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ABSTRACT

A series of chemically-tailored mesoporous materials has been synthesized via a
liquid-crystal templating mechanism and characterized using a variety of techniques.
Materials include a series of M_CM-41-type solids (including aluminosilicates, purely
siliceous, and iron-containing materials) and a series of organically-modified
mesoporous silicas (including phenyl-, w./inyl-, aminopropyl- and mercaptopropyl-
functionalized samples). - |

Two different synthesis compositions and. three different sets of reaction
conditions were tested fo; the synthesis of MCM-41. Characterization by XRD and N,
sorption demonstrated that synthesis under pressure at 100 °C yielded materials with a
uniforrﬁ pore structure and narrow pore size distribution. Samples with pbre widths in
the mesoporous ‘range and sbeciﬁc surface areas of between 500 - 950 m? g were
produced. The synthesis composition that used aluminium sulphate as the aluminium

.sourcé was shown, by Al ms-m, to give a product, following calcination, |
containing tetrahedrally co-ordinatéd aluminium (necessary for acid catalysis).

Nz. adsorption on the organicall)./-modiﬁed, samples, 'demonstrated that the
incorporétion of organic functions reduced the pore diameter and yielded microporous
materials. The use of auxiliary organics as pore-swelling agents was investigated and
mesitylene was proved to be successful in the formation of a mt;,soporous phenyl-
modified material.

The adsorption isotherms of water, benzene, n-butanol and r-butanol were
measured for the phenyl-modified méieriéls. N, benzene and r-butanol sorption on the

“unswollen sample yielded Type I isotherms, confirming the sample’s microporosity.



Type IV isotherms were giQen i)y these édsorptiv.es ‘;9 the mesitylene;swoilen sample,
demonstrating the presence of mesopores.

| ﬁ-butanol adSorption occurred via polar iﬁtéractions with the surface hydroxyl
groups of both samples and was sterically—hind'er;:d in the microporou-s sample. Water
sorption (performed on the unswollen sample . only) gave a Type V isotherm

demonstrating the sample’s hydrophobicity.

IINS studies of the phenyl-modified silica containing adsorbed benzéne, detected

the presence of the adsorbed species and differentiated between structural phenyls and

adsorbed benzene.

- . ., - e .
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CHAPTER 1

- INTRODUCTION

1.1 General

While the title of this research is extremely broad, it is pﬁmarily concémed wi\th'
mesoporous molecular sieves, species which can discriminate between molecules solely
on the basis of size 5y virtue of a pore system of molecﬁlar dimensions. Specifically, it
considers the synthesis and characterization of novel‘, mesoporous, silica-based materials
»whi.&:h may be classified as belonging to the M41S group of materials'?? (see Section
1.2). This chapter aims to give a general introduction to porous materials with special
attention being given to M41S-type solids. It discusses the oriéinal synthesis of the -
M4IS materials and it will consider some alternative synthetic routes to these and to
other porous solids. The use of porous solids as shape-selective catalysts will also be
considered.

A valuable technique for determining the pore structure and surface area of such
solids is gas adsorption and this technique, which plays a major part in this research, is
~ discussed at length in Chapter 4. Introductions to general characterization techniques
used in this research are given in Chapter 2 and a general introduction to Inelastic

Neutron Scattering is given in Chapter 6.
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1.2 Classification of Porous Solids

Porous inorganic solids, such as the zeolites, are used extensively in catalysis
and as sorption media because of their large surface area and uniform pore structure.?-?
IUPAC classify of porous solids according to their pore width and this classification

system™ is presented in Table 1.1, below.

Table 1_.1 The TUPAC Classification of Porous Solids™

Pore Width /A Classification
<20 - microporous
20 -500 _ ImMesoporous

> 500 macroporous

| The classical aluminosilicate zeolites are examples of microporous solids
(having pore diameter, d < 20 A). Recent research in this field ha§ concentrated on the
synthesis of solids with pore 'structures in the mesoporous rangé; these include pillared
layered solids and a family of mesoporous aluminosilicates designated M41S. A large
amount of interest has recently been focused on this latter group of materials, which
were discovered by the Mobil Research and Development Corporation in 1992.'
These materials combine the well-defined pore structure of the zéolites with the
desirability of average pore diameters in the mesoporous range. It is possible to control
precisely the poré diameter in these solids, thereby providing a potential route to the

formation of highly shape-selective catalysts.




C.M.Bambrough | N R 1. Introduction

1.3 M41S Materials

The recent discovery of the mesoporous aluminosilicates designated M41S (by
workers at Mobil) attracted a great deal of interest, and their potential as catalysts for the
reactions of large organic moleél;lcs has guaranfeed a continuous stream of papers
investigating the rational synthesis of mesoporous solids, their characterization and their
-applications.l"28

The M41S materials are formed via a reaction which iﬁvolves the use of

aggregated organic surfactant molecules as templates or “structure-directing agents”.

Zeolites are formed by the crystallization of silicate around a single molecule. In

the case of M41S synthesis,' micelles of cationic alkyltrimethylammonium surfactants
serve as the template. The ability to control the template by inc;;easing the carbon chain
length of the surfactant provides a relatively simple method of tailoring the pore size
.and,,shape of the inorganic product. 'Characteﬂiadon of these prc;ducts has proved the
existencé of a lamellar, a cubic and a hexagonal M41S phase, the most well documented
being the hexagonal phase MCM-41"%"* and the cubic phase MCM-48.2°

The f'actor that gévems which of thesé phases is formed is the surfactant / silica

molar ratio:
surfactant / silica < 1 gives MCM-41
surfactant / silica = | to 1.5 gives MCM-438

This research is concerned with materials having the MCM-41 structure.



C.M.Bambrough ' ‘ ‘ 1. Introduction

1.3.1 MCM;41

MCM-41 has a hexagonal array of unidimensional pores‘ that can be tailored
with pore-diameters between 15 - 100 A. It has been used as a model mesoporous solid
in the field of adsorption, surface area and porosity measurements, and typical surface
areés in excess of 650 m?g" have been reported.

Speculation on the mechanistic pathway leading to the formation of MCM-41
initially resulted in two proposed routes. Beck et al’* suggested that the surfactant
molecules aggregate into micellar rods which in’tur_n form a hexagonal array which acts

as the template for the inorganic silica (Figure 1.1).

Surfactant ) )
Micelle Micellar Rod Hexagonal Array Surfactant Micelle MCM-41
Surrounded by Silicate '

~ Figure 1.1 The Liquid-Crystal Templating Mechanism Suggested by Beck ez al.

The second mechanism, suggested by Vartuli,> notes that‘ spontaneous
aggregation of the surfactant molecules into the liquid crystal hexagonal array is
unlikely at the working concentration and that it is the addiﬁon of the silicate anions, by
virtue of their charge balance with the cationic surfactants, that causes micelle

formation. This more likely mechanistic pathway is shown in Figure 1.2 below.
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0

Surfactant Silica Forces Surfactant Micelle
Molecules _ Aggregation Surrounded by Silica

Figure 1.2 The Structure-Directing Mechanism Suggested by Vartuli et al.

It has recently been shown® that by progressively increasing the surfactant :
silica ratio, each of the three M41S phases (lamellar, cubic and hexagonal) can be
formed. This agrees with the second proposed mechanism in which the silicate anions

trigger the liquid crystal state by serving as counter ions to the surfactants.

1.3.2 Alternative Synthetic Routes to MCM-41-Type Materials

(i) A Neutral Templating Route

An alternative to the synthetic route discussed above is the formation of
mesoporous solids via a neutral templating route.>** This method relies on hydrogen
bonding interactions between neutral primary amine micelles and neutral inorganic
precursors such as tetraethylorthosilicate (TEOS). The template may then be removed
by neutral solvent extraction. These materials are reported to‘ have thicker silica walls

and improved textural mesoporosity.
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(ii) Preforming the Liquid Crystal Mesophase

In the case of the original MCM-41 synthesis, the experimental concentration of
the surfactant molecules is below that at which the liquid crystal mésophase will
spontaneously form. An alternative synthetic procedure, first carried o'ut by Attard et
al,”” involves preforming the liquid crystal mesophase before addition of the silica
source. The pore structure of the final product is therefore accurately determined at the

outset.

(iii) Surfactant Intercalation of Kanemite

As well as the synthetic foute described above, attempts have been made to
produce mesoporous mateﬁalé by hydrothermal treatment of the layered silicate
kanemite in the presence of alkyltrimethylammonium cations.* This route did produce a
mesoporous silicate via surfactant intercalation of the kanemite layers and not via the
micellar/silicate route observed in the M41S system. The properties of the kanemite-
derived materials are different from those of the M41S group in that they have lower

pore volumes, are more highly condensed and have thicker silica walls.

(iv) Gemini and Dual Alkyl Chain Surfactant Templating

Gemini surfacténts contain two quaternary ammonium head groups separated by
a variable length methylene chain. They have been used as templates for the synthesis of
a mesoporous silicate designated SBA-2 that hés hexagonal  symmetry, regular
supercages and a large inner surface areei.38 By altering the length of the inter-connecting
methylene chain and surfactant tail it was possible to produce othe.r phases including the

cubic phase MCM-48. Dual chain dialkyldimethylammonium surfactants have also been
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used successfuliy in the formation of M41S materials.*® For the odd carbon numbers.
(n=1,3,5,7) MCM-41 was formed, while the even carbon numbers (n =2, 4, 6, 8 )
;md n > 9 surfactant prodiléed a lamellar phase. The authors suggésted that at n > 7 the
surfactant behaves as a two-tailed molecule that favours the formation of a bilayer but

were unable to explain the results obtained whenn < 7.

1.3.3 The Use of Auxiliary-Organics as Pore-Swelling Agents

The pore size of M41S materials is easily tailored by altering the carbon chain
length of the surfactant template. In one of the original Mobil papers, however, Beck et
al® document the use of mesitylene as a pore-swelling agent to form even larger
mesoporous solids. A recent paper by Ulagappan and Rao* investigates the use of
straight chain alkémes as pore-swelling agents. The following schematic d_iagram (Figure
1.3) shows a micelle of surfactant molecules in (a) the absence and (b) the presence of a
normal alkéme. X-Ray diffraction éattefns of fnésoporous silica formed with a cationic
surfactant in the presence of normal alkanes of increasing'carbon chain lengths showed
an increase in the observed djgo values that corresponded to the lengths of the alkane
chain and surfactant tail being approximately additive in forming the micelle template.

In this study we document the use of mesitylene and tetradecane as pore-

swelling agents in the synthesis of organically modified MCM-41 materials.
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Figure 1.3 Diagram showing (a) a liquid crystal miceile and (b) the use of straight chain
alkanes as auxiliary organics.

1.3.4 Organically Modified MCM-41

As one of the major potential applications of MCM-41 is its use as a catalyst, it
js desirable to incorporate catalytically active metals or organometallics into the MCM-
41 framework. Early attempts to incorporate guest species in the channels of the
mesoporous alum.inosilicate‘ MCM-41 resulted in low guest loadings, probably due to
the absence of specific interactions between. host and guest. The use of organically
functionalized mesoporous materials may alleviate this problem and the synthesis of
hybﬁd inorganic-organic mesoporous silicas have recently been reported;“1 A phenyl-
modified MCM-41 type material was synthesised at room temperature by the hydrolysis
and co-condensation of sﬂoxane and organosiloxane in the presence of a surfactant. In
this report, the analysis of this phenyl-modified MCM-41 by adsorption of benzene and
water vapour is reported. Prehmmary nitrogen sorption and powder XRD data suggested

that the sample was microporous and for this reason the synthesis of a mesoporous

e e ¥
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phenyl-modified MCM-41 has been performed and is reported here. The synthesis of
several other organically-modified mesoporous silicas has also recently been

42446
d

reporte and, in this study, the synthesis and characterization of mesoporous silicas

containing vinyl, aminopropy! and mercaptopropyl functions is also described.

1.3.5 Metal-containing MCM-41

The large sut;féce area.ana tailorable pore structure of MCM-41 makes it a
suitable support for catalytiéal_ly-active metals. A large number of ﬁansition—metal
substituted, hexagonal, mesoporous silicas have beeﬁ prepared**! including Ti-, V-,
Cr-, Mo- and Mn-substituted materials.’?"*® The catalytié activity of these materials has
been studied and some examples are given in Section 1.5.2, below.

In addjtion to these well-known catalytically-active metals, more unusual
materials have been synthesized, such as an MCM-41 encaﬁsulating a ruthenium
porphyrin59 (for alkene oiidation) and organolanthanide-containing MCM-41.%

In this study, the synthesis and partial characterization of an iron-containing

MCM-41 is reported.

1.4 M41S-Type Materials in Context

In order to appreciate the relevance of M41S-type solids in the field of sorption
and catalysis, it is useful to first consider some commonly used porous solids. The
position of M41S-type materials, relative to various other types of porous solid in the

IUPAC classification system, is given in Figure 1.3, below. As shown in the dfagrarn,
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M41S-type solids have pore diameters which fall in the range of 20 - 100 A but most

commonly, pore diameters of approximately 40 A are observed.

_ | Microporous Mesoporous
.
M@lS
a2
Pillared Layered Solids
1
S 10 50 100

Pore Diameter / A

Figure 1.3 Pore-Size Classification of Various Types of Porous Solid®

As previoﬁsly rhcntioned, zeolites are niicroporous, while piilared layered solids
may display microporous and/or mesoporous characteristics. Basic describtions of

zeolites and commonly encountered pillared layered solids are given below.

1.4.1 Zeolites™

Zeolites are model microporous solids. The primary building blocks of all
zeolites are SiQ4 and AlQ, tetrahedra linked together by sharing corner oxygens to form
ring systems. Four tetrahedra linked 'together form a so-called 4-ring, six tetrahedra form

a 6-ring etc (Figure 1.4).

10
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(a) (b)
Figure 1.4 (a) A Zeolite 6-ring and (b) The short-hand depiction of a 6-ring

A secondary building unit commonly observed in this farrﬁly of materials is the

sodalite unit which is a truncated octahedron composed of linked 4--and 6-rings. It is the

paékif;g of these sodalite-units which yields large cavities in many zeolite structures in .

which sorptidn, diffusion and catalysis may take place.

1.4.2 Pillared Layered Solids

Pillared layered solids, which may contain microbores, mesdpores or a mixture
of both, are commonl).I used as catalysts and adsorbents. This section will briefly
.consider the three main types of lallyered solid hsgd for pillaring.%* These are smectite
clays, layered double hydroxides (LDH), and phosphates and phosphonates of

tetravalent metals.

1
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(i) Smectite Clays

Smectite clays are naturally occurring three-layer sheet silicates containing two
layers of tetrahedrally cé-ordinated atoms surrounding a layer with octahedrally co-
ordinated atoms. The net negative charge attributable to substitutions in either the
tetrahedral or octahedral layer is compensated by interlayer cations. In naturally
occurring smectite clays these cations are the alkaﬁ and alkaline earth metals. These
clays swell easily in water and, after. swelling, the i‘nterlayer cations may be exchanged
fér larger o‘ligomeric" cations such as the Keggin ion [Al;304(OH)2(H20)12)".
Calcination of the exchanged product dehydrates the pillars and forms stable links
between the layers resulting in a porous solid. Mesoporosity is achieved due to the clays
delanﬁnadﬁg on sweiling and ion exchange to form small packages or single layers.
When the clay is dried these packages are roﬁghly arranged creating mesopores between
. them. The major diéadvantage of this 'procedure, however, is that it is not Controlled and

the pore dimensions can, therefore, not be tailored.

(ii) Layered Double Hydroxides

Another important class of layered solids are the layered double h)?droxides |
(LDHS). These structures are based.on that of Mg(OH),, brucite in whi_ch magnesium
ions occupy the octahedral sites between each second layer of a close-packing of
hydroxide ions. By substituting the divalent Mg2+ by trivalent ions such as AL,
positivély charged layers are formed. The interlayer gaps are filled by charge

compénsating anions and thus providing a means of pillaring these solids.

12
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(iii) Phosphates and Phosghonates of Tetravalent Metals

Another type of pillared solid is based on the expansion of the interlayer space of
phosphates by tetravalent metals such as Ti, Zr and Sn. The phosphate oxygens are co-
ordinated to the metal atom and the phosphate proton projects into the inter!a_yer region.
Substances typically used for the intercalation of the acidic interlayer region are organic
amines.

Pillared layered zirconium phosphonates similar to the metal phosphate, but with
R groups protruding into the interlayer region keeping the layers apart, can also be
prepared. By partially replacing the organic residue with a smaller R group, R', a porous
. solid should result. It is then the length of the organic residue, R, that controls the height

of the pores and the ratio of R : R’ that controls the pore width.

1.4.3 MCM-41 in Context‘

' 'The major difference between MCM-41 and the materials discussed above is the
degree of control which may be exerted over the formation of the pore systems. In the
case éf the pillared layered solids, the pore system that is produced often contains pores
in the micro- and mesoi)orous range and these solids therefore have a large pore-size
distribution. This is obviously a disadvantage when designing a shape-selective catalyst
(see next section).

While the zgdlites obviously have the advantage of being crystalline and of
having a well-defined, narrow pore-size distribution, these materials are microporous
and are therefore of limited use in the catalysis of the reactions of large organic

molecules.

13
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MCM-41 and related materials combine the advantage of having an easily-
tailored, well-defined pore structure with pore-diameters in the mesoporous range. The

major disadvantége of these materials is the fact that the pore walls are amorphous.

- 1.5 Porous Solids as—Catélxsts

1.5.1 Shape-selective Catalysis in Zeolites

Zeolites are the crystalline analogues of tﬁe amorphogs silica-aluminas that have
long beeﬁ used as acid catalysts. As préviously mentioned, the primary building blogk of
all zeolites are SiO4 and AlQO, tetrahedra. These are linked at every corner oxygen to
yield a three dimensional framework containing regular channels and .c;;wities. It is this
very. fine pore structure that is responsible for the zeolites ability to select molecules of a
certain size to penetrate. into, or escape frorﬁ, the interior of the crystal.

It is acid sites arising from the AlO4 tetrahedra in the structure thét are
responsible for the catalyﬁ;: activity of the zeolites. These sites are Jocated both within
the pore structure and on the outside suljféce. Surface areas of zeolites fall typically
between 200 to 800 m? g™'.

‘Shape-selective catalysis may be divided int§ three categories, namely reactant
selec;tivity, product selectivity and resﬁcted-&msiﬂon—state selectivity. Thesé three

categories are discussed separately below.

14
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(i) .Reacltant Selectivity

Reactant selectivity arises- when one or more reactant species is denied access to
the zeolite's active sites as a result of its molecular sieving properties. An example of
“this is the dehydration of a mixture of n-butanol and iso-butanol to form an alkene over
two different zeolites.! Faujasite NaX (window size = 8.5 A), resulted in similar
conversion rates for both n-butanol and iso-butanol whereas another zeolite, CaA,

(window size ~ 4.5 A) resulted in negligible dehydration of the bulky iso-butanol.

(ii) Product Selectivity

Product selectivity arises when only those species with the appropriate
dimensions can diffuse out of the zeolitic cavity and appear as observed products. This
is exemplified by the alkylation of toluene with methanol over the zeolite ZSM-5.%! The
product contains the ortho-, meta- and para-isomers of xylene with the latter in excess.
The diéprdportionately high percentage of para-xylené in the product mixture may be °
explained by the "stream-line" structure of the para-isomer, which fits easily within the
channels of ZSM-5; in contrast, the movement of the ortho- and meta-isomers within

the zeolite channels is restricted by their bulky structure.

(iii) Res tricted-transition-state Selectivity

A third type of shape-selective catalysis is based on the fact that reaction of the
organic species takes place inside the zeolite cavity. It follows, therefore that, if the
cavity dimensions are restrictive to the formation of a certain bulky transition state,
further constraints are made on the reaction pafhwa&. This restricted-transition-state

selectivity is demonstrated by a study of the relative rates of disproportionation and
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isomerisation" of o-xylene over ba variety of z.eolites.‘51 The ;‘esults show that the rate of
disproportionation relative to isomerisation falls considerably as the cavity size is
reduced. This can be explained by considering the nature of the two reactions.
Disproportionation is a bimoleculaIL process requiring the formation of a bulky transition
state, while isomerisation is unimolecular involving intra-molecular methyl shifts and

transition states with dimensions similar to those of the product.

1.5.2 M41S Materials as Shape-selective Catalysts

’i‘hc large pore size of M41S type materials relative to zeolites has led to a great
deal of interest in the possible use of these materials as catalysts and catalyst
supports.'“’""1 The use of mesoporous solids as acid catalysts- is permitted by the
incorporation of aluminium, as substitutidn of silicon with aluminium yields Bronsted

| and Lewis ac‘id sites.. Catalytically-active metals have also béen incorporated into the
inorganic framework. Recently, attention has been focused on tﬁe acid c;atalysis of.larger
organic molecules. An example of this is the study made of the alkylation of the bulky
2,4-di-t-butyl pheﬁol with cinamyl alcohol using aluminosilicate MCM-41 as the
catalyst.”> It was shown tﬁat the primary alkylation product 6,8-di-z-2phenyl-2,3-
dihydro[4H]benzopyran was formed with MCM-41, while the restricted envirqnment of
the zeolite HY did not permit alkylation to occur.

As mentioﬁed‘ in Se;:tion 1.3.5, various catalyticall)-/ "'éi'ctive metals such as
vanadiumss and titanium®* have been incorporated into M41S type materials and the
selective oxidation of large 6rganic molecules investigated. Corma et al** have produced
a titanium silicate isomorphous to MCM-41 that has an average pore diameter of 20 A

- and a surface area of 936 m? g'. They have shown that this titanium silicate catalyses

16 
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the epoxidatioﬁ .of hex-1-ene by H»0,, and the epoxidation of norbornene with
terbutylhydroperoxide (T Hl"). The latter reaction is of interest as the bulky nature of the
oxidant prevented the zeolite TS-1 from being used as a catalyst. Corma et al* have also
' developed a NiMo-MCM-41 which may be used as a catalyst in the hydrocracking of
vacuum gasoil. It was found to bé more effective at desulfurization and denitrogenation
than zeolite analogues with the same metal loading. The authofs attributed this to be due
to a combination of large surface area, uniform pore size distribution and reduced
diffusion problems, combined with the required mild acidity due to the presence of

aluminium centres.

17
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1.6 Objectives

The main aims of this study were the synthesis and characterization of novel,
chemically tailored MCM-41 type sorbents via a liquid-crystal templating method. The
application of different synthesis protocols to yield ordered mesoporous materials was
under investigation. |

The synthesis of a series of materials containing functions which couid
potentially be used for catalysis purposes was also an objective.

Gas adsorption sfudies of this class of materials can yield imporfant information
concerning pore structure' and " surface characteristics. The measurement of the
adsorption isotherms of various adsorptives s)n these materials (using botﬁ automated

volumetric and manual gravimetric techniques) was therefore an objective.
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- CHAPTER 2

EXPERIMENTAL

This chapter is divided into two parts. Part I details the synthesis of materials

~while Part II considers the characterization techniques employed in this study.

PARTI - SYNTHESES

Part I of this chapter is divided into two sections. The first concerns the synthesis
of M41S materials containing no organic functions, while the second section discusses the

synthesis of organically-functionalized mesoporous silicas.

2.1 M41S Materials

Materials _

The flow diagram shown as Figure 2.1 deséribes the general synthesis of M41S
soh&s. The base catalyst used in the synthesis was either tetramethylammonium hydroxide
- (TMAOH, Aldrich) or sodium hydroxide (Hépkin and Williams, AnalaR), and the silica
source was either (a) tetraethylorthosilicate (TEOS, Aldrich) or (b) tetramethylammonium
silicate (TMAS, see synthesis in Section 2.1.1) and precipitated silica (BDH). The
template used in éach case was an aqueous solution of cetyitrimethylammonium chloride
(CTMAC], Aldﬁgh). Sodium aluminate (Riedel-de Haén), or alﬁminium sulphate (Hopkin

and Williams, AnalaR) were used as the aluminium source. Table 2.1, given at the end of .

24



C.M.Bambrough ' o o o _ 2. Experimental

this section, summarizes the reaction conditions for each batch. The aluminosilicate
‘materials were prepared using two methods devised by Schmidt et al with the aim to
produce a material containing aluminium in a tetrahedral environment (required for acid

catalysis). The preparation of a range of materials is now described.

Ci6H33(CH3)3NCl +
H,0 + BASE
silica source +
- aluminium source
WHITE SUSPENSION
heat iﬁ sealed teflon | " or heat in microwave oven -
bottle at 100 °C ' or stir at room temperature
WHITE NON-POROUS SOLID
calcine at 540 °C
in air for 6h.
WHITE MESOPOROUS SOLID

Figure 2.1 Flow diagram describing the general synthesis of M41S materials.

The microwave oven used‘ in the following syntheses was a standard Hotpoint 850 W

domestic microwave oven.
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2.1.1 MCM-41 Preparation 1

(Preparation According to Schmidt.!)

The synthesis of this MCM-41 sample differs from those of the other M41S
materials described below in that it uses a tetramethylammonium silicate (TMAS) solution
as a silica source. The preparation of &ﬂs solution is now desc.ribed: 30.48 g of 25% by
mass aqueous tetramethylammonium hydroxide (0.084 mol, Aldrich) was combined with.
16.82 g of 30% by mass aqueous colloidal silica (0.084 mol, Ludox, Du Ponf) and 13 g
(0.72 mol) of deioﬂized water. Thus a 1:1 solution of TMAOH and SiO; (containing 10%
SiO; by mass) was produced, which was then aged at room temperature for 96 h.

50 g of the above precursor solution was added to an agéd solution cdntaining
2.1 g (4.33 mmol) of sodium aluminate, 31 g (0.024 mol) of 25 % by mass aqueous
cetyltrimethyl ammonium chloride (CTMACI) and 13 g (0.72 mol) of deionized water. To
this white precipitate was added 12.5 g (0.2 mol) of precipitated silica and, after stirring,
10 g (0.105 mol) of 25% by mass tetramethylammonium hydroxicie solution. The resulting

- gel was divided into two portions and treated as follows:

i) Sealed Teflon Bottle Synthesis - MCM-41(a)

Oﬁe portion of the reaction mixture was loaded into a teﬂoh bottle which was
stoppered and heated in an oven at 100 °C for 23 h, The white solid was recovered by
| filtration, washed with copious deionized water and dried over CaCl,. A poftién of the

product was calcined in air at 540 °C for 6 h.

26



_ C.M.Bambrough _ ‘ v . ' 2. Experimental .

ii) Microwave Synthesis - MCM-41(b)

The second portion of the reaction mixture was loaded into a conical flask, covered
with a. petri dish and heated in 2 850 W domestic microwave at 10% power for 20
minutes, stirring the mixture every 2 minutes. The product was again recovered by
filtration, washed with deionized water and was dried over CaCl,. A portion was calcined

at 540 °C in air for 6 h.

- 2.1.2 MCM-41 Preparation 2.

(Preparation According to Schmidt.?)

21.3 g (0.102 mol) TEOS was added to a solution containing 2.48 g (0.062 mol)
NaOH, 13.2 g (0.042 mol) of 25% by mass CTMACI and '180 g (10 mol) of deionized
water. The solution was maintained at épproximately 30 °C and stirred for 5 minutes to
produce a white suspension (molar ratio ca. 100 H,O : 1 TEOS : 0.4 CTMAC
surfactant/silica < 1, as required for MCM-41 formation, see chapter 1). 1.1 g (1.74 mmol)
~ of aluminium sulphate was then added and the solution stirred at 30 °C for 1 h. Again the -

reaction mixture was divided into two portions and treated as follows:

i) Sealed Teflon Bottle Synthesis - MCM-41(c)

The first -portion of reaction mixture was loaded into a teflon bottle which was
stoppered and heated in an oven for 72 h at 100 °C. The solid was filtered, washed with

deionized water and dried. A portion was calcined at 540 °C in air for 6 h.
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ii) Microwave Synthesis - MCM-41(d)
The procedure used in the microwave synthesis of sample MCM-41(b) (section

2.1.1) was applied to the second portion of the reaction mixture.

2.1.3 Iron-containing MCM-41°

10.65 g (0.05 mol) of TEOS was added to a solution containing 1.3 g (0.03mol) of
NaOH, 6.58 g (0.021 mol) of 25% by mass aqueous CTMACI and 90 g (5 mol) of
deionized water (molar ratio ca. 100 H,0 : 1 TEOS : 0.4 CTMAC; surfactant/silica < .1,
as required for MCM-41 formation). The resulting white suspension was stirred at room
temperature for 5 min before the addition, with stirring, of 0.5 g (1.2 mmol) of
Fe(NO3)3;.9H,0 (BDH). A pale brown suspension was produced whiéh was .stirrefd at room
temperature for 1 h before being loaded into a teflon bottle, which was sealed and heated
in a conventional oven at 100 °C for 5 days. A slightly discoloured homogeneous product
was rcéovered by filtration, washed with deionized ;Nater and dried at room temperature.

The product was calcined in air at 540 °C for 6 h.

2.1.4 Purely siliceous MCM-41

To 56 g (3.1 mol) of H,O was added 4.6 g (3.62 mmol) of 25% by mass CTMACI
and 16 g of NaOH(aq) (1 mol dm™). To this was added 6.5 g (32 mmol) TEQS, and the
resulting white suspension was stirred 'for 48 h at room temperature to produce sample
SiMCM-41(a) (molar ratio ca. 100 HO : 1 TEOS : 0.1 CTMAC]; sdrfactant/silica <1,as
required for MCM-41 formation). Half of the mixture was fhen loaded into a teflon bottle

which was sealed and heated in an oven at 100 °C for 24 h. The white solid, sample -
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SIMCM-41(b), was recovered by filtration, washed with deionized water and dried under

vacuum at 50°C. A portion was calcined in air at 540 °C for 6 h.

Table 2.1 Summary of the reaction conditions for M41S syntheses.

_ Silica Metal Heating
Sample Template Base Source Source Method
: | TMAS .
MCM-41 CTMACI | TMAOH | precipitated SOdl.le Sealed vessel
(a) silica aluminate (100 °C)
i 1 . TMAS . .
(b) silica aluminate Oven
MCM-41 | cTMACI | NaoH TEOS aluminium | Sealed vessel
(c) sulphate (100°C)
MCM-41 - CTMACI NaOH TEOS aluminium | Microwave
d sulphate Oven
FeMCM-41 | CTMACI | NaOH | TEOS | Iron nitrate Sef‘ll‘(’f) ‘jecs)s.el
. Stirred at
SIMCM-41 } ~rvact | NaOH | TEOS ; ambient
(a) temperature
. : As SIMCM-
S‘M%M"‘l CTMAC! | NaOH | TEOS ; 41(a) + sealed
(b) vessel (100 °C)

CTMACI - Cetyltrimethylammonium chloride
TMAOH - Tetramethylammonium hydroxide

TMAS - Tetramethylammoniumsilicate
TEOS - Tetraethylorthosilicate

.29
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2.2 Organically-functionalized Mesoporous Silica

This section considers the synthesis of mesoporous silicas containing organic
- functional groups and the use of auxilial;y organics 'as pore-swelling agents. A phenyl-
modified sample, which wa;s synthesized at the University of Bath by Burkett et al* and
analyzed, .at Exeter, by.the author, is also described. Figure 2.2 describes the general
synthesis of an organically modified mesoporous silica. In each case the amount of
organosiloxane provided no more than 20 mol % of the total silicon. Again,
cetyltrimethylammonium chloride (CT MACI) was used as the template in a solution of
concentration le.ss‘than that of the liquid crystal mesophase. Either tetradecane (C4H3o)
or mesitylene (1,3,5-trimethyl benzene) were used the as pore-swelling agent. A
summary of synthesis conditions for each experiment is given in Table 2.2 at the end of

this section.

CisHa3(CH3)3NCl +

H;0 + NaOH
TEOS +
organosiloxane
WHITE SUSPENSION
addition of pore- stir at room temperature
swelling agent for48h - 168 h

WHITE NON-POROUS SOLID

l HCl in EtOH (1 mol dm™)

WHITE MESOPOROUS SOLID

Figure 2.2 Flow diagram describing the synthesis of organically-functionalized
mesoporous silicas. '
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It should be noted that the pore-swelling agent must be added after the silica
source. Addition of the auxiliary organic before the silica source results in the formation
of a non-porous solid. This could possibly be caused by the organic moiety preventing

formation of the liquid crystal micelle.

(a) Analysis of PhMCM-41 Synthesized at the University of Bath

2.2.1 Characterization of PRMCM-41 (Qynthesized by Burkett et al)

The characterization of a phenyl-modified- mesoporous silica, synthesized by
Burkétt et. al* at the University of Bath, was carried out at Exeter. Thls involved X-ray |
powder diffraction, N, sorption at 77 K, water sorption at 303 K and benzene sorption at
293 K. Results of these studies are given in Sections 3.6 and Sections 5.4, 5.6 and 5.7
res_,pec_:tively. The syntnesis_ of the mateﬁal was carried out (at Bath) as follo;vs:

The synthesis of a phenyl modified MCM-41 was realized by the hydrolysis and
co-condensation of a siloxane and organosiloxane in the presence of a surfactant (molar ‘
composition = 0.12 CTMABr : 0.5 .NaOH : 1.0 total siloxane : 130 H;0). The
organosiloxane used in the synthesis of PhAMCM-41 was phenyltriethoxysilane (PTES)
and this accounted for 20 mol % of the total siloxane used in @e initial synthesis mixture.
As calcination would result in the destruction of the organic function, the template
molecules were removed using an acid extraction technique (stirred in HCI in EtOH (1
‘mol.dm'3)‘ at 70°C for 24 h) to yield an ordered porous solid. A control sample containing |

no phenyl groups was synthesized using 100% TEOS as the silica source.
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(b) Synthesis of Organically-Modified Mesoporous Silicas

The following syntheses were carried out by the author at the University of

Exeter.

2.2.2 Phenyl-modified mesoporous silicas using auxiliary organics as pore

swelling aggnts. |

Mesoporous phenyl-modified silicas, containing 20 mol % PTES in the original
synthesis compositioﬁ, were prepared at ambient temperature at Exeter. An unmodified,
(purély siliceous) sample (SiMCM—41(a)), prepared in the same conditions, was also
synthesized and is ciesc;ribed in section 2.1.4. The preparation of mesitylene-swollen,

tetradecane-swollen and an unswollen phenyl-modified material is now reported.

Matérials
~ Silica sources wer,e.tetraetho‘x"ysilane (TEOS, Aldrich) and phenyltriethoxysilane
(PTES, Lancaster). ﬁe quaternary ammonium surfactant used as the templating agent
- was 25% by maés aqueous cetyltrimet_hyiammonium chloride, C.6H33(CH3)3NC1'
(CTMACI, Aldrich). The auxiliary organics used as pore swelling agents™® were
mgsitylene (MES, Lancaster) and tetradecane (TET, vAldrich). All chemicals were used

as received. : .

(i) Un.gwollen phenyl-modified silica.
This sample uses the same preparative method as that used by Burkett et al* and
was prepﬁred as a control sample. 2.4 cm® (1.8 mmol) of 25 % by mass CTMACI was

added 1o a solution of 8 g of NaOH(aq) (1.0 mol dm™) in 28 g of H,0. 2.8 cm® (12.6
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mmol) of TEOS and 0.8 ém3 (3.3 mmol) of PTES were then édded and the solution was
then stirred at room temperature for 48 h'. The white solid product was recovered by
filtration, washed with deionized water and dried in an oven at 100 °C. Surfactant
extraction was performed by stirring a suspension of the as-synthesized product in HC]
in EtOH (1.0 mol drn'3) at 70 °C for 24 h*. The extracted material was recovered by

filtration, washed with ethanol and dried in vacuo (dynamic) at 100 °C.

(ii) Mesitylene-swollen phenyl-modified silica.

Procedure 2.2.2(i) was repeated, but with addition of 1.3 g (10.8 mmol) MES?® to

the reaction mixture following addition of the siloxané.

(iii) Tetradecane-swollen phenyl-modified silica.

Procedure 2.2.2(i) was repeated, but with addition of 0.36 g (1:81 mmol) TET to
the reaction mixture following addition- of the siloxane (TET / CTMACI molar

ratio = 1)°.

2.2.3 Mesitylene-swollen vinyl-functionalized mesoporous silica.

2.80rr.x3 (12.6 mmol) of TEOS and 0.64 cm’ (1.52 mmbl) of vinyltriethoxysilane
(VTES, Lancaster) were added to a solution of 2.4 cm?® (1.8 mmol) of 25% -hy mass
CTMACI and 8 g of 1 mol dm™ NaOH(aq) solution in 28 g of H,O. A white precipitate
was produced to which was added 1.5 cm® (10.8 mmol) of MES. The suspension was
stirred at room temperaturc_ for 36 h, filtered, washed with deionized water and dried in
a vacuum oven at 50 °C overnight. The acid extraction technique described in 2.2.2(i)

was employed to remove the template.
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' 4 224 Mesitylen‘e-swollen\aminopropyl:functionalized mesoporous silica.
2.8cm’ (12.6 mmol) of TEOS and 0.36 cm® (1.52 mmol) of 3-aminopropyl-
triethox&silane (APTES, Lancastér) were added to a solution of 2.4 cm® (1.8 mmol)
25% by mass CTMACI and 8 g of NaOH(aq) solution (1 mol dm™) in 28 g (1.56 mol)
of deionized H;O. A white precipitate was produced to which was added 1.5 cm’ (10.8
mmol) of MES. The suspension was stirred at room temperature for 7 days,‘ filtered,
washed with deionized water and dried in air at room temperature. The acid extraction

" technique described in 2.2.2(i) was employed to remove the template.

2.2.5 Mesitylene-swollen mercaptopropyl-functionalized mesoporous silica.

5.4 cm® (25.0 mmol) of TEOS and 3.0 cm® (21.6 mmol) of MES were added to a

" solution of 5.0 cm’ (3.6 mmol) 25% by mass CTMACI and 16 g of 1 rﬂol dm™
NaOH(aq) in 56 g (3.1 mol) deionized H,O. A white precipitate was produced to which
was gdded 1.25 cm’® (6.6 mmol) of 3-mercaptopropyltrimettioxysilane (MPTMS,
Lancaster) (carried out in a fume hood). In this case the organosiloxane was added at the
end of the reaction due to the noxious nature of MPTMS. The suspension was stirred at
room temperaiu;e for 7 days, filtered, washed with deionized water and dried in air at
room temperature. The acid extraction technique described in 2.2.2(i) was employed to

remove the template.
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Table 2.2 Summary of the reaction conditions of each organically-modified synthesis.

Organo-

Sample Template siloxane® Reaction Time
PhMCM-41 |  ~raiAE PTES
(Burkett) ! (20 mol %) 24h
Unswollen PTES
CTMA 4
Ph-modified cl (20 mol %) 8h
MES-swollen PTES
Phmodified | O | (20mol %) 48h
TET-swollen PTES
: 4
Phemodified | " C | (20 mol %) 8h
MES-swollen CTMACI VTES 36h
V-modified (10 mol %)
MES-swollen | CTMACI APTES 1 week!
AP-modified (10 mol %)
Mes-swollen CTMACI MPTMS 1 week'
MP-modified (20 mol %)

* Figures in brackets are mole percentages of total siloxane.
PTES - phenyltriethoxysilane; VTES - vinyltriethoxysilane;

APTES - aminotriethoxysioxlane; MPTMS - mercaptotrimethoxysilane.

. Y A longer reaction time was employed in these cases in an attempt to improve the degree
of siloxane condensation. :

In each case:

Stirred at ambient temperature.

Silica source - TEOS; Base - NaOH‘; Surfactant extraction method - 1 mol dm™

HCVEtOH, 70 °C, 24 h.

o] R D atat Atk
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PART II - CHARACTERIZATION TECHNIQUES

Characterization of the synthesized materials was achieved via X-ray powder
diffraction, infra-red spectroscopy, thermogravimetry, transmission electron microscopy
and magic-angle-spinning nuclear magnetic resonance (MAS-NMR) spectroscopy. These
techniques are now described below. Table 2.3, given at the end of this section, details
which Characterization techniques were used fdr each sample. The background to gas
adsorption and inelastic neutron scattering studies, which were also used to characterize

these materials, are dealt with in detail in Chapters 4 and 6 respectively.

2.3 X-Ray Powder Diffraction (XRD)

2.3.1 Miller Indices™

When determining the structure of a solid-state material it i; useful to be able to
define the planes within a crystal structure and this is generally done by using Miller
Indices. Close-packed structures such as ionic materials may, in certain orientations, be
regarded as consisting of layers or planes of atoms in a three-dimensional arrangement.
These lattice planes provide a reference structure to which the atoms in a crystal structure
may be referred.

In ahlorphous, porous materials such as M41S-type solids, lattice planes are still
relevant when considering the periodicity of the pore systefn. The relationship between

lattice planes and MCM41 is discussed in the following section (2.3.2).
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Lattice planes are identified by assigning three labels known as the Miller Indices:

hki. The values of these indices are calculated by cbnsiden'ng the positions at which the

*

planes intersect the axes of 4 unit cell. This is demonstrated in Figure 2.3.

Figure 2.3 Two planes in a unit cell

If the axes are assumed to range from O to 1, the dé.rk grey plane shown in Figufe
23 in‘tefsects the x-axis at ¥4, the y-axis at % and the z-éxis at 1. The fractional
- intersections are therefore, %, /i, 1. By taking the recipmcalé of these fractibns, the -
‘Mil‘ler Indices of the plane are obtained; in this case 23/. The Miller Indices of the light_
grey plane afe similarly calculated and found to be 100.
k The interplanar spacing (or perpendicular distance) between adjacent pafallel
planes is termed the dhky-spacing. This term is related to the Bragg angle 6 by Bragg’s

law as .described in Section 2.3.2 and djy can therefore be determined by X-ray

diffraction.
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2.3.2 X-Ray Powder Diffraction Theory

X-ray Powder diffraction (XRD) is a useful tool in the characterization of
inorganic solids and X-rays were first used as a means of structure determination by W.H.
and W.L. Bragg in 1913. X-ray diffraction is based on the principle of a crystallite acting
as a diffraction érating and, for X-ray diffraction to take place, the wavelength of the
incident radiation must be roughly of .the same order of magnitude as the spacings in the
 diffraction gratiné cryétal. -

In order that X-ray “reflections” are observed, it is necessary that constructive
interferehce occurs. This means that for reﬂected'X-rays to emerge as a single beam of
reasonable intensity, they must be in phase with one another. From this “Bragg condition”
it is possible to derive equation 2.1 known as the Bragg law:

A= 2dy sind 21
d is the spacing between the crystal planes, or in this case the solid’s pores (see below) and
Ais the wavelength of the emerging X-rays (the péth difference of the emerging X-rays"
must be-an integral number, n, of wavelengths). This is known as the Bragg equation and |
it is used to relate the Bragg aﬁgle, 8, to the d-spacing.

The pore walls of the materials under consideration here are amorphous, and s0
any diffraction that takes place will not be due to a regular crystal structure but will rather

- be due to the periodicity of the pore system. Thus the rep'eat distance, a, of the‘ hexagonal
MCM-41 structure represents the sample’s pore diameter plus the thickness of the pore
wall. This is shown schematically in Figure 2.4. The reéeat distance, a, of MCM-41 is
r;lated to the d-spacing of the first XRD reflection (d,.oo) via equation 2.2:

a=2dp0/ V3 22
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Thus, we have a means of roughly estimating the pore diameter of MCM-41. If the
actual pore diameter has been calculated from gas adsorption (see section 4.2.2) it is also
possible to determine the sample’s pore wall thickness by subtracting the pore diameter

from a (determined from XRD).

silica wall
Figure 2.4 Schematic diagram (not to scale) showing relationship of djgg to pore structure
of MCM-41. (The repeat distance, a, represented by the double headed arrows, represents

the pore diameter plus the thickness of the pore wall and is related to the d;go-spacing via
equation 2.4).

2.3.3 Experimental Details

Practical problems arise when analyzing materials with pore diameters in the
mesoporous range. A djg-spacing of 40 A 6bserved using CuKa radiation (A = 1.54 A)
will occur at 20 = 2.2° and may therefore be lost in the X-ray “through beam”. For this
_reason it may be necessary to use a longer wavelength radiation. In this study CrKo. (A =
2.29 A) radiation was used in addition to CuKoa.

Powder XRD data of ali samples, excluding the MCM-41 samples (a)Q(d), were
obtained on a computer-driven step-scanning diffractometer with a Philips PW 1050/25
goniometer and using CrKo radiation (A = 2.29 A). Data were collected at every 0.1°0of 26

(dwell time = 4s) and diffraction profiles were' transferred to a pérsonal computer for
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Mer analysis. Analysis.of the MCM-41 samples (a)-(d) were carried out, by the Earth
Resources Centre at the University of Exeter, using a Philips step-scanning diffractometer
with a Philips PW 1840 goniometer and using CuKa, (A = 1.54 A) radiation; data were
céllected for 2 seconds at every 0.01° of 2'6. Diffraction profiles were produced following

data transfer to a personal computer..

2.4 Infra-red Spectroscopy

2.4.1. General Background

Infra-red (IR) spectroscopy ié a useful tool in the characterization of solids,
‘esllaeciélly those containing organic functions. When a functional group ébs,orbs R
radiaﬁon, transitions between rotational and vibrational energy levels of the ground
electronic enérgy state are observed; The theory of IR spectroscopy is based on the change
in a dipole moment that arises from these “viﬁrations”. Several classes of vibrational
modes have been identified and may be classified as “stretching” or “deformation”
vibrations. An IR spectrum records the position of these vibrational bands (quoted in units
of wavenumber, cm™') and. allows idegtification of functional groups contained in the
' gample. A wide range of texts are available on the theory and utility of vibrational

spectroscopy and the reader is directed to references 9 - 11.
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2.4.2 Experimental Details

IR spectra were obtained using a Nicolet Magna FTIR 550 Spectrometer. Samples
- were diéperéed in KBr discs and spectra were collected over a range of 4000-400 cm™. In
this study, IR'spectroscopy is used to identify the incorporation of organic functions into

MCM-41 and also to monitor template removal by loss of associated absorption bands

A

* from the spectra.

2.5 MAS-NMR Spectroscopy

2.5.1 General Considerations -

NMR spectroscopy has been, for many years, a particularly useful tool in the
determination of molecﬁlar structure. Problems arise, however, when applying this
te(:h'm_que to matenals in the .solid-stéte. While NMR spectra obtained from liquid samples.

display sharp peaks of reasonable intensity, conventional NMR techniques performed on
| soﬁ¢-smte materials yield broad, featureless peaks from which little structural information
can be obtained. This line-broadening is due to the close pfoximity of neighboufing» atoms
in the solid-state which results in dipolar and quadrupolar in'teractions and chemical shift
énisotrODY (CSA). Spinniﬂg a powder sample about an axis at an angle B to the applied
magnetic field multiplies these interactions .by (3 cos? B-1). Whencos B = (13)'2 (ie. B
= 54° 44’) this term becomes zefo. Spinning the sample at an angle of 54° 44’ to the
direction of the magnetic field can therefore eliminate the sources of the line broadc'ning.

and improve the resolution .of the specira. This technique is known as magic-angle-
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spinning (MAS) NMR spectroscopy. The reader is directed to a number of excellent texts

on this subject (references 12 - 14).

295i MAS-NMR

°Si has a natural abundance of 4.7 % and a nuclear spin of I = % (thus no
: quadrupolér broadening will occur). Broadening due to CSA and dipolar coupling is still
obsefved, however, which may be reduced by magic-angle-spinning. |

The characterization of zeolites using *Si MAS-NMR was first carried out in the
1970’s by Lippmaa et -él. He discovered that the chemical shifts observed in a ®Si MAS-
NMR spectrum identified the nature of the SiO, tetrahedra in a silicate lattice i.e. it is
possible to distinguish between isolated SiOs tetrahedra and Si04 tétrahedra joined
through comner oxygen atoms, to either one, two, three or four other tetrahedra. This is also
relevant to the characterization of M4IS aluminosilicates. Each silicon atom (or SiO,
tetrahedfon) is usually assigned a ‘Q value’, ranging from zero to four, which represents
the number. of adjacent tetrahedra to which it is directly bonded. For each Q value, a
.characteristic rangé of chemical shifts is observed in the spectrum allowing the
identification of the silicon environments present in the sample. Increased polymerisation
results in a high field shift. The relative positions of these chemical shifts as a function of

Q are shown in Figure 2.5 below.
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Figure 2.5 ’Si chemical shifts as a function of Q

Silicon atoms in aluminosilicates such as zeolites are always in.a Q* environment

i.e. they are always surrounded by four other tetrahedral units. Chemical shifts, however,

are influenced by the number of aluminium atoms attached to a given silicon unit. This is

also observed in the M41S aluminosilicates. With increasing numbers of attached

aluminium atoms, low field éhifté are observed. The positions of these shifts and the-

nomenclature used to describe the silicon atoms are shown in Figure 2.6, below..

In the case 6_f organically-modified silicas, such as those under investigation here,

chemical shifts are also influenced by the organic function attached to the silicon atom. In
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this case the silicons, attached to the organic function R, are described by “T-values”
where T" = RSi(OSi),OHs., (n = 1-3). These T values also have a range of chemical
shifts by which they can be recognized in a 2Si spectrum, thus broviding a means of

determining functional-group incorporation.

Q'@ An Q*B A Q‘c Al Q‘a Al Q*0A))
Al Al Al Al Si
(0] 0 : (@) 0 (@)
AlIOSiOAl { AlOSiOSi SiOSiOSi SiOSiOSi SiOSiOSsi
O 0 ' 0) (@)
Al Al Al Si Si
Q'@ Al
Q* (3 AD
Q* (2 Al
Q* (1A

Q* (0 AN

80 -85 -90 -95 -100 -105 -110 -115 -120

Figure 2.6 Si chemical shifts with aluminium incorporation

A1 MAS-NMR

YAl has 100 % natural abundance (resulting in high NMR sensitivity) and a
nuclear spin of I = 5/2 (resulting in broadening caused by quadrupolar interactions). When

considering aluminosilicates, Loewe_néte'm’s rule! forbids the presence of Al-O-Al
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linkages and so every te@edral aluminium env@@ent will be Al(OSi)s. ¥’Al MAS-
NMR is useful, however, when determining the co—ordinatioq state of aluminium.
Octahedrally co-ordinated aluminium,‘flor example [AI(H20)5]3+,' gives a peak ét 6 =0,
while tetrahedrally co-ordinated aluminium, such as that present in an aluminosilicate

framework, gives a peak in the range & = 50 - 65.

PC MAS-NMR
13C has a low natural abundance (1.108 %) and a nuclear spin quantum number I =
%4, 3C MAS-NMR has been used m these studies to investigate the incorporation of

organic functions into mesoporous silica, and also to identify template molecules.

2.5.2 Experimental Details
.. MAS-NMR spectra were recorded at the EPSRC solid state NMR service at the
University of Durham and the EPSRC NMR of Sorbents and Catélysts Facility at UMIST.
The spectra.were produced using a Varian UNiTY 300 specﬁométer fitted with a Doty
MAS probe (Durharm) or a Bruker MSL 400 instrument (UMIST).

#Si MAS-NMR spectra were recorded, at Durham, at 59.58 MHz for sample
MCM-41(a) before and after calcination using TMS as the external standard. An
investigation was also carried out into the structural effects of water sorption by analyzing
sample MCM-41(c) before and éfter expdsure to water vaéour. The organically-modified
mesoporous silicas Were analyzed at UMIST at 79.49 MHz before and after template

removal, in order to determine the extent of functional group incorporation.
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774l spectra were recorded at Durham at a frequency of 78.16 MHz using
AlCl3(aq) (1 mol dm'3) as the external standard. Samples MCM-41(a) and MCM-41(c)

were analyzed before and after calcination to investigafe the effect of template removal on

the symmetries of ‘aluminium sites.

3C MAS-NMR spectra were recorded for the as-synthesized aluminosilicate
samples MCM-41(a) and MCM-41(b) (to confirm the. presence of the template) and for
the phenyl-modified mesbporous silica, at Durham at a frequency of 75743 MHz. *C
MAS-NMR studies were carried out at UMIST at a frequency of 100.61 MHz, on the
aminopropyl- and mercaptopropyl—modiﬁ;:d samples to investigate functional-group

incorporation.

2.6 Thermogravimetry

Thermogravimetry (TG) is a technique which measures the chanée of mass of a
sample with change in temperature. An associated téchnique is differential temperature
analysis (DTA) which measures the difference in temperature AT between the sample and
a reference méterial (in this case calcinéd o-alumina) as a function of temperature. DTA
thus determines whether a specific mass loss is due to an exothermic or endothermic
process.

TG and DTA experiments were carried out simultaneously in Aﬂowing air using the

Stanton and Rederoft STA-781 apparatus. The purcly siliccous sample (SiMCM-41) and

all of the organically-functionalized materials were analyzed following template removal.

The “as-synthesized” SiMCM-41 sample was also analyzed.
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2.7 Transmission Electron Microscopy

Transmissioh elec&on microscopy (TEM) was carried out on the aluminosilicate
sample MCM-41(a) >at the Open University, Walton Hall A JEOL 2000fx microscope
(accelerating Yoltagc, V= 200kV) was used. The samples were dispersed on carbon film
ona 3 mm, 200 mesh copper grid. Micrographs were taken using a standard, cut film

TEM camera with no modifications.
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Table 2.3 The characterization techniques used for each sample.

29a. 27 13
XRD | IR | SIMAS|TAIMAS| "CMAS |+ pm| T.G.
NMR NMR NMR
MCM-41(a) | v | v v v v v
MCM-41 (b) v v v
MCM-41 (c) v v v v
MCM41@ | v | v
FeMCM-41 | v | v
SIMCM<41@@) | v | v v
SIMCM-41 (b) v v
PhMCM41 |
(Burkett)
UnswollenPh- | v v
modified
MES-swollen v v v - v v
Ph-modified
TET-swollen v v
Ph-modified
| MES-swollen v v v
V-modified_
MES-swollen v v v RV v
AP-modified
MES-swollen v v . v v ' v
MP-modified .

Ph = phenyl, V = vinyl, AP = aminopropyl, MP = mercaptopropyl.

ey e A
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CHAPTER 3

CHARACTERIZATION

Deﬁniti\.'e characterizétion of M41S-type maferials is problematic due to their
ani'6i"[->-hous 'nature (lack of long range crystal structure). It is theref-ore very difﬁcﬁlt to
assign a chemical formula to these samples. As the most interesting feature of these
rnaterial$ is their uniform pore structure, gas adsorption studies yield the most
interestiﬁg information. This characterization techniqye has therefore played a major
part in this work and is considered, separately, in Chapter 5.

This chapter, which is divided into two parts, considers the basic
characterizgﬁon (by XRD, IR, TG, NMR and TEM) both of the M41S materials and of
the organically-modified mésopbrdus silicas. The results of the vibrational analysis of

‘these materials by inelastic neutron scattering are presented in Chapter 6.

PART I - M41S MATERIALS

3.1 X-ray Powder Diffraction -

Results from powder XRD studies of the M4iS samples, are given in Table 3.1.
;)verleaf. As mentioned in Chapter 2, powder XRD profiles of amorphous M41S solids |
detect the periodicity of the pore structure and, if the peaks are indexed to a He;gagonal
structure, it is possible to determi_ne a value of the lattice parameter, a (a = 2dp0 / \/3),
representipg the pore diameter- plus the thickness of the pére waﬁ. The values of a

obtained for these materials (Table 3.1) fall in the range of 37 - 45 A, typical of MCM-41- -
‘ _ . 51
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materials. It is evident from Table 3.i that samples produced under pressure (in a sealed
teflon bottle at 100 °C) have larger a values than those prepared in a microwave oven or at
room temperature and preésure. The positions of the three peaks observed for samples
MCM-41(a), FeMCM-41 (Figure 3.1, below) and SiMCM-41 (Figure 3.2, below) confirm
that the samples have a hexagonal structure. XRD investigation of FEeMCM-41 at 20 <

50 °, detected no crystalline iron oxide in the sample.

Table 3.1 Powder XRD results for calcined M41S samples

MCM-41(a) i Cu (1.54 A) 33.94 - - 39
MCM-41(b) | ii Cu * - . .
MCM-41(c) i Cu 39.05 22.92 19.62 45
MCM-41d) | ii | Cr(2204) | 3453 ] - 20
FeMCM-41 i Cr. 37.49 21.52 18.50 43
SiMCM-41(a) | iii Cr - 31.62 - - 37
SIMCM-41b) | i Cr 37.50 21.17 18.36 43

(i) prepared in sealed vessel in conventional oven, (ii) prepared in microwave oven,

(iii) stirred at room temperature in an open vessel. a - unit cell dimension (a = 2d;g0 / \/3).

" Figures in brackets are wavelengths of Ko radiation. * Peak too broad to assign a djg
value.

In many publications concerning MCM-41 materials only one diffraction peak,
representing the d,qp reflection, can be observed, and this is the case for sambles MCM-

41(a), (b) and (d) (see Appendix Al). In the case of sample MCM-41(b) tt.le. diffraction

peak obtained was so broad that it was not possible to obtain a value for the d;po-spacing.
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It is evident that a more ordered material is prodﬁced if the sample is heated u.nder
pressure i.e. in a sealed vessel in an oven.

When a powder XRD a;lalysis is performed.on an M41S material bef_dre the
template is removed, é profile very similar to that of the calcined material is obtained
(see Figure 3.1). Often the intenéity of the peaks is diminished (due to a feduction in the
contrast between the pore and the pore-walls), and in every case the position of the
peaks is shifted to lower 26 i.g. larger d-sﬁacings are observed ih uncalcined materials.
The de%:rease in d-spacing observed upd_n calcination is due to the pore contracting after

template removal e.g. for FeMCM-41 a contraction of ca. 5 A is observed.

100

calcined
— — as-synthesized

Counts

110 200

2 4 . 8 8 10

20 / degrees

Fighre 3.1 Powder XRD profile of as-synthesized and calcined FeMCM-41.
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14000 - 100 — gtirred at ambient temperature
H sealed teflon bottle
" 12000 A
10000 -
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N .
4000 - ' / \ :
. \ 110 '
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2.0/ degrees
Figure 3.2 Powder XRD profile of calcined SIMCM-41.

All other XRD profiles are given in Appendix Al.

--3.2 Infra-red Spectroscopy
Infra-red spectroscopy was performed on all the MCM-41 samples following

template removal, and on the as-synthesized SiIMCM-41(b) sample. The band assignments

are given in Tables 3.2 - 3.3, and the spectra are presented in F.igﬁres 33-3.7.
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Table 3.2 The Principle IR Band Assignments for the Calcined

..Aluminosilicate Samples

Band Position / cm™
MCM- MCM- MCM- MCM- ,
© 41(a) 41(b) 41(c) 41(d) | Assignment
461 466 476 471 Si-O-Sigy
797 802 802 807 T-O-Tay
1082 1072 1102 1098 Si-O-Sigy
1642 1637 1642, 1662 | 1653,1665 | O-H-Ogy
3446 3445 3450 3445 O-Hy,r

T - tetrahedrally co-ordinated ion. def - deformation, str - stretch

Table 3.3 The Principle IR Band Assignments for the Siliceous and Iron-

Containing Samples

Band Position / cm™
SiMCM- | SiMCM- | SiMCM- | FeMCM-41 .
41(a) S.E. | 41(b) AS. | 41(b) S.E. S.E. Assignment
471 451 466 471 Si-O-Sizer
- - - 660 (weak) Si-O-Fe
807 802 797 812 T-O-Tgr
970 970 970 970 (weak) Si-O-T
1087 1072 1098 1087 ~ $i-0-Sig;
1250 1240 1245 - Si-O-Cy,r
- 1474 - C-Huy
1647 1642 1652 1657 O-H-Ogyy
- 2859, 2930 - - C-Hrr
3475 3424 3465 3465 O-Hy,

T - tetrahedrally co-ordinated atom. def - deformation, str - stretch
A.S. - As-synthesized, S.E. - After template removal.
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Figure 3.3 IR spectra of calcined MCM-41(a) and MCM-41(b).
e o NN
~7 : \ v
8
g
g
(7]
§
—— MCM-41(c)
—— MCM-41(d) ,

4000 3600 3200 2800 2400 2000 1600 1200 800 400

.1
wavenumber / cm

Figure 3.4 IR spectra of calcined MCM-41(c) and MCM-41(d).
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transmittance

=~ Calcined SIMCM-41(a)
— — Calcined SiMCM-41(b)

4000 3600 3200 2800 2400 2000 1600 1200 800 400

-1
wavenumber /cm = -

» Figuré 3.5 IR spectra of calcined SiMCM-41(a) and SIMCM-41(b).
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Figure 3.6 IR spectrum of as-synthesized SiMCM-41(b) -
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Figure 3.7 IR spectrum of calcined FeMCM-41

As can be seen frérn Tables 3.2 and 3.3 and from Figures 33 - 3.7, fhe main
feature of the IR spectra of these mate;ials is é large absorption band at ca. 1100 cm’',
which is due to Si-O-Si asymmetric stretching vib;ations. A peak is also visible in each
spectrum at approximately 470 cm™ due to Si-O-Si deformations. The srﬁall peak at
apbroximately 800 cm™ was assigned by Lazarev' and by Flanigen et al® as representing
T-O;T-symmetx'ical stretching, where T is a tetrahedral unit of either Si or Al

In the case of the purely siliceous materials, an additional band 'is visible at éa.
1250 cm™. This is a very weak absorption in the case of the calcined materials, .but. is
quite strong in the spectrﬁm of the as-synthesized material. It is likély that this peak
represents a Si-O-C stretching vibration and is due to the template (suggesting that

residual template is presént in the calcined material). Bands at 2859 cm™, 2930 cm™ (C-
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H,,) and 1474 cm™ (C-Hd,f), also present in the spectrurh of the as-synthesized material,
confirm the presence of the template molecules.

" A broad absorption band in the O-Hy, region of the spectra (ca. 3400 cm™)
identifies surface Hydroxyl groués, while a series of bands in the region of 1400 - 1650
cm represent the scissoring deformations of water. )

" An additional strong band is observed in the purely siliceous material at 970
. cm’'. This absorptioﬁ, thch was assigned by Zhongv et al® as a framework Si-O-T
vibration, is weak for Fe-MCM-41 and ig absent from the aluminosilicate spectra.
Zhoﬁg et al® and Szostak a.nd Thomas* identified an absorption due to Si-O-Fe linkages

© atca. 660 cm™', and this is observed as a small peak in the FeMCM-41 spectrum.

3.3 Thermogravimetry

Thermogravimetry (TG) was carried out on samplé SiMCM-41(b), both before and
after calcination. The results are presented in Fi,;;ure 3.8 and 3.9 below. Due to the absencé
of Si NMR data, TG analysis could not be relateci directly to a chemical formula in this
case. | |

The as-synthesized product (Figure '3.85 undergoes three separate mass losses,
corresponding to an overall mass loss of ca. | 50 ‘%. The first loss occurs up to
approximately 200 °C, and corresponds ‘to an 8 % loss which may be attributed -to
physisorbed. surface water. The second mass loss is the exothermic and occurs over the

temperature range of 220 - 360 °C. This ;:orresponds to a mass loss of ca. 37 % and may
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be attributed to loss of the organic témplate. Surface dehydroxylation is then observed as
a gradual loss over the range 360 - 1200 °C; this corresponds to a mass loss of ca. 6%.

TG analysis of the calcined sample (Figure 3.9) indicated two major mass losses
‘between 30 - 1200 °C (due to the minimal mass loss of this material, the DTA is not
shown).The first, endothermic, loss corresponds to 8% of the sample mass and occurred

over the range 30 - 150 °C; this likély to represent loss of surface water. The second mass
logs is vcry gradual and occurs -o§er the range of 150 - 1200.°C. This represents a further |

- 3% mass loss, and can probably be attributed to surface. dehydroxylation and structural '

collapse.
100 T , y I r
90
: . ' " DTG
I N . S T
70 Y
% mass _— : DTA exo
' 60 AAsNT T
50 % mass
40 ’ 1 | 1 ! - 1 | 1 ] L | T
0 200 400 600 800 - 1000 1200

furnace temperature / °C

Figure 3.8 TG of as-synthesized SIMCM-41
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- Figure 3.9 TG of calcined SIMCM-41

34 Tvransmission Elecfron Microscopy gT;E.M!

- The T.E.M. micrograph of sample MCM-41(a), preséntgd in Figure 3.10, shows
large regions of disorder, in agreement with the X-ray powder diffraction péttern of this
sample which displays only a small broad peak. Regions of order are apparent, however,

and these are highlighted in Figure 3.11.




C.M.Bambrough ) 3. Characterization

50 nm

Figure 3.10 Transmission Electron Micrograph of sample MCM-41(a)
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@ ' (ii _ - (i)

50 nm

Figure 3.11 Expan'sionsvof tl}q T.E.M micrograph of sample MCM-41 (a)
Figure 3.11 (i) shows the pore-channels “end-on”, and hexagonal synimgtry is

evident. Figures 3.11 (ii) and (iii) show a series of pore channels over 50 nm in length,

. again suggesting a degree of ordering.

3.5 MAS-NMR -

2gi YAl and 3C MAS-NMR spectroscopy was carried out on the
aluminosilicate MCM-41 samples af the EPSRC solid-state NMR service at the

University of Durham. The spectra obtained are given in Appendix A3.
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3.5.1°Si MAS-NMR

() MCM-4i(a)

2si MAS-NMR allows identiﬁpation of the immediate environment of the
silicon atoms. Spectra were taken of MCM-41(a) before and after calcination. ’i‘hree
resonances, Qi, Q3 and Q' (where Q" = Si(0Si),(OH)4.,), were detected by
decomposition.. The data are givc;.n in Table 3.4, below and the spectra, showing the

decomposition, are presented in Figufes 3.12 and 3.13, overleaf.

Tablé 3.4 ®Si MAS-NMR features after data reduction for MCM#l(a).

8*
Sample Q? . Q Q*
AS -89.9 97.6 -105.4
MCM-41(a) "~ (7.4 %) (35.1 %) (57.5 %)
SE 916 -99.3 -107.1
o 8.7%) (28.2 %) (63.1 %)

*TMS as external reference.
A.S. - as-synthesized, S.E. - after template removal.
Figures in brackets are percentage contributions of each peak after decomposition.
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Components
/\/\f\/\/\/\/wv‘v\/\/‘/\/\/\/\Af Difference
- 8 |

Figure 3.12 Decomposition of 2Si MAS-NMR spectrum of as-synthesized
- MCM-41(a). |

Observed

Calculated

Components

Difference

Figure 3.13 Decomposition of *Si MAS-NMR spectrum of calcined MCM-41(a).

3. Characterization
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(ii) MCM-41(c) Before and After Water Sorption

Water sorption on sample MCM-41 (c) yielded a Type V isotherm displaying
low pressure hysteresis (see Section 5.3). The reason for this low pressure hysteresis and
non-closure of the hysteresis loop is thought to be rehydroxylation of the silica surface®’

as shown in Figure 3.14.

o OH Of[
O mo | ]
/Sl\ /Sl\ | /S|l\o /S|1\
o) o) o I o
0 o)

Figure 3.14 Rehydroxylatioh of a silica surface

If this is indeed the case, an increase in the number of surface hydroxyls shouid

be evident in the sample following water sorptién.
' 29si MAS-NMR was performed on.the sample using a long rélaxation delay (300
s) both before and after water sorption. Results of the decomposition are given in Table

3.5 and presented in Figures 3.15 and 3.16.
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Table 3.5 Decomposition of 2Si MAS-NMR spectra of MCM-41(c)
before and after water sorption. '

) % Contribution
" .
MCM-41(c), Q 2 18
calcined Q@ -100 25.6
Q! -108 72.6
2

MCM-41(c), Q 9 >
H;O adsorped Q -102 32.1
Q* -110 62.6

 As shown in Table 3.5, the percentage of total silicon atoms in Q2

_ LS_i(OSi)z(OH)gl and Q* [Si(OSi);0H] environments is greater following water sorption.

Concurrently, the percentage of Q" silicon atoms [Si(OSi)s] has diminished. This

" confirms that surface rehydroxylation occurs during water sorption. .

R
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Observed

Calculated
Components
Difference

‘Figure 3.15 Decomposition of *Si MAS-NMR spectrum of sample MCM-41(c)
following calcination. : "

Observed

Calculated
Components

Difference

. Figure 3.16 Decomposition of »Si MAS-NMR spectrum of sample MCM-’41(E:)
following water sorption.
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3.5.277Al MAS-NMR

YAl MAS-NMR was used to compare the site symmetry for aluminium in
samples MCM-41(a) and MCM-41(c), before and after calcination (this is of interest
when the s@ple is to be used as an acid catalyst, as tetrahedrally co-ordinated
aluminium is lthen requireda'g). The spectra are given in Appendix A3 and the extracted

data are given in Table 3.6, below.

Table 3.6 2’ Al MAS-NMR results for aluminosilicate MCM-41 samples

S*
Sample Tetrahedral Al Octahedral Al
MCM-41(a) | A5 50.7 -
S.E. 52.6 (weak) , -1.1
MCM-41(C) A.S. 51.1 =
S.E. 47.7 shoulder

"‘_Al(H20)¢;3+ (aq) (1 mol dm™) as external standard.
A.S.-as-synthesized, S.E.-after template removal.

As-synthesized MCM-41(a) gave a single peak at 8 = 52 corresponding to
tetrahedrally co-ordinated Al, but after calcination only a very weak signal was
observed, suggesting that relatively few tetrahedral aluminium ions were present after
calcination. Also, regular octahedrally co-ordinated aluminium, normally identified by a
beak at § = 0, was 'n.ot' obse_.rved in significant gmounts. In contrast, MCM;41(c) gave a
strong signal at § = 52 'both Before and after calcination, indicating that tetrahedrally co-
ordinated aluminium was present in both cases. This result suggests that for catalytic

purposes in which catalytically active metals are required in the wallS, MCM-41(c)-type
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materials (synthesized using aluminium sulphate) could be of greater interest than

MCM-41(a) type solids (synthesized using sodium aluminate).
3.5.3°C MAS-NMR

'C MAS-NMR results for the as-synthesized MCM-41(a) and MCM-41(b)

samples are given in Table 3.7 below.

Table 3.7 °C MAS-NMR results for as-synthesized MCM-41(a) and MCM-41(b)

O*

Sample C1 C2 C3-15 | C16 C17

MCM-41(a) 14.14 2322 | 30.61 | 66.88 | 53.92 & 56.98

MCM-41(b) 1430 | 2326 | 30.65 67.07 | 54.05 & 56.58

+
C17H, ]

R AAAAAS T
CI" 3 15 crl/H3 |

* TMS as external standard

As can be seen from Table 3.7, '*C MAS-NMR studies of the as-synthesized
MCM-41(a) and MCM-41(b) samples confirm the presence of _tﬁe intact

cetyltrimethylammonium ion.

Ch e e Ap A L ey e T Y n



C.M.Bambrough ' ’ ' » 3. Characterization

3.6 Overview of M41S-Material Characterization

3.6.1 Aluminosilicate MCM-41

Four mesoporous, aluminosilicate MCM-41-type samples, synthesized using two
reaction mixtures and two heating methods, have been characteﬁzed using XRD, IR,
TEM and MAS-NMR techniqueé. XRD studies demonstrated that heating the reaction
mixtures in a sealed teflon bottle yielded a material with a uniform hexagonally-ordered
pore structure and narrow pore size distribution. Conversely, samples synthesized in a
microwave oven gave poor XRD profiles as a consequeﬁce of having poorly-defined
pore-structures. TEM performed on sample MCM-41(a) showed large regions of
disorder, in agreement with the XRD profile, buf some hexagonal structure was
observed.

27A1 MAS-NMR, performed on sample MCM-41(a) and MCM-41(b), revealed
that Al was present in a tetrahedral environment in both sa¥nples before calcination, but
was only present, in significant amounts, in sample MCM-41(c) following calcination.
As tetrghedral aluminium is required for acid catalysis purposes, this result suggests that
samples of the MCM-41'(c.)-type are of greater interest. »Si MAS-NMR performed on
sample MCM-41(c) (before and after water sorption) confirmed that surface

modification takes place upon contact with water vapour (see Chapter 5).

3.6.2 Purely Siliceous MCM-41
Two purely siliceous mesoporous MCM-41-type samples were cha.factcrizcd
uéing XRD, IR and TG techniques. XRD studies demonstrated that the sample prepared

at high temperature and pressure had the more well-defined pore structure.
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3.6.3 Iron-containing MCM-41

The iron-containing MCM-41 was characterized by XRD and IR spectroscopy.
XRD studies demonstrated that the sampie had a uniform pore-structure that could be
indexed to a hexagonal lattice, and vak peak ‘in the IR spectrum (assigned to an Si-O-Fe
vibration) confirmed that iron hgd been incorporated in.to thé structure.

Further charactgriz_atiori (e.g. via Mossbauer spectréscopy studies) is réquired to
determine how the iron is incorporated into the sample. X-ray powder diffraction studies

at 20 < 40 ° have proved that crystalline iron oxide is not present.
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PART II

ORGANICALLY-MODIFIED MESOPOROUS SILICAS

3.7 X-Ray Powder Diffraction

X-ray powder diffraction (XRD) results, obtained from profiles recorded using

CrKo. radiation (A = 2.29 A), are given in Table 3.8.

Table 3.8 Powder XRD results for organically-modified mesoporous silicas.

Sample die!/ A(AS.) | diw/ A (SE)
PhMCM-41 (Burkett) 36.1 31.4
Unswollen phenyl-modified 375 36.0
' mesoporous silica ' .
MES-swollen phenyl-modified 520 495
mesoporous silica '
TET-swollen phenyl-modified | 5 & 32,0
mesoporous silica ) '
Vinyl-modified mesoporous 40.2 39.8
silica ' '
. Aminopropyl-modified . 486 *

mesoporous silica

Mercaptopropyl-modified 36.5 . 34 5
mesoporous silica ' ' ' '

A.S. - as-synthesized, S.E. - after thplate removal.
- * No peak was observed, consequent on loss of ordering upon template removal.
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Examples of typical XRD pfoﬁles are given in Figure 3.17 below (all other

profiles can be found in Appendix Al).

18000

16000 — — Mes-swollen Ph-M.S. (S.E.)
— — PhMCM-41 (Burkett) (S.E.)

40009 e Mes-swollen Ph-M.S. (A.S.)

Counts

20 / degrees

Figure 3.17 Powder XRD profiles of MES-swollen and unswollen phenyl-modified
mesoporous silica (Ph-M.S.) and of PhAMCM-41. (A.S. - as-synthesized, S.E. - after
template removal)

- The XRD profiles indicate that a single phase is formed for both the swollen and
unswollen organically-modified samples. Following template removal, structural order
is maintained (except in the case: of the amin.opropyl sample) and a small degree of
contraction is observed. Only one peak is observed fof each material in contrast to the
M41S materials, which gave three peaks. For this reason it is impossible to definitively
index the XRD profile to a hexagonal lattice and confirm that the samples are MCM-41-
type materials. |

It is evident from the XRD data that the addition of mesitylene to the phenyl-

- modified material increases d|q, Which is direcdy related to pore diameter. In contrast,

the addition of tetradecane does not result in an increase in djo, indicating that
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tetradecane is not a suitable pore-swelling agent for the formation of phenyl-modified

mesostructured silica.

3.8 Infra-red spectroscopy

FTIR spectra were collected for the organically-modified samples before and

after template removal. The results obtained for each sample are now discussed in turn.

3.8.1 Phenyl-Modified Mesoporous Silica

The spectra obtained for the .MES-swollen phenyl-modified silica are shown
below (Figure 3.18). Due to the similarity of the samples, the spectra obtained for the
TET-swollen and unswollen phenyl-modified samples are given in Appendix Al only,

and are not discussed here.

transmittance

after template removal
------- as-synthesized

T T T T T

4000 3600 3200 2800 2400 2000 1600 1200 800 400

-1
wavenumber / cm

Figure 3.18 Infra-red spectra of MES-swollen phenyl-modified mesoporous silica
before and after template removal.
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Expansions of the as-synthesized spectrum are shown in Figures 3.19 and 3.20, below.

1144

112 -

110 -

108

-

[=]

(]
1

% transmittance

\ /

Out-of-Plane C-HM

104

*102

100 . - T . .
850 800 750 . 700 650 600

-1
wavenumber/cm .

Figure 3.19 Expanded IR speétrum of MES-swollen phenyl-modified mesoporous
 silica: range 600 - 850 cm™,
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_Figure 3.20 Expanded IR spectrum of MES-swollen phenyl-modified mesoporous
silica: range 1300 - 1800 cm™.
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The principal band assignments are given in Table 3.9, below. As the purely
siliceous sample SiMCM-41 could be considered as a control sample, bands not
observed in the SiMCM-41 spectra (see Table 3.3) are most likely due to the phenyl

function and are shaded in Table 3.9.

Table 3.9 Principal IR bands for MES-swollen phenyl-modified mesbporous silica.

Band Position / cm™ Assignment

491 SI‘O'Sldef

1662 | 0-H-Oyuy

2854, 2930* C-H,,
3439 O-Hyir

Shaded cells show additional bands not observed for control SiIMCM-41.

* observed for “as-synthesized” product only. str - stretch, def - deformation.
As shown in Figure 3.18, a peak i'n the Si-O-Si region (1143 cm™) 'is indicative of an Si-
C bond," indicating the successful incorporation of organic functions. In addition,.
vibrations due to the phenyl group can be identified and these have been highlighted in
the expanded spectra, presented as Figures 3.19 and 3.20. A comparison of the IR and
inelastic neutron scattering spectra is made in Chapter 6. |

| IR spectroscopy is a useful tool in ‘monitoring tcmpllatc removal in these

materials, and in this case, C-Hy, (2931 and 2854 cm™) and C-Huy (1433 cm™)
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absorptions due to the surfactant are observed in the as-synthésized sarhpie, but are very

weak in the spectrum following acid extraction of the tempiate.

3.8.2 Vin;vl- , Aminopropyl-’ and Mercaptopropyl-Modified Mesoporous Silica

Infra-red analysis of the remaining organically-modified materials yielded
incénclhsive results. The full spectra are given in Appendix A2. As can be seen from the
expanded spectra _éresented here in Fjgures 3.21 - 3.23, there are many peaks which
cannot be conclusivgly assigned. This may be due to'inadequate background subtraction.
The principal bands are assigned in Table 3.10, with the bands not oBscrved in tﬁe
SiMCM-41 control sample once again shaded in gfey. |

Table 3.10 Principal IR bands for MES- swollen orgamcally-modlﬁed
' mesoporous silica.

Band Position / cm’!
AP-MS. | MP-M.S.
461 466

V-M.S.

797 802 802

975 | 949 955 Si-O-T

1082 1087 1072 . Si-O-Siyr
1214(sh) | 1260 1200(sh) Si-Cyrr
) 1469, 1485 | 1460, 1500 C-Hae

1650

1662

O_-H‘Odef

2859,2930 | 2854, 2930* 2930 C-Hy,
3455 3460 3439 O-Hy,

V-, AP-, MP-M.S.: vinyl-, aminopropyl-, mercaptopropyl-modified

mesoporous silica. str - stretch, def - deformation, (sh) - shoulder.

- * observed for as-synthesized material only.
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(i) Vinyl-rﬁodiﬁed |

C=C stretching vibrations from a vinyl ﬁncﬁon usually occur in the region 1610
- 1690 cm™; unfortu.hately this region is very noisy in the spectrum obtained for the
vinyl-modified mesoporous sample. Likewise, C=Cg4y vibrations usually occur at
ca.1400 cm’', a region that may not be easily resolved for these spectra. An expanded
spectrum of the surfactant-extracted material is presented in Figure 3.21 showing a peak
at ca. 1625 cm™. It is possible that the presence of this peak indicates that the vinyl
function is present in this sample but, dué to the large; number of peaks in this area

which can not easily be assigned, it cannot be taken as conclusive confirmation of this.

82
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Figure 3.21 Expanded IR Spectfum of Vinyl-Modified Mesoporous Silica
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(ii) Aminopropvl-modiﬁed

The N-H,,, vib;'ations of a primary amine are normally located in the 3300 - 3500
cm’! region, and are therefore impossible to locate for this sample due to swamping by
the broad OH .absorption at 3460 cm;'. In contrast, N-Hg vibrations'! are usually
located between 1550 - 1650 cm’, and so an expanded spectrum of as-synthesized AP- '
M.S. is shown in Figure_ 3.22. Unfortunately, the spectrum is very noisy in this region,
making band-assignment very difficult. The band at 1555 cm™ has been tentatively
assigned to the N-Hg.r vibration but, due to the plethora of peaks in this region, this

result cannot definitively confirm that the aminopropyl function is present.

80
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Figure 3.22 Expanded IR spectrum of MES-swollen AP-modified mesoporous silica:
the range 1400 - 1700 cm’
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iii) Mercaptopropyl-modified
The presence of intact thiol groups should be indicated by an S-H absorption'"'?
at ca. 2570 cm™. This is clearly not observed in this case which sugéest.s that the thiol
_group has, in some way, been destroyed dufing the synthesis procédure (possibly via
conversion to the sulphonic acici). The expanded spectrum presented in Figure 3.23,
however, shows the presence of a broad absorption band at ca. 690 cm™, which could be
due to either C-S,,,*> or S=0,, (from RSO;H) vibfations. ‘Note that the sharp peak at
ca. 675 cm’ is also present in thé spectrum of the anﬁnoprbpyl—mncti.onalized material,
which suggests that this is not due to any S-H or S=0O vibraﬁons.

Additional peaks due to the sulphonic acid, if present, should be observed in the
region ca. 1200 cm™ which, unfortunately, is swamped by the Si-O-Si absorption. The
véry lérge absorption in the O-Hy, region (3455 cm’) is observed, however, even

following heating at 100 °C, which suggests that it could possibly be due to O-Hy, of the

SO3H‘ function.
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Figure 3.23 Expanded IR spectrum of MES swollen MP- modlﬁed mesoporous silica
in the range 500 - 900 cm’

- 3.9 Thermogravimetry

Thermogravimetry (TG) was carried out for each of the organically-modified

materials (after surfactant extraction) over the range 30 - 1200 °C. The results obtained

for each sample are now discussed in turn.

3.9.1 Phenyl-modified Mesoporous Silica

The TG analysis of the surfactant-extracted, MES-swollen, phenyl-modified

sample is presented in Figure 3.24 below.

RN
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Figure 3.24 TG analysis of phenyl-modified mesoporous silica.

As is evident from Figure 3.24, TG analysis of the phenyl-fnodiﬁed sample
resﬁlts in a total mass loss of approximately 34 %. In the low temperature region a small
méss loss, corresponding to ca. 3 %, is observed up to approximately 100 °C. This is
likely to correspond to loss of physisorbed surface water, as observed for the purely
siliceous material. An exothermic event then occurs up to'650 °C, which corresponds to
approximétel)./ 28 % of the sample’s total mass and represents loss (by oxidation) of the
phenyl groups. Decomposition of the 2951 MAS-NMR spectrum of this sample (see
Se,ction 3.10.1) yields an  approximate molecular ~ formula  of
(Si02)0.4(SiO|,5OH)0,3(PhSiO1,5)0,2(PhSiO(6H))o,1 (disregarding the small amount of Q2
and T' silicon atoms present) and calculation of the percentage mass of phenyl groups in
the sample from this formula gives a value of 27.4 %, in reasonable agreement with the
value obtained from the TG analysis. Calculation of the percentage mass of hydroxyls in

the sample from the above formula yields a value of approximately 8 % which is not
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observed by TG. A slight mass loss of ca. 3 % is observed over the range 650 - v1200 °C,
however, which could correspond to dehydroxylation; it is possible that the formula
obtained from NMR is inaccurate due to errors involved in decom?ositioﬁ.

The most likely “average” molecular formula for this material appears to be
' (SiOlz)o‘sd(S”iC“)[,sOH)o.15(PhSi01,5)o,31'0.15H20 which corresponds to a percentage mass
of phenyl groups in the sample of 28.85 % and a percentage mass of hydroxyl groups in
the sample of 2.99 %, in reasonable agreement with the TG results. This molecular
formula is not entirely accurate, however, as it does not consider thg relative amounts of

Q% T' or T? silicon atoms that are present.

3.9.2 Vinyl-modified Mesoporous Silica

The TG analysis of the vinyl-modified material is presented in Figure 3.25.

This TG analysis reveals two major mass losses ox;er the range 30 - 500 °C. The
first, which occurs up to ca. 175 °C, is~likely to be due to loss of physisorbed water.
This corfesponds to a mass loss of almost 20 %, much larger than that observed for the
purely siliceous sample or the phenyl-modiﬁed sample. The IR spectruﬁi of this material
indicates that there is some template remaining in the sample following acid extraction,
and this could contribute to some of the rna;s loss observed in this region.

The second mass loss is by an exothermic process and occurs over the range 180
- 500 °C. It corresponds to approximately 6.25 % of the sample’s total mass and
represents loss of the vinyl function by oxidation. Over the range 500 - 1200 °C a
gradual mass loss of ca. 3.75 % is observed and this is likely to bé due to surfaée

dehydroxylation.
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As the origin of the 20 % mass loss in the initial portion of the TG is ambiguous,

it was not possible to assign a molecular formula for this material.
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Figure 3.25 TG analysis for vinyl-modified mesoporous silica.

" 3.9.3 Aminopropyl-modified Mesoporous Silica

The TG analysis of the aminopropyl-modified sample is illustrated in Figure
3.26. The initial portion of the TG trace closely resembles that for the vinyl sample. A
steep loss corresponding to almost 20 % of the total mass occurs up to ca. 175 °C, and
this is likely to be due to loss of physisorbed surface water or trapped template
" molecules.

The second loss occurs, accomp'anied.by an exotherm in DTA, over the range
175 - 380 °C, corresponding to a mass loss of approximately 10 % and representing loss
of the aminopropyl groups. A third region of mass loss is very gradual and occurs

“between 400 - 1200 °C, corresponding td surface dehydroxylation.
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Again, due to the ambiguity of the initial portion of the TG aﬁalysis, a molecular

formula could not be assigned for this material. |
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Figure 3.26 TG analysis of aminopropyl-modified silica

3.9.4 Mercaptopropyl-modified Mesoporous Silica

TG analysis of the mercaptopropyl-modified mesoporous silica is presented in
Figure 3.27 showing two major mass losses over the range 30 - 1200 °C. The first,
occurring from 30 - 125 °C, corresponds to approximately 8 % of the sample’s total
mass and could represent loss of physisorbed surf;ce wate;.- However, as the IR
spectrum taken of this sample following template removal indicgted the presence of
residual template, it is possible that some of this mass loss conééponds to loss of

template molecules.
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'The second rﬁass loss (an exotherm in DTA) correéponds to approximately 28 %
of the sample’s total mass and occurs in two stages; the first stage occurs rapidly at ca.
360 °C, while the second stage occurs 'slowly over the range 360 - 600 °C. These two
stages correspond to loss of the incorporated organic function (either proi)anthiol or
propansulphonic acid). Abovel 600 °C a gradual mass loss corresponding to |
appro:gimately 3 % of the total mass was observed, again being attributable to sample
dehydroxylation.

A molecular formula could not be assigned for this material, again, due to the

initial mass loss which could not be assigned to a particular moiety.

1 1 0 T T T T T T T T T T T
DTG
X0
DTA
60 Il I. 1 | L | "l | | | Il
0 - 200 400 600 800 1000 1200

furnace temperature / °C

Figure 3.27 TG analysis of the mercaptopropyl-modified mesoporous silica.
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3.10 MAS-NMR

3.10.1 ”’Si MAS-NMR

»Si MAS-NMR spectroscopy was carried out on the. MES-swollen phenyl-
modified sample by the EPSRC solid-state NMR sewice at the University of Dur.ham.
Analysis of the MES-swollen aminopropyl- and mercaptopropyl-modified sainples was
carried out at the EPSRC sorbents and cétalysts NMR service at UMIST. In each case,
spectra were taken of each sample before and after template removal. The spectra
obtained for thé phenyl-modified sample are given in Figure 3.28,’ (below). Other

spectra are given in Appendix A3. | v

IIIllIl1lllIIlTlllllIlllIIIl'I|||

0 D 4 O B -0 - K -0
o

Figure 3.28 *Si MAS NMR spectra of MES-swollen phenyl-modified mesoporous
: silica: (a) as-synthesized, (b) after template removal.

In each of the samples after template removal, distinct resonances can be

observed due to the siloxane [Q" = Si(OSi)(OH)sn, n = 2-4] and due to the
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organosiloxane [T™ = RSi(OSi)n(OH)3.m, m = 1-3] groupsm. The chemical shifts of

these resonances are given in Table 3.11.

Table 3.11 Si MAS-NMR results for MES-swollen organically-modified mesoporous

silicas.
8*
Sample T! T? ’I‘3 Q? Q? Q*

; 706 | 797 ; 988 | -108.9

Phenyl- S.
eyl | AS 6.0%) | (26.5%) 452%) | (22.3%)
MS. sg | 616 | 698 | 782 | -920 | -1003 | -109.0
S 21%) | 8.1%) | (194%) | 32%) | 26.7%) | (40.4%)
aminopropyl- | A5 | - ] ] ; -100.3 | -109.0
MS. SE.| 550 | -670 ; 920 | -1013 | -1104
Mercaptopropyl- | A5 | - -66.52 : ; -100.1 | -108.8
MS. SE. | - .67.17 ] ] -101.3 | -109.1

*TMS as external reference, M.S. - mesoporous silica.
A.S. - as-synthesized, S.E. - after template removal.
Figures in brackets are peak ratios following decomposition.

In the case of the phenyl-modified material, after template removal, six distinct
peaks were observed following spectral decomposition, indicating the presence of
PhSi(SiO)(OH),, Ph§i_(Si_0)2(OH) and PhSi(SiO); moieties as well as the unmodified
siloxanes. Four resonances were observed for the as-synthesized material. The

decompositions are presented in Figures 3.29 and 3.30, and the peak ratios are given in

brackets in Table 3.11.
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Observed
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A W ' Components
W \[\N/\/\/\,\Aj\m\’\ﬂ\’\/f\'\/\ Difference

3

Figure 3.29 Decomposition of 5Si MAS-NMR spectrum of as-synthesized MES-
swollen phenyl-modified mes0porous silica.
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Figure 3.30 Decomposition of ¥si MAS-NMR spectrum of MES-swollen phenyl-
modified mesoporous silica following template removal.
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Five peal;s were detecfed for the extracted aminopropyl material, indicating that
the aminopropyl function was incorporated in only two environments i.e.
H3N(CH)381(Si0)(OH), and H3N(CH,)8i(SiO)2(OH).

Only three peaks were detected for the extracted mercaptopropyl material,
suggesting that the mercaptopropyl function was present as HS(CH;)38i(SiO)2(OH)

. only.

3.102 B¢ MAS-NMR

Bc MAS-NMR spéctroscopy was carried out on the phenyl-modified
mesoporous silica at the EPSRC solid-state NMR service at Durham. The 'aminopropyl-
and mercaptopropyl-modified materials were analyzed at thé EPSRC sorbents and
catalysts NMR service at UMIST. NMR results are given in Tables 3.12 - 3.14 overleaf.
The environments for carbon atomé identified from the spectra are shown in the

respective ions / molecules presented in Figure 3.31. Spectea are given in Appendix A3.
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——l+

2 . 16—N—C17H,

C17H,

' c 15 CI7H,

Cetyltrimethylammonium (CTMA) ion

- C Si
O
C4

Phenyl function
C2 Si . C2 Si
HN—c3 ¢l Hs—c3 Cl
Aminopropyl function . Mercaptopropyl function

Figure 3.31 Diagram showing the relative positions of the carbon atoms in the ions /
groups under investigation.
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Table 3.12 *C MAS NMR results for the phenyl-madified material

5* (CTMA) &* (Phenyl)
Sample C1 C2 C3-15 C16 C17 _ C2 C3 C4
A.S. 1450 | 23.41 | 30.72 | 66.00 | 53.81 | 134.89 | 127.48 | shoulder
S.E. - - - - - 134.09 | 127.05 | shoulder
*TMS as external reference. A.S. - as-synthesized, S.E. - after template removal.
Table 3.13 °C MAS NMR results for the aminopropyl-modified materiai
48* (CTMA) &* (Aminopropyl)
Sample C1 C2 C3-15 | C16 C17 C1 C2 C3
S.E. - - - - - 9.53 21.16 | 42.83

*TMS as external reference. S.E. - after template removal.

Table 3.14 '*C MAS NMR results for the mercaptopropyl-modiﬁéd material

0* (CTMA) o* (Mercaptopropyl)

Sample C1 C2 C3-15 C1e6 C17 C2 C3 C4
AS. 14.50 | 23.36 | 30.59 | 67.31 | 53.98 - 2741
S.E. - 23.19 - - 53.87" | 1147 27.54

*TMS as external reference. A.S. - as- synthe51zed S.E. - after template removal.
' See explanation in (iii), below.
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i Phen l-modified Mesoporous Silica

Phenyl function

In the case of the phenyl-modified sample, peaks for each of the template carbon

atoms are observed for the as-synthesized sample, but are absent following template

-~ removal. In each case, two resolved peaks are observed corresponding to the C2 and C3

phenyl atoms. The C4 atom is observed as a shoulder only, while_ the C1 atom (attached

directly to Si) cannot Be observed.
(ii ) Aminogrogﬂ-modiﬁed ,

C2 Si
SN/

HN—C3 - Cl

 Aminopropyl function
C MAS-NMR was performed on this material only following template

‘removal. Three peaks were observed, corresponding to the C1, C2 and C3 atoms of the

aminopropyl function.
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(iii) Mercaptopropyl-modified

C2 Si
HS—C3 (1

Mercaptopropyl function

The as-synthesized MP-modified sample displayed p.eaks assigned to the
template molecule, as well as a peak af 8 = 27.41 assigned to the C2 and C3 atoms of
the mercaptopropyl function., The extrz;cted material also displayed a peak at § = 27 and
an additional peak at 8 = 11.47, assigned to the C1 atom of the mercaptopropyl function.
In additiqn, resonances were observed at & = 23.19 and § = 53.87. It is possible that
these peaks are due to C-atoms of residual template molecules, but it is also possible
that these resonances could signify the presence of other sulphur-containidg functions.
If, as was suggested earlier (Section 3.8.2), the thiol has been oxidised to a sulphonic
acid, peaks would be exﬁected at & = 54 (observed), 18 and l.l(observed)". Also, the
presence of a propandisulphide function. (the disulphide RS-SR, where R = CH2CH2CH3
in this case, is easily produced by oxidation of the thiol) would be identified by a peak at
8 = 23" (observed). It is théreforg possible that either, or both of these functions are

present in this material.




C.M.Bambrough ' . 3. Characterization

3.11 Overview of the Characterization of the Organically-
Modified Materials

" 3.11.1 Phenyl-modified Mesaporous Silica
X-ray powder diffraction studies of the phenyl-modified samples indicated that a
single phase was formed and that structural order was maintained following template
removal. Mesitylene was proved to be a successful pore—swelling agent by incregsing the
d;oo-spacing of the final product. In contrast, the use of tetradecane as a pbre—swelling
agent was unsuccessful as an increase in djgp Was not observed.
R studies of the phenyl-modified materials showed a peak at 1143 om!
corresponding to an Si-C stretching_vibration. Peaks due to phenyl C-H deformations
and C=C stretching vibrations were also observed confirming the presence of phenyl
groups in the sample. _

o TG analysis of the MES-swollen bﬁeﬁYi—modiﬂed sample (following surfécnam
extractioﬁ) yielded the molecular formula (Si02)0.54(Si0;.s0H)p.15(PhSiO 5)0.310.15H20
as a very approximate formuia for this material.

»Si and *C MAS-NMR of the MES-swollen sample confirmed the presence of

phenyl groups.

3.11.2 Vinyl-modified Mesoporous Silica
XRD studies of the vinyl-modified material showed that a single phase was
formed and structural order was maintained following template removal. The obtained

d00-spacing suggested that a mesoporous material had been produced.
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IR and TG studies were inconclusive and could not prove definitively that the
vinyl function had been successfully incorporated into the material. A peak observed in
the IR spectrum at 1625 cm™, however, probably corresponds to a vinyl C=C stretching

vibration.

3.11.3 Aminopropyl-ntodiﬁed Silica

The XRD profile taken of the aminopropyl-modified material before template
removal gave a single, broad pealt corresponding to a djg-spacing of 46.8 A. Following
template removal no XRD peaks were observed, suggesting that structural orderiné had
been \lost. This loss of ordering could be due to incomplete condensation of the
siloxanes d{m'ng synthesis. As the reaction time for this synthesis was 1 week, however,
(compared to 48 h for the phenyl-modified sample) this seems unlikely and it is possible
that the reaction time was, in fact, too long in this case. A poster recently presented at
the “Tirst Intemationai "Conference on Inorganic Materials” in Versailles,™
demonstrated that MCM-41 materials synthesized with reaction titnes greater than eight
days were non-porous following template remo;/al.

Again IR studies proved to be inconclusive due to a large number of unassigned
peaks in the region of interest in the IR spectrum. Results obtained from TG analysis
were also inconclusive as the possible presence of surfactant molecules prevented the
calculation of a molecular formula from the TG data.

»Si MAS-NMR demonstrated the presence of an organosilicon moiety, and '°C

MAS-NMR confirmed that a propyl fdnction was present.
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| 3.i1 4 Mercaptopropyl;modt:ﬁed Silica

XRD studies of the mercaptopropyl-modified sample demonstrated that
structural order was maintained following template removal.

The S-H vibration was not detected in the IR spectra of this material. Bands that
could be assigned to a sulphonic acid function were, however, observed. TG analysis
did not permit the assigment of a molecular formula, however, due to residual surfactant
molecules contributing to the sample’s mass.

#Si MAS-NMR confirmed the presence of an orggnosilicon moiety and '3C‘
MAS-NMR suggested the presence of more than one sulphur-containing function. A
peak was observed which could correspond to the mercaptopropy! function (8 27),
while peaks at § = 54 and & = 23 could be due to the sulphonic acid or disulphide

respectively.
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ADDENDUM

3.12 Mesoporous Silica Spheres

When synthesizing batches of purely siliceous and‘ aminopropyl-modified
material using a particular magnetic §tirrer, the product spontaneously formed into
spheres of 5-10 mm in diameter (Figure 3.32). This was shown to be a function.of the
stirring rate (rather than the vessel) ‘with only a “high” rate ’setting resulting in

production of the spheres.

10 mm

Figure 3.32 Photograph of spheres of purely siliceous mesoporous silica.
XRD patterns consistent with a mesoporous structure were obtained. The

spheres were very fragile and disintegrated when a scanning electron microscopy study

was undertaken. Time did not permit further examination of these materials.
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CHAPTER 4

GAS ADSORPTION STUDIES

This chapter is divided into two parts. Part I considers the theoretical
background to gas adsorption studies while Part II describes the experimental techniques

employed.

PART I - THEORETICAL BACKGROUND

4.1 General!

It was first observed over 200 years ago that finely powdered solids have the
ability to take up relatively large volumes of condensable gas. In 1881 Klayse;'2 used the
term adsorption to describe this condensation process. The term adsorption is now
intemationally empl‘.oyeq to describe the enrichment of one or more components on a
surface, while the term desorption describes the depletion of these components from the
surface.

Adsorption is classified as being either physical (physisorption) or chemical
(chemisorption). The former involves weak forces, such as van der Waals and hydrogen
bonding, and occurs in most gas-solid systems. Physisorption can be multilayer and in
~ some ways resembles éondensation of a gas. Chemisorption (invoiyi_ng chemical bond
formation) in contrast, only occurs in certain systems and is confined to a monolayer.

When a porous solid is exposed to a gas at a certain pressure in a closed ,sbace,
the solid will adsorb the gas with a corresponding decrease in the pressure of the gas and
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increése in the mass of the-solid. The amount of gas (the adsorptive) taken up by a solid
(the adsorbent) is dependent on the temperature. of the experiment and the pressure of
the gas, as well as on the nature of the solid and gas. Upon adsorption the adsorptive is
termed ;he adsorbate.

For a specific solid and gas at a fixed temperature the general Equation 4.1
applies:

n=f(P)T s solid 4.1)

where n is the amdunt of gas adsorbed, normally expressed in moles per gram of
adsorbent, and p is tﬁe adsorptive equilibrium pressure. This equation ‘is an expression
of the adsorption isotherm, which is the relationship at constant temperature between the
am.ount of gas adsorbed by the solid and the pressure or relative pressure (p/p(?) of the
adsorbate (p0 is the saturation vapour pressure of the adsorptive at the experimental
temperature). Most isotherms can be classed as belonging to one of the five common
groups of isotherms as classified by Brunauer, Demming, Demming and Teller
(BDDT)"" and sometimes refer;ed to as the Brunauer, Emmett and Teller (BET)
classification.* Each of the five “ideal” types of isotherm and the very rare, stepped,
‘sixth isotherm are characteristic of a certain type of solid and the six isotherms are |
shown in Figure 4.1.% As we11 as these six types of isotherm there are certain isotherms .
which may display characteristics of more than one type of “ideal” isotherm, and can
therefore be described as borderline cases. There are also, of course, a number of
isotherms which éannot easily be assigned to any class.

Samples may be classified according to the width of their pores (see Section
1.2). Table 4.1, given overleaf, describes‘ the main pore characteristics of solids which

give rise to isotherms of Types I to VL.
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Figure 4.1° The five BDDT isotherm types (I - V) along with the rare, stepped isotherm
(Type VD). : :

Table 4.1 The characteristics described by the BDDT isotherm classification.’

Isotherm Main Pore Characteristics
Type
I microporous or non-porous chemisorbed monolayer
I mainly non-porous or macroporous, but could still have some micropores
I non-porous, weak adsorbent-adsorbate interactions
v INEesoporous
v shows porosity, but characteristic of weak adsorbent-adsorbate
interactions
\Z28 very rare - shows stebwise multilayer adsorption on uniform surface
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An adsorption isotherm ca:; yieid‘valuable information about‘ me pore structure
and specific surface area of a solid, of particular interest in the study of M41S-type
materié.ls. As these solids are mesoporous, one would expect gas adsorption to yield a
Type IV isotherm. This isotherm is therefore of most interest here, and is discussed in
'greater.detail in Section 4.2. However, as this study will also investigate solids with
pores in the microporous range, the Type I isotherm is also relevant and its
characteristics, along with those of the Type V isotherm, are also discussed in Sections

4.3 and 4.4 respectively.

4.2 The Type IV Isotherm

The Type IV isotherm initially displays a region of steep adsorption at low
relatiyt pressures, which then plateaus and often produces a sharp ‘knee’ (wluch
represents monolayerb coverage of the surface). A second steep region of the isotherm is
then observed and is often accompanied by hyste@sis. This region represents capillary
condensation and i$ characteristic of mesoporous solids. Hysteresis is a result of the
formation, upon adsorption, of 2 meniscus from which desorption will only occur at
relative pressures below those at which it t;ormed; in each hysteresis loop the amount
adsorbed on the adsorption branch at a particular relative pressure is alv;/ays less than
the adsorbed amount on the desorption branch at the same relative pressure. An
interesting fcatlire of nitrogen isotherms determined for M41S-type materials at 77 K is
the absence of hystére:sis.6 The reason for thjs.is not completely understood, but it is
thought td be due to the relative pressure vaiue at which capillary condensation occurs
(p/p° = 0.4) in these materials. This value of p/p’ representé a region of instébility in the
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nitrogen menis;cus and if AM4IS-ty'.pe materials of different pore sizes were to be
analyzed, or the temperature of the isotherm were altered, hysteresis would be observed.

The characteristic shape of the Type IV isotherm is therefore rep.resentative of
the change between mono-.‘z:md multilayer adsorption. The sharp ‘knee’ present in the
Type IV isotherm (also present in the Type II isotherm) allows us to calculate the
specific surface area, Ss, (m? g'l), of tﬁe solid as described below in Section 4.2.1. It
should be noted however that the presence of micropores in the solid may affect S,
calculation as, in this case, the knee may be representative of micropore ﬁuing (see

Section 4.3).

4.2.1 Determination of Spécific Surface Area

A useful value that can be determined from gas adsorption studies is the specific
surface area,'Ssp of a solid. In studies where this is required, nitrogen is the adsorptive of
choic; for reasons discussed in Section 45 'fhe Ssp (m? g"), of a solid may be
calculated from equation 4.2: |

Sp=tmLag - (4.2)

where. ny, is the monolayer capa;:ity, L is the Avogadro number and ay is the area
occupied by an adsorbate molecule (usually r_ﬁtrogen) in the completed monolayer.

_In order to determine the specific sm"face area of a sqlid by gas adsorption it is
therefore necessary to measure the monolayer capacity of the solid. The monolayer
capacity, ny, (mol g''), is deﬁnéd as the amount of gas that can be accommodated by a
single molecular layer on the surface of 1 g of solid. There are two methods available
for the calculation of np: the Point B method’ and the BET model®. These methods and

their applicability are discussed in the following Sections.
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Calculation of a,.% may be achieved by considering the. density of the bulk liquid.
.'_I‘his method, originally proposed by Emmett and Brurllauer,7 assumes that the molecules
are arranged in the ‘s‘ame manner when adsorbed on the surface as they would be if -
placed on a plane surface within the bulk liquid (i.e. in a close-packing arrangement).
This leads to equation (4.3):
am=f(M/pL)?* (4.3)

where f is a packing factor (equal to 1.091 for 12 nearest neighbours in the bulk liquid
and six on the plane surface)’, M is the molar mass and p is the density of the adsorptive
at the experimental temperature.

(The ay values of the adsorptives used in this study are given in Table 4.2 in Part II of

this chapter.)

i) The Point B Method of Surface Area Analysis

 The sharp knee that is characteristic of Type II and Type IV isotherms was
terfrled “Point B” by Brunauer and Emmett’ and represents monolayer coverage of the
surface (see Figure‘ 4.2).' It is therefore simply a matter of reading off the adsorbed
amount from the y-axis (at the point at which the isotherm becomes linear after the
knee) to obtain a value for the monolayer capgcity of the solid. However, if the Point B
region is somewhat ill-defined (i.e. the isotherm displays a rounded knee) the ease with
which the monolayer capacity can be determined is diminished. In fact, in most cases
the BET model® (see next Section) is a more accurate method of n,, determination, since

it is effectively a mathematical method of determining Point B.
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Figure 4.2 A nitrogen isotherm isotherm of MCM-41 showing the position of the
‘Point B’. ' ’

ii) BET Analysis®

The equation most commonly used to describe multilayer physical adsorption is
_ the BET equatiqn, f.ormulated frofn the Langn;uu equation9 (see Section 4.3) by
Brunauer, Emmett and Teller.® The BET equation. was derived kinetically for a state of
dynamic equilibrium, where the-rate at which m'o‘lequles condense from the gas phase

onto the surface is equal to the rate at which molecules evaporate from the occupied

sites. The equation is shown below in its linear form:

.o . —
p/p = 1 +c l% (4.4)
n(l-p/p’) n,c n,Ccp

n is the amount édsorbed at equilibrium pressure p, p° is the saturation vapour pressure
at the experimental temperature, n, is the monolayer capacity and ¢ is the BET
parameter, which is related to the net heat of adsorption, (q, = heat of adsorption in first

layer, qu = heat of adsorption in subsequent layers) , as shown in equation 4.5.
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c = e(QI'QL)R/T . (45)

0 .

1 . . — . . £-1

In this model, plotting - oo against _,po will give a straight line witha slope ekl
n(l-p/p’) P NpC

: - - ‘ : .
and an intercept s thus permitting the calculation of the monolayer capacity
m

1 , ' ‘
[nm = ; )and providing a means for calculating the specific surface area,
slope + intercept ' .

Ssp of the solid. There are many limitations associated with applying the BET equation
to calculating Ssp and these are discussed below.

The BET constant, ¢, gives a quantitative measure of the interaction between the
surface and the adsorbéd molecules in the monolayér, relative to those between the
mono- and subsequent layers. In general, a value for ¢ which lies between 50 and .250
will give a precise surface area value. Smaller cornstants are accompanied by a rounded
‘knee’ in the isotherm (and a correspondingly ill-dgfmed Point B) and are due to
insufficient differences in the adsorption §trengths betweén the mono- and subsequent

layers. Larger values for ¢ may indicate the presence of micropores.

Limitations of the BET Model

While a BET model gives reasonable‘agreement in the low pressure region to
Type II and Type IV isotherms (i.c. those isotherms with a sharp ‘kncc:"), there .are
certain limitations of the BET model, namely one assumes that:
1) the surface is homogeneous, i.e. all adsorption sites are energetically
identical
2) there are no lateral interactions between adsorbed particles -

'3) an infinite number of physically adsorbed layers can be formed
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4) in all but the first layer, adsofption resembles the liquefaction of a ga;.

The system being studied would not be expected to adhere to the above criteria.
- For éxamplé, a homogeneous surface is unlikely, and surface heterogeneity is the norm.
It is also impossible to assume that lateral interactions between adsorbed molecules are
negligible, especially when approaching layer completion. In addition, it is questionable
~how far all layers after the first should be treated as identical. Despite these
assumptions, however, a BET model gives reasonable égreement in the range 0.05 <
p/p° < 0.35 and is a good working model for Type O and Type IV isotherms in that
range. It should Be noted that, even in the most favourable cases, an uncertainty in the
calculation of specific surface area of 2 10 % is not unusual, and this may be attributed

to the nature of the BET model and the assurﬁpﬁons it imposes.

4.2.2 Determination of Pore Width and Pore Volume

i ) Pore Widtf;

Type IV isotherms are characteristic of mesoporous solids and are usually easily
recognised by their hysteresis loops. Although the exact shape of the hysteresis may
vary with each sample, it is always the case that at.ahy given relative preséure the
amount adsorbed is greater in the desorption branch than in the adsorption branch (see
Section 4.2). Zsigmondy'® put forward a capillary condensation ﬁodel to explain this\.
Thomson! (later Lord Kelvin) had stated (on thermodynamic grounds) that it is possible
for a vapour to condense to a liquid in the pores of a solid éven if the relative pressure is
. p/p° < 1. This is because the equilibrium vapour pressure, p°, above a concave mgniscus
must be less than the *saturation vapour pressure, p° at the same tempera.tlire.

Zsigmondy's model assumed that along the initial part of the isotherm adsorplion occurs

only as a thin layer on the walls of the pore until, at the inception of the hysteresis loop,
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capillary condensation occurs. With increasing pressures, condensation continues until

even the widest pores are completely filled with condensate. It was assumed that the

pores were cylindrical and ¢, the angle of contaét, was zero (cos¢ = 1), thus giving a -

~ hemispherical meniscus. The mean radius of curvature of the meniscus is then equal to

the radius of the pore minus the thickness of the adsorbed monolayer on the walls. The

“Kelvin equation” is given below:

cos¢ 4.6)

where p/p° 1s the relativé pressure of the vapour in equilibrium with a meniscus of
radius of curvature r, at temperature T(K). 7 is the surface tension of the liquid
adsorptive, V is the molar volume of the adsorbate in liquid form and R is the gas
constant..‘

It is therefore possible, by applying the Kelvin equation at the inception of the
hysteresis Iobp, to calculaté the minimum pore radius in which capillary condensation
‘can occur. The usual pore diameter range between which capillary condensation occurs
is 10 - 250 A, and this is therefore the range. over which the Kelvin equation maylbc
applied.- |

As previously menﬁoﬁed, the radius of curvature of the meniscus, ry, is equal to
tﬁe radius of the pore minus the thickness of the adsorbed film, t. The pore radius, r, is |
therefore obtained via equation (4.7):

I=TIm+t 4.7
where t (A) is c;alculated from eqﬁation (4.8):
t=(n/nn)o. - . (48)
Here, n is the amount adsorbed at relative pressure p/p°, Ny is_the monolayer capacity

and O, is the thickness of each layer.
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ii) Pore Volume

The final plateau of the Type IV isotherm represents complete filling of all the
pores with liquid ad_sorbate. It is therefore possible, by using the liquid density, to
calculate the amount of liquid adsorbed onto the surface. The total pore volume (or
Gurvitsch volume'?) can then be calculated from equation (4.9);

| Total Pore Volume, Vp=n,M/p - (4.9)
where np is the limiting adsorption .\}alue obtained from the plateau region of the
isotherm, M is the molar mass of the; adsorbate and p is the density of the liquid
adsorbate. This volume should be the same for all adsorptives on a particular solid; this
“Gurvitsch rule” is generally valid to within a few percent for those systems giving rise
to a Type IV isotherm, but its accuracy is limited by the ease with which the plateau can -

be determined.

4.3 The Type I Isotherm

If a sample is microporous, the narrowness of the pores may cause enhanced
adsorption as the potential fields from neighbouring walls interact to cause a distortion
of the isotherm at low relative‘pressures. This, in the simplest case, will give rise to a
Type 1 igotherm which displays a steep region at low relative pressures followed by a
platéau at a linﬁﬁng value. According to “clﬁssica.l” interpretation9 this limit éxisté
because pores are so narrow that they cannot accommodate more thah a Asingle
molecular layer on their walls. This classical view assumes that the Type I isotherm

conforms to the Langmuir equation9 given below (equation 4.10). -
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n Bp
2. 4.10
" nm 1+Bp (4.10)
where
Tan,K
B=—l—e AT (4.11)
z_ V,

m
a, is the condensation coefficient (i.e. the fraction of incident molecules which actually
adsorb), zm is the number of adsorption sites per: unit area, v, is '-thg-fiequency of

oscillation of the molecule in a direction.normal to.the surface,.q; is the isosteric heat of

_ | : 0.5L
adsorption and X is a constant given by the Kinetic theory of gases, (rc = (—_MR—T)‘EJ .

In practice, B is a constant which cannot be resolved experimentally via equation 4.11.
However, if equation 4.10 is rewritten substituting relative pressure, p/p°, for pressure,

p, it then becomes:

c(p/p°)

T+o(p/p%) (4.12)

n
Ny

where c'is the BET constant. When written in its linear form (equation 4.13), it becomes

0

/ : '
clear that a plot of P’P against p/p® will yield a straight line with a slope of 1/np,.

p/p® 1 p/p°
p/p’ __1. plp

(4.13)
n cn n

m m

It is therefore possible to calculate a value for the monolayer capacity, ny, of the solid

- from a Type I isotherm and thus a value for the specific surface area, S, (see Section

4.2). In fact, if the plateau of the Type I isotherm is horizontal, when employing the.
classical interpretation, the monolayer capacity may be taken as identical to the total

uptake, ng, at saturation pressure.
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1314 suggest that this classical interpretation is

A number of arghments
inapplicable however, not least that surface areas calculated from Type I isotherms are
often improbably high'®. Another fact which suggests that the IimitinAg plateau of a Type
- I'isotherm does nat correspond to the monolayer capacity is that the Gurvitsch volume.
rule (see Section 4.2.2) is often obeyed for a vaﬁety of adsorbates by systems yielding
this type of isotherm.'®'$!” This conformity to the Gurvitsch rule suggests that the
adsorbate is condensed in the pores in a foﬁn which has a density close to that of the
liquid adsorptive. For this to occur, the pores must have a width in excess of two
molecular diameters since the si!zc and shape of different adsorbate molecules would
influence the packing withiﬁ the pore structure. In order for the adsorbate to sirnulaté the
bulk liquid, a pore width of several molecular diameters would therefore be required.
Considering these arguments, it seems more likely that the uptake, n,, at saturation is
more likely to correspond to the pore volume of the adsorbent. This led Pierce, Wiley

8 1o postulate that the mechanism of

and Smith14 and, independenﬁy, _Dubinin1
adsorption in microporous solids is a poré filling process similar to capillary
condensation, rather than a layer-by-layer build up of adsorbate on the pore walls. The
Type I isotherm plateau thérefore represents total pore filling and can be used to
determine the micropore volume of the adsorbent if the isotherm has a sharp knee and a
horizontal plateau. However, when determining the microporosity of a sample it is
important to note that microporosity is often accompanied by a large external surface
~ and / or mesopores, and éare must therefore_ _be taken when assigning a value to the

micropore volume. More definitive methods of determining microporosity include

preadsorption techniques,’ t-plots20 and ¢ - plots?',
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4.4 The Type V Isotherm

The'”ljype V isotherm is representative of weak adsorbate-adsorbent interactions
and is often observed in water sorption on hydrophobic surfaces.? It is-characterized. by
a region of low uptake at low relative pressures followed by a period of condensation
accompanied by hysteresis. Water adsorbs preferentially on the silanol (SiOH) groups
of a silica (rather than forming a- uniform surface), and clustering of water molecules
one on top of the other then follows, producing the upward sweep of the isotherm. The

* Point B, if observed, does not therefore Acorresp:ond to the monolayer capacity of the
solid, but refers to.the, density of the surface silanol groups. qu this reason it is not
possible to.use water sorption by M41S materials to determine surface areas, but it can

be a useful tool in monitoring other surface characteristics.
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PART II - EXPERIMENTAL TECHNIQUES

4.5 The Adsorptives

Two methods of gas adsorption were used in these studies; automated
volumetric adsorption and manual gravimetric adsorption. The adsorptives used in each
technique are shown in Table 4.2, along with the experimental temperatures and the

molecular areas, ap, of the adsorptives.

Table 4.2 Adsorptives, their molecular areas and the adsorption temperatures
used in each technique.

. T
Adsorptive ~ Technique Temperature / K Mole:ul;lg?rea J
N2 ' 77 16.2
Volumetric )
0 | - - 77 ' 14.1
H;0 , 303 10.5
CsHs : 293 30.7*
Gravimetric
' n-BuOH 303 32.1

T Molecular areas calculated from equation 4.3.

*While this value of an(CgHg) = 30.7 A was obtained usin equation 4.3, the McClellan
and Harnsberger “recommended” value of an(CsHs) = 43 A was used in S, calculations
(see Section 5.7.1). :
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The sorption of organic vand polar solvéﬁts can yield ‘important informétion on
the surface characteristics of a sample, but when determining the surface area, Sgp,
nitroge.n is the adsorptive of choice for tﬁe following reagons:

1) itis inért (will not chemisorb)

2) it has no dipole moment

3) the small N; molecules (assumed to be spherical) can eésily penetrate most

pores and are not sterically hindered

4) its saturation vapour pressure (1 atm) at the working temperature (77 K) is

large enough to be measured accurately

5) it s easily and cheaply available

For &ese reasons, N, is the sorptivé favoured for specific surface area
. determination, and all of the samples studied here w.eré anélyied using nitrogen
sorption.

~ The value quoted in Table 4.2 for the -molecula'r area of benzene is obtained
using equation 4.3. Problems arise, however, when assigning a molecular area for
benzene®, as this will differ greatly depending 6n whether the molecule is lying flat on
the surface or is oriented perpendicular to it. Isirikyan and Kiselev?* estimate ay(flat) =
40 A?and am(upright) = 25 A%, as appropriate molecular areas for benzene. In a review
by McClellan and Harnsberger,r25 the recornmended value of a,(CgHg) is given as 43 =+
3 A?, based on an(N;) = 16.2 A% and as a result of examining benzene sorption on eleven
adsorbents. In this study the McClellan and Harnsberger valﬁe (ie. 43 £ 3 Az)_ is
employed when determining specific surface areas from benzene sorption.

The ap, values quoted for n-BuOH and -BuOH, calculated from equatibn 4.3, do
not accﬁrately reflect true molecular areas as these molecules are obviously not

spherical. More accurate values may be calculated from isotherms of these species using
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the specific surface area of the sorbent derived from nitrogen sorption. This is discussed

further in Chapter 5 for benzene as well as for the alcohols.

4.6 Volumetric Adsorption

The sorption of nitrogen and oxygen at 77 K was performed on the fully automated
and computer-controlled Micromeriticg Gemini 2375 Surface Area and Porosimetry
Analyzer. A two-stage rotary vacuum pump was connected to the apparatus and used to
evacuate the system prior to adsorption and during desorption. The Gemini apparatus
consists of identical balance and sample tubes, immersed in a dewar vessel of liquid
nitrogen and exposed to identical experimental conditions. A flowing gas techniqpe
delivers the adsorptive to both tubes simultaneously. This duplicate operation means that
any changes in the gas balance are due to adsorbance by the sample. The rate at which the
adsorpﬁve is supplied is determined by the rate at which the sample adsorbs. Results are
displayed as an adsorption isotherm, and a BET multipoint surface area calculation is
automatically performed. Typically, sample masses as low as 0.1 g can be successfully
analyzed.

Before isotherm measurement commenced, the samples were outgassed for several
hours to remove physisorbed vapours. The Micromeritics Flowprep 060 outgassér, in
which the samples are heated under a flow of nitrogen without the use of a vacuum pump,
was employed fqr this. All aluminosilicate and purely siliceous samples were outgassed at
iSO°C, while all organically functionalized materials were outgassed at 100°C (to prevent

removal of the organic groups).
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4.7 Gravimetric Adsorption

The gravimetrié balance used for the sorption of vapoilrs at 303 K and 293 K,
was of the conventional McBain-Bakr?® type, and was designed' and built in-house by
Brénton.”, The system, shown in Figure 4.2, was constructed from Pyrex tubing and
vacuum-seated Pyrc;( stopéocks. The adsorption of orgémic solvents necessitated the use
of Apiezon T as the sfopcock lubricant. ﬁe balance mechanism consisted of two helical
“quartz springs (connected in series in order to increase the sensitivity) suspended from a
hook and tﬁe sample, housed in‘a silica bucket, was suspended. from the springs via a
series of silica rods.‘ One of these rods, the marker rod, contained two biue glass
reference fnarkers.

Pirani and

Penning .
Gauges

Pressure Transducer

. % ;: 2 a
McLeod : : =- L
Gauge g : , 1 Z ™~ H: el;gal
| S E |~ Springs.
. Adsorptive =
Cold Trap oy o =
' ' eservo ' Marker Rod
< 1
. | ©4-Sample i
Bucket mr
Oil Diffusion .
Pump
L5 \_/
Silicone Oil Manometer
Rotary Pump | Thermostatted Box

Figure 4.2 The Gravimetric Adsorption Balance
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A rack-and-pinion—iype microscope was focused on the tip of one of these b.lue-
markers to measure ‘spring extension. The pumping apparatus consisted of a water-
cooled oil diffusioq bump and a two-stage rotary pump. Pirani and Penning gauges and
a McLeod gauge attached to the line measured vacuum pressures of <'1 x 10™ Pa. The
sorptive pressures were measured using a silicone oil manometer and a pressure
transducer.

The adsorptive was contéined in a reservoir and its vapour préséure controlled by '
the water temperature in a surrounding dewar vessel. The whole vacuum line was then
housed in a thermostatted box, the temperature of which was maintained at 303 K by
two thermistor-controlled carbon ﬁlamént bulbs and an air-circulating fan. For
experiments carried out at 293 K, water from a thermostatted tank was circulated
through a dewar vessel surrounding the sample. The springs were maintained at 303 K

to maintain their calibration.

4.7.1 Spring Calibration

The gravimetric line was calibrated under vacuum at 303 K by suspending a siliéa
bucket contjclining glass beads of known mass from the springs. As the mass was increaseq
the cxte;lsion of the spring was measured by means of the rack and‘ pinion type
microscope, fitted with a screw micrometer eyepiece focused on the tip of one of the blue
glass re_fe_rence markers. By plotting spﬁné extension against mass, the spring réspbnse
was shown to be linear and reversible; a sensitivity of 32.68 microscope units g'l was

determined.
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4.7.2 Degas.sing of Liqufd Adsorptives

The adsorpti\;es (AnalaR grade) were distilled prior to loading in the reservoir
soaked oﬁ a plug of glé.ss wool (to prevent the glass reservoir from cracking upon liquid
expansion). In order to remove dissolved gases, the adsorptives were exposed to three
“freeze-pumﬁ-thaw” cycles. This process involved freezing the adsorptive by
surrounding the reservoir with a dewar vesse;l containing quui_d nitrogen. The adsorptive
was then exposed to the pump and, when é stablé vacuum of < 1 x 10 Pa was achieved,
the tap was closed and the dewar vessel was removed to allow. the adsorptive to return to

room temperature. The procedure was then repeated.

4.7.3 Adsorbent Outgassing Procedure _

Prior to adsorption it was necessary to remove any physisorbed vapour from the '
surfacg of the solid; this procedure is termed outgassing. The sample was heated in a
tube furnace under vacuum. to a constant pressure. Pressures of < 1 x 10‘3 Pa were"
~ usually achieved. Typical outgassing times for M41S .r-naterials were 4-5 hours. It was
important that the temperature chosen for this procedﬁxe did not cause any modification
of the sample. Purely sili;:eous and aluminosilicate materials were outgassed at 150 °C,
whjlé organicaﬂy-modiﬁed samples were outgassed at 100 °C to prevent the removal of

incorporated organic functions.

4.7.4 Isotherm Measurement

Table 4.2 (above) shows_.the témperatures at which adsorption was carried out
for each adsorptive. In each case, the thermostatted bdx was maintained at 303 K.
Benzene sorption was carried out at 293 K due to the exceptionally high saturation‘

vapour pressure (too high to read on the silicone oil manometer) of this solvent at
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303 K. Also this made cofnparison with literature benzene isotherms, similarly carried
out at 293 K, possible. To facilitate sorption at 293 K, water from a thermostatted tank
was circulated through a dewar vessel surrounding the sample. The vapéur preséure of
the adsorptive was controlled by regulating the water temperature in a dewar vessel
suﬁounding the reservoir.

Before adsorption commenced, the position of the blue reference marker,
measured using the rack ar;d pinion microscope was noted. Following degassing of the
- adsorbent and the adsorptive the line was evacuated to a pressure of <1 x 10‘3 Pa. With
tap 1 closed (i‘igure 4.2), tap 2 was opened and the vapour pressure of the adsorptive
measured on the pressure transducer and silicone oil maﬁometer. Tap 1 was then opened
to expose the adsorbent to the vapour. Pressure readings and the position of the markel;
rod were noted at regular time intewais (10-15 min) until the system reached
equilibrium; this was defined as the point at which no further decrease in pressure and
no fur_thcr 5p'ring extension w;:rc observed. Typically, cq'ui'librium.was reached in 0.5 -
-3 h. Desorption points were obtained by exposing the sample to a reduced vapour
-pressure, obtéined by opening the line to the pump. |

Calculation of the amount adsbrbéd, n/ mol, was achieved using equation 4.14:

n=9%/AM (4.14)
where § is the spring extension, A is the sensitivity of the spring (32.68 rmc units g)
and M is the fnolar mass of the adsorpﬁve.

Isotherms are presented as plots of relative pressure, p/po, against amount
adsorbed (mol g'). The p° value for water was taken from the CRC Handbook of
Chemistry and Physicszs, and p° values of all other adsorptives were méasured using the
pressure transducer and silicone oil manometer at the respective experimental

temperatures. These are given in Table 4.3 below.
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Table 4.3 The saturation vapour pressures of adsorptives at the experimental

temperatures
Adsorptive -H,0 C¢Hs i n-BuOH +-BuOH
Temperature / K 303 293 . 303 -303
Sat. Vapour
4.24 10.21 1.68 7.73 .
Pressure, p’ / kPa ‘

a
Vo e
[P PPN St
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CHAPTER 5

GAS ADSORPTION RESULTS

‘The - following chapter is divided into two parts. Part I considers the gas
adsorption analysis of M41S-type materials, while Part II considers -gas adsorption on
organically-functionalized mesoporoué silica. The BET plots used in the calculation of

Ssp are given in Appendix A4.

PARTI - M41S SOLIDS

3.1 Nitrogen Sorption

Nitrogen adsorption was carried out on all of the calcined samples using the
Gemi_r.ﬁ apparatus. Sorption data are given in Table 5.1. (BET plots used in the
calculation of Sgp are given in Appendix A4).

The isotherms, presented at the end of this section, were mostly Type V! as
expected, indicating meso;')orosity.- It is evident froﬁ Figures 5.1-5.7 that samples
produced under pressure (i.e. in a »sealea container) yield isotherms with a more well-
defined capﬂlary condensation step timn those samples produced in open vessels. This

suggests that the samples produced under pressure have a narrower pore size

'distribution (i.e. a more uniform pore structure) than those produced at atmospheric

pressure.
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Table 5.1 N3 sorption data for M41S samples

BET Gurvitsch Average
Sample surface area, pore volume, | pore diameter*
Sep/m? g’ Vp/em’ ! /A
MCM-41(a) i 729 0.57 31.7 (0.38)
MCM-41(b) it 737 0.32 -
MCM-41(c) i 794 0.59 31.2 (0.37)
MCM-41(d) ii- -~ 511 0.26 243 (0.25)
FeMCM-41 | i 833 0.44 26.6 (0.29)
SiMCM-41(a) iii . 936 0.45 - 240 (0.24)
SIMCM-41(b) | i 828 056 26.3 (0.29)

(i) prepared in sealed vessel in conventional oven, (ii) prepared in microwave oven,
(iii) stirred at room temperature in an open vessel.
* Figures in brackets are the p/p° values at which the Kelvin equation was applied.:

As mentioned in Chapter 4, a distinctive feature of M41S-type solids is the
~ absence of hysteresis in the Type IV isotherms i.e. thé isotherms are reversible.? The
reason for this absence of hysteresis in M41S solids is-not well understood, but it is
thought to be due to the pqsition of the capillary condensation step (p/.po = 0.4). Under
the reaction conditionsk it seems that this is the lowest p/p’ at which nitrogen can
undergo the classical form of capillary .condensation. This value of p/p° represents a
region of instability in the nitrogen meniscus and if M41S materials of different pore
sizes were to be analyzed, or the température of the isotherms altered, hysteresis would

be observed.
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The BET analysis was carried out on each isotherm in the range 0.04 > p/p° 2
0.31 (as pre-set by the Gemini apparatus). Specific surface areas of between
approximately 500 and 1000 m® g" were obtained, typical of MCM-41-type materials.
Average pore diameters of between 24 and 32 A (obtained by applying the Kelvin
equation®) confirmed that the samples were indeed mesoporous. The Kelvin equation
could not be applied to the isotherm obtained for sample MCM-41(b) as it did not show
a well-defined capillary condensation step.

Gurvitsch pore vblumes‘, V,, were calculated from each isotherm. It can be
noted from Table 5.1 tl;at the pore volurﬁes of samples prepared in a sealed vessel in a
. conventional oven are greater than those obtained for samples prepared in an open
vessel. These results indicate that, in order to produce M41$-typé materials with
characteristics desirable for selective catalysis (erg. uniform pore structure, high surf;ce

area, large pore volume) synthesis under pressure is.the method of choice.

. e S ey A4 b T i e
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Figure 5._1 Nitrogen sorption at 77 K on calcined MCM-41(a).
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Figure 5.4 Nitrogen sorption at 77 K on calcined MCM-41(d).

129



C.M.Bambrough .

amount adsorbed / mmol g

amount adsorbed, mmol g"

14 J
@O ® WO ® (80 ® C80
O'O
10 + .
"5
8 A o.
[
‘D
610
44 .
Q
2 1 .
O adsorption
@  desorption
0 T T 1 L) L ¥ L] 1 1)
00 01 -02. 03 04 05 06 07 08 09 1.0
relative pressure, p_/p°
Figure 5.5 Nitrogen sorption at 77 K on calcined SIMCM-41(a). .
18 J
16 - ®O® @O® WO & G0 ® OO
0@ @€ T ‘ :
14 - o
12 |
O
10 - . O.
o8’ ¢
8 ' :
o e
g{ P
4 4
o .
2 J : O adsorption
'~ @ desorption
0 Ll T T T T 1 T T L
0,0 0,1 02 0.3 04 0.5 0,6 0,7 0,8 0,9 1.0

relative pressure, p/p°

Figure 5.6 Nitrogen sorption at 77 K on calcined SIMCM-41(b).

5.Gas Adsorption Results

130



| C.M.Bambrough :

5.Gas Adsorp{ion' Results

w
18 A
16
14 4
12 -

10 1

amount adsorbed / mmol g

2 T 1 ] T T ) 1

O  adsorption
®  desorption

0.1 02 03 04 05 06 07

relative pressure p/p°®-

T T

0.8 0.9 1.0
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5.1.1 Calculation of Pore Wall Thickness

It is possible to calculate thé average pore wall thickness of a sample by
subtractiﬁg the average pore diameter, obtained from the N, isotherm, from the unit cell
dimension, a, obtained from XRD data. The results obtained for these samples are

tabulated below (Table 5.2).

Table 5.2 Average pore wall thickness of M4 1'S-type solids

Sample Reaction Time & | Average Pon:e Unit qell, Average Wall
Temperature Diameter/ A alA Thickness / A
MCM-41(a) 100 °C, 23 h 317 39 7.3

MCM-41(b) micro., 20 min - - -

MCM-41(c) 100°C, 72 h 31.2 45 13.8
MCM-41(d) | micro., 20 min 243 40 15.7
FeMCM-41 100 °C, 120 h 26.6 43 16.4
SIMCM-41(a) ambient 240 37 13.0
s temperature, 1 h A
SIMCM-41b) |  100°C,24n | 263 43 16.7

Table 5.2 highlights that samples_ Synthesized via the hydrolysis and
condensation of TEOS have thicker walls than those produced using TMAS and
precipitated silica as the silica source. Also,' the samp'les prepared‘at high temperature
and under pressure have thicker walls than the sample prepared at room temperature and

pressure.
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Oxygen sorption was carried out at 77 K on sample SIMCM-41(b) _(Figlire 5.8).
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The nitrogen s;c;rptiqn isotherm, carried out on the same sample at 77 K is sho§vn
for comparison purposes in Figure 5.9. Both isotherms are Type IV confirming that the
sample is mesoporous. The major difference between the two isotherms that can be
observed is the présence of a hysteresis loop in the oxygen isotherm. This is absent in
the nitrogen isotherm as would be expected for an MCM-41-type material. This
confirms that the absence of hysteresis in the nitrogen isotherm is a characteristic of the
adsorbate rather than the adsorbent (see Section 5.1).

The pore volume, V,, and BET specific surface area, Ssp, calculated from each

isotherm, are compared in Table 5.3, below.

Table 5.3 Sorption data for O, and N, sorption on SiMCM-41(b).

O, Sorption ' N; Sorption
Vp/em’gt 0.56 * | 0.56
S/ m? g 737 828

* Calculated using p(O;) = 1.184 gcm™

' As shown in Table 5.3, the pore volumes calculated from each isotherm are
identical (V, = 0.56 cm® g Showihg good égreement with the Gurvitsch rule. This
proves that nitrogen and oxygen are adsorbed in a-similar manner in .this material. The
specific surfa@ areas obtained are slightly different, but tﬁis 'difference may be
attributed to the assumptions made when applying a BET cﬂculaﬁon (see Section 4.2.1).

The BET plot used in the calculation of Ssp is given in Appendix A4.
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5.3 Water sorption

Water sorption on calcined MCM-41(c)< was studied using the gravimetric
apparatus. A Type V isotherm was produced (Figure 5.10), indicating mesoporosity
with weak adsorbate-adsorbent interactions. This is characteristic of a hydrophobic
surface and suggests that there are few surface hydroxyl groups present. The initial low
affinity of this sample for water vapour is highlighted by the long plateau at the start of
the isotherm. Condensation occurs normally, however, around p/p° = 0.6. An interesting
feature of this isotherm is that the desorption branch of the hysteresis loop does not
close. This suggests rehydroxylation of the surface. Indeed, after heating urider vacuurh
at 150°C for 4 h, water still remained on the surface and the isotherm could noi be
reproduced (condensation occurred upon readsorption). This is in ‘contr.ast to the work
carried out by Branton® on MCM-41 that showed the water isotherm to be reversible in

the pre-hysteresis region thus suggesting that chemisorption did not occur.
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Figure 5.10 Water sorption at 303 K on calcined MCM-41(c).

This difference may be attributed to the differences in sample preparation. The
Brantqn samples were prepared at high temperature in a static autoclave®, while sample
MCM%I(C) was prepared in a sealed teflon bottle at 100 °C in a conventional oven. It is
possible that, in sample MCM-41(c), complete condensation of all of the siloxane
groups has not occured producing a sample less stable than one prepared in an
autoclave. The dehydroxylation of a silica gurface is shown diagramatically in Figure
5.11. Chuang and Maciel’ suggest -that when two adjacent silanol groups condense at
temperatures greater than 500 °C a str;iined 4-member Si-O ring i§ formed. This is
‘highly reactive and therefore can easily undergo rehydroxylation when exposed to Qater
vapour. If sample MCM-41(c) did not undergo complete siloxane condensation, then it
is more likely that there will be adjacent SiOH and SiOEt groups presen.tAwhich, in turn,

will make the sample more likely to undergo rehydroxylation upon water sorption.
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Figure 5.11 Diagram showing the fprmatibn of a strained 4-membered Si-O ring upon
the dehydroxylation of a silica surface.

If rehydroxylation of a silica surfacé is the cause of low pressure hysteresis, an
increase in the number of surface hydroxyl groups should be. observed'. Sarhple MCM-
41(c) was therefore studied using Si MAS-NMR both before and after water sorption.
- The results, given in Section 3.5.1, confirmed that rehydroxylation c;f the sample did' :

occur upon water sorption at 303 K.
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)

PARTII - ORGANICALLY-FUNCTIONALIZED

MESOPOROUS SILICA

The following Table (5.4) summarises the gas adsorption studies carried out on

the organically-functionalized mesoporous silicas.

Table 5.4 The adsorptives used on each sample

N; H,0 CsHs n-BuOH | t-BuOH
Sample (77 K) (303 K) (293 K) (303K) | (303K)
Phenyl -
(Burkett) v v ‘/ . v v
Phenyl
(Unswollen) v
Phenyl v v v 1 v
(Mesitylene)
Phenyl "
(Tetradecane) ’
Vinyl v
Amino- v
propyl
Mercapto- v
propyl

The sorption of each adsorptive is now discussed in turn.

138



C.M.Bambrough -

5.4 Nitrogen Sorption

5.Gas Adsorption Results

Nitrogen sorption data yield the values given in Table 5.5. The results obtained

for each sample are discussed separately below.

Table 5.5 Nitrogen sorption data for organically-functionalized mesoporous silica

BET Langmuir Gurvitsch

Sample Isotherm Surface Surface Pore
Type Area, Area, Vq!_u_me,

Sp/m’g? | Sy/mPg? | Vo/émig?

Phenyl (Burkett) I 882 1258 045
Phenyl (Unswollen) I 990 1424 0.50
Phenyl (Mesitylene) v 942 - 0.67
Phenyl (Tetradecane) I 760 1138 0..42
Vinyl 1&IV 1339 - 10.76
Aminopropyl I 299 415 0.15
Mercaptopropyl I 522 761 0.27

Langmuir surface area calculations were performed for each sample that gave an

isotherm displaying Type I characteristics. In each case, a relatively high surface area

was obtained. For comparison  purposes, the BET specific surface areas have been used

.- aa g
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in this study and any reference to the specific surface area of a sample is referring to the

value calculated using the BET model, unless otherwise stated.

5.4.1 Phenyl-Modified Sﬁmples

(i) PhAMCM-41 (Burkett Sample) _
Nitrogen sorption studies on the Burkett (unswollen)® material yielded an
isotherm displaying mainly Type I characteristics conﬁfnﬁn_g its microporosity (Figure

5.12). The pores are almost completely filled at a relative pfessure p/p®=0.2.
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Figure 5.12 Nitrogen sorption at 77 K on PhMCM-41

As mentioned in Chapter 4 (Section 4.3), a number of arguments suggest that it
is inappropriate to apf:ly the Brunauer-Emmett-Teller (BET) equation to Type I

isotherms as the “knee” observed is thought to represent pore filling rather than
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monolaygr coverage. waever, if a BET calculation is performed on this isotherm over
the range p/p° = 0.04 - 0.31, a surface area of 882 m> g'lis obtained, consistent with
other large pore unmodified M41S-type solids. If we assume that the plateau of the
isotherm rebresents complete pore filling, the isotherm yields a Gurvitsch pore volume,
Vp = 045 cm’ g, If the sample is assumed to have 20 A diameter cylindrical pores
(from preliminary nitrogen sorption and XRD data) and the specific surface area of 882
m’ g! corresponds to the intem;l surface area of the pores, then a theoretical total pore |
volume of 0.44 cm® g is obtained, in good agreement with the experimental value.
This confirms that the plateau of the isotherm does indeed corresponci to complete
filling of the pores. The fact that a reasonable BET surface area is obtained from the
lower region of the isotherm may possibly be explained by the fact that the isotherm -
shape does not exactly mirror that of a Typé Iisotherm. The initial uptéke.at low relative
pressures is not as steep as would be expected in a classical Type I case. Also, following
the “knee” at p/p” = 0.2, the isotherm is not compietely flat as would be expected if this
represented total pore filling; it continues to slc;pe gently upwards until saturation
pre‘ssﬁre. The reason for this deviation may be that tile sample contains pores ;t the limit

of the microporous range (i.e. pore diameter = 20 A).

(ii) Phenyl-Modified Mesoporous Silicas

Unswollen Pheny!l-Modified Silica

The unswollen phenyl-modified mesoporous silica yields -an isotherm (Fig.
5.13), displaying Type I characteristics, very similar to-that given by the Burkett
unswollen sample and a BET specific surface area Ssp = 990 m’ g" and a Gurvitsch pore

volume,
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Vo= 0.50 cm’ g". These values, particularly Vp, are very similar to those obtained for

the Burkett sample (cf. 882 m® g" and 0.45 cm® g') which is not surprising as the

pre_paration methods of these two materials were identical. (This sample was prepared

merely as a control sample for the synthesis of other mesoporous organically-modified

samples).
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Figure 5.13 Nitrogen sorption at 77 K on unswollen phenyl-modified silica..

Mesitvlene-Swollen Phenyl-Modified Silica

The Type IV isotherm (Figure 5.14) given by the mesitylene-swollen phenyl-

modified sample displays a small degree of hysteresis and indicates that the sample is

mesoporous. A BET specific surface, Sy, = 942 m”® g'' is consistent with M41S-type ;

_rﬁaterials and the Gurvitsch pore volume, V, = 0.67 cm’ g is larger than that qbtained
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for the unswollen material (0.50 cm® g"). This demonstrates that mesitylene is an

effective pore-swelling agent in the synthesis of these materials.
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Figure 5.14 Nitrogen sorption at 77 K on MES-swollen phenyl-modified mesoporous )

silica.

Tetradecane-Swollen Phenyl-Modified Silica

The tetradecane-swollen phenyl-modified sample yields an isotherm similar to

that obtained for the unswollen material, exhibiting Type I characteristics but displaying

a small amount of hysteresis (Figure 5.15). This again indic

ates that the sample is

microporous. The BET surface area, Sy, = 760 m* g'l is consistenf with M41S-type

materials and the Gurvitsch pore volume, V, = 0.42 cm® g is similar to that of the

unswollen material.
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Figure 5.15 Nitrogen sorption at 77 K on TET-swollen i)henyl-modiﬁed silica..

The Type I isqtherm and lower Gurvitsch pore volume for the tetradecane-
swollen material suggest that this alkane .is not a suifable pore swelling agent for the
synthesis of these materials. This could possibly be due to the fact that the tetradecane
molecules overlap with the CTMACI molecules when t};e template is formed. It may be
that the scenario shown in Figure 1.3, whereby n-alkane molécules position themselves
at the end of the surfactant carbon chains,’ cannot be supported when using an alkane

molecule as large as tetradecane.
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5.4.2 Vinyl-Modified Mesoporous Silica
Nitrogen sorption on MES-swollen vinyl-modified mésoporous silica yields an
isotherm which, upon initial examination, exhibits both Type I and Type IV

characteristics (Figure 5.16) .
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F igﬁre 5.16 Nitrogen sorption at 77 K on MES-swollen vinyl-modified mesoporous.
silica ’

After an initial period of large uptake at low rélativc pressures, the isotherm
slopes gently before reaching a plateau at p/p° = 0.6. A very large BET surface area
(which suggests that the isdtherm is m@re likely to be a Type I) and Gurvitsch pore

volume (S = 1339 m? g, V, = 0.76 cm’ &) are obtained, consistent with M41S-type
materials. The shape of the isotherm and the higﬁ Ssp indicates that the sample contains
va large volume of micropores; either the mesitylene did not successfully increase the
~ pore diameter in this case or the vinyl function is arranged in such a manner as to reduce

the pore diémete;.

145 -



" C.M.Bambrough S ; 5.Gas Adsorption Results -

54.3 Aminopropyl-Mbdiﬁed Mesbporous Silica
A Type I isotherm (Figure 5.17) is given by nitrogen sorption on the

aminopropyl—modiﬁed mesoporous silica.
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-~ Figure 5.17 Nitrogen sorption at 77 K on aminopropyl-modified mesoporous silica.

The isotherm plateaus at a very low relative pressure (p/p° = 0.1) and the total
uptake is relatively low for an M4IS-type material (4.23mmol g'). The shape of the
isotherm (e.g. the very steep initial portion) suggests that the total uptake at saturation
_pressure is likely to represent total pore filling. This translates to a Gurvitsch pore
volume, V, = 0.15 cm® g, considerably lower than typicél M41S-associated pore
volumes. If, for reason of comparison, the BET equation is applic’;d to this material, a
specific surface area, Ss; = 299 m” g" 'is obtained. This value is, again, considerably
lower than those commonly obtained for M41S-type materials and supports the XRD

résult which indicated that the sample’s pores collapsed following template remo.val.
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544 Mercaptopropyl-Modiﬁed Mesoporous Silica

The mercaptopropyl-modified sample also yields an isotherm (Figure 5.18) upon
nitrogen sorption that resembles Type L In this case, the isotherm plateaus at a higher
relative pressure (p/p0 = 0.3) and a higher total uptake (7.79 cm’ g") than the
aminopropyl-modified sample. However, the BET surface area and Gurvitsch pore
volume (S, = 522 m’ g, Vp = 0.27 cm’® g') are still considerably less than those
normally observed for M41S-type materials, again suggesting that the mesitylene was

 ineffective or that the organic function restricts access to the pores.
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Figure 5.18 Nitrogen sorption at 77 K on mercaptopropyl-modified mesoporous silica.
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3.5 Sorption of Water, Benzgne and Butanol

The srorPtion (using the gravimetric apparatus) .of water vapoﬁr,' bepzene, n-
butanol aﬁd t—butanbl was carried out on the Burkett PhMCM-41 sample (from B.ath)8
and the MES-swollen phenyl-modified mesoporous silica (Ph-M.S.). A summary of |
results is given in Table 5.6, below. Nitrogen sorption data are included for comparison

purposes.
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Table 5.6 Summary of water, benzene and butanol sorption data.

PhMCM-41 MES-swollen
(Burkett)* ~~Ph=M.S.
N,/ mmol gt 1.32 -
H,O Sep/m? g’ 83 -
V,/cem®g? 0.33 -
an/A? | a./A’ 10.5 110 -
D / mmol g 3.00 (4.7)1 4.06
CeHs Sep/m? g’ 750 £50 (1217) 1050 + 50
| Vp/em® g 0.31 0.76
an/A? | a./A? | 43z%3 49 (31) 43+3 39
Ny, / mmol g 0.55 1.98
n-BuOH Sep/m’ g 103 461
| V,/cm’g? 0.23 0.62
an/A? | a./A? 31 284 31 79
N,/ mmol g 2.12 (3.70)* 247
t-BuOH Ssp/m? g 644 (742) 497
Vp/em gt 0.33 0.61
an/A? | a./A? 33 45 (39) 33 63
D/ mmol g 904 9.66
N, Sep/m’ g 882 942
Vp/em’ gt 0.45 0.67
a,/A? 16.2 16.2

* Figures in brackets are calculated using the Langmuir equation.
" These values are calculated from Type I isotherms and are therefore more
likely to be the micropore volume rather than the monolayer capacity.

am - molecular area of adsorbate used to calculate surface area; a. - molecular
area of adsorbate calculated from isotherm and ap(N;) = 16.2 A
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Water sorption yielded a Type V isotherm (Figure 5.19) which is indicative of

weak adsorbate-adsorbent interactions.
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Figure 5.19 Water sorption at 303 K on PhMCM-41

The low uptake of water in the low pressure section of the isotherm is indicative

of the hydrophobicity of this material at low relative pressures

and suggests that there

are few surface hydroxyl groups presenf. A region of slight curvature is observed at

relative pressureS of less than 0.1 and, if this is assumed to represent the point at which

each surface hydroxyl group is occupied‘by a single water molecule, it is possible to

obtain a value for the number of hydroxyl groups present per

nm? of surface. If the

amount of water adsorbed at this point is taken from the water isotherm, to be 1.32

mmol g’ and the specific surface area of the sample is known,

from N sorption, to be
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882m’ g then a value of 0.9 OH groups per nm’ is obtained (using an(H,0) = 10.5
A?%). This value is lower than that calculated from the water isotherm obtained by
Llewellyn et al*® on an unmodiﬁed MCM-41 (1.3 nm™), and can be attributed to the fact
that phenyl groups occupy surface positions in this sample that would ordinarily be
occupied by hydroxg'l groups. The second region of the isotherm commences at p/p0 =
0.7 and represents condensation. At the top of this condensation step an uptake volufne
of 0.33 cm? g is observed. This ;'alue is lower than that obtained from the nitrogen
isotherm (0.45 cm’ g'l), but isA very closg to that obtained from the benzene isotherm
(0.31 cm® g, see section 5.5). This may be a result of either water condensation
occurring within the pores without complete pore filling or it may be due to the
structure of the adsorbed water. Failure of water to obey the Gurvitsch rule is not
uncommon, and Grégg and Sing suggest that adsorbed water may exist within pores in a
form substéntially less dense than ordinary water as a result of differences in hydrogen-
bonding arrangements."’

Hysteresis extending to the low pressure region was observed in the Water
isotherm. This is caused by rehydroxylation of the silica surface during the course of
isotherm determination. Prolonged exbosure to pressures of <1x10 Pa at experimental
temperature did not result in loop closure. As mentioned in Section 5.2 this is probably
due to incomplete condqnsétion of siloxane groups during the short, room-temperature
synthesis resulting in a'sample prone to f_ehydroxylation upon contact with water

vapour.
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5.7 Benzene Sorption

5.7.1 PAMCM-41 (Burkett Sample)
Benzene sorption on the Burkett sample yielded an isotherm displaying Type I

characteristics (Figure 5.20) exhibiting a very small degree of hysteresis.
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Figure 5.20 Benzene sorption.at 293 K on PAMCM-41 .

A BET specific surface area S;; = 750 m’ g‘j‘ + 50 m® g"* was obtained. |
Problems arise in the calculation of surface areas when using benzene (as described in
Section 4.5) because of the difficulty involved in assigning an accurate value to the
cross-sectional area, ap, of the _benzene molecule.’? In this study,l the McClellan and

Hamsberger13 “recommended value” of 2,(C¢Hg) = 43 A? has been employed (this

¥ Uncertainty arises from the error margin of £3 A? assigned to the molecular area of benzene by
McClellan and Harnsberger." '
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average value was obtained by McClellan and Harnsberger following the examination of
fifteen papers covering the adsorption of benzene on eleven a&orbents).

It is possible.to calculate the cross-sectional area, an, of an adsorbate molecule
by using the nitrogen specific surface area obtained for the sample and applying
equation 4.2 (Ssp = 0 L ay). In this case, if the surface area is taken to be 882 m” g’
(from N, sorption) and the monolayer capacity to be 2.8 mmol g (from the benzene
isotherm), then an estimated benzene molecular area of 52 A? is obtained. This. is
consistent with the benzene molecule lying flat on the sﬁrface of the solid.

Application of the Gurvitsch rule to the bénzene isotherm gave a total pére '
volume, V, = 0.31 cm® g, less than the Vp = 0.45 cm’ g”! obtained from the nitrogen
isotherm. The difference between the observed values of the total pore volume obtained
from the nitrogen and benzene isotherms is thus not insignificant; this discrepancy may
be due to the size difference. of the two types of adsorbate molecule and the structure of
the adsorbed layer. If the surface phenyl groﬁps are assumed to be aﬁangeq
perpendicular to the surface, then it is possible that the adsorption of the large benzene
molecules could be sterically hindered. Also, because of the presence of 1t-eiectrons in
the benzene molecule, induced interactions with polar surface hydroxyl groups inay'

affect the structure of the benzene monolayer.
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5.7.2 Mesitylene-Swollen Phenyl-Modiﬁed Mesoporous Silica
Benzene sorption carried out on the mesitylene-swollen sample yielded a Type

IV isotherm (Figure 5.21) exhibiting hysteresis, confirming the sample’s mesoporosity.
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~ Figure 5.21 Benzene éorption at 293 K on MES-swollen phenyl-modified silica.

A BET specific surface area of 1051 m* g £ 50 m’ g* was obtained using the
“recommended” value of 43 A? for the cross-sectional area of benzene. If, as in Section .
@), We use the nitrogen specific surface area to calculate the actual value of am(CeHs) we
obtain a value of 38 A? which also suggests that the molecule is oriented flat on the
surface.

Application of the Gurvitsch rule to the benzene isotherm gave a total pore
volﬁme of 0.76 -cm3 g, signiﬁcantly larger than that obtained from benzene sorption on
the original (nﬂcroporoug) Burkett material (0.31 cm’ g"), reconﬁrming that MES is a

suitable pore-swelling agent. The discrepancy in the values of the total pore volumes
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obtained from the nitrogen (Vo = 0.67 cm’ g™) and benzene (V, = 0.76 cm’ g'')
isotherms is, again, probably due to the structure of the adsorbed benzene.

If the Kelvin equation is applied to the benzene isotherm at the inception of
hysteresis (p/p0 = 0.2), a Kelvin pore diameter, 2rk, of 26 A is obtained. It should be
noted that this is not a true pore diameter, d, as a value for the thickness of the adsorbed
benzene monolayer, t, is not available [ d = 2(rg + t.) ] (see Figure 5.22). In reality, the
pore diameter of this material is likely to fall in the range of 30-40 A, well within the

mesoporous regime.

2r,

Pore
Wall

Adsorbed
Monolayer, t

Condensed
Adsorbate

Figure 5.22 Diagram showing the Kelvin pore diameter, 2 'rK, and the adsorbed
monolayer thickness, t, in a cylindrical pore.

5.8 Butanol Sorption

Sorption of n-butanol and t-butanol was carried out on the Burkett PhAMCM-41
sample (from Bath)® and the MES-swollen phenyl-modified mesoporous silica. The
- sorption runs were carried out using the gravimetric apparatus at 303 K. Sorption data

are given in Table 5.4.
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5.8.1 PAMCM-41 (Burkett)

(i) n-Butanol

n-Butanol adsorptidn on the Burkett PhMCM-41 sample (from Bath) yielded an
isotherm which appears, upon preliminary examination, to display Type IV
characteristics‘ (Figure 5.23). (The desorption run could not be completed due to

problems with the apparatus.)
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Figure 5.23-n-BuOH Sorption at 303 K on PhMCM-41 (Burkétt).

A sharp knee is evident at p/p® ~ 0.05 which corresponds to a BET monolayer
capacity, ny, = 0.55 mmol g, much lower than those given by any other adsorbate for
this sample (see Table 5.4). Using this nn \)alue, a specific surface area,_éw =103 m? g'l ’
is obtained, again much lower than.thc specific surfécc areas obtained for this material -
using other adsorbates ‘(Ssp(Ng) = 882 m* g"). It is important to note in this instance that

calculation of the specific surface area was performed using a value for the molecular
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area, ap = 31 A% obtained via equation 4.3 (am = 1.091 (M / p L)**).}* This equétioﬁ
assumes spherical molecules and hexagonal-packing which is inaccurate in the case of
n-butanol (a straight-chain alcohol). For this reason, it is the monolayer capacity which
is of real interest here.

If it assumed that n-butanol adsorbs on the surface of this material via polar
interactions with surface hydroxyis, and if it is also assumed that one n-butanol
molecule will adsorb on one surface hydroxyl, then it is possible to calculate the number
of surface hydroxyl groups per unit area. Using the monolayer capacity, np = 0.55
mmol g" and the nitrogen specific surface area, Sp(N2) = 882 m? g‘l, a value of 0.38
OH groups per nm? is obtained. This is considerably lower than that calculated from the
water isotherm (0.9 nm™%) which suggesfs that widespread localized bonding is occurring
during n-butanol sorption (i.e. a monolayer is not being formed). If the sample is
assumed (from water sorptibn) to have 0.9 OH groups per nm?, then it appears that n-
butanol is occupying just over a third of the available bonding sites. This could occur if
adsorbed n-butanol molecules blocked the eﬁtrance to a pore channel or blocked access
to adsorption sites by lying across them thus pre\}enting further adsorption.

If the monolayer capacity and nitrogen specific surface area are used to calculate
a value for the cross-sectional area of the n-butanol molecule, a highly unlikely value of
a. = 284 A? is obtained. This is also evidence that a monolayer is not being formed
during n-butanol sorption and suggests that polar interactioﬁ is the mechanism of
adsorption in this case.

The .txotal pore volume, V, = 0.23 cm’ g, calculated for this isotherm is also
considerably lower than those given by other adsorbates for this material (see Table 5.6)

including ¢-butanol (Vy(r-BuOH) = 0.33 cm’ g", see next section). This also suggests
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that complete surface coverage has not occurred duﬁng n-butanol adsorption and also

that steric effects have influenced the structure of the adsorbed layer.

(ii) t-Butanol
t-Butanol sorption at 303 K on the Burkett PhAMCM-41 sample yielded an

isotherm displaying mainly Type I characteristics (Figure 5.24).
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Figure 5.24 ¢t-Butanol sorption at 303 K on PhAMCM-41 (Burkettj.

At low relative pressures there is a large uptake of adsorbate before the isotherm
levels off at p/p0 = 0.2. BET analysis yields a monolayer capacity of 2.12 mmol g",
considerably larger than that 6btained by n-butanol sorption (ng, = 0.55 mmol gh.

Figure 5.25 highlights the differences between the two isotherms by presenting them on

the same axes.
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Figure 5.25 A Comparison of n- and z-butanol adsorption at 303 K on PhAMCM-41

The obtained nr, value gives a specific surface area, Sy, = 664 m* g which is
slightly lower than would be expected for this material (Ssp (N2) = 882 m’ g‘l). As the
isotherm resembles a Type I, Langmuir analysis wés also performed and this yielded a ) .
monolayer layer capacity of 3.70 mmol g", corresponding to a specific surféce area, Sgp
=742 m” g"' very similar to that given by benzene sorption (750 m? g'). Values of the
cross-sectional area, a. = 45 A” (obtained using the BET monolayer capacity and the N;
specific suﬁace arca) and a. = 38 A’ (calculated using the Langmuir ny value) are
considerably lower than that obtainéd for n-B;JOH on this material (ac = 284 A%
sugge.sting that localized adsorption is not occurring in this case.

As mentioned in Section 4.3, there is some uncertainty when interpreting Type I
isotherms as to whether the “knee” represents the monolayer capacity or the pore

volume. The value obtained for the total pore volume (taken from the plateau of this
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isotherm), V, = '0.33 cm® g'!, is idéntical to that given by the water isotherm anci very
similar to that given by the benzene isotherm (0.31 cm’ g’l). It is, however, con§iderably
larger than that obtained from n-butanol sorption (0.23 cm® g™') which suggests that ¢-
butanol (spherical) actually packs more efficiently than n-butanol (linear) in the pore
channels. The .fact that V;(N;) = 045 cm® g, suggests that t-butanol is somehow
packed in a less-dense state than its liquid form. This may be due to localized bonding
on surface hydroxyls (although the bulky natufe of t-butanol may preclude polar
interactions between the alcqhol function and surface hydroxyls) but is more likely to be
due to steric hindrance of some kind. Low pressure hysteresis is observed in the
desorption branch of the isotherm which does suggest that some degree of
rehydroxylation is occurring.

Further comparison with benzene sorption on this sémple yields striking results

if the two isotherms are plotted on the same axis as shown in Figure 5.26, below.
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Figure 5.26 +-BuOH sorption at 303 K and benzene sorption at 293 K on PhMCM-41.
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The fact that these two isotherms may be completely superimposed suggests that
the mechanism of +-BuOH sorption is similar to that observed in benzene sorption. This

indicates that the sorption mechanism of +-BuOH on this material is more influenced by

organic interactions with the surface phenyl groups than by polar interaction with -

surface hydroxyls. (It should be noted, however that a small amount of rehydroxylation
is indicated by the low pressure hysteresis.)
The preclusion of hydrogen-bonding in -BuOH sorption is supported by the

difference in the boiling points of n-BuOH (b.p. = 118 °C) and +-BuOH (b.p. = 83 °C).

The lower boiling point of -BuOH indicates that there is less hydrogen-bonding

occurring than in n-BuOH.

Further evidence that H-bonding to surface hydroxyls is not the sorption
mechanism in this case is highlighted when a value for the number of surface hydroxyls
(1.45 nm™) is calculated from the monolayer capacity. This is much greater than that
obtained from éither the n-BuOH isotherm (0.38 nm'2) or the water isotherm (0.9 nm’z).
If the value calculated from the water isotherm is taken to be the rﬁost accurate (due to
the small, unhindered dimensions of the wafer molecules) it becomes evident that the ¢-

BuOH molecules are not undergoing localized adsorption.
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5.8.2 MES-Swollen Phenyl-Modified Mesoporous Silica
(i) n-Butanol
‘n-Butanol sorption at 303 K on the MES-swollen phenyl-modified mesoporous

silica yielded a Type IV isotherm exhibiting a large degree of hysteresis (Figure 5.27).
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Figure 5.27 n-Butanol sorption at 303 K on MES-swollen phens'l-modiﬁed mesoporous
silica : :

As m the water isotherm, low pressure hysteresis is evident, again suggesting a
degrée of chemisorption (surface rehydroxylation, see Section 5.2). Following
application of the BET equation, a specific surtace area, Ss, = 461 m? g'l (nm = 1.98
mmol g") was obtained. This is lower than would be expected for this type of sample
(Ssp(N2) = 942 m® g!) which indicates that localized adsorpﬁon -(due to polar
interactions between the alcohol and the surface hydroxyls) may have occurred.
However, as mehtioned in Section 5.7.1, the value of a, = 31 A? used to calculate Sp 18

not entirely accurate due to the assumptions made in equation 4.3. This is therefore a
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source of uncertainty' in the calcﬁlaﬁbn of Ssp ;md for this reason, the monolayer capacity
is of greater interest.

Calculation of the cross-sectional area, a, from the monolayer capacity and N>
specific surface area yieldé ac =79 A?, which is larger than expected and again indicates
localized adsorption. This value is considerably lower than that calculated for n-BuOH
on the microporous PAMCM-41 (a. = 284 A?) however, which suggests that n-BuOH
sorption is less localized or, as fs more likely, less sterically hindered in the mesoporous
‘MES-swollen sample.

A Gurvitsch pore volume, V, = 0.62 cm’ g was obtained, very sinﬁlar to that
observed for the nitrogen isotherm (0.67 ’cm3 g’) suggesting that n-butanol sorption was
not sterically hindered in this larger pore MES-swollen sample.

Calculation of the number of surface hydrquls present from this isotherm (np, =

1.98 mmol g) yields a value of 1.26 nm™,

(ii) t-butanol

The sorption of t-butanol on the MES-swollen sample also yielded a Type IV
isotherm (Figure 5.28); hysteresis was not observed in this case. A monolayer capacity'
np = 2.47 mmol g"' and a BET surface area, Ssp = 497 m? g" were calculated. These
values are lower than would be expected for this material suggesting that localized
adsorption has occurred. A calculated value of a. = 63 A? was obtained for the cross-

sectional area of the --BuOH molecule.
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Figure 5.28 r-Butanol sorption at 303 K on MES-swollen phenyl-modified silica

It should be noted that this sorption run was performed on the same sample as
' ."the n-butanol sorption (following sample outgassing at 106 °C). It is possible that if
chemisorption or rehydroxylation of the surface occurred during the first run (as
indicated.by the low pressure hysteresis) then the surface would be less -reaﬁtiVe (i.g.
have fewer four-membered Si-O rings) during the second sorption run making
chemisorption, and the resulting hysteresis, less likely in this case.

A Gurvitsch pore volume of 0.61 cr.n3 g"' was observed, almost identical to that
given by the n-butanol isotherm (Vp=0.62 cm’ g™). This is highlighted by Figure 5.29
which presents both adsqrption isotherms oﬁ the same axis. The similarity.of the two
adsorption' isotherms in shape ;md total amount adsorbed indicates that the large pores

of this MES-swollen sarmple do not restrict adsorption of either of these alcohols.
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0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0

relative pressure, p/p°

Figure 5.29 n-Butanol and t-butanol sorption at 303 K on MES-swollen Phenyl-
modified silica.

~ Calculation of the number of surface hydroxyl groups present, from the -BuOH
| isotherm, yields a value of 1.58 nm™ This is greater than that calculated from the n-
BuOH isotherm (1.26 nmfz), a fact which could be explained in the same manner as the
lack of a hysteresis loop, i.e. rehydroxylation of the surface during n-BuOH sorption has
increased the number of surface hydroxyls. An alternative explanation is that the
adsorption mechanism in this case is not via H-bonding with Si-OH groups, but is due |
to organic interactions with the surface phenyls as obs;erved in the microporous Burkett
sample.

A comparison between the benzene and -BuOH isotherms given by this sample

is presented below in Figure 5.30.
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amount adsorbed / mmol g
) 3
()
>

14 © ' O benzene
4  r-butanol

o ¢ 1 ) - T 1 Ll 1 T T Ll
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 1.0

relative pressure, p/p0

Figure 5.30 A Comparison of benzene and #-butanol adsorption on MES-swollen
Ph-M.S.

The similarity in the shapes of these two isotherms also suggesté that the

__'sorption mechanism of -BuOH is via organic rather than polar interactions.
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3.8.3 Comparison of n- and £-Butanol Sorption on PhMCM-41 and'M'-ES-

Swollen Phenyl-Modified Mesoporous Silica

A comparison of n- and t-butanol sofption on the two samples is presented in

Table 5.7.

Table 5.7 Comparison of BuOH Sorption on a Microporous and Mesoporous Phehyl- .

Modified Silica .
PhMCM-41 (Burkett) | MES-Swollen Ph-M.S.

Isotherm Type v v

n-BuOH Hysteresis? : - Yes

N/ mmol g™ 0.55 . 1.98
Vp/cem’ gt 0.23 0.62

Isotherm Type 1 | Iv

t-BuOH Hysteresis? Yes No
'Dp/ mmol g 2.12(3.70) 247

V,/em’ g? . 0.33 0.61

(i) n-Butanol

The major djfferences in the results obtained for n-BuOH sorption on the two
samples is given by the monolayer capacities and total pore voiumes. Much lower
valuc; are obtained for the microporous malerial, as would be expected, indicating that
n-BuOH sorption is hindered by the narrowness of the pores. The two isotherms are

presented on the same axes, for comparison purposes, in Figure 5.31.
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O MES-swollen PRMCM-41
A PhMCM-41 (Burkett)

amount adsorbed / mmol g’
H

0.0 0.1 0.2 .03 0.4 05 0.6 0.7 0.8

relative pressure, p/p”

Figure 5.31 n-BuOH sorption at 303 K on PAMCM-41 and MES-swollen Ph-M.S.

(ii) t-Butanol
== In the case of t-BuOH sorption, the major difference observed between the two
sarhples is the shape of the respective isotherms (see Figure 5.32). The microporous
PhMCM-41 sample yields a Type I isotherm (which may be totally superimposed with
the benzene isotherm of this sample) while the mesoporous MES-swollen Ph-M.S. gives
a Type IV. Similar ﬁxonolayer cépacities (if the value obtained from the Type I isotherm
is taken to be a monolayer capacity) are observed for each sample. This indicates that ¢-
BuOH sorption is not hindered by the narrowness of the PhAMCM-41 pore-chémnels. The
difference in the observed total pore volumes is almost of the same order as that

observed between the nitrogen total pore volumes calculated for these materials, again

suggesting that +-BuOH is not sterically hindered in the microporous sample.
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amount adsorbed / mmol g
[ 4
o

O PhMCM-41 (Burkett)
A MES-swollen Ph-M.S.

0 07 T T T T T T 1 T ¥
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

relative pressure, plf)o

Figure 5.32 -BuOH sorption at 303 K on PAMCM-41 and MES-swollen Ph-M.S.

(iii) Conclusions
.In cc;nclusion, it appears that n-BuOH sorbtion is more sterically-hindered than
+-BuOH sorption. This is due to the difference in the shapes of the two molecules (see
figure 5.33). The “spherical” t-BuQH molecule is able to easily penetrate into the
micropores of the Burkett PhMCM-41 sample without blocking the pore-entrance while
the straight-chain n-BuOH molecule may block the pores upon adsorption.

In the case of t-Bu_QH sorption on the microporous Burkett sample, it appears
that adsorption is via organic interactions with surface phenyls rather than hydrogen-
bonding with surface hydroxyls. It is difficult to say Qhether this is _the case with -
BuOH sorption on the MES-swollen sample as the isotherm is virtually identical to that

given by n-BuOH. This could be due to.the fact that, in the larger-pore material, the
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surface hydroxyl groups .are more accessible to the sierically-crowded -OH groups of -

BuOH resulting in polar interactions.

(@ ! ®)

Figure 5.33 (a) n-Butanol, (b) t-Butanol
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CHAPTER 6

INCOHERENT INELASTIC NEUTRON SCATTERING

~ This chapter is divided into two parts. Part I considers the elementary theory of
incoherent inelastic neutron scattering and describes the experimental technique

-employed in this study. Part II presents the results obtained.

PARTI - THEORETICAL AND EXPERIMENTAL CONSIDERATIONS

6.1 General |

_ Incoherent Inelastic Neutron Scattcriné (IINS) studies were carried out at the
Rutherford Appleton Laboratories’ ;SIS_ spallation neufron source. TOSCA, the new
spectrometer commissioned in 1998 to replace TFXA, was used in these studies.

Vibrational spectroscopy techniqueg such as infra-red (IR) and Raman
spectroscopy are commonly used in the characterization of solid-state materials.
Inelastic neutron scattering is a form of vibrational spectroscopy which employs
neutrons rather 'than photons. Wavelengths qf neutrons (A = '10-10 m) are similar to
interatomic distances, and can therefbre b; used to yield structural information.

The pro_duétion of neutrons is costly and involves either shattering nuclei with a
high energy proton beam (spallation - used at ISIS) or fission ih a nuclear reactor (used

at ILL, Grenoble). The advantages of neutron spectroscopy over conventional photon
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techniques must therefore outweigh the f;reat expense of producing a neutron beam. The

major advantages afforded by employing neutrons are listed below:

1) The selection rules which golvem IR (a vibration must cause an overall change in
electrical dipole) and Raman (a vibration must cause a change in polarizability)
spectroscopies do not apply to IINS. For this reason those peaks which are “lost” ‘in
spectra obtained using the two optical spectroscopies are observed in IINS spectra.

2) The absencev of charge and the small absorption cross-sections for neutrons increase
their penetrating power.! This is also aided by the fact that the neutron mass (1.675 x
107 kg) is much greater than that of an electron (9.109 x 107! kg).

3) Eﬁergy losses (relative to incident energy) on scattering are much greater than in
photon techniques and are therefore easily detected.

4) The ihtensities of scattered neutrons are relevant and can yield valuable structural
information.

5) The large incoherent cross-sectional of 'H (see néxt. section) means that intensities

due to vibrational modes involving 'H are selectively enhanced.

6.2 Theoi'etical Considerations

Neutron scattering theory is an extensive field and, as only the basic theory
required to ﬁnderstand the TOSCA experiment is considered here; readers requiring a
more in-depth treatment are directed to references 3 and 4.

-As mentioned in the previous section, IINS is used particularly to investigate

vibrations of hydrogenous samples. TOSCA is a “time-of-flight” IINS spectrometer '
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which is based on the same methodology as TFXA.%%" The quantities determined in a-

TOSCA experiment are the energy changes observed upon neutron scattering from the
sample and the neutron intensities at those energies.
De Broglie's equation (6.1) relates the velocity, v, of a neutron with mass, m, to

its wavelength, A:

A=— (6D

where h is the Planck constant. The energy léss or gain upon scattering frc;m the nucleus
is usually expressed in teﬁm of the angular frequency, ®":
nw=% m(vo’ - v,%) (6.2)
where no is the energy transferred. ® = 2rv (where v is the oscillation frequency of
neutron wave),'n ='h/21t, m is the neutron mass and vg and v; are its initial and final
spged, (vi= Igi | where y; is the velocity).
" As mentioned earlier, TOSCA is based on a time-of-flight technique, anci this is

made simple becaﬁse a pulsed neutron source is employed at ISIS.
The various stages of the time-of—ﬂigﬁt experimént are listed below:
1) Microsecond puises of “w;vhite” neutron radiation are released from the source and

- arrive at the sample at different times.
2) Neutrons are elastically and/or inelastically scattered by the sample.
3) Pyrolytic graphite analyzers act as monochromators for the scattered neutrons

directing only those of energy 3.0 <7 @/ meV < 4.8 to the detectors.

4) Beryllium filters eliminate high order scattering (i.e. that which obeys Bragg’s law

forn#1).
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5) Since the ins&ument geometry give flight ﬁmes_between the sample and the de;ector
which are identical for each scattered neutron, energy changes observed upon
scattering from the sample may be calculated by considering neutron axﬁval times at
the detector. |

Thus, TOSCA is a time-of-flight spectrometer in which monochromation occurs after

scattering (a spectrometer configured in this way. is known as an inverted geometry

spectrometer).

The Séattering Cross-Section

Spectra are presented as plots of energy transfer against neutron intensity. The
neutron intensity is a function of the scattering cross-éection, o, of the nucleus (i.e: the
amount of the incident beam scattered by the nucleus) and the solid-angle Q into which
the neutrons. are scattered. (In a scattering experiment, a detector plaped at an angle of
. 20 to the incident beam measures the inténsify of the scattered wave which passes
through the solid angle Q). The dependence of the cross-section, G, on the energy of the
neutrons is represented by the double differential cross-section defined as the change in

the scattering cross-section with respect to both Q and the energy, E:

2o _k,
oQE Kk,

(b*)S(Q, @) (6.3)

ko and k; are wavevectors of incident and scattered neutrons, (b*) is the mean square of
the neutron scattering lengths and S(Q,w)is the scattering law. This latter term is a

property of the system in question. The double partial differential cross-section

describes the probability per neutron that incident neutrons are scattered through an

angle of 20 into a solid angle element 8Q with an energy in the range of E to (E+3E).
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The intensities of the scattered neutrons are directly proportional to the mean

square displacement of the atoms during a vibration, and inversely proportional to the

“magnitude of the scattering vector, Q (where Q = ko + k). Q is large at high energy

transfers and therefore intensities are small when high énefgy changes occur.

The scattering cross-sections of the nuclei in the sample under investigation are,
therefore, of great importance. As mentioned in the previous section, 'H has a
particularly large incohérent scattering cross-section (79.7 barns; 1 bamn = 102 m?).
Tin's is many times greater than that oBserved for most other nuclei and isotopes, and
therefore any incoherent neutron scattering observed for hydrogenous systems will be

almost exclusively due to 'H vibrations.

Coherent and Incoherent Scattering

The scattering of neutrons from a nucleus may be described as coherent (in

phase with the incident wave) or incoherent. If a sample consists of onc isotope having a

nuclear spin I = 0, only coherent scattering is observed. However, when nuclei from

several different elements or iéotopes are present, or if the nuclei have non-zero spin, the
scattéring cross-section is given by the sum of the coherent and incoherent contributions
(Equation 6.4). These incoherent contributions are termed “isotope incoherence” and
“spin incoherence” respectively.
G = Ocoh + Cinc 6.4)
The incoherent scattering cross-section of hydrogen is over forty times greater

than the coherent scattering cross-section as shown in Table 6.1, below.
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Table 6.1 Values of the Scattering Cross-Sections of Hydrogen

Scattering Cross-Section Contribution Value / barns (1 barn = 10 m?)
Incoherent 79.8
Coherent | 1.8
Total 81.6

As mentioned in the previous section, the scattering cross-section, o, is related to
the scattering length, b. The coherent term in equation 6.4 is related to b via equation

6.5:
Ccn=4m (b)?  (6.5)
while G, is related to b via equation 6.6: |
| Gine= 4T (b7) - ()7} (6.6)
The total cross-section, o, is therefore given by equation 6.7:

o =4n(b?) 6.7)

6.3 Experimental Details

6.3.1 The Spectrometer

The IINS "spectrometer, TOSCA, was commissioned in early 1998 to replace
TFXA and installed on the N8 thermal beam line 12 m from the ISIS neutron source
after a water moderator. It is an inverse geometry spectrometer with an energy raﬁge, 15

meV < E < 1000 meV.?
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The anal'yzér/detector arrangement is similar to that used on the TFXA
spectrometer. In TOSCA 10 modules are used instead of two (as in TFXA), resulting in
a five-fold increase in sensitivity. Each detector module has a graphite monochromator,

‘which selects neutrons of = 32 cm™! (= 4 meV), a Be filter to suppress higher order
reflections, and 16 He detector tubes. At the time of this study, eight detector modules

" were “on-line”.

6.3.2 Aims of the TOSCA Experiments

As mentioned in Section 4.5, problems are encountered when calculating a
specific surféce area from a benzene isotherm due to the uncertainties; the problems
include definition of the orientation of the benzene molecule on the surface of the
sample.9 In the case of the MES-swollen phenyl-modified mesoporous silica, the
benzene monolayer éapacity and the nitrogen specific surfa_i:e area suggest that the
molg(;ule is lying flat c;n the surface (a.(C¢Hs) = 38 A?). The aim of this INS study was,
ﬁ1erefore, to investigate benzene sorbed: dn the surface of the mesoporous phenyl-
modified silica in an attempt to determine more conclusively the orientation of the
benzene molecule. The sa;ﬂples that were prepared for analysis on TOSCA are given in
Table 6.2, below. Due to so;m.: sevére problems with the newly commissioned
apparatus, not all of these runs were completed and so the samples that were analyzed
successfully are marked in Table 6.2.

As well as studying the structure of the adsorbed layer, the effect that the layer
had on the surface phenyls was also investigated. This was carried out by analyzing a

sample containing a monolayer of dg-benzene. (Because the scattering cross-section of
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D is so much smaller than that of H, any results obtained would be dominated by modes

involving the protons of the structural phenyl groups).

Table 6.2 Samples Prepared for Analysis on TOSCA

Sample- Spectra Recorded?
Benzene ‘ v
Outgassed MES-swollen phenyl-modified silica (Ph-M.S.) v
Ph-M.S. + C¢Hg monolayer * v
Ph-M.S. saturated with benzene 4
Ph-M.S. + C¢Ds monolayer v
Ph-M.S. saturated with CeDs X
Outgassed purely siliceous mesoporous silica X

* Due to problems with the apparatus, approximately )4 of this sample was in the
neutron beam.

6.3.3 Sample Preparation

A large batch of MES-swollen phenyl-modified mesoporous siljc‘:a wajs,produced '
for the TOSCA experiment by scale-up of synthesis 2.2.2(ii) (forty times the original
quantities were used). The reaction mixture .was stirred overnight at amBient
temperature in a 2 dm’ conical flask with a teflon overhead stirrer. The reactién mixture
was then heated in a 850 W domestic microwave oven for 90 min at 20 % power (teflon
bottle synthesis was not attempted due to the large batch size). The white solid was
ﬁl.tered,.washed with deionized water and dried at ambient temperature oveﬁight. X-ray
powder diffraction of the as-synthesized sample yielded a broad peak at 26 = 2.7°,

corresponding to a d-spacing of 48.6 A.
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Due to the large quantities of sample involved, acid extraction was performed in
three stages at room temperature. The sample was divided into two portions and loaded
into two 1 dm” round bottom flasks. 500 cm”™ of HCI in ethanol (1 mol dm'") were then
added to each flask and the suspensions were stirred overnight at ambient temperature.
This procedure was repeated twice, using fresh HCI/EtOH solution and stirring the
suspensions for several hours in each case. Infra-red spectroscopy showed both batches

to be free of template.

The Sample Environment

Pyrex Joint

Glass-Metal Joint

Aluminium 2 mm Thick
Aluminium

5 mm (Internal
Path Length)

Figure 6.1 Sample can tailored for use in TOSCA
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In order to analyze powder samples containing a known amount of adsorbed
benzene, it was necessary to design and build sample cans that could be fitted to a
vacuum line and having the dimensions and characteristics appropriate for use in
TOSCA. A series of aluminium sample cans (aluminium is almost transparent to
neutrons) similar to that shown in Figure 6.1, were built by the mechanical workshops at
the University of Exeter. The cans were filled with the powder sample, which was then
outgassed at 100 °C, under nitrogen, for several hours or overnight. The cans were
attached to the gravimetric vacuum line (shown in Figure 4.2) via a Pyrex joint and

evacuated to pressures of < 1 x 10" Pa.

Benzene and d"-Benzene Sorption

Benzene and do-benzene sorption was achieved at 293 K by submerging the
sample cans, attached to the vacuum-line, in a reservoir containing water at that
temperature. The adsorptives were exposed to three “freeze-pump-thaw” cycles in order
to remove dissolved gases.

When adsorbing a monolayer onto the sample, the adsorptive pressure was
maintained at a value corresponding to the Point B observed in the benzene isotherm of
this sample, p/p° = 0.5 (see Figure 5.19). The sample was exposed to the adsorptive for
several hours to ensure that equilibrium had been reached. Following adsorption, the
sample was frozen in liquid nitrogen and the glass tube connecting the can to the
vacuum-line was sealed in situ. The sample was then allowed to return to room
temperature and a hollow aluminium tube, having an M8 thread at one end, was

attached to the can by fixing it into place over the glass-metal joint (Figure 6.2). This
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connecting tube was the means of attaching the can to the cryostat centre-stick for

TOSCA via the M8 screw thread.

M8 Thread to
Attach to TOSCA
Sample Holder

2 Screws

Figure 6.2 Detail of TOSCA Sample Can Showing Connecting Rod

The saturated sample was prepared on site at RAL by exposing a prefilled
sample can to an atmosphere saturated with benzene (in a previously evacuated
desiccator). The glass tube was then sealed with a rubber bung and a connector tube
attached, as described above.

The “blank” sample (i.e. outgassed phenyl-modified mesoporous silica) was
loaded into a sample can which was evacuated on the gravimetric vacuum line and
sealed as previously described.

Benzene was analyzed in the same type of sample can as the solid samples,

sealed with a rubber bung and PTFE tape.
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Obtaining a Spectrum

Following attachment of the sample can to the TOSCA cryostat centre-stick via
the connecting rod, a sheath of cadmium metal was wrapped around the can, leaving a
window exposed on one side for the neutron beam. Cadmium has a very large neutron
absorption cross-section and is therefore used to absorb “stray” neutrons.

The sample can on the centre-stick was lowered into the cryostat, which was
evacuated and cooled with liquid helium to a temperature of approximately 10 K. Data
were collected from 0 - 4000 cm"\ Typical data acquisition times were in the order of

six hours.
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PARTII - TOSCA RESULTS

As mentioned in Section 6.3.2, the aim of this experiment was to investigate the
structure of benzene adsorbed on a phenyl-modified mesoporous silica. The effect that
the adsorbed species had on the structural phenyls was also under investigation.

Due to the fact that TOSCA was newly commissioned when this study was
undertaken, some problems were encountered with the sample housing and the detector
modules (see below).

Each sample was analyzed in the range 0 - 4000 cm” and the entire spectrum of
each sample, along with certain expanded regions, are given below. The principal band
assignments are presented in Tables 6.3 and 6.4 and a discussion of the results is given,

sample-by-sample, in Section 6.10.

6.4 The Background Spectrum

A spectrum was taken of a blank aluminium sample can in order to provide a

“background” spectrum upon which to base the analysis of the other spectra. This is

shown in Figure 6.3, below.
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5.
4 -
C3
X5 3 _
C
G
0 500 1000 1500 2000 2500 3000 3500 4000
energy transfer / cm'
Figure 6.3 TOSCA spectrum of empty sample can (used as background and
subtracted from all following TOSCA spectra).
All of the following spectra have had this background spectrum subtracted from
them.

6.5 Outgassed MES-Swollen Phenyl-Modified Mesoporous Silica

A spectrum of the MES-swollen phenyl-modified sample was taken following
sample outgassing at 100 °C. It is presented in the range 0 - 4000 cm" in Figure 6.4,
below, in the range 0 - 2000 cm‘*in Figure 6.5 and in the range 2000 - 4000 cm'” in

Figure 6.6.
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3
2
3
A0S -
0 500 1000 1500 2000 2500 3000 3500 4000
energy transfer / cm'
Figure 6.4 Entire TOSCA spectrum of outgassed MES-swollen phenyl-modified
mesoporous silica.
744 922 1066
467 694
0.8 855 1166
m 0.6 1655 1933
2000

energy transfer / cm'

Figure 6.5 TOSCA spectrum of outgassed MES-swollen phenyl-modified
mesoporous silica in the range 0 - 2000 cm "\
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3050
0.7 - 2389 3267
' 3572
2028
2272
2205
0.3 -
0.2 .
2000 2500 3000 3500 4000

energy transfer / cm'
Figure 6.6 TOSCA spectrum of outgassed MES-swollen phenyl-modified

mesoporous silica in the range 2000 - 4000 cm .

A discussion of the results is given in Section 6.10.

6.6 Benzene

A sample of benzene was analyzed using the same type of sample can as used m
the analysis of the powder samples, A volume of 6 cm of benzene was therefore
analyzed. The entire benzene spectrum is presented in Figure 6.7, the range 0 - 2000
cm-' is presented in Figure 6.8 and the range 2000 - 4000 cm" is presented in Figure

6.9.
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500 1000 1500 2000 2500 3000 3500
energy transfer / cm'

Figure 6.7 The entire TOSCA spectrum of Benzene.

1027
1161
401 977 1461

689 1083
856

1344 1550

600

500 1000 1500
energy transfer / cm'

Discussion of the results is given below in Section 6.10.

4000

2000

Figure 6.8 TOSCA spectrum of Benzene in the range 0 - 2000 cm "\
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4000
energy transfer / cm

Figure 6.9 TOSCA spectrum of Benzene in the range 2000 - 4000 cm .

6.7 Phenvl-Motiified Mesoporons Silica with AHsorhed Benzene Monolayer

Due to the fact that TOSCA had only recently been commissioned when this
study was undertaken, problems with the sample housing resulted in only approximately
one third of this sample lying directly in the neutron beam. This accounts for the low

intensity observed in the spectrum presented in Figure 6.10 below.
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Cc
3
®
C

0.2 .

G 500 1000 1500 2000 2500 3000 3500 4000
energy transfer / cm’
Figure 6.10 TOSCA spectrum of MES-swollen phenyl-modified mesoporous
silica containing a CHOmonolayer.
0.8
0.7 777 1161
389 544 9266 1350
744 1489
266\ ™A 856 11066 1289

" 628 1711
a0 583
% 03T

02T
c

0 500 1000 1500 2000

energy transfer / cm’

Figure 6.11 TOSCA spectrum of MES-swollen phenyl-modified mesoporous
silica containing a CAHOmonolayer in the range 0 - 2000 cm "\

190



C.M.Bambrough 6.Inelastic Neutron Scattering

0.7 T
2556 3100 3528
3

0.2

2000 2500 3000 3500 4000
energy transfer / cm’
Figure 6.12 TOSCA spectrum of MES-swollen phenyl-modified mesoporous
silica containing a CHOmonolayer in the range 2000 - 4000 cm’\
The very low intensities of these peaks suggests that they may not be “real”
features.

6.8 Phenyl-modified Mesoporous Silica with Adsorbed Monolayer

An analysis was made of the phenyl-modified sample containing a
monolayer. The entire spectrum is presented in Figure 6.13 and expanded spectra are

presented in Figures 6.14 and 6.15 respectively.
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Figure 6.13 TOSCA spectrum of MES-swollen phenyl-modified mesoporous silica
containing a CADOmonolayer.
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Figure 6.14 TOSCA spectrum of MES-swollen phenyl-modified mesoporous silica
containing a CADOmonolayer in the range 0 - 2000 cm .
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Figure 6.15 TOSCA spectrum of MES-swollen phenyl-modified mesoporous silica
containing a CADOmonolayer in the range 2000 - 4000 cm'L
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6.9 Benzene Saturated Phenyl-modified Mesoporous Silica

The entire spectrum given by the benzene saturated material is presented in
Figure 6.16, below. Expanded spectra are given in Figures 6.17 and 6.18.

1.5

>

0.5

0 500 1000 1500 2000 2500 3000 3500 4000
energy transfer / cni*

Figure 6.16 TOSCA spectrum of MES-swollen phenyl-modified mesoporous silica
saturated with benzene.
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744 g7y 1166
389 1500
266 694 1333
05 - 544 855 1072 1672
w 0.4- 622 1817
1944
A 0.3- 1583
0 500 1000 1500 2000

energy transfer / cm*

Figure 6.17 TOSCA spectrum, in the range 0 - 2000 cm", of MES-swollen phenyl-
modified mesoporous silica saturated with benzene.
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Flgure 6.18 TOSCA spectrum, in the range 2000 - 4000 cm’, of MES- swollen phenyl-
modJﬁed mesoporous silica saturated with benzene A
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6.10 Discussion of TOSCA Results

- 6.10.1 Vibrational Spectroscopy of Be(zzene and Phenyl-containing
Compounds
The benzene ring displays significant absorptions in five areas of a vibrational
spectrum:
1) ring substitution bands occur up to approximately 1000 ém"
2) C-H deformation vibrations occur hetween 1000 - 1250 cm™
3) C=C stretch vibrations are observed in the region of 1300 - 1665 cm™*
4) Overtones and combination bands are observed between 1665 - 2000 cm’!

5) C-H stretching vibrations are observed in the region of 3000 cm’!

A well-known notation for the classification of compounds containing
monosubstituted-phenyl groups is the Whiffen Classification.!® This élassiﬁcation has
been used in this study to assign the spectral bands given by the phenyl-modiﬁed silica.
It is illustrated in Figure 6.19 below.

| The fundamental modes of benzene were assigned by Jobic et ql“ in an IINS
study of benzene and benzené adsorbed in Na-Y zeolite, carried out using the IN1B
spe.ctrometer at the LL.L in Grenoble. These band assignments for benzene are used in
this study and are given in Table 6.3.

The principal band assignments of benzene and of the powder samples, in the
range 0 - 2000 cm’, are given in Table 6.3, below. A sample-by-sample discussion of

the results is then given.
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Figure 6.19 The Whiffen Classification of Fundamental Modes of Monosubstituted
Phenyls™
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Table 6.3 TOSCA Principal Band Assignment for Benzene and Ph-M.S.

Energy Transfer / cm™

"~

C.H, Ph- CeHs CeDs C¢Hj Assign- Whift:en Benzerllle
M.S. | Mono. | Mono. | Satd. ment | Notation | Mode
266 | 266 266 | 266 | Si-Crot.
389 389 389 389 v-ring w
401 Yy-ring Vis
467 472 467 467 Y-ring y
544 544 544 544 split peak representing
583 583 583 583 shifted v¢?
600 _ C-C str Vs
628 628 628 622 d-ring s
689 694 | shoulder 694 | 694 split | y-ring v Vil
744* | 744 split 744 744 v-(C-H) f
- 856 855 | 855 850 | 844 split § y-(C-H) g Vio
922 922 927 ¥-(C-H) i
977 | 972 966 972 .| 972 | v«(C-H) h iz
1027 - S(C-H) Vs
1083 | 1066 | 1066 '1066 1072 8-(C-H) d Vis
1161 | 1166 | 1161 1161 1166 | 8-(C-H) c Vo
- 1289 1294 §-(C-H) e
1344 1344 1350 1372 1333 | &-(C-C) o V3
1433+ 1433 | 8-(C-C) n
1461 | 1478% 1489 1483 5-(C-C) m Vig
1550 1533 1500 | &-(C-C) - 1 Vg
1583 3-(C-C) k
1655 1666 1672
1711 This region represents overtones
1827 1822 | 1817 and combination bands.
1933 1938 1944

* observed in IR; ¥ - out-of-plane, § - in-plane; split - peak splitting 'obserqu.
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Table 6.4 Principal TOSCA Vibrations in the range 2000 - 4000 cm'".

Energy Transfer / cm!
Benzepe Ph-M.S..-}- 'Moﬁzllisyer Mo(;:)ll);yer Sa&ﬂ:ed
2027 2028 2044 2050
. 2150

2205 2211
2283 2272 2289 2289
2400 - 2389 2405
2500 2445 2422
2556 2556 2550 2556
2700
2805

2944* 2944 (sh)
3038 3050 3100 3038 3072
3144
3216 3267 3227 3272
3600 3572 3572 3572 3572

* observed in IR; sh - shoulder.

6.10.2 Benzene

When considering the' TOSCA spéctrum of benzene, the most well-defined
region is in the raﬁge 300 - 1500 cm™. This region represents in-plane and out-of-plane
C-H deformation vibrations' as w<=;ll as C=C stretching vibrations. The spectrum
obtained is very similar to that obtained for benzene by Jobic et al'l, and the bdncipal

band assignments, as classified in that woric, arc given in Table 6.3. The positions of the
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principal C-H stretching vibrations are given in Table 6.4. For a description of the

individual vibrational dees of benzene the reader is directed to references 10, 11 and

12.

6.10.3 Phenyl-modified Mesoporous Silica

The principal band assignments for the phenyl-modified samplés in the range. 0 -
2000 cm’' are gi;/en in Table 6.3. The positions of Avibrations observed i;l '£he region
2000 - 4000 cm™ are shqwn in Table 6.4 (these vibrations are unassigned and may be
due to C-H stretching vibrations they gould, however, represent combination bands and
overtones). Due to problems with TOSCA’s sample-housing and the accompanying
uncertainty as to how much of the sample was actually in the beam, the spectra have not
been normalized for the mass of the sample.

The peak obtained for the outgassed phenyl-modiﬁedl silica at 266 cm™ is
attributable to the rotation of the phenyl group about its axis through the Si-C bond.*
'I“hg main peak of interest here and in all of the powder samples, ﬁowever, occurs at an
energy transfer of 389 cm™. According to the Whiffen-Classification,® this is assigned
to- the benzene fundamental mode, w, whi.ch may be envisaged as a “butterfly mode”
(Figure 6.19). This mode is usually observed for be'nzene at 401 cm™ ® and it appears
that this is shifted to a lower energy transfer when the phenyl group is attached directly
to a silica surface.

Another interesting feature of all the powder safnples is the occurrence of peaks
at 544 cm’' and 583 cm™ in eéch case, as a peak in this position does not occur in the

“Whiffen classification. It is possible that these peaks are aCtually a split peak and as the

band assigned as vg in the benzene spectrum (600 cm™) is absent from all of the Ph-
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M.S. Spectra, it is possibie that the correspondihg phenyl vibration is shifted to a lower
energy transfer for a phenyl group attached directly to a silicon atom. If this vibration
corresponds to a surfﬁce phenyl (as is suggested by its occurrence in the spectrum of the
CsDs monolayer sample), the peak splitting suggests that the surface phenyls are
oriented in two different positions. |

" The peak observed at 694 cm™ could be attributed to a Si-C symmetrical
stretch,’ but Jobic et al'!, however, attribute this.peak to the phenyl internal mode Vit
denoted v in the Whiffen (ilésgiﬁcaﬁon (Figure 6.19). The peak at 744 cm’' is due to the
phenyl §ut-of-p1ane deformation, f, and is also observed in the IR spectrum (see Section
3.7.1). Peaks were also obser.ved in the IR spectrum in the region of ‘1450 cm™!
(corresponding to phenyl C=C stretching vibrations) and a peak, corresponding to
_ vibration n can be identified in the TOSCA spectrum at 1443 cm™'. The peak at 2944
cm™, corresponding to C-H stretching vibrations, is observed in the IR spectrum at 2930
cm. The rerhaining identifiable peaks in the TOSCA spec&urn at up to 1600 cm™ can
be attributed to the internal modes of pheﬁyl as illustrated in Figure 6.19 and presented

" in Table 6.3.

6.10.4 Phenyl-modified Mesoporous Silica Containing Adsorbed Benzene

Table 6.3 shows the band assignments of the phenyl-groups in the rénge 0 -2000
cm for each san;ple analyzed and the positions of the C-H stretching vibrations are
given in Table 6.4.

The “butterfly mode”, assigned w in the Whiffen classification, is observed at
389 cm’ for each of the samples containing adsorbed benzene. It is a sharp, intense peak

in each case apart from in the spectrum given by the sample containing the benzene
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monolayer. The. spectrum from the latter sample displays a broad, moderately intense
peak at 389 cm’. It is difficult to derive significance from this however, due to the fact
that only approximately one-third of this sample was directly in the neutron beam.

There is very little difference between the posiﬁo;ls of the peaks in the benzene
spectrum and in the outgassed Ph-M.S. spectrum. Tﬁe similarity in the positions of the
peaks in these two spectr.a make it impossible to determine which peaks are due_'to
benzene and which are due tcs structural phenyl groups when considering the adsorbed
samples. The high loading of phenyl groups means that the. peaks observed in the
spectra of the adsorbed samples are probably exclusiv'ely due to the phenyl groups rather
than the adsorbed benzene (the peaks due to benzene' are probably .present but are
overlayed by the peaks due to the phenyl groups). This is highlighted particularly well
by comparing the sample containing the C¢Ds monolayer with the sample saturated with
benzene. The peaks are in almost identical positions and as the “CsDs spectrum” is
ddmiqated by peaks due to the surface phenyls only (due to the small scattering cross-
section of D compared to H) it is evident that most of the peaks in the *“saturated”
spectrum must also bé due to surface phenyls.

There is a nota-lble difference, however, in the presence of a splitting of 23 cm’
of the peak at 694 cm™ for the benzene-saturated sample. This p?ak is assigned to the
out-of-plane deformation vibration v in the Whiffen Classification. As thq resolution of
the spectrometer is 2 %, these peaks may be regarded as two separate entities. Jobic et
al'! identified this splitting in their investigation of benzene adsorbed on Na-Y zeolite.
It has also been observed in IR studies'® of the same system and has, been aftributed to

benzene occupying two different environments on the zeolite surface.
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It is possible that in this case the splitting is caused by benzene being oriented
both parallel and perpendicular to the surface but, as the sample is saturated with |
benzene, it is more likely that it corresponds to the .different vibrations of structural
phenyls and adsorbed benzene. A splitting is also observed, in the saturated sample, of
the peak at 844 cm™'. As that splitting is only 17 cm™ in magnitude, it is at the limit of
the spectrometer’s resolution and it is therefore difficult to resolve these peaks.

A definite splitting is observed in the spectrum given by the sample containing a
monolayer of benzene. The peak at 744 cm™ is split by a magnitude of 33 cm’!, well
within the spectrometer’s resolution, and corresponds to the out—of—piane CH
deformation f, in the Whiffen Classiﬁcation; the splitting is evidence that benzene is
adsorbed on the surface. The large difference in the values of these two peaks may
reflect the structural phenyl groups and adsorbed benzene being present in two different
orientations. If the structural phenyls are assumed to be oriented perpendicular to the
surface, then it seems that the adsorbed benzene is lying flat on the surface, as sﬁgges_ted
by benzene sorption studies.

Further evidence that adsorbed benzene is present in both of the monolayer
samples (C¢Hg and C¢Dg) is the presence of a peak at approximately .'1'29(:) cml in each
case. Peaks are also observed at 2150 cr.n'l in the C¢Hg monolayer sample and at ca.
2550 cm™ in all of the adsorbed samples. As previously mentioned, vibrations in the
CsDs monolayer spectrum are due exclusively to ﬁe structural phenyls and not the
adsorbed benzene. The fact that peaks are observed for the CsDg monolayer sample and
. not for the outgassed *“blank” sample, suggests that it is interaction between the
structural phenyls and the adsorbed molecules that is permitting the resolution of thése

vibrations.
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6.10.4 Conclusions

Due to the large loading of phenyl groups in the sample under investigation, it
was very difficult to differentiate between structural phenyl groups and adsorbed
benzene. The IINS anaiyéis of a purely siliceous coﬁtrol sample, which wou_id have
alleviated this problem, was not possible due to problems with the ‘newl'y commissioned
apparafus.

Peak-splitting in the sample containing a C¢Hg monolayer, and in the CgHg- .‘
saturated éample, identiﬁed the presence of adsorbed benzene and possibly indicated
‘molecular orientation parallel to the surface. Vibrations at ca. 129(‘)A cm™in the CsHs-
and Cﬁbﬁ' monolayer-containing samples, and also at 2150 cm’! and ca. 2550‘cm‘1,
~ which are absent in the spectrum given by the outgassed'samplle, indicated interaction

between the structural phenyl and adsorbed benzene. .
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CHAPTER 7

OVERVIEW AND CONCLUSIONS

7.1 M41S Solids

A series of MCM-41-type; samples (Ssp = 500 mzAg‘l - 950 m* g') has been
synthesized via a liquid crystal'templating mechanism. Nitrogen sorption was carried
out at 77 K on each sample and gave Type IV isotherms in each case, indicating theit the
. materials were mesoporous. The nitrogen isotherms and XRD studies demonstrated that
tieating the reaction mixture in a sealed teflon bottle yielded a r-nateriail witlh a uniform
he)gagonally-ordered pore structure and narrow pore Ssize distribution. Conversely,
samples synthesized in a microwave oven, or by:stirring at ambient temperature and
pressure, gave poor XRD profiles and ill-defined nitrogen-sorption isotherms. | |

Water sorption at 303 K on sarripie MCM-41(c) gave va Typ.e' \' isbtherrri,
indicating that the sample was hydrophobic. A large degree of hysteresis was observed,
continuing to the low-pressure region, suggesting that rehydroxylation of the suri'ace had
éccurred. This was confirmed by *Si MAS-NMR performed on the sample befoie and
after water sorptid_vn. This result demonstrates that, although the sample is hydrophobic
at low p/p0 values, once it is exposed to a high vapour pressure of water it uridergoes
surface modification / cheniisofption. This is .in contrast to the MCM-41 samples
analyzed by Branton et al' which were stable to water vapour. The difference may be

due to the Branton samples being synthesized at high pressure and temperature, and

-2
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»therefore undergoing more complete condensation in syﬁthesis than the samples
described here. |

YAl MAS-NMR, performed on sample MCM-41(a) and MCM-41(c), revealed
that Al was present in a tetrahedral environment in both samples before calcination but
was only present, in signiﬁcéntv-amo;;lts, in sample MCM-41(c) following calcination.
‘ A§ tetrahedral aluminium is required for acid catalysis purposes, this result suggests that

samples of the MCM-41(c)-type (synthesized using aluminium sulphate as the

aluminium source) will be of greater interest.

7.2 Organically-modified Mesoporous Silica.

A range of organically-modified mesoporous siiicas (Ssp = 300 m’g! - 1350
m’ _g"') has been synthésized. Nitrogen sorption isothérms, measured on these materials
at 77 K, demonstrated that the incofporation of organic functions reduced the pore
diameter and yielded micréporous materials. The use of auxiliary organics as pore-
swelling agents was investigated and mesitylene was proved to be succéssful in the
formation of mesoporoué ph;an;'l-modiﬁéd material. In contrast, tétradecane ciid.not
successfully swell the pores of a phenyl-modified sample and led to a microporous
product. |

®Si MAS-NMR studies, carried out on the phenyl-, aminopropyl- and
mercaptopropyl-modified materials confirmed the presence of organosilicon groups and
'3C MAS-NMR studies confirmed the presence of the phenyl and aminopropyl function.

The *C MAS-NMR spectrum of the mercaptopropyl-modified material indicated the
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presence of more than one sulphur-containing function (possibly propanthibl and -
propansulphonic acid).

The adsorption isotherms of water, benzene, n-butanol and t-butanol were
measured for the phenyl-modified materials. N», benzene and ¢-butanol sorption on 'fhe
unswollen sample yielded Type I isotherms, confirming the sample’s microporosity.
Type IV isotherms were given by these adsorptives on the' mesitylene-swollen sample,
demonstrating the presence of mesopores.

Comparison of n-butanol and ¢-butanol sorption on the unswollen and MES-
swollen phenyl-modified samples demonstrated differences in the sorption mechanism
of tﬁese adsorbates on these solids. n-BudH sorption was sterically hjnderea in the
microporous sample and a large degree of localized adsorption was demonstrated from
the calculated number of surface hydroxyl groups. t-BuOH sorption on the unswollen
sample gave an isothe;m which could be completely superimposed on the benzene
“isotherm of this sample demonstrating that the mechanism of +-BuOH sorption is likely
to involve organic interactions with the surface phenyls. Neither n- nor z-BuOH sorption
was Sterically hindered on the MES-swollen sarhple. Virtually identical isotherms were
6btained making it impossible to determine the mechanisms of adsorpﬁon. |

Water sbrption (pérformed on the unswollen saﬁple only) gave a Type V'
isotherm demonstrating the sample’s hydrophobicity.

IINS studies of the phenyl-modified silica containing adsorbed benzene, detected
the presence of the adsorbec_i species and differentiated between structural phenyls and

adsorbed benzene. —

208



C.M.Bambrough o . ‘ B ' 7. Overview and Conclusions =
7.3 Suggestions for Future Work

Future investigétions of this work could include:

1. Mdssbauer stuciies of the iron-containing MCM-41, in order to determine how the
iron is incorpofated into the framework.

2. A study of the acid sites in the aluminosilicate materials, via IR studies of adsorbed
probe molecules such as pyridine'

3. Developmént of the 'organically-modiﬁed m;terials for use as catalysté

4. Catalytic testing of the materials

5. Characterization of the silica spheres (Section 3.12)

REFERENCES

1. Branton, P. J.; Hall, P.G.; Treguer, M.; Sing, K.S.W., J. Chem. Soc., Faraday Trans.,

1995, 91(13), 2041-2043.

209



APPENDICES

Al. X-ray Powder Diffraction Profiles
Al.1 M41S Materials

Al.2 Organically-Modified Mesoporous Silica
A2. Infra-Red Spectra of Organically-Modified Mesoporous Silica

A3. MAS-NMR
A3.1 M41S Materials
A3:1.1%Si
A3.1.2%Al
A3.135c
A3.2 Organically-Modified Mesoporous Silica
A3.2.1si

- A3.228C

Ad. Surface Area Studies
A4. 1 Spnng (‘ahbratlon Curve
A4 2 Nitrogen and Oxygen BET Plots for M41S Materials
A4 .3 Organically-Modified Mesoporous Silica
A4.3.1 Nitrogen BET and Langmu.ir Plots

A4.3.2 Benzene and Butanol BET and Langmuir Plots -

210



Ty

CM.Bambrough . " Appendices.

* APPENDIX A1 - XRD PROFILES

Al.1 M41S Materials
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Figure A.1 XRD Profile of Calcined MCM-41(a)
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Figure A.2 XRD Profile of Calcined MCM-41(b)
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A1l.2 Organically-Modified Mesoporous Silica
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Figure A.S Unswollen As-Synthesized Phenyl—Modiﬁed Mesoporous Silica
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- Figure A.6 Unswollen Phenyl-Modified Mesoporous Silica Following Surfactant
- Extraction .
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Figure A.9 As-Synthesized Vinyl-Modified Mesoporous Silica
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Figure A.10 Viriyl-Modiﬁed Mesoporous Silica Foliowing Template Removal
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Figure A.11 As-Synthesized Mercaptopropyl-Modified Mesoporous Silica
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Figure A.13 As-Synthesized Ahﬁnopropyl-Modiﬁed Mesoporous Silica
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APPENDIX A2 - IR SPECTRA
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Figure A.15 LR. Spectra of Mercaptopropy!l-Modified Mesoporous Silica
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Figure A.18 LR. Slﬁectra of Vinyl-Modified Mesoporous Silica
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APPENDIX A3 . MAS-NMR

A3.1 M41S MATERIALS

A3.1.1%si
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Ty

IABASUAARE RARAS AN aERRe Ras s s s s DRSS ST
-50 -60 -~70 -s0 -30 -100 -120

5

Ty
-140

Figure A.19 *Si MAS-NMR Spectrum of As-Synthesized MCM-41(2)

MRS RaaEs na e s e YTy
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3
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=120 =140

Figure A.20 ®Si MAS-NMR Spectrum of Calcined MCM-41(a)
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Figure A.21 ®Si MAS-NMR Spectrum of Calcined MCM-41(c).

Figure A.22 ®Si MAS-NMR Spectrum of MCM-41(c) Fbllowing Water Sorption
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A3.12741

T Y Ty T T
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200 150 100 50. a -S0 -100 -1580

Figure A.23 ¥ Al MAS-NMR Spectrum of As-Synthesized MCM-41(a).
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200 150 100 50 a ‘=50 -100 -1S0

Figure A.24 *’ Al MAS-NMR Spectrum of Calcined MCM-41(a).
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M/““J S T

Trrrrrrr oy T T Y
200 150 100 sa 0 -50 -100 -150

3

A.25 ¥ AL MAS-NMR Spectrum of As-Synthesized MCM-41(c).
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A.26 Al MAS-NMR Spectrum of Calcined MCM-41(c).
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A3.13"5c
]
|
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A27 *C MAS-NMR Spectrum of As-Synthesized MCM-41(a).

A28 -'_3C MAS-NMR Spectrum of As-Synthesized MCM-41(b).
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' A3.2 Organically-Modified Mesoporous Silica
A3.2.1%si

- A 1 M [l L " L
S0 [ ~50 -100 -150 -200

A29 »Si MAS-NMR Spectrum of As-Synthesized Aminopropyl-Modified Silica.

= N L 1 . !
$0 [} -50 =100 ~180 =100

3

A.30 Si MAS-NMR Spectrum of Aminopropyl-Modified Silica Following Template
Removal. ' '
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1 | |
-100 -150 -200

5

A31Si MAS-NMR Spectnim of As-Synthesized Mercaptopropyl-Modified Silica.

s L — i 1 I 1
50 Q -100 ~150 -200

A.32 PSi MAS-NMR Spectrum of \/Iercaptopropyl -Modified Silica Following

Template Removal.
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A3.2.2 8¢
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3

A.33 C MAS-NMR Spectrum of As-Synthesized Phenyl-Modified Silica.
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v Y
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A.34 °C MAS-NMR Spectrum of Phenyl-Modified Silica Following Template
Removal. - ' .
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A.35 C MAS-NMR Spectrum of As-Synthesized Mercaptopropyl-Modified Silica.

I 1 i 1 i ] H
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A.36 PC MAS-NMR Spectrum of Mercaptopropyl-Modified Silica Following Template
‘Removal.
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A.37 °C MAS-NMR Spectrum of Aminopropyl-Modified Silica Following Template
- Removal.
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APPENDIX A4 - SURFACE AREA STUDIES

Ad.1 GRAVIMETRIC SPRING CALIBRATION CURVE

spring extension / microscope units

'2 T T T T T T
0.5 06 07 0.8 0.9 1.0 1.1 1.2

mass/ g

Figure A.38 Gravimetric Spring Calibration at 303 K.

Spring Sérisitivity = 32.68 nﬁcroécopé units gl

231




C.M.Bambrough

Appendices

A 4.2 N, and O, BET Plots for M41S-Materials

o /ot - g
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Figure A.39 BET Plot of N, sorption
at 77 K on MCM-41(a).
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Figure A.41 BET Plot of N, sorption
at 77 K on MCM-41(c).
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Figure A.40 BET Plot of N; sorption -
at 77 K on MCM-41(b).
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Figure A.42 BET Plot of N, sorption
at 77 K on MCM-41(d).
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Figure A.43 BET Plot of N, Sorption o
‘ at 77 K on SiMCM-41(a). -
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z Figure A.44 BET Plot of N, sorption
e at 77 K on SIMCM-41(b).
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Figure A.45 BET Plot of N; sorption. .
at 77 K on FeMCM-41. »
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Figure A.46 BET Plot of O, sorption
at 77 K on SiMCM-41(b).
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A4.3 Organically-Modified Mesoporous Silica

A4.3.1 N; BET and Langmuir Plots

g 2 8
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Figure A.47 BET plot of N, sorption on *1
PhMCM-41 (Burkett), (ny, = 9 mmol g).
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Figure A.48 Langmuir plot of N sorption on
PhMCM-41 (Burkett), (n, = 12.0 mmol g).
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Figure A.49 BET plot of N; sorptionon  #;
unswollen Ph-M.S. (n, = 8.94 mmol g™'). 2
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Figure A.50 Langmuir plot of N sorption on
unswollen Ph-M.S. (nn = 14.6 mmol g'l).
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Figure A.51 BET plot of N, sorption on
MES-swollen Ph-M.S.(n, = 8.86 mmol g'').
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. Figure A.52 BET Plot of N2 sorption on
TET-swollen Ph-M.S.
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Figure A.53 Langmuir Plot of N; Sorption
on TET-swollen Ph-M.S.
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Figure A.54 BET Plot of N, Sorption
on Vinyl-M.S.
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Figure A.55 BET Piot of N, .
Sorption on AP-M.S. o
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7 Figure A.56 Langmuir Plot of N,
- Sorption on AP-M.S.
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Figure A.58 Langmuir Plot of N, Sorption
on MP-M.S.
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A4.3.1 Benzene and Butanol BET and Langmuir Plots
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Figure A.59 BET Plot of Benzene Sorption

on MES-swollen Ph-M.S,
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191 Figure A.60 BET plot of Benzene
Sorption on PhMCM-41 (Burkett).
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Figure A.61 Langmuir plot of Benzene
Sorption on PhMCM-41 (Burkett).
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Figure A.62 BET Plot of n-BuOH Sorption

on PhAMCM-41 (Burkett)
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Figure A.63 BET Plot of +-BuOH Sorption ™"
on PhMCM-41 (Burkett) 1o 1
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- 4 ‘ Figure A.64 Langmuir Plot of --BuOH
~ ' Sorption on PhAMCM-41 (Burkett)
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Figure A.65 BET Plot of n-BuOH Sorptionon
MES-swollen Ph-M.S.
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Figure A.66 BET Plot of +-BuOH Sorption on
: MES-swollen Ph-M.S.
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