molecules per Zn,L(H,O),-(solvent)];,
which is the MOF empirical formula (this is based on the total mass
of the MOF empirical formula being 1181.52 g mol~! and the relative
molecular mass of one DMF being 73.1 g mol~'). This corresponds
to 1.5 DMFs per asymmetric unit (ASU) and 48 DMFs present within
each unit cell. Such findings are an underestimation of those calcu-
lated from the single crystal X-ray diffraction data (Section 4.3.1.2)
which suggest that 3 DMF molecules are present per ASU, which
corresponds to 6 DMF per empirical formulae and thus 96 DMF
molecules per MOF unit cell. This helps to rationalise why disorder is
evident in the solvent molecules during single crystal structure refine-
ment as each DMF is likely to only be present with a 50% occupancy
per ASU.

Structural information about the active MOF 3’ can also be obtained
from thermogravimetric analysis. As can be seen, there is a 6.3% MOF
3’ mass loss observed between the start of the experiment (25 °C) and
102 °C. This equates to 74.6 g mol~! and can potentially be attributed
to four water molecules per empirical formula unit of the active MOF
(Zn4L(H20)4). This suggests that the zinc-bound water molecules are
not removed using the activation procedure implemented. Further to
this, there is a 5.5% mass loss observed in the DMF region for active
MOF 3’, indicating that not all solvent molecules have been removed
from the pores of the MOF during activation (0.8 DMF molecules per

emperical unit remain).

Humidity and water stability

The stability of a MOF towards water is crucial for its consideration
as an explosives sensor, particularly for vapour-phase detection. In

order to determine which degree of water stability is exhibited by
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MOF 3’, the framework was exposed to three different levels of water
‘harshness” conditions; by immersion of the MOF in liquid water, by
exposure to ambient air and through dynamic vapour sorption exper-
iments. As discussed (Section 2.6.1.5), PXRD and BET measurements
are used to characterize the water stability of MOFs. Both of these
methods were used to evaluate the stability of 3" towards the above-
mentioned levels of water exposure. The results of which were used
to classify this MOF’s stability using the methods proposed by Burtch
et al. [122] and Shimizu et al. [123] as outlined in Section 2.6.1.5.

Powder X-ray diffraction confirmed that metal-organic framework
3’ does not retain its structure when it’s crystals are immersed in
deionised water for 24 hours. Whilst some peaks in the PXRD pattern
(Appendix B) were still distinguishable, these more closely resemble
those of the free linker HgL as opposed to the MOF material, suggest-
ing complete structural collapse. BET measurements were therefore
not attempted. Based on these results it can be concluded that MOF
3’ does not have high ‘thermodynamic stability” with respect to water
as classified by Burtch et al. [122].

The PXRD patterns of 3" pre- and post- exposure to ambient labo-

ratory air conditions (approximately 21 °Cl) are given in Figure 4.17.

The relative humidity exposure is unknown. Whilst the average RH for London in
May 2016 (during when these experiments were taken) was between 50-80%, the
experiments were performed in a heated and well ventilated laboratory, thus, these
humidity values are not representative of the air conditions to which the MOF was
exposed.
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Figure 4.17: PXRD patterns of MOF 3" pre and post- exposure to ambient air condi-
tions.

The PXRD patterns of both the exposed and un-exposed samples
are in good accordance. There is evidence of some loss of local short-
range order indicated by the presence of a slight hump in the 20
region between 20 and 25 degrees. This could be attributed to some
structural pore collapse, the uneven inclusion of water vapour into
the pores of the MOF causing disorder or the surface hydrolysis of
the material yielding some surface amorphicity. As PXRD measure-
ments alone do not yield information about the retention of porosity,
BET measurements are required to elucidate as to whether there is
structural collapse. Whilst a number of groups have exposed their
MOF materials to ambient conditions in this way and subsequently
calculated N, BET sorption isotherms on the exposed samples, this
simplistic method of exposing a MOF to humidity has a major weak-
ness, and that is the absolute control of the relative humidity (RH)
present in the air. As RH is calculated based on the external temper-

ature and pressure to produce the concentration of water vapour in



4.3 RESULTS AND DISCUSSION 159

the air, it is highly dependent on local conditions. For example, a well
ventilated room that is held at approximately 21°C can have a relative
humidity in the range of 20-60% [123]. Therefore, in order to calcu-
late the BET surface area of MOF 3’ after water vapour exposure a
more sophisticated and relatively novel technique; dynamic vapour
sorption was used.

Dynamic vapour sorption (DVS) is a gravimetric technique that
measures how quickly and how much of a sorbate is sorbed (ad-
sorbed and absorbed) by a sample. This is achieved by varying the
concentration of sorbate vapours surrounding the sample and mea-
suring the change in mass that this produces as a function of time.
DVS allows for BET surface areas to be calculated using water as the
probing gas (H,O BET).

Six different synthetic batches of MOF 3" were combined and sam-
ples were taken from this amalgamated batch during DVS experi-
ments''. This was done in order to minimise discrepancies in sorp-
tion that may occur as a result of the slight variations in crystallite
size between synthetic batches. Prior to exposing a sample to the dif-
ferent RPs (for definition see Section 4.2.4.3) of water (RHs) an in-situ
degassing procedure was implemented. The samples were heated un-
der high vacuum for two hours at 25 °C followed by 150 °C for a
further two hours. This was performed in order to remove any sol-
vent present in the pores of this framework. A MOF crystal colour
change from yellow to a very dark brown was observed and indicated
that a structural change occurred during degassing. It is hypothesised
that this is most likely due to the removal of zinc-coordinated water
ligands in the framework and so the dehydration of the MOF. This
dehydrated form of the MOF is termed 3”. This is rationalised due to
the similar observations noted for HKUST-1 (the prototypical MOF

and isoreticular framework to 3 as described in Section 4.1), which

Il The PXRD patterns of these six synthetic batches can be found in Appendix B
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changes colour from pale blue to a very dark blue upon desolvation
at 150 °C (not under high vacuum) [190] and to a very dark violet post
high vacuum evacuation at room temperature, these colour changes
were ascribed to the MOF becoming fully dehydrated [120]. This type
of high temperature desolvation does lead to a loss of crystallinity of

MOF 3” as evidenced by the broadening of the peaks in Figure 4.18.
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Figure 4.18: PXRD pattern of MOF 3’ pre- and post-degassing to afford MOF 3”.

Such results are not surprising and are frequently observed [116].
It is suggested that the harsh conditions create disorder in the MOF
system as well as some potential pore collapse/shrinking owing to
the rapid removal of the zinc bound water ligands. However, owing
to the retention of the low angle 20 it is believe the overall framework

structure remains intact.
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MOF 3™ was exposed to incremental, known concentrations (rela-
tive pressures, RP, P/P,) of water, and the mass of the sample was
monitored as a function of time. The mass was allowed to reach gravi-
metric equilibrium at each relative pressure (RP, P/P,) and so the
vapour sorption isotherms express the equilibrium amount of vapour
sorbed as a function of steady state relative pressure (at a constant
temperature). DVS experiments were completed at different tempera-
tures and H,O BET surface areas of the MOF were calculated at each

of these.
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Figure 4.19: Graph illustrating the dynamic vapour uptake of MOF 3” at 25 °C upon
exposure to 0-9o% relative pressure of water vapour as a function of
time.

Figure 4.19 shows the dynamic water vapour uptake of MOF 3" at
25 °C when exposed to relative pressures of water ranging from 0-9o
%, as a function of time. The graph indicates that it takes a signifi-
cantly longer time for the sorption of water vapours to reach equi-
librium than it does for desorption at the same relative pressures (43
hours and 23 hours respectively). This suggest that whilst the MOF is

sorbing water, the interactions between the water molecules and the
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framework are weak, owing to their quicker release. This contradicts
the findings discovered when the same DVS technique was used to
evaluate the water sorption and humidty stability of HKUST-1. It was
reported that interactions with this MOF were strong as the desorp-

tion process took much longer than sorption (53 hours and 37 hours

respectively)[120].
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Figure 4.20: MOF 3” water vapour sorption and desorption isotherms at 25 °C. The

numerical labels 1-4 refer to different portions of the isotherm, discussed
in detail in the main text.

”

The water vapour sorption and desorption isotherms for MOF 3
at 25 °C are given in Figure 4.20. There are four distinct sections to
the sorption isotherm which are marked on the graph. The initial
sharp increase in the uptake of water vapour (region 1 on the slope,
o - 5 P/P,) is rationalised based on the favourable re-coordination of
the axially bound water molecules to the zinc metal sites in the MOF.
This is suggested based on similar observations made upon the rein-
troduction of water vapour into the completely dehydrated HKUST-1
MOF structure [120]. These results strengthen the hypothesis that the

colour change observed after the degassing of MOF 3’ is a result of
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the dehydration of the framework. Section two of the isotherm shows
a steadier increase in the soprtion of water. This could be the result
of the initial monolayer filling of the large pore located within the
MORF. This is followed by the multilayer sorption of water in section
3. However, the fact that there is no obvious step in the isotherm
between sections 2 and 3 suggests that there is a degree of overlap be-
tween monolayer and multilayer formation [122]. The slightly steeper
uptake at the very end of the isotherm, stage 4, is ascribed to the
inclusion of water vapour into the secondary and much smaller mi-
cropores (pores with widths less than 10 A or 1 nm) of the framework
[120].

The water sorption and desorption isotherms of metal-organic fram-
ework 3” do not conform to any of the IUPAC classical isotherm clas-
sifications [121] (Section 2.6.1). The sorption isotherm most closely
resembles that of type II, however, the material is neither macrop-
orous (pore sizes > 500 A) nor as will be ensuingly discussed, non-
porous. Additionally, the desorption isotherm and the associated hys-
teresis are not akin to any of the classically described isotherms. As
discussed in Section 2.6.1, it is not uncommon for MOFs to display
unusual hybrids of isotherm types, with the most varied shapes be-
ing demonstrated by flexible metal-organic frameworks. Thus, ratio-
nalising the non-conformity of the MOF 3” isotherm and further
corroborating the flexible nature of this MOF. Similar findings of
a non-classical, type II-resembling sorption isotherm were reported
for HKUST-1 (Figure 4.21) which is not surprising considering it is
isoreticular to MOF 3” and also shows breathability. A final point
to note is the non-closing hysteresis of the isotherms, this is again
attributed to the re-coordination of water molecules to zinc metal

centres.
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Figure 4.21: The water soprtion and desorption isotherms of metal-organic frame-
work HKUST-1 at 25 °C (up to 90% RH) 35 °C (up to 90% RH) and
50 °C (up to 70% RH) obtained using DVS in collaboration with Sur-
face Measurement Systems Ltd ©. A comparison of another literature
reported water sorption isotherm for the same MOF is also given as de-

noted by the isotherms in grey (traingles). Reprinted from [120] with
permission from Elsevier.

A comparison™ between the sorption isotherms of MOF 3” (Fig-
ure 4.20) and HKUST-1 (Figure 4.21) suggest 3” to be less hydrophilic;
not only does it demonstrate lower loadings in the low pressure re-
gion of its sorption isotherm (0-20 % P/P,), it also uptakes less abso-

1 vs. ~ 35 mmol

lute loadings of water at 9o% P/P, (= 14 mmol g~
g~ ") despite having a theoretically larger pore volume (as discussed
in Section 4.1). A consideration of hydrophilicity is important for a
material which is to be used for in-field vapour detection as it is im-
perative that the material is both stable to water but also does not
just absorb water and not the analyte of sensing interest. Therefore
implying that metal-organic framework 3” which has a lower affin-
ity towards water, is potentially better suited for vapour phase sens-

ing applications in real-world scenarios than commercially available

HKUST-1.

++ These isotherms are comparable as they were generated using the same DVS anal-
yser and by the same collaborators (Surface Measurement Systems Ltd.).
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Figure 4.22: Graph illustrating the averaged results of three repeated water sorption
isotherms of MOF 3”. The error bars represent one standard error of the
mean.

Figure 4.22 shows the averaged results of three repeat experiments
of water sorption on MOF 3” using two different samples from the
amalgamated MOF 3’ batch (at 25 °C). The water sorption on the first
sample was repeated immediately after the initial sorption was com-
plete. As is evident, the repeats are in excellent agreement, confirm-
ing that the MOF retains its structure and porosity after the exposure
(and repeat exposure) to 90% relative humidity (at 25 °C).

Water uptake in 3” was also measured at different temperatures (25,
40, 50 and 60 °C) to investigate whether the sorption behaviour of the
MOF changes. These four different sorptions were performed in suc-
cession on the same MOF 3” sample. A comparison of the isotherms

is given in Figure 4.23.
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Figure 4.23: Graph comparing the water sorption isotherms of MOF 3” obtained at
different temperatures.

The water vapour soprtion capacity of MOF 3” diminishes slightly
with increasing temperatures between 25 °C - 60 °C. This can be
attributed to the gradual degradation of the MOEF, and is reflected
in the PXRD spectrum of the resultant material from the tempera-
ture studies which demonstrates a very broad spectrum indicative of
amorphization due to partial degradation (Appendix B). This partial
degradation can be attributed to the aggregation of adsorbed water
molecules near the zinc metal sites eventually displacing the carboxy-
late groups of the ligands [120]. Whilst Figure 4.23 indicates that a
certain amount of porosity is still retained by the structure it does not
give a quantitative amount. Thus, Brunaer Emmett-Teller BET surface
areas were calculated (as per the equations detailed in Section 2.6.1.4)
for each of the vapour sorption experiments discussed above and can

be found in Table 4.5.
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Table 4.5: MOF 3’ BET surface area values as obtained from water sorption experi-

ments
Experiment BETS.A. / m*g™*!
Sample 1 at 25°C 378
Sample 1 at 25°C repeat 391
Sample 2 at 25°C 380
Sample 2 at 40°C 419
Sample 2 at 50°C 384
Sample 2 at 60°C 352

The BET H,O surface areas obtained from water sorption exper-
iments are lower than expected. Eddaoudi et al. reported a Lang-
muir surface area for isoreticular MOF [Cu,L(H,0),-(solvent)], to be
2896 m* g~' [176]. Whilst this surface area was calculated using an
isotherm produced by exposing the MOF to argon (a much smaller
probing gas than H,O) and at low temperatures, the values reported
above are still much lower than expected. This is potentially ratio-
nalised based upon the degassing procedure leading to a significant
shrinking of the MOF pore upon dehydration. It is unclear based on
these results whether a higher porosity could be obtained using a dif-
ferent probing gas and different collection conditions (i.e. at lower
temperatures). Further to this Langmuir isotherm calculations are
often known to over exaggerate MOF surface areas [111]. However,
these experiments were conducted in order to probe the stability of
the material and it is evident that the porosity of the degassed frame-
work is retained upon humidity exposure at 25°C and the results are
repeatable intra- and inter-sample. Although the porosity is observed
to diminish at higher temperatures of water vapour exposure, there
is only a 7.4 % loss in porosity observed between the sample initially
being exposed to water at 25°C and the final 60°C exposure.

Therefore, under these ‘harsh humid conditions” (as outlined in

Section 2.6.1.5) MOF 3” can be said to have a 5B grading for water
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stability as classified by Shimizu et al. [123], as under ‘harsh humid
conditions’ it retains some porosity but has loss of order. Further,
taking all of the humidity tests into account, it can be concluded that
MOF 3’ shows ‘kinetic stability” towards water, meaning that it is
stable to humid conditions but decomposes after short times in liquid
water. This is based on the classifications outlined by Burtch et al.

[122].

4.3.2  Solution-phase sensing

As aforementioned (Section 2.6.4.2), the sensing of explosives with
metal-organic frameworks in the solution-phase is beneficial as it al-
lows for the facile quantitative analysis of the MOF responses towards
real explosive substances. This can help eludicate the efficiency and
mechanism of sensing, the sensitivity of the system and it allows per-
formance comparisons to be made with other solution-phase MOF ex-
plosives sensors. In addition, a solution-phase sensing system could
have the potential to be used as an initial, rapid and cheap diagnos-
tic tool for the infield detection of explosive particles on a surface,
prior to their identification using analytical equipment such as liquid
chromatography - mass spectrometry (LC-MS). Metal-organic frame-
work 3" was investigated as a solution-phase sensor for the detection
of known quantities of the explosive substances Tetryl, TNT, RDX,
PETN and the TNT derivative 2,4-DNT (Figure 4.24).

NO,

O,N CHy3 |

N To2 CH3 o
O,N NO, r NW ON NO, O,N ~ _ NO,
o ()
N N
O,N NS NO, o
NO, NO, NO,
Tetryl RDX TNT PETN

Figure 4.24: Explosive substances and related compounds used in MOF 3’ solution-
phase sensing.
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4.3.2.1 Fluorescence characteristics

Suspensions of MOF 3’ in acetonitrile (MeCN) were used for all solution-
phase sensing experiments. Acetonitrile was chosen owing to the sta-
bility of the MOF in this solvent, as demonstrated in Figure 4.12, and
due to the relative stability of the commercially purchased explosive
standards in this medium™.

The excitation spectrum of the MOF 3" suspension in MeCN in-
dicated this framework to give strongest emission at an excitation

wavelength (A, ) of 315 nm (Figure 4.25), therefore, all sensing exper-

iments were conducted at this wavelength.

1.0 - g
A A N 3' Excitation spectrum

A —— 3' Emission spectrum
\

0.8
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0.4 !

0.2+

Fluorescence Intensity (normalized)

0.0 T T T T
250 300 350 400 450 500

Wavelength (nm)

Figure 4.25: Overlay of the fluorescence excitation (Aemz50nm) and emission
(Aex.315nm) spectra of MOF 3” suspended in MeCN.

The fluorescence emission maximum of MOF 3" in MeCN (A,,,)
was observed to be at 348 nm, whereas that of the linker HgL (dis-
solved in DMF) occurred at 335 nm (Aex. 315 nm), as can be seen
in Figure 4.26. This observed red-shift in the emission spectrum of

the MOF with respect to the free linker and the broadening of the

MOF emission peak in comparison to the ligand is very frequently

Commercially purchased explosives solution standards are produced from the dilu-
tion of 1000 pg of an explosive in a 50:50 mix of MeCN and MeOH. These standards
do degrade over time, thus all explosive solutions were kept refrigerated at 4°C and
discarded after one-month of opening.
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observed when organic ligands are incorporated into MOF structures.
Such observations are usually ascribed to the electronic coupling of
the neighbouring organic ligands in the framework through the metal
ions [144].

—— HgL Emission spectrum
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Figure 4.26: Overlay of the fluorescence emission spectra of MOF 3’ suspended in
MeCN and that of the Linker HgL (dissolved in DMF).

4.3.2.2  Experimental validity testing and variability mitigation
The effect of particle settling and the implementation of a vortex procedure

As solution-sensing experiments used MOF 3" suspensions, a study
was performed to investigate whether any of the MOF particles were
settling out of suspension (as a result of gravity) during sensing. This
is an important consideration, as MOFs settling out of suspension
cause an attenuation of the system’s fluorescence, thus creating am-
biguity during sensing whether the fluorescence quenching of a sus-
pension is artifact due to settling or true MOF-analyte interactions.
The study involved measuring the fluorescence emission of a MOF
3’ suspension left under constant illumination (Aex. 315 nm) in the
fluoremeter every 60 seconds, from o - 240 s. The results of this study

are given in Figure 4.27.
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Figure 4.27: Graph illustrating the effects of particle settling in MOF 3" MeCN sus-
pensions. Fluorescence emission spectra were obtained at 60 s time in-
tervals starting from t = o (initial fluorescence emission) to t = 240 s.

It is evident that the settling of MOF 3’ out of the MeCN suspen-
sion does occur over the specified timeframe and it does result in the
loss of fluorescence intensity, which poses a problem to the validity
of sensing in the solution phase. This effect, or measures to prevent
such effects, have seldom been reported in MOF explosives sensing
literature.

In an attempt to eradicate this effect, a vortexing procedure was
implemented (Section 4.2.5.3). The MOF suspensions were subjected
to 15 s of mild agitation using a vortexer operating at 400 rpm prior
to each fluorescence emission reading. As can be seen in Figure 4.28,
with the implementation of this vortexing procedure, repeatable fluo-
rescence emission intensities of MOF 3’ in suspension were obtained.
Prior to any sensing experiment, settling and stable-baseline checks
were implemented. If a sample did not achieve a stable baseline throu-
gh vortexing, it would not be used in sensing. In addition, using this
step in between each reading during the sensing titrations allowed for

a greater degree of certainty that any fluorescence quenching demon-
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strated through the addition of explosive analytes to the MOF were

as a result of MOF-analyte interactions.

4000000 ~ —— Emission after 15 s vortex
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Figure 4.28: Graph demonstrating how the implementation of a vortexing step can
yield a stable baseline of the fluorescence emission intensity of MOF

3’ in suspension. Prior to each fluorescence emission reading, the MOF
suspension was mildly agitated using a vortexer for 15 s.

MOF sensor concentration in suspension consistency

Another important factor to consider with regard to the validity of
this experimental set up is the absolute amount of MOF material
that is present within each tested suspension. Whilst the quenching
responses calculated for each analyte are relative to the initial fluo-
rescence intensity of a particular suspension sample, the amount of
MOF material available to interact with the concentration of analyte
added will affect the results obtained. Therefore, suspensions were al-
ways generated with the same amount of material and ultrasonicated
for the same amount of time. It was observed that a 6 mg sample of
finely ground MOF 3’ ultrasonicated for 2 hours gave the most sta-
ble suspensions (least amount of settling) and the initial fluorescence
intensities (after the implemented settling and vortexing steps men-
tioned above) would always be between 3.5 - 4.5 million counts. If

the count number of a 3" suspension fell above or below this value,
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it would be discarded. In an attempt to mitigate some of the discrep-
ancies in the absolute amount of MOF particles in suspension, each

sensing experiment for each analyte was repeated 5 times.

Dilution effects

When sensing in the solution-phase an additional factor that must
be acknowledged is that of dilution. The 1 mM explosives stock so-
lutions used for analyte sensing are produced through the further
dilution of explosives standards using MeCN (Section 4.2.5.2). Conse-
quently, the effect of adding MeCN to the sensing suspension must
be evaluated to make sure that it is not the addition of this analyte
(and therefore dilution) that is causing the quenching of the system.

MOF + 0 pL MeCN

4000000

3000000 ~

/ MOF + 100 pyL MeCN
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T
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Figure 4.29: The effect of MeCN additions on the fluorescence emission intensity of
MOF 3’ in an MeCN suspension.

Figure 4.29 shows how the addition of 10 pL aliquots of acetoni-
trile (MeCN) does have an effect on the fluorescence intensity of the
MOF in suspension, causing some quenching of the system. These
effects therefore need to be considered when titrating the explosive

substances against MOF 3’. To date, since the start of the MOF explo-
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sive sensors field, there appear to be no reports that explicitly claim
to have acknowledged the effects of dilution when expressing a MOF
sensors response to a particular analyte. In some instances it can be

argued that claimed responses are simply dilution efffects.

4.3.2.3 Solution-phase sensing using known concentrations of explosives

Metal-organic framework 3’ (as a suspension in MeCN) was tested
for its fluorescence-based sensing responses upon the addition of 1
mM concentrations of the explosives TNT, Tetryl, RDX, PETN and
the TNT derivative 2,4-DNT. As detailed in Section 4.2.5.3, prior to
the addition of the analyte to the MOF suspension, a steady initial flu-
orescence intensity baseline was obtained through implementation of
three cycles of 15 s agitation of the MOF suspension using a vortexer.
After this baseline was achieved, 10 uL of a 1mM solution of a partic-
ular analyte was added to the MOF in suspension in an incremental
fashion until 100 puL of the explosive (or derivative) was added. Af-
ter the addition of each 10 pL aliquot of analyte, the vortexing step
was repeated three times to ensure no settling of the MOF, generat-
ing three fluorescence emissions for each addition of an analyte. The
three fluorescence intensities for each addition were averaged and a
plot of the responses generated; Figure 4.30 gives the fluorescence
emission spectrum of MOF 3” upon the incremental addition of 1mM
Tetryl aliquots, the graph gives the averaged fluorescence response

plot as well as some of the raw fluorescence data.
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Figure 4.30: Fluorescence emission spectrum of MOF 3’ upon the incremental addi-

tion (o - 100 puL) of 10 pL of a 1 mM solution of the explosive Tetryl.
Inset: shows the raw data for each of the fluorescence emission repeats
for the first four 10 pL additions (o - 40 pL) to the average initial fluores-

cence intensity baseline (I, denoted by the asterisk in the graph). This
graph has not been corrected for dilution.

As can be seen, MOF 3" responds effectively to the explosive Tetryl.
The averaged fluorescence emission graph shows clear distinctions
between each of the added aliquots of Tetryl to the suspension of 3".
From the inset it can be seen that the initial baseline reading for the ex-
periment is very stable (as denoted by the asterisk in Figure 4.30), and
this is representative of all experiments. There are some observed vari-
ations in the emission intensities between the measurements taken
within an aliquot addition. This could be attributed to the time that
it takes for the explosive to diffuse through the solution. The pertur-
bations of the graph shape, namely the broadening and shifting of
the peak, at higher Tetryl concentrations suggests that exciplexes be-
tween the MOF and the explosive are formed (Section 2.6.2). Spectral
shifts are most frequently observed for flexible MOF structures (as
discussed in Figure 2.6.4.1), thus, these findings strengthen the hy-

pothesis that MOF 3" demonstrates framework flexibility. These flu-
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orescence emission spectral shifts of MOF 3" are not observed upon

the addition of the other four analytes, Figure 4.31.
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Figure 4.31: Fluorescence emission spectra for MOF 3" upon the addition of 1mM
solutions of TNT, 2,4-DNT, RDX and PETN. The graphs illustrate the

averaged graphs for o - 100 pL additions. These graphs have not been
corrected for dilution.

Magnitudes of quenching

A plot of the quenching percentages (QPs, as calculated using Equa-
tion 2.14) of MOF 3" observed when exposed to each analyte addition
can be seen in Figure 4.32. Included in this graph are also the baseline
MeCN solvent quenching percentages. The QPs shown are averages
of five titration experiments, each completed on different suspension
samples, all from different MOF 3’ synthetic batches and have been
titrated against at least two independently made 1 mM explosives
stock solutions. The error bars (representing one standard error of the

mean) of these quenching percentages are expressed by the coloured

bands either side of the mean QP values.
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Figure 4.32: Graph denoting the average fluorescence quenching percentages ob-
tained from the addition of Tetryl, TNT, 2,4-DNT, RDX and PETN to
MOF 3’ (depicted as circular points on the graph). The coloured bands
denote the error bars (one standard error of the mean) that are present
for each of the quench percentages. Included in this graph are the
quenching percentages obtained from MeCN dilution experiments. The
inset of the graph shows a zoomed in region of the graph, focussing on
the first two analyte additions.

The order of the greatest quenching of the MOF by the analytes
follows Tetryl >> 2,4-DNT > PETN > TNT > RDX with quench per-
centages at 100 UL of 59.7 %, 37.2 %, 36 %, 32.6 % and 26.2 % re-
spectively. Tetryl is observed to show significantly higher quenching
responses in comparison to the other analytes. The quench percent-
ages of 2,4-DNT and PETN are very similar. This is reflected by the
overlap in their QP error bars at certain points, suggesting that the
two analytes yield similar responses by 3’. This means that it would
be difficult to differentiate which of these compounds were present in
an unknown solution, if the same amount of the analytes were added
and the quenching results compared (these issues of analyte differ-
entiation will be discussed in greater depth in Chapter 5). Further to
this, there is considerable overlap in the QP error bars of explosive

RDX and MeCN at certain analyte additions, most notably 20 uL (as
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evidence by the inset of Figure 4.32) and 70 uL aliquot additions. This
suggests that at these points there is no significant difference between

this explosive and the dilution effects yielding a quench response of

3.

The molar concentrations of the explosives present in the suspen-
sion system after each 10 pL 1 mM explosive solution addition are
given in Table 4.6. The table also expresses each concentration in
ng/uL (weight/volume) units, which is also the same as the unit of
parts per million (ppm). These conversions allow for a facile compar-

ison with other MOF sensing and explosive detection techniques.

Table 4.6: Analyte concentration conversion table

Volume Molarity Explosives
ulL uM weight/volume (ng/pL) | ppm
Tetryl TNT 2,4-DNT RDX PETN

10 6.6 1.9 1.5 1.2 1.5 2.1
20 13.2 3.8 3.0 2.4 2.9 4.2
30 19.6 5.6 4.5 3.6 4.4 6.2
40 26.0 7.5 5.9 4.7 5.8 8.2
50 32.3 9.3 7.3 5.9 7.2 10.2
60 38.5 11.1 8.7 7.0 8.6 12.2
70 44.6 12.8 10.1 8.1 9.9 14.1
80 50.6 14.5 11.5 9.2 11.2  16.0
90 56.6 16.3 12.9 10.3 12.6 179
100 62.5 17.9 14.2  11.4 13.9 19.8

4.3.2.4 Theoretical calculations

Computational simulationst* of the electronic properties of MOF 3’
and the explosive substances (and related analytes) allow for pre-
dictions to be made as to which of the sensing compounds should
quench the framework to the greatest extent through the photo-induced

electron transfer mechanism (PIET). The alignment of the ionization

1t Computational simulations were calculated by Christopher N. Savory and Dr. David

O. Scanlon, Department of Chemistry, University College London. The computa-
tional experimental details can be found in Appendix B.
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potentials and electron affinities of a range of analyte molecules and
the MOF is displayed in Figure 4.33.
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Figure 4.33: Alignment of the valence and conduction band maxima of 3" (or the
LUMO and HOMO, coloured orange and blue respectively) and the
ionization potentials (or HOMO, coloured blue) and electron affinities
(LUMO, coloured orange) of a range of explosive substances and related
analytes. Calculations were performed by Christopher N. Savory and Dr.
David O. Scanlon, University College London.

As discussed (Section 2.5.3), the fluorescence of the MOF is quenched
through the transfer of an (excited state) electron from the conduction
band of the MOF to the LUMO orbitals of the electron deficient ana-
lytes. The lower the LUMO energy, the higher the electron accepting
ability of the analytes and thus; the highest efficiency and magnitude
of quenching of the MOF observed. From the results displayed, it is
clear that the calculations predict that the quenching of fluoresence
by electron transfer should occur in all analytes except DMNB, which
possesses an EA above that of the MOF. However, it was observed
that the EAs calculated above were constantly underestimated by 0.3
— 0.4 €V in comparison to literature values [191]. Thus, if these ~0.4 eV
underestimation of EAs are included, this brings all the analytes be-

low that of the MOF and so it could be expected that quenching of
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the MOF with DMNB can also occur $8. The order of quenching mag-
nitude based on these calculations should follow that of Tetryl > TNT
> 2,4-DNT > PETN > RDX for the sensing analytes. This somewhat re-
sembles the order observed from experimental titrations, other than
the substantial under-performance of TNT in its ability to quench
MOF 3’. Thus, clearly some interactions (or lack of) between the MOF
host structure and TNT are occurring to cause such discrepancies, as
these are not accounted for in theoretical calculations.

In addition to the above, a further theoretical simulation of the
charge density isosurface of the lowest unoccupied state calculated
for the MOF with nitrobenzene in its pore (Figure 4.34) gives further

evidence of the alignment of the analytes with the MOF.

Figure 4.34: Partial charge density of the lowest energy unoccupied state of nitroben-
zene in the MOF. Calculations were performed by Christopher N. Savory
and Dr. David O. Scanlon, University College London.

The electron density matches that of the LUMO of the nitrobenzene
molecule, rather than the charge density of the conduction band of
the empty MOF, indicating that electrons may transfer from the MOF

to nitrobenzene.

§§ Additionally, some deviation will be expected from the different electrostatic envi-

ronment within the pore compared to vacuum.
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4.3.2.5 Stern-Volmer quenching constants and processes analysis

As discussed in Section 2.5.2.5, Stern-Volmer (SV) plots allow for the

rate of quenching to be determined, in addition, they indicate how

many quenching processes are operative within the sensing system.

The SV plots of the five tested analytes are shown in Figure 4.35.

These plots have not been corrected for dilution, in order to show

the relationship between the analyte and MOF as they appear in this

system.
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Figure 4.35: Graph showing the Stern-Volmer plots of MOF 3’ after the addition of
Tetryl, TNT, 2,4-DNT, PETN and RDX. The error bars represent one
standard error of the mean.

The SV plots for MOF 3” upon exposure to TNT, 2,4-DNT, PETN

and RDX are all linear. This implies that only one type of quenching

process is operative for MOF 3’ in contact with these four substances.

Upon exposure to Tetryl, MOF 3" demonstrates a near liner SV plot at
low concentrations (up to approximately 26 pM) followed by a clear

deviation from linearity in the SV plot at higher concentrations. This
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suggests that two distinct quenching processes are likely to be caus-
ing the quenching of MOF 3’ upon exposure to Tetryl (Section 2.5.2.5).

The rates at which MOF 3" is quenched by the five substances can
be seen in Table 4.7.

Table 4.7: Ksy constants of MOF 3" upon exposure to TNT, 2,4-DNT, RDX, PETN and
Tetryl. The R* show the goodness of fit for the given SV plot.

Substance Kgy/ M™' R?

RDX 5.7 X 103 0.998
TNT 7.9 X 103 0.997
PETN 9.0 X 103 0.999

2,4-DNT 9.5 x 103 0.999
Tetryl® 1.6 x 10% 0.996

This Ksy was calculated using the first four points of the MOF 3’-Tetryl SV plot
which are in linear agreement. Due to the limited points used in the calculation this
value should be viewed as an estimate.

These Ksy constants of MOF 3" upon exposure to these explosives
(or related) substances are of the same magnitude as those reported
for the solution-phase sensing of explosives using amplifying fluo-
rescent conjugate polymers (AFCP, as pioneered by Swager et al.,
Section 2.5.3) [79]. For example, one AFCP yielded Ksy values of
4.3 x 103 M™" and 1.1 x 10* M™" upon exposure to TNT and 2,4,6
-trinitrophenol (TNP) in toluene solutions respectively [192]. Another
AFCP gave Kgy constants of 4.15 x 10* M™" and 1.31 x 10* M™" for
TNP and 2,4-DNT respectively (in tetrahydrofuran solutions) [193].
Whilst the absolute Ksy constant values are not comparable owing to
discrepancies in the quantities of explosives and sensors used in the
experiments; a comparison of the order of magnitude in Kgy values
is useful, and suggests that MOF 3’ is as efficient at quenching ni-
troaromatic compounds as amplified fluorescent conjugate polymers.
The values are also in accordance with those reported for other MOF

explosive sensors [95].
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MOF 3’ is observed to be most efficiently quenched by Tetryl; the
Ksy constant in the presence of this explosive (1.6 x 10* M™7) is com-
parable with that reported for MOF UiO-68@NH, in the presence
of TNP (Ksy 5.8 x 10* M~ ") [194]. This MOF was shown to have a
higher selectivity for TNP over the other nitroaromatic analytes that
it was tested against. The SV plots for all the analytes!l added to

UiO-68@NH, in water are shown in Figure 4.36.

5 ® TNP 4 1.00 —— MOF emission
v RDX —— TNP
4 :ETIILB ‘ _RDX
= 24.DNT ° 0.75 ;I;"TDNT
A 26-DNT — 2.4
3] » 1.3DNB = ——2,6-DNT
* N o s ——1,3-DNB
° 2 0.50 —NB

——DMNB

—NM
.

Intensit

L]
1 0.25
L]

ob 4 8 1 3 8t g2yt

0.00 0.02 0.04 0.06 0.08 300 400 500 600 700 800
Concentration (mM) Wavelength (nm)

Figure 4.36: Left: Stern-Volmer plots for analytes added to UiO-68@NH, in water.
Right: Extent of spectral overlap between the absorption spectra of nine
explosives or related compounds and the emission spectrum of MOF
UiO-68@NH, in water. Adapted from [194] - Published by The Royal
Society of Chemistry.

The higher selectivity for TNP by UiO-68@NH, was attributed to
the presence of both collisional and static quenching processes oc-
curring due to both the photo-induced electron transfer (PIET) and
Forster-resonance energy transfer (FRET) mechanisms quenching the
MOF. This was rationalised based on the higher extent of spectral
overlap between the MOF emission and the TNP absorption spectrum
than the other analytes (Figure 4.36). Similar findings have previously
been reported by the same group (Section 2.6.4.3) [143].

Therefore, to gain an insight into whether such mechanisms could
explain the pronounced selectivity of Tetryl over the other analytes
by MOF 3’, the absorption spectra of the sensed compounds and the

emission spectrum of 3" were compared, as illustrated in Figure 4.37.

Very similar molar concentrations were used in sensing experiments with UiO-
68@NH,, as with MOF 3.
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Figure 4.37: Graph illustrating the spectral overlap observed between the emission
spectrum of 3’ and the absorption spectra of Tetryl, 2,4-DNT, PETN,
RDX and TNT. The dotted black line shows the extrapolation of the
emission spectrum of MOF 3" down to lower wavelengths where mea-
surements were not taken.

Similarly to UiO-68@NH, upon exposure to TNP (Figure 4.36), the
emission spectrum of MOF 3" shows the greatest degree of overlap
with the absorption spectrum of Tetryl compared to the other ana-
lytes. Whilst the difference in the degree of overlap between Tetryl
and the other analytes is less pronounced than for TNP and the other
nitroaromatics tested by Ghosh et al., there still appears to be better
spectral overlap with Tetryl and 3” than the other compounds. Thus,
based on this, the higher quenching efficiency and the shape of the
SV plot for MOF 3" upon exposure to Tetryl, it is hypothesised that
both PIET and FRET quenching mechanisms cause the quenching of
3" with this explosive. It is suggested that the quenching of 3" in the

presence of the other analytes only occurs via the PIET mechanism.

Lifetime measurements

As discussed (Section 2.5.2.5), in order to confirm whether both static
and collisional processes (as indicated by the SV plot in Figure 4.35)

were causing the quenching of 3" in the presence of Tetryl (and to de-
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termine which of the processes were causing the quenching of 3" with
the other analytes); lifetime measurements of 3" in the presence of
the analytes were required. Lifetime measurements were attempted
on 3’ in the presence of Tetryl, TNT and 2,4-DNT, however, the re-
sults proved inconsistent and therefore inconclusive. Future work is
required to understand whether static, collisional, or both quenching
processes are causing the attenuation of the MOF in the presence of

these analytes.

Limits of Detection

The limits of detection (LOD) for each analyte upon the exposure to
3’ are detailed in Table 4.8.

Table 4.8: Limits of detection

Analyte LOD
M ppm
2,4-DNT 32 0.6
Tetryl 40 1.1
TNT 5.3 1.2
RDX 5.3 1.2
PETN 58 1.8

The method used for the LOD calculations was that proposed by

Armbruster et al. [195], applied to the linear Stern-Volmer plot.

Io (mean)

LOD =

1
Io(mean) - 2SD(IOmean) (4 )

The mean baseline fluorescence emission intensity (I,) was divided
by the mean I,, minus two standard deviations (SDs) of I, to give an
LOD value which was obtained for each analyte repeat experiment
(five repeats per analyte) and averaged to give a mean LOD value for

each analyte. These LOD values correspond to y values in the SV plots
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in Figure 4.35, which were used to find corresponding x values and
thus the LOD in uM for each analyte. These values signify the lowest
analyte concentrations that are likely to be reliably distinguishable
from the baseline measurements. As shown, all LODs fall between 3

- 6 uM for the sensing of these analytes using this methodology.

Stability

To confirm that MOF 3” was not being degraded during sensing, a
PXRD pattern of 3" in a sensing solution containing Tetryl (62.5 uM)
was compared with a PXRD pattern of the MOF in an acetonitrile
(MeCN) 'blank’ solution. The same analysis was also completed on a

2,4-DNT (62.5 uM) sensed MOF sample, Figure 4.38.
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Figure 4.38: PXRD patterns of MOF 3’ in a Tetryl sensing solution (62.5 tM), a 2,4 -

DNT sensing solution (62.5 uM) and the PXRD pattern of 3" in a ‘blank’
MeCN sensing solution.

As is evident from the PXRD patterns in Figure 4.38 MOF 3’ does
not degrade during sensing. It is also apparent that no permanent
structural transformations of 3" occur in the presence of these ana-

lytes.
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It should also be noted that upon exposure of 3" to Tetryl and 2,4-
DNT there is an observed colour change from pale yellow to orange.
Such findings have been previously reported and attributed to some
alterations of framework structure upon host-guest interactions [159,
196]. However, as evidenced by the similarity of the PXRD patterns
in Figure 4.38 this is not the case for 3" and so the observed colour
change could be a result of the inclusion of the analytes into the MOF
pores [197]. Single crystal X-ray diffraction analysis was attempted on
MOF 3’ crystals immersed in a 2,4-DNT-containing solution (as de-
tailed in Section 4.2.5.4). However the crystalline quality of the MOF
material was not high enough for this analysis, most likely as a result

of the non-uniform inclusion of the analyte into the MOF cavities.

4.3.3 Vapour-phase sensing

As metal-organic framework 3” demonstrated the successful and effec-
tive detection of explosive substances and related compounds in the
solution-phase, it was evaluated for its vapour-phase detection capa-
bilities. MOF 3" was tested for its ability to detect 2,4-DNT vapours,
owing to the facile generation of saturated vapours from readily avail-
able, commercially purchased 2,4-DNT solid crystals and to allow for
a comparison between the sensing of this analyte in both the solution

and vapour phase.

4.3.3.1  Exposure to 2,4-DNT vapours

‘Thin films” of 3" were fabricated on quartz slides and tested for their
sensing responses towards 2,4-DNT using the methodologies outlined
in Section 4.2.6. Figure 4.39 and Figure 4.40 show the fluorescence
intensity changes of two different MOF 3’ films when exposed to 2,4-

DNT as well as "'empty” centrifuge tubes containing ambient air.
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Figure 4.39: Fluorescence emission spectrum of a MOF 3’ Iqthin film rq upon expo-
sure to lgempty tubesrq containing only atmospheric air (blue) followed
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As can be seen in Figure 4.39 and Figure 4.40, when 3’ is exposed to
2,4-DNT the fluorescence intensity is observed to increase or ‘turn-on’.
It can also be seen that there is an increase in the MOF’s fluorescence
intensity upon exposure to the ‘empty tube’, ambient air conditions,
as most effectively expressed in Figure 4.40.

Whilst such fluorescence increases are surprising, they have previ-
ously been noted in the MOF sensing literature. Fluorescence turn-on
effects are most typically observed as a result of either guest-induced
structural perturbations of the host frameworks ([129]), the coordina-
tion of guests to uncoordinated metal centres (UMS) or linkers ([129,
198, 199]), or occasionally as a result of complete framework collapse
([200, 201]). Each of these effects were investigate with aim to explain

the turn-on effects observed for MOF 3’.

4.3.3.2  Framework stability test

To ensure the framework was not collapsing as a result of analyte
exposure; PXRD patterns of a MOF 3" thin film pre- and post- 2,4-
DNT exposure were obtained and can be see in Figure 4.41. As is

evident, the structure of the MOF remains consistent.
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Figure 4.41: Powder X-ray diffraction patterns of a MOF 3’ thin film pre- and post-
2,4-DNT exposure.
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4.3.3.3 Investigation of structural perturbations

MOF fluorescence emission increases due to structural perturbations
most typically occur in flexible metal-organic frameworks [129]. PXRD
analyses and Le Bail fitting™ were used to evaluate whether any
structural transformations occur in 3" upon exposure to 2,4-DNT. To
do this, a sample of MOF 3" was exposed to the saturated headspace
of the analyte for two weeks followed by PXRD analysis and Le Bail
fitting. This was compared to the PXRD and Le Balil fitting analysis
performed on crystals of the same MOF sample which were exposed
to ambient lab air conditions at the same time for two weeks ("con-
trol” experiment); the full experimental details of which are given in
Section 4.2.6.4. The results of the fitting analysis can be found in Ta-
ble 4.9.

Table 4.9: Results of PXRD Le Bail fitting on MOF 3" exposed to 2,4-DNT (3’-DNT),
atmospheric air (3"-cont.) and the as synthesised MOF sample (3).

Agreements of fit Unit cell lengths Unit cell volume
Ryp Rep R, a/A  b/A  c/A V /A3
3 70 2.0 4.6 254(0) 28.1(0) 30.5(0) 21767(2)
3’-cont. 2.2 20 17 24.8(0) 28.3(0) 30.9(0) 21722(17)
3’-DNT 2.3 20 1.7 24.9(0) 28.3(0) 30.9(0) 21805(16)

As is evident there are discrepancies in the structural parameters
between the air exposed (control) and 2,4-DNT exposed 3" material.
However, the relatively small changes in the unit cell 2, b and c lengths
suggest that there are no substantial framework transformations in
the MOF structure induced by analyte interactions.

Thus, a more plausible rationalisation for fluorescence increase is
that analyte interactions with the MOF, are rigidifying the flexible
MOF structure. It is hypothesised that the sorbed analytes (both 2,4-

DNT and analytes present in air, namely water molecules) inhibit

Le Bail experiments were performed by Dr. Huw Marchbank, University College
London.
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linker motions such as vibrations and torsional displacements that
otherwise facilitate the non-radiative decay of the MOF photo-excited
state [128, 129]. It is suggested that these rigidifying effects are more
pronounced upon exposure to 2,4-DNT than to the moisture in air,
owing to the larger increase in the fluorescence emission observed for
3’ in the presence of this analyte as opposed to air exposure. Further
to this, it is proposed that MOF rigidity is increased from inclusion of
the analytes into the MOF pores, leading to a swelling of the activated
MOF structure. This is postulated based upon the greater increase
in the unit cell volume of the 2,4-DNT exposed MOF sample than
the 3" air exposed sample and the as-synthesised MOF 3 material
prior to activation. This is corroborated by an experiment in which the
crystals of a MOF 3’ air exposed, control sample, were then exposed
to 2,4-DNT for a further two weeks and an additional expansion of
the unit cell volume was observed'*.

This phenomenon of fluorescence enhancement as a result of frame-
work rigidification is typical of MOFs that display breathing behaviour
[129]. For example, Zhang et al. reported initial attenuation of fluores-
cence upon the removal of guest molecules from synthesised MOF
"MAF-34" (Figure 4.42a) owing to linker motions, however, upon ex-
posing the active framework to MeOH, EtOH, H,O and benzene
vapours, the fluorescence emission was observed to increase [202].
Additionally, Dong et al. reported the luminescence increase of MOF
[Cu,(bimbpyb),1,]-4H,O (bimbpyb = 1-benzimidazoyl-3,5-bis(4-pyri-
dyl)benzene) upon the inclusion of atmospheric HCHO into the frame-
work pores [203] (Figure 4.42b). Further, the same group reported the
increase in the fluorescence intensity of MOF [Ln(pyimdc)(ox, ;]-2H,O
(Ln(IIT) = Eu(Ill) or Tb(Ill), H,pyimdc = pyridyl-4,5-imidazole dicar-
boxylic acid, H,ox = oxalic acid) as a result of hydrogen bonding

interactions between the OH moieties of H,O molecules coordinated

ttt The full results of this experiment can be found in Appendix B
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to its metal centres and the electron lone pair of H,O analytes from
the atmosphere (Figure 4.42c). It was reported that these interactions
reduced the O-H vibrational frequency of the coordinated solvents
and therefore their quenching effect on the MOF;leading to an en-
hancement in the MOF fluorescence emission spectrum upon water

exposure [204].
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Figure 4.42: Examples of previously reported MOFs that demonstrate fluoresce emis-
sion increases due to the rigidification of framework structures upon
interaction with guest analytes: a) Illustrates the fluorescence attenua-
tion of MOF "MAF-34” upon removal of guest solvent molecules due
to linker flexibility induced motions. b) Illustration of the increase in
luminescence observed in MOF [Cu,(bimbpyb),l,]-4H,O upon expo-
sure to atmospheric HCHO and c) An illustration of the effects of
water vapour interactions on the fluorescence emission intensity of
MOF[Ln(pyimdc)(ox, s]-2H,O. These figures were reproduced with per-
mission from [129].



4.3 RESULTS AND DISCUSSION

Each of these examples coincide with the effects that are being
observed in MOF 3’. It should be noted however that fluorescence
quenching as a result of the MOF’s interaction with the very electron
deficient 2,4-DNT molecule is possibly still occurring as a result of
PIET mechanism, but its effects are being masked by the rigidifying

effect.

4.3.3.4 Host-guest coordination evaluation

An alternative means by which the enhancement of fluorescence emis-
sion intensity can be observed is through the coordination of guests
to unsaturated metal sites (UMS) or to linkers in the framework. As
discussed in Section 4.3.1.7, it is suggested that the water molecules
bound to the zinc metal centres in MOF 3’ are not removed during the
implemented activation procedure (Section 4.2.3) and so UMS are un-
likely to be available in this MOF for analyte coordination. However,
to check that there are no coordinative effects between the MOF and
the analyte, X-ray photoelectron spectroscopy (XPS) measurements
were taken on the control and 2,4-DNT exposed MOF 3’ samples dis-
cussed above. The XPS analysis confirmed a high degree of similarity
between the samples and so it could be concluded that the increase in
the emission spectra of the MOF is not as result of analyte-MOF coor-

dination (the results of the XPS analysis can be found in Appendix B).
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4.4 CONCLUSIONS

Metal-organic framework [Zn,L(H,O),-(solvent)],, MOF 3, was syn-
thesised for the purpose of explosives detection.

Single crystal X-ray diffraction confirmed MOF 3 to be isoreticular
to the prototypical MOF HKUST-1 and isostructural to [Cu,L(H,O),-
-(solvent)],, on which the design on the MOF was based. Further to
this, crystallographic data determined that there are two pore envi-
ronments located within this tbo-MOF; the larger of which is able
to theoretically encapsulate large explosive molecules such as Tetryl,
TNT and PETN. This addresses the primary structural objective of
the MOF as outlined in Section 4.1.

A number of characterisation techniques, namely power X-ray diffra-
ction, photoluminescence spectroscopy and BET sorption isotherms,
elucidated as to the flexibility of active metal-organic framework 3’.
Whilst the observed flexibility is not extensive, the second MOF struc-
tural aim was still met.

It was noted that the mild solvent-exchange activation method em-
ployed to yield active flexi-MOF 3’ created some disorder and pore
shrinking in the MOF, although its overall framework structure was
still maintained. However, the original highly ordered and porous
structure of the MOF could be re-obtained upon re-immersion of
the MOF in a MeCN solution. It was also suggested that this acti-
vation method did not remove the zinc-bound water molecules in
the framework, and thus, unsaturated metal sites (UMS) in this MOF
were likely not realised. Additionally, thermogravimetric analysis in-
dicated that the washing procedure may not have been 100% effec-
tive at removing all encapsulated solvent guest molecules from the

as-synthesised structure upon activation.
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The harsher high vacuum heating activation method of 3 to yield
3” where UMS were now proposed to be present in the framework,
created a greater degree of disorder in the MOF structure. This was
evidenced by the loss of crystallinity in the PXRD pattern of the 3”
active material and an underestimation of the H,O BET values. Thus,
a milder method of heating is proposed with aim to induce UMS in
the framework without minimising porosity due to disorder.

Nevertheless, 3” demonstrated very good stability in the presence
of varying degrees of relative humidity and even retained much of
its H,O BET porosity even after exposure to high relative humidi-
ties at high temperatures, to give an overall water stability grading
of 5B for the MOF (as classified by Shimizu et al. [123]). Further, hu-
midity testing suggested that whilst the MOF does sorb water, the
interactions between the water molecules and framework are weak
and it is postulated that it is less hydrophilic than commercially avail-
able MOF HKUST-1. Thus, based on humidity testing coupled with
thermogravimetric analysis it can be argued that MOF [Zn,L(H.O),-
-(solvent)],, is well suited in applications where the environmental
conditions are hot and humid.

Additionally in this chapter, the validity of the most commonly re-
ported solution-phase sensing methodology in MOF-sensor literature
was critiqued. Consequently, new approaches and important consid-
erations were highlighted, which will hopefully be of benefit to the
wider MOF community.

The sensing of explosive substances and related analytes in the so-
lution phase using MOF 3’ saw the effective detection of Tetryl, TNT,
2,4-DNT and PETN down to less than 4 ppm based on fluorescence
quenching. In addition, there was some evidence of RDX detection
using this MOF also. MOF 3" showed pronounced selectivity towards

Tetryl, this was rationalised based on the formation of exciplexes be-
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tween the analyte and the MOF, as well as potentially the presence
of both PIET and FRET mechanisms causing the attenuation of the
MOF in the presence of Tetryl. It was also suggested that two distinct
quenching processes (static and collisional) were causing the quench-
ing of the MOF with Tetryl (based on non-linear SV plots with the
MOF and this analyte); however lifetime measurements were incon-
clusive and so this could not be confirmed. The other analytes were
observed to quench 3’ through one process, and quenching was at-
tributed to only the PIET mechanism. The order in which these an-
alytes quenched the MOF generally followed that predicted using
computational simulations, other than TNT, which gave underesti-
mated quenching of the MOF. The reasons for this are not under-
stood but may be a result of its poor encapsulation into the MOF
pores, thus, inhibiting interactions between the MOF and this analyte.
The quenching efficiencies of the MOF by the analytes as calculated
using Stern-Volmer analysis confirmed 3’ to be as efficient at being
quenched in the presence of nitroaromatic compounds as amplified
fluorescent conjugate polymers, as well as other MOF sensors. MOF
3’ was also confirmed (using PXRD analysis) to retain its structure
during solution-phase sensing.

The vapour-phase detection of the explosive related analyte 2,4-
DNT with MOF 3" yielded interesting results. The increase in the
fluorescence emission intensity of the MOF in the presence of this
analyte (as well as molecules present in atmospheric air such as water)
was attributed to the adsorbed molecules (most likely in the pores of
the MOF) rigidifying the flexible MOF structure and inhibiting linker
motions.

In conclusion, the results in this chapter suggest that MOF 3’ is
a good sensor for the detection of explosives in the solution-phase.

Whilst the MOF shows some selectivity towards Tetryl, there is not
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much discrimination between the sensing of the other explosives and
related analytes tested. Thus, whilst it could potentially be useful as
a rapid, cheap, initial diagnostic as to the potential presence of ex-
plosives, it would struggle to determine which explosive was present.
This is typical of most reported MOF explosives sensors. Thus, in
order to induce discrimination into solution-phase MOEF-explosives
sensing systems, MOF 3" was combined with two other reported
MOF sensors to form a sensory array, which will be presented and
discussed in the following chapter (Chapter 5).

Additionally, whilst 3" was shown to be a poor vapour-phase sen-
sor of 2,4-DNT, there is evidence to suggest that this analyte is being
encapsulated into the pores of the framework, potentially even with
some selectivity, therefore it could be hypothesised that MOF 3’ is an
effective sorbent material. Even with the underestimated porosity of
around 380 m* g~* as calculated by H,O BET, MOF 3’ has greater
porosity than some commercially available sorbents, such as Tenax
TA, which has a surface area of 35 m? g~*. Taking this into consider-
ation, MOF 3’ was tested for its ability to act as a preconcentrator of

explosive vapours, which will be discussed in Chapter 6.
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A MOF SENSOR ARRAY FOR SOLUTION-PHASE
EXPLOSIVES DETECTION

5.1 INTRODUCTION

In Chapter 4 it was demonstrated that metal-organic framework [Zn,L-
(H,O),-(solvent), ], MOF 3, (where L = 5,5",5”,5""-[1,2,4,5-benzenetetra-
yltetrakis(methyleneoxy)tetra-1, 3-benzenedicarboxylate) in its active
form (MOF 3’) was an effective solution-phase sensor of Tetryl, TNT,
PETN, 2,4-DNT and arguably RDX, based on the fluorescence quench-
ing of the MOF upon exposure to these analytes. It was found that
whilst MOF 3" was able to demonstrate some degree of semi-selectivity
between these analytes when they were added individually to the
MOF in the same concentrations (as evidenced by Figure 4.32), the
addition of these analytes in different concentrations would likely
hamper any of the sensor’s inherent selectivity. This is due to the an-
alytes having similar chemical nature and quenching responses. For
example, when TNT and Tetryl are added to MOF 3" samples in the
same concentration (62.5 uM addition), Tetryl quenches the MOF by
60%, where as the MOF is quenched by 32% in the presence of TNT.
Therefore, at this concentration, if the two explosives were added to
different MOF 3" samples as "'unknowns’ they are likely to be able
to be discriminated, based on the MOFs higher selectivity towards
Tetryl. However, Figure 4.32 shows that a 38.5 uM addition of TNT
to MOF 3" gave, on average, a 21% quench of the system and a 19.6

uM addition of Tetryl; yielded a 20% quench of 3". Illustrating the im-
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portance of concentration on variable photo-luminescence quenching.
In addition, some analytes such as 2,4-DNT and PETN yielded very
similar quenching responses when added in the same concentrations;
thus no discrimination through the analysis of the quenching percent-
ages would be possible between these two analytes regardless of the
concentrations added. As such, in the sensing system discussed in
Chapter 4, MOF 3’ is able to detect but not identify explosives.

Previous research by Li et al. (Section 2.6.4.1) sought to discriminate
between the compounds introduced to a flexible MOF ([Zn,(ndc).(bp-
ee)-2.25DMF-0.5H,0]) by monitoring both the changes in fluorescence
intensity and emission wavelength (spectral) shift of the MOF upon
exposure to saturated vapours of some explosives related analytes
[133] (as demonstrated by Figure 2.18 and discussed in Section 2.6.4.1),
to create ‘fingerprints’ of the analytes on a two-dimensional Cartesian
map. Although this work effectively demonstrated how using both of
these variables in signal transduction can increase the discrimination
of analytes using a single MOF system, some analytes still yielded
similar responses of the MOF despite being chemically different and
having different concentrations. Therefore, the effective discrimina-
tion of analytes is still not possible using this 2D-map method and a
single MOF sensing system.

A potentially more effective way to introduce discrimination and
thus identification of explosive compounds and related analytes us-
ing MOFs as sensors is to incorporate them into a sensing array [128],

as explored in this chapter.
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5.1.1 Basics of array-based sensing

The array-based sensing approach is illustrated by the schematic in

Figure 5.1 [58, 59].

® o
CEKK-® 00 oo
TNT
ELCE °°

Contaminated Sensory Response Pattern Algorithm
Gas or Liquid Array Pattern Recognition output
Algorithm

Figure 5.1: General overview of the array-based sensing process. Adapted from [58]
with permission from The Royal Society of Chemistry.

In array-based sensing, also known as differential sensing, a known
analyte of interest is exposed (through either the vapour or solution-
phase) to a collection of semi-selective receptors, that each interact
with the analyte in a slightly different way to the other components of
the array. This generates a unique collective response pattern for this
particular analyte, as well as each known analyte that is introduced to
the array. The response patterns of known analytes are subsequently
processed and interpreted using pattern recognition algorithms that
model the data to generate ‘fingerprints” for each analyte that the
array is exposed to. These fingerprints are then catalogued for the
array to be ‘trained-on’. Upon the introduction of an unknown ana-
lyte to the array, the cross-reactive sensors again interact differentially
to generate a pattern, which is analysed to record the fingerprint for
the unknown analyte. This fingerprint is then compared to that of
known fingerprints already established for the array, and the "most
likely" matching of the fingerprint is then expressed (with some level
of confidence) taking into account statistical variation. Therefore, in-

stead of identifying a specific analyte by its affinity for one particular
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receptor, it is the combined response that is measured and evaluated
for specific patterns [58, 60, 63, 205-207]. As such, an important ad-
vantage of this approach is that to identify a molecule, the system is
limited by the number of different patterns possible, rather than the
number of different receptors. This differential sensing approach is
modelled on mammalian olfaction and gustation, and is the reason
why such array based systems are often termed as ‘chemical noses’ or
‘electronic noses’ (or tongues) [58-60, 208]. It is important to note that
the differential sensing approach is not just limited to single-analyte
sensing; complex mixtures of analytes may also be identified based
on their unique fingerprint generated upon their interactions with the
array. In addition, arrays can allow for the identification of new mate-
rials, even those that are not fully characterised [58]. Both of these are
very important considerations for explosives detection owing to the
constantly evolving explosives threat and the complexity of detection
environments (Section 2.3.2).

Arrays can be generated through the use of many different sig-
nal transducers (sensing materials) [59, 60], and can be analysed us-
ing a number of different machine learning tools [63, 205, 207]. The
sensing materials typically fall within three broad categories; electri-
cal (e.g. metal oxide semiconductors [209], carbon nanotubes [210],
conductive polymers [211]), gravimetric (e.g. quartz crystal microbal-
ance [212], surface acoustic wave [213], microcantilever sensors [214])
and optical (e.g. colourimetric and fluorescent [58, 215]) sensors. The
most commonly encountered pattern recognition methods for the
multivariate analysis of the array data include (but are not limited
to): principle component analysis (PCA), linear discrimination anal-
ysis (LDA), hiereachical clustering analysis (HCA), artificial neural
networks (ANNs) and support vector machines (SVM) [58, 63, 205,

207]. The main differences in each of these methods are how they
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process the sensing data (reduce the dimensionality of the data) to
extract the key features that generate the ’fingerprints” of the known
and unknown analytes to allow for their reliable classification, and
how they compute the similarities/differences between ‘fingerprints’
[58, 205, 207]. In addition, pattern recognition techniques can be cat-
egorised into those that use supervised and unsupervised learning al-
gorithms [59]. For algorithms that use supervised learning, during the
model ‘training stage’, a known set of inputs (analytes) are used to
develop a database of descriptors that define the possible output clas-
sifications of the sensing system. For example, the identity of an an-
alyte for a particular response pattern is given to the training set so
that it knows the exact descriptors that classify that particular ana-
lyte. Therefore during identification, an unknown response pattern is
analysed and the descriptors identified are compared with those pre-
viously learned. As such, the algorithm output is a classification of
the similarity of the response to what the algorithm was previously
trained on. Examples of such methods include LDA and SVM [59].
For unsupervised learning methods, no prior information on how the
data should be classified is given to the model. During the training
stage, the algorithm itself identifies the classes that define the input
and there are no predefined output classes. These methods detect
similarities in the response data and typically explore the clustering
of data based on class as well as the dispersion of data. Examples of

these methods include HCA and PCA [59, 205].

5.1.2  Previous research on array-based sensing for explosives detection

Array-based sensing is not a new concept to the explosives detec-
tion field, with the effective detection and identification of explosives

using arrays having been demonstrated by various groups, using
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several array sensor types. Most typically, electrochemical [209, 216],
colourimetric [63, 217, 218] and fluorescence-based [58, 219—223] sen-
sor arrays have been reported.

To date, there have been no reports on the use of metal-organic
frameworks in a sensor array for explosives detection. In addition,
only two reports exist on the use of MOFs in sensor arrays for other
applications. Research by Dinca et al. demonstrated the effective de-
tection and identification of volatile organic compounds (VOCs) us-
ing an array of chemiresistive MOFs [224], and Wilmer et al. reported
the computational screening of different MOF arrays (based on gas
adsorption predictions) with the aim to identify which array combi-
nations were most effective for the sensing of various gases (e.g. CO,,
N,, C,Hg) [225]. Therefore, the work presented in this chapter, which
investigates whether a MOF sensor array can be used for the detec-
tion and identification of explosives, is the pioneering work in this
field. It should be noted that this research is a proof-of-concept ex-
periment that seeks to evaluate the added value that the application
of the array-based sensing technique can bring to the field of explo-
sives sensing using MOFs. It does not seek to build the most robust

or exhaustive MOF array.

5.1.3 Experimental design

A metal-organic framework array composed of three different MOFs
was constructed in order to investigate whether MOFs can be used to
form effective arrays for the fluorescence-based detection and identi-
fication of explosives. The array-MOFs were individually exposed to
Tetryl, TNT, RDX, PETN and 2,4-DNT through the use of solution-
phase titrations (with analyte concentrations ranging from 6.6 uM to

62.5 uM, ~ 1 - 20 ppm), and the fluorescence quenching responses
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of the MOFs were monitored and used to yield the response-pattern
of the array. The response pattern was subsequently analysed using
LDA for the classification of the explosives. This experiment design is
illustrated in Figure 5.2 and the rational choice behind each of these

elements of the array is discussed below.

Solution-phase MOF array Response pattern LDA Analyte classification

titration

E

1 4

Analyte 1

Discriminant Score 2 - 15 %

Q — . Analyte is TNT

Discriminant Score 1 - 80 %

nnnnnn

sHsHsHsHsHsHs
sHsHsHsHsske
sHeHsHss e
LR B8 3-8 5-% 38 3-8
sHsHsHesHssks

Figure 5.2: Metal-organic framework array experimental design. In essence, the three
array-MOFs were exposed to analytes using solution-phase titrations. The
fluorescence quenching responses of the MOFs in the presence of the
analytes were used as the array response pattern, which was analysed
using LDA to give the analyte classifications.

5.1.3.1 Rational choice of MOF sensor components

When constructing sensing arrays, the individual sensor elements
need not be highly selective towards a given analyte but should re-
spond to a number of analytes with the greatest chemical diversity
as possible, so that the array responds to the largest possible cross-
section of compounds [60]. MOFs have been reported in the literature
to be semi-selective sensors towards a number of analytes including
explosives, and they often demonstrate some degree of selectivity as
a result of their different framework topologies causing varied host-
guest interactions [67, 132, 164] (demonstrated also in Chapter 3). The
three MOFs chosen for this array were done so on this basis, and they

were:
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e Array MOF 1 (AMz1) - Zn,L(H,0),-(solvent),] (MOF 3 from

177

Chapter 4), where L = 5,5",5”,5”"-[1,2,4,5-benzenetetrayltetrakis-

(methyleneoxy)tetra-1, 3-benzenedicarboxylate.

¢ Array MOF 2 (AM2) - [Zn,(oba),(bpy)-DMA], where H,oba =
4,4’-oxybis(benzoate); bpy = 4,4"-bipyridine and DMA = N, N

dimethylacetamide. [127].

¢ Array MOF 3 (AM3) - [Eu(BTC)(H,0O)-1.5H,0], where BTC is

benzene-1,3,5-tricarboxylate.

Each of these MOFs have different framework topologies and demon-
strate different fluorescence emission spectrum maxima when excited
at appropriate wavelengths. The three-dimensional structures of the
MOFs (without guest solvent molecules, as the MOFs were used in

their ‘active-form” for sensing, Section 2.6.1.3) can be seen in Fig-

ure 5.3.
AM3
ﬁ’ Wt t?‘
2l 5% 30 3 3
MOF empirical formula [Zn4L(H2 )al [Zn,(oba),(bpy)] [Eu(BTC)(H,0)]
(no solvent):
Pore diameter: 15.6 x 15.1A ~58x83A ~6.6x6.6A
Fluorescence emission Aem = 348 nm hem = 473 NM hem = 589, 615, 698 nm
wavelength:

Figure 5.3: Three-dimensional representations of the crystal structures of the three
MOFs used in the MOF sensing array in their active form (without guest
solvents). Carbon atoms are coloured grey, oxygen = red, nitrogen = blue,
zinc = purple and europium = orange. The minimum pore dimensions
and the fluorescence emission wavelengths of the MOFs are also given
in the figure. The crystal structure, pore sizes and fluorescence emission
wavelengths of AM1 were obtained as discussed in Chapter 4, and those
of the other two MOFs are as reported in literature [127, 226].
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MOF [Zn,L(H,0),-(solvent),]

The first MOF used in the construction of the array (AM1), is metal-
organic framework [Zn,L(H,O),-(solvent), ] (MOF 3) as characterised
and discussed in Chapter 4. This MOF was chosen by virtue of its
large pores (minimum pore diameter of 15.6 x 15.1 A and a solvent
accessible volume of 69%) that allow it to effectively interact with and
thus detect the above-mentioned explosives and related compounds

(including arguably RDX), as demonstrated in Figure 4.32.

MOF [Zn,(oba),(bpy)-DMA]

MOF [Zn,(oba),(bpy)-DMA] (AM2) was previously reported by Li et
al. (and is discussed in Section 2.6.4.1) [127]. This MOF is constructed
from Zn,(oba), paddle-wheel SBUs, each of which are linked by an
oba ligand to form a distorted 4 4 two-dimensional network. Two of
these nets are observed to interpenetrate, forming a layered structure.
The bpy linkers connect the paddle wheel units from two adjacent
layers to form the overall 3D MOF. This MOF is noted to be porous
with one-dimensional pores of ~ 5.8 A x 8.3 A running through the
MOF. The calculated solvent accessible volume for the MOF was 25%.
Previous sensing experiments observed [Zn,(oba),(bpy)] to be highly
fluorescent and effective at detecting explosives-related nitroaromatic
compounds (e.g. nitrobenzene, para-nitrotoluene, para-nitrobenzene
and 2,4-dinitrotoluene) in the vapour phase. The MOF showed pref-
erential quenching in the presence of smaller nitroaromatics such
as NB and demonstrated weak responses towards 2,4-DNT. In ad-
dition, the MOF demonstrated selectivity towards nitroaromatic com-
pounds over interferents such as toluene, benzene and chlorobenzene;
which were observed to increase the fluorescence of the MOF [127].
This MOF was chosen due to its reported lack of selectivity towards

2,4-DNT which was hypothesised would yield a different sensing re-
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sponse towards this analyte (as well as potentially the other larger
explosives tested too) in comparison to AM1, thus, potentially aiding

the discrimination of the array.

MOF [Eu(BTC)(H,0)-1.5H,0]

[Eu(BTC)(H,0O)-1.5H,0] (AM3) is also a previously reported MOF
[226]. In this MOF, europium atoms are bridged by BTC linkers to
form a ‘three-dimensional rod packing structure” as described by
Chen et al. Each europium metal is coordinated to six oxygen atoms
from the BTC linkers and one oxygen from Eu-bound water molecules.
The one-dimensional pores within this structure are reported to be of
~6.6 A x6.6 A dimension. This MOF demonstrates strong lanthanide
fluorescence emissions at 589, 615 and 700 nm (when excited at an
appropriate wavelength) which are attributed to the D, — 7F,, °D,
— 7F, and °D, — 7F, transitions respectively. Chen et al. reported
this MOF to be highly fluorescent (in MeCN) and effective at detect-
ing small molecules such as acetone; attributed to the open metal
sites present within the active MOF [226]. This MOF was chosen
as a component in the MOF sensor array owing to its stability in
MeCN (the solvent used for the sensing procedures), as well as due
to its strong lanthanide-based fluorescence emissions. As discussed
in Section 2.6.4.3, the fluorescence quenching of MOFs containing lan-
thanides can potentially occur as a result of both the photo-induced
electron transfer mechanism and the antennae screening effect. This
is where the sensitization of the lanthanides by the organic antennae
ligands is prevented due to the competition for light absorption be-
tween the analytes and the ligands. Thus, causing a quench of the
lanthanide MOF emissions [160]. Therefore, AM3 is a versitile MOF

to introduce into the array.
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5.2 EXPERIMENTAL
5.2.1 Synthesis and activation of array metal-organic frameworks

5.2.1.1 [Zn,L(H,0),-(solvent),] (AM1)

MOF [Zn,L(H,O),-(solvent),] (MOF 3, AM1) where L = 5,5",5”,5”'-
[1,2,4,5-benzenetetrayltetrakis(methyleneoxy)tetra-1, 3-benzenedicarb-
oxylate, was synthesised and activated (to afford MOF AM1’, 3/, [Zn,L-
(H,0),]) using the same procedures as described in Section 4.2.2 and

Section 4.2.3.

5.2.1.2 [Zn,(oba),(bpy)-DMA] (AM2)

Metal-organic framework [Zn,(oba),(bpy)-DMA] (AMz2), where H,oba
= 4,4’-oxybis(benzoate); bpy = 4,4 -bipyridine and DMA = N,N di-
methylacetamide, was synthesised following a solvothermal method
previously reported by Li et al. [127], the reaction scheme of which is

shown in Figure 5.4.

HooC COOH = 48 hours AM2

Figure 5.4: Reaction scheme detailing the synthesis of [Zn,(oba).(bpy)-DMA] (AM2).

Zinc nitrate hexahydrate (Zn(NO;),-6H,O, 0.5 mmol, 149.1 mg)
was combined with 4,4’-oxybis(benzoicacid) (H,oba, 0.5 mmol, 129.5
mg) and 4,4 -bipyridine (bpy, 0.5 mmol, 74.5 mg) in 10 mL of N,N
-dimethylacetamide (DMA) in a glass vial. The reaction mixture was
stirred until all of the contents had dissolved and the solution became
clear. The vial was then sealed and placed in an oven set to 100°C for
48 hours. This yielded orange coloured crystals of the MOF.

In order to activate this MOF, to afford AMz2’, a solvent-exchange

procedure was implemented whereby the crystals were submerged
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in an acetonitrile (MeCN) solution for three days, after which, the
crystals were left to dry under dynamic vacuum. The dried crystals

were then placed in an oven at 120 °C for 1 hour.

5.2.1.3 Eu(BTC)(H,0)-1.5H,0 (AM3

MOF Eu(BTC)(H,0)-1.5H,O (AM3), where BTC is benzene-1,3,5-tri-
carboxylate, was synthesised according to the method reported by
Chen et al. [226], the reaction scheme for the solvothermal synthesis
of this MOF is given in Figure 5.5.

DMF
COOH H,O

Ethanol
EUu(NO3)y6H,0  + —  » [Eu(BTC)(H,0)]:1.5H,0
80°C
HOOC COOH 24 hours AM3

Figure 5.5: Reaction scheme detailing the synthesis of Eu(BTC)(H,0)-1.5H,O (AM3).

Europium nitrate hexahydrate (Eu(NOj;);-6H,O, 0.074 mmol, 33
mg) was added to benzene-1,3,5-tricarboxylic acid (H;BTC, 0.074 mm-
ol, 16 mg) in 3 mL of N-N-Dimethylformamide (DMF), 3 mL of
ethanol and 2 mL of H,O in a glass vial. The contents of the vial
were stirred until the reactants all dissolved. The vial was sealed and
placed in an oven set to 8o °C for 24 hours. This resulted in colourless
needle crystals of the MOEF.

In order to activate this MOF, a solvent-exchange procedure was
implemented, whereby the crystals were submerged in an acetonitrile
(MeCN) solution for three days, after which the crystals were left to
dry under dynamic vacuum at room temperature. The dried crystals

were then placed in an oven at 120 °C for 1 hour, yielding AM3’.
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5.2.2  Solution-phase sensing methodology

Each of the above-mentioned active MOFs were suspended in acetoni-
trile (MeCN) prior to solution-phase sensing experiments. These were
produced (as previously described in Section 4.2.5.1) by adding 6 mg
of finely ground crystals of the chosen MOF to 6 mL of MeCN. Each
of the solutions were then ultrasonicated for three hours to produce
the ultrafine suspensions of the MOFs used in the sensing titrations.
The solution-sensing methodology implemented for the exposure
of each of the MOFs in the array (suspended in MeCN) to the ana-
lytes (Tetryl, TNT, RDX, PETN and 2,4-DNT) was the same as that
described in Section 4.2.5.3. The only deviation from the previously
specified procedure was the wavelength at which AM3” was excited
and its emissions scanned (A¢x = 285 nm and Aemn = 580 - 750 nm).
All sensing titrations were repeated at least three times, for each of

the analytes exposed to each of the MOFs.

5.2.3 Linear discrimination analysis (LDA) on sensing array responses

5.2.3.1 LDA overview

The machine learning technique used for the analysis of the MOF ar-
ray sensor response was linear discrimination analysis (LDA), which
is a classical statistical approach to supervised pattern recognition.
LDA is used for both dimensionality reduction and for data classifi-
cation. The method operates by constructing linear combinations of
data features (e.g. the sensor responses) and serves to separate and
characterise two or more classes of data (e.g. analytes). LDA seeks to
maximise the separation (distance) between classes whilst also min-
imising the intra-class separation, given a set of defined classes [205,

207]. LDA was chosen as it is one of the simplest pattern recognition
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methods to use (therefore the risk of over fitting is minimised), and
it has been frequently demonstrated as a very effective tool for the
classification of specific analytes such as explosives [205, 223, 228].
Generally, there are two stages to producing a predictive array us-
ing LDA; training the model and validating the model (this is true of
all supervised pattern recognition techniques). Initially, a mathemati-
cal model is developed that relates a series of observations or features
in the data, with their defined classification groups. For example, the
model will try to identify certain features in the fluorescence quench-
ing responses (response pattern) of a MOF array upon exposure to
a particular analyte, in order to classify that response pattern to that
specific and known analyte. Such classification models are referred
to as training sets [205]. Once such a model is developed, it is then
tested as to how well it predicts the classification groups from a set
of ‘unknowns’; this is the validation stage of the process. A simple
validation method can be used whereby a set of sensor responses
(termed ‘trials’ or ‘validation test set’) are left out of the initial model
development and are used to probe the effectiveness of the model by
evaluating how well it classifies these trial samples. Alternatively, a
cross-validation approach (also known as the leave-one-out or jack-
knife approach) can be implemented. In this approach a single train-
ing set is used to generate the model, after this, one sample from this
training set is removed and the remaining samples are used to recal-
culate the model. The removed sample is then used to test the model
and the process is repeated until all the samples have been removed
and classified [205]. It is important to note that several samples may
be removed at once in some jackknife cross-validation tests and not
just one. The results of the validation process as well as the results of
the classification without validation of the model (in training stage)

can be represented in a confusion matrix, which projects the number
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of correctly classified samples in each class on the main diagonal and
the misclassified samples on the off-diagonal [205]. This concept is
demonstrated in Table 5.1, which shows the confusion matrix for an
array exposed to ten different samples of each of the analytes a, b and

¢ during a cross-validation process.

Table 5.1: Example confusion matrix for an array exposed to analytes a, b and c.

Analyte a b ¢ %correct

a 10 0 O 100
b o 9 90
C 0o o0 10 100
Total 10 9 11 97

As can be seen in the example confusion matrix, the analyte a and
¢ samples are accurately determined to be the correct analytes (there-
fore accurately classified) by the model 100% of the time. Whereas of
the 10 analyte b samples exposed to array, only 9 of the samples were
accurately classified as being analyte b, and one of the samples was
classified as analyte ¢ when it is infact analyte b; this is called a ‘mis-
classification’. Thus, only a 9o% classification accuracy is established
for this analyte with the array, and the overall array is said to have a
97% accuracy based on all of the analytes tested.

The results of the clustering and classification of the data itself are
most typically represented in a canonical plot, the axes of which are
the highest discriminating canonical factors [205]. An illustrative ex-
ample of a two-dimensional canonical plot for two analytes (1 and
2) can be seen in Figure 5.6. As can be seen, the x-axis in a canoni-
cal plot represents the highest discriminating factor of the data and
the percentage of its contribution to the classification of the analyte is
given in the axis label. The y-axis represents the second highest dis-

criminating factor. The analytes are clustered based on these scores
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which determine their class. These are typically circled to represent

95% confidence intervals of the cluster [215].

Analyte 1

Analyte 2

Discriminant Score 2 — 15 %

Discriminant Score 1 — 80 %

Figure 5.6: Illustrative example of a two-dimensional canonical plot clustering and
classifying analytes 1 and 2. The contribution of each discriminating fac-
tor (discriminant score) to the overall clustering and classification of the
analytes are given in the axis labels. The circle around the cluster repre-
sents the 95% confidence intervals of the data. Adapted from [215] with
permission from The Royal Society of Chemistry.

5.2.3.2 LDA method developement for the analyis of the MOF sensing

array

The classification of the array responses using LDA was performed
in collaboration with Dr. William Peveler, Department of Chemistry,
University College London.

Initially, the raw data from the fluorescence sensing experiments
were manually processed to generate quenching percentages (QPs,
using Equation 2.14) and ITO values (where I is the fluorescence emis-
sion of the MOF in the absence of the quencher and I is the fluores-
cence intensity of the MOF in the presence of the quencher) for each
MOF in the presence of each analyte (at each concentration of analyte
added and for each repeat experiment). As these values included the
contributions of the MeCN dilution components (Section 4.3.2.2), ‘QP
- blank” and ‘ITO - blank” were also calculated. These were obtained

by the subtraction of the average (of 5 experiments) MeCN dilution
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contributions (termed as ‘blanks’) for each MOF at each incremen-
tal volumetric addition, from the responses obtained where explosive
analytes were present”.

Using SYSTAT (a statistical software package) LDA on the array
response data in each of these four forms (QPs, ITO, QP-blank andITO -
blank) at the highest analyte concentration of 62.5 uM was performed.
From this initial evaluation, it was observed that the fluorescence
sensing data expressed as ‘QP-blank’ yielded the most discrimination.
In addition, this sensing response format is beneficial as it factors in
the effects of dilution on the system. Therefore, the array response
data was used in ‘QP-blank’ form for all subsequent LDA.

The LDA on the array sensing data set in QP-blank format was ini-
tially explored by running the analysis for each individual explosive
concentration, e.g. running an LDA on the array response to a 62 uM
addition of TNT. Whilst this yielded 100% classification for each con-
centration down to 38.5 uM, there were only three data points per
explosive at each concentration to run the LDA on, which very much
limits the power of the model and increases the risk of misclassifying
unknowns. In addition, running LDA at specific concentrations does
not resolve the issue of discriminating between unknown analytes
at varying concentrations (as discussed in Section 5.1). Therefore, to
test the discriminative identification potential of the array, LDA was
run on grouped concentration data. For instance, 62.5 uM + 56.6 uM
data (yielding six data points per explosive), 62.5 uM + 56.6 pM +
50.6 UM (nine data points per explosive) and so on, the classification
rates and details of misclassified points were reported for each analy-
sis. All LDAs were performed using SYSTAT, which was also used to
run cross-validation (jackknife) analyses to test the model. For each
LDA run; a set of four canonical factors were generated and the first

two were used to generate the two-dimensional canonical plots, the

* The raw data spreadsheet file can be found in Appendix C.
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axes of which were labelled with the percentage contribution of each
linear contribution to the discrimination. The ellipses marked in the
canonical plots were included to show one standard deviation of the
mean of the cluster. It is important to note that all three of the wave-
lengths of AM3’ were used in the sensor array responses that were
analysed using LDA, as they each contributed meaningfully to the

discrimination of the analytes.

5.3 RESULTS AND DISCUSSION

5.3.1 MOF structure confirmation

Powder X-ray diffraction (PXRD) was used to confirm the structures
of the three MOFs used in the sensing array; [Zn,L(H,0),-(solvent)],
(AM1), [Zn,(oba),(bpy)-DMA] (AM2), and [Eu(BTC)(H,O)-1.5H,0]
(AM3), which were synthesised and activated as described in Sec-
tion 5.2.1. The PXRD patterns obtained from the synthesised crystals
were compared with the simulated patterns for the MOFs as obtained
from single crystal X-ray diffraction’. By virtue of the matching of
diffraction peaks between the simulated and as-synthesised PXRD
patterns for all three of the metal-organic frameworks (Figure 5.7), it
was concluded that the synthesised MOFs were of the expected topol-
ogy. The active frameworks (AM1’, AM2’ and AM3’) were also in ac-
cordance with the previously reported MOF structures [127][226]. To
test the stability of the three MOFs in acetonitrile (the solvent medium
used for sensing experiments) the crystals of the activated MOFs were

immersed in MeCN for 24 hours, after which they were filtered and

For MOFs [Zn,(oba),(bpy)-DMA] (AM2) and [Eu(BTC)(H,0O)-1.5H,0] (AM3) the
simulated PXRD patterns were generated from the MOF crystallographic informa-
tion files (CIF) obtained from the Cambridge Crystallographic Data Centre (CCDC).
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analysed using PXRD. As shown in Figure 5.7, all three of the MOFs

maintain their structural integrity when immersed in MeCN.

AM3' after MeCN

AM3 as-synthesised

3 AMS3 simulated
< 7

> / AM2' after MeCN
oy B

I

< J AM2 as-synthesised
2o

£ AM2 simulated

1 . AM1' after MeCN
:JW_NW AM1 as-synthesised
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Figure 5.7: Powder X-ray diffraction patterns of the simulated (as obtained
from single crystal x-ray diffraction data) and as-sythesised MOFs
[Zn,L(H,0),-(solvent)], (AM1), [Zn,(oba),(bpy)-DMA] (AM2), and
[Eu(BTC)(H,0)-1.5H,0] (AM3). As well as the PXRD patterns of the ac-
tive MOFs AM1’, AM2’ and AM3’ after immersion in acetonitrile (MeCN)
for 24 hours. The peak splitting observed for AMz1-as synthesised in this
case is believed to an artefact of the PXRD measurement as opposed to a
different synthesised phase.

5.3.2  Fluorescence sensing results

Each of the array MOFs demonstrated strong fluorescence emissions
while suspended in MeCN (the MOF sensing suspensions were pro-
duced as described in Section 5.2.2). MOFs AM1” and AM2" demon-
strated fluorescence emission maxima at 348 nm and 470 nm when
excited at 315 nm respectively. The fluorescence emission of AM2’
was observed to be slightly red-shifted from that reported by Li et

al. (420 nm) [127]. This could be as a result of a different wavelength

of excitation used in these experiments compared to previous (315 vs.
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280 nm respectively), or due to the previous emission of AM2" having
been recorded on a solid sample of the MOF and not a suspension (or
a combination of these two factors). Upon excitation of AM3” at 285
nm three different fluorescence emissions of the MOF were observed,;
at 589, 615 and 700 nm, and coincide with the fluorescence emissions
previously reported for this MOF in acetonitre by Chen et al. [226].
Through the implementation of a vortexing step (as described and
discussed in Section 4.3.2.2); stable baseline measurements of these
MOFs in suspension were obtained prior to sensing experiments, ex-
ample graphs of which can be found in Appendix C.

Each of the array MOF sensors were titrated against the explosives:
Tetryl, TNT, RDX, PETN and the TNT derivative 2,4-DNT, according
to the sensing procedure previously outlined in Section 4.2.5.3. The
results of these sensing titrations can be seen in the Stern-Volmer

plots (ITO v [Q]) in Figure 5.8.



5.3 RESULTS AND DISCUSSION
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Figure 5.8: The sensing responses of the array MOFs AM1’, AM2’ and AM3’ ([Zn,L-
(H20),], [Zn,(oba).(bpy)] and [Eu(BTC)(H,O)] respectively) upon expo-

sure to Tetryl, TNT, RDX, PETN, and 2,4-DNT, given as Stern-Volmer
quenching plots. In these plots, the straight line fit is also shown.

The responses from the different MOFs in the array appear var-
ied for the different analytes. For example, all three MOFs demon-
strate the greatest quenching responses in the presence of Tetryl and
seemingly the weakest (if any) responses upon the addition of RDX.
However, based on visual observations alone, the sensing responses
of the three MOFs towards the same analytes appear very similar,
thus, demonstrating the need to use machine learning approaches for
pattern recognition.

The sensing responses were also represented as quenching per-
centages (QP, as calculated by Equation 2.14), these showed similar
responses to the SV plots and again any distinct patterns between
the sensors were impossible to visually identify. Nevertheless, whilst

these two commonly used formats for the presenting of MOF sens-
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ing data are effective for response visualisation, they do not take into
consideration the effects of solvent dilution.

As discussed in Figure 4.3.2.2, the addition of MeCN solvent (in
which the MOFs are suspended and the explosives diluted) causes a
quench of the MOF system owing to the solvent diluting the MOF sus-
pension. Therefore, the dilution factor should be taken into account
when trying to identify the true response of the MOFs in the pres-
ence of target analytes, as what might seem like a sensor response;
could simply be an artifact of dilution. For example, from the data
presented in Figure 5.8, it is unclear whether the weak responses of
the MOFs in the presence of RDX are real (but poor) responses of
the MOFs, or whether they are due to dilution effects. Therefore, the
array sensing responses were also computed as ’ITO - blank” and ‘QP-
blank’, whereby the dilution components (‘blanks’) were subtracted
from the MOF responses in the presence of the explosive analytes (as

described in Section 5.2.3.2).

5.3.3 Results of linear discrimination analysis (LDA)

As discussed in Section 5.2.3.2, during preliminary LDA testing, it
was observed that the array sensing responses expressed in the ‘QP-
blank” format (as shown in Figure 5.9) gave the greatest discrimina-
tion of analytes whilst also accounting for dilution. Therefore, the
sensing data presented in this form was used as the array response

pattern for all subsequent LDA.
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Figure 5.9: MOF array response pattern obtained for the MOFs AM1, AM2 and AM3
([Zn,L(H,0),], [Zn;(oba).(bpy)] and [Eu(BTC)(H,O)] respectively) upon
exposure to Tetryl, TNT, RDX, PETN, and 2,4-DNT, presented in quench
percentage - solvent contribution ('QP - blank’) format, used for LDA.

In order to allow for the identification of the above mentioned ex-
plosives (and related compounds) at different concentrations using
this proposed MOF array; the responses of the array at the different
analyte concentrations were grouped together and linear discrimina-
tion analysis was performed on the response pattern generated for
these ranges of concentrations (as discussed in Section 5.2.3.2).

An iterative process was implemented to evaluate the lowest con-
centration level that could be included in the LDA whilst still main-
taining good classification rates and examining which data points
misclassify. It was hypothesised that the low concentration samples
would misclassify first as they would ‘look most similar” to the array.

Initially, LDA was performed on the array response to the concen-
tration range 62.5 uM - 38.5 pM. The canonical plot, classification ma-
trix and the jackknifed classification matrix are given in Figure 5.10,

Table 5.2 and Table 5.3 respectively.
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Figure 5.10: A canonical plot showing the classification results of the LDA on the
MOF array sensing responses to the explosive (and related) analytes in
the 62.5 uM - 38.5 uM concentration range. Accurately classified points
are denoted by hollow circles and misclassified points are represented
by coloured circles. The ellipses marked on the plot show one standard
deviation of the cluster mean.
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Table 5.2: LDA classification matrix for the MOF array upon addition of the explosive
(and related) analytes in the 62.5 uM - 38.5 uM concentration range.

Analyte 2,4-DNT PETN RDX TNT Tetryl %correct

2,4-DNT 15 0 0 100
PETN 0 15 o} 100
RDX 0 0 15 0 100
TNT 1 0 0 14 0 93
Tetryl 0 0 0 0 15 100
Total 16 15 15 14 15 99

Table 5.3: LDA cross-validation (jackknifed) classification matrix for the MOF array
upon the addition of the analytes in the 62.5 uM - 38.5 uM range.

Analyte 2,4-DNT PETN RDX TNT Tetryl %correct

2,4-DNT 14 0 o} 93
PETN 0 15 0 0 o} 100
RDX 0 1 14 0 93
TNT 3 0 0 12 0 8o
Tetryl 0 0 0 0 15 100
Total 17 16 14 13 15 93

The results of the LDA on the pattern response yielded by the
MOF array upon exposure to the explosives (and related) analytes
in the 62.5 pM - 38.5 UM concentration range, show that the array
gives a 99% classification accuracy. This means that 99% of the time,
this MOF-based sensor array (with LDA) could accurately identify
the explosive (or related) analyte to which it was exposed. The one
misclassification observed was a TNT analyte being misclassified as
2,4-DNT. Interestingly, this misclassified TNT sample was of the high-
est concentration (62.5 uM).

Table 5.3 shows the jackknifed classification (the procedure of which
is described in Section 5.2.3.2) for this same concentration range of
analytes exposed to the array. As can be seen, the jackknife classifi-
cation process gave a 93% classification. The three misclassifications
arose from two TNT analytes being misclassified as 2,4-DNT and one

PETN was mistaken for an RDX.
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For the concentration range of 62.5 uM - 32.3 uM, LDA yielded a
96% classification accuracy with two TNT analyes being misclassified
as 2,4-DNT, and one vice versa. In addition, one RDX was misclassi-
fied as PETN. The jackknifed classification gave a 93% classification
accuracy with the same aforementioned misclassifications, as well as
one more TNT and 2,4-DNT each being misclassified as each othert.

The canonical plot yielded from the LDA analysis of the MOF ar-
ray response pattern obtained from the addition of the analytes in
the 62.5 uM - 26.0 uM concentration range is given in Figure 5.11.
The array was able to classify analytes with a 94% accuracy for this
concentration range (as evidenced in Table 5.4). However, the jack-
knifed classification accuracy dropped to 89% (Table 5.5), indicating
an increase in the variance of the responses given by each of the lower

concentration samples.
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Figure 5.11: Canonical plot showing the classification results of the LDA on the MOF
array sensing responses to the tested analytes in the 62.5 uM - 26.0 uM
range. Accurately classified points are denoted by hollow circles; mis-
classified points are represented by coloured circles. The ellipses show
one standard deviation of the cluster mean.

1 The canonical plot, classification matrix and the jackknifed classification matrix can

be found in Appendix C.
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Table 5.4: LDA classification matrix for the MOF array upon addition of the explo-
sives and related analytes in the 62.5 uM - 26.0 uM concentration range.

Analyte 2,4-DNT PETN RDX TNT Tetryl %correct

2,4-DNT 19 0 0 90
PETN 0 21 0 0 o} 100
RDX 0 1 20 0 95
TNT 2 o] 0 19 o] 90
Tetryl 1 0 0 0 20 95
Total 22 22 21 20 21 94

Table 5.5: LDA jackknifed classification matrix for the MOF array upon addition of
the analytes in the 62.5 uM - 26.0 uM range.

Analyte 2,4-DNT PETN RDX TNT Tetryl %correct

2,4-DNT 18 0 0 86
PETN 0 21 0 0 o} 100
RDX 0 2 19 0 90
TNT 6 0 0 15 0 71
Tetryl 1 o o 0 20 95
Total 25 23 20 17 20 89

The results of LDA on the array response to the addition of the ana-
lytes in the 62.5 uM - 19.6 uM concentration range gave an 84% LDA
classification and the jackknife classification accuracy was observed
to be 82%, with the canonical plot showing a greater extent of spread
in the data (as evidenced in Appendix C). As a result, the concentra-
tion levels below this were not investigated further owing to the array
becoming less predictive in nature and thus, less useful for the detec-
tion and identification of the explosives. It should be noted however,
that using the full data set down to the lowest concentration (6.6 HM)
yielded an accuracy of 78% which is still a potentially useful amount
of discrimination at this low concentration.

The results of the linear discrimination analyses on the MOF array
responses to the different grouped analyte concentration ranges sug-
gest that this MOF-array is able to differentiate between most samples

at a potentially acceptable accuracy (> 80%) for both the array with-
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out validation and with jackknife validation above 20 uM at a range
of concentrations. Interestingly, it is also important to note that the ar-
ray is able to detect and identify PETN and RDX, often without much
misclassification (especially for concentration ranges of 62.5 uM - 26
uM and higher). This is significant as these analytes are often difficult
to detect and identify using chemical sensors owing to their aliphatic

bulky nature, and weak electron withdrawing ability [229].

5.4 CONCLUSIONS AND FUTURE WORK

The aim of the work presented in this chapter was to investigate
whether metal-organic frameworks could be used in sensor-arrays
for the discriminative identification of explosives and related com-
pounds.

A three-MOF chemical-nose was constructed using one novel MOF
(Zn,L(H,0),-(solvent),, as previously characterised and discussed in
Chapter 4) and two previously reported MOF structures [127, 226].
Each of which was judicially chosen with aim to impart varied re-
sponses to the explosives tested; based on their different topologies.
The MOFs in the array were tested for their fluoresce-based quench-
ing responses towards Tetryl, TNT, RDX, PETN and 2,4-DNT wvia
solution-phase titrations; exposing the MOFs to a concentration range
of 6.6 uM - 62.5 uM of the analytes. The sensing responses of the
MOFs were computed as QP-blank (where QP = quenching percent-
ages, and ‘blank” = the dilution factor correction) and were analysed
using linear discrimination analysis (LDA), chosen by virtue of its
simplicity and effectiveness in the classification of specific analytes.
The LDA analysis was run on grouped responses of the array upon
exposure to different analyte concentrations. This was performed in

order to allow for the array to discriminate not only between ana-
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lytes of the same concentration (when introduced into the array as un-
knowns), but also be able to identify unknown analytes of unknown
concentration (providing that the concentration of the unknown lies
within the range tested). An iterative process was implemented to
evaluate the lowest concentrations feasible for inclusions into the
model that would still yield good classification rates.

It was observed that the LDA on the MOF array sensing responses
to the analytes in the 62.5 uM - 26.0 uM concentration range gave a
94% classification accuracy for the entire array and an 89% accuracy
when the model was cross-validated using a jackknife (leave-one-out)
approach. It was suggested that below an analyte concentration of
20 uM the array became less useful, based on an increasing number
of misclassifications upon the incorporation of the array sensing re-
sponses at lower concentrations. However, a 78% classification was
still possible when the entire concentration range sensing data was
used in the model. These results clearly demonstrate that the discrim-
ination of these tested analytes is possible when they are exposed
to this MOF sensing array. In addition, this MOF array was able to
detect and identify the challenging explosives RDX and PETN. There-
fore, suggesting that constructing chemical-noses could be a useful
strategy for imparting discriminative power into MOF-based sensors.
However, this work is very much in its infancy and should be viewed
as a proof-of-concept experiment; plentiful further work is required
in order to confirm (or deny) the potential of MOF-based arrays for
the discriminative detection of explosives.

One significant issue not addressed by this work is the effects of in-
terferents on MOF-based arrays. Whilst in theory, array-based sensors
operate on the concept on interference, i.e. they work on the basis of
the sensors not being specific towards one compound but responsive

to groups of similar compounds for discriminative detection based
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on pattern identification [60]; the effect of intereference should still be
evaluated for the system. It is hypothesised that compounds such as
nitrobenzene may add confusion to the array if added in large quan-
tities, owing to its similar chemical and electron-poor nature to the
other nitroaromatics tested. However, potentially through training of
the array using such compounds, the effects of misclassification may
be minimised. In addition, nitrobenzene is often associated with the
presence of explosives [230, 231] and so its identification could indi-
cate as to their presence.

In essence the work presented in this chapter is a good starting
point for future work investigating the use of MOFs in sensing-arrays
for explosives detection and identification, some ideas for such future

work will be presented in Chapter 7.



A MOF AS AN EXPLOSIVES VAPOUR
PRE-CONCENTRATOR

6.1 INTRODUCTION

This chapter explores the use of MOF 3, Zn,L(H,O),-(solvent),, (as
synthesised, characterised and discussed in depth in Chapter 4) as a
trace explosive vapour pre-concentrator.

As discussed (Section 2.3.2.2), the effective vapour-phase detection
of trace explosives in real-world scenarios is a challenging task for
any analytical system due to the inherently low vapour pressures of
many explosives; this is particularly true when detecting explosives
in open air environments such as transportation hubs [232]. Whilst
efforts to improve the intrinsic sensitivity of vapour-phase detectors
is very important, a simpler and potentially timelier solution to the
sensitivity challenge is to interface current detectors with sub-systems
for enhanced vapour sampling, such as, pre-concentrators [232].

Vapour-phase pre-concentrators are sorbent materials that effec-
tively behave as chemical sponges. They trap target analytes® from
large volumes of air that are drawn over them, where the analytes
are present in low and potentially undetectable concentrations. The
trapped analytes are then subsequently liberated, generally through
the application of heat, to deliver enriched concentrations in smaller
air volumes to an interfaced detector. This increases the probability of

detection of the target analytes with the concentration-sensitive detec-

It is important to note that target analytes are not just limited to explosives. Pre-
concentrators can be used to trap a wide variety of analytes including volatile or-
ganic compounds [233].
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tors [36][234]. Such detectors could include some of those discussed
in Section 2.4 such as; ion-mobility spectrometers (IMS) or gas chro-
matography - mass spectrometers (GC-MS). This concept of explosive

vapour pre-concentrators is illustrated in Figure 6.1.

Pre-concentrator

Detector

e

Explosive vapours Application
of heat

Figure 6.1: Schematic detailing the principles of explosive vapour pre-concentration.

An ideal pre-concentrator sorbent should:

e Have the ability to effectively sorb (adsorb or absorb) target
analytes with some degree of selectivity. For example, an ex-
plosive vapour pre-concentrator should only capture explosive
compounds of interest and not interfering analytes present with-

in the detection environment, such as water molecules (humid-

ity) [235].

* Be able to retain the captured analytes until they are required
to be injected or transferred (using a controlled release mecha-
nism) into the chosen detector [236]. Sorbent materials that are
able to hold on to captured analytes until they are required to be
released (typically through the application of heat) are termed

"low bleeding’ materials.

* Effectively liberate trapped analytes when required to do so. A

pre-concentrator material that interacts with target analytes so



6.1 INTRODUCTION

strongly that it does not release them, preventing their detection,

is detrimental to its purpose [237].

¢ Have the ability to be re-used. Ideally a pre-concentrator should

be able to capture and release target analytes for many cycles of

use [44].

A commonly encountered and commercially maufactured pre-con-
centrator sorbent is the organic polymer poly(2,6-diphenylphenylene
oxide), most commonly known as Tenax® TA. The molecular struc-
ture of one of the Tenax® TA polymer repeat units is given in Fig-

ure 6.2 [238].

U

n

Figure 6.2: Molecular structure of one repeat unit of the organic polymer poly(2,6-
diphenylphenylene oxide), more commonly known as Tenax® TA.

Tenax® TA has most frequently been explored for the pre-con-
centration of volatile organic compounds (VOCs) and is able to pre-
concentrate a wide range of analytes [236][239]. It is a hydrophobic,
low bleeding, porous sorbent with a reported surface area of 35 m*/g
[238][240]. In addition, Tenax® TA has been shown to be effective at
the capture and release of explosive vapours [241][242].

Other explored pre-concentrator sorbent materials (for both VOCs
and explosives) include zeolites [232] and graphitized carbon black
sorbents such as Carbopack™[243].

More recently, metal-organic frameworks have emerged as promis-
ing pre-concentrator materials, most notably for volatile organic com-

pounds. This is due to their characteristic high surface areas and
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porosities, as well as the ability to fine tune their chemical compo-
sitions and pore environments for targeted MOF-analyte interactions
(as discussed in Section 2.6.1). These properties should allow MOFs to
be able to capture large amounts of target analytes with some degree
of selectivity.

A handful of groups have explored the use of MOFs for the pre-
concentration of volatile organic compounds (VOCs) [244—247] and
one group reported the use of a MOF for the pre-concentration of
dimethyl methylphosphonate (DMMP), a simulant nerve agent [248].

Whilst the good sensitivity (ppb limits of detection) of MOF sen-
sors towards explosives (or related analytes) has frequently been at-
tributed to their pre-concentrator capabilities [67], only two papers to
date publish on the use of MOFs as pre-concentrator sorbent mate-
rials for explosives (and not as sensors). Keffer et al. evaluated the
potential of five different MOFs for the pre-concentration of RDX
vapours based on computational simulations (classical molecular dy-
namics and grand canonical Monte Carlo simulations). The group
reported that MOFs can be tailored for the effective and selective
pre-concentration of RDX [249]. The only experimental evaluation of
MOFs as explosives pre-concentrators thus far has been the research
presented by Rao et al. The group reported how the use of a MOF
in combination with an organic semiconductor sensor yielded a sen-
sitive response towards TNT and RDX vapours (ppb and ppm levels
of detection for the two analytes respectively), which was attributed
to the pre-concentrator capabilities of the MOF [250]. However, the
pre-concentration contribution of the MOF to this reported sensitiv-
ity was not evaluated, nor did the group report any data to suggest
the MOF was behaving as a pre-concentrator and thus increasing the

sensitivity of the sensor.
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Therefore, the work presented in this chapter is a pioneering contri-
bution to the field that explores the experimental potential of MOFs
as standalone explosive vapour pre-concentrator materials. This chap-

ter probes the use of MOF 3, in its solvent-free form, MOF 3" (pro-

duced as described in Section 4.2.3), as a TNT vapour pre-concentrator.

TNT was chosen as the target analyte owing to its relatively low sat-
urated vapour pressure (5.5 X 10 % Torr at 25 °C [30]) which makes
it a challenging explosive to detect [23]. The MOF itself was chosen
by virtue of its theoretically large pores that are capable of encapsu-
lating TNT molecules (as discussed in Section 4.3.1.2), its good hu-
midity stability (Section 4.3.1.7) and the knowledge that this MOF
is a good solution-phase sensor of this anlayte (as demonstrated in
Section 4.3.2.3). Figure 6.3 summarises the experimental design im-
plemented in order to evaluate the capability of the MOF (3’) to pre-
concentrate TNT vapours, the results of which will be discussed and

evaluated in this chapter.
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Figure 6.3: Schematic summarising the experimental design implemented in order
to probe the capability of MOF 3" as a TNT explosive vapour pre-
concentrator.

1. MOF activation - MOF 3 was activated (using the procedure
detailed in Section 4.2.3) in an attempt to remove the solvent
molecules present within the pores of the MOF originating from
its solvothermal synthesis. It is proposed that this activation
yields MOF 3" which has unevenly shaped pores and a slightly
contracted unit cell volume in comparison to the as-synthesised
MOF (3) structure (as discussed in Section 4.3.1.5 and illustrated
in Figure 6.3). Nevertheless, MOF 3’ is porous and stable in its

active form (Section 4.3.1).
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2. MOF 3’ pre-concentrator sample tube preparation - The active
MOF 3’ crystals (with a fixed mass) were inserted into glass
sampling tubes that were used in the pre-concentration experi-
ments. These MOF 3’-containing tubes were then degassed in an
attempt to remove any persistent solvents molecules within the
MOF pores remaining from the activation step (we know from
Section 4.3.1.7 that the solvent-exchange activation method is
not 100% effective). The degassing step involved the heating the
of MOF 3’ containing tubes at set temperatures under nitrogen.
It is these degassed MOF 3’ tubes that were used in the vapour

sampling stage.

3. TNT vapour sampling - The degassed MOF-containing tubes
were used to sample the TNT vapours of known concentrations
produced from one of two sources; either the vapour generator

or permeation oven source.

4. Thermal desorption and GC-MS analysis - Post-sampling of
the TNT vapours, the MOF 3" tube samples containing the cap-
tured TNT analytes were placed in a thermal desorption unit
which was interfaced with a gas chromatography-mass spec-
trometer (GC-MS). Therefore, upon the application of heat, the
trapped TNT molecules were liberated from the MOFs and in-

jected into the GC-MS for separation and quantitative analysis.

As will be discussed throughout this chapter, varying the degassing
conditions and the sampling from the different TNT sources yielded

contrasting pre-concentration capabilities” of the MOF 3’ samples.

It is important to note that these experiments do not strictly evaluate the capability
of MOF 3" as a pre-concentrator in the definitive sense as the vapours being captured
are not present in very large air volumes nor in very low concentrations. However,
evaluating the capture and release efficiency - termed pre-concentrator efficiency
- of the material in this way gives a good indication as to the sorbent material’s
pre-concentration capabilities. Thus, these experiments will still be termed as "pre-
concentration evaluation experiments’ and the term “pre-concentration” will refer to
the capture and release of the available TNT vapours by the sorbent materials.
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The pre-concentration capabilities of the MOF 3’ samples were eval-
uated by calculating their pre-concentrator efficiency (PE); which is
essentially a percentage of the amount of TNT vapours captured and
released by the MOFs, compared to the amount of TNT available for

capture and release (pre-concentration) as shown in Equation 6.1.

PE — Amount of vapours pre-concentrated (captured and released) 6.1)
B Amount of vapours available for pre-concentration '

In addition, the pre-concentration efficiencies of the MOF 3" sam-
ples were compared with those yielded by commercially purchased
Tenax® TA samples; in order to benchmark the MOFs’ potential for
this application.

The work presented in this chapter was completed in collaboration
with the Explosives Detection Group, part of the Counter Terrorism
and Security Division of the Defence Science and Technology Labo-
ratory (Dstl). The research facilitated by this collaboration allows for
the further probing of the potential of MOFs for real-world trace ex-
plosives detection applications, and reaches far beyond that possible

within a university laboratory.
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6.2 EXPERIMENTAL

6.2.1  Sample tube preparation

6.2.1.1 MOF 3’ in glass tubes

Glass tubes containing samples of MOF 3" were used for TNT vapour
pre-concentration. Initially, empty glass tubes were washed with iso-
propyl alcohol (IPA) and acetone, then left to dry at 50 °C for an
hour. Each glass tube was then filled with 40 mg of MOF 3’ crys-
tals. The MOF 3’ crystals used were obtained from amalgamated
synthetic batches, synthesised and activated in the same way as dis-
cussed in Section 4.2.2 and Section 4.2.3. Commercially purchased
and untreated glass wool was used to block the ends of each glass

tube (approximately 75 mg in each end) to ensure the MOF crystals

remained contained, as illustrated in Figure 6.4.

Figure 6.4: A representative MOF 3’-containing glass sample tube used for TNT pre-
concentration experiments.

Prior to their use, each MOF-containing glass tube was degassed
(or ‘thermally conditioned’) using a Markes International Ltd. tube
conditioner (Figure 6.5). This instrument heats the glass tubes at spe-
cific temperatures for set amounts of time, whilst also passing nitro-
gen through the tubes. The samples were heated at either 230 °C for
10 - 30 minutes, 100 °C for 1 hour or 150 °C for 1 hour. The nitro-
gen flow was kept at a constant pressure of 20 psi during all degas

experiments.
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Figure 6.5: Markes International Ltd. tube conditioner used for the degassing of the
sorbent sample tubes.

6.2.1.2  Tenax® TA in glass tubes and stainless steel tubes

Glass tubes containing 40 mg of Tenax® TA (60 : 80 mesh) were fabri-
cated in the same way as detailed above for the MOF-containing glass
tubes. These tubes were degassed at 230 °C for 1 hour.

Stainless steel tubes containing 200 mg of Tenax® TA were used for
the quantification and variability testing of the TNT vapour sources
(discussed in Section 6.2.2). These were also degassed at 230 °C for 1

hourt.

6.2.1.3 Glass tubes containing glass wool only

TNT vapours were also collected on glass tubes containing only 150
mg of glass wool (75 mg in each end with void space in the middle).

These tubes were also degassed at 230 °C for 1 hour.

6.2.2  Vapour generation and sampling

Two different sources of TNT vapours were used for sampling dur-

ing the pre-concentration experiments. One method generated TNT

T Images of the two types of Tenax® TA sample tubes can be seen in Appendix D.
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vapours through the use of a manufactured vapour generatorS and
the other made use of a permeation oven to deliver vapours gener-

ated from solid TNT flakes.

6.2.2.1  Vapour generator method for TNT vapour production

Oven
Air flow
Glass tube + —
sample TNT source

i] Nitrogen flow
—_— -

- /

Mass flow
controllers

Air sampling pump
(1 L/min)

Figure 6.6: A simplistic schematic of the vapour generator instrument used to pro-
duce known quantities of TNT vapours. For confidentiality purposes this
is not an accurate representation of the instrumental set-up.

Figure 6.6 gives a simplified representation of the vapour generator
system used to produce known quantities of TNT vapours. This is not
a complete representation of the instrumental set-up due to issues
regarding manufacturer confidentiality, but it allows for a general
understanding of the vapour generation process. Further to this, the
method used to generate the TNT source, which is simply a casing in
which glass wool containing solid TNT is enclosed, will also not be
detailed for the same reasons.

The Dstl protocol for setting up the vapour generator was used
in order to produce the TNT vapours available for sampling from
this instrument. The TNT source (prepared following the manufac-
turer guidelines which are unable to be detailed) was placed into the

vapour generator where N, gas at a specific flow rate was passed

For confidentiality reasons the manufacturer cannot be named and the specific in-
strumental set-up, including the TNT source preparation, will not be detailed.
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through the source (controlled by mass flow controllers), diluting the
TNT saturated headspace vapours produced. The N, containing TNT
vapours were further diluted through the mixing with air flows (of
controlled and known flow rates), eventually delivering a known con-
centration of TNT vapour in a specific flow rate to the output of the
vapour generator. The oven in which the vapour generator was con-
tained was kept at 57 °C. The theoretical output concentration for
TNT using this oven temperature and including diluent flows was
calculated to be approximately 103 ng/ L (11 parts per billion), deliv-
ered at a flow rate of 1200 mL/min. However, the pre-concentration
experiments did not rely on this theoretical TNT output concentra-
tion, the vapours being produced from the generator were quantified
using gas chromatography - mass spectrometry (as discussed in Sec-
tion 6.2.2.3) prior to the pre-concentration experiments.

During sampling, one end of a glass or steel tube containing the
sorbent sampling material was placed adjacent to the outlet of the
vapour generator, the other end of each tube was attached to an air
sampling pump operating at 1 L/min as shown in Figure 6.6 and
Figure 6.7. Regardless of the sorbent or sampling tube type, the TNT
vapours produced by the vapour generator were actively sampled for

5 minutes.



6.2 EXPERIMENTAL 241

Figure 6.7: The sampling technique employed for the collection of TNT vapours pro-
duced from the vapour generator. Top: Representation of how the air
sampling pump is attached to the sampling tubes (glass tubes containing
Tenax® TA in this specific example) and how they are interfaced with the
vapour generator outlet. Bottom: A close up showing how the sampling
tubes (in this case glass tubes containing Tenax® TA) are interfaced with
the vapour generator outlet by placing the end of the tube adjacent to the
outlet hole.
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6.2.2.2  Vapour generation from solid TNT flakes contained within a per-

meation oven

The second source of TNT vapours were generated from solid TNT
flakes (100 mg) that were contained within a glass tube placed inside
a permeation oven (operating at 40 °C), as shown in Figure 6.8. A
flow of nitrogen (regulated using a mass flow controller) was passed
through the tube delivering vapours of TNT (diluted in nitrogen) to
the outlet at a flow rate of 80 mL/min. The theoretically expected
TNT output was not calculated owing to the saturated vapour pres-
sure of TNT inside the tube typically not being observed using this
set up. The vapours being omitted from this source were quanti-
fied using gas-chromatography mass spectrometry prior to each pre-

concentration experiment (as described in Section 6.2.2.3).

Nitrogen flow in

Oven
l Glass tube +
Output sample
PTFE stopper —f ]
TNT flake §
ps ——=~1 I
Glass tube Rubber tubing

/

Figure 6.8: A schematic showing how TNT vapours are produced using the perme-
ation oven. The black arrows in the figure show the flow of nitrogen
through the system (the nitrogen flow going into the glass tube is regu-
lated by mass flow controllers not shown in the figure) that deliver the
vapours to the source outlet where the sampling occurs. The sample tubes
are inserted into the rubber tubing at the source outlet, thus holding the
tubes into place for passive sampling. The vapours are prevented from
leaving the glass tube by the PTFE (polytetrafluoroethylene) stopper in
the back.

The TNT vapours produced using this method were sampled for
20 minutes (for all tube and sorbent types). The sample tubes were at-
tached to the permeation oven through insertion into rubber tubing,

which served as a connecting point allowing for the sample tubes



6.2 EXPERIMENTAL 243

to be directly interfaced with the outlet of the source (as shown in
Figure 6.8 and Figure 6.9). With the tubes in this fixed position, the
nitrogen purge gas allowed for the diluted TNT vapours to be deliv-

ered to the sample tubes without any active sampling taking place.

Figure 6.9: Top: A picture of the permeation oven used to generate TNT vapours
from solid TNT flakes. The sample tubes were attached to the output
through insertion into rubber tubing present on the oven outlet. With the
tubes fixed into place, the diluted TNT vapours were delivered to the
sample tubes using the outlet flow of 80 mL/ min. Bottom: A close up
picture of the permeation oven sampling point, showing how the sam-
pling tubes (in this case glass tubes containing MOF 3") were attached to
the source outlet.
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6.2.2.3 Quantification of TNT vapours being produced by each source

The vapours that were produced from each of the two sources were
quantified by sampling the vapours onto Tenax® TA (200 mg) in stain-
less steel tubes, using the sampling procedures detailed above. The
tubes were then analysed in the same way as the pre-concentration
tubes (Section 6.2.3). It is the quantified vapours collected from these

tubes that were used as the vapour source TNT outputs.

6.2.3 Sample tube analysis

6.2.3.1 Instrumentation

After the collection of TNT vapours (from either source) the sampling
tubes were sealed using Markes International 1td. Difflok™ caps; to
prevent the loss of trapped analytes or the sorption of any additional
(and interfering) compounds. The samples were then inserted into a
Markes International 1td. UNITY Ultra Series 2 thermal desorption
unit interfaced with an Agilent Technologies gas chromatography -
mass spectrometer. The gas chromatographs used were either Agi-
lent 7890A or 6890N instrument models, and the mass spectrometers
either Agilent 5977 or 5975C instruments. All of the mass spectrome-

ters used were single quadrupole mass analyzers.

6.2.3.2 Thermal desorption conditions

The specific thermal desorption (TD) conditions used for the liber-
ation of trapped TNT vapours from the sorbents are given in Ta-
ble 6.11. The temperatures used were slightly different for the Tenax®

TA-containing sampling tubes and the MOF 3’-containing tubes.

The thermal desorption conditions used were developed and recommended by the
Explosives Detection Group in Dstl.
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Table 6.1: Details of the specific thermal desorption conditions used on the pre-
concentration experiments sample tubes

TD conditions Sorbent type in sampling tube
Tenax® TA MOF 3’

Desorption temp. (°C) 225" 150
Desorption time (mins/tube) 5 5
Desorption flow (mL/min) 50 50
Split (inlet) flow (mL/min) 50 50
Trap low temp. (°C) -10 -10
Trap high temp (°C) 225 225
Trap hold time (mins) 3 3
Trap split (outlet) flow (mL/min) 13 13
Split ratio (mL/min) 11:1 11:1
Transfer line temp. (°C) 200 200

a All Tenax® TA-containing tubes were desorbed at this temperature other than in
the initial proof-of-concept experiment where the glass tubes containing Tenax® TA
were desorbed at 150°C.

6.2.3.3 Gas chromatograph conditions

In order to separate the TNT from the N, gas and other contaminants,
a Restek RTX-5MS (15 m in length x 0.25 mm internal diameter x 0.25
pum film thickness) column was used. The GC oven was initially set to
70 °C where it was held for 1 minute, the oven was then programmed
to ramp up to 230 °C at a ramp rate of 20 °C/ min. When the oven
reached the set temperature of 230 °C it was held at this temperature
for a further 2 minutes, giving a total run time of 11 minutes per
sample tube analysed. Helium was used as the carrier gas at a flow

rate of 1.4 mL/min. The temperature of the transfer line was 230 °C ",

6.2.3.4 Mass spectrometry conditions

An electron ionization (EI) method was used to produce the detected
ions. The temperatures of the ionization source and quadrupole were

maintained at 230 °C and 150 °C respectively. A solvent delay of 1

[l These gas chromatography conditions used were developed for this analyte and
instrument set-up by the Explosive Detection Group at Dstl.
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minute was implemented to prevent substantial solvent peaks in the
mass spectra. The mass specra were acquired in full scan mode with

a scan range of 39 - 250 m/z ™.

6.2.3.5 Analysis of GC-MS results

The results of the GC-MS analysis were rationalised with the assis-
tance of the Explosives Detection Group, Dstl. External calibration
standards of TNT were used for both the identification and quantifi-
cation of the TNT analytes in the pre-concentration samples. Exter-
nal calibration standards are essentially known amounts of known
compounds that are introduced into analytical instruments (such as
GC-MS) in order to establish what the results of the anlayses should
be; in this case through the characterisation of the response in the
mass-spectrum. This is so that when unknown samples with unknown
concentrations are introduced into the analytical systems, they can be
identified through the matching of these responses with those that
are known. In addition, through the use of calibration curves (pro-
duced from a number of calibration standards) the quantity of the
previously unknown (now known) samples can also be determined.
The calibration standards used for the analysis of the pre-concentra-
tion samples were made by dilutions of certified reference standards.
TNT stock solutions of 50 ng/uL , 100 ng/pL, 300 ng/uL, and 500
ng/uL concentration were produced and used to generate 50 ng, 100
ng, 300 ng, and 500 ng TNT standards on Tenax® TA (200 mg) stain-
less steel tubes; by spiking 1 uL of a specific concentration onto each
tube. At least two independent sets of standards were analysed dur-
ing each GC-MS analysis. The pre-concentration samples were brack-
eted between standards to determine the response of the detector

across the measurements.

The mass spectrometer conditions used were those suggested by the Explosives De-
tection Group at Dstl.
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The chromatograms and mass spectra that were produced from
the analysis of these calibration standards determined the expected
retention times and ratios of the m/z ions in the mass spectra for TNT.
An example chromatogram obtained for a 500 ng TNT standard is

given in Figure 6.10.
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Figure 6.10: An example TNT chromatogram generated from the thermal desorption
and GC-MS analysis of a 500 ng standard Tenax® TA stainless steel tube.

In order to confirm that these results were as expected for TNT, the
retention times (RT) and m/z ratios were compared with the GC-MS
instrument’s inbuilt libraries (National Institute of Standards and Tech-
nology EI MS database) that contain the expected chromatogram and
mass spectra details for a number of compounds including TNT. In
addition, the mass spectra were manually checked for the presence
of the m/z ions 210, 89 and 63 which are common fragmentation ions
of TNT. The four point calibration curves produced from the analysis
of the calibration standards allowed for the quantification of the TNT
amounts present on the pre-concentration tubes to be determined.
This was achieved through a comparison of the intensity in the in-

strument response given for the standards and the samples.
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6.2.3.6 Accounting for analysis baseline drift

To measure the effects of any residual TNT from an analysed sample
being left in the GC-MS and thus carrying over to subsequent sam-
ples, ‘blank” tubes (freshly degassed Tenax® TA , 200 mg, stainless
steel tubes) were also thermally desorbed and analysed at the same
time as the TNT calibration standards and the pre-concentration ex-
periments sample tubes. These ‘blanks” were intermittently analysed

in between TNT- containing tubes.

6.2.3.7 Specific experimental runs

Files containing the specific analytical sequences ('runs’) and the ab-
solute amounts of TNT collected for each sample can be found in

Appendix D.

6.2.4 Chemical analyses on MOF 3’ samples after pre-concentration exper-

iments

The crystals present in the best and worst performing MOF 3" TNT
pre-concentrator samples were analysed using Powder X-ray diffrac-
tion (PXRD), infra-red (IR), X-ray photoelectron spectroscopy (XPS),
scanning electron microscopy (SEM), elemental analysis (EA), nuclear
magnetic resonance (NMR) and thermogravimetric analysis (TGA).
The samples analysed were the two initial proof-of-concept (230 °C
degassed) MOF 3" samples and representative 100 °C degassed MOF
3’ samples. All of the chemical analyses were performed using the

experimental methods outlined in Chapter 8.



63 RESULTS AND DISCUSSION

6.3 RESULTS AND DISCUSSION

6.3.1 Initial proof-of-concept experiment

An initial proof-of-concept experiment was performed with aim to in-
vestigate whether any TNT vapours were able to be pre-concentrated
by metal-organic framework 3" using the proposed experimental de-
sign (Figure 6.3).

For this experiment, the vapour generator method was used to
yield the TNT vapours used for sampling. These TNT vapours were
sampled by glass tubes containing MOF 3 crystals, glass tubes con-
taining Tenax® TA and glass tubes containing only glass wool (pre-
pared by the methods discussed in Section 6.2.1). Prior to TNT vapour
sampling, the sample tubes were all degassed (as detailed in Sec-
tion 6.2.1) in order to liberate any unwanted analytes such as residual
solvent molecules (particularly for MOF 3’) on or in the sorbent ma-
terials. Glass tubes containing Tenax® TA and glass tubes containing
only glass wool were degassed at 230 °C for 1 hour and the glass
tubes containing MOF samples were degassed at 230 °C for 30 min-
utes. Upon the degassing of the MOF 3’-containing tubes, the major-

ity of the crystals present changed colour from pale yellow to orange

(Figure 6.11).

Figure 6.11: Top: A picture of a glass tube containing MOF 3’ crystals that have not
been degassed. Bottom: A picture of a glass tube containing MOF 3’
crystals after degassing at 230 °C for 30 minutes.
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After sampling the TNT vapours produced from the vapour gener-
ator using an active sampling technique (described in Section 6.2.2.1),
each of the TNT sampling tubes were thermally desorbed (details of
which can be found in Section 6.2.3) at 150 °C, liberating any TNT
vapours captured into a gas chromatography - mass spectrometer
(GC-MS) for separation and quantitative analysis. Figure 6.12 illus-
trates the approximate amounts of TNT vapours captured and re-
leased, and therefore pre-concentrated, by each sample during this

initial proof-of-concept experiment.

350
300
250
200
150

100

Approximate TNT amount (ng)
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Figure 6.12: Graph showing the approximate concentrations in nanograms (ng) of
TNT that were obtained from GC-MS analysis following thermal desorp-
tion of the different sorbent samples (MOF 3’, Tenax® TA and glass wool
all in glass tubing) used to collect TNT vapours in the proof-of-concept
pre-concentration experiments. The graph also shows the background
levels of TNT (expressed as ‘blanks’) present in the GC-MS instrumenta-
tion during the analysis. The numbers in the brackets denote the number
of samples that contribute to the approximate mean amounts of TNT re-
trieved from each sample. The error bars detail the standard error of the
mean.

The results in Figure 6.12 show that these samples of metal-organic
framework 3" were able to effectively pre-concentrate TNT vapours.
The two MOF 3’ samples collected and released approximately 327
ng and 296 ng of TNT into the GC-MS. In contrast, the glass tubes

containing Tenax® TA and glass wool only delivered very approxi-
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mately < 15 ng on average of TNT post-desorption into the GC-MS
respectively'™. These substantial discrepancies between the two sor-
bents (MOF 3" and Tenax® TA) can potentially be attributed to the
temperature of desorption. It is possible that the temperature used
to desorb the TNT from these sorbents was adequate for MOF 3’ to
release the sorbed TNT molecules but not sufficient for Tenax® TA,
which potentially has stronger interactions with the analyte.

The pre-concentrator efficiency (as calculated by Equation 6.1) of
the tested samples in this proof-of-concept experiment could not be
determined, this is due to the baseline TNT vapour output produced
from the vapour generator having not been quantified. Additionally,
the quantities of TNT captured by the MOF 3’ samples (in nanograms,
ng) obtained from the GC-MS analysis are only approximate concen-
trations as a result of only a two-point calibration curve (using 100
ng and 500 ng standards, produced as described in Section 6.2.3.5)
having been used as a quantification reference, owing to these exper-
iments being an exploratory test.

Based on these initial positive results, additional experiments were
attempted to further probe the potential of MOF 3’ as an effective

TNT vapour pre-concentrator.

6.3.2 An attempt to identify optimal MOF 3" degas conditions

As a result of the colour change shown by the MOF 3’ samples de-
gassed at 230 °C, and the knowledge that such colour changes are
typically ascribed to some structural transformations (as discussed
in Section 4.3.1.4) [101], which may or may not be beneficial to ap-

plication; a milder degassing of the MOF was attempted with aim

These values should be viewed as approximations as they are outside the analysis
calibration curve owing to being lower than the lowest calibration standard of 100

ng.
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to identify the optimal degas conditions that yield the greatest pre-
concentration performance.

MOF 3’ samples (that were freshly activated using the procedure
detailed in Section 4.2.3) were degassed at 100 °C, (upon which no
colour change was observed) and used for the attempted pre-concentr-
ation of TNT vapours. In addition, the two MOF samples previously
used in the proof-of-concept experiments (POC MOFs) were re-used
in order to compare the effects of the two different degassing con-
ditions and to evaluate the re-usability of the POC MOFs. In this
instance the POC MOFs were also degassed at at 100 °C. Eight 100
°C degassed MOF 3’ samples were used in two separate experiments,
four were used to sample the TNT vapours produced from the vapour
generator and the others to sample the TNT yielded from the per-
meation oven (described in Section 6.2.2.2). The vapours produced
by both of these sources were quantified using GC-MS so that pre-

concentrator efficiencies could be calculated for these samples.

6.3.2.1  Vapour generator TNT source sampling

The calibration curve obtained for the GC-MS analysis of the tubes
used to sample the TNT vapours emitted from the vapour generator
is shown in Figure 6.13. This calibration curve was produced using
four TNT standards (50 ng, 100 ng, 300 ng and 500 ng, as described
in Section 6.2.3.5) and as evident, shows good linearity (R* = 0.999).
Therefore, the quantities of TNT expressed by this analysis are of

greater accuracy than those reported in the initial POC experiments.
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Figure 6.13: Calibration curve for the GC-MS analysis of the sample tubes used to
capture TNT vapours produced by the vapour generator, R* = 0.999.

Figure 6.14 gives the amount of TNT vapours (produced from the
vapour generator) that were pre-concentrated by each of the different
sample tube types as analysed by GC-MS.
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Figure 6.14: Amount of TNT (ng) that was captured by different sample types
through the sampling of the vapours produced by the vapour genera-
tor and released during thermal desorption, as quantified by GC-MS.
The values in brackets detail the number of each sample type that has
contributed to the average TNT amount (ng) reported. The error bars
detail the standard error of the mean. Blank samples denote those used
to check the background levels of TNT in the GC-MS. ‘MOF 100 deg’
denotes the MOF samples degassed at 100 °C. It is important to note
that all values below 50 ng are approximations as they are lower than
the lowest standard of the calibration curve (denoted by the asterisk).
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The baselining of the TNT vapours being outputted from the vapour
generator (obtained through the sampling of vapours using stainless
steel tubes containing 200 mg of Tenax® TA as discussed in Sec-
tion 6.2.2.3) suggested that on average 350 ng of TNT vapours were
available for collection by the pre-concentrator sorbents during the
sampling time of 5 minutes. As the active sampling method used op-
erated at 1 litre/minute, these results imply that approximately 7o
ng/L of TNT vapours were being produced by the vapour generator
per minute. However, as evidenced by the error bars for the baselining
measurements (standard error was 350 =+ 42.3 ng), there is significant
variation in the amount of TNT collected by the Tenax® TA in steel
tubes during these baselining measurements. In addition, these TNT
vapour output levels quantified by GC-MS are an underestimation of
the theoretical vapour generator output of 103 ng/ L. These findings
can potentially be attributed to the vapour sampling method; depen-
dent on where the vapour sampling tubes were placed in proximity
to the vapour outlet hole, slightly different uptakes of vapours were
observed using the stainless steel Tenax® TA (200 mg) tubes.

As evidenced by Figure 6.14, Tenax® TA (in glass tubes) captured
and released around 55% less of the available TNT vapours than the
Tenax® TA in steel tubes (on average 191 ng vs. 350 ng respectively).
These results are somewhat to be expected as less of the Tenax® TA
sorbent material was contained within the glass tubes than the steel
tubes (40 mg vs. 200 mg respectively).

A very significant finding from these experiments is that the two
MOF 3" samples used in the proof-of-concept experiments (POC MOFs)
demonstrated very good pre-concentration capabilities towards TNT
vapours even after a second pre-concentration cycle. The two MOF
3’ samples captured and released very similar quantities of TNT to

those observed in the initial experiments (approximately 327 ng and
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296 ng of TNT were pre-concentrated by the two MOF 3" samples
in the POC experiments and 324 and 298 ng during second-round
sampling). In addition, these results show that the second time de-
gassing at a lower temperature of these samples did not affect their
pre-concentrator performance. Furthermore, it is demonstrated that
these two MOF 3" samples showed a greater ability to capture and
release TNT vapours than the glass sample tubes containing Tenax®
TA; despite the same amount of material used in each of the identical
glass tubes that were packed in the same way. This is best evidenced
by the significantly higher pre-concentrator efficiencies demonstrated
by the two POC MOF 3’ over Tenax® TA as shown in Table 6.2. Such
findings are rationalised by the higher surface area of MOF 3’ than
Tenax® TA (320 m* g~ " based on H,O BET experiments on fully de-
hydrated MOF 3’ samples and 35 m* g™* respectively).

Table 6.2: Pre-concentrator efficiencies for the POC MOF 3" and glass tube Tenax®
TA samples used to pre-concentrate the TNT vapours produced from the
vapour generator.

Sample Pre-concentrator efficiency®(%)
Glass tube + Tenax® TA 53.1
Glass tube + POC MOF 3’ samples 89.0

Calculated using the mean amount of TNT collected by the given sample minus
the amount (mean) of TNT collected on the ‘blank” samples, divided by the mean
baseline emission from the vapour generator (as obtained from Tenax® TA steel tube
sampling of the vapour generator emissions followed by GC-MS analysis) minus the
‘blank” and converted into a percentage.

Interestingly, the metal-organic framework 3" samples degassed at
100 °C showed the minimal capture and release of TNT vapours. In
fact, the amounts of TNT obtained appear virtually indistinguishable
from the instrument background TNT levels. The absolute values of
which are not reported owing to them lying outside of the calibra-
tion curve (being of lower value than the lowest standard, 50 ng, as

denoted by the asterisk in Figure 6.14) and so should be viewed as ap-
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proximations. The reasons for the poor pre-concentrator capabilities
demonstrated by these samples will be evaluated in Section 6.3.5.
The efficacy of the thermal desorption temperature was also inves-
tigated during this analysis. To check whether all of the captured
TNT was being liberated from the MOF 3" samples at 150 °C, each
MOF-containing tube was thermally desorbed twice during the anal-
ysis, with the second desorption and analysis occurring immediately
after the first. If a significant amount of TNT was retrieved during
the second analysis this would indicate the need for a refinement
of the thermal desorption temperature. However, as can be seen in
Figure 6.15, this does not appear to be the case. For the POC MOF
3’ samples the initial thermal desorption is very effective, evidenced
by the minimal presence of additional TNT (if any) from the second
desorption and analysis. As denoted by the asterisks in Figure 6.15,
all values below 50 ng should be viewed as approximations owing to

them lying outside of the calibration curve.



6.3 RESULTS AND DISCUSSION 257

400 -
300
—~
(o))
£
l_200—
P
|—
100
* * *
. il N —
S & g g S S
g £ £ 3 g 3
[z © (=
8 = = =
< ] » =} .
= Q w - <
x o o » ~
© a = w o
S o ] S
[ o = >
o w
o
=

Figure 6.15: The amount of TNT quantified by GC-MS from initial and secondary
thermal desorptions on the same MOF 3’ samples (run sequentially) that
were used to pre-concentrate the vapours produced from the vapour
generator. The label TD-2 refers to the second desorption runs. The val-
ues in brackets detail the number of each sample type that has con-
tributed to the average TNT amount (ng) reported. The error bars detail
the standard error of the mean. Blank samples detail the background
levels of TNT in the GC-MS. The asterisks denote all the samples whose
TNT amounts lie outside of the GC-MS calibration curve and thus
should be viewed as approximations.

6.3.2.2 Permeation oven TNT source sampling

In order to establish whether the vapour generation source sampling
method had any effect on the poor performance of the 100 °C de-
gassed MOF 3" samples to pre-concentrate TNT; MOF 3’-containing
glass tubes (degassed at 100 °C) as well as Tenax® TA-containing
glass tubes and glass wool only tubes, were used to sample the vapours
produced from the permeation oven using the method described in
Section 6.2.2.2. The results of the GC-MS analysis post thermal des-

orption are given in Figure 6.16.

1t The calibration curve for this GC-MS analysis again showed good linearity (R*=
0.999)-
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Figure 6.16: The TNT quantities (ng) obtained from GC-MS analysis of four dif-
ferent sample tube types used to sample the TNT vapours produced
from the permeation oven. The numbers in brackets details the number
of each sample type that has contributed to the average TNT amount
reported. The error bars detail the standard error of the mean. "MOF
100 deg’ denotes the MOF samples degassed at 100 °C. The graph also
shows the blank samples used to check the background levels of TNT
in the GC-MS instrument. The values denoted by the asterisk should be
viewed as approximations as they are outside of the analysis calibration
curve.

From Figure 6.16 it can be seen that the baseline TNT vapours pro-
duced from the permeation oven source showed a lesser extent of
variation in the TNT amounts quantified by GC-MS, than the vapour
generator source (evidenced by the smaller error bar observed for the
amount of TNT captured by the Tenax® TA in steel tubes). This can
potentially be attributed to the different sampling methods used. As
discussed (Section 6.3.2.1), the quantified amount of TNT produced
from the vapour generator was greatly affected by the position and
proximity in which the sample tube (Tenax® TA in steel tubes) was in-
terfaced with the vapour outlet during sampling. For the permeation
oven source, as described in Section 6.2.2.2, the sample tubes were

inserted into rubber tubing which held the tubes into place. Thus,
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a more controlled and defined sampling point was possible for this
vapour source, therefore rationalising the lesser degree of variation
in the amount of TNT captured and released in the baseline measure-
ments.

The amount of TNT pre-concentrated by the Tenax® TA in glass
tubes was slightly lower than that observed when these same tubes
were used to sample from the vapour generator source. The pre-
concentrator efficiencies were 53.1% and 36.4% for the vapour gen-
erator and permeation oven sources respectively. These results could
be due to the different sampling methods used for the two sources,
the former using an active sampling method and the latter using the
oven output flow to deliver TNT vapours to the sample. Thus, po-
tentially the Tenax® TA samples in glass tubes more effectively pre-
concentrate TNT when actively sampling vapours. However, further
testing on this rationale is required.

The MOF 3" samples degassed at 100 °C again demonstrated poor
TNT pre-concentration capabilities. Therefore implying that the dif-
ferent TNT source and sampling methods employed had no effect on
the pre-concentration abilities of these MOF samples. Furthermore,
from these results it was concluded that the degassing of the MOF 3’
materials once at 100 °C for 1 hour was not sufficient to yield effec-
tive TNT pre-concentrators. Thus, the used (100 °C degassed) MOF
3’ materials were degassed again; with aim to investigate whether
the secondary degassing of the samples could yield MOFs with pre-
concentrator efficiencies approaching those observed for the origi-
nally tested POC MOF 3’ samples. The results of these experiments

are detailed below.
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6.3.3 Secondary degassing and reuse of MOF 3" samples

During the secondary degas experiments, the four MOF 3" sample
tubes (initially degassed at 100 °C) used previously to capture the
vapours produced from the permeation oven were re-degassed at 100
°C for 1 hour and used to re-sample the same TNT source. It is im-
portant to note that a slight colour change of the MOF crystals was
observed from the yellow coloured crystals obtained after the initial
first time degassing (at 100 °C), prior to vapour sampling and analy-
sis; to darker yellow crystals that were yielded post GC-MS analysis
(images of which can be seen in Appendix D). This suggests that the
thermal desorption of the MOF 3" samples at 150 °C had some impact
on the metal-organic framework’s structure. However, during the sec-
ondary 100 °C degassing of these same MOF 3" samples, no further
crystal colour change was observed.

Also during these secondary degas experiments, two MOF 3’-conta-
ining tubes that were used to initially sample the vapours produced
from the vapour generator source (initially degassed at 100 °C) were
degassed a second time at a temperature of 230 °C for 10 minutes,
and used to sample the vapours produced from the permeation oven
also. The degassing of these MOF 3" samples at 230 °C for 10 min-
utes produced a colour change in some of the crystals present within
the sample tubes; the crystals changed colour from yellow to orange.
These were similar observations to those noted for the initial proof-
of-concept MOF 3’ samples, the only difference was that less of the
crystals present within the samples degassed at 230 °C for 10 minutes

appeared to have changed colour.
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The results of the GC-MS analysisSS. after the thermal desorption
of each of the above-mentioned samples used for TNT vapour pre-

concentration are shown in Figure 6.17.
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Figure 6.17: TNT amounts (in nanograms) obtained from the thermal desorption and
GC-MS analysis of the sample tubes used to capture the vapours pro-
duced from the permeation oven TNT source. The two different MOF
3’ sample tube types (represented by the yellow and orange bars) have
been re-degassed at different temperatures; 100 °C for 1 hour (labelled
MOF 100-2) and 230 °C for ten minutes (labelled 230 10 mins). The
number of tubes contributing to each of the average quantities of TNT
(ng) reported are detailed by the numbers within the brackets. The error
bars denote the standard error of the mean. Included also are the blank
samples used to check the background levels of TNT in the GC-MS
instrument. The values denoted by the asterisk should be viewed as
approximations as they are outside of the analysis calibration curve.

As evidenced by Figure 6.17 the secondary degassing at 100 °C
of the MOF 3’ samples (initially degassed at 100 °C) still yielded
poor pre-concentration of TNT vapours, with released TNT amou-
nts less than the lowest calibration standard. However, it was ob-
served that the TNT pre-concentrator performance of MOF 3’ sam-
ples could be increased with higher temperature degassing, as evi-

denced by the two MOF 3’ samples that were re-degassed at 230 °C

8§ The calibration curve for this GC-MS analysis showed good linearity (R*= 0.996)
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for 10 minutes. The average pre-concentrator efficiency (PE) for these
re-degassed samples was observed to be 14.2%, whereas the approxi-
mate PE for these same samples initially degassed at 100 °C (used to
pre-concentrate TNT vapours from the vapour generator source) was
< 1%.

These results demonstrate how the pre-concentration capability of
a MOF 3’ sample was very dependent on the temperature at which
that particular sample was degassed. Further to this, it is clear that
higher degassing temperatures yielded greater capture and release ef-
ficiencies of the MOF. Thus, to further probe this, a final variable tem-
perature degas experiment was attempted using higher degas tem-
peratures, with the aim to identify the optimal degassing procedure

for this metal-organic framework.

6.3.4 High temperature degassing

Four freshly synthesised and activated MOF 3’ samples were de-
gassed at 230 °C for 30 minutes in an attempt to replicate the TNT
pre-concentration abilities demonstrated by the MOFs in the initial
proof-of-concept (POC MOFs) experiments (that were degassed in
the same way). For comparison, one of the initial POC MOFs was
re-degassed at 230 °C for a third TNT pre-concentration cycle. In ad-
dition, two just activated MOF 3" samples were degassed at 150 °C
for 1 hour. The TNT vapours used for sampling by these differen-
tially degassed MOF samples were generated using the permeation
oven. The results of the thermal desorption and gas chromatography

- mass spectrometry analysis!! are shown in Figure 6.18.

I The calibration curve for this analysis showed good linearity R, = 0.994.
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Figure 6.18: TNT amounts (ng) obtained from TD and GC-MS analysis of MOF 3’
samples in glass tubes degassed at different temperatures and Tenax®
TA in glass tubes, used to sample TNT vapours from the permeation
oven. The labels ‘"MOF degas 230" and ‘MOF degas 150" denoted the
temperatures that the MOF 3" samples were degassed (230 °C and 150
°C) respectively). The number of tubes contributing to each of the av-
erage quantities are detailed by the numbers within the brackets. The
error bars denote the standard error of the mean. Blank samples detail
those used to check the background levels of TNT in the GC-MS. The
values denoted by the asterisk should be viewed as approximations as
they are outside of the analysis calibration curve.

Table 6.3: Pre-concentrator efficiencies for an original POC MOF (third cycle pre-
concentration) and Tenax® TA (in glass tubes) after sampling TNT vapours
from the permeation oven.

Sample (glass tubes) Pre-concentrator efficiency(%)
Tenax® TA (in glass tubes) 39.5
Original POC MOF (230 °C degas) 66.2

From the GC-MS analysis it can be seen that one of the original
POC MOFs still demonstrated the effective capture and release of
TNT vapours even after a third pre-concentration cycle. This MOF 3’
sample again outperformed the glass tubes containing Tenax® TA as
well as the other MOF 3" samples. It should be noted that this sample

demonstrated a lower percentage of pre-concentrator efficiency (the
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PEs for the POC MOF sample and the glass tube Tenax® TA samples
can be seen in Table 6.3) than when used to sample the vapour gener-
ator TNT source, the same was also true for the glass tube Tenax® TA
samples. This implies that both the two sorbents (MOF and Tenax®
TA) were more effective at pre-concentrating the TNT produced from
the vapour generator than the permeation oven. This could be an arte-
fact of the aforementioned different sampling approaches (active and
purge-gas controlled) implemented for the two methods. It is there-
fore suggested that the lower PE observed for the POC MOF is a re-
sult of the sampling method and not the diminished performance of
the MOF sample with repeat cycles. However, future work is required
to confirm this.

The results in Figure 6.18 also show that whilst the fresh batches
of MOF 3’ degassed at 230 °C for 30 minutes appear to be able to
uptake and release TNT vapours (the TNT amounts obtained were
still below the lowest calibration standard), their performance was
not comparable to the initial proof-of-concept (POC) MOF 3’ sam-
ples, even though the same degassing conditions were used for both.
Further to this, in Figure 6.19 below it can be seen there is substantial
variation between the pre-concentrator efficiencies that were demon-
strated by these four (230 °C degassed) MOF 3’ samples, despite each
of the glass tubes being filled by 40 mg of MOF 3’ crystals from the
same amalgamated synthetic and activated batch™. In addition, as
evidenced in Figure 6.18, the MOF 3’ samples degassed at 150 °C
yielded very small amounts of TNT captured and released (again
TNT amounts obtained from GC-MS were outside the calibration

curve and should be viewed as approximations).

#+ It is important to note that these TNT values are all approximate, semi-quantitative

values, as they are all below the lowest standard in the calibration curve obtained
for this analysis.
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Figure 6.19: The amounts of TNT (ng) obtained from the thermal desorption and
GC-MS analysis of four different glass sampling tubes filled with 40
mg of MOF 3’ crystals obtained from the same amalgamated synthetic
and activated batch and all degassed at the same temperature of 230
°C for 30 minutes. These values are all approximate, semi-qualitative
values as they are each below the lowest standard in the calibration
curve obtained for this analysis.

As demonstrated in all of the TNT pre-concentration experiments,
the ability of a MOF 3’ sample to capture and release, and therefore
pre-concentrate TNT (regardless of the TNT vapour source sampled)
was very dependent on the conditions with which the MOF was de-
gassed (temperature and duration of degassing). In addition, the re-
lationship between the degassing conditions and the TNT uptake by
MOF 3" was clearly complex, as evidenced by the different capture
and release efficiencies of MOF 3’ samples that were degassed using
the same procedures. In order to investigate what factors were caus-
ing the varied pre-concentration capabilities of the different MOF 3’
samples, chemical analyses on the best and worst MOF 3" TNT pre-

concentrators were undertaken.
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6.3.5 A chemical investigation into the varied pre-concentration capabili-

ties of differently degassed MOF 3’ samples

In an attempt to investigate why differently degassed MOF 3’ samples
demonstrated varying pre-concentration capabilities towards TNT va-
pours, chemical analyses were performed on the crystals present in
the two 230 °C degassed MOF 3’ samples used in the initial proof-
of-concept (and subsequent) experiments that showed very good and
repeatable pre-concentrator capabilities, as well as representative 100
°C degassed (and 150 °C thermally desorbed and GC-MS analysed)
MOF 3’ samples that showed virtually no capture and release of TNT
vapours. The analyses performed on these samples were: powder
X-ray diffraction (PXRD), scanning electron microscopy (SEM), ther-
mogravimetric analysis (TGA), X-ray photoelectron spectroscopy '™t
(XPS), infra-red spectroscopy (IR), proton nuclear magnetic resonance
(*H NMR) and elemental analysis (EA). The results of which are pre-

sented below.

6.3.5.1 Powder X-ray diffraction analysis

As discussed, the degassing of MOF 3’ samples at different tem-
peratures yielded different colour changes in the MOF 3’ crystals,
which was accompanied by varying TNT pre-concentration capabil-
ities. MOF 3" 100 °C degassed samples did not appear to change
colour post-degassing but a colour change from pale yellow to dark
yellow was observed after TNT pre-concentration; attributed to the
150 °C thermal desorption step prior to GC-MS analysis. The 230 °C
degassed MOF POC samples observed more dramatic colour changes
from pale yellow to orange after degassing. As previously mentioned

(Section 4.3.1.4), colour changes in MOFs are generally observed when

XPS data were obtained by Dr. Michael Powell, Department of Chemistry, University
College London.



63 RESULTS AND DISCUSSION

structural transformations occur, typically as a result of the removal
of solvents from MOF pores or those coordinated to the framework
structure (dehydration), or a combination of both [101]. Therefore, in
order to investigate whether any obvious structural perturbations oc-
cur that could explain the colour changes and thus, the differences in
pre-concentration capabilities observed between the best and worst
MOF 3’ pre-concentrator samples; powder X-ray diffraction (PXRD)
analysis was performed on the orange crystals of the 230 °C degassed
POC MOF 3’ samples and the dark yellow crystals of the 100 °C de-
gassed samples, after TNT pre-concentration experiments.

The PXRD pattern of the crystals present in a 100 °C degassed
MOF 3" sample is shown in Figure 6.20, also given in this figure are
the PXRD patterns of the same MOF 3’ sample just after synthesis

and activation.
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Figure 6.20: Powder X-ray diffraction patterns of a MOF 3’ sample degassed at 100
°C after pre-concentration experiments, the same MOF 3" sample as-
synthesised and just after solvent-exchange activation.

As can be seen, the MOF 3’ sample degassed at 100 °C (and ther-

mally desorbed at 150 °C) was observed to have retained its overall
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MOF topology post degassing and TNT vapour pre-concentration, ev-
idenced by the retention of its long-range order and the main MOF
peak (20= 5.7°). However, there is evidence of additional loss of local,
short-range order in the MOF 3’ sample post degassing and its use
in the pre-concentration experiment, evidenced by the broadening of
the high 20 angle peaks in its PXRD pattern compared with the PXRD
pattern of this sample pre-degassing and thermal desorption (just sol-
vent activation); suggesting that some structural change has occurred.
This is also reflected by the aforementioned colour change from pale
yellow to darker yellow of the 100 °C degassed MOF 3’ crystals af-
ter pre-concentration (TNT sampling, thermal desorption and GC-MS
analysis). As discussed in Section 4.3.1.5, when as-synthesised MOF
3 samples are activated by solvent exchange to yield 3" samples, a
colour change in the crystals from clear to pale yellow was observed
and there is some loss of short-range order in the PXRD spectra of
3/, attributed to the removal of solvent molecules from the cavities
of the MOF leading to a slight non-uniform contraction of the MOF
pores. As also discussed, the washing procedure used to yield 3" does
not appear to remove the water molecules bound to the zinc metal
centres in the MOF, nor does it remove all of the residual solvent
present in the MOF’s pores, owing to a lack of 100% effectiveness of
the solvent-exchange process (as evidenced by TGA analysis in Sec-
tion 4.3.1.7). Therefore, the loss of short-range order (and accompa-
nied slight crystal colour change from pale yellow to darker yellow)
between the solvent exchange-activated 3" sample and the 100 °C de-
gassed 3" sample used for TNT pre-concentration (including 150 °C
thermal desorption), could be a result of further solvent removal from
the MOF pores, or, the loss of axially bound water molecules to the
zinc metal centres in the MOF. However, from PXRD analysis alone

it is impossible to determine which of these two solvent losses, or
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if any, or both, are the cause of the apparent slight changes in the
framework structure of the 100 °C degassed MOF 3’ samples used in
pre-concentration.

Figure 6.21 shows the PXRD patterns of a 230 °C degassed proof-of-
concept experiment MOF 3" sample as well as the same MOF sample

when it was just synthesised and activated.
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Figure 6.21: Powder X-ray diffraction patterns of one of the MOF 3" 230 °C degassed
proof-of-concept samples, the same MOF 3" sample as-synthesised and
just after solvent-exchange activation.

The PXRD spectrum of the POC MOF 3’ sample degassed at 230 °C
indicates that the overall topology of the MOF was retained even after
two pre-concentration cycles. This is evidenced again by the presence
of the major MOF peak (20= 5.7°) and the absence of any additional
peaks attributed to the linker as a result of structural collapse. How-
ever, a greater degree of short-range order loss and a decrease in
the overall crystallinity of this MOF 3" sample was observed. This
suggests that there was more disorder in the framework structure of
the MOF 3" sample post- 230 °C degass and pre-concentration than

after only solvent-exchange activation. Again, this reflects the colour
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changes observed for the crystals in the sample which are pale yellow
prior to degassing and orange after degassing and pre-concentration.
These findings can again be rationalised by MOF 3’ solvent loss dur-
ing degassing, either from the pores of the MOF or the framework
structure itself. It is proposed that this 230 °C degassed MOF 3" is
being partially dehydrated during degassing, meaning that some of
the zinc bound water molecules are being removed during degassing,
but not all. This is suggested based on the results discussed in Sec-
tion 4.3.1.7 that show a colour change from pale yellow to a very
dark brown when MOF 3’ is fully dehydrated (to yield MOF 3”).
Further to this, the PXRD pattern of the fully dehydrated MOF 3”
shows a significant degree of loss of crystallinity of the MOF sample
upon dehydration, attributed to pore deformations. However, as the
colour change observed for the 230 °C degassed POC MOF 3" and
the degree of amorphisation of this sample did not approach those
for the fully dehydrated MOF, it is hypothesised that only a partial
dehydration of the MOF 3" POC sample occurred post-degassing and
pre-concentration. However, PXRD analysis alone cannot confirm this

hypothesis.
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6.3.5.2 Infra-red analysis

The IR spectra of the crystals present in the above-mentioned MOF 3’

samples are given in Figure 6.22.
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Figure 6.22: IR analysis of the crystals present in the 230 °C degassed POC (red) and
100 °C degassed MOF 3’ pre-concentration samples (navy).

Figure 6.22 shows that the IR fingerprint regions of the two samples
are the same. Further to this, the stretches observed are in accordance
with those measured for a representative MOF 3’ just activated sam-
ple (Appendix D). These results suggest that there is no change to
the molecular bonds within the framework of the two samples com-
pared to what is expected for this MOF; suggesting no breakdown of
the framework in either sample during pre-concentration. However,
there are discrepancies in the v(O-H) stretch region between the two
MOF samples, suggesting that different amounts of water are present
within their structures. The broad adsorption peak between 2900 -
3600 cm ™', which can be ascribed to the presence of water molecules,

is weaker for the 230 °C POC MOF 3’ sample than the 100 °C de-
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gassed MOF 3’ pre-concentrator sample. This suggest less water to

be present in the 230 °C POC MOF 3’ sample.

6.3.5.3 Scanning electron microscopy

Scanning electron microscopy (SEM) images of the crystals present in
the 100 °C degassed and 230 °C degassed POC MOF 3’ samples after

TNT pre-concentration can be seen in Figure 6.23.

UCL CHEM 5.0kV X550 WD 13.8mm 10pm UCL CHEM SEI 5.0kV X430 WD 13.8mm 10pm

MOF 3’ sample degassed at 100 °C used MOF 3’ sample degassed at 230 ‘C (POC
for TNT pre-concentration MOF sample) used for TNT pre-concentration

Figure 6.23: Scanning electron microscopy images of the crystals present in the 230
°C degassed (proof-of-concept) MOF 3” sample and the 100 °C degassed
MOF 3" sample used in TNT pre-concentration experiments.

As can be seen, there were no obvious differences in the mor-
phologies of the crystals present in the two samples that would yield
a greater pre-concentration capability of one over the other, as ob-
served experimentally. In addition, the morphologies were in accor-
dance with those observed in Section 4.3.1.4 for the freshly activated
MOF 3" crystals. It is important to note that the size dimensions of
the majority of the crystals present in the two MOF 3’ samples were
approximately 100 um x 200 um and were therefore similar to the
particle sizes of the Tenax® TA used (60:80 mesh, as discussed in
Section 6.2.1.2). Thus, the external surface areas of the two materials

should have been similar.
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6.3.5.4 X-ray photoelectron spectroscopy

XPS data on the 100 °C degassed and 230 °C degassed (POC) MOF
3’ TNT pre-concentrator samples were obtained and analysed by Dr.
Michael Powell (Department of Chemistry, University College Lon-
don), the details of which can be found in Appendix D. From the
XPS data it was observed that there was no chemical degradation or
change to the external surfaces of the two metal-organic framework
samples as a result of the degassing (at either temperature) and TNT
pre-concentration experiments. This was concluded based upon there
being no change in the atomic environments, or relative amounts of
the elements evaluated (zinc, carbon and oxygen) by comparison with

a MOF 3’ sample that was only air exposed (Appendix B).

6.3.5.5 Elemental analysis

CHN elemental analysis was obtained on the two MOF 3" samples
through submission of the materials to an external elemental analysis
service at the Science Centre, London Metropolitan University. Each
sample was analysed twice and the results are given in Table 6.4. Also
included in this table is the theoretical CHN elemental composition
of MOF 3’ as calculated from the empirical formulae [Zn,L(H,O),]
(this assumes that no solvent is present in the pores of the MOF and

that zinc bound water ligands have not been removed).

Table 6.4: Elemental analysis on 100 °C and 230 °C degassed (POC) MOF 3’ samples
used in TNT pre-concentration, and the theoretical CHN elemental compo-
sition of MOF 3’ as calculated from the empirical formulae [Zn,L(H,0),].

Sample C (%) H(%) N (%)

Theoretical MOF 3’ 42.7 2.7 0

MOF 3’ 100 °C degassed sample (1) 41.06 3.57 0.66
MOF 3’100 °C degassed sample (2) 41.13  3.60 0.66
MOF 3’ 230 °C degassed sample (1) 43.06 3.17 0.69
MOF 3’ 230 °C degassed sample (2) 43.00 3.26 0.67
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The results of the CHN analysis are not in full accordance with the
theoretically calculated CHN composition of the MOF, most signif-
icantly the nitrogen and hydrogen content in the pre-concentration
samples was observed to be higher than expected. These results sug-
gest that potentially some residual solvent molecules (from the acti-
vation procedure) were retained in both of these MOF samples. The
most likely molecules that could cause such increase in nitrogen are
acetonitrile (MeCN) and dimethyl formamide (DMF) solvents. In or-
der to further confirm this, "H NMR analysis on the samples was

attempted.

6.3.5.6 Nuclear magnetic resonance analysis

As metal-organic frameworks are solid crystalline materials and are
generally insoluble in conventional NMR solvents, an acid digestion
with a DCl in D, O system (as desribed in Chapter 8) was performed
on the two samples prior to "H NMR analysis; in order to cleave the
carboxylic acid to metal co-ordinations in the MOFs through the re-
protonation of the acid linkers to cause a breakdown of the MOFs
into their molecular components. The "H NMR spectra of the two
samples each digested and then dissolved in d6—DMSO#* are shown

in Figure 6.24 and Figure 6.25.

ftt It is important to note that fresh, just purchased, NMR tubes were used for these

analyses in order to prevent the cross-contamination of solvents.
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Figure 6.24: "H NMR analysis of the MOF 3’ degassed at 100 °C TNT

Normalized Intensity

g
=)
1

o
o
1

IN
~
1

o
w
1

o
N
h

0.1+

230 °C degassed MOF 3’ (POC) pre-concentration sample

pre-concentration sample which has been acid digested in DCI
in D,O and dissolved in d6-DMSO. The purple dots on the
spectrum denote the peaks attributed to the HgL linker where
L = 5,5,5”,5"-[1,2,4,5-benzenetetrayltetrakis(methyleneoxy)tetra-1, 3-
benzenedicarboxylic acid. The peaks were normalised using the peak
at 8.1 ppm ,which was set to 4.00. The remaining peaks are ascribed to
solvent molecules [252] and are labelled accordingly on the spectrum.
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Figure 6.25: "TH NMR analysis of the MOF 3’ degassed at 230 °C proof-of-

concept pre-concentration sample which has been acid digested in
DCl in D,O and dissolved in d6-DMSO. The purple dots on
the spectrum denote the peaks attributed to the HgL linker where
L = 5,5,5”,5"-[1,2,4,5-benzenetetrayltetrakis(methyleneoxy)tetra-1, 3-
benzenedicarboxylic acid. The peaks were normalised using the peak
at 8.1 ppm, which was set to 4.00. The remaining peaks are due to sol-
vent molecules [252] and are labelled on the spectrum.
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From the "H NMR analysis is can be seen that both of the MOF 3’
samples still contained solvents present within their pores from their
solvent-exchange washing procedures. The 100 °C degassed MOF 3’
sample was observed to still contain approximately one and a half
dichloromethane (DCM) molecules, just over one acetone molecule,
and approximately 0.4 dimethylformamide (DMF) molecules per em-
pirical formula unit of the MOF ([Zn,L(H,O),]). Where as the 230
°C degassed POC MOF 3" sample contained approximately 0.6 DMF
molecules and around 0.3 acetone molecules per [Zn,L(H,0),]. These
results demonstrate that both of the degassing (and thermal desorp-
tion) procedures used were ineffective at removing all of the persis-
tent solvent molecules that were contained within the pores of these
MOF 3’ samples. However, it can be seen that the 230 °C degassed
sample contained overall fewer solvent molecules present within its
pores than the 100 °C degassed MOF sample. This could help ratio-
nalise its greater pre-concentration capabilities owing to potentially
bigger void space present within the cavities of this MOF 3" sample;

enabling the greater encapsulation of TNT vapours.
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6.3.5.7 Thermogravimetric analysis

The results of the thermogravimetric analysis (TGA) on the two dif-

ferently degassed MOF 3’ samples are given in Figure 6.26.
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Figure 6.26: Thermogravimetric analysis on the MOF 3’ samples degassed at 100 °C
(navy) and 230 °C (red) used in TNT pre-concentration experiments. The
inset gives the zoomed in mass loss for the temperature region between
25 and 105 °C.

From the TGA it can be seen that the two MOFs most likely contain
different amounts of water present within their structure. This is sug-
gested due to the different mass losses observed for the two samples
between the temperature at the start of the analysis (approximately
25 °C) and 102 °C. The MOF 3’ sample degassed at 230 °C looses
approximately 2.8% of its mass between these two temperatures, this
corresponds to around a 32 g mol™" mass loss (based on the mass of
the MOF 3" empirical formula unit [Zn,L(H,O),] being 1181.52 mol™")
and is attributed to the potential loss of 1.8 H,O molecules. For the
100 °C degassed (and 150 °C thermally desorbed) sample, there is
an approximate 4.3 % mass loss, which equates to 50.4 g mol™* and

is ascribed to the loss of potentially 2.8 H,O molecules. It is likely
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that the water molecules lost are those coordinated to the zinc metal
centres, as well as some potentially present within the pores of the
MOF. Due to the minimal air exposure of these samples after GC-MS
analysis and before TGA analysis, it is suggested that the mass loss
is mainly due to the loss of zinc-coordinated water molecules. How-
ever, this cannot be definitively determined through TGA analysis
alone. Nevertheless, this hypothesis corroborates the colour changes
and structural perturbations observed in the PXRD patterns for these
two MOFs in comparison to the just activated MOF 3’ samples. It also
coincides with the results of the IR analysis.
In addition, the indication that there are fewer coordinated molecule-

s present in the POC MOF 3’ 230 °C degassed sample supports the
suggestion that this sample is a partially dehydrated form of the MOF.
This means that the framework has fewer water molecules occupy-
ing the space within the pores of the structure, thus, allowing TNT
vapours to be effectively encapsulated, which could be an explana-
tion for the differences in the pre-concentration efficiencies observed
between these two samples. From the TGA analysis it can also be ob-
served that there is mass loss in the region of 102 °C - 154 °C in both
of the TGAs and this is attributed to the loss of DMF from the pores
of these two MOF 3’ samples. The MOF 3" sample degassed at 100
°C observes a mass loss of 2.1 % in this temperature region and the
POC MOF 3’ degassed at 230 °C shows a 2.0% mass loss. These val-
ues correspond to 0.34 and 0.32 DMFs present per sample for the 100
°C and 230 °C degassed (and 150 °C thermally desorbed and GC-MS
analysed) pre-concentration MOFs respectively. This again shows the
ineffectiveness of the solvent-exchange procedure implemented for

guest solvent removal as well as the degassing procedures.
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6.4 CONCLUSIONS AND FUTURE WORK

In this chapter metal-organic framework 3 in its active form MOF 3’
(produced through the implementation of a solvent-change exchange
procedure) was investigated for its potential as a TNT vapour pre-
concentrator.

Sample tubes containing the active MOF 3" were fabricated and de-
gassed prior to TNT vapour sampling. After sampling the vapours
produced from one of two different TNT sources (vapour generator
and permeation oven), the TNT-containing MOF sample tubes were
inserted into a thermal desorber interfaced with a gas chromatogra-
phy mass spectrometer; to allow for the liberation, separation and
quantification of the TNT vapours using the GC-MS.

As demonstrated throughout this chapter, the conditions (temper-
ature and duration) with which the MOF 3’ samples were degassed
prior to vapour sampling, played a significant role in their pre-concen-
tration capabilities. Two MOF 3’ samples that were degassed at 230 °C
for 30 minutes were very effective at pre-concentrating TNT vapours;
they were able to outperform the commercially manufactured sorbent
Tenax® TA under these experimental conditions, and they could be
re-used for a number of pre-concentration cycles. However, MOF 3’
samples degassed at lower temperatures (100 °C and 150 °C) as well
as some MOF 3" samples that were degassed using the same condi-
tions as the aforementioned MOF samples; could not replicate the
same pre-concentration abilities.

Chemical analyses on the best and worst performing MOF 3" TNT
pre-concentrators eluded to the complexity in the degassing of these
materials. Powder X-ray diffraction (PXRD), scanning electron mi-
croscopy (SEM), thermogravimetric analysis (TGA), X-ray photoelec-

tron spectroscopy (XPS), proton nuclear magnetic resonance ("H NMR),
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elemental analysis (EA), infra-red spectroscopy (IR), as well as vi-
sual crystal colour change observations were all performed on the
best (230 °C degassed MOF 3" sample used in the proof-of-concept
experiments) and worst (100 °C degassed MOF 3’ sample) MOF 3’
test samples. Collectively these analyses suggested that whilst both
of the MOF 3" TNT pre-concentrator samples retained their overall
expected MOF topology; structural transformations in the samples as
a result of solvent loss were likely and could explain their varying
pre-concentrator capabilities.

It was proposed (through the rationalisation of the results from 'H
NMR and EA analyses) that both MOF 3" samples contained some
residual solvent molecules still present in their pores left over from
their synthesis and activation. It was also noted that the best TNT
pre-concentrator sample (230 °C degassed POC sample) contained
less solvent molecules in its pores than the worst performing sample
(100 °C degassed sample used for pre-concentration). In addition, it
was suggested (based on the interpretation of the IR, TGA, PXRD
analyses as well as visual crystal colour change observations) that
during degassing and thermal desorption (at 150 °C), some of the
water molecules coordinated into the structures of these frameworks
(through the zinc metal centres) were being removed. This potentially
led to the partial dehydration of the MOF 3’ samples, with a greater
degree of dehydration being observed for the best MOF 3" TNT pre-
concentrator (230 °C degassed).

These results help to rationalise the differences in the pre-concen-
tration capabilities reported for these two samples. It is hypothesised
that the best performing MOF 3" pre-concentrator sample had more
void space present within its pores than the worst performing MOF
3’ pre-concentrator and so was able to effectively encapsulate more

TNT vapours; leading to greater pre-concentration efficiencies.
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This initial and pioneering research into the use of MOFs for ex-
plosive vapour pre-concentration clearly demonstrates their potential.
However, these experiments were very preliminary and a substantial
amount of further research is required in order to really test the capa-
bilities of MOFs in this field. In terms of the MOF 3" system discussed
in this chapter, future work should envisage the optimisation of degas
conditions for MOF 3’ samples, so that the repeatable production of
effective and re-usable MOF 3’ TNT pre-concentrators can be yielded.
In addition, studies into breakthrough volumes and captured analyte
bleeding should also be sought using MOF 3. In general, a wide va-
riety of future studies are required to understand the potential that
these materials may have as explosives pre-concentrators, some of

which will be discussed in Chapter 7.
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7.1 OVERVIEW OF RESULTS

The ultimate goal of this Ph.D. research was to further probe the po-
tential use of metal-organic frameworks for the application of trace
explosives detection. The two main aims that were sought to achieve
this were: to build on the knowledge of MOFs as fluorescent-based
explosives sensor and to investigate whether these materials could
be used as pre-concentrators to enhance the sensitivity of other trace
explosives detectors.

In the preliminary, proof-of-concept stages to this project two novel
fluorescent MOFs were synthesised from the same organic ligand but
varied in metal composition, which led to the frameworks having
different overall topologies and porosities; one demonstrated some
residual porosity and the other, none. When tested for their sensing
capabilities against explosives-related compounds (2,4-DNT, NB, p-
NT, and DMNB) in the vapour-phase, it was observed that porosity
was a significant factor in analyte detectability; especially for the sens-
ing of analytes that are deemed unfavourable to detect (via the photo-
induced electron transfer mechanism) such as the aliphatic explosive
taggant DMNB. Such observations echoed some of the previous find-
ings reported by the pioneers in the fluorescent MOF explosives de-
tection and amplified fluorescent conjugate polymer fields. Further to
this, due to their differing overall framework architectures, the MOFs

demonstrated different selectivities towards the analytes in the test-
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ing time frame; one MOF demonstrated detectability of all four ana-
lytes, and the other showed semi-selectivity by only being able to de-
tect half of the analytes in the testing time frame. This semi-selectivity
was attributed to the MOF’s lack of porosity and thus, its inability to
form meaningful interactions with two out of the four analytes. In ad-
dition, these two MOF sensors demonstrated timely responses with
signals observed in less than 10 s of analyte exposure, and one of
the MOFs demonstrated room temperature sensor regeneration. Both
of these considerations are significant for the applicability of these
materials for in-field use.

Lessons learned from these exploratory experiments were that the
sensitivites of analyte detection in the vapour-phase were dramati-
cally affected by “thin film” fabrication. Also, it was highlighted that
a more sophisticate vapour-delivery system which exposes MOFs to
known concentrations of analyte vapours is required, to be able to
evaluate which analytes quench the MOFs to the greatest extent.

Despite the initially synthesised MOFs demonstrating explosive-
related analyte detectability, only one of the MOFs was able to sense
the relatively bulky compound 2,4-DNT, and it was not clear if 2,4-
DNT was penetrating the pores of this MOF. Therefore, efforts were
shifted towards constructing a framework with potentially larger cav-
ities to facilitate the encapsulation and detection of bigger explosive
molecules such as TNT, Tetryl, and PETN.

MOF 3 was designed based on a previously reported framework,
constructing an analogous, novel MOF structure to that synthesied
by Eddaoudi et al. [176]. Crystallographically it was determined 3
had theoretically big pores capable of containing large explosive sub-
stances. It was also observed that 3 demonstrated a degree of flex-
ibility and pore shape disorder (although still retaining its overall

topology) when activated to form MOF 3’. Nevertheless, this frame-
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work demonstrated high thermal (up to 400 °C) and humidity stabil-
ities. The humidity stability of this MOF was probed using dynamic
vapour sorption experiments® that allowed for BET surface areas to
be calculated using water as a probing gas, at varying temperatures.
From these measurements and according to water stability grading
guidelines recently introduced into the MOF community, it was pro-
posed that 3" would be fit for use in hot and humid explosives de-
tection environments. These considerations are of significance as the
moisture stability of MOFs has previously limited their practical ap-
plication in a number of fields.

Sensing experiments probed the ability of MOF 3’ to detect explo-
sive substances and related analytes in both the solution and vapour
phase. During the solution-phase sensing experiments, the most com-
monly used sensing methodology was critiqued and new approaches
were suggested, that will hopefully be of benefit to the wider MOF
community. In the solution-phase 3” was able to detect the explosives
Tetryl, TNT, and PETN, the explosive related compound 2,4-DNT, as
well as arugably RDX, via the PIET mechanism. Limits of detection
using this approach were noted to be < 4 ppm. Stern-Volmer con-
stants of quenching efficiency were found to be comparable to those
reported by Swager et al. [79] for fluorescent conjugate polymers;
the sensing materials used in commercially available fluorescence-

4

based explosive detectors. Also, 3" showed preferential sensing to-
wards Tetryl, which was attributed to potentially two types of quench-
ing mechanism being available for this analyte; PIET and FRET. The
vapour-phase sensing of the explosive-related compound 2,4-DNT
with 3" produced unexpected but interesting results. Instead of flu-
orescence quenching, fluorescence enhancements were observed in

the presence of this analyte as well as atmospheric air, attributed to

the molecules adsorbing onto or into the MOF, rigidifying its flexible

+ In collaboration with Surface Measurement System Ltd. London, UK ©.
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structure and inhibiting linker motions and vibrations. Whilst these
findings eliminated the use of this MOF as a vapour-phase stand-
off sensor, they suggested that the MOF was sorbing 2,4-DNT; con-
sequently this framework was probed for its potential as a vapour-
phase pre-concentrator.

During the sensing experiments conducted in this thesis, it was
noted that typically single MOF sensors can detect explosives, but
they are not able to identify which explosives they are detecting, espe-
cially when exposed to explosives with varying concentrations. There-
fore, a three MOF sensory array (chemical nose) was constructed with
the aim to test whether such an approach can induce the discrimina-
tive detection of explosive substances and related compounds using
MOFs.

The MOF sensor array was constructed from 3” alongside two pre-
vious reported fluorescent MOFs; each of which were judicially cho-
sen to interact with the test analytes in differing ways by virtue of
their different topologies. The sensors were exposed to TNT, Tetryl,
RDX, PETN, and 2,4-DNT via solution-phase titrations. The quench-
ing response pattern obtained from the exposure of the MOFs to these
analytes (at varying concentrations) was analysed using the pattern
recognition tool linear discrimination analysis (LDA). It was found
that when analytes in the concentration range of 26.0 uM - 62.5 uM
(approx. 20 — 8 ppm) were exposed to this array as ‘unknowns’; a
94% accuracy of classification could be achieved (for total data and
84% accuracy using a cross-validation approach). Therefore, suggest-
ing that when incorporated into chemical noses, MOFs can not only
detect but can also identify the explosives to which they are exposed;
which may be important for the real-world applicability of these ma-
terials depending on the detection scenario in which they may be

used. These results were particularly significant as there have been
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no other reports to date in the literature that have explored this MOF-
array based approach for explosives sensing. However, as these were
initial, exploratory experiments, plentiful further research to confirm
the applicability of this method in real-world scenarios is required.

Some work exploring the potential of metal-organic frameworks as
standalone explosive vapour pre-concentrators was also undertaken;
MOF 3" was investigated for its applicability as a TNT vapour pre-
concentrator’. Sample tubes containing 3" were fabricated and de-
gassed in an attempt to create solvent-free pre-concentrator MOF sor-
bents. These were then used to sample TNT vapours from one of
two sources, after which, the sample tubes were placed into a ther-
mal desorber interfaced with a gas chromatography-mass spectrome-
ter for the liberation, separation and quantitative analysis of trapped
(“pre-concentrated”) TNT vapours.

The pre-concentration capability of 3" was evaluated by the pre-
concentrator efficiency — a percentage of how many of the vapours
available for sampling a particular MOF 3" sample could uptake and
release. These efficiencies were compared to those obtained using a
commercially available sorbent material; Tenax® TA, using the same
experimental procedure. The results of these proof-of-concept experi-
ments yielded diverse results.

Two different MOF 3” samples were able to successfully pre-concen-
trate TNT vapours with efficiencies between 66 — 89 % and for numer-
ous re-use cycles. These samples of 3" were also able to outperform
Tenax® TA under the used test conditions. However, reproducing
MOF 3’ pre-concentrators that were as effective as these initial sam-
ples was not trivial and the same pre-concentrator efficiencies could

not be achieved.

In collaboration with the Explosives Detection Group, Defence Science Technology
Laboratory.
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Significant discrepancies in results were observed between different
synthetic (and activated) batches which were degassed using different
(and sometimes the same) conditions. The worst performing samples
were found not to uptake any TNT at all. These extreme variations in
the pre-concentrator capabilities of the same MOF structure were at-
tributed to the degassing conditions. From chemical analyses, it was
confirmed that the MOF activation procedure was not 100% effective
at removing the solvents present within the MOFs pores and the pre-
concentrator capability of an 3" sample was suggested to be directly
related to how much solvent was able to be removed during activa-
tion and subsequent degassing. Also, the extent of MOF 3’ dehydra-
tion (removal of the water ligands bound to the zinc metal centers
in the MOF) was also proposed to affect the MOFs pre-concentration
efficiency. Essentially, the amount of space available in the framework
cavities for TNT encapsulation was deemed crucial for the MOFs pre-
concentration capability. Therefore, while these results that explored
the first MOF for explosives vapour pre-concentration were promis-
ing, plentiful work in the optimisation of this system for the repeat-
able generation of successful pre-concentrators is required.

In general, the research presented in this thesis has shown that
fluorescent MOFs can detect explosive substances and related com-
pounds with a good degree of sensitivity (low ppm levels). They
are able to identify which analytes they are exposed to if incorpo-
rated into arrays. Also, they demonstrate rapid sensor response times,
recyclability, as well as high thermal and humidity stabilities. Fur-
thermore, they can absorb and release analytes when required for
pre-concentration applications. These sensing properties of MOFs ad-
dress some of the requirements outlined in the literature review for
an ideal trace explosives detector. However, while this research has

further probed aspects of fluorescent MOFs as explosives detectors
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not previously reported, and has therefore demonstrated the further
potential of these materials; ample future work is still required to re-
alise the true real-world applicability of MOFs for trace explosives

detection.

7.2 FUTURE WORK

Regarding future work specific to the novel metal-organic frameworks
presented in this thesis, the optimisation of the activation conditions
for MOF 3" is of high priority. Experiments should be attempted
whereby different activation procedures are implemented and chem-
ical analyses undertaken in order to analyse their effectiveness. In
addition to this, other methods for establishing BET surface areas of
the MOF should be investigated, such as using argon as a probe gas,
with the aim to gain a greater understanding of the porosity of this
material, particularly at different dehydration levels of the MOF.

The optimisation of the activation of MOF 3’ could help generate
samples of the MOF that can undergo effective degassing to pro-
duce repeatable and re-usable TNT pre-concentrator materials, like
those obtained in the proof-of-concept pre-concentrator experiments.
Once such degas conditions are optimised for 3’, the selectivity in the
pre-concentration of TNT should be investigated for this framework.
MOF 3" should be tested for its uptake of TNT in the presence of
interferents that may be present in a sampling environment, such as
petrol or perfume. If the MOF were to prove itself useful after such
experiments, then the breakthrough volume and the bleeding of the
captured analytes should be evaluated. In addition, whilst the pre-
concentrator experiments presented in this thesis evaluated the collec-
tion and release of TNT vapours from larger volumes of air than those

presented to the detector (GC-MS); they did not really probe how the
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materials may capture target analytes when sampling large air vol-
umes containing very small quantities of the targets. Thus, future
work should look into the use of optimised MOF 3" pre-concentrators
to sample more challenging environments that may mimic some of
those found in real world scenarios. Furthemore, an attempt should
be made to interface functioning samples of MOF 3’ to current explo-
sives trace detectors to evaluate the impact they may or may not have
on the instruments selectivity. With this said, the work presented in
this thesis was an exploratory investigation with one particular MOF
and one target analyte. With thousands of metal-organic frameworks
having been reported to date and a number of explosives requiring
pre-concentration before detection; future work should aim to iden-
tify the best MOFs that are fit for pre-concentrating specific explo-
sives. Whilst this is likely to be a challenging feat, as reported by Kef-
fer et al., computational simulations could be a useful tool to assist in
this endeavour [249].

As discussed, the 3-MOF sensing array reported in this thesis demon-
strated significant success, however, as with the pre-concentrator ex-
periments, this research was also on a proof-of-concept basis. Thus,
future work should be undertaken on this topic to gain further in-
sights. It is acknowledged that the MOFs used to construct this array
may not be the most effective. Further to this, the ideal number of
MOFs to be used in a sensing array is currently not known. Therefore,
future work should attempt to construct a refined array that has the
optimum number of MOFs that have the most discriminative power.
As demonstrated by Wilmer et al. computational studies could prove
useful for this [225]. Another aspect of future work that should be ex-
plored, as briefly mentioned in Chapter 5, is the effect of interferents
on the MOF arrays. Furthermore, it is recognised that solution-phase

sensing is useful for the testing of MOF-sensor arrays against known
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concentrations of real explosives; however, such a sensing approach
is not idealistic or very applicable to real-world scenarios. Therefore,
the future probing on the applicability of MOF arrays for the dis-
criminative trace detection of explosives should be attempted with
the explosive substances and related compounds as gases; owing to
the need for effective vapour-phase stand-off detectors. However, as
eluded to, in order to be able to evaluate the true sensitivity of MOFs
towards gaseous analytes, a method to develop uniform thin films of
various metal-organic frameworks should be sought. In addition, as
also mentioned, an accurate and variable concentration vapour deliv-
ery flow should be produced.

If the future work topics discussed in this chapter were to be ad-
dressed, and the knowledge of MOFs in general increases in the same
way as it has since their conception, it is hoped that MOF sensors will
assist security personnel in the trace detection of explosives and re-

lated compounds in years to come.
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GENERAL EXPERIMENTAL MATERIALS AND
INSTRUMENTATION

8.1 CHEMICALS

All of the chemicals used for the research presented in this thesis
(unless otherwise stated) were purchased from either Sigma Aldrich,
Fischer Scientific, vwr international or Alfa Aesar. All of the solvents
used were high-performance liquid chromatography (HPLC) grade,
with the exception of DMF which was dried using 4 A molecular
sieves. The water used in all experiments was deionized and room
temperature was typically around 20 °C.

All explosives standards (TNT, Tetryl, RDX, 2,4-DNT and PETN)
were purchased from Accustandard® via Kinesis ltd. Each of the stan-
dards were certified as 1 mg/ 1 mL in a 50:50 methanol:acetonitrile
(MeOH:MeCN) mix. All dilutions to produce the required stock solu-
tions (as detailed in the relevant chapters) were done so using HPLC
grade MeCN. All stock solutions and as-purchased standards were

refrigerated at 4 °C and discarded after one month of opening.

8.2 INSTRUMENTATION

The specific instrument details and methods used for chemical analy-
ses not given in the previous chapters (and microwave synthesis) are

detailed below *.

The details of the instruments used in some collaborative analyses namely XPS and
computational calculations can be found in the appendices.
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Single crystal X-ray diffraction analysis

All single crystal X-ray diffraction data were collected at 150.0 K on
a SuperNova, Dual, Cu at zero, Atlas diffractometer with CuKo (A
= 1.54184 A) radiation. Single crystals were mounted on nylon loops
ready for analysis. Using Olex2 [181], the structures were solved with
the Superflip [253] structure solution programme using Charge Flip-
ping. The structures were refined with the ShelXL [254] refinement
package using Least Squares minimization. The unresolved disor-
dered solvent found in MOF 3 was treated using the ’solvent mask’
implemented in Olex 2 [181]. Solvent accessible voids were calculated

using the SOLV option within the software package PLATON [167].

Powder X-ray diffraction (PXRD)

For all loose crystalline powder materials; powder X-ray diffraction
(PXRD) data were collected on a STOE transmission diffractometer
system Stadi-P, with a Cu K alpha, A = 1.5418 A, radiation source
operating at 40 kilowatts and 30 milliamps. The samples were ground
into a fine powder and loaded into capillary tubes of 0.5 mm or 0.7
mm diameter. In some instances, the samples were loaded into o.7
mm capillaries whilst still immersed in a solvent. Scans were collected
between 20= 2 - 45°, with 0.5° step intervals, for 20 s per step.

For fabricated ’"thin-films” of the MOF 3" crystals PXRD data were
collected on a Lynx-Eye Bruker X-ray diffractometer with a Cu K al-
pha, A = 1.5406 A radiation source, operating at 40 kilowatts and 30
milliamps. Scans were collected between 1.50= 4 - 45°, with 0.05° step

intervals, counted at 1 s per step.
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Thermogravimetric analysis (TGA)

The thermogravimetric analysis of samples were conducted on a Net-
zsch Jupiter thermal gravimetric analyse using a temperature range
of 25 °C to 500 °C and a ramp rate of 10 °C/ min, under a flow of air.

Approximately 10 mg of a sample was used for each analysis.

Scanning electron microscopy (SEM)

Scanning electron microscopy images were obtained using a field
emission Jeol 6700F SEM, operating at 5kV. All samples were coated

with gold using a sputter coater prior to SEM analysis.

Attenuated total reflectance - Fourier transform infra-red (ATR-FT-IR) spec-

troscopy

Attenuated total reflectance -Fourier transform infra-red (ATR-FT-IR)
spectra were collected using a Bruker Alpha Platinum ATR unit, scan-

ning between 400 and 4000 cm ™.

Brunauer-Emmett-Teller (BET) surface area measurements

BET surface area measurements on 1” were measured with N, (77 K)
on a Micromeritics Gemini VIII 2390 surface area analyzer instrument
(0.05< P/Py>0.3). Approximately 8o mg of the MOF was out-gassed

at 200°C for 24 hours prior to analysis.
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Proton nuclear magnetic resonance

'H NMR spectra were ran on an Avance 300 MHz or Avance 500
MHz spectrometer in d6—-DMSO. The chemical shifts given in the
main body of the thesis are in ppm relative to d6—-DMSO (2.50 ppm).

All MOF samples were digested prior to * H NMR analysis. Ap-
proximately 5 mg of the crystalline MOF samples were added to 0.4
mL of d6—-DMSO and o.2 mL of a stock solution of 0.1 mL of 35%
DCL/D,O0 in 3 mL of d6—DMSO. The mixture was sonicated for 15

minutes until all of the crystalline solid had completely dissolved.

Time-correlated single photon counting (TCSPC) spectrometer

Vapour-phase fluorescence measurements were conducted on an Ed-
inburgh Instruments time-correlated single photon counter (TCSPC)
with a laser excitation source of 405 nm, and emission measured be-

tween 420 nm and 750 nm.

Fluorescence spectrometer

Solution-phase fluorescence spectra were collected on a Horiba FMax
4 instrument running FluorEssence software. Spectra were corrected
for lamp and instrument response. Entrance and exit slit widths were
typically 5 nm and 2 nm respectively. Emission spectra were mea-
sured using a fixed excitation wavelength and the emissions were
measured from 15 nm below this wavelength to a maximum of 600
nm. Excitation spectra were obtained by fixing the monochromator at
the spectral maxima of the sample, and varying the excitation wave-

length from 300 nm to 15 nm above this fixed point.
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Microwave synthesis

Mirowave syntheses were undertaken using a conventional microwave
oven with a yoo W and 2450 MHz output. The microwave was oper-

ating at a 40% power output.

UV-visible absorption spectroscopy (UV-vis)

UV-visible absorption spectra were collected using a Perkin-Elmer
Lamda-25 instrument, scanning between 250 - 500 nm. Samples were

measured in 10 mm path length quartz cuvettes.
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CHAPTER THREE ADDITIONAL DATA

Additional data from the work presented in chapter three can be
found on the attached CD within the folder labelled ‘Appendix A’.

The additional data from the work presented in chapter two details:

1. Additional crystal structure data for MOF 1 as well as the sol-

vent accessible void parameters

2. Additional crystal structure data for MOF 2 as well as the sol-

vent accessible void parameters
3. Additional sensing graphs

4. Computational simulations experimental details
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CHAPTER FOUR ADDITIONAL DATA

Additional data from the work presented in chapter four can be found
on the attached CD within the folder labelled ‘Appendix B’. The ad-

ditional data from the work presented in chapter three details:

1. Additional crystal structure data for MOF 3 as well as the sol-

vent accessible void parameters

2. Representations of the calculated molecular dimensions of the

MOF 3’ pore
3. Simulated PXRD patterns for MOF 3 and 3’
4. MOF 3’ N, BET attempt details

5. PXRD patterns of MOF 3’ after immersion in water and compar-

ison with the HgL linker

6. PXRD patterns of the MOF 3" samples used for DVS experi-

ments (just activated, prior to DVS experiments)

7. PXRD pattern of the MOF 3" crystals after variable temperature

DVS experiments
8. PXRD LeBail fitting experimental details and extra data
9. MOF 3 computational simulations experimental

10. XPS results on MOF 3’ air exposed and 2,4-DNT exposed sam-
ples
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CHAPTER FIVE ADDITIONAL DATA

Additional data from the work presented in chapter five can be found
on the attached CD within the folder labelled “Appendix C’. The ad-

ditional data from the work presented in chapter four details:

1. Raw data file for the array sensing data

2. Example fluorescence emission graphs for the array sensing
MOFs stable baseline suspension measurements before sensing

experiments

3. Canonical plot, classification matrix and jackknifed classifica-
tion matrix for the LDA on the MOF sensing array upon expo-

sure to the tested analytes in the 62.5 — 32.3 uM range

4. Canonical plot, classification matrix and jackknifed classifica-
tion matrix for the LDA on the MOF sensing array upon expo-

sure to the tested analytes in the 62.5 — 19.6 uM range
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CHAPTER SIX ADDITIONAL DATA

Additional data from the work presented in chapter six can be found
on the attached CD within the folder labelled ‘Appendix D’. The ad-

ditional data from the work presented in chapter five details:

1. Picture of Tenax® TA contained within glass and stainless steel

tubes

2. Files containing the specific analytical sequences (‘runs’) and

the absolute amounts of TNT collected for each sample.

3. Picture illustrating the colour change of the crystals present in
the 100 ° C degassed MOF 3’ sample (from yellow to dark yel-
low) post GC-MS analysis

4. MOF 3’ (as activated, just air exposed) infra-red spectrum

5. XPS data for the 100 © C degassed and 230 ° C degassed (proof-
of-concept) MOF 3" samples
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