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This dissertation is a compilation of six publications. It deals with the solid state
NMR investigation of the biologically important molecule, nitric oxide (NO) ad-
sorbed on Cu3btc2, amine functionalized Cu3btc2 and MIL-100(Al) metal-organic
frameworks (MOFs). At �rst, 1H MAS NMR studies of NO loaded Cu3btc2 and
Cu3(NH2btc)2 demonstrate the changed electronic properties of the antiferromag-
netically coupled Cu-Cu ions due to addition of paramagnetic NO by changes of
chemical shift, spin-lattice relaxation time T1 and hyper�ne coupling constant.
However, the fairly constant values of those in Cu3(NH2btc)2 hint at the indi-
rect detection of N,N -diazeniumdiolates (NONOate) by chemisorption. A multi-
nuclear approach on 15NO loaded Cu3(NHEtbtc)2 indicates NONOate as the pri-
mary mode of adsorption including NO adsorption at Cu sites. The direct detec-
tion of NONOate is con�rmed by 15N NMR studies. Multi-nuclear NMR studies
on MIL-100(Al) illustrate presence of the extraframework Al(OH)3 and the ad-
sorption of NO at unsaturated Al sites. Finally, a temperature dependent 15N
NMR studies of bulk 15NO is carried out that reveals the fast dynamic equilib-
rium between NO monomers and dimerized (NO)2.

Die vorliegende Dissertation ist eine Zusammenstellung von sechs Publikationen.
Sie handelt von Festkörper-NMR-Studien des biologisch wichtigen Botensto�s
Sticksto�monoxid (NO) adsorbiert in Cu3btc2, amin-funktionalisiertem Cu3btc2

und MIL-100(Al) metallorganischen Gerüstverbindungen (MOFs). Zunächst zeigen
1H MAS-NMR-Studien an NO-beladenem Cu3btc2 und Cu3(NH2btc)2 die verän-
derten elektronischen Eigenschaften der antiferromagnetisch gekoppelten Cu-Cu-
Paare aufgrund der Zugabe von paramagnetischem NO durch Änderungen der
chemischen Verschiebung, der Spin-Gitter-Relaxationszeit T1 und der Hyperfeinkop-
plungskonstante. Die nahezu unveränderten Werte dieser Parameter für Cu3(NH2-
btc)2 sind dabei der indirekte Nachweis der Bildung von N,N -Diazeniumdiolat
(NONOate) durch Chemisorption. Ein multinuklearer Ansatz mit 15NO beladenem
Cu3(NHEtbtc)2 zeigt NONOate als primären Adsorptionsmodus an, einschlieÿlich
NO-Adsorption an den Cu-Positionen. Dazu bestätigt 15N NMR den direkten
Nachweis von NONOat. Die multinukleare NMR-Untersuchung an MIL-100(Al)
veranschaulicht das Vorhandensein von Extraframework Al(OH)3 und die Ad-
sorption von NO an ungesättigten Al-Positionen. Schlieÿlich wurden temperat-
urabhängige NMR-Studien von 15NO durchgeführt, die das schnelle dynamische
Gleichgewicht zwischen NO Monomeren und dimerisiertem (NO)2 aufdeckt.
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Chapter 1

Motivation

Gas storage in solids is becoming more important as a technology, with applications ranging in

�elds such as energy, the environment, and more importantly in biology and medicine. [1, 2, 3]

Porous solid storage materials are also increasingly important to advancements in science, as

seen through their use in emergent gas-delivery technologies.[4, 5, 6, 7] For the signaling

molecule nitric oxide (NO) adsorption and delivery technologies using porous solid storage

materials are gradually more signi�cant for certain biomedical applications as therapeutic

agents.[8, 9, 10, 11, 12] The de�ciencies of NO biosynthesis have been interconnected to

a number of diseases, such as cardiovascular dysfunction, thrombosis and cancer.[7, 9, 13]

There are remarkable possibilities for the use of exogenous NO in anti-thrombogenic medical

devices, therapeutic and prophylactic processes.[14, 15, 16, 17] A noteworthy proportion of

the NO therapy market has therefore necessarily advanced on the targeted delivery of NO

to speci�c sites of the body. Development of medical devices, such as stents and catheters,

which use porous materials have received incredible interest in NO delivery.[15, 18, 19, 20] An

exemplary gas-storage porous solid should have high adsorption capacity and fast NO kinetics

at practical temperature. The reasonably new class of porous materials called metal-organic

frameworks (MOFs) which possess chemical tunability and high porosities, is one of the best

candidates for delivering NO. This is due to its ability to store signi�cant quantities and

then deliver it to speci�c sites in the body.[13, 18, 21, 22] Furthermore, one of the important

features of some MOFs is the presence of an open metal site (OMS), which make room for

the non-covalent interaction of NO at OMS [18, 22, 23] and an amine functionality that can

store NO covalently as N,N -diazeniumdiolates (NONOate).[24, 25, 26, 27, 28]

NO storage technologies using MOFs have been studied by di�erent techniques such as
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1. Motivation

FTIR,[14, 18] EPR,[29, 29] TGA[14] and XRD.[22] A fundamental understanding of NO

interaction with MOFs is still lacking the knowledge of electronic behavior, physio-chemical

changes at the atomic scale and the favorable adsorption sites. Interestingly, there is no report

for studying NO interaction with MOFs by SSNMR. In this thesis, an approach to study NO

interaction with one of the highly studied MOFs Cu3btc2, its amine functionalized derivative

and the aluminum based MOF MIL-100(Al), is accomplished by NMR. Recently, SSNMR

has been successfully employed for adsorbed small molecules, such as CO2, H2O and CO in

Cu3btc2.[30, 31, 32] NMR has advantages over other experimental techniques because it is

non-invasive and element-speci�c, elucidates electronic information at the very atomic scale,

exhibits changes after interaction with guest molecules and is suited to non-stoichiometric

disordered guest loading.

Therefore, SSNMR is a powerful analytical tool that can elucidate paramagnetic NO

adsorption and probe the electronic and chemical properties of MOFs. For this purpose,

di�erent relative amounts of NO are loaded in Cu3btc2 and its derivatives MOFs, and studied

by 1H, 13C and 15N NMR. Chemical shift, hyper�ne interaction and relaxation analysis provide

the rich particulars of NONOate formation and NO interaction at OMS. Multi-nuclear NMR

study on MIL-100(Al) provided the information on the extraframework site, the quadrupolar

parameters and NO adsorption in Al sites. Even the exchange dynamics between NO and

(NO)2 with variable temperature is also characterized by 15N NMR.

2



Chapter 2

Introduction

In this thesis the interaction of NO with MOFs is examined. In the following, a short descrip-

tion relating to the importance of NO and the current `know-hows' for implementing its usage

in medicine is presented. In due course, the �eld of MOFs is presented with the contemplation,

why these materials can exhibit promise as a technology for storing and delivering NO.

2.1 Nitric oxide (NO): A Potent Gasotransmitter

Gasotransmitters are a group of small gaseous molecules such as NO, carbon monoxide and

hydrogen sul�de that exhibit a signaling function in the body similar to neurotransmitters.

However, despite the reputation given to the biological role of these agents, they can be

detrimental, even lethal, to an individual's health and wellbeing in high concentrations. NO

is best known for being an atmospheric pollutant as part of NOX , however, since the late 90's

the scenario has changed and this suspected carcinogen has gained a good reputation as NO

has been considered to be a messenger molecule and a fundamental player in human biology.

In 1992, NO was recognized as molecule of the year. Six years later, Furchgott, Ignarro, and

Murad were awarded the noble prize in medicine, for independently identifying NO as the

endothelium-derived relaxation factor (EDRF).[33, 34, 35]

2.1.1 Biological action in human biology:

NO is endogenously produced in a small but biologically signi�cant amount in the body, that

is known to modulate cellular functions. NO works as a potent antibacterial agent, which

is a key to the cellular basis of memory and a mediator of ischemia injury or cardiovascular

3



2. Introduction

dysfunction.[9, 36, 37] The in�uence of NO in human biology is shown in �gure 2.1. Interest-

ingly, NO translates sexual excitement, maintains proper blood �ow without causing systemic

vasodilation and hypotension, and inhibits angiogenesis and tumor growth.[38, 39, 40] In ad-

dition, NO has immense bene�cial e�ects in wound healing such as modulating in�ammation,

cell proliferation, matrix deposition and remodeling.[41]

Vasodilation

Antibacterial

Antiplatelet

Bronchial 
dilation

Cellular 
injury

protection

Urogenital 
system

Angiogenesis

Neuronal 
development

Wound 
healing

Figure 2.1: Diagrammatic illustration of the biological functions of NO.

2.1.2 Structure and chemistry of NO

Apart from the indispensable biological properties of NO, it also possesses interesting physi-

cal characteristics. NO is a diatomic free radical, having 11 valence electrons and possesses a

bond length of 1.15 Å and the formal bond order of 2.5. The molecular orbital (MO) diagram

for NO is presented in �gure 2.2. NO possesses an unpaired electron at the anti-bonding 2π∗

orbital.[42] In accordance with Hund's coupling case (a), the electronic angular momentum

L and the spin angular momenta S of NO are assumed to be coupled with the internuclear

axis.[43, 44] The components Σ and Λ of the momenta S and L along the intra-molecular axis

the of 2Π1/2 state are anti-parallel, creating zero total magnetic moment, Jµr = 0. Therefore,

the 2Π1/2 ground state of free NO is not paramagnetic. However, the lowest rotational level

of the �rst excited 2Π3/2 state of NO is paramagnetic, since the parallel orientation of S and

L causes Jµr 6= 0. Vector coupling of the momenta is presented in �gure 2.3, where Ω de�nes

a vector of magnitude Ω = Λ+Σ pointing along the internuclear axis. 2Π3/2 state an electron

4
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∏2px ∏2py

∏*

2py

∏*

2px

σ*
2pz

σ2pz

σ*
2s

σ2s

2s

2s

2p

2p

E

N (AO) NO (MO) O (AO)

Figure 2.2: Schematic presentation of MO diagram for NO.

Zeeman-splitting constant g = 0.7776 is obtained at low temperature by EPR. Upon the ad-

sorption of NO into porous materials, the coupling scheme changes completely because S and

L are decoupled. This results in a paramagnetic complex with S = 1/2 and a g factor close

N O

L S

Λ Σ

Ω

Figure 2.3: The vector coupling of NO according to Hund's coupling case (a) is presented.

to that of a free electron, ge ≈ 2 which generates a quite conventional EPR spectrum.[29, 45]

Interestingly, the presence of the unpaired electron of NO within the MOF would exert a signif-

icant change in the electronic property of the surrounding nuclei. Furthermore, NO dimerizes

into diamagnetic (NO)2 under its melting point that is non-observable by EPR. The detection

of (NO)2 signal has been reported in a few earlier reports by IR spectroscopy[46], molecu-
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2. Introduction

lar beam spectroscopy[47] and magnetic susceptibility.[48] The presence of NO and (NO)2
within variable temperatures (108 K-121 K) has been reported by heat of dissociation,[49]

IR intensity,[46] magnetic susceptibility[48] and second virial coe�cient.[50] The exceptional

magnetic behaviors of NO and (NO)2 have gained attention for characterization by di�erent

experimental techniques.[45, 46, 47, 51] Therefore it is worthy and interesting to understand

magnetic behavior of NO by NMR.

2.2 NO storage in porous materials

In recent decades, much research has been done to develop suitable NO storage and release

systems. There are mainly two ways of storing NO in a porous material: physisorption and

chemisorption. Both modes of NO storage can deliver NO on exposure to water. In the

following these two ways of adsorption are brie�y discussed.

2.2.1 Physisorption

Generally, NO is weakly bound into the narrow pore wall surface of porous materials. However,

some of the porous materials contain OMS, i.e., ion exchanged zeolites and MOFs. That

could facilitate the interaction of NO with OMS, viz. Zeolites and MOFs. NO interaction

with the OMS is portrayed in �gure 2.4. Furthermore, an exchange of water with NO at

+

Figure 2.4: The physisorption and regeneration of NO at OMS is schematically represented.

the occupied OMS results the delivery of NO. Morris et al. reported the �rst studies of NO

adsorption in porous materials such as, cobalt exchanged zeolite A[7] by FTIR and Gravimetric

measurements.

2.2.2 Chemisorption

NO could be adsorbed in the porous material by creating a covalent bond, for example,

NONOate or nitrosothiol (RSNO). Over the last few decades, NONOates compounds have

been investigated due to their capability of releasing NO. Typically, NONOates can be formed

6
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by the reaction of a primary or secondary amine with 2 moles of NO as shown in �gure 2.5.

The �rst report of N-bound NONOate was on diethylamine (DEA/NO) by Drago et al.[52]

NONOate decomposes at pH 7.4 in body temperature, generating up to 2 moles of NO.

Additionally, NONOate possesses a wide range of half-lives for example, diethylenetriamine

(DETA/NO) and amino acid proline (PROLI/NO) feature an NO release half-life (t1/2) of 20

h and 1.8 s, respectively.[25]

Figure 2.5: NONOate formation and NO regeneration in diethylamine at pH 7.4 is demon-
strated.

2.3 Current NO storage materials

Complications arise with the dosage of NO - because it is gaseous at room temperature, and

fatal in high dosage, meaning that the NO delivery from a gas cylinder would have to be very

tightly controlled and the small amount dosing would be reasonably di�cult. In case of NO,

any exposure to oxygen causes immediate conversion into extremely toxic NO2. In addition,

the short lifetime of NO hinders systemic delivery to the precise parts of the body. Further-

more, the important parameters for the speci�c biological actions of NO are site, concentration

and duration. For instance, therapeutic agents such as the vasodilator, anti-atherogenic and

anti-thrombotic required a very low (picomolar - nanomolar) concentrations of NO, while the

antibacterial need relatively higher (micromolar) local concentrations. Therefore, an appro-

priate material as a NO delivery agent is essential. That could release NO by simulating the

concentration and duration of NO delivery, as well as emulating endogenous NO production

at the body sites. NO-delivery agents could be manufactured based on NONOate, organic

nitrate and RSNO compounds. Such organic moieties can also be assimilated into polymer

matrices to form a coating on the device.[11] Furthermore, zeolites have been developed as

storage and delivery agents for NO by binding it to the extra-framework transition metal

cation.[7] In more recent years, MOFs have been considered for the NO storage application

through NO incorporation at OMS and functional groups.[18, 22, 24] The design of MOFs

incorporates both features; OMS and NO functionality, that may hold greater therapeutic

7



2. Introduction

potential. They also o�er the promise to help deliver the NO exactly when and where neces-

sitated, at the correct dosage level and for the particular length of time necessary to generate

that speci�c response.

2.4 Metal-organic frameworks (MOFs)

MOFs have attracted enormous attention during the last two decades due to the possibility

of obtaining a large variety of interesting structures, ultrahigh porosity, enormous internal

surface areas and uniform pore size. [2, 3, 53, 54] MOFs can be designed through metal ions

or clusters, which act as polyhedral nodes and multi dentate ligand molecules as linkers (see

in �gure 2.6).

+

Metal ion Ligand

MOF

Figure 2.6: Generic scheme for the preparation of a MOF from metal ion and ligand by using
direct solvothermal synthesis.

In MOFs, the interactions of the metal ions and the linker molecules vary widely, and

could be ionic, covalent, coordinate interaction, as well as hydrogen bonding and π − π

interaction.[55] Most of the transition elements and even the main group elements (e.g., Al3+,

Ga3+, Mg2+) can be used as metal nodes in MOFs. Aromatic carboxylates or N-donor lig-

ands are frequently chosen as rigid multi-dentate linkers [56, 57]. These multi-dentate ligands

chelate metal ions and lock them into rigid and directional clusters, with a de�ned geomet-

rical shapes referred to as secondary building units (SBUs). Consideration of the geometric

and chemical attributes of the SBUs and linkers lead to the prediction of framework topol-

ogy, robust structure and high porosity. In addition to the directly synthesized framework,

it is also possible to amend the framework after the primary synthesis. This tactic known as

post synthetic modi�cation is commonly used to introduce functionality into the pores and

channels of the material, required for speci�c purposes.[27, 58]

The tailoring of these materials for speci�c applications is one of the major advantages

of MOFs over more traditional porous materials. The incorporation of functionality into the

MOFs has been attained by modifying ligands with a speci�c substituent or pendant groups,

8



Introduction

for example, �Br, �NH2 and �CH3. Another advantage of MOFs over other porous materials,

is that OMS can be generated by the eviction of the coordinated water by activation.[59]

Nevertheless, the stability of MOFs is still a matter of concern in comparison to zeolites. The

relatively weak metal-ligand interaction that exists in MOFs, that makes them less thermally

stable compared to zeolites.

Classi�cation of MOFs

Regarding the spatial dimensions, the SBUs can consist of inorganic chains leading to four

types of MOFs structures, illustrated as cavities (0D), channels (1D), layers (2D) and inter-

secting channels (3D).[4] Based on the dynamic structural transformation, Kitagawa et al.[4]

distinguished the following three classes of �exible porous framework as shown in �gure 2.7;

type (I) the framework of `1st generation' collapses irreversibly on the removal of the guest,

type (II) the framework of `2nd generation' shows the structural shift of the network due to

the exchange of guest molecules, and type (III) the framework of `3rd generation' refers to

the �exible framework which change most of the time in response to external stimuli. MIL-53

Type II
Guest induced transformation

Type I
Recoverable collapsing

Type III
Guest induced reformation

Figure 2.7: Classi�cation of the three classes of MOFs based on the �exibility.

is one of the typical archetypal of the 3rd generation framework, which displays a `breath-

ing e�ect' upon the adsorption of CO2, H2O or in the presence of external stimuli such as

temperature.[2, 60, 61] Similar to the breathing e�ect, another interesting distinctive singu-

larity of �exible framework is the `gate-pressure e�ect' which is reported for DUT-8(Ni).[62]

Application of MOFs:

One of the hallmarks of MOFs are its topologically diverse structures with larger pores

for speci�c applications. A larger pore in the MOFs is usually generated by the replacing

9



2. Introduction

carboxylate linker with other longer aromatic carboxylates ligands, e.g., biphenyl and ter-

phenyl. In iso-recticular MOFs (IRMOFs) pore sizes up to 18 nm are acheived by adopting a

linker labilization method.[63, 64] High porosity, large pore sizes and enormous speci�c surface

area of MOFs provide endless possibilities; such as gas storage, cost-e�ective gas separation,

gas puri�cation etc.[65, 66, 67, 68, 69] Studies pertaining to hydrogen storage, the selective

separation of gas mixtures (N2/CO2), and the separation of environment pollutants, CO2

using MOFs have been demonstrated well in the various works.[70, 71, 72, 73] Figure 2.8

presents gas adsorption and delivery from MOFs. Technological developments such as labs-

+

gas molecule MOF gas adsorption gas delivery

Figure 2.8: The storage and release of guest molecules from MOF is illustrated.

on-a-chip, micro�uidic devices, solar cells, sensors and light emitters are attainable by the

microfabrication of MOFs.[74, 75, 76, 77, 78, 79] The sequestration of heavy metal palladium,

environmental hazard PAH and peptides from biomolecules have been achieved by combining

magnetic nano species to MOFs.[80, 81, 82] MOFs with homogeneous thin �lms have opened

up several avenues of research into electrical and electronic applications, for instance new types

of semiconductor[83], electrochemical sensors and electrodes.[84] The perovskite type MOFs

have attracted interest over the years due to the coexistence of electric and magnetic orders

within certain compositions.[85, 86] The advantages of MOFs as heterogeneous catalysts are

seen as easy separation, high yield, shape and size selectivity.[87, 88, 89, 90] MOFs have been

recently used as potential nanocarrier platforms in biomedical applications such as MRI con-

trast agents, bioactive MOFs and drug storage.[91, 92, 93] Petroleum re�nement and even the

upgrades of biogas is attainable by using iron(III)-pyrazolate MOF and MOF-508.[94, 95, 96]

Certainly, the intelligent architecture and topology of MOFs make them prospective for

unique applications. Coming back to the discussion on the construction units of MOFs, the

aromatic carboxylates are the most extensively studied poly-functional ligands for the suc-

cessful synthesis of MOFs. Among the various MOFs, the following thesis will investigate

some of the most highly studied aromatic carboxylates-based MOFs, which are Cu3btc2 and

10
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its amine derivatives, as well as MIL-100(Al) for NO adsorption. Furthermore, toxicity of

copper containing MOFs is also considered in accompanying to the bio-medical applications.

That may be viewed as a usual disadvantage of Cu-based MOFs. In recent times, iron (Fe)

containing MOFs e.g., MIL-127(Fe), MIL-100(Fe) and MIL-53(Fe)[97, 98] highlight great po-

tential to work as bio-active MOFs. Unfortunately, NMR studies on Fe containing MOFs

have proven di�cult, due to the strong ferromagnetic nature of Fe. Therefore, an aluminum

based MIL-100(Al), which is analogous to Fe containing MOFs, could be used in its place to

understand NO adsorption behavior by NMR. A short description of these MOFs is provided

in the following section.

2.4.1 Cu3btc2

Cu3btc2 also known as HKUST-1, has a high surface area and large pore volume.[59] This cubic

3D MOF possesses a space group of Fm3m and large interconnecting square channel which

are surrounded by small tetrahedral side pockets. Cu3btc2 and all its amine functionalized

derivatives were obtained from professor Fröba's group at the University of Hamburg. The

framework of Cu3btc2 is based on a dimeric copper carboxylate unit, the so-called paddle wheel

unit, that is connected via btc to give a three-dimensional framework. This is presented in

�gure 2.9. The two copper ions in the paddlewheel are coordinated to two water molecules to

+

Figure 2.9: The structure and building of 3D paddle wheel structure of Cu3btc2 from Cu ion
and carboxylate ligand is demonstrated.

create a double square pyramidal geometry in the hydrated form. Interestingly, in Cu3btc2,

two copper ions are antiferromagnetically coupled resulting in S=0 ground electronic state and

S=1 excited electronic state above 90 K.[99, 100] In NMR observation, these materials perform

as a paramagnet due to the presence of S=1. Moreover, the paramagnetic behavior strongly

11
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in�uences the magnetic properties of the surrounding nuclei of the metal sites.[101, 102, 103]

Additionally, for each copper atom a weakly bound water molecule is present at the axial

coordination site, which can be detached easily by its activation in vacuum. This will make

the copper site a�ordable for other small molecules.[104, 105] Thus, the rigid porous structure

of the Cu3btc2 combined with the accessibility of OMS upon dehydration has led to a lot of

interest in adsorption, separation, humidity sensor and catalysis applications.[78, 82, 106,

107, 108, 108] SSNMR has proven well-suited for demonstrating the paramagnetic behavior

of Cu3btc2, in spite of the di�culty arising from line broadening.[30, 31, 32] NMR studies

of Cu3btc2 presented the strong paramagnetic shift and the dynamic adsorption process of

small molecules e.g., H2O, CO, CO2, and NH3 at variable temperatures.[30, 32, 109] NO

adsorption in Cu3btc2, which was �rst reported by Morris et al., by FTIR and gravimetric

analysis showed a seven fold increase in adsorption capacity compared to zeolite A.[14, 18]

Cu3(NH2btc)2 is a primary amine functionalized Cu3btc2,[110] also known as UHM-30

(UHM = University of Hamburg Materials). Apart from this, four other secondary amine

functionalized mixed-linker MOFs, (Cu3(NHRbtc)2), known as UHM-36, UHM-37, UHM-38

and UHM-39 were also studied in this thesis. These MOFs were synthesized by mixing of H3btc

with either H3MeNHbtc, H3EtNHbtc, H3
nPrNHbtc or H3

iPrNHbtc.[111] The illustration of

the formation of these mixed linker MOFs is presented in �gure 2.10.

+

UHM36

UHM37

UHM38
Copper 
ion

UHM39

+

40% of BTC ligand

60% of 
secondary 
amine ligand

Figure 2.10: Schematic presentation of the building of Cu3(RNHbtc)2 from the mixture of
btc and the four types of (RNH2btc) ligands.

The solvo-thermal method is primarily applied for the synthesis of these MOFs.[110, 111]

12
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Interestingly, all of these amine functionalized Cu3btc2 are isostructural to Cu3btc2. In this

context, amine functionalized Cu3btc2 can be covalently bonded to NO and formed NONOate

functional groups which are attractive for NO release. Some other MOFs such as Cu-TDPAT,

UMCM-1, IRMOF-3 and 4-(methylamino)- pyridine(4-Map) possessing amine groups have

been reported for forming NONOate as identi�ed by FTIR.[24, 27, 112] FTIR study also

revealed NONOate formation in UHM-37,[111] which is represented in �gure 2.11.

Figure 2.11: A representation of NONOate formation and regeneration in UHM-37.

2.4.2 MIL-100(Al)

MIL has gained recognition for gas delivery technology and a few of them such as, MIL-

53(Fe), MIL-100(Fe) are promising candidates for drug delivery.[97, 113, 114, 115] In this work,

aluminum trimesate MIL-100(Al), which is similar to biocompatible MIL-100(Fe), has been

elaborately examined. MIL-100(Al) is synthesized by solvo-thermal method with the reaction

of Al(NO)3 · 9H2O and btc under ambient pressure (see �gure 2.12).[116] As synthesized MIL-

100(Al) is received from professor Hartmann's group at the Friedrich�Alexander University

of Erlangen�Nürnberg. In MIL-100(Al), µ3-oxo-centered metal trimers are connected to btc

ligands forming a tetrahedral cage. Two water molecules and one hydroxide are bonded to

the three aluminum atoms in the µ3-oxo trimer. Later water molecules can be removed

by heating, which generates OMS. This MOF demonostrated a remarkable stability towards

water adsorption.[117] The presence of OMS in MIL-100(Al) showed its potential in water and

CO adsorption, and as a heterogenous catalyst.[118, 119, 120] Adsorption and release of the

NO was evaluated in MIL-88(Fe) type MOFs by XRD and in situ IR spectroscopy.[121] NO

coordination on metal sites of (MIL)-100(Fe or Cr) and MIL-127(Fe) has been revealed by situ

IR spectroscopy studies, and that studies also demonstrated the dependence of NO adsorption

on the nature of the metal cation, the structure and the presence of additional iron(II).[97]

Recently, NO adsorption in MIL-100(Al) at low temperatures have been demonstrated by

EPR studies.[29, 122]

13
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-H2O

Al
O
C
H

Figure 2.12: Schematic illustration of MIL-100(Al); hydrated (left) and dehydrated (right).
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Chapter 3

Experimental techniques

3.1 Nuclear spin interactions in solid-state NMR

This section covers the nuclear spin interactions, which are relevant for the NMR experiments

executed throughout this work. Unless stated otherwise, the information presented here is

based on standard NMR textbooks.[123, 124, 125, 126, 127] Nuclear spin interactions can

be separated in two contributions; external interaction and internal interaction. The total

Hamiltonian for a nuclear spin is the sum of these two terms:

Ĥ = Ĥext + Ĥint (3.1)

The external part of the spin Hamiltonian, Ĥext, comprises of the interaction of spins with

the static �eld, B0, and RF �eld, BRF , which is represented as follows:

Ĥext = Ĥstatic + ĤRF (3.2)

The internal spin Hamiltonian, Ĥint, expresses the interactions of spins with magnetic and

electric �elds that are generated within the sample's environment. The internal spin Hamil-

tonian, Ĥint, can be written as,

Ĥint = ĤCS + ĤDD + ĤQ + ĤJ + ĤHF (3.3)

15



3 Experimental techniques

where, ĤCS , ĤDD, ĤQ, ĤHF and ĤJ represents Hamiltonian of chemical shift, dipolar

coupling, quadrupole coupling, hyper�ne coupling and J-coupling respectively.

Chemical shift:

Chemical shift of an atom in a molecule emerges from the nuclear shielding e�ect of the

applied magnetic �eld, caused by the induced magnetic �eld owing to the circulation of the

surrounding electrons. The corresponding chemical shielding Hamiltonian, which acts on spin

I can be written as:[123, 124]

Ĥcs = −γÎ · σ ·B0 (3.4)

where B0 is the applied magnetic �eld, σ is the second-rank Cartesian tensor of nuclear

shielding and γ is the gyromagnetic ratio. Shielding tensor de�nes the alignment of chemical

shielding with respect to the Cartesian axis of the molecule. The symmetric shielding tensor

which contributes to the frequency shift in NMR spectra, can be diagonalized to its own

principal axis frame (PAF) as: [128]

σs =

 σ11 0 0

0 σ22 0

0 0 σ33

 (3.5)

where σ11, σ22 and σ33 are the principal components of the shielding tensor and de�ned as

σ33≤σ22≤σ11. The principal value is can be expressed as the isotropic value (σiso) the span

(Ω) and the skew (κ). They are de�ned as follows:

σiso = σ11+σ22+σ33
3

Ω = σ11 − σ33

κ = 3(σ22−σiso)
Ω

(3.6)

The orientation of the principal axes is determined by the electronic structure of the molecule.

Practically, the chemical shielding is not measured directly in NMR experiments; instead, it

is reported in ppm scale as:

δ =
ν − νref
νref

× 106 (3.7)

with the frequency of the sample, ν and the reference, νref .

Dipolar coupling:

The magnetic moments of nuclear spins interact through space; this is known as dipole�dipole

16



Experimental techniques

or dipolar coupling. The corresponding Hamiltonian for dipolar coupling between spins I and

S is given by :[124, 126, 127]

Ĥdd = −
(µ0

4π

)
γIγs~

(
Î · Ŝ
r3
− 3

(Î · r)(Ŝ · r)

r5

)
(3.8)

In Eq. (3.8), h (~ = h/2π) is Planck's constant, γI and γS are gyromagnetic ratio of I and S

spins, µ0 is vacuum permittivity and r is the inter-nuclear distance between spins. There are

two possible cases of dipolar coupling; homonuclear and heteronuclear dipolar coupling. The

secular part of dipolar coupling Hamiltonian for homonuclear coupled like spins I and S can

be shown as: [124]

Ĥhomo
dd = −D1/2(3cos2θ − 1)

(
3ÎŜ − Î · Ŝ

)
(3.9)

The angle θ describes the orientation of the inter-nuclear vector with respect to the external

magnetic �eld, and D is the dipolar coupling constant. In the case of heteronuclear dipolar

coupling between di�erent I and S spins,

Ĥhetero
dd = −D(3cos2θ − 1)

(
ÎŜ
)

(3.10)

Hyper�ne Interaction:

The hyper�ne interaction is generated from the interaction between the nuclear spin and

the magnetic moment of an unpaired electron. The hyper�ne interaction originates from the

interaction between electron and nuclear spin where the Hamiltonian can be described as,

ĤHF = Î ·A · Ŝ (3.11)

with A being the hyper�ne interaction tensor and I and S stand for the nuclear and electron

spin, respectively. The total observed hyper�ne shift, δhyp is represented as:

δhyp = δcontact + δdipolar (3.12)

The Fermi contact shift, δcontact is directly proportional to the amount of unpaired electron

spin density at the nucleus. The Fermi contact interaction is isotropic in nature.[129, 130,

131, 132] This e�ect can be calculated by,

δcontact = Aiso

(
g‖ + 2g⊥

)
µBS(S + 1)

9γI~kT
(3.13)
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where µB is the Bohr magneton, k is the Boltzmann constant, g‖ and g⊥ are parallel and the

perpendicular components of the electron g-tensor, T is temperature and S is the e�ective

electron spin quantum number.

The pseudo contact shift, δdipolar, is a magnetic dipole-dipole interaction between the observed

nuclei and the unpaired electron. The electron-nuclear dipolar coupling arises through space

and it is anisotropic. This contribution can be expressed as: [129, 133]

δdipolar =
(µ0

4π

) µ2
BS(S + 1)

9κT

3(cos2θ − 1)

r3
(g2
‖ − g2

⊥) (3.14)

where µ0 is the vacuum permeability, r is the electron-nuclear distance, θ is the angle between

the vector r and the molecular z axis. As can be seen, both the contact and the dipolar part

of the hyper�ne interaction are temperature dependent, thereby, the reported shift values

have to be speci�ed with the measurement temperature. The anisotropic hyper�ne coupling

is determined from the simulation of sideband patterns by assuming an isotropic g-tensor and

a point electron dipole at the metal center.[134]

Quadrupole coupling:

Nuclei with spin I > 1/2 possess a quadrupole moment Q which interacts with the electric

�eld gradient (EFG) generated by the surrounding of the nucleus, and this interaction is known

as quadrupole coupling. EFG of the quadrupolar nucleus can be de�ned by a symmetric

traceless tensor, i.e., Vxx + Vyy + Vzz = 0 in the principal axis system (PAF). The PAF

components of the EFG tensor are de�ned as |Vxx| ≤ |Vyy| ≤ |Vzz|. In the PAF frame, the

quadrupole hamiltonian is given by:[126, 127]

ĤQ =
e2qQ

4I(2I − 1)

(
3Î2
zPAF − Î(Î + 1) + η[Î2

xPAF − Î2
yPAF ]

)
(3.15)

In this equation, electric quadrupole moment, eq is VzzPAF and η is the asymmetry parameter

having a value from 0 ≤ η ≤ 1 and is de�ned as:

η =
Vxx − Vyy

Vzz
(3.16)

The constant e2qQ/h is known as the quadrupole coupling constant, CQ. The quadrupole

coupling constant can also be expressed in terms of the quadrupole frequency, νQ:

νQ =
3e2qQ

h2I(2I − 1)
=

3CQ
2I(2I − 1)

(3.17)
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3.2 NMR Techniques and Pulse Sequences

Magic Angle Spinning (MAS) is primarily applied in this work. In addition, some other

important pulse sequences are employed throughout this thesis. This section presents a short

description of the MAS technique, and used pulse sequences are brie�y discussed.

Magic Angle Spinning (MAS)

MAS is used frequently in the mainstream of solid-state NMR experiments. One of its

principal task is to remove the e�ects of CSA and the hetero and homonuclear dipolar coupling

as well as 1st order quadrupolar e�ect. MAS provides a line-narrowing e�ect on the central

transition lineshape of half-integer quadrupolar nuclei; however, a complete removal of the

2nd order quadrupolar e�ect by this technique is impossible. The demand of MAS for the

removal of homonuclear dipolar coupling e�ects is rapidly increasing, that can be achieved

by using ultra high spinning speed. In solution, the rapid tumbling of the molecules means

that the angle θ describing the orientation of the shielding/dipolar tensor with respect to the

applied �eld B0, is rapidly averaged over all possible values. The molecular spatial orientation

dependence is of the form (3cos2θ-1). In the MAS NMR experiment, the sample is rotated

rapidly in a cylindrical rotor along a spinning axis, which is oriented at the magic angle, (θm
= 54.74◦), as shown in �gure 3.1. Therefore, the averaging of the orientation dependence of

Applied field  B0

θm

θ

δ

Principle Z axis of shielding tensor

Spinning axis

Shielding tensor

Figure 3.1: Schematic diagram of the MAS experiment where the sample is being spun at (θm
= 54.74◦) and its tensor are orientated to the B0 at θ angle.

the nuclear spin interaction, (3cos2θ-1) can be written as;[124, 135]

3cos2θ − 1 = 1/2(3cos2θm − 1)(3cos2δ − 1) (3.18)
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where, δ is the angle between the principle z-axis of the shielding tensor and the spinning axis.

If θm is set to 54.74◦, then (3cos2θm-1) = 0 which averages out (3cos2θ-1) to zero. In order

to average out the anisotropic interactions e�ectively to zero, the sample must be spun faster

than the anisotropy of the sample. Slower spinning produces a set of spinning sidebands,

which radiate out from the isotropic shift.

DEPTH

The DEPTH sequence is a method to eliminate probe background resonances due to

instrumental hardware materials; e.g., probe stator and rotor tips, glues and markers.[136, 137]

The DEPTH sequence is composed of one π/2 initial pulse and two consecutive π pulses

without delay in between them, (see �gure 3.2) and embedded with 16 step EXORCYCLE

[138] phase cycles. The initial and two consecutive π pulses function complementarily and

prove most e�ective in removing background signals from both strong and weak BRF �elds.

The phase cycling functions to abolish the coherent components those are a consequence of

the imperfect π pulses and the e�ciency of background suppression is determined by the

relative strength of BRF �eld experienced by sample versus background spins.[139]

π π

π/2

π/2 

Figure 3.2: Graphical representation of depth pulse sequence.

Inversion recovery

Relaxation times or rates provide an important measureable quantity to gain an under-

standing into structural and dynamic features of a material. Longitudinal relaxation T1 is

associated with an energy transfer to a lattice. In general, T1 is usually determined using the

inversion recovery sequence π − t − π/2.[140, 141] The main idea behind the sequence is to

invert the bulk magnetization using a π pulse. Immediately after the inversion, the system

is then left to relax for the delay time (t) before the signal is recorded with the π/2 pulse.

During the experiment, delay time (t) between the two pulses is varied, and the recovery of
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the corresponding magnetization is recorded. Finally, the return of the magnetization to the

equilibrium is expressed as the following equation:

Mz(t) = M0

(
1− 2exp

− t
T1

)
(3.19)

where Mz(t) is the bulk magnetization at time t and M0 is the equilibrium magnetization.

Dipolar decoupling

High resolution in the NMR spectra can be attained by the high power decoupling to

remove heteronuclear dipolar coupling, as a source of line broadening. In the case of I-S sys-

tem, generally S spin is measured while I spin is decoupled. The decoupling of I-S is removed

by irradiating the I spin with a continuous RF �eld.[124] Several decoupling sequences, e.g.,

TPPM, XiX (X inverse -X) and SPINAL are used in this work.[124, 142, 143, 144, 145] All

of these sequences infer high power irradiation during the acquisition.

CPMAS

Cross polarization is one of the most important pulse sequence techniques in SSNMR.[146,

147] It works via dipolar coupling and can collect direct information on the structural, mo-

tional and conformational characteristics of the compounds. By the application of the CP

technique, the signal to noise ratio for the dilute spin S can be increased by a maximum

factor of γI
γS
. Furthermore, the relaxation delays of the CP experiments typically are reduced

due to the faster I spins relaxations time, I and S spins are excited together with a matching

spin-lock. In the CP experiment, π/2 pulse (see �gure 3.3) is applied on I spin, which creats

Spin locking
π/2

decoupling

acquisition

Contact time

I

S

Figure 3.3: Schematic diagram of CPMAS technique.

tranverse magnetization. Then a spin locking pulse is applied to lock the tranverse magneti-

21



3 Experimental techniques

zation. Another long pulse is applied to the S spins, and this time period is known as contact

time. During the contact time, I magnetization is transferred to S magnetization.[147] For the

CPMAS experiment, the contact pulse power is adjusted in order to achieve the Hartmann-

Hahn condition (γIBI = γSBS or ωI = ωS) by changing power on each of the channels.

However, Hartmann-Hahn matching pro�le in CPMAS NMR shows a mismatch, if the MAS

frequency is on the order of the dipolar coupling of the samples. In general, to overcome

mismatching for fast rotor spinning rates, a ramped-amplitude (RAMP) CP pulse sequence

is employed. Finally, the S spin magnetization is observed during the decoupling on the I

channel.

MQMAS

MQMAS is a 2D experiment by which the multiple-quantum transitions are combined with

MAS to remove the anisotropy of the quadrupole interaction of half integer necluei. Highly

resolved NMR lines, isotropic chemical shifts and quadrupolar parameters are obtained for

quadrupolar nuclei by applying this pulse sequemce.[148] The �rst pulse excites multiple-

quantum coherences (pQ), and that evolves at the time t1, as seen in �gure 3.4. Generally,

coherence can be associated with the transitions between the di�erent spin states. The second

pulse converts pQ back to zero-quantum coherence. An additional selective π/2 pulse for the

t1

kt1

t2

conversionExcitation

-3

-2
-1
0

1

3

2

τ

anti-echo echoπ/2

kt1

Figure 3.4: Representation of 3Q MAS pulse program for half-integer spin nuclei.

central transition is added at the end of the two-pulse by which non-observable zero-quantum
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coherences converts into observable single-quantum (-1) Q coherence. After evolution time,

kt1 the fourth-rank quadrupolar terms at t1 is refocused. Subsquently, an FID is recorded

in t2, as displayed in �gure 3.4.[149, 150] The value of k is set according to di�erent spin

quantum numbers and pQ coherences. Fourier transformation results in a 2D spectrum by

which f1 and f2 exhibits isotropic and the anisotropic shift, respectively.

Heteronuclear correlation (HETCOR)

Hetcor experiment is important for acheiving high resolution of the abundant spins I by a

correlation with dilute S spins. In the 2D HETCOR experiments, a spatial correlation between

two heteronuclei is accomplished by dipolar coupling and chemical shift.[151] In HETCOR, a

π/2 pulse is applied on the I spins and allowed the magnetization to evolve at its characteristic

frequency in t1 time, as represented in �gure 3.5. During the evolution time t1 another pulse

is aligned with the I spins, then the magnetization is subjected to frequency-switched Lee-

Goldburg (FSLG) homonuclear decoupling.[151, 152] At that time, the heteronuclear dipolar

coupling is averaged by MAS, while the homonuclear dipolar coupling is averaged by both the

MAS and FSLG pulse train. Finally, I magnetization is transferred to S spins by a contact

pulse, and an FID of S spins is acquired with the decoupling of I spins. By adjusting di�erent

CP time, one could establish intra-/ internuclear connectivities in 2D spectrum, which in turn

provide insights into the local structures of the materials.

S

900 350 350

+∆LG -∆LG

decoupling

Contact 
pulse

t1
t2

I

Figure 3.5: Schematic illustration of FSLG homonuclear H-H decoupling, with HETCOR
pulse sequence.

Dipolar INEPT

Insensitive nucleus enhancement by polarization transfer (INEPT) is another useful pulse

sequence for transferring spin population from one spin to another by which the intensity
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of low gyromagnetic nuclei enhances. A modi�ed INEPT sequence [153, 154] is applied for

paramagnetic solid samples, to di�erentiate di�erent carbon moieties, e.g., CH, CH2, CH3

and Cq by the τ -dependence of signal intensities in dipolar INEPT experiments. That can

be achieved by the application of re-coupling based polarization transfer of I to S spins.

Therefore, a rotor synchronous echo sequence is applied to I and S spins through the initial

two rotor cycles (2τR), as shown in �gure 3.6. That reintroduces I-S dipolar interaction by

S

π/2

τR

I

π/2π π π π

π π/2 π

τR τR τR

τ τ τ τ

Figure 3.6: The pulse sequence for the dipolar INEPT experiment.

cancelling I spins anisotropic shift. The concurrent applications of π/2 pulses to I and S

spins convert anti-phase transverse magnetization of I to S spins. After the completion of the

polarization-transfer by the second echo, the enhanced S signal is acquired.[153]

3.3 NMR sample tube preparation

MAS NMR sample preparation

A special glass tube (Wilmad) of 3 mm diameter and 10-12 mm length is prepared to be

well-suited for the MAS rotor and 10-12 kHz spinning speed. Figure 3.7 presents the adapter

for glass tube, the MAS NMR glass tube and the rotor. In general, the desired amount

the MOFs sample was loaded in the glass tube. After accomplishing the NO adsorption

procedure in the MOFs (mentioned below), at �rst the middle part of the adapter with the

glass tube is sealed o� so that all of the gas settles in the MOFs containing 10-12 mm long

glass tube. Finally, glass tube is further sealed very symmetrically from the lower part at 77

K by immersing it into liquid nitrogen, thereby, it can be spun at high spinning speed without

problem.

24



Experimental techniques

Figure 3.7: Glass tube preparation for NO loading; adapter for sample tube, 4 mm MAS rotor
and MOFs loaded sealed sample tube.

Sample preparation for bulk NO detection

In case of only NO detection, the specially prepared larger glass container is mounted with

a holder inside a home-built probe. Figure 3.8 shows a (a) special large and (b) small glass

container for 15NO detection.

33 mm

32 mm

10 mm

4 mm

10 mm

4 mm

Figure 3.8: Glass tube preparation for NO loading; (a) large special glass tube and (b) small
glass tube for 15NO detection.

The diameter and height of the large glass container is about 32 mm, i.e., those are adapted

for the NMR probehead. In the larger container, the part with the larger diameter is outside
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of the NMR coil and serves as an NO reservoir, while the smaller part with a diameter of

4 mm �ts well within the NMR coil. The relatively high amount of NO (about 1021 spins)

contained now in the larger glass container, assists to detect the 15N NMR signal as the

chemical shift range is unknown. With decreasing temperature, the amount of NO molecules

within the small part of the container increases, which facilitates the better signal-to-noise

ratio. A drawback of this setup is that, no all spins are measurable all the time because

the bigger part of the glass container is outside of the NMR coil. Even the condensation of

NO at lower temperatures in the smaller part of the container, that is lying inside the NMR

coil, does not guarantee to detect all spins within the coil. However, the use of the larger

container assisted to �nd the signal and optimize the measuring conditions. Afterwards, that

setup is used for subsequent measurements of the small 4 mm quartz glass container, which

completely �ts in the NMR coil and contains ca. 1018 spins (loading pressure ca. 40 mbar at

room temperature).

3.4 Gas adsorption procedure

The NO loading procedure has been conducted in the controlled vacuum apparatus, as seen

in �gure 3.9. Prior to the NO adsorption, the MOF containing tube or empty glass container

was connected to the vacuum apparatus and evacuated at a high temperature (383-423 K)

under low vacuum (10−6 mbar) overnight. The 15NO gas is supplied by Icon Service Inc.

(USA) with a 15N enrichment of 98 %. Before opening the valve of the sample cell, it was

Figure 3.9: Pictorial diagram of the vacuum apparatus for gas loading is shown and the green
area indicates the total volume of 50 ml.
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immersed in a bath containing liquid nitrogen to keep the sample temperature at 77 K. This

ensured that all NO is moved to the sample tube from the vessel. The pressure dropped down

to zero due to adsorption. Finally, the sample tube was isolated from the system, after closing

the sample isolation valve and sealing it immediately at liquid nitrogen temperatures (77 K),

to prevent further modi�cation.
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Chapter 4

Overview and enclosed papers

The results obtained in this dissertation are summary of �ve published and one accepted

papers, which are enclosed below in chronological order.

Paper I: NO adsorption in amino-modi�ed Cu3btc2 - type MOFs studied by

solid-state NMR [Microporous Mesoporous Mater., 216: 111�117, 2015.]

In the previous chapter, it has been already mentioned that NO loaded Cu3btc2 was

studied by di�erent techniques e.g., FTIR, EPR and TGA. However, the precise information

on the electronic e�ect, binding sites and the binding nature of NO in Cu3btc2 are still

inadequate. To shed light on this problem, SSNMR could play an important role. A signi�cant

insight into the understanding of NO interaction, the changing of electronic properties of NO

loaded Cu3btc2, and the formation of NONOate in Cu3(NH2btc)2 has been achieved by MAS

NMR. The outcome of this work is presented in the paper I.

In this paper the e�ects of NO adsorption on the Cu3btc2 and UHM-30 have been stud-

ied by adsorbing di�erent amounts of NO/Cu via the gas phase. 1H NMR spectra of NO

loaded Cu3btc2 and UHM-30 have revealed NO interaction at Cu sites as well indirect sug-

gestions of NONOate formation. The relevant NMR parameters of NO loaded MOFs have

displayed the change of electron density in Cu sites due to NO adsorption. For the higher NO

loaded samples, the decomposition of the MOFs framework is also noticeable. Additionally,

XRD measurement has been done to check the phase purity of the starting material and the

decomposition of the NO loaded MOFs.
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a b s t r a c t

Adsorption of nitric oxide e NO e in the MOFs Cu3(btc)2 (HKUST-1) and Cu3(NH2btc)2 (UHM-30) was
studied via 1H solid-state NMR. Changes to the electronic properties by adding paramagnetic molecules
to antiferromagnetically coupled copper ions is evident in 1H NMR shift, hyperfine coupling, and spin-
lattice relaxation times (T1). Furthermore, in the case of Cu3(NH2btc)2, the results indicate the forma-
tion of NONOates.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

The potential applications of various porous materials continue
to be at the forefront of research, for instance in gas adsorption. The
properties of porous materials are at present receiving great
attraction in many areas of science [1e5]. For the biological
signaling molecule nitric oxide (NO) adsorption and delivery
technologies using porous solid storage materials are increasingly
significant [6e8]. NO delivery from a storage material is attractive
for many in vitro and in vivo antibacterial, antithrombotic, and
wound healing applications [9e13]. There is currently particular
interest in using NO delivery materials to prevent life-threatening
complications associated with thrombosis formation at the sur-
face of medical devices such as stents and catheters [7]. One of the
most promising candidates for NO delivery is currently the use of
porous materials, especially metal organic frameworks (MOFs).
Metal organic frameworks are materials with extremely high po-
rosities, some of them have coordinatively unsaturated metal sites
(CUSs) on the walls of the pores that are available for binding of
small molecules [14,15]. The presence of CUSs in a coordination
polymer has a particularly pronounced effect on the NO adsorption

and release characteristics of the material [16]. Moreover, incor-
porating an eNH2 functionality into the MOF is particularly inter-
esting for NO adsorption as here covalent bonds can be formed in
the type of N-diazeniumdiolates (NONOates) (Scheme 1). This of-
fers an additional method to CUSs for storing NO within the MOF
[17] and therefore increases storage capacity. Furthermore, the
release of NO from NONOates happens at physiological pH (7) and
body temperature (37�), generating twomolecules of NO per amino
function. The presence of NONOates in MOFs can also facilitate the
targeting of NO to specific sites of interest [17,18].

Among other MOFs, Cu3(btc)2 - also named HKUST-1 e [19] is
one of the highly studied standard MOFs with coordinatively un-
saturatedmetal sites. The rigid porous structure combined with the
accessibility of the activated metal sites upon dehydration has led
to a lot of interest in adsorption, separation, and catalysis applica-
tions [20,21]. Wu et al. identified the main adsorption sites of CO2
and D2 in Cu3(btc)2 by neutron diffraction studies and observed
that the open metal sites are the most favorable ones [22]. Morris
and coworkers reported NO interaction at the metal sites of
Cu3(btc)2 at room temperature identified by the FTIR stretching
frequency and also determined a high adsorption capacity of NO
[23]. Rosseinsky and coworkers conducted an FTIR study on 4-
(methylamino)-pyridine (4-map) functionalized Cu3(btc)2 to iden-
tify NONOate formation [24]. Recently, the amino functionalized
MOF, Cu3(NH2btc)2 (UHM-30) [25] was presented which should be* Corresponding author.

E-mail address: bertmer@physik.uni-leipzig.de (M. Bertmer).

Contents lists available at ScienceDirect

Microporous and Mesoporous Materials

journal homepage: www.elsevier .com/locate/micromeso

http://dx.doi.org/10.1016/j.micromeso.2015.02.022
1387-1811/© 2015 Elsevier Inc. All rights reserved.

Microporous and Mesoporous Materials 216 (2015) 111e117



a good candidate to showNONOate formation upon exposure to NO
additional to the coordination of NO to unsaturated copper centers.

In the case of Cu3(btc)2 and Cu3(NH2btc)2, the two copper ions
are arranged in a paddle-wheel and are antiferromagnetically
coupled which results in an S ¼ 1 excited and an S ¼ 0 ground
electronic state. The latter is populated at low temperature, whereas
at higher temperature (above 90 K) the S ¼ 1 state becomes more
and more populated. For NMR measurements at higher tempera-
tures the effect of the electronic state is similar to paramagnetic
behavior that strongly influences the magnetic properties of the
surrounding nuclei [26]. Additionally in the case studied here, NO
itself is a paramagnetic molecule at room temperature, containing
an unpaired electron. Although analysis of paramagnetic systems by
NMR is typically complicated, we have recently shown that impor-
tant information about the framework and its interactionwith small
molecules like H2O, CO or CO2 can be obtained from both 1H and 13C
NMR [27e32]. Dawson et al. reported on the high-resolution 13C
NMR of HKUST-1 and STAM-1 [33]. Solid-state NMR is sensitive to
the local atomic environment and ideally suited to probe disordered
gas loaded systems. Information on interaction of guest molecules
with the host material, adsorption sites as well as the dynamics of
NO within the pore can be obtained.

In this paper, we studied the adsorption of defined amounts of
NO on Cu3(btc)2 and Cu3(NH2btc)2. Analysis is performed by 1H
MAS NMR measurements as well as 1H spin-lattice relaxation
studies. Further experiments follow the aging behavior of NO-
loaded Cu3(btc)2 to get information about decomposition of the
MOF structure.

2. Experimental

2.1. Synthesis of Cu3(btc)2-type MOFs

Cu3(btc)2 and Cu3(NH2btc)2 samples were synthesized based on
published procedures [19,25]. Here, Cu3(btc)2 was synthesized by a
slightly modified solvo-thermal method under ambient pressure in
the reaction between Cu(NO3)2$3H2O and trimesic acid (H3btc)
with refluxing ethanol [21]. In addition, isostructural Cu3(NH2btc)2
was synthesized by the reaction between 2-amino-1,3,5-benzene-
tricarboxylic acid and Cu(NO3)2$3H2O under solvo-thermal condi-
tions. Purification of the MOFs was done via soxhlet extractionwith
ethanol.

2.2. Preparation of NO-loaded samples

MOF samples were activated (dehydrated) under vacuum of
10�3 bar at a temperature of 383 K for 24 h to remove water

coordinated to the copper sites. Samples were kept under nitrogen
environment before gas loading. The color of the Cu3(btc)2 samples
turned from light blue into dark violet immediately after activation,
whereas for Cu3(NH2btc)2 the color changed from bright green to
dark green. Before NO loading, the samples were placed in 3 mm
glass tubes (Wilmad), which are tightly fitting in the MAS rotors.
NO was adsorbed via the gas phase at rather low pressures (less
than 50 mbar) in a pressure controlled vacuum apparatus under
nitrogen cooling at 77 K. For Cu3(btc)2, the amount of NO (for de-
tails see SI) is given with respect to the number of copper atoms in
the MOF, corresponding to 0.2, 0.5, 0.8, 1.0, 1.5 and 2.0 equivalents
of NO/Cu (labeled b to g). In case of Cu3(NH2btc)2, NO loaded
samples with 0.5, 1.0 and 2.0 equivalents of NO (labeled k, l, and m,
respectively) with respect to copper were prepared. Additional
samples labeled a and h were prepared containing just the dehy-
drated Cu3(btc)2 and Cu3(NH2btc)2, respectively. Finally, the glass
tubes were sealed to prevent further alteration of the samples. NMR
measurements were conducted directly after completion of the
sealing process. For the time dependent study the relevant time
after sealing is indicated.

2.3. X-ray diffraction

To verify sample quality after activation, PXRDmeasurements of
both MOFs were carried out after sample activation on a STOE
STADI-P X-ray diffractometer in DebyeeScherrer mode equipped
with a linear PSD and Ge(111) monochromator using CueKa1
(l¼ 154.060 pm) radiation (40 kV, 40mA), and scanned within a 2q
range from 1� to 60� with a step size of 0.015� with a Mythen1K
detector. Samples were mounted on glass capillaries of outer
diameter 0.3 mm. The results are shown in Figs. S1 and S2 in the
supplementary information. For both Cu3(btc)2 and Cu3(NH2btc)2
the PXRD pattern is in good agreement with the calculated pattern
from the published crystal structures [19,25] indicating no
destruction during the activation process. Additionally, Cu3(btc)2
loaded with 1.5 NO/Cu was checked after NO loading to get infor-
mation about the sample integrity (results discussed below). For
this, the sealed glass tube was broken immediately before taking
the XRD.

2.4. Solid-state NMR measurements

1H solid-state NMR experiments of dehydrated and NO adsor-
bed samples were executed on a Bruker Avance 400 spectrometer
at a frequency of 400.167 MHz (magnetic field strength 9.4 T). A
4 mm MAS probe was used at a MAS rotation frequency of 10 kHz.
Spectra were recorded by using the DEPTH [34] sequence to

Scheme 1. Covalent binding of nitric oxide in amino-functionalized Cu3(btc)2 to form NONOates.
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suppress signals from the probe background. Recycle delays were
set to 50 ms, which is more than five times the longitudinal
relaxation time (T1). The 90� pulse length was 2.4 ms. All spectra
were referenced to TMS using PDMS (poly(dimethylsiloxane)) as
secondary reference for 1H, resonating at 0.07 ppm. Spin-lattice
relaxation times were obtained with the inversion-recovery
sequence modified with DEPTH-detection. Spectrum deconvolu-
tion was done using the dmfit-software [35] and analysis of the
hyperfine coupling via the spinning sideband intensities with the
HBA program [36]. For the 1He1H correlation spectrum, a standard
NOESY sequence from solution NMR was used which was rotor-
synchronized with the MAS frequency of 10 kHz.

3. Results and discussions

3.1. 1H MAS NMR of NO-loaded Cu3(btc)2

The isotropic region of the 1H MAS spectra of all NO loaded
samples is shown as a stack plot in Fig. 1. The sample containing
0.2 NO/Cu shows one resonance at 8.3 ppm, similar to that of
unloaded Cu3(btc)2 assigned to the aromatic proton signal [28].
With increasing NO content a gradual decrease of isotropic shift
down to 7.6 ppm for sample g is observed. Besides this one reso-
nance, small signals in the range between 13 and 21 ppm, visible
from sample 0.5 NO/Cu and higher NO content are present. The
intensity of these additional signals is increasing with increasing
NO content. For sample g already four additional signals at around
14.9, 16.5, 18.5, and 21.2 ppm can be distinguished. We assign these
peaks to indicate decomposition of the MOF framework at high NO
loadings (see below). Table S1 in the supplementary information
summarizes the relative intensity of these additional signals with
respect to the aromatic proton signal.

3.2. 1H MAS NMR of NO-loaded Cu3(NH2btc)2

Included in Fig. 1 are also the 1H MAS spectra of NO-loaded
Cu3(NH2btc)2. The aromatic proton signal of the dehydrated sam-
ple appears at 8.4 ppm similar to Cu3(btc)2 and the chemical shift
also decreases with increasing NO content. The signal for the amino
protons we assign to the broad underlying signal in the spectra
with an isotropic shift of 9.1 ppm. The higher linewidth compared
to the aromatic proton we describe to the disorder of the amino
group in the crystal structure [25]. The position of the amine
function relative to other ligands varies statistically. This leads to
different 1He1H distances as well as 1He63,65Cu distances that gives
rise to heterogenous broadening.

Fig. 2 represents the correlation of the aromatic proton shift for
both sample series as a function of NO content. For Cu3(btc)2, we
observe a linear decreasing shift with increasing NO content, while
for Cu3(NH2btc)2 above 0.5 NO/Cu the shift remains practically
constant.

For Cu3(btc)2, the observed shift is the result of the mobility of
NO in the MOF framework and its interaction with the uncoordi-
nated copper site. Due toweakNO adsorption at room temperature,
as indicated by theoretical calculations [16], the time NO spends at
the Cu site is rather short. For higher NO loading, the probability of
finding NO at the copper sites increases. NO e containing an un-
paired electron e adsorbed at the copper site will change the
electron spin density which influences the 1H shift of the aromatic
protons of the btc linker due to hyperfine interaction [28]. This
leads to a linear decreasing chemical shift as a function of NO
content. The observed chemical shift then represents the result of
the dynamic average of NO adsorbed and desorbed from the copper
site. A similar observation of decreasing shift with reduced electron
spin density was also found for Cu3(btc)2 where part of the copper
was replaced by diamagnetic zinc ions [29]. We note that FTIR

Fig. 1. Isotropic region of 1H MAS spectra of NO loaded Cu3(btc)2 of samples aeg (left). The narrow signal around 1 ppm results from the sealing procedure of the glass tubes,
probably due to enclosed natural gas used for sealing. Right: Isotropic region of 1H MAS spectra of NO loaded Cu3(NH2btc)2 samples h to m. Small signals near 0 and 1 ppm are due
to the sealing procedure.
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measurements [23] indicated ‘strong’ binding of NO at the copper
site. However, IR is sensitive to shorter timescales than NMR so that
a short-time adsorption at the copper site can be identified. NMR
being a slower observation technique compared to IR will only see
the time average of NO being adsorbed at the copper site or moving
freely within the pores, indicating the dynamic nature of NO being
studied by NMR.

In case of Cu3(NH2btc)2, in general the same effect would be
expected which is also found for low NO contents. The fact that the
chemical shift does not change for larger NO contents could in
principle be due either to a fixed adsorption of NO at the copper site
or the unchanged electronic structure for higher NO contents. The
former, however, is quite unexpected because in the case of
Cu3(btc)2 the shift decrease with NO content is even larger. Due to
the similar structures of the two MOFs we would expect that the
aromatic 1H shift of strongly adsorbed NO at the copper site will be
at even smaller shift values. The latter case e unchanged electronic
structure e can be understood if we assume the creation of N-
diazenium diolates (NONOates) (see Scheme 1) by reaction of NO
with the amino functionality of the organic ligand. This will not
change the amount of unpaired electrons with increasing NO
content and therefore lead to a constant chemical shift, which is
observed.

We note that for the Cu3(NH2btc)2 samples we prepared there is
no indication of decomposition from additional signals in the 1H
spectrum. This is in opposition to our results where it was observed
that at high pressures of NO (1 bar and higher) reduction of Cu2þ to
elementary copper takes place as seen by XRD measurements [37].
We explain this difference by the much lower NO pressure in the
samples studied here.

3.3. Analysis of 1H hyperfine couplings

The 1H MAS spectra of the two series contain a manifold of
spinning sidebands as can be seen for example in Fig. S3 in the
supplementary information. For 1H NMR of diamagnetic samples,
spinning sidebands mainly arise due to dipoleedipole interaction.
However, in the btc ligand the dipoleedipole interaction is rather
small due to the small amount of protons and the rather large
distance between them (minimum distance 4.03 Å) leading to a
second moment [38] of 190 kHz2, which would give rise to a static
linewidth of about 14 kHz. However, in the studied systems the
static linewidth ranges up to 90 kHz representing the large aniso-
tropic part of the hyperfine shift or more precisely the anisotropic

part of the electron-nucleus dipolar interaction [28,39,40] between
the proton and the unpaired electrons that dominates in our case
over the dipoleedipole interaction. The contribution of dipo-
leedipole coupling is therefore neglected in the analysis of the size
of the hyperfine interaction. Further on, we will refer to this
interaction simply as hyperfine coupling. The hyperfine interaction
can be analyzed in the same way as a chemical shift anisotropy
(CSA) pattern [28,39e42]. An increase in the secondmoment due to
interaction with paramagnetic molecules was also observed in the
interaction of oxygen with the surface protons of porous materials
[43,44]. Fig. 3 shows the results for the hyperfine coupling of the
different samples as a function of NO content. For Cu3(btc)2, a linear
decrease of hyperfine coupling with increasing NO content is
observed reducing from 28 kHz down to 16 kHz. The sample with 2
NO/Cu does not follow this linear decrease, probably because of
partial decomposition concluded from the high amounts of addi-
tional signals in the 1H NMR spectrum (see above). The linear
dependence can be understood in the same way as the variation of
isotropic chemical shift: An increasing amount of NO with
increasing interaction at the copper site reduces the amount of
unpaired electrons thereby reducing the interaction strength of
electrons and protons andwith that reduce the size of the hyperfine
coupling.

In opposition to this, the hyperfine coupling for Cu3(NH2btc)2
remains constant with increasing NO content, showing even a
slight increase from 28 kHz to 30 kHz. If we assume NONOate
formation, we would not expect a change of hyperfine coupling
since the amount of unpaired electron density is constant, which is
also observed. Small variations might be explained by the slightly
changing structure due to NONOate formation.

3.4. Analysis of spin-lattice relaxation times

Relaxation processes in paramagnetic systems are typically
much faster than in diamagnetic systems due to the presence of
unpaired electrons that can act as relaxation sinks. T1 relaxation
times therefore can be used to get information about the electronic
structure of the MOFs. Fig. 4 shows the dependence of 1H T1 as a
function of NO content. For all samples, single exponential fits were
possible with high accuracy (R � 98%) indicating that the samples
represent homogenous systems. The determined T1 values confirm
the results of the chemical shift variation and the strength of the
hyperfine coupling discussed above. The T1 values of NO loaded

Fig. 2. Dependence of aromatic 1H shift with NO content for Cu3(btc)2 (solid squares)
and Cu3(NH2btc)2 (open squares).

Fig. 3. Dependence of hyperfine coupling with NO content for Cu3(btc)2 (black
squares) and Cu3(NH2btc)2 (open squares).
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Cu3(btc)2 increase with increasing NO content due to reduced
number of unpaired electrons. The effect is quite large, increasing
T1 by a factor of more than three. In contrast to this, T1 of the NO-
loaded Cu3(NH2btc)2 remains practically constant for different NO
loadings. Formation of NONOates will not change the unpaired
electron density due to the copper atoms as dominating source of
relaxation and therefore no change in spin-lattice relaxation is
expected.

3.5. 1H MAS NMR linewidth

Fig. S4 depicts the linewidth (FWHM) of the isotropic signal as a
function of NO loading for Cu3(btc)2 and Cu3(NH2btc)2 samples. In
case of Cu3(btc)2, the linewidth increases only slightly with NO
content, whereas for Cu3(NH2btc)2 a significant increase in line-
width with increasing NO content is observed. The different
behavior of the two systems is not fully understood. Nayeem et al.
[40] reported that the anisotropic bulk magnetic susceptibility
tensor of randomly oriented crystallites produces slightly different
frequencies, leading to inhomogeneous line broadening. The
anisotropic hyperfine coupling will influence the intensity of
spinning sidebands but not the linewidth of centerband and side-
band. For Cu3(btc)2 a practically constant linewidth indicates that
there are no significant changes with NO loading. In the case of
Cu3(NH2btc)2, an increasing linewidth with increasing NO content
and therefore increasing formation of NONOates might hint at the
fact that a higher disorder is created in the system since not all
amino groups react. Therefore, this increases isotropic shift distri-
butions and adds to the broadening of the line.

3.6. Additional signals in NO-loaded Cu3(btc)2

In order to get some more insight into the additional signals
present in the range from 13 to 21 ppm, we performed time
dependent measurements on the sealed samples. For sample f, this
is shown in Fig. 5 for a time span of more than five months. The
intensity of the additional signals increases with time which hints
at a continued reaction. Since samples are within sealed ampules
this can only be due to the presence of NO in the pores. Further-
more, the shift of these signals varies, for instance directly after
sample loading there is an additional signal at 13 ppm and a slight

shoulder at 18 ppm. With increasing time more signals arise and
after five months signals at 14 ppm,16 ppm, and 21 ppm are visible.
This could mean that different reaction products are formed or that
there are several reaction steps of decomposition involved. After
more than five months, no more changes to the 1H spectrum are
observed.

The 1H shift range of the additional signals is rather unusual and
for diamagnetic systems typically indicates strongly hydrogen
bonded systems. However, for (para)magnetic systems the
isotropic chemical shift can be severely influenced by the unpaired
electron density. Therefore, no clear conclusions can be drawn from
the chemical shift. As the spin-lattice relaxation time is in the same
range to that of the main signal at 8 ppm, we can conclude that
there also exists an interaction with copper. We were therefore
interested if there is close connection of the protons in this shift
range with those of the main aromatic protons. We performed 2D
NOESY measurements that have been successfully used in para-
magnetic systems [45]. One example is shown in Fig. S5 in the
Supplementary information. The aromatic proton signal and two
strong signals at higher ppm values are seen together with the
broadened signal between 0 and 5 ppm that reflects signals from
the sealing procedure that are enhanced in the NOESY spectrum
due to long spinespin relaxation time. Several experiments with
different mixing times between 100 ms and 1 ms were run. How-
ever, in none of these spectra a correlation peak between the sig-
nals was found indicating that the species responsible for the
signals are not close to each other. Due to the short T1 of the sample
the maximum mixing time is, however, limited. Therefore it might
be possible that we are unable to see correlations because of
relaxation effects. Finally, we ran a PXRD of the sample to see if the
MOF structure is maintained and if other crystalline phases have
evolved that can document decomposition. The results are shown
in Fig. S6. Although the major diffractions for Cu3(btc)2 are present,
the high linewidth of those indicates loss of crystallinity probably
indicating breaking up of the framework leaving over smaller units.

Fig. 4. Correlation of spin-lattice relaxation time with NO loading. Filled squares
represent data for Cu3(btc)2, open squares those for Cu3(NH2btc)2. If no error bars are
seen, the uncertainty is on the size of the symbols.

Fig. 5. Isotropic region of the 1H NMR spectra of sample f as a function of aging time.
From bottom to top: directly after sealing, after three months, after four months and
after five months, respectively.
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No additional diffractions are visible. On the local scale, which is
probed by NMR, the aromatic proton signal is unchanged indicating
intact ligands between copper junctions. The additional signals are
coming preferably from the end points of these small units where
breaking of, e. g., CueO bonds has occurred.

4. Conclusion

We have shown that significant information on Cu3(btc)2-type
MOFs interacting with nitric oxide can be obtained from 1H solid-
state NMR. NO interaction with Cu3(btc)2 follows a linear trend
for 1H shift, hyperfine coupling, and spin-lattice relaxation time
that can be explained by a decrease of unpaired electron density by
interaction of the unpaired electron at the copper sites with that of
nitric oxide. This also indicates the copper site as the primary
adsorption site for NO. Especially for higher NO contents, additional
signals in the 1H NMR spectra hint at a decomposition of the
framework. FromNOESYmeasurements no correlation peaks of the
additional signals with the main aromatic signal were found.
However, PXRD data indicate significant loss of crystallinity. For
Cu3(NH2btc)2, clear evidence is found that NONOate formation
occurs, as the 1H shift, the hyperfine coupling, and the 1H T1 remain
fairly constant with NO loading. No additional signals are visible
that could indicate decomposition in opposition to related results
obtained at high NO loading pressures.

One limitation of this approach is that the effects of nitric oxide
in interaction with the MOF could only be detected indirectly.
Therefore, 15N NMR experiments are underway using 15N enriched
nitric oxide to get some direct information from the adsorbed guest
molecule and to search for NONOate signals. Information from 13C
NMR and temperature dependent measurements to study the NO
adsorption strength are also in progress.

Finally, we want to mention that obviously the presence of
copper ions in the studied MOFs would e because of its toxicity e

prevent these types of MOFs for application in drug-delivery.
Nevertheless, the research undertaken here serves as a basis for
further studies backing on our knowledge of this system. In the
future, measurements on more applicable MOF systems such as
MIL100(Fe) are planned.
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Supplementary information

Calculation of NO amount

For the loading with NO, for a given weight of HKUST-1 or UHM-30, the

number of copper atoms was calculated and with that the number of desired NO455

molecules. For a given volume of 50 ml, the gas pressure of NO was calculated

according to the ideal gas law. After filling the 50 ml reservoir with this pressure,

it was connected to the sample tube. The pressure then dropped down to zero,

so all NO molecules ended up in the MOF.

460

Table S1: Relative amount from signal integration of additional signals with

respect to the aromatic proton signal as a function of NO content for

Cu3(btc)2.

NO/Cu amount of additional signals [%]

0.2 0.0

0.5 3.4

0.8 5.1

1.0 4.1

1.5 11.4

2.0 16.1
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Figure S1: XRD powder pattern of activated Cu3(btc)2 (top) compared to

the calculated powder pattern according to the published stucture.[19]

Figure S2: XRD powder pattern of activated Cu3(NH2btc)2 (top) compared

to the calculated powder pattern according to the published stucture.[25]470
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Figure S3: Full 1H MAS spectra showing all spinning sidebands of

NO-loaded Cu3(btc)2 (left, samples a-g from bottom to top) and

Cu3(NH2btc)2 (right, samples h-m from bottom to top).

475

Figure S4: 1H linewidth as a function of NO content for Cu3(btc)2 (solid

squares) and Cu3(NH2btc)2 (open squares). The uncertainty of the

linewidth is on the order of 100 Hz.
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Figure S5: 2D NOESY spectrum of sample f recorded with a mixing time of480

500 µs.
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Figure S6: PXRD of sample f after NO loading.
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Overview and enclosed papers

Paper II: Tuning the nitric oxide release behavior of amino functionalized HKUST-1

[Microporous Mesoporous Mater., 216: 118-126, 2015.]

Secondary amine functionalized MOFs, Cu3(NHRbtc)2 have exposed greater potentiality

for NONOate formation in comparison with its primary derivative, due to the stability of

NONOate in the former one. On account of this, four di�erent sets of Cu3(NHRbtc)2 are

synthesized and scrutinized with di�erent techniques by professor Fröba's group. Complement

to their work, MAS NMR is also applied to characterize the MOFs. In paper II presents our

contribution for the structural characterization of Cu3(NHRbtc)2 by MAS NMR. It is evident

that 1H alkyl signals merged together and appeared as a broad resonance. In spite of their

overlap, the alkyl protons' signals shifted to a smaller value with increasing alkyl chain length.

This observation is in good agreement with the results from the solution NMR experiment.
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a b s t r a c t

Four new secondary amino functionalized trimesic acid ligands (H3RNHbtc, R ¼ Me, Et, nPr, and iPr) were
synthesized. When used in combination with H3btc these ligands lead to four new mixed-linker metal-
organic frameworks (MOFs) which we call UHM-36, UHM-37, UHM-38, and UHM-39. All MOFs are
isostructural to HKUST-1. We tested these MOFs as nitric oxide storage and release materials and
investigate the influence of the amine groups on the NO storage capacity of the MOFs. The results were
compared to the unfunctionalized HKUST-1, i.e. Cu3(btc)2.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Nitric oxide (NO) is a colorless, diatomic gas and a radical with
one unpaired electron. For a long time this molecule had primarily
been known as a toxic gas which contributes to acid rain, and is
contained in smog and tobacco smoke [1]. However, since Furch-
gott, Ignarro, Murad, and Moncada investigated the crucial role of
NO in the cardiovascular system in the late 1980s [2e4] the interest
in this small compound has steadily grown. NO is now known as
an extremely important biological protective, regulatory, and
signaling molecule which plays a key role in many physiological
processes, such as regulation of blood pressure and clotting,
neurotransmission, vasodilation, inflammation, immune response,
pulmonary hypertension, penile erection, anti-tumor activity, and
wound healing [5e11].

The concentrations of NO that are needed for physiological
processes are estimated to vary between 100 pM and 5 nM [12]. The
required amount of NO is normally regulated and well balanced by
the endothelial enzyme nitric oxide synthase (NOS). However,

excessive NO can lead to dangerously low blood pressure and
interaction with transition metals, heme-containing proteins, and
thiol groups, which results in the oxidation and damage of func-
tional groups on proteins and DNA. On the other hand, a lack of
NO will lead to serious health problems, such as unwanted clot
formation, erectile dysfunction, and respiratory distress [1,13,14].
When using exogenous NO for therapeutic applications it is there-
fore important to develop compounds, which allow a controlled
release and targeted delivery of NO to specific sites in the body [1].

During the last decades a lot of research has been done in
developing appropriate NO storage and release systems: NO can be
released from organic nitrates, nitrites, metal-NO complexes, ni-
trosamines, N-diazeniumdiolates (NONOates), and S-nitrosothiols
(RSNOs) [15]. NO release systems based on these functionalities
include amino functionalized polymers [16,17] and silica particles
[18,19], in which the NO is stored as NONOates, as well as metal
exchanged zeolites [20] and metal-organic frameworks (MOFs), in
which the NO is bound directly to the metal centers [21].

MOFs are solid state inorganic-organic materials, which have
attracted much attention during the past decade as they have
shown excellent performance in applications like gas storage and
separation [22,23], catalysis [24], sensing [25,26], and drug delivery
[27].

* Corresponding author.
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So far, two ways of using MOFs as NO release materials have
been developed. On the one hand the NO can be adsorbed inside
the pores and coordinate to so-called coordinatively unsaturated
metal sites (CUS) or ‘open’metal sites (OMS) [28e30]. On the other
hand NONOates can be built inside the MOF if the ligands contain
amino functionalities [31,32]. Two molecules of NO react with one
primary or secondary amine group to form an ionic dia-
zeniumdiolate. In both cases NO can be released again on contact
with water (see Fig. 1).

Xiao et al. [28] were the first to report on NO storage in MOFs.
They examined the NO adsorption and release behavior of HKUST-1.
This MOF contains OMS and NO can be stored by coordination to
these metal centers. At 1 bar, HKUST-1 adsorbs ~9 mmol g�1

at �104 �C and ~3 mmol g�1 at 25 �C. In both cases, 2.21 mmol g�1

remains inside the MOF even after the pressure is reduced to
almost zero. However, the NO-loaded MOF releases only around
2 mmol NO per g of HKUST-1 when exposed to a flow of humid
nitrogen (11% relative humidity, RH). CPO-27-M (M¼ Co, Ni) shows
improved delivery behavior over HKUST-1, storing ~ 7mmol NO per
g MOF at 25 �C and releasing almost the total amount under humid
conditions [30,33].

Other groups concentrated on the storage of NO in form of
NONOates. For example, Nguyen et al. [32] used IRMOF-3 and
UMCM-1-NH2, both zinc-containing MOFs without OMS but
which have primary amine groups on the bridging ligand. These
MOFs were loaded with NO dissolved in CHCl3 at 8 bar and room
temperature for 24 h. By FT-IR studies it was shown that under
these conditions NONOates were formed. When placed in a
phosphate buffer solution, IRMOF-3-NONO and UMCM-1-NONO
release 0.51 mmol and 0.10 mmol NO per g MOF, respectively.

Lowe et al. [34] used Cu-TDPAT (H6TDPAT ¼ 2,4,6-tris(3,5-
dicarboxylphenylamino)-1,3,5-triazine) as an NO storage and
release system, a MOF which offers both OMS as well as secondary
amine groups. The NO release was tested at 37 �C/0% RH and RT/
85% RH, respectively. The best results were achieved under the
latter conditions to give a total release amount of 175 mmol NO per g
Cu-TDPAT.

In this work, we present the synthesis and characterization of
the four mixed-linker MOFs e UHM-36, UHM-37, UHM-38, and
UHM-39 (UHM¼ University of HamburgMaterials)e formed using
a mixture of H3btc with either H3MeNHbtc, H3EtNHbtc,
ðH3

nPrNHbtcÞ, or ðH3
iPrNHbtcÞ (Fig. 2). All MOFs are isostructural

with HKUST-1 and UHM-30 [35] e the primary amino functional-
ized HKUST-1. We show how the amine groups influence the NO
storage capacity and release performance of these MOFs. In
contrast to HKUST-1, our MOFs store NO not only via sorption at the
OMS but via NONOate formation as well.

2. Experimental

2.1. Materials

All starting materials and solvents were purchased and used
without further purification from commercial suppliers (Sigma-
eAldrich, Alfa Aesar, Grüssing, Merck, and others).

2.2. Methods

Solution NMR spectra were acquired using a Bruker Fourier 300,
a Bruker AV 400, or a Varian Gemini-200BB spectrometer. For solid-
state NMR measurements, the activated samples UHM-36, UHM-
37, UHM-38, and UHM-39 were sealed into glass ampules that fit
into MAS rotors to prevent further modification. 1H measurements
were performed on a Bruker Avance 400 spectrometer using a
4 mm MAS probe. The spinning frequency was set to 10 kHz. The
DEPTH pulse sequence [36] was used to suppress probe back-
ground signal. Recycle delays were 50 ms and the 90� pulse length
was set to 2.4 ms. Spectra were referenced externally to TMS using
PDMS as secondary reference (d ¼ 0.07 ppm). Spectra deconvolu-
tion was done with the dmfit program [37].

Infrared spectra were acquired using a Bruker Vertex FT-IR
spectrometer (as KBr pellet or in ATR mode). Powder X-ray
diffraction (PXRD) patterns were recorded at room temperature
with a PANalytical X'Pert Pro PW3040/60 reflexion powder
diffractometer using Cu Ka radiation (45 kV, 40 mA; counting time:

Fig. 1. NONOate formation and release mechanism (top), NO coordination to a metal center and release mechanism (bottom).

Fig. 2. New secondary amine H3RNHbtc linkers used for the synthesis of UHM-36, UHM-37, UHM-38, and UHM-39.
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74 s; steps: 0.013� (2q)). Thermal analysis (thermogravimetry (TG)/
mass spectrometry (MS)) was conducted under argon flow
(20 mL min�1) with a NETZSCH STA 449 F3 Jupiter thermo-balance
coupled by capillary with an A€eolos QMS 403 mass spectrometer.
The heating rate was 5 �C min�1 up to 800 �C. Nitrogen phys-
isorption data were recorded with a Quantachrome QUADRASORB-
SI-MP at �196.15 �C. The specific surface area was calculated from
the adsorption branch in the relative pressure interval from 0.001
to 0.028 using the BrunauereEmmetteTeller (BET) method. The
micro pore volume was estimated from the quantity of gas adsor-
bed at a relative pressure of 0.18.

2.3. Linker synthesis

The synthesis of the four new secondary amino functionalized
trimesic acid ligands (H3RNHbtc, R ¼ Me, Et, nPr, and iPr) were all
carried out in a four step synthesis starting with 2-fluoro-1,3,5-
trimethylbenzene. After oxidation of the methyl groups
with potassium permanganate the resulting 2-fluoro-1,3,5-
benzenetricarboxylic acid was esterified with methanol and sulfu-
ric acid to give 2-fluoro-1,3,5-benzenetricarboxylic acid trimethyl
ester. This compound was the starting compound for the amination.
Either methylamine, ethylamine, n-propylamine, or i-propylamine
was reacted with 2-fluoro-1,3,5-benzenetricarboxylic acid trimethyl
ester in a mixture of methanol and dioxane. The resulting amines
were eachhydrolyzed in amixtureofmethanol, tetrahydrofuran, and
aqueous potassium hydroxide to give the final linkers N-methyl-2-
amino-1,3,5-benzenetricarboxylic acid (H3MeNHbtc), N-ethyl-2-
amino-1,3,5-benzenetricarboxylic acid (H3EtNHbtc), N-n-propyl-2-
amino-1,3,5-benzenetricarboxylic acid ðH3

nPrNHbtcÞ, and N-i-pro-
pyl-2-amino-1,3,5-benzenetricarboxylic acid ðH3

iPrNHbtcÞ. Synthe-
sis details for all compounds aswell as the analytical data are given in
the ESI.

2.4. MOF synthesis

2.4.1. HKUST-1
In a typical synthesis H3btc (238 mg, 1.13 mmol) was dissolved

in N,N-Dimethylacetamide (DMA) (20 mL), aqueous
Cu(NO3)2$3H2O (200 mgmL�1, 2.25 mL, 1.86 mmol) was added and
the mixture was heated to 85 �C for 46 h. The resulting blue crys-
talline powder was collected by filtration, washed with DMA and
dried in air to yield 575 mg of HKUST-1. To remove the DMA the
MOF powders were solvent exchanged with ethanol by continuous
Soxhlet extraction for 20 h. After the solvent exchange the MOFs
were thermally activated in vacuo for 20 h at 120 �C.

2.4.2. UHM-36, UHM-37, UHM-38, UHM-39 j Cu3(RNHbtc)x(btc)2�x

(x � 1.2)
The amounts of the secondary amine linker were varied be-

tween 30mol% and 70mol%. The values for each synthesis are given
in Table 1. In a typical synthesis the appropriate amount of H3btc
and H3RNHbtc (R ¼ Me, Et, nPr, and iPr) were dissolved in DMA
(8 mL) with HNO3 (20%, 0.56 mL). Afterwards aqueous
Cu(NO3)2$3H2O (200 mg mL�1, 0.90 mL, 0.745 mmol) was added
and the reaction mixturewas heated to 80 �C for 46 h. The resulting

green powders were collected by filtration, washed with DMA, and
dried in air to give the new MOFs UHM-36 (R ¼ Me), UHM-37
(R ¼ Et), UHM-38 (R ¼ nPr) and UHM-39 (R ¼ iPr). To remove the
DMA the MOF powders were solvent exchanged with ethanol by
continuous Soxhlet extraction for 20 h. After the solvent exchange
the MOFs were thermally activated in vacuo for 20 h at 120 �C. For
1H NMR studies approximately 20mgMOFwere digested in DMSO-
d6 and DCl.

2.5. Nitric oxide loading

The solvent exchanged MOF powders (~20 mg) were thermally
activated under vacuum (10�8 bar) for 20 h at 120 �C. This temper-
aturewas chosendue toTGAdata indicating a complete activation of
the samplewas achievedwhilst maintaining the structural integrity
of the MOF. After cooling to room temperature, the samples were
exposed to nitric oxide (1 bar, 100%, BOC) for 1 h. Excess NO was
removed by evacuation and flushing with argon. This process was
repeated three times. NO-loaded samples were then flame-sealed
under an argon atmosphere.

2.6. Nitric oxide release experiments

The quantification of NO release was carried out using a Sievers
NOA 280i chemiluminescence NO analyzer. The instrument was
calibrated by passing air through a zero filter (Sievers, < 1 ppb NO)
and 87.6 ppm NO gas. The flow rate was set to 200 mLmin�1 with a
cell pressure of 11.3 mbar and an oxygen pressure of 420 mbar. To
measure the NO release of the MOFs approximately 20 mg of NO-
loaded MOF powder was exposed to a nitrogen flow (11% RH),
the resultant gas was directed into the analyzer, and the concen-
tration of NO was recorded in ppm or ppb. Measurements were
stopped when the sample release dropped below 20 ppb.

3. Results and discussion

3.1. Characterization of MOFs as-synthesized

In the first instance, attempts were made to generate single-
linker MOFs containing the tri-anions of the four new H3RNHbtc
derivatives. This invariably led to fine crystalline powders e in the
case of H3MeNHbtc and H3EtNHbtc even porous materials could be
obtained e whose structures could not be solved and which are
definitely not isostructural to HKUST-1. Therefore, an alternate
synthetic approach was adopted, in which a mixture of H3btc and
H3RNHbtc linkers was reacted with Cu(NO3)2. The amount of
H3RNHbtc was varied from 30 to 70 mol%, in order to find the
maximum amount of the secondary amino linker component in the
mixture that still lead to the formation of an HKUST-1 analogous
phase. As NMR studies show (see below) the novel MOF materials
have the composition Cu3(RNHbtc)x(btc)2�x (x � 1.2) and we have
named them UHM-36 (R ¼ Me), UHM-37 (R ¼ Et), UHM-38
(R ¼ nPr) and UHM-39 (R ¼ iPr).

The PXRD patterns of the resulting MOFs show that, for mol
fractions of up to 60% H3RNHbtc, the resulting materials are
composed of only one single phase, all unmistakable being iso-
structural to HKUST-1 (see Fig. 3 right). The use of 70 mol%
H3RNHbtc always leads to mixed-phase products. For the repre-
sentative case of the linker mixture H3btc/H3MeNHbtc the PXRD
patterns obtained in dependence of the varying molar ratios are
shown in Fig. 3 (left). (For further details Fig. S1, ESI).

1H NMR studies of the digested MOFs provide information on
the ratio of the two linkers actually contained inside the MOF. In
general, the results are in good agreement with the amount of
linkers used in the synthesis, however, the mole fraction of

Table 1
Molar amounts which were used with all linkers for the syntheses of the mixed-
linker MOFs Cu3(RNHbtc)x(btc)2�x (x � 1.2).

Percentage of
RNH-H3btc

30% 40% 50% 60% 70%

H3btc 318 mmol 273 mmol 227 mmol 182 mmol 137 mmol
RNH-H3btc 137 mmol 182 mmol 227 mmol 273 mmol 318 mmol
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RNHbtc3� included in the final MOF is always slightly lower than
that used in the synthesis (see Fig. 4, left), indicating that the
incorporation of btc3� is slightly more favored. This effect gets
stronger with increasing length of the alkyl chain of the secondary
amine group. But in all cases, the use of 60 mol% H3RNHbtc in the
synthesis lead toMOF structures inwhich approximately 50% of the
linkers are amino functionalized (see Fig. 4, right). The final values
are 55% MeNHbtc3� for UHM-36, 54% EtNHbtc3� for UHM-37, 50%
nPrNHbtc3� for UHM-38, and 48% iPrNHbtc3� for UHM-39. There-
fore, all further experiments were carried out on MOFs where
the amount of amine-btc component used in the synthesis was
60 mol%.

In addition to solution NMR studies we did solid-state 1H-NMR
studies on all mixed-linker MOFs where 60 mol% H3RNHbtc were
used in the syntheses. Fig. 5 shows the isotropic region of the 1H
solid-state NMR spectra. In all cases only one signal at around
8.2 ppm is detected for aromatic protons, representing the protons
from the btc3� linker as well as from the RNHbtc3� linkers. Similar
to the results for UHM-30 [38], the amine proton signals show
broad resonances due to structural disorder, the exact shift is hard
to determine because of signal overlap. In spite of this overlap, we
determine a shift of the alkyl protons signals to smaller values with
increasing alkyl chain length. The signal maximum is moving
roughly from 3 ppm (methyl group, UHM-36) to 1 ppm (ethyl
group, UHM-37) and finally to �0.5 ppm (n-propyl group, UHM-
38). For UHM-39 (i-propyl group) we detect a shift towards
higher values again with a maximum at approximately 0.7 ppm.
This observation is in good agreement with the results from the
solution NMR experiments. Additionally, the intensity of the alkyl

proton signal is increasing with respect to the aromatic proton
signal due to the higher number of protons with increasing alkyl
chain length. The large line width, which is due to interaction with
the unpaired electron at the copper site [39] prevents resolution of
all signals for the individual functional groups. By signal deconvo-
lution of the full spectrum including spinning sidebands, quantifi-
cation of the final incorporation of the two linkers inside the MOFs
was possible. The full spectra are shown in the ESI (Fig. S11). From

Fig. 3. Left: PXRD patterns of UHM-36 with different molar ratios of H3MeNHbtc used in the MOF synthesis. At mole fraction of 70% H3MeNHbtc the synthesis results in mixed
phases. Concentrations between 30 and 60 mol% of the amine linker always lead to pure HKUST-1 analogous phases. (The diffraction patterns of UHM-37, UHM-38 and UHM-39 can
be found in the ESI). Right: PXRD patterns of all mixed-linker MOFs with use of 60 mol% amine linker in the syntheses, compared to the PXRD pattern of HKUST-1.

Fig. 4. Left: 1H NMR spectra of digested UHM-36 samples with different molar ratios of H3MeNHbtc used in the MOF synthesis. Right: 1H NMR spectra of all mixed-linker MOFs
with use of 60 mol% amine linker in the syntheses, digested in DMSO and DCl. The shift of the water signal is due to variations of the pH value. The black circles mark the signal
which belongs to H3btc, the red ones mark the signals which belong to H3RNHbtc. The signals are normalized to the peak at 8.5 ppm. The mole fraction of H3RNHbtc is given as a
percentage to the right of each diagram. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Isotropic region of 1H solid-state NMR spectra of UHM-36, UHM-37, UHM-38,
and UHM-39. In UHM-36 three narrow signals are visible stemming from remaining
ethanol molecules within the MOF. In all samples small narrow signals around 1 ppm
are visible due to the sealing of the glass ampules with natural gas. The signals are
normalized to the peak at 8.2 ppm.
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the relative area integration with respect to the contribution of the
aromatic proton signal (by both btc3� and RNHbtc3�) and other
signals belonging only to the RNHbtc3� linker, the relative ratios of
the two linkers can be calculated (for details see ESI). The final
values are 57% MeNHbtc3� for UHM-36, 56% EtNHbtc3� for UHM-
37, 46% nPrNHbtc3� for UHM-38, and 49% iPrNHbtc3� for UHM-
39. This trend is similar to the one observed in the solution NMR
analysis of the digested MOFs. Due to the strong overlap of the
signals, there is a significant uncertainty associated with the inte-
gration. However, this method allows the quantification of the
linker ratio inside the MOFs without destroying the MOF structure.
In diamagnetic MOFs, having much lower line widths, a quantifi-
cation would be more accurate.

To test the permanent porosity of the mixed-linker MOFs, the
MOFswere activated via solvent exchangewith ethanol and thermal
treatment at 120 �C under vacuum, and nitrogen physisorption
isotherms were measured at �196.15 �C. The isotherms show a
typical type-I shape and analysis reveals specific surface areas be-
tween 1264m2 g�1 and 1390m2 g�1 (calculated from the adsorption
branch and in the relative pressure interval from0.001 to 0.028) and
micropore volumes between 0.49 cm3 g�1 and 0.54 cm3 g�1

(calculated at p/p0 ¼ 0.18). These values are lower but still compa-
rable to those known for HKUST-1 (SBET ¼ 1239e1944 m2 g�1,
Vmicropore¼ 0.62 cm3 g�1) [40e43] andUHM-30 (SBET¼ 1834m2 g�1,
Vmicropore ¼ 0.69 cm3 g�1) [35]. The isotherms of all MOFs can be
found in the ESI and Table 2 gives the details for each material.

3.2. Characterization of NO-loaded and NO-released MOFs

The NO-loaded MOFs were characterized by PXRD, ATR-FTIR
and Raman spectroscopy as well as TG-DSC studies.

The PXRD patterns indicate that the structures remain intact
after solvent exchange as well as after NO loading. Some intensity
differences and missing diffraction peaks may reflect scatter from
coordinated NO and NONOate groups inside the pores. After the NO
release the MOFs loose crystallinity but the HKUST-1 analogous
structure can still be recognized (see Fig. S10 ESI).

The ATR-FTIR spectrum of HKUST-1 shows only one significant
difference for the NO-loaded MOF compared to the unloaded MOF:
In the IR spectra of the NO-loaded MOF samples an additional weak
band at 1700 cm�1 is detectable (see Fig. 6, top). A similar result has
already been reported in the literature [32]. This additional band at
1700 cm�1 is also observed for all of the secondary amine mixed-
linker MOFs after the NO loading procedure. However, in their
NO-loaded status further changes in their respective IR spectra can
be revealed. For UHM-36 (R ¼ Me) the shoulder at 1421 cm�1 is
slightly more pronounced in the NO-loaded MOF (see Fig. 6, bot-
tom). This wavenumber is characteristic of an eN]NeO group and
therefore would indicate the formation of NONOate groups inside
theMOF. However, this change is not significant for the other amino
functionalized MOFs (UHM-37 to �39). Furthermore, the shoulder
at 700 cm�1 disappears after NO loading e this signal is typical of
-N-H deformation vibrations in secondary amines and would also
suggest NONOate formation. This effect is weaker for UHM-37,
UHM-38, and UHM-39, but still detectable. We also observe a
shift of the band at 1275 to 1282 cm�1. In this region the -C-N
stretching vibrations of secondary amines are expected and a shift

of this band could indicate a change of the chemical surrounding of
the respective bond. Shifting of the peaks at 1542, 1609, and
1642 cm�1 to 1549, 1614, and 1650 cm�1, respectively, is also
observed. Even though the evidence is not conclusive, we assume
the formation of NONOates took place. Possibly one bar loading
pressure and a loading time of 1 h are insufficient to completely
convert the amine groups into NONOate groups and as the ex-
pected bands for a NONOate group (eN]NeO, eN]N, eNeN,
eNeO) occur in a region where the spectra of the unloaded MOFs
contain a large number of non-characteristic and unrelated peaks,
the successful conversion will not necessarily be evidently seen in
the FT-IR spectra. This leads to the conclusion that NO is coordi-
nated to the copper centers on the one side and reacts with the
amine groups to form NONOate groups at the same time. Detailed
information is given in Table S1 (ESI).

Raman spectroscopy investigations were conducted on both
NO-loaded and unloaded MOFs, however, no conclusive evidence
for NONOate formation could be obtained.

Fig. 7 shows TG-DSC studies in argon atmosphere coupled with
mass spectrometry of both an unloaded and NO-loaded sample of
HKUST-1 and UHM-38, respectively. HKUST-1 is stable up to 300 �C,
and the decomposition of the NO-loaded HKUST-1 sample occurs at
a slightly lower temperature. Both HKUST-1 samples show a loss of
water up to 100 �C even though they were thermally activated.
Most likely, the samples adsorbed some water during the prepa-
ration for the TG experiment. Between 100 �C and 300 �C the
unloadedHKUST-1 sample shows aweight loss of 4.4%, whereas the
NO-loaded HKUST-1 sample shows a significantly higher mass loss

Table 2
BET surface areas and micropore volumes of all secondary amine functionalized
mixed-linker MOFs.

UHM-36 UHM-37 UHM-38 UHM-39

SBET/m2 g�1 1390 1299 1264 1326
Vmicropore/cm3 g�1 0.54 0.51 0.49 0.53

Fig. 6. ATR-FTIR spectra of HKUST-1 (top) and UHM-36 (bottom) after thermal acti-
vation at 120 �C in vacuo (black) and after thermal activation under the same condi-
tions and NO loading at 1 bar (red). The spectra are normalized to the most intense
band (1375 cm�1). Analogous spectra for the other MOFs are shown in Figs. S3eS5, ESI.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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of around 8%. Similarly, the mass signal of m/z ¼ 30 (NOþ) is
significantly higher for the NO-loaded HKUST-1 and it can be
detected in a temperature region between 140 �C and approxi-
mately 250 �C, which is in both cases below the temperature at
which the main decomposition of the framework starts. The origin
of the m/z ¼ 30 signal of the unloaded HKUST-1 sample is unclear,
but it can possibly be attributed to an incomplete activation pro-
cedure, in consequence of which decomposition of the remaining
ethanol molecules leads, amongst others, to C2H6

þ fragments which
also show a mass signal of m/z ¼ 30. As the NO-loaded HKUST-1
sample also generates a signal ofm/z ¼ 14 (Nþ) over the exact same
temperature range as for them/z¼ 30 signal, while this is absent for
the unloaded HKUST-1, this leads to the assumption that the m/
z ¼ 30 signal for the unloaded HKUST-1 sample did not arise from
(erroneous) contaminations with NO. For full TG/MS details with all
m/z traces, see the ESI.

The secondary amino functionalized MOFs show a thermal
stability up to around 250 �C. Between 100 �C and the start of the
decomposition, the unloaded and NO-loaded UHM-38 samples
showamass loss of around 5% and 12%, respectively. Comparing the
NO-loaded HKUST-1with the NO-loaded UHM-38 sample, themost
prominent difference is related to the temperature region, in which
them/z¼ 30 signal can be detected.While it starts only at 140 �C for
NO@HKUST-1 it is already detectable at 25 �C for NO@UHM-38 and
shows several steps with the maximum ion current at 175 �C.
Interestingly, these steps can also be observed in the accompanying
DSC curve as small exothermal peaks, which are not detectable for
the NO-loaded HKUST-1 sample or any unloaded MOF. These re-
sults support the hypothesis that at least two differently bound NO
species are present inside the NO-loaded amino functionalized
MOFs e one being adsorbed by the copper OMS and one via
NONOate formation. Furthermore, taking into account the consid-
erably lower temperature at which the NO-loaded UHM-38 sample
releases NO in comparison to the HKUST-1 sample, which only
provides OMS, it is obvious that the NONOate-mediated delivery of
NO demands lower thermal energy.

3.3. NO release studies

The NO release profiles of the NO-loaded mixed-linker MOFs
were plotted, together with the respective profile of HKUST-1, in
two different manners, in Fig. 8 as a cumulative total amount of NO
released per gram of MOF versus time and in Fig. S8 (ESI) as the
actual NO concentration in the gas stream at a given point in time.
Measurements were carried out at least in triplicate and repre-
sentative values are used for discussion and in Fig. 8 and S8. A full
documentation of all measurement results is given in the ESI. The
total amount of NO released for HKUST-1 is around 2 mmol NO per g
MOF, which is in good agreement with the results obtained by
earlier studies [28]. The duration until the NO concentration
dropped below 20 ppb amounts to approx. 1 h. For all mixed-linker
MOFs this time period was considerably longer and it takes up to
7 h in the case of UHM-39. The highest total amount of NO released
is around 65 mmol NO per g of MOF for UHM-37, which is
approximately 30 times more than for HKUST-1. In general, it is
expected that a stronger nucleophile exhibits a higher reactivity
towards the electrophilic NO. This means that secondary amine
groups should react more easily with NO than primary amine
groups. Furthermore, as the nucleophilicity of secondary amines
increases with increasing electron density at the nitrogen atom and
the electron donating effect (þI effect) of alkyl groups increases
with increasing chain length and branching, we would have ex-
pected the highest release for UHM-39, as the i-propyl group gives
the strongest þI effect. However, the reaction of the amine group
with NO is not only controlled by the nucleophilicity of the amine.
Probably, the accessibility of the nitrogen atom of the amine group
plays a crucial role as well. Therefore, we assume that in UHM-37
the best balance between steric effects and the influence of
the þI effect is given.

ATR-FTIR studies and TG-MS experiments indicate that NO
sorption takes place via coordination to the OMS of copper as well
as via NONOate formation. However, the NO release curves do not
give any conclusive evidence that there are different release

Fig. 7. Results of TG-DSC/MS studies of HKUST-1 (left) and UHM-38 (right) before (black) and after (blue) NO loading. All measurements were carried out in argon atmosphere.
Analogous graphs of the other MOFs are shown in Fig. S6, ESI. The bottom part shows the ion current of the mass signal m/z ¼ 30. In the top part, the solid lines represent the TG
signal with the corresponding scale on the left side of the graph, the dotted lines represent the DSC signal with the corresponding scale on the right side of the graph. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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kinetics for the two differently bound NO species. The release of
both NO species induced by a humid gas stream seems to be
simultaneous and it is a continuous process. In contrast to this
observation the thermally induced release (see TGA studies) starts
at lower temperatures for the NONOate-meditated NO release.
However, we observe different NO release kinetics for the different
mixed-linker MOFs, which is also reflected in the initial slope of the
release curves, which increase in the order UHM-39 < UHM-
36 < UHM-38 z UHM-37. The time it takes for half of the NO to be
released (half-life period) is quite similar for UHM-36, UHM-37, and
UHM-38 (values for all measurements are between 4.17 and
12.3 min, see Table S3, ESI), but significantly longer for UHM-39
(between 25.9 and 60.3 min). This effect could be related to the
strongest þI effect for the i-propyl group, as it can be assumed that
the easier the NONOate is formed the stronger it is bound, and vice
versa, the slower the NO release. Interestingly, a first analysis of the
time dependency of the NO release reveals that the kinetics for all
mixed-linker MOFs does not follow a rate law of zero-, first-, or
second-order. In order to find rate laws, which are coherent for all
MOFs under investigation further studies on the release kinetics are
needed and are already in progress.

The comparison of the total NO amounts released from the four
different RNHbtc-MOFs does not reveal a conclusive pattern.
However, the results demonstrate that the different alkyl groups at
the amines have apparently a different influence on the NONOate
formation. The results also manifest that the NO loading conditions
(1 bar loading pressure and 1 h loading time) were insufficient to
completely convert the amine into NONOate groups. If the
NONOate formation was complete, we would expect comparable
amounts of NO released from all the mixed-linker MOFs. However,
we would still expect differences in the kinetics of the NO release
with regard to an increasing binding strength of NO within the
NONOate groups with increasing þI effect. It is necessary to further
investigate the influence of the alkyl groups with respect to the
NONOate formation and the release behavior. Investigations could
for example include NO loading procedures with longer loading
times and/or at higher pressures as well as studies with other
secondary amino functionalized MOFs.

The exact release amounts and release times for all MOFs under
consideration are gathered in Table 3.

Regarding the reported results on the NONOate formation and
the NO release behavior of these secondary amino functionalized
MOFs, we planned to investigate the NO release behavior of the
corresponding primary amino functionalized MOF UHM-30 as well.
First NO loading experiments with UHM-30 surprisingly showed
that this MOF briefly ignites when exposed to an NO atmosphere.

PXRD experiments reveal the MOF is reduced to Cu2O and
elemental copper.

Compared to other NO-releasing MOFs the total amount of NO
released from our MOFs is significantly lower. IRMOF-3-NONO and
UMCM-1-NONO (both MOFs containing primary amine groups) for
instance release 510 mmol and 100 mmol NO per g of MOF, respec-
tively [32]. Cu-TDPATgives a total amount of release of 175 mmol NO
per g of Cu-TDPAT [33]. However, it has to be mentioned, that the
loading of these MOFs took place at higher pressures and the NO
release experiments were conducted in a 0.01 M phosphate buffer
for IRMOF-3-NONO and UMCM-1-NONO and under 85% relative
humidity for Cu-TDPAT. In both cases the humidity was therefore
significantly higher than for our release experiments. And we could
possibly expect higher NO release amounts after loading at higher
pressures and under more humid conditions as well. A direct
comparison is therefore not possible. For a controlled NO release,
the release time also plays a crucial role. Our MOFs release NO over
a period between 2 and 7 h. Compared to Cu-TDPAT which releases
NO over a period of seven days this is still not a very long period of
time. However, we are able to show that incorporation of secondary
amino functionalities inside the HKUST-1 structure leads to (a) a
significant increase of the total amount of NO released from the
MOFs and (b) an increase of the duration of the NO release as well.

3.4. Toxicology

An important question when thinking about the use of any new
material to deliver an agent that may be therapeutic is the toxi-
cology. While a full toxicology study is beyond the scope of this
paper, it is valuable to at least ascertain any issues that might
preclude the use of the basic HKUST-1 MOFs. Two of the most likely
targets for any therapies using NO are the cardiovascular system
and dermatology. Therefore for our initial screens we looked at the
red blood cells and dermal fibroblasts were chosen as representa-
tive cells.

For toxicology testing, small pellets (5 mm diameter, total
mass ¼ 20 mg) were prepared using varying quantities of HKUST-1
blended with polytetrafluoroethylene (PTFE), some of these pellets
were NO loaded using a similar procedure as previously outlined
(see section 2.4). Known concentrations of both human red blood
cells and dermal fibroblast cells were exposed to HKUST-1 and
HKUST-1-NO for 3 h at 37 �C. Hemolysis, the destruction of red
blood cells, was determined by measuring the increase in absor-
bance at 575 nm relative to controls, sterile deionized water (100%
hemolysis) and isotonic buffer (0% hemolysis), whereas the meta-
bolic activity of the skin cells was monitored via a fluorescence
technique using the cell viability indicator (10% v/v, Alamar blue)
with sodium dodecyl sulfate (100% lysis) and isotonic buffer (0%
lysis) as controls.

For all concentrations of HKUST-1 tested (up to ~ 5 mg) there
was no hemolytic effect for either HKUST-1 or the material that was
NO loaded. On exposure to this Cu based MOF the less robust skin
cells, however, did show a toxicological effect, although there was
no marked difference between the NO loaded material and as-
synthesized. This would suggest that the cytotoxicity is triggered by
the release of Cu ions from theMOF. It is widely known that HKUST-
1 is unstable in aqueous conditions and dissolves significantly.

Fig. 8. Cumulative total amount of NO released by the mixed-linker MOFs versus time
(mmol per g of MOF) compared to HKUST-1.

Table 3
Values of total NO release, release times and half-life periods.

HKUST-1 UHM-36 UHM-37 UHM-38 UHM-39

Total release/mmol g�1 2.36 15.69 64.45 26.21 22.54
Time of release/h 1 2 6 3 7
Half-life period/min 8.10 7.02 12.3 4.32 25.9
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Indeed, high tens of ppm of Cu ions were released from the surface
of a pellet containing ~5mg of HKUST-1 during the first 24 h period,
thereafter dropping to a constant release of <2 ppm over the next
10 days. For real application in, for example, medical devices one
will need to avoid this solubility of HKUST-1. One could do this in
two main ways. One method is to choose a more stable MOF that is
not so soluble in aqueous solutions, applying the same concepts as
described here to develop new MOFs that do not have the toxicity
issues. However, another option is to formulate the materials in
such a way as to prevent excessive dissolution. A good example of
this is the coating of medical devices with NO delivering agents.
More complex formulations than that utilized here, such as MOF-
polymer composites, that will allow for the diffusion of the small
molecule NO from the 3D framework whilst acting as a barrier to
release of any MOF degradation products, in particular charged
ones like metal ions, can be visualized. Such formulations to reduce
the delivery of metal ions into physiological solutions are the
subject of further ongoing research.

4. Conclusion

In conclusion, we have synthesized four new secondary amino
functionalized H3btc linkers. Usage in MOF syntheses in mixtures
with H3btc results in four newmixed-linker MOFs, UHM-36, UHM-
37, UHM-38, and UHM-39 (R ¼Me, Et, nPr, and iPr, respectively), all
being isostructural to HKUST-1. It was possible to incorporate up to
approximately 50 mol% of amino functionalized linkers inside the
MOFs. Themixed-linkerMOFswere used for NO release studies and
the results were compared to the release behavior of HKUST-1. AT-
FTIR studies and TG-MS experiments indicate the formation of
NONOate groups. For all H3RNHbtc-MOFs a significant increase in
the total NO release amount could be detected. UHM-37 shows the
highest NO release with 65 mmol g�1 which is approximately 30
times more than for HKUST-1. Furthermore, the duration of NO
release is up to 7 times longer than for HKUST-1. Further NO loading
studies at higher pressures and kinetic studies of the release
behavior are already in progress.
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Overview and enclosed papers

Paper III: Nitric oxide Adsorption in Cu3btc2-type MOFs - Physisorption and

Chemisorption as NONOates [J. Phys. Chem. C, 123 (7): 4299-4307, 2019.]

MAS NMR has been extensively investigated isotopically leveled 15NO loaded UHM-37 to

understand the sorption priority, e.g., chemisorption or physisorption. The selection of UHM-

37 out of other Cu3(NHRbtc)2 is imbued with the interest that the ethyl amine promotes

UHM-37 more e�ectively than other secondary amine groups for NO adsorption and delivery.

Ethyl amine achieves the best balance between the steric in�uences and the electron donating

e�ects (+I e�ect) more than other amines. The multinuclear methodology together with the

circumstance that the MOFs have antiferromagnetically coupled Cu-Cu pairs and NO being

paramagnetic displays substantial e�ects on spectra that is in agreement with the inference

of adsorption e�ects in these MOFs. Primary mode of NO adsorption as NONOate formation

in UHM-37 is documented by the analysis of 1H NMR spectra. 1H spectra disclose that after

the completion of NONOate formation, a surplus NO adsorption at the copper sites takes

place. Furthermore, the observed 13C NMR shift is in accordance with 1H NMR results upon

NO adsorption in MOFs. 15N NMR studies of 15NO loaded in UHM-37 assigned directly

NONOate signal, which is, to the best of our knowledge, the �rst report on 15N NMR results

of NONOates in porous systems. In paper III the interactions of NO with UHM-37 and

Cu3btc2 have been studied thoroughly by MAS NMR.
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ABSTRACT: The adsorption of the biologically important signal-
ing molecule nitric oxide (NO) on two metal−organic frameworks
(MOFs), Cu3btc2 and Cu3(NHEtbtc)2, has been studied by
multinuclear solid-state NMR. N-Diazenium diolate (NONOate)
formation as primary mode of NO adsorption in the latter MOF is
concluded from 15N, 1H, and 13C NMR spectra together with
analysis of the 1H spin−lattice relaxation time (T1). Furthermore,
NO adsorption at the open metal site of Cu3btc2 as well as
Cu3(NHEtbtc)2 is also evident, indicating both physisorption and
chemisorption of nitric oxide.

■ INTRODUCTION

Metal organic frameworks (MOFs) represent a class of hybrid
organic−inorganic porous materials that have attracted a lot of
interest because of their chemical tunability, high porosities,
and good thermal stability.1−5 The combination of these
properties make these materials appealing for applications in
gas adsorption, separation, and catalysis.6−8 Application of
MOFs in the biomedical area has only recently been explored.9

Delivery and storage of exogenous nitric oxide (NO) from
MOFs have come into focus.10−12 Nitric oxide is chemically a
reactive-free radical. In the human body, it is endogenously
produced and plays a central role with different functions such
as preventing platelet activation and adhesion, inhibiting
bacterial proliferation, enhancing endothelialization, signaling
the response of the immune system, promoting angiogenesis,
and contributing to the wound healing process.13−18 On the
basis that NO holds promise as a potential therapeutic agent, a
significant body of research has focused on strategies to
deliver NO using synthetic donors, such as metal−NO
complexes, S-nitrosothiols, and N-diazenium diolates (NONO-
ates).11,12,17,19−21

To date, one of the promising NO delivery materials is the
MOF, which can store significant quantities of NO and then
deliver it to specific sites in the body.22−24 The Ni-MOF
[Ni2(C8H2O6)(H2O)2]·8H2O possesses at room temper-

ature an adsorption capacity of ∼7 mmol NO/g and releases
almost all of the adsorbed NO upon exposure to moisture, an
amount 7 times larger than released by metal-exchanged
zeolite-A.10,24 An important feature of some MOFs is the
presence of open metal sites (OMS) that are generated upon

activation.25,26 Open metal sites are known to be preferred
physisorption sites for guest molecules like NO, water, or other
solvents, but physisorption might also take place at the pore
walls, in particular at higher loadings. In addition, MOFs can
be functionalized by amines that can chemisorb and covalently
bind NO by forming N-diazenium diolates.27−29 NONOates
(Scheme 1) are a particularly attractive vehicle for NO storage
and delivery, because they undergo pH-dependent decom-
position (faster release as the pH is lowered) to liberate NO.
Among the various MOFs, Cu3btc2 (also known as HKUST-

1, commercially available as Basolite C300 from BASF) is one
of the most prominent MOFs with OMS, for which
applications in gas storage and gas separation have been
demonstrated.30 Morris and co-workers identified NO
interaction at the OMS of Cu3btc2 at room temperature by
changes via FTIR by detection of a characteristic shift of the
NO stretching frequency.22 UMCM-1 and IRMOF-3, with
pendant primary-amine groups, have been reported to form a
NONOate as identified by FTIR, though NONOates derived
from primary amines are not as stable as from secondary
amines.31 Recently, Haikal et al. reported NONOate formation
in the UiO-66-NH2 MOF and physiosorption of NO in
different classes of microporous solids.32 Ingleson et al.
reported NONOate formation in 4-(methylamino)-pyridine
(4-map) by the reaction with NO where 4-map was
coordinated to the Cu sites of Cu3btc2.

33 In the Cu-TDPAT
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MOF, NONOate formation with the secondary-amine linker
was also shown by FTIR.34

Recently, Peikert et al. presented a series of secondary-
amine-functionalized mixed-linker Cu3btc2-type MOFs.35

Cu3(NHEtbtc)2 (UHM-37, University of Hamburg Materials),
synthesized using a mixture of H3btc and H3EtNHbtc as
linkers, is isostructural to Cu3btc2 and a good candidate for
NONOate formation as well as NO coordination at copper
sites. In addition, NONOate formation in UHM-37 upon NO
adsorption has also been observed by FTIR.35

Here, we report on the solid-state NMR study on NO
adsorption for UHM-37 with varying loadings of NO. NMR is
an element-specific technique and can provide various types of
information on different nuclei that exhibit changes after
interaction with paramagnetic NO. Solid-state NMR is
sensitive to the local atomic environment and ideally suited
to probe gas-loaded MOF systems. Moreover, in UHM-37, the
antiferromagnetic coupling of two copper atoms in the paddle
wheel results in an S = 0 electronic spin state at low
temperatures where the excited S = 1 state is populated at
elevated temperatures (above 90 K).36 For NMR measure-
ments at higher temperatures, the electronic state will have
similar effects on spectra and relaxation as is known for
paramagnetic materials that strongly influence the magnetic
properties of the surrounding nuclei.36 As NO is also
paramagnetic, the system under investigation is quite
challenging for solid-state NMR. Although analysis of para-
magnetic systems by NMR is typically complicated, we have
recently shown that important information about the NO
interaction with Cu3btc2 and indirect detection of NONOate
in UHM-30, a primary-amine-functionalized Cu3btc2, is
possible.37

Recently, we studied NO adsorption in the aluminum-
containing MOF MIL-100.38 There we followed adsorption of
NO at the unsaturated Al sites by 27Al NMR, and further
information was obtained from influences of the paramagnetic
NO on, e.g., 1H T1 relaxation times. In this manuscript, we
compare the adsorption of defined amounts of NO in UHM-
37 and Cu3btc2 MOFs. From the NMR point of view, these
samples are challenging because of the antiferromagnetic
coupling of copper ions, and the metal ion can practically not
be studied by NMR. The interaction with paramagnetic NO
can have significant effects on the magnetic properties of the
MOFs. Furthermore, in UHM-37, both physisorption and
chemisorption as NONOates can take place and it is of special
importance, if information on preference of one absorption
process can be identified. We used 1H and 13C NMR and
especially study 15N NMR data from isotopically labeled NO,
which gives direct information on the adsorbed species that has

not been possible before. Relevant parameters are, in addition
to isotropic chemical shifts, also 1H spin−lattice relaxation
times (T1) and hyperfine coupling constants.

■ EXPERIMENTAL SECTION

Synthesis of Cu3btc2 and UHM-37. Cu3btc2 and UHM-
37 were synthesized based on published procedures.30,35 The
BET surface areas were 1572 and 1011 m2g−1, respectively,
based on nitrogen adsorption. For UHM-37, a 40:60 molar
ratio of btc to NHEtbtc linkers was used.

Preparation of NO-Loaded Samples. MOFs were
thermally activated in vacuum for 20 h at 373 K and kept
under nitrogen environment. The color of the Cu3btc2 samples
turned from light blue into dark violet immediately after
activation, whereas for UHM-37, the color changed from green
to black. Before NO loading, the samples were placed in 3 mm
glass tubes, which are specially prepared for MAS NMR
experiments (Wilmad). 15N-labeled NO was supplied by Icon
Service Inc. (USA) with a purity of 98%. Gas loading was done
via the gas phase in a pressure controlled vacuum apparatus
under nitrogen cooling at 77 K (details can be found in the
Supporting Information, page S2). In the case of Cu3btc2,
15NO-loaded samples with 0.5, 1, 1.5, and 2 NO equivalents
with respect to Cu were adsorbed. For UHM-37, defined
amounts of NO corresponding to 0.5, 1, and 2 molecules were
adsorbed with respect to the number of copper atoms. These
are equivalent to 1.6, 3.2, and 6.4 NO/NHEt functional groups
(calculated based on 1H MAS spectrum deconvolution, see
below). Afterward, the glass tubes were sealed to prevent
further alteration of the samples. NMR measurements were
conducted directly after the sealing process.

Solid-State NMR Measurements. Experiments were
performed on a Bruker Avance 400 spectrometer (magnetic
field = 9.4 T) with frequencies of 400.17 and 100.62 MHz for
1H and 13C, respectively. 15N measurements were run on a
Bruker Avance III HD 500 spectrometer (11.7 T) with a
frequency of 50.67 MHz.

1H experiments were carried out at MAS rotation
frequencies of 10−12 kHz using a 4 mm MAS probe. Spectra
were recorded using the DEPTH sequence to suppress signals
from the probe background.39 Recycle delays were set to 50
ms, which is more than 5 times the longitudinal relaxation time
T1 (see below). The 90° pulse length was 3 μs. Temperature-
dependent measurements were carried out within the temper-
ature range of 200 to 300 K and a spinning frequency of 7 kHz.
Spin−lattice relaxation times were determined with the
inversion−recovery sequence modified with DEPTH detec-
tion.

Scheme 1. NONOate Formation at the NHEtbtc Linker in UHM-37a

aNONOates regenerate the secondary amine and 2 moles of NO per mole in physiological solution at pH 7.4 (and below).
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13C MAS spectra (4 mm MAS probe) were measured using
direct excitation without high-power 1H decoupling but with a
pulse length of 3 μs and a recycle delay of 100 ms. The
spinning frequency was 10 kHz unless mentioned otherwise.
For comparison, selected experiments were also carried out
with high-power 1H decoupling using the XiX decoupling
sequence, which has proven to be successful for paramagnetic
systems.40

15N NMR experiments were recorded under static
conditions with a home-built probe. A single pulse experiment
was carried out with a 90° pulse length of 10 μs. The recycle
delay was 2 s.
All measurements were done at room temperature unless

specified otherwise. 1H and 13C spectra were referenced to
TMS using PDMS (polydimethylsiloxane) and tyrosine
hydrochloride as secondary references, respectively. 15N
spectra are referenced to nitromethane using glycine as a
secondary reference (−347 ppm). Spectrum deconvolution
was done using dmfit.41

DFT Calculations. 13C NMR chemical shift calculations
were performed using Gaussian16.42 For this, the pure ligand
with carboxylic acid functionalities and the corresponding
molecule as a NONOate were used. Geometry optimization
was done using the B3LYP functional43,44 and a 6-311G(d,p)
basis set. Chemical shifts were calculated using the GIAO
method45,46 with the B3LYP functional and a cc-PVDZ basis
set. Chemical shifts were obtained from the shielding results by
referencing with tetramethylsilane calculated at the same level
of theory.

■ RESULTS AND DISCUSSION
1H MAS NMR of UHM-37. The isotropic region of the 1H

MAS spectra of as-synthesized and activated UHM-37 is
shown in Figure 1. The as-synthesized sample shows only one

signal at 7 ppm, which is a result of signal overlap from
aromatic and aliphatic protons with the strong signal from
water protons as has also been seen for Cu3btc2.

47 However,
the activated sample shows two resolved signals at 8 and 0.4
ppm. Additional narrow spikes around 1 ppm originate from
the sealing process. The signal at 8 ppm is from the btc protons
as has also been seen in Cu3btc2

47 and UHM-30.37 We assign a
third signal at 8.1 ppm based on the deconvolution that is not
resolved to the NH proton, which is similar to the value
already reported in the solution NMR spectrum of the free
ligand.35 The broad signal at 0.4 ppm is then combined from
the protons of the alkyl group that are not further resolved.
A full deconvoluted 1H MAS spectrum of activated UHM-37

is shown in Figure S2 showing multiple spinning sidebands due

to the hyperfine coupling from the antiferromagnetically
coupled Cu2+ pairs. Quantification of the final incorporation
of the two linkers in the MOF by integration of isotropic
signals and all spinning sidebands gave a ratio of btc/NHEtbtc
of 47:53. On the basis of the 40:60 input of the two linkers in
the synthesis, it indicates that incorporation of the pure btc
ligand in the MOF is slightly favored. On the basis of the
experimentally determined ratio of the two ligands, the
compos i t i on o f t he MOF can be wr i t t en a s
Cu3btc0.94(NHEtbtc)1.06.

1H MAS NMR of NO-Loaded Samples. Figure 2
compares the 1H NMR spectra of the activated UHM-37
and Cu3btc2 loaded with different amounts of NO.

For 1.6 NO/NHEt loading for UHM-37, two new signals
appear at −2.1 and −4.0 ppm. The appearance of new signals
is the result of the reaction with NO that took place to lead to
the formation of NONOate, thereby shifting the methylene
and methyl signals to −2.1 and −4.0 ppm, respectively. The
N−OH proton (see Scheme 1) is probably resonating around
9 ppm (see calculations below) and is hidden among the
aromatic proton signals (see deconvolution in Figure S3).
Exact assignment is difficult due to the paramagnetic shift,
whose size is unknown. However, Nurhasni et al. reported in
polyethylenimine (PEI) nanoparticles a methylene proton
signal next to a secondary amine at 2.7 ppm that was shifted to
approximately 3.1 ppm after PEI/NONOate formation.48

Comparison between diamagnetic and paramagnetic systems
is not straightforward, but the new signals indicate that some
change has happened to the MOF, most probably to the alkyl
protons.
For higher NO-loaded samples, these new signals broaden

and finally merge into one signal only at 2.6 ppm (see Figure
S3). Additionally, a signal around 18 ppm shows up, which we
assign as a signal indicating MOF decomposition (see also
below). Additional signals are also seen for NO-loaded
Cu3btc2.

37

Furthermore, a shift of the aromatic signal to lower ppm
values is observed with increasing NO loading in UHM-37
(summarized in Figure S6). The same trend has been observed
for the Cu3btc2 samples. It indicates interaction of NO at the
copper site, as this is the expected adsorption site in Cu3btc2.
Basically, the observed shift is the result of the mobility of NO

Figure 1. 1H MAS spectrum of activated (top) and as-synthesized
(bottom) UHM-37.

Figure 2. 1H MAS spectra of UHM-37 (left) and Cu3btc2 (right) with
0 to 2 NO/Cu. For UHM-37, the NO content accounts to 0, 1.6, 3.2,
and 6.4 NO/NHEt (from bottom to top). Lines indicate peaks that
undergo changes upon loading. Arrows refer to additional signals
indicating decomposition (see also text). The full spectra including
spinning sidebands is given in Figures S4 and S5.
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in the Cu3btc2 framework and its interaction with the OMS.
NO spends a short time at the Cu site because of weak
adsorption at room temperature, which is also reported in
theoretical calculations.49 The electron spin density at the Cu
site changes upon adsorption because of the unpaired electron
of NO and thus affects the hyperfine interaction to nuclei from
the btc linker.37,47 The change in peak position is the result of
averaging the effects with and without adsorbed NO. With
higher NO loading, there is a higher probability that NO is at
the copper site, and therefore, there is a larger shift for higher
NO loading. The unpaired electron of NO interacts with the d9

system of copper and also formally leads to a partial quenching
of electron spin density. A similar trend was also observed for
the aromatic protons of Cu3−xZnxbtc2, where the reduced
electron spin density for a mixed-metal paddle wheel led to a
decreasing 1H shift with increasing zinc content.50

For UHM-37, therefore, 1H MAS data indicate both
chemisorption as NONOate and physisorption at the OMS.
The change of shift for the aromatic protons takes place just
after the sample with 1.6 NO/NHEt (see Figure S6). Although
there is only a limited number of different loadings, it can be
concluded that first NONOates are formed, and then,
additional NO is interacting with the OMS.

1H Line Width of UHM-37. Studying the dependence of
the 1H line width with NO loading can provide information on
structural changes taking place that are spectroscopically not
resolved. Figure 3 plots the line width of the aromatic and

aliphatic signals of UHM-37 as a function of NO loading. The
line width of the aromatic protons shows a jump between 1.6
NO/NHEt and 3.2 NO/NHEt loading (an increase by 30%)
and remains constant afterward. For the alkyl signal, the line
width increases by 40% for the 1.6 NO/NHEt sample and then
remains almost constant. We explain these observations as a
result of two effects: First, NONOate formation generates new
signals that lead to an increase in aliphatic line width because
of chemical shift dispersion. We observed a similar result also
in NO-loaded Cu3(NH2btc)2 (UHM-30).37 Second, the
increase in aromatic line width is a result of the paramagnetic
nitric oxide leading to an increase in the anisotropic bulk
magnetic susceptibility of protons near NO.51 Both effects
together then explain that until 1.6 NO/NHEt, diamagnetic
NONOates form that affect the line width of the aliphatic
protons because of the new signals. With higher NO content,
coordination at the copper site or the presence of paramagnetic

NO near the aromatic ring takes place that leads to an
increasing line width of the aromatic protons.

1H T1 (MAS) of UHM-37. As a result of the paramagnetic
nature of nitric oxide, spin−lattice relaxation times T1 are also
varying with NO content. The effect of diamagnetic NONOate
on the T1 should be negligible, as the major source of
relaxation is the presence of unpaired electrons at the copper
site, together with additional NO carrying an unpaired
electron. Cu3btc2-type MOFs are already relaxing quite fast
due to the unpaired electron at the copper atom.47 Figure 4

shows the 1H T1 dependence for differently NO-loaded UHM-
37 samples. In all samples, the experimental data can be fit
monoexponentially. For the aliphatic signal, T1 decreases
linearly with increasing NO content just after 0.5 NO/Cu
(equivalent to 1.6 NO/NHEt). In a related study, we reported
NO influence on 1H T1 of the diamagnetic MOF MIL-100(Al)
at room temperature, where 1H T1 is decreasing with
increasing NO loading because of uniform distribution of
NO within the MOF.38 These decreasing 1H T1 values are in
accordance with diamagnetic NONOate formation at first and
the presence of additional NO in the surrounding of the
aliphatic groups at higher loadings that lead to a decrease of
the spin−lattice relaxation time. In contrast to this, for the
aromatic signal, a slight increase in T1 with increasing NO
content is observed, also just starting after the 1.6 NO/NHEt
sample. A strong increase of T1, however, with increasing NO
content is observed for Cu3btc2.

37 The increase results from
the interaction of NO with the copper site also carrying
unpaired electrons leading to apartialquenching of
unpaired electron density. In comparison to this, the smaller
increase of T1 for the aromatic protons in UHM-37 is clearly
visible. The reason is not fully understood, but there is a
similarity to the observation of line width on NO content (see
above). Therefore, it would be a result of the changed electron
spin density. To get more insight, one would need to calculate
the electron spin density at the corresponding atoms and from
that determine the influence on T1. However, this is out of the
scope of this manuscript. Nevertheless, for both aliphatic and
aromatic signals, there is no change in T1 up to 1.6 NO/NHEt,
which is in agreement with preferred NONOate formation.
The influence of NO on the 1H T1 is also studied by

temperature-dependent measurements. In Figure S7, the
results for unloaded and 3.2 NO/NHEt-loaded UHM-37
samples are summarized. The latter was chosen, since at this
loading, there is some excess NO available after NONOate
formation based on the previous results. For unloaded UHM-
37, within the studied temperature range of 200 to 300 K, both
the aromatic and aliphatic signals show no temperature

Figure 3. 1H MAS line width of UHM-37 as a function of NO
loading; squares refer to aliphatic protons, and circles refer to
aromatic protons.

Figure 4. 1H T1 as a function of NO loading for UHM-37 (left) and
Cu3btc2 (right). Circles represent aromatic protons, and squares
represent aliphatic protons.
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variation. This is also the case for the aromatic signal of the
NO-loaded sample. This indicates that interaction with the
paramagnetic NO is not significantly varying in the studied
temperature range. The same observation was made for the
aromatic signal of Cu3btc2 (data not shown). The aliphatic
signal of the 3.2 NO/NHEt sample, however, shows a decrease
of T1 with decreasing temperature for the NO-loaded sample.
At lower temperatures, excess NO seems to interact more
strongly with the aliphatic side chain, and by that, its 1H T1 is
affected.
Analysis of 1H Hyperfine Couplings. In Cu3btc2-type

MOFs, the anisotropic part of the electron−nuclear dipolar
interaction between the proton and the unpaired electrons
dominates over the nuclear dipole−dipole interaction and is
primarily responsible for the large number of spinning
sidebands.37,47,51 The hyperfine interaction (or more precisely
the anisotropic hyperfine shift52) can be can be analyzed in the
same way as a chemical shift anisotropy (CSA) pattern.37,53

Additional paramagnetic NO should therefore also have an
effect on the hyperfine coupling. Figure S8 shows the results
for the hyperfine coupling of both Cu3btc2 and UHM-37
samples as a function of NO loading. For the UHM-37
samples, the hyperfine coupling for the aliphatic signal
increases significantly up to 1.6 NO/NHEt and then remains
constant with further increasing NO content. This result is also
somewhat comparable to that of primary-amine-functionalized
Cu3(NH2btc)2, which should also form NONOates.37 The
initial increase indicates a change of electron density
distribution after reaction to NONOates and therefore is
derived from the structural change rather than the influence of
paramagnetic NO. After NONOate formation, no further
change is expected, which is also in accordance with the
observation made here. For the aromatic signal of UHM-37, a
slight decrease is observed with increasing NO content. This is
similar to pure Cu3btc2 though on a smaller scale is similar to
the T1 data. Clearly, the amount of “available” NO is smaller in
UHM-37 than in Cu3btc2 for the same NO/Cu loading due to
NONOate formation. But even if one would include this lower
amount (resulting in a horizontal shift of the curve by 0.5 NO/
Cu), there is a deviation between the two curves for the
aromatic signals. This might hint at a modification of electron
density around the aromatic protons due to NONOate
formation.
In summarizing the different types of information from 1H

NMR data, the results indicate that NO primarily reacts with
the secondary amine of UHM-37 to form NONOates. On
further increasing the NO content, interaction with the
coordinatively unsaturated copper sites is taking place.

13C MAS NMR of UHM-37 and Cu3btc2. Figure 5 shows
the 13C MAS spectrum of activated UHM-37, showing a large
shift range spanning more than 1000 ppm because of hyperfine
interaction with Cu2+, also resulting in large line widths. The
paramagnetic-induced shifts for 13C are much larger than for
1H, because it is known from EPR studies on Cu3btc2

54 that
electron spin density from the Cu−Cu paddle wheel is
predominantly transferred to the carbon nuclei. The line
widths are larger compared to Cu3btc2 probably because of the
larger dispersion of signals as a result of the chemical
composition (multiple signals from the two linker molecules).
Assignment is done in accordance with previous results on

Cu3btc2,
47,55 aided by results from further experiments (see

below). Table 1 summarizes the assignments.

Besides the aromatic CH signal at 229 ppm as also found in
Cu3btc2, an additional signal at 240 ppm appears for UHM-37,
visible only as a shoulder, which we assign to the aromatic
carbon next to the secondary amine. It becomes more evident
in the 1H decoupled spectrum shown in Figure 6.

For further assignment verification, especially methyl and
methylene signals, the rotor synchronized dipolar INEPT
experiment56 was performed to deduce CHn multiplicities from
the τ dependence (interpulse delay) of signal intensities. Figure
S9 summarizes the results. The oscillation pattern of the
experimental curves agrees reasonably well with the predicted
behavior.56 Therefore, the signals at 40 and 16 ppm are clearly
assigned to methylene and methyl carbons, respectively. There
are also signals with low intensity at 170, 145, and 124 ppm.
We think these are diamagnetic signals indicating MOF

Figure 5. 13C spectrum of activated UHM-37 measured with a
spinning frequency of 12 kHz. Asterisks indicate spinning sidebands
with 12 kHz spinning speed. The deconvolution (below) includes
only isotropic signals.

Table 1. 13C Signal Assignment for Cu3btc2 and UHM-37a

Cu3btc2 UHM-37

CH 228 ± 3 229 ± 3
C−N - 240 ± 3
Cq 790 ± 20 780 ± 20
COO− −86 ± 10 −82 ± 10
CH2 - 40 ± 3
CH3 - 16 ± 1

aValues are given in ppm. Uncertainties are based on the fitting
procedure and the line width of signals.

Figure 6. 13C MAS spectra of activated UHM-37 without (bottom)
and with 1H decoupling (top). Asterisks mark spinning sidebands
only in the bottom spectrum for clarity.
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decomposition by bond breaking near the copper atom. They
fall in the range of carboxylic and aromatic carbons.
Furthermore, their intensities (together with those of the
methyl and methylene carbons) increase with increasing
recycle delay in contrast to the other signals (data not
shown). This strengthens our hypothesis of assignment as
diamagnetic signals.
The 1H decoupled spectrum in Figure 6 shows that

methylene and to a smaller degree also methyl signals are
better resolved in the 1H decoupled spectrum. Here, the
contribution from the 1H−13C dipolar coupling to the line
width is larger than for the other carbons, predominantly
because of the larger distance to the copper atoms. Because of
rotation around the C3 axis, the methyl signal is already
significantly narrowed even without proton decoupling. The
two signals at 240 and 229 ppm show an improved resolution
with decoupling. This indicates that C−H dipolar coupling is
non-negligible in these samples. For the other signals, no
differences with or without decoupling are observed, as the
main source of line width is the anisotropic bulk magnetic
susceptibility. C−H dipolar couplings are also weaker, because
there are no directly bound protons for these carbons. For this
reason, typically spectra were recorded without 1H decoupling,
as they also allow for a shorter recycle delay.
The 13C spectra of NO-loaded Cu3btc2 are summarized in

Figure S10. The shifts of all three 13C signals are linearly
varying with NO content. For higher-loaded samples, addi-
tional signals between 120 and 170 ppm are appearing, and
their intensities are also increasing further with loading, which
we also assign to decomposition signals, similar to UHM-37.
Figure 7 shows the 13C spectra of UHM-37 loaded with

different amounts of NO. At first, increasing NO loading leads
to a broadening of lines. This is best seen for the carboxylate
signal at −82 ppm but especially for the quaternary carbon
that, at least at a spinning frequency of 10 kHz, is broadened so
much that it cannot be differentiated anymore from the
baseline. Additionally, new signals in the range of 124 to 170
ppm are detected, whose intensities increase with NO loading.
These signals are not shifting with NO loading. Similar to
Cu3btc2, this hints at decomposition of the framework. Also, in
water-adsorbed Cu3btc2, similar signals were observed.47

Peikert et al. concluded from TG-DSC measurements that

NO-loaded Cu3btc2 and UHM-37 samples show stronger
decomposition than the unloaded samples.35

13C signals of UHM-37 are also shifted with NO loading.
Most notably, the C−N signal is shifted from 240 to 194 ppm
after NO interaction (sample with a loading of 1.6 NO/
NHEt); however, the position of this signal stays constant for
samples with higher NO loadings. Other than the “decom-
position signals”, the 194 ppm signal intensity does not
increase for longer recycle delays. Also, the methyl group signal
shifts by 12 ppm to 4 ppm. Both changes could be due to
NONOate formation. The methylene carbon might also show
a shift, though it is not simple to verify this because of the
larger broadening of this signal originating from C−H dipolar
coupling as discussed above. Interestingly, a 5 ppm shift of the
methylene carbon signal is also evident in the 1H decoupled
spectrum of NO-loaded UHM-37 (see Figure S11).
Results from DFT calculations for just the free linker

H3btcNHEt and the corresponding NONOate show a shift
difference for the C−N aromatic carbon of about 14 ppm,
while the other carbon signals remain fairly constant. Clearly,
this is for a diamagnetic system without copper next to it and
therefore only gives a hint that the assignment of the 240/194
ppm signal is probably correct. Hyperfine couplings could not
be calculated at this level of theory. For comparison, in
diazoketone, the signal of the carbon attached to nitrogen is
shifted by 10 ppm because of formation of an alkylated
NONOate.57 Although shifts in paramagnetic systems are not
straightforward to compare with diamagnetic systems, the
similarity offers some hint for the assignment to NONOate
signals. Figure 8 summarizes the 13C isotropic shift changes for

both UHM-37 and Cu3btc2 samples as a function of NO
loading. The aromatic CH and carboxylic carbon signals
present in both samples show similar effects (for the
quaternary carbon in UHM-37, this cannot be verified as it
is not resolved with NO loading). The signals show an increase
in shift with NO loading. The strongest effect can be observed
for the quaternary carbon, the smallest for the aromatic CH
signal.

15N NMR Measurement of 15NO-Loaded UHM-37. To
get direct evidence of NONOate formation, we also studied
15N NMR of UHM-37 loaded with isotopically enriched 15NO.
Figure 9 shows the 15N NMR spectra measured under
nonspinning conditions. In every spectrum, four resonances

Figure 7. 13C spectra of UHM-37 loaded with 0, 1.6, 3.2, and 6.4
NO/NHEt (bottom to top) in UHM-37. Only the range of 300 to
−100 ppm is displayed, as the 800 ppm signal of the quaternary
aromatic carbon is not detectable for higher loadings. Arrows indicate
peaks that undergo changes upon loading. Asterisks mark spinning
sidebands shown only for the unloaded spectrum.

Figure 8. 13C isotropic shift dependence of UHM-37 (solid symbols)
and Cu3btc2 (open symbols) as a function of NO content.
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are observed at −72, −84, −155, and −240 ppm, and the
intensity of −72 ppm signal increases with increasing NO
loading. Signals at −155 and −240 ppm can be assigned to the
terminal and center nitrogen atoms of N2O, respectively.

58,59

As we also found these signals in pure NO samples, we assume
that these signals are due to an impurity in the NO bottle for
sample preparation.
The paramagnetic NO should not be detectable at room

temperature. Therefore, we assign the signal at −82 and −72
ppm to the two labeled nitrogens of the NONOate. These two
signals appear in the typical 15N chemical shift range of N=N-
type compounds.57,60 Therefore, this is the first report of
NONOate signals by solid-state NMR in a porous system. On
the basis of signal intensity, the signal at −72 ppm could also
indicate a decomposition product. Luk’yanov et al. reported a
single narrow 14N signal around −70 ppm for alkyl-N-
alkoxydiazene-N-oxides (an alkylated NONOate) generated
from the reduction of diazoketone.57 Fluck and Ekkehard
report 15N signals for NONOate at 12 and −159 ppm by the
reaction between ethylamine and NO in the liquid state.61

However, for this compound, the IR frequency of 1133 cm−1 is
different from the reported values of a NONOate of 1470−
1510, 1270−1315, and a weak signal of 1000−1060 cm−1,27

which were also observed for NO-loaded UHM-37.35 Also in
other MOFs, like a primary-amine-functionalized UMCM-1
(University of Michigan Crystalline Material-1) and in
IRMOF-3 (isoreticular MOFs), these vibration frequencies
have been detected.31 The DFT calculations of the linker (see
above) reveal 15N shifts of −14 and −35 ppm referred to
glycine (−347 ppm, calculated at same level of theory), which
are not helping in precisely assigning the 15N NONOate shifts.
The static NMR line width of the NONOate signals is quite
narrow, about 550 Hz for 1.6 NO/NHEt and shows only a
small increase by 30−40 Hz for higher NO loading. This small
increase is probably due to interaction of NONOate with
additional surrounding paramagnetic NO. Cross-polarization
from 1H to 15N would be also helpful, but we could not detect
any signal. However, in paramagnetic systems, cross-polar-
ization is often difficult, partially because of short T1ρ. Figure
S12 displays the area intensity of the NONOate signals as a
function of NO loading. The intensity of the −82 ppm signal is
almost constant with NO loading, showing only a slight
increase from 1.6 to 3.2 NO/NHEt. This would mean that at
1.6 NO/NHEt, almost all amine groups are converted to
NONOate, which should happen only at loadings of at least 2
NO/NHEt, as two molecules of NO react with one secondary-

amine group. This result also supports our analysis of the 1H
and 13C data above. Most strikingly, the 15N data show direct
evidence of NONOate formation, whereas 1H and 13C data
hint at NONOate formation only indirectly by changes to the
NMR spectra of the nearby nuclei.

■ CONCLUSIONS
Nitric oxide adsorption in UHM-37, an amine-functionalized
MOF, and Cu3btc2 was studied by 1H, 13C, and 15N solid-state
NMR. This multinuclear approach together with the fact that
the MOFs contain antiferromagnetically coupled Cu−Cu pairs
and NO being paramagnetic shows significant effects on
spectra that allow for the deduction of adsorption effects in
these MOFs. Results from changes of the isotropic shifts, 1H
T1 relaxation data, and 1H hyperfine coupling upon NO
adsorption reveal that in both MOFs, adsorption of NO takes
place at the coordinatively unsaturated copper sites. However,
in the amine-functionalized UHM-37, first chemisorption of
NO takes place to form NONOates. When this reaction is
completed, additional adsorption at the copper takes place.
These conclusions are also in accordance with observed 13C
shift changes upon NO adsorption.
With 15N-labeled NO, we were able to directly determine

signals of NONOate formation in UHM-37. To the best of our
knowledge, this is the first report on 15N NMR data of
NONOates in porous systems. The area intensity of the signals
of the NONOate moiety stays constant with different NO
contents, suggesting that almost all the amine groups have
already reacted at 1.6 NO/NHEt loading. At higher loadings,
diamagnetic signals in 1H and 13C spectra hint at
decomposition of the MOF framework, which has been also
observed by other techniques at high NO loadings.
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MOFs and of their porousrelated solids. Chem. Soc. Rev. 2017, 46,
3104−3107.
(6) Kitagawa, S.; Kitaura, R.; Noro, S. Functional porous
coordination polymers. Angew. Chem., Int. Ed. 2004, 43, 2334−2375.
(7) Yaghi, O. M.; Davis, C. E.; Li, G.; Li, H. Selective guest binding
by tailored channels in a 3-D porous zinc(II)-benzenetricarboxylate
network. J. Am. Chem. Soc. 1997, 119, 2861−2868.
(8) Hoffmann, H. C.; Paasch, S.; Müller, P.; Senkovska, I.;
Padmanaban, M.; Glorius, F.; Kaskel, S.; Brunner, E. Chiral
recognition in metal organic frameworks studied by solid-state
NMR spectroscopy using chiral solvating agents. Chem. Commun.
2012, 48, 10484−10486.
(9) McKinlay, A. C.; Morris, R. E.; Horcajada, P.; Feŕey, G.; Gref,
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Gas adsorption

For the loading with NO, for a given weight of Cu3btc2 or UHM-37, the number of copper

atoms/ NHEt was calculated and with that the number of desired NO molecules. For a given

volume of 50 ml, the gas pressure of NO was calculated according to the ideal gas law. After

filling the 50 ml reservoir with this pressure, it was connected to the sample tube in a vacuum

apparatus. The pressure then dropped down to zero with the help of liquid N2, so all NO

molecules ended up in the MOF. Sample are prepared in a very controlled way in liquid N2

temperature so that no water gets in.

Figure S1: Sketch of 15NO loading setup.
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Figure S2: Full 1H spectrum of activated UHM-37 together with the deconvolution of - from
bottom to top - NH, alkyl, and aromatic protons, respectively.

Figure S3: 1H spectra of the isotropic region for 1.6 NO/NHEt (left) and 3.2 NO/NHEt
(right) loaded UHM-37 together with the deconvolution.
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Figure S4: Full 1H spectra of the Cu3btc2.
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Figure S5: Full 1H spectra of the UHM-37.
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Figure S6: 1H isotropic shift dependence of aromatic signals of Cu3btc2 (open circles) and
UHM-37 (solid squares).
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Figure S7: Temperature dependence of 1H T1 for activated (left) and 3.2 NO/NHEt (1
NO/Cu) loaded UHM-37 (right). Squares refer to aliphatic and circles to aromatic proton
signals.
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Figure S8: Dependence of hyperfine coupling on NO content; aromatic protons are repre-
sented as solid circles and aliphatic protons as solid squares for UHM-37. Open circles are
for the aromatic protons of Cu3btc2.
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Figure S9: Results of the dipolar INEPT experiment for UHM-37 at a spinning speed of
10 kHz. Top left: aromatic CH signal, top right: CH2 signal, bottom left: CH3 signal, and
bottom right: signal of COO−.
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Figure S10: 13C MAS spectra of Cu3btc2 loaded with different amounts of NO. Asterisks
mark spinning sidebands only in the bottom spectrum for clarity.
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Figure S11: 1H decoupled 13C MAS spectra of activated UHM-37 (bottom) and 1.6
NO/NHEt-loaded UHM-37 (top). Asterisks mark spinning sidebands only in the bottom
spectrum for clarity.
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4 Overview and enclosed papers

Paper IV: Nitric oxide adsorption in the MOF MIL-100(Al) studied by solid-state

NMR spectroscopy [J. Phys. Chem. C, 122 (24): 12723-12730, 2018.]

MAS NMR is ideally well-suited to characterize the interaction of NO in Cu3btc2 and its

derivatives. NO interaction of another set of carboxylate MOFs, MIL-100(Al) is investigated

by MAS NMR. The detailed characterization of MIL-100(Al) has been executed by 1H, 13C

and 27Al NMR. 27Al NMR data show that half of all Al sites are free for gas adsorption.

The presence of a extraframework Al(OH)3 inside the pores is well-documented by 27Al
{

1H
}

HETCOR spectra. The variation of 1H relaxation with NO loading demonstrates NO interac-

tions with MIL-100(Al) as well as uniform distribution of NO within the MOFs. Furthermore,
27Al NMR studies represent that the intensity of �ve-coordinated aluminum site is decreasing

with increasing NO loading, while the intensity of six-coordinated aluminum site is increasing

upto 1 NO per Al trimer. This concludes rather weak NO adsorption. Moreover, FTIR is

also performed on the same NMR samples for further understanding NO interactions with Al

sites. The result of NO interaction with MIL-100(Al) is presented in paper IV.
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ABSTRACT: Adsorption of nitric oxide (NO) in the metal−organic
framework (MOF) MIL-100(Al) is studied by solid-state NMR. Owing
to a modified synthesis, no extraframework benzenetricarboxylate is
present on the cost of a small amount of extraframework Al(OH)3 as
evident from 27Al, 1H, as well as heteronuclear correlation spectra. Five-
coordinated aluminum sites represent about 50% of the aluminum in a
dehydrated sample, which remain open for adsorption. With increasing
NO loading, a decrease of five-coordinated aluminum with a subsequent
increase of six-coordinated aluminum site intensity is found. Additionally,
1H spin−lattice relaxation time T1 is decreasing with an increasing
amount of NO, which also supports the NO interaction with the MOF
because of the paramagnetism of NO. Fourier-transform infrared
spectroscopy data further hint at Al−NO interactions.

■ INTRODUCTION

Gas-delivery technologies using metal−organic frameworks
(MOFs) are of increasing importance in many areas of science
with emerging applications that include storage of nitric oxide
(NO). NO delivery from a storage material is attractive for
many in vitro and in vivo antibacterial, antithrombotic, and
wound healing applications.1−3 Currently, there is interest in
developing medical devices such as stents and catheters using
porous materials to deliver NO to prevent life-threatening
complications associated with thrombosis formation.4,5 Porous
materialsespecially MOFs6−8are one of the best candidates
for delivering NO.9−11 MOFs are materials with extremely high
porosities, and some of them have coordinatively unsaturated
metal sites (CUSs) that are available for binding and releasing
of small molecules such as NO. The presence of CUSs in
MOFs has a particularly pronounced effect on the NO
adsorption and release characteristics.9,12−15

We studied MIL-100(Al) prepared by a modified synthesis
and its interaction with NO by multinuclear solid-state nuclear
magnetic resonance (NMR). MIL-100(Al) is an aluminum
trimesate MOF.16 The MIL-100 framework is constructed from
oxo-centered metal trimers linked by benzenetricarboxylate
(btc) ligands, forming tetrahedral cages, referred to as
supertetrahedra. Corner-sharing of the supertetrahedral build-
ing blocks defines a highly porous structure of mesoporous
cages. In supertetrahedral building blocks, each tetrahedron is
built up from four μ3-oxo-centered trinuclear units connecting
to the four btc ligands. Two water molecules and one hydroxide
are bonded to the three aluminum atoms in the μ3-oxo trimer;
the water molecules can be removed by heating and therefore
generate CUSs. The rigid porous structure combined with the

accessibility of the activated metal sites upon dehydration has
created interest for adsorption, separation, and catalysis
applications.17−22 Haouas et al. identified the main adsorption
sites of MIL-100(Al) by NMR studies and observed that open
metal sites are the most favorable ones.23 Furthermore, it was
concluded that only one metal site is open for adsorption.
Recently, Gallis et al. reported selective O2 over N2 sorption at
ambient temperatures via node distortions in MIL-100(Sc) by
Grand Canonical Monte Carlo simulation.24 Eubank et al.
reported that a significant amount of NO is chemisorbed at
MIL-100(Fe) at 298 K with a loading capacity that depends on
the nature of the Fe(II) cation and the Lewis acidity of this
site.12

In this manuscript, solid-state NMR techniques are used to
determine interactions between adsorbed NO and the MOF.
Prior to this, the unloaded MOF is characterized in detail, as
the MIL-100(Al) discussed here was prepared via a modified
synthesis procedure,25 and comparison to published NMR
spectra of the original synthesis16 is performed. Character-
ization is done via 1H and 27Al spectra with the help of
multiple-quantum magic-angle spinning (MQMAS) and
27Al−1H heteronuclear correlation (HETCOR) spectra. After-
ward, differences to the unloaded case are discussed with
different NO loading via 27Al MAS and 13C CPMAS spectra, 1H
spin−lattice relaxation times, and Fourier-transform infrared
spectroscopy (FTIR) data.
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■ EXPERIMENTAL SECTION

Synthesis of MIL-100(Al)-Type MOFs. MIL-100(Al) was
synthesized based on published procedures.16,25 At first, 1.363 g
(3.633 mmol) Al(NO)3·9H2O and 0.614 g (2.434 mmol)
trimethyl-1,3,5-benzenetricarboxylate were dissolved in 17.5
mL water and the mixture was transferred to a Teflon-lined
stainless steel autoclave after adding 0.302 g (4.793 mmol) of
nitric acid. The autoclave was placed in an oven at a
temperature of 303 K, which was increased to 483 K at a
rate of 3 K/min and subsequently held at this temperature for 3
days. After thermal treatment, a light-yellow solid was
recovered by filtration and washed with 200 mL of water.
For further purification, the obtained solid was extracted via
soxhlet extraction with ethanol for 16 h. After activation, the
Brunauer−Emmett−Teller area was determined to be 1480
m2/g. The X-ray diffraction pattern is included in the
Supporting Information (Figure S1).
Sample Preparation. MIL-100(Al) was dehydrated under

high vacuum at a temperature of 443 K for 24 h to remove
water molecules coordinated to aluminum. The color of the
MIL-100(Al) samples turned from dark yellow to pale yellow
after dehydration. Afterward, the dehydrated MOF was loaded
in 4 mm zirconia NMR rotors under a nitrogen environment
for NMR studies.
For the preparation of NO loading, samples were placed in 3

mm glass tubes (Wilmad Lab Glass Company, USA), which
were perfectly fitting in 4 mm MAS rotors. Loading was carried
out via the gas phase in a pressure-controlled vacuum apparatus
under nitrogen cooling at 77 K. A defined amount of NO
corresponding to 0.25, 0.5, 0.75, and 1 number of molecules
(labeled b to e), with respect to one Al trimer was transferred
to the MOF samples. Afterward, the glass tubes were sealed to
prevent further modification of the samples. In addition to this,
a sample of just the dehydrated MOF was also prepared in a
glass tube and sealed. This sample is denoted as sample a. First,
NMR measurements were conducted immediately after
completion of the sealing process.
Solid-State NMR Measurements. 1H and 13C solid-state

NMR experiments were conducted on a Bruker Avance 400
spectrometer (magnetic field 9.4 T). 27Al measurements were
performed on a Bruker AVANCE 750 spectrometer (magnetic
field strength 17.6 T) unless specified otherwise. MAS probes
(4 mm) were used at MAS rotation frequencies of 10−12 kHz.

1H spectra were recorded using the DEPTH sequence26 to
suppress signals from the probe background. The recycle delay
was 50 s, which is more than five times the longitudinal
relaxation time (T1). The 90° pulse length was 2.4 μs.

1H spin−
lattice relaxation times were obtained with the inversion-
recovery sequence modified with DEPTH detection. As all 1Hs
show the same T1, no differentiation with regard to different
proton sites is done.
Single-pulse 27Al MAS NMR spectra have been acquired with

a pulse length of 0.5 μs (<30° flip angle) and a recycle delay of
1 s. 27Al MQMAS spectra were obtained with the Z-filter
method,27 applying high-power pulses of 3 and 1 μs to excite
triple quantum (3Q) coherence and reconvert back to zero
quantum coherence with a radio frequency (rf) field of 120
kHz. After 2D Fourier transform, a shearing transformation was
done to obtain a purely isotropic frequency component along
the F1 axis. Z-filter time and t1 increment were 20 and 10 μs,
respectively. 27Al{1H} FSLG-HETCOR28 spectra have been
acquired with a range of contact times between 1 and 4 ms and

32 t1 increments with 1680 scans and rf field strengths of 170
and 125 kHz for 27Al and 1H, respectively. 27Al{1H} CPMAS29

spectra were recorded with variable contact times up to 6 ms.
13C CPMAS spectra were acquired with a contact time of 1 ms,
and a ramped pulse on the 1H channel was employed.
Spectrum deconvolution was done using the dmfit software.30
1H and 13C spectra were referenced to Si(CH3)4 (TMS) using
polydimethylsiloxane and tyrosine hydrochloride as secondary
references, respectively. 27Al spectra are referenced to a 1 M
solution of Al(NO3)3. All measurements were performed at
room temperature.

IR Spectra of NO-Loaded MIL-100(Al). FTIR spectra
were recorded for the sealed glass tube samples a to e and a
sealed glass tube sample just containing NO in an IR
microscope (Bruker Hyperion 3000) with the help of a Bruker
VERTEX 80v spectrometer. At first, background and sample
scans are recorded as interferograms from a polychromatic
Mid-IR source, having a Michelson-interferometer in the
optical path. Prior to the measurement, sealed glass tubes
were introduced into the IR cell. All experiments were carried
out at room temperature in the transmission mode. By
measuring the empty glass tube as background, only the IR
bands of the MOF and of the adsorbed NO molecules appear
in the absorption spectra.

■ RESULTS AND DISCUSSION
1H MAS NMR of MIL-100(Al). The isotropic region of the

1H MAS spectrum of dehydrated MIL-100(Al) is shown in
Figure 1. A major signal at 9.1 ppm assigned to framework

aromatic protons of btc and two minor signals at 1.5 and 0.3
ppm for hydroxyl protons can be distinguished. For
deconvolution, two additional signals at 6.8 and 4.5 ppm are
necessary for a reasonable fit. These are assigned to protons
from Al(OH)3 (see below) and remaining water adsorbed
during packing of the sample into the MAS rotor, respectively.
As can be seen in Figure S2, the signal at 4.5 ppm is practically
absent in a sample prepared in a sealed glass tube (sample a),
and a signal for aromatic protons appears at 9.4 ppm. The 1H
resonance of aromatic protons in the sealed glass tube (sample
a) is shifted 0.3 ppm to a higher frequency in comparison to the
1H resonance of the hydrated MOF as dehydration changed the
coordination environment of MOF. A similar observation was
also reported for Cu3(btc)2, showing an increase of the 1H
chemical shift after removal of water.31

Figure 1. 1H MAS spectrum of dehydrated MIL-100(Al) (full rotor).
The experimental spectrum is shown as a solid line and the
corresponding fit as a dotted line on top. Individual signals are
given below the experimental spectrum as dashed lines.
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In comparison to the results from Haouas et al., similar shifts
for btc and hydroxyl protons are reported.23 However, because
of the modified synthesis no extraframework btc is present on
the cost of some Al(OH)3. Furthermore, the hydroxyl proton
signals are much better visible in our samples. It is also
interesting why there are exactly two different hydroxyl proton
signals present. This hints at the fact that not all Al3(μ3-O)
trimers are identical in terms of hydroxyl group attachment to
the aluminum.
Hunger et al. reported three different types of SiOH groups

yielding 1H MAS NMR signals of 1.2, 1.7, and 2.1 ppm in H-
ZSM-5 because of hydrogen bonding of SiOH groups to
neighboring framework oxygen atoms.32 Maybe this is also the
case in MIL-100(Al). From the deconvolution of the 1H
spectrum, the area ratio between btc and hydroxyl protons is
6.5:1, which is close to the calculated value of 6:1 based on the
chemical formula of MIL-100(Al) showing reasonable agree-
ment.

27Al MAS NMR of MIL-100(Al). Figure 2 shows the 27Al
MAS NMR spectrum of as-synthesized, hydrated MIL-100(Al).

Two signals and a shoulder can be seen, all representing six-
coordinated aluminum sites. The spectrum is similar to the one
of Haouas et al.23 apart from the signal at 12.1 ppm. We assign
this to extraframework Al(OH)3 present in the MOF (see also
the Experiments below). There are several crystalline
modifications of aluminum hydroxide existing, additional to
amorphous ones whose NMR data have been investigated by
several researchers.33−36 For instance, Ashbrook et al. reported
similar shift values for bayerite (α-Al(OH)3).

34 From both 1H
and 27Al quantification, we conclude that the amount of
Al(OH)3 is about 15%.
Also included in Figure 2 is the 27Al spectrum of dehydrated

MIL-100(Al) showing an intense five-coordinated site around
35 ppm. The signal of extraframework Al(OH)3 is still present.
The other two six-coordinated sites are shifted to lower ppm
values and significantly broadened. This is also observed in the
dehydration of other aluminum-containing materials such as
zeolites.37

It can be clearly seen that the intensity of the two other six-
coordinated sites is decreasing with respect to the Al(OH)3
signal. Five- and six-coordinated sites have an approximate ratio
of 1:1 based on only the isotropic signals. Haouas et al.
reported that maximum 30% of the total aluminum is in a
fivefold coordination.23 This indicates that our material might
offer more adsorption sites for guest molecules.

27Al 3Q MAS NMR of MIL-100(Al). The MQMAS sheared
spectrum of dehydrated MIL-100(Al) is shown in Figure 3.
Two six-coordinated and one five-coordinated site can clearly
be differentiated. The five-coordinated site shows a strong

quadrupolar coupling as expected for a strongly asymmetric
geometry. However, one of the six-coordinated sites, the one
from the MOF, shows a long tail to lower ppm values,
indicating also a strong asymmetry. This is a consequence of
the dehydration process as for the hydrated MOF a smaller
width is present as can be seen in Figure S3. Because of the
different multiple-quantum excitation efficiencies of the differ-
ent sites, signals at the more negative shift values are not excited
effectively.
The quadrupolar parameters for each site are determined

with the help of the following equations38
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For the determination of the second-order quadrupolar effect
containing the quadrupolar coupling constant CQ and
asymmetry parameter η, and the isotropic chemical shift δiso,
input parameters are the centers of gravity in the F1 and F2
dimension δG1 and δG2 (in ppm), respectively, as well as the
multiquantum coherence p = 3, and the relative induced

quadrupolar shift, ξ =I p( , ) 3
4
. The isotropic shift is

determined with this equation from the nonsheared spectrum.
The extracted values are summarized in Table1.

The extracted parameters show good agreement with those
reported earlier.23,35,36 Dehydration increases the quadrupolar
coupling for the octahedral sites because of increase of disorder
by removal of coordinated water molecules in the local
neighborhood.
The long tail of the octahedral sites is not well-represented in

the MQMAS spectra as can be seen also in the fit of the 1D
MAS spectra based on the values from Table 1 (see Figure S4).
A better deconvolution can be achieved by assuming some
disorder as, for instance, described by the Czjzek modeling.39,40

The Czjzek model (in the “Simple” package provided in
dmfit30) combines the quadrupolar coupling with a distribution

Figure 2. Central part of the 27Al MAS NMR spectra of hydrated
(bottom) and dehydrated (top) MIL-100(Al).

Figure 3. 27Al MQMAS NMR spectrum of dehydrated MIL-100(Al).

Table 1. 27Al MQMAS Analysis

dehydrated hydrated

CQ (MHz) δiso (ppm) CQ (MHz) δiso (ppm)

AlV 5.3 35.5
Al(OH)3 2.7 12.1 2.2 12.8
AlVI1 2.5 3 1.3 3.9
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of chemical shifts. We therefore also applied the Czjzek
modeling for the deconvolution of the 27Al MAS NMR spectra.
Figure 4 represents 1D MAS 27Al spectra measured at

magnetic fields of 9.4 and 17.6 T. Deconvolution of the spectra
with identical parameters for both fields are summarized in
Table 2. The Czjzek model was applied only for the octahedral
sites of the MOF.

The agreement with the spectra is significantly improved
with only small changes of the quadrupole coupling constant.
Only small variations of isotropic shift are needed in the Czjzek
modeling. Generally, in the hydrated MIL-100(Al), all
quadrupole coupling constants are smaller than for the
dehydrated MOF.

1H−27Al Magnetization Transfer Experiments on MIL-
100(Al). We recorded 27Al{1H} CPMAS spectra of dehydrated
MIL-100(Al) for more insight into the proximity of proton and
aluminum atoms. Figure 5 depicts spectra recorded with
different contact times of dehydrated MIL-100(Al). The signal
at 12 ppm assigned to Al(OH)3 shows a decreasing signal
intensity with increasing contact time, finally disappearing at 2.5
ms. Because of the close proximity of aluminum to protons in
Al(OH)3, this is expected and strengthens our assignment of
the 12 ppm signal as Al(OH)3. The signal intensity of the six-
coordinated MOF site(s) increases with the contact time,
reaching maximum intensity at 2 ms. In addition, the intensity
of the five-coordinated site increases steadily until it reaches
maximum at a contact time of 5 ms, which indicates that these
aluminum spins are more distant from proton spins compared
to the six-coordinated sites. This also goes along with the
structure in which the five-coordinated site is lacking the OH−

in opposition to the six-coordinated site; therefore, magnet-
ization transfer comes from more distant btc protons, which
requires a longer contact time for signal buildup.
A more quantitative comparison of the variable contact time

experiments can be obtained by fitting the double-exponential
behavior of CP kinetics for dehydrated MIL-100(Al) according
to the following equation41 for the signal intensity

= − −
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Here, TIS denotes the CP time constant between abundant
spins I (1H) and diluted spins S (27Al). T1ρ

I indicates the spin−
lattice relaxation of the dilute spin in the rotating frame. t is the
contact time.
In Figure S5 the fitting of the variable-contact time

experiment to the double-exponential function (eq 3) is
shown for the three sites. The obtained values are summarized
in Table 3.
TIS for Al(OH)3 is very short, for both hydrated and

dehydrated samples. Because 27Al in Al(OH)3 is close to the
1H

species, this results in a strong I−S dipolar interaction and
shortens TIS. In the dehydrated sample, TIS of the five-
coordinated site is much longer than that of the six-coordinated
site, as expected. Because of the larger distance to protons, the
signal of the five-coordinated site requires a longer CP time for
transfer. In the hydrated MOF, TIS of the six-coordinated site

Figure 4. 27Al deconvoluted spectra of dehydrated MIL-100(Al), measured at 195 MHz (left) and 104 MHz (right) using the Czjzek modeling.
Parameters are summarized in Table 2.

Table 2. 27Al Parameters of the 1D MAS Spectra Recorded at
Magnetic Fields of 9.4 and 17.6 T Including the Czjzek
Model

dehydrated hydrated

CQ
(MHz)

δiso
(ppm)

FWHMCS
(ppm)

CQ
(MHz)

δiso
(ppm)

FWHMCS
(ppm)

AlV 5.3 35.5
Al(OH)3 2.7 12.1 2.2 12.8
AlVI1 2.8 2.8 8 1.5 3.5 5
AlVI2 3.9 −5.2 20 3 −3.8 10

Figure 5. 27Al{1H} CPMAS NMR spectra of dehydrated MIL-100(Al)
(full rotor). Contact times are given next to each spectrum.
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decreases as there are additional water molecules around that
contribute to the magnetization transfer. T1ρ

I values also
decrease in the hydrated form. A similar behavior was also
observed in a 1H−29Si CP experiment for the Zeolite MAP.37

The variation in T1ρ
I is indicative of the different proton

mobilities in MIL-100(Al).
Additionally, TIS can also be estimated from the following

formula42

π=
T

M

M
1 3

2
2
5IS

2,IS

2,II (4)

M2,IS and M2,II are the heteronuclear and homonuclear second
moments, respectively, and were calculated from the atom
positions in the crystal structure of MIL-100(Al). For that, the
interatomic distances were included up to a distance of 10 Å.
The surrounding of the aluminum trimer in the crystal
structure is shown in Figure S6. The calculated values are 25
and 330 kHz2, respectively. From that we determined TIS to 0.5
ms, which is in good agreement with the experimental value of
0.6 ms for the hydrated form, as the crystal structure used for
calculation is also given for the hydrated form.
Information about connectivities of protons and aluminum

atoms is obtained from the 2D HETCOR spectrum shown in
Figure 6. Only the six-coordinated aluminum sites are shown.

No five-coordinated 27Al signal is observable in this correlation
experiment because of signal-to-noise and the rather short
contact time. Furthermore, the long tail because of the six
coordinated sites is not resolved.
Despite the quite low resolution, interesting information can

be obtained. Correlations between the Al site of the MOF at 2
ppm with hydroxide and btc proton signals are evident, as
expected. The 12 ppm signal assigned as Al(OH)3 shows a
correlation peak with the 1H signal around 7 ppm. This
correlation between 1H and 27Al further supports our
assignment to extraframework Al(OH)3. The 1H shift of
Al(OH)3 is reported as 6.7 ppm.35 Interestingly, there is a

correlation peak for the Al(OH)3
27Al signal with the hydroxide

protons. This hints at the fact that the Al(OH)3 resides within
the pores.
Summarizing the different NMR experiments to characterize

the MIL-100(Al) prepared by a different synthesis route, we
can conclude that no extraframework btc is present, rather a
small amount of Al(OH)3 residing close to hydroxyl protons of
the Al(3μ3-O) trimer. Signals of the hydroxyl protons are more
clearly visible compared to the first study by Haouas et al.23 On
this basis, we will now address the adsorption capacities of
MIL-100(Al) with respect to NO studied by NMR.

Interaction of Nitric Oxide with MIL-100(Al). Because of
the paramagnetic nature of NO, the direct detection of 15N
NMR signals is not possible. Therefore, we base our analysis
indirectly on the effects of NO on the NMR of other nuclei of
the MOF. For understanding NO interaction with MIL-
100(Al), at first 27Al MAS spectra of sealed samples (a−e) were
recorded. Figure 7 summarizes the results. The intensity of the

five-coordinated site is decreasing with increasing NO loading,
whereas the intensity of the six-coordinated site is increasing.
This is an indication for NO adsorption at the unsaturated
metal sites. Already at the lowest NO loading the width of the
five-coordinated site is significantly reduced. This can be
explained by a reduced asymmetry of this site. Alternatively
although not visible from the MQMAS experiment for the
unloaded MOFthere are two five-coordinated sites present
with one disappearing upon adsorption of NO (see also below).
From 1 NO/Al3 upwards, the intensity of the five-

coordinated site is not decreasing any further (data not
shown), indicating that further adsorption of NO at the
unsaturated metal sites is not possible. We assume that up to 1
NO/Al3 is the maximum adsorption amount for NO in MIL-
100(Al), though then there are still 50% unsaturated metal sites
available. However, at room temperature adsorption of NO is
supposedly rather weak in comparison to water,12 with which
all five-coordinated sites convert to six-coordinated sites.
Further information on NO interaction with the MOF is

obtained from 1H T1 relaxation data, as shown in Figure 8. A
quasi-linear decrease of T1 with an increasing amount of NO is
observed. NO is paramagnetic by nature because of the
presence of an unpaired electron, which significantly influences
the relaxation times. In a related study, we reported NO
influence on 1H T1 of the MOF Cu3btc2 where unpaired
electron density of antiferromagnetically coupled Cu2+ pairs is
reduced by NO adsorption; thereby 1H T1 increased with
increasing amount of NO.14 In case of diamagnetic MIL-
100(Al), the close proximity of NO with the protons of the
MOF (preferably at the unsaturated aluminum site or just

Table 3. TIS and T1ρ
I Values for Dehydrated and Hydrated

MIL-100(Al)

dehydrated hydrated

TIS (ms) T1ρ
I (ms) TIS (ms) T1ρ

I (ms)

AlV 3.1 10.5a

Al(OH)3 0.2 2.2 0.2 2
AlVI1 1 7.5 0.7 6

aApproximate value as experiments were run only until a contact time
of 6 ms.

Figure 6. 27Al{1H} HETCOR spectrum of dehydrated MIL-100(Al)
obtained with a contact time of 2 ms.

Figure 7. 27Al NMR spectra of NO-loaded MIL100(Al) samples a−e
(from bottom to top). Intensities are normalized with respect to the
Al(OH)3 signal.
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within the pores) leads to a decrease of 1H T1. The almost
perfectly linear decrease of T1 with the NO content and the fact
that all samples show a monoexponential behavior indicates a
uniform distribution of NO within the MOF. Further
increasing NO loading up to 3 NO/Al3 did not reduce T1
anymore (data not shown). The reduction of T1 by 1 NO/Al3
is already very strong so that more NO might not have a
significant effect on the spin−lattice relaxation time anymore.
In a related study, electron paramagnetic resonance (EPR)

data have also been obtained in this system.25 There, an Al−
NO interaction was detected at low temperatures, showing a
significant hyperfine interaction. This adsorption species is
expected to also have a significant influence on the 27Al
spectrum and might lead to a strong line broadening that we
might not detect. Furthermore, EPR data indicate desorption of
NO at temperatures clearly below room temperature.
Otherwise, EPR data only detect a small portion of the
incorporated NO, so there might be NO species in a
conformation that is not paramagnetic and therefore not
detectable by EPR. It was postulated that dimerization of NO is
happening which is EPR-insensitive. These dimers could also
interact with aluminum, which we detect via the NMR
measurements. However, dimer formation of NO is expected
to be enhanced at lower temperatures only, as it was detected in
MCM-41 below 70 K.43 Another explanation could be the
formation of NO+ (see FTIR data below).
The 13C spectra of samples a to c together with the one from

hydrated MIL-100(Al), as shown in Figure 9, also show
interesting results. The two regions 170−175 ppm for
carboxylate carbons and 130−140 ppm for aromatic carbons

are clearly separated, without resolving each individual carbon
site. After dehydration, the signals undergo some line
broadening presumably because of chemical shift distributions
as a result of changes of the local structural environment similar
to the 27Al spectra discussed above. The removal of water
bound to the trimer probably causes a lowering of symmetry
because of distortions. Interestingly, the carboxylate signal is
getting narrower with an increasing NO content. Therefore,
line broadening because of paramagnetic adsorption can be
ruled out. In analogy to water adsorption, the change of
aluminum coordination number seems to induce some stress
release in the MOF structure, thereby increasing the local
symmetry and with that reducing the 13C linewidth. One may
conclude that the direct interaction of NO with the carbon
atoms is rather small and therefore the preferred interaction of
NO-species with the aluminum sites exists.
We have also recorded FTIR spectra of the sealed glass tube

samples which are prepared for NMR studies. The results are
shown in Figure S7. Here bands appear at 2350 and 2230 cm−1

for the NO-loaded sample with increasing intensity with
increasing NO loading. This falls within the typical range for
NO+ (2390 cm−1> ν̃ > 2100 cm−1).44 Dehydrated MIL-100(Al)
shows no bands in this region as expected. A neutral NO signal
normally appears at 1876 cm−1.44 However, this could not be
observed in our case, because the sealed glass tube absorbs all
signals below 2100 cm−1. Nevertheless, to measure exactly the
same samples used for the NMR measurements, this glass tube
could not be avoided.
Barth et al. reported bands of NO+ in the same spectral range

for MIL-100(Fe) and MIL-100(Al).25 As discussed there, the
presence of an NO+ band derives from the interaction of Al
with NO and would also explain our results of the 27Al NMR
spectra. Interaction of paramagnetic NO with aluminum would
result in hyperfine couplings which we did not detect. This
finding further strengthens NO interaction with the unsaturated
metal site in MIL-100(Al). Quantification, however, is not easy
and therefore it is not clear how intense this process is.

■ CONCLUSIONS
MIL-100(Al) prepared by a modified synthesis is studied by 1H,
27Al, and 13C solid-state NMR. 1H spectra have shown that
there is no extraframework btc ligand in the MOF. 27Al NMR
data show that half of all Al sites are free for gas adsorption and
that additional Al(OH)3 is present inside the pores, which is
well-documented by 27Al{1H} HETCOR spectra. 1H T1 of NO-
loaded MIL-100(Al) decreases with NO loading representing
uniform distribution of NO in the MOF. In addition, MIL-
100(Al) five-coordinated Al site intensity is decreasing with
increasing NO loading, while six-coordinated site intensity is
increasing and a maximum of 1 NO per Al trimer can be
adsorbed. This indicates rather weak NO adsorption. Lewis-
acid Al3+ might lead to an attraction of the NO and transfer
electron density to the aluminum. FTIR data show the presence
of NO+ and goes along with the 27Al NMR data. Quantification
is not really possible and also paramagnetic NO interaction
with aluminum might exist though undetectable for NMR.
Related EPR data indicate that this interaction is only
detectable at low temperatures. Most of the NO might be
mobile within the pores and by interactions with the MOF
walls lead to fast 1H relaxation. Together with the previous EPR
experiments, it seems that there are different possibilities for
NO to interact with the MOF being detectable with either EPR
or NMR.

Figure 8. 1H T1 values of samples a−e.

Figure 9. 13C CPMAS spectra of samples a−c (from bottom),
together with a hydrated MIL-100(Al) (top).
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R.; Couvreur, P.; Serre, C. BioMOFs: metal-organic frameworks for
biological and medical applications. Angew. Chem., Int. Ed. 2010, 49,
6260−6266.
(16) Volkringer, C.; Popov, D.; Loiseau, T.; Feŕey, G.; Burghammer,
M.; Riekel, C.; Haouas, M.; Taulelle, F. Synthesis, single-crystal X-ray
microdiffraction, and NMR characterizations of the giant pore metal-
organic framework aluminum trimesate MIL-100. Chem. Mater. 2009,
21, 5695−5697.
(17) Seo, Y.-K.; Yoon, J. W.; Lee, J. S.; Hwang, Y. K.; Jun, C.-H.;
Chang, J.-S.; Wuttke, S.; Bazin, P.; Vimont, A.; Daturi, M.; et al.
Energy-efficient dehumidification over hierachically porous metal-
organic frameworks as advanced water adsorbents. Adv. Mater. 2012,
24, 806−810.
(18) Leclerc, H.; Vimont, A.; Lavalley, J.-C.; Daturi, M.; Wiersum, A.
D.; Llwellyn, P. L.; Horcajada, P.; Feŕey, G.; Serre, C. Infrared study of
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Figure S1: XRD powder pattern of MIL-100(Al).
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Figure S2: 1D deconvoluted 1H spectrum of dehydrated MIL-100(Al) stored in glass tube (sample
a). The experimental spectrum is shown as a solid line, the corresponding fit as dotted line below.
Individual signals are given below the experimental spectrum.
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Figure S3: 27Al MQMAS NMR spectrum of hydrated MIL-100(Al).
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Figure S4: 27Al deconvoluted spectra of dehydrated MIL-100(Al), measured at 195 MHz (left)
and 104 MHz (right) using the MQMAS fitting parameters (Table 1). For better agreement a
fourth line with parameters δiso = -5.2 ppm and CQ = 4.2 MHz was added that is not represented
in the MQMAS spectrum..
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Figure S5: Intensities of the 27Al{1H} variable contact time measurement of dehydrated MIL-
100(Al): (a) five-coordinated Al MOF site; (b) Al(OH)3; (c) six-coordinated Al MOF site. The
lines indicate fits according to equation 3.
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Figure S6: View at the crystal structure of MIL-100(Al), showing the surrounding of the aluminum
trimer.
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Figure S7: FTIR spectra of samples a to d (bottom to top). Only the relevant range for NO adsorp-
tion is shown.
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Overview and enclosed papers

Paper V : Temperature dependent 15N NMR study of Nitric Oxide [Solid State

Nucl. Magn. Reson.(accepted on 2nd May 2019)]

The magnetic properties of NO make it quite challenging for NMR measurements. In

general, the presence of unpaired electron causes a strong electron-nuclear interaction that

severely complicates the NMR measurements of NO. Being paramagnetic NO is studied rou-

tinely by EPR, however, the dimeric form of NO is EPR insensitive. On the other hand, NMR

could contribute to the detection of diamagnetic (NO)2, therefore, an isotopically labeled 15NO

is investigated by NMR. The temperature dependence behavior of 15N NMR spectra within

the liquefaction temperature of NO is demonstrated in paper V. NMR studies of 15NO unfold

the �rst time 15N spectra at variable temperature, and the in�uence of paramagnetic NO

on the NMR parameters. A fast dynamic equilibrium of NO and (NO)2 is documented by

the chemical shift as well as the spin-lattice relaxation time. (NO)2 signal at solid state is

also measured. Additionally, SQUID measurements on the same sample supported the fact

of NMR analysis.
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Abstract

For the first time, 15N NMR data are obtained for a sample of nitric oxide at various

temperatures. Spectra have been obtained in the liquid and solid state. In the former,

the chemical shift as well as the spin-lattice relaxation time is characterized by the

dynamic equilibrium of the dimerization reaction. Only the signal of the (NO)2 dimer

is observed, while the paramagnetic NO has strong influences on the NMR parameter.

From T1 relaxation and linewidth analysis a range for the correlation time of the

exchange between monomer and dimer is obtained. SQUID measurements corroborate

the NMR analysis.

Introduction

Three decades ago nitric oxide (NO) was known primarily as an environmental pollutant

because nitric oxide is readily transformed into nitrogen dioxide (NO2) by reaction with

oxygen. In the late 1990’s the scenario has changed, and NO was found to be an impor-

tant biological messenger molecule that mediates a variety of biological functions, including

inhibition of platelet adhesion and aggregation, vasodilation and cell proliferation.1–6 The

1



multiple role of NO in physiology and pathophysiology has triggered a great interest in the

strategies to use exogenous NO for biomedical applications.7–11

For the studies presented here, the magnetic properties of NO molecules are of particu-

lar interest. The NO molecule is a free radical that possesses one unpaired electron in an

antibonding Π∗ molecular orbital (MO).12 The paramagnetic molecule NO follows Hund’s

coupling case A: the electronic orbital motion and spin are strongly coupled to the internu-

clear axis and weakly coupled to the nuclear rotation.12 Therefore, the 2Π1/2 ground state

of free NO is diamagnetic since the components Σ = 1/2 and Λ = 1 of the electron spin

momentum S and the orbital momentum L are antiparallel with respect to the internuclear

axis and cancel each other.13,14 The lowest rotational level of the first excited 2Π3/2 state

of the NO gas is paramagnetic, since S and L are parallel in this case. Hence, in the tem-

perature range where the state 2Π3/2 is excited, strong changes in the magnetic properties

of the NO molecules in the gas phase occur. It is very interesting that EPR is capable to

reveal these particularities.15 There are differences in the magnetic properties between the

NO in the gas phase and isolated NO within porous media as has been demonstrated by EPR

measurements.16 For this reason, NO molecules in the gaseous state and after adsorption

in porous materials has been extensively investigated by various analytical techniques like

EPR, SQUID,FTIR .16–19

EPR spectroscopy is very sensitive to reveal the behavior of NO both in the gaseous

state and after adsorption in porous materials. In the 2Π3/2 state of NO (for NO gas at

lower temperatures) the g-factor is given by an unusually small value of g = 0.7776. Due to

the coupling between L and S and the interaction with the nuclear spin, nine EPR transitions

can be observed.12,16 Upon adsorption of NO into porous materials, S and L are decoupled

and the coupling scheme changes completely. This results in a paramagnetic complex with an

S = 1/2 ground state, a g factor close to that of the free electron ge ≈ 2 and thus giving rise

to quite conventional EPR spectra.16,20 Furthermore, it is known that EPR measurements

only detect small portions of NO adsorbed in porous materials, because there might be NO
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species in a conformation that is not paramagnetic and therefore not detectable by EPR.

It is known that nitric oxide can dimerize to form (NO)2. In particular, the process of

dimerization of NO is EPR-insensitive.16,21 Earlier data from infrared absorption,22 suscepti-

bility measureements,21 and pressure-volume-temperature relations23,24 have concluded that

above its boling point, predominantly (> 99%) the monomer form exists. This is reversed

in the liquid phase. Based on calculations from the experimental findings, the degree of

dissociation in the liquid phase between 110 and 120 K should be on the order of 2 to 5

%. Computation on the DFT level has predicted that the dimerization by combining the

two unpaired electrons of each NO molecule leads to a fairly weak bond similar to a van-

der-Waals-bond.25 This is also the reason why several isomer structures of (NO)2 result in

similar energy. The crystal structure of the dimer has also been characterized with a long

N-N bond of 238 pm.26

NMR is widely used to probe the electronic and chemical properties of materials on an

atomic scale. The dynamic exchange between monomer and dimer forms has also been well-

studied by NMR.27,28 The presence of unpaired electrons means that, in addition to the

interactions normally observed in NMR, typically electron-nuclear interactions dominate the

spectra. Previously, we have used this principle to show that 1H NMR can elucidate the NO

adsorption behavior in metal-organic frameworks (MOFs) to get information on adsorption

processes.29,30

In this work, 15N NMR studies are carried out on 15N-labeled NO samples prepared under

vacuum conditions and measured under variable temperature conditions in the liquid as well

as solid state. Variations of chemical shift, spin-lattice relaxation time T1, and linewidth is

used to deduce information about the dimerization equilibirum between paramagnetic NO

and diamagnetic (NO)2.
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Experimental

Preparation of glass container samples

For the NMR measurements a special glass container was constructed at first which is shown

in Figure 1. The container is mounted with a special holder inside of a home built probe.

The whole diameter of the container as well as its height are about 33 mm, i. e., height and

diameter of the glass container are adapted for the NMR probe. The part with the larger

diameter is outside of the NMR coil and serves as an NO reservoir, while the smaller one

with a diameter of 4 mm fits well within the NMR coil. In general, before gas loading, the

glass container shown in Figure 1 is connected to a vacuum line and evacuated for 24 h at

393 K to a final pressure of 10−6 bar in order to remove air and in particular water. Then

a definite amount of NO, corresponding to a pressure of ca. 1 bar at room temperature, is

loaded at 77 K under vacuum conditions into the empty glass container. The 15NO gas is

supplied by Icon Service Inc (USA) with a 15N enrichment of 98 %. Immediately after the

gas loading, the glass container is sealed by torch with sample cooling at 77 K prior to the

NMR experiment. The relatively high amount of NO molecules (about 1021 spins) contained

now in the glass container assists to detect the 15N NMR signal, as the chemical shift range

is unknown. With decreasing temperature accumulation of molecules within the small part

of the container within the coil is expected, increasing signal-to-noise ratio. Disadvantage

of this setup is that not all spins are detectable at all times, because the bigger part of the

glass container is outside of the NMR coil. Even condensation at lower temperatures in the

lower part lying within the NMR coil, does not guarantee that the total amount of NO is

within the coil. After the successful use of this special sample container to find the signal and

optimize the measuring conditions, for the subsequent measurements a small 4 mm quartz

glass container was taken which completely fits within the NMR coil, containing ca. 1018

spins (loading pressure ca. 40 mbar at room temperature).
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10 mm
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Figure 1: View of the large and small containers for the preparation of NMR samples with
nitric oxide.

NMR measurements

NMR measurements were carried out with a Bruker Avance III spectrometer at a magnetic

field of 11.6 T (15N frequency 50.67 MHz) with a home-built probe in an Oxford cryostat.

The NMR spectra were recorded by simple FID measurements. The length of the 90◦ pulse

was 15 µs. The repetition time was set to 10 ms which is more than five times the longitudinal

relaxation time T1 (see below). Variable temperature dependent 15N NMR measurements

of 15NO were mainly run in the range from the liquefication temperature until 94 K. The

temperature was controlled by a Lakeshore temperature controller with an accuracy of ±0.5

K. A typical waiting time for cooling was 20 minutes to reach a stable temperature of the

desired value. 15N NMR spin-lattice relaxation times were measured by the inversion recovery

pulse sequence. Data analysis is carried out with dmfit.31 15N NMR spectra are referenced

to nitromethane using glycine as secondary reference (-347 ppm).

SQUID measurements

Magnetic moments were measured with a SQUID magnetometer (Quantum Design MPMS-

7) with a constant applied field of 1 T. The measurements were conducted in the temperature
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range from 5 K to 200 K in cooling and heating mode. Both field cooling (FC) and zero field

cooling (ZFC) procedures were used. For the SQUID measurements the same samples were

used as mentioned already in connection with the NMR studies.

Results and discussion

Detection of 15N NMR signal

In the gas phase, above 121.5 K, no 15N NMR signal for nitric oxide could be detected.

Several attempts have been carried out to detect NO above its boiling point, but were

all unsuccessful. This is in agreement with conclusions from Wu et al.32 NO possesses an

unpaired electron and therefore a strong electron magnetic moment, which can give rise

both to strong paramagnetic shifts in the 15N NMR spectra and to very short 15N spin-

lattice relaxation times (T1) because of the strong local magnetic field originating from the

unpaired electrons. To check whether strong resonance shifts occur, a systematic study with

various offset frequencies over a broad frequency range has been carried out. However, we

did not observe 15N NMR signals in the gas phase and hence an interpretation in terms of a

strong resonance shift is ruled out here. Hence, the most probable reason is the very short

15N relaxation times T1.

In the following we mainly deal with 15N NMR measurements in the temperature range

where NO exists in the liquid state, i. e., in the temperature interval between about 122 K

and 109 K. A typical 15N NMR spectrum is shown in Figure S1 (temperature 117 K). The

measurement was performed in this case using the large glass container. In addition to the

single intense resonance line for nitric oxide, two weak 15N NMR lines appear at -147 ppm

and -220 ppm. The latter two weak lines are ascribed to N2O as has been also reported

by other authors.32–34 Moreover, Figure S2 shows that the shift of the 15N NMR signals for

the (diamagnetic) N2O is practically independent of temperature. We also note the small

linewidth as expected for diamagnetic signals in comparison to the much larger linewidths
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shown below.The small amount of N2O is an impurity in the original starting material and

is of no further interest and importance for our analysis.

Temperature dependent 15N NMR spectra

The 15N NMR spectra measured in the liquid phase show a strong variation in shift with

temperature. In Figure 2 the influence of temperature on the resonance line is shown for the

small glass container. We observe a shift variation between 3035 ppm close to the boiling

point and 2045 ppm at the melting point (109.5 K). We assign the detectable 15N NMR

signal in the liquid phase to the (NO)2 dimer. This is in agreement with the observation

that the 15N NMR resonance position near the melting point is close to that of solid (NO)2

(see below). Figure S3 represents 15N NMR spectra measured for the large glass container.

Here the resonance lines appear in the range between 2800 and 2000 ppm between melting

and boiling point. The shift difference between the two glass containers is shown in Figure

S4. The deviations between the two sample containers are probably due to the differences

in the total number of NO spins. Especially in the larger container a certain amount of

NO is in the gas phase which is outside of the coil but in contact with it. Therefore, more

not dimerized NO spins are present even at low temperature that contribute to the shift

deviation (see analysis below). For our further analysis this shift deviation between the two

containers is not of general importance. Hence, for the following discussion it is sufficient

to consider only the resonance shift analysis as has been studied by using the small glass

container.
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Figure 2: 15N NMR spectra of the small glass container in the temperature range of the
liquid state. All spectra were acquired with 8 K scans and plotted without normalization.

From extrapolation of the resonance shift towards the boiling point we could determine

the chemical shift value of the NO monomer (see Figure S4). At 123 K a chemical shift of

3070 ppm is obtained from which we could approximately determine the resonance shift for

the NO monomer. For the further discussion it is essential that with decreasing temperature

a significant increase of signal intensity is observed until the melting point is reached, as

shown in Figure 3. The relative fraction of the dimer is then estimated from the peak

area of the 15N NMR signal of (NO)2. Within this temperature range the signal increase

with decreasing temperature based on Boltzmann population is negligible. Therefore, the

intensity variation is a result of the equilibrium reaction for dimerization. The relative

amount of the (NO)2 dimer decreases in favor of the increasing amount of NO monomer

(which cannot be measured by means of 15N NMR as already mentioned) if temperature

increases. The temperature dependence of 15N resonance shift and area intensity therefore
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contains information on the dynamic equilibrium between NO monomer and (NO)2.
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Figure 3: Intensity of the 15N signal as a function of inverse temperature.

Analysis of 15N shift in terms of dynamic equilibrium

The 15N NMR spectra for nitric oxide measured between 121.5 K and 109 K (Figures 2 and

S3) can be well understood if we consider a temperature dependent equilibrium between the

non-detectable (paramagnetic) NO monomer and the diamagnetic (NO)2 dimer in the liquid

state. The exchange process of the monomer - dimer dynamics will be examined in details

by the analysis of the resonance shift, area intensities and the inspection of the longitudinal

relaxation time T1 of the dimer. The temperature dependence of the 15N resonance shift can

be understood on the basis of the following model: In the temperature range of the gas-liquid

transition, a continuous variation of the 15N resonance shifts for (NO)2 is occurring because

of the fast exchange dynamics process between the two states with the fractions pmonomer
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and pdimer:

pmonomer + pdimer = 1 (1)

Although not detected by 15N NMR, we may derive the monomer fraction from the NMR

experiment. pmonomer = 1−pdimer increases at the expense of the diamagnetic (NO)2 fraction

pdimer with increasing temperature. Therefore, the measured resonance shift is given as the

weighted average of both species.

δexp = pdimer · δdimer + (1− pdimer) · δmonomer. (2)

where δdimer and δmonomer are the corresponding chemical shifts of the dimer (2045 ppm) and

the monomer (extrapolated shift at the boiling point, 3070 ppm).

As a consequence, we observe that the measured shift changes until the value δexp =

δmonomer is approached, but the signal intensity (Figure 3) is moving towards 0. The reason

is that the measurable fraction pdimer disappears at the boiling point and the monomer is

not observable. δdimer is the isotropic shift obtained at the melting point and assumed to be

approximately independent of temperature. Based on this, the time scale of the exchange

dynamics could be estimated by the difference in angular frequencies, ∆ω = ωmonomer−ωdimer

of a nuclear spin in monomer and dimer state. The chemical shift difference in ppm scale

is about 1000 ppm, resulting in ∆ω ≈ 3.18 × 105rads−1. From this, we may estimate the

time scale for the temperature dependent dynamic equilibrium between NO and (NO)2. It

is well-known that for a fast exchange process the exchange time, τexchange between the two

states should be smaller than the inverse of the frequency difference35, i. e., τexchange <
1

∆ω
.

Thus, we may estimate an upper limit of τexchange ≈ 3.2× 10−6s. A rough estimation of the

lower limit for the exchange dynamics is possible by considering the temperature dependence

of the spin lattice relaxation time T1 discussed in the next section.

A slow exchange process36 would be recognized easily by the presence of a temperature

independent value for ω with decreasing signal intensity with increasing temperature. This
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situation can be ruled out.

Analysis of the spin-lattice relaxation time T1

Figure 4 shows the temperature variation of the 15N spin-lattice relaxation time T1 in the

range 95 K to 122 K. The relaxation times T1 are rather short (ca. 0.5 ms) at the melting

point and decrease to a value of ≈ 0.23 ms at 122 K. It is interesting to note that the

relaxation times at temperatures below 104 K (in the solid state) are about 103 times larger

than the values measured in the liquid state. This indicates that no unpaired electrons are

present anymore that with the electron-nucleus magnetic interaction are the primary source

for relaxation. Together with the lower mobility, typically relaxation times for diamagnetic

samples in the solid-state are observed. Furthermore, this finding also corroborates our

assumption that we only detect the dimer signal above: in the solid phase there is only

(NO)2 dimer present which is diamagnetic giving rise to long T1 values.
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Figure 4: 15N T1 as a function of inverse temperature (95 to 122 K). The inset shows only
the range 109 to 123 K (liquid state).
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In the liquid phase, however, there is a rapid exchange between (NO)2 dimer and NO

monomer. In fact, in agreement to the analysis of the resonance shifts, the measured relax-

ation rate 1/T1 should be given in the case of fast exchange as37

1

T1

=
pdimer

T1,dimer

+
(1− pdimer)

T1,monomer

, (3)

where the second contribution is strongly dominating. In accordance with the rather short

relaxation times we observe a strong contribution to the longitudinal 15N NMR relaxation

rates 1
T1

, due to the magnetic interaction between the 15N spins in the dimer and the magnetic

moments of the unpaired electrons in the NO monomer.

The short values for the 15N NMR relaxation times T1 of the NO molecules (above 104

K) are related to the scalar contact interaction Î
←→
A Ŝ between the 15N nuclear magnetic

moment Î (angular frequency ωI) and the magnetic moment of the electron spins Ŝ (an-

gular frequency ωS), with
←→
A describing the hyperfine coupling tensor. In this context the

measured relaxation rate would be given by the well-known relation35

1

T1

∝ τc
1 + [(ωI − ωS)τc]2

≈ τc
1 + [ωSτc]2

(4)

If we take into account that the relaxation time T1 is decreasing in the temperature interval

between 109 K and 122 K, we may assume that ωSτc ≥ 1.35 This situation would allow

for a fairly rough estimation of a lower limit for the correlation time to be τc ≥ (ωS)−1 ≈

(660 × 2π × ν15N)−1 ≈ 5 × 10−12 s. The correlation time τc in the temperature range of

the liquid phase is related to the interaction between the 15N nuclear spin and the local

magnetic fields of the NO monomer. It is characterized by the statistical reorientation

of (NO)2 superimposed by the exchange dynamics between NO and (NO)2 species. The

long relaxation times in the solid phase, in contrast to the very short values in the liquid

phase, clearly indicate that the interaction between 15N spin and local magnetic fields does

not play any role. The behavior of the longitudinal relaxation time nicely supports the
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model of the exchange behavior between the magnetic monomer NO and the diamagnetic

(NO)2 dimer in the liquid phase. Combining the analysis of the resonance shifts and the

spin-lattice relaxation time, we derive a time interval for the exchange dynamics: 10−6 s

� τexchange � 5×10−12 s. This time range is typical for a rapid stochastic reorientation and

fast exchange behavior in liquids.

Variation of the 15N NMR linewidths for (NO)2 with temperature

In Figure S5 the linewidth is shown as a function of temperature. An increase of linewidth

with increasing temperature is observed resulting in a more than doubled linewidth near the

boiling point compared to the melting point. The Lorentzian lineshape of the dimer signal

yields a width at half height of ∆ω1/2 = 2
T ∗
2

. Thus we can determine the (effective) transverse

relaxation time T ∗
2 to compare with the longitudinal relaxation time T1. We obtain values

for T ∗
2 between 0.26 ms and 0.13 ms at 109 K and 122 K, respectively. The T ∗

2 values

are about half of the values for T1. This situation is not surprising because comparable

values for T1 and T ∗
2 are expected in the case of strong magnetic interactions and fast

molecular motions. Usually, transverse relaxation times increase with increasing temperature

and therefore linewidths decrease with increasing temperature. Here, the opposite effect is

observed, the linewidth increases with increasing temperature. This could be related to an

increasing paramagnetic susceptibility38,39 at higher temperatures. Another reason for the

broadening could be the exchange between monomer and dimer and the increasing influence

of the paramagnetic NO monomer. Ideally, the contribution to the linewidth or transverse

relaxation rate from a chemical kinetic process depends critically on the exchange process

in the NMR chemical shift time scale.36 Although the present data do not allow to arrive at

a more detailed inspection of the dynamics of the exchange process, we may conclude that

the linewidths of (NO)2 support the conclusions derived already from the analysis of the 15N

NMR resonance shifts.
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15N NMR of solid (NO)2

Besides the gas - liquid transition temperature, some measurements were also run in the solid

phase below 108 K. From the melting point down to about 94.7 K, NMR signals appear in

the range between 1900 and 2600 ppm which we assign to signals from different solid (NO)2

crystallites. Figure 5 represents different 15N NMR spectra of solid (NO)2 below the melting

point. Down to 108.2 K signal for the liquid (NO)2 at 1980 ppm can still be found, the shift

is not changing with temperature. This indicates the diamagnetic nature of the dimer.

During freezing, different crystallites are forming simultaneously with different orien-

tations with respect to the external magnetic field, leading to different resonance shifts.

Intensities increase with lowering temperature. Below 105 K, more and more crystallites

are formed or crystallites grow in size so that the individual lines broaden (maybe due to

homonuclear dipolar coupling) and finally a quasi powder pattern spectrum is obtained.

Due to the long spin-lattice relaxation time (as discussed above), intensity does not increase

further as full relaxation is not reached.
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Figure 5: 15N NMR spectra of solid (NO)2 close to and below the melting point.

SQUID measurements

The investigation of the magnetic moment of NO by means of SQUID measurements was

done to support our analysis of the results obtained from NMR. Therefore, the same small

glass container from the NMR measurements was also used for the SQUID measurements.

Figure 6 summarizes the results in the temperature range between 5 and 200 K for the field

cooling procedure with a constant applied field of 1 T. In the range above 108 K the magnetic

moment is positive, which indicates the presence of paramagnetic species and is in agreement

with NO being paramagnetic in the gas phase. In the temperature range between 108 to 102

K a fast transition from paramagnetic to diamagnetic behavior is observed. The decrease of

magnetization basically follows the expected behavior for paramagnetic materials according

to Curie’s law.40 The results are in good agreement to earlier works on NO adsorbed in MCM-

41.18,21,41 Differences are that in MCM-41 the phase transition shows a slight deviation from
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standard temperature and that the transition is slower because of multilayer adsorption of

NO.18,41 Data can also be compared to early susceptibility measurements following the same

trend.21 In summary, a positive magnetization arises from the presence of paramagnetic NO

monomer which has a dynamic equilibrium with diamagnetic (NO)2 species above the melting

point and below this temperature only solid (NO)2 is observable. This result strengthens

our analysis based on the NMR parameters discussed above.
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Figure 6: Temperature dependence of the magnetic moment at a magnetic field of 1 T. The
arrow indicates the transition temperature. Closed and open symbols refer to cooling and
heating in the SQUID experiment, respectively.
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Conclusions

For the first time, 15N NMR data were obtained on isotopically 15N labeled nitric oxide. No

signal is detected in the gas phase, but we studied the equilibrium between (NO)2 dimer

and NO monomer in the liquid state. In the solid state, individual crystallites are observed

with constant shift typical for diamagnetic samples. The presence of the NO monomer

in equilibrium with (NO)2 has significant influence on the resonance shifts and the signal

intensities in the liquid temperature range. Only the signal of (NO)2 can be measured.

Similar information on the equilibrium between NO and (NO)2 is obtained from analysis

of the 15N NMR relaxation times and the variation of linewidth with temperature. The

correlation time of exchange process is in the range 10−6 s and 5×10−12 s. SQUID data

indicate the transition from the diamagnetic behavior to the paramagnetic properties in the

liquid phase of nitric oxide that is in good agreement with the NMR data.
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Overview and enclosed papers

Paper VI: Spectroscopic Study of [(CH3)2NH2][Zn(HCOO)3] (DMAZn) Hybrid

Perovskite Containing Di�erent Nitrogen Isotopes [J. Phys. Chem. C, 122(18):

10284-10292, 2018.]

A highly attractive class of perovskite type formate framework, DMAZn has been studied

by NMR, due to its structural phase transition at Tc and high temperatures. The 15N isotope

e�ect on the phase-transition properties at high-temperatures (T > Tc), due to the motion

of the dimethylammonium (DMA+) cation in 15N leveled DMAZn. This is demonstrated by

EPR, NMR, IR and DSC measurements by the work with �im
enas et.al. We contributed 15N

NMR relaxation studies of DMAZn in paper VI. 15N NMR measurements are carried out for

the direct probing of the motion of DMA+ in DMAZn. Variable temperature dependent 15NT1

measurements corroborate the hopping motion of DMA+. The activation energy is calculated

from the relaxation measurements via Arrhenius equation, which is in good agreement with

the EPR analysis.
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ABSTRACT: We present a combined differential scanning calorimetry (DSC) and
infrared (IR), Raman, electron paramagnetic resonance (EPR), and NMR spectroscopy
study of dimethylammonium zinc formate frameworks [(CH3)2NH2][Zn(HCOO)3]
containing 14N and 15N nitrogen isotopes. The DSC reveals very small differences in the
phase-transition temperatures for both compounds. The IR and Raman spectroscopies
indicate different frequencies of the vibrational modes that involve a nitrogen atom. The
temperature-dependent IR and Raman spectra also show a tiny isotope effect on the
properties and temperature of the phase transition. The EPR measurements are performed
for both compounds doped with small amount of paramagnetic Mn2+ ions. The obtained
continuous-wave Mn2+ EPR spectra of the disordered phase are very similar for both
frameworks, whereas the temperature dependence of the zero-field splitting parameter
indicates a slightly different distortion of the MnO6 octahedra in the low-temperature
phase. The EPR line width analysis reveals that the activation energy of the (CH3)2NH2

+

cation hopping in the disordered phase is 0.21 eV for both compounds. The 15N NMR
spectroscopy measurements of the framework containing the 15N isotope are used to directly probe this motion. The obtained
temperature dependence of the spin−lattice relaxation time is approximated using the same value of the activation energy as
determined from the EPR spectroscopy. The negligible nitrogen isotope effect indicates an order−disorder nature of the phase
transitions in the investigated compounds.

■ INTRODUCTION

Dimethylammonium metal formate frameworks [(CH3)2NH2]-
[M(HCOO)3] (DMAM, where M = Mn, Fe, Co, Ni, Cu, Zn,
or Mg) attract significant scientific attention due to the
indications of the ferroelectric and multiferroic behavior.1−4 X-
ray diffraction (XRD)-based methods revealed that these
compounds consist of metal centers that are connected by
HCOO− (formate) linkers into frameworks with cuboid
cavities.5 Each such cavity hosts a single (CH3)2NH2

+

(dimethylammonium, DMA+) cation, which forms H-bonds
with the formate anions. The structure of these materials has a
well-known AMX3 perovskite topology, where A and X
correspond to (CH3)2NH2

+ and HCOO− ions, respectively.2

These compounds exhibit a structural phase transition, which
involves a cooperative ordering of the DMA+ cations.
Depending on a metal center, the phase-transition temperature
is T0 = 160−180 K,2 with expection for the Mg compound (T0

= 270 K).6 Above this temperature, the DMA+ cations are
dynamically disordered since nitrogen atoms easily hop
between three energetically favorable positions, as depicted in
Figure 1. The space group of the disordered (high temperature,
T > T0) phase is trigonal R3̅c.

5 In the low-temperature phase (T
< T0), the DMA+ cations arrange in such a way that the long-

range order is established (Figure 1). The low-temperature
structure reported for the DMAMn compound has a
monoclinic noncentrosymmetric Cc space group, which permits
a ferroelectric behavior.5 In addition, compounds containing
paramagnetic transition-metal ions exhibit a long-range spin
order below 40 K, making these materials potential single-phase
multiferroics.2,7−11

The type and mechanism of the structural phase transition in
these hybrid materials were studied using various experimental
techniques, such as XRD;1,2,5 differential scanning calorimetry
(DSC);12 specific heat,1,2 pyrocurrent,9,13 and electric polar-
ization measurements;14 second-harmonic generation;3 and
NMR,15−19 electron paramagnetic resonance (EPR),20−23

infrared (IR), Raman,8,24,25 and dielectric spectroscopies.14,26

Most of these studies revealed a strong first-order phase
transition. An electric polarization hysteresis loop (evidence of
the ferroelectric behavior) was only observed for the deuterated
DMACo compound.14 Our recent single-crystal EPR study
with simultaneously applied external electric field raised serious
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doubts about the ferroelectric origin of the DMAZn
compound.22

The presence of the polarization hysteresis loop in the
deuterated DMACo is not the only manifestation of the isotope
effect in these materials. The DMANi perovskite demonstrates
a decrease of the phase-transition temperature by about 6 K
upon deuteration,8 and the deuterated DMACo compound also
exhibits an additional phase transition at about 319 K.14 These
observations indicate that the isotope substitution may
significantly alter the properties of DMAM frameworks,
stimulating further attention to this topic.
The isotope effect can also provide important information

about the properties of the structural phase transitions. For
example, a substantial increase of the phase-transition temper-
ature upon deuteration is frequently observed in classical H-
bonded ferroelectrics, such as KH2PO4.

2727 In contrast, the
transitions occur at lower temperature as heavier isotopes are
introduced in many displacive dielectric crystals like ferro-
electric BaTiO3 (transition temperature shifts by 21 K upon
46Ti substitution by 50Ti)28 or antiferroelectric PbZrO3.

29 The
pure order−disorder-type compounds, such as NaNO2,
(NH4)2SO4, or NH4LiSO4, usually show a negligible isotope
effect as 14N is replaced by 15N.29,30

In this work, we investigate the nitrogen isotope effect on the
phase-transition properties and motion of the DMA+ cations in
DMAZn framework. The choice of nitrogen is motivated by its
close relation to the ordering mechanism of the system. We use
DSC and IR, Raman, as well as EPR spectroscopy techniques to
investigate DMAZn samples prepared using 14N and 15N
isotopes. The synthesis of the latter compound is reported for
the first time. We observe a very small isotope effect, indicating
an order−disorder nature of the DMAZn framework. In
addition to the isotope effect, we also present the analysis of the
temperature-dependent continuous-wave (CW) EPR line
width, which was absent in our previous studies.21,22 The
DMAZn framework containing 15N isotope is for the first time
investigated by 15N NMR spectroscopy.

■ EXPERIMENTAL METHODS

Sample Preparation. Zn(ClO4)2·6H2O (99%, Sigma-
Aldrich), Mn(ClO4)2·6H2O (99%, Sigma-Aldrich), a 2.0 M
solution of (CH3)2NH in methanol (Sigma-Aldrich), methanol
(99.8%, Sigma-Aldrich), formic acid (98%, Fluka), and N,N-
dimethylformamide (DMF, 99.8%, Sigma-Aldrich) were
commercially available and used without further purification.

[(CH3)2NH2][Zn(HCOO)3]: 0.1 Mn2+ mol % (DMAZn-14N)
was synthesized by a slow evaporation method. In a typical
experiment, 2 mL of 2.0 M solution of (CH3)2NH in methanol,
1 mL of formic acid, and 10 mL of DMF were added to 10 mL
of methanol. After mixing these chemicals, 10 mL of methanol
solution containing 0.999 mmol of Zn(ClO4)2·6H2O and 0.001
mmol of Mn(ClO4)2·6H2O was added, mixed, and left at room
temperature in a glass beaker. The crystals grown at the bottom
of the beaker were harvested after 5 days, washed three times
with methanol, and dried at room temperature.
ZnCl2 (99%, Fluka), MnCl2 (99%, Sigma-Aldrich), methanol

(99.8%, Sigma-Aldrich), formic acid (98%, Fluka), dimethyl-
amine-15N hydrochloride (Sigma-Aldrich), and HCOONa
(99%, Sigma-Aldrich) were commercially available and used
without further purification. To obtain [(CH3)215NH2][Zn-
(HCOO)3]: 0.1 Mn2+ mol % (DMAZn-15N), 2 mmol of
dimethylamine-15N hydrochloride (Sigma-Aldrich, 98 atom %
15N) was dissolved in 5 mL of methanol and this solution was
added to a methanol solution containing 2 mmol of HCOONa.
The mixture was stirred for about 20 min, and then, a white
precipitate was filtered. To the obtained clear and transparent
solution, 0.2 mL of formic acid and 10 mL of methanol solution
containing 0.999 mmol of ZnCl2 and 0.001 mmol of MnCl2
were added, mixed, and left at room temperature in a glass
beaker. The precipitated white crystallites were harvested after
3 days, washed three times with methanol, and dried at room
temperature.
Doping of the samples with small amount of paramagnetic

Mn2+ ions was necessary for the EPR experiments.
DSC Measurements. DSC was measured using a Mettler

Toledo DSC-1 calorimeter with a resolution of 0.4 μW.
Nitrogen was used as a purging gas, and the heating and cooling
rate was 5 K/min. The sample weights were 41.3 and 23.5 mg
for DMAZn-14N and DMAZn-15N, respectively.

IR and Raman Spectroscopy. Room-temperature Raman
spectra of DMAZn-14N and DMAZn-15N were measured using
a Bruker FT 100/S spectrometer with YAG:Nd laser excitation
(1064 nm). Temperature-dependent IR spectra were measured
using a Nicolet iN10 stand-alone Infrared Microscope and a
THMS600 Linkam cryostat cell equipped with ZnSe windows.
The spectral resolution of Raman and IR spectra was 2 cm−1.

EPR Spectroscopy. Continuous-wave (CW) EPR measure-
ments were performed at X-band microwave frequency (∼9.4
GHz) using a conventional Bruker ELEXSYS E580 EPR
spectrometer. Most of the measurements were performed at 4
mW microwave power. The strength and frequency of the

Figure 1. Crystal structure of the DMAMn framework at T > T0 (left) and T < T0 (right).
5 The hydrogen atoms of the DMA+ cations are not shown

in the high-temperature phase, while the nitrogen atoms can hop between the three indicated positions.
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modulating field were set to 6 G and 100 kHz, respectively. The
sample temperature was determined using a T-type thermo-
couple placed next to the sample in the EPR tube. During the
measurements, the temperature control was ±0.1 K. Simu-
lations of the CW EPR spectra were performed using EasySpin
5.1.9 software.31

NMR Spectroscopy. Spin−lattice relaxation time (T1)
measurements of 15N isotope in DMAZn-15N were done at a
magnetic field strength of 11.7 T using a Bruker Avance III HD
spectrometer at a frequency of 50.676 MHz. A home-built static
probe was used with a π/2 pulse length of 13.7 μs. The
saturation recovery technique was used to measure T1.
Temperature was controlled by an Oxford cryostat with a
Lakeshore temperature controller with an accuracy of ±1 K.
The 15N NMR spectra of DMAZn-15N were measured at 9.4

T with a Bruker Avance III HD spectrometer with a 4 mm
double-resonance magic-angle spinning (MAS) probe at a
frequency of 41 MHz. The magic-angle spinning frequency was
2 kHz due to the reduced-size sample in the original 4 mm
zircon rotor. Spectrum of the 15N was obtained using CPMAS
technique with a 3 ms ramped contact pulse at radio frequency
field of 90 kHz. Recycle delay was set to 4 s for the full proton
relaxation. A total of 128 scans were accumulated to ensure a
fair signal-to-noise ratio.

■ RESULTS AND DISCUSSION
DSC. First, we used the DSC to investigate the influence of

nitrogen isotopes on the phase-transition temperature (T0) of
DMAZn-14N and DMAZn-15N compounds. The obtained
DSC curves are presented in Figure 2 revealing clear anomalies

at the transition points. The temperatures of the heat flow
maxima are 156.1 K (on cooling) and 168.0 K (on heating) for
the compound with 14N isotope. The corresponding temper-
atures of the framework containing 15N are 155.5 and 165.3 K.
The obtained data indicate that a substitution of the nitrogen
isotope has a tiny effect on the phase-transition temperature,
although the temperature hysteresis of DMAZn-15N seems to
be narrower. This may indicate that the ordered phase is
slightly more stable in DMAZn-14N.
IR and Raman Spectroscopy. The influence of different

nitrogen isotopes on the vibrational modes of DMAZn is
investigated using IR and Raman spectroscopy techniques. The
observed modes can be subdivided into internal vibrations of
the DMA+ and formate ions (above 300 cm−1) and lattice
vibrations (below 300 cm−1). As discussed in our previous
studies,8,24,25 internal vibrations of the HCOO− ion consist of
C−H stretching (ν1), symmetric C−O stretching (ν2),

antisymmetric C−O stretching (ν4), symmetric O−C−O
bending (scissor, ν3), C−H in-plane bending (ν5), and C−H
out-of-plane bending (ν6) modes. Internal modes of the DMA+

cation correspond to symmetric stretching (νs(NH2)),
antisymmetric stretching (νas(NH2)), scissoring (δ(NH2)),
rocking (ρ(NH2)), wagging (ω(NH2)), and torsion or twisting
(τ(NH2)) modes of the NH2 group; symmetric stretching
(νs(CNC)), antisymmetric stretching (νas(CNC)), and bend-
ing (δ(CNC)) modes of the CNC group; and stretching (ν),
bending (δ), rocking (ρ), and torsion (τ) modes of the methyl
groups.8,24,25 The lattice modes are vibrational modes of the
formate and DMA+ ions as well as translational modes of the
HCOO−, DMA+, and metal ions.
The room-temperature Raman and temperature-dependent

IR spectra of DMAZn-14N and DMAZn-15N are presented in
Figures 3 and S1 (Supporting Information). The observed IR
and Raman frequencies (in cm−1) are listed in Table S1. Since
assignment of the modes for DMAZn containing 14N was
already reported, we recall it in Table S1 and focus here only on
the differences between the two samples. In the Raman spectra,
a clear shift toward lower wavenumbers when lighter 14N is
replaced by heavier 15N is observed for the 1094, 1029, 898,
and 412 cm−1 bands. A significant change of the three lower-
wavenumber bands is consistent with their assignment to
vibrations of the CNC groups (νas(CNC), νs(CNC), and
δ(CNC) modes). The 1094 cm−1 band was previously assigned
to the ρ(CH3) mode.8,24 The present data show a significant
isotopic effect for this band, and thus, it should be attributed to
the coupled mode involving both ρ(CH3) and νas(CNC)
vibrations. IR spectra also reveal a shift of the 1092, 1028, and
898 cm−1 bands when 14N is replaced by 15N (Figure 3). A
change by 8 cm−1 is also observed for the 1256 cm−1 band,
indicating contribution of the nitrogen atom vibration to this
mode.
The temperature-dependent IR spectra of both compounds

show significant narrowing of many bands, especially those
related to the NH2

+ groups, and splitting of some bands in the
low-temperature phase (see Figures 3 and S1). As discussed in
our previous studies,8,24 this type of behavior indicates that the
phase transition is associated with the ordering of the DMA+

cations. This ordering is also related to a weak distortion of the
zinc formate framework. To better visualize the observed
changes at T0, we present plots of wavenumbers and full width
at half-maximum (FWHM) for several selected modes (see
Figure 4). The observed discontinuous jumps at T0 are
comparable for both frameworks. The changes of the FWHM
of the corresponding modes are also very similar for both
samples. In particular, the temperature dependence of FWHM
for the ρ(NH2) mode is practically the same for both
compounds. All of these observations show that the
replacement of 14N by 15N has a weak effect on the phase-
transition mechanism in DMAZn.

EPR Spectroscopy. We further employ CW EPR spec-
troscopy to investigate the local changes of the Mn2+-ion
environment in the manganese-doped DMAZn-14N and
DMAZn-15N. The X-band EPR spectra recorded at 183 K
are presented in Figure 5 revealing typical powder patterns of
the Mn2+ ions in the 3d5 electronic configuration (6S5/2
electronic ground state). The total electron spin of this state
is S = 5/2, which results in five fine-structure (fs) ΔmS = ±1
transitions, where mS is the magnetic electron spin quantum
number.32 In case of a nonzero zero-field splitting (zfs), the
resonance fields of the fs transitions are different. The

Figure 2. DSC curves on cooling (top) and heating (bottom) for
DMAZn-14N (blue) and DMAZn-15N (red).
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interaction between the unpaired electrons and the nuclear spin
(for 55Mn, it is I = 5/2) causes further splitting of each fs
transition into six hyperfine (hf) lines (ΔmS = ±1 and ΔmI =
0). The hf lines of the central fs transition (mS = −1/2 ↔ 1/2)
dominate the recorded spectra, whereas the outer transitions
(mS = ±3/2 ↔ ±1/2 and ±5/2 ↔ ±3/2) are unresolved. The
spectra of DMAZn-14N and DMAZn-15N are almost identical,
indicating that the fs and hf interactions are very similar in the

disordered phases of both compounds. In addition, both
spectra are in agreement with the previously obtained spectrum
of DMAZn: 0.05 Mn2+ mol % framework.21,22

We used the same spin Hamiltonian as in our previous
studies to simulate the recorded spectra21,22

β= + +BS SIg Ae iso fs (1)

where the first and second terms describe the electron Zeeman
and hf interactions, respectively; g and Aiso denote the g-factor
and the isotropic hf coupling constant of the Mn2+ center,
respectively; βe is the Bohr magneton; and B is the external
magnetic field. The fs of the spectrum is described by the last
term, which is expressed using the extended Stevens operators
Ôk

q(S) (k = 2, 4, 6 and q = +k,..., −k)

∑ ∑= ̂ SB O ( )
k q

k
q

k
q

fs
(2)

The real coefficients Bk
q characterize the magnitude of the

associated zfs. The analytical expressions for the Stevens
operators can be found in ref 33. The ordinary axial and
orthorhombic zfs parameters can be expressed as D = 3B2

0 and E
= B2

2.
The simulation of the DMAZn-14N spectrum recorded at

183 K was performed with g = 2.0013(1), Aiso = −264(1) MHz,

Figure 3. Raman spectra at 300 K (top panels) and IR spectra at 300 and 80 K (bottom panels) of DMAZn-14N and DMAZn-15N.

Figure 4. Temperature dependence of selected IR wavenumbers and
FWHM of DMAZn-14N (blue circles) and DMAZn-15N (red squares).

Figure 5. X-band CW EPR spectra of DMAZn-14N (blue) and
DMAZn-15N (red) recorded at 183 K. The simulated spectrum is
presented in black.
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D = 230(20) MHz, and E ≈ 0. To account for the unresolved
outer fs transitions, we used distribution ΔD = 300(50) MHz
of the axial zfs parameter. The same set of parameters is used to
describe the spectrum of DMAZn-15N. This indicates that the
MnO6 octahedra are similarly distorted in the disordered phase
of both compounds. We note that the spectrum of DMAZn:
0.05 Mn2+ mol % was simulated using somewhat smaller
distribution of the D parameter.21

The temperature-dependent EPR spectra of DMAZn-14N
and DMAZn-15N are presented in Figures 6 and S2. At the
phase-transition points, the distribution widths of the zfs
parameters become significantly smaller and thus the outer fs
transitions are well resolved in the ordered phases. The
transition points obtained by EPR in both compounds are T0 =
160.2(1) K. As described in our previous study, the high value
of ΔD above T0 originates from the differently distorted MnO6

octahedra due to the hopping motion of the DMA+ cations.21

The cations slow down and order at T0, causing uniform
distortion of all octahedra (small distribution of D).
We simulated the spectrum of DMAZn-14N recorded at 100

K using the following spin Hamiltonian parameters: g =
2.0013(1), Aiso = −264(1) MHz, D = 419 MHz, E = 58 MHz,
B2
−2 = 25(1) MHz, B4

2 = 0.30(3) MHz, B4
0 = 0.27(3) MHz, and

B4
4 = 0.83(4) MHz. The distributions of the axial and

orthorhombic zfs parameters are ΔD = 25(3) MHz and ΔE
= 17(3) MHz. The simulation is presented in Figure 7 together
with the experimental spectra. The simulation is also in
agreement with the spectrum of DMAZn-15N, although it has a
slightly larger width indicating higher value of D. A very similar
set of spin Hamiltonian parameters was also used to simulate
the low-temperature spectrum of DMAZn: 0.05 Mn2+ mol
%.21,22

The temperature dependence of the axial zfs parameter D is
presented in Figure 8 for both samples. The sudden jumps of D

are observed at phase-transition points indicating strong first-
order phase transitions, which is in agreement with the majority
of other studies.8,12,14,21 The observed temperature depend-
ences resemble a behavior typical for a phase-transition order
parameter η (see Figure 8c).34 The dependences are slightly
different for both samples, as a higher value of D is observed in
DMAZn-15N below 130 K. This indicates that the distortions of
the MnO6 octahedra are more severe at low temperatures in
this compound. This difference may originate from slightly
different motion of the DMA+ cations, as they form H-bonds
with the metal−oxygen octahedra. However, we cannot
completely rule out the possibility that the internal lattice
strains (framework deformation) are different in both
compounds due to possibly different Mn2+ doping level. The
overall increase of D with decreasing temperature reveals a

Figure 6. Temperature-dependent X-band CW EPR spectra of the Mn2+ ions in (a) DMAZn-14N and (b) DMAZn-15N. Emphasis is on the outer fs
transitions.

Figure 7. X-band CW EPR spectra of the Mn2+ ions in DMAZn-14N (blue) and DMAZn-15N (red) measured at 100 K. Emphasis is on the (a)
central and (b) outer fs transitions. The simulated spectrum of DMAZn-14N is presented in black.

Figure 8. Temperature dependence of the axial zfs parameter D of the
Mn2+ ions in (a) DMAZn-14N and (b) DMAZn-15N. The dependence
below T0 is presented in (c).
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further gradual deformation of the frameworks in the ordered
phases.
We did not observe a splitting into two fs branches due to

the positive and negative values of the order parameter η, and
therefore, we assume that the axial zfs parameter is proportional
to the square of the order parameter: D = D0 + Cη2. Here, D0
denotes the value of D just above T0.
The Landau theory provides the following temperature

dependence of η2 for a first-order phase transition34

η β
γ

α γ
β

= − ± − −⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥

T T
2

1 1
4 ( )2 c

2

1/2

(3)

where β < 0 and α, γ > 0 are constants. Tc determines the low-
temperature limit at which the disordered phase can still exist.
The maximum temperature hysteresis is β2/4αγ. We tried to fit
the experimentally determined temperature dependence of D of
DMAZn-14N using eq 3 and the fit provided β2/4αγ = 200(20)
K. This value is higher than the phase-transition temperature
itself, indicating that the simple Landau model is not suitable to
describe the ordering in DMAZn. There could be several
reasons for this discrepancy. First of all, eq 3 characterizes the
first-order phase transitions close to the second-order ones,34

whereas DMAZn exhibits a strong first-order phase transition.
Second, there is experimental evidence that the disorder of the
DMA+ cations persists below T0, suggesting a more complex
ordering mechanism, which is not accounted in this model.2,15

Finally, eq 3 provides two solutions of the order parameter that
are equal in magnitude, but opposite in direction, whereas the
order parameter in DMAZn system is expected to have a three-
fold character. We note that in our previous study of DMAZn:
0.05 Mn2+ mol % we performed only a preliminary power-law
fit of the temperature-dependent D parameter that led to an
incomplete conclusion about the validity of the Landau model
to describe this phase transition.21

The temperature dependence of the peak-to-peak EPR line
width Γpp of the mI = 5/2 hf line of the central fs transition is
presented in Figure 9a for DMAZn-14N and DMAZn-15N. The
lines of compound containing 15N isotope are broader by about
0.2 mT in the whole investigated temperature range. This may
indicate a slightly higher amount of the incorporated Mn2+ ions
because of the different synthesis procedures. The line width
significantly narrows as the temperature is decreased in the

disordered phase, whereas a sharp anomaly of Γpp is observed at
the phase transitions.
There could be two possible reasons for the observed

maximum of Γpp. First, it could be related to the sudden change
of the axial zfs parameter at T0, which causes the broadening of
the hf lines of the central fs transition. On the other hand, such
an anomalous behavior is frequently observed in many other
ferroelectric and related materials, e.g., triglycine sulfate,35

trissarcosine calcium chloride,36,37 SrTiO3,
38 and others.39 It is

attributed to the critical slowing down of the order parameter
fluctuations. To check which scenario is more feasible, we
determined the line width of the outer fs transitions that should
be much less affected by the change of the spin Hamiltonian
parameters. However, the outer fs transitions are not resolved
in the disordered phase and thus we were able to accurately
obtain the line width only below T0 (see inset in Figure 9a). A
sudden decrease of Γpp with decreasing temperature below T0 is
also observed for the outer fs transitions, suggesting that the
anomaly is related to the order parameter fluctuations. We note
that we also observed a maximum of Γpp at the transition point
in the manganese-doped [NH3(CH2)4NH3][Zn(HCOO)3]2
formate framework.40 In addition, using pulse EPR spectros-
copy, we measured an anomalous increase of the Mn2+-ion
phase memory relaxation rate in DMAZn.23

The decrease of Γpp with lowering of temperature in the
disordered phase may originate from the gradual slowing down
of the DMA+ cation motion. As indicated in Figure 9b, it can be
well described by the Arrhenius law: Γpp − Γpp,0 = Γpp,∞ e−Ea/kT,
where Ea is the activation energy of the motion, Γpp,∞ is the
EPR line width in the high-temperature limit, Γpp,0 is the
residue line width unrelated to the motion, and k is the
Boltzmann constant. The best fits provide Ea = 0.21(2) eV for
both compounds. The determined activation energies are close
to the value obtained by NMR (0.24 eV) and dielectric
spectroscopy (0.28 eV) for the hopping motion of the DMA+

cations in DMAZn,16 DMAMg,17 and DMACo.26 Thus, we
assign the observed temperature dependence of Γpp in the
disordered phase to the deformation of the MnO6 octahedra
caused by this motional process. A negligible difference of the
activation energies between the 14N and 15N compounds
suggests that the motion of the DMA+ cations is very similar to
that in the disordered phase. We note that the analysis of the
temperature-dependent EPR line width was absent in our first
study of DMAZn: 0.05 Mn2+ mol %.21

15N NMR Spectroscopy of DMAZn-15N. We also
performed the 15N (nuclear spin I = 1/2) NMR measurements
of the DMAZn-15N sample to directly probe the nitrogen
motion. The obtained NMR spectrum and temperature-
dependent spin−lattice relaxation time T1 are presented in
Figure 10. The spectrum consists of a single line. The
temperature dependence of T1 exhibits a maximum at 184 K
and a minimum at 300 K. A minimum of the spin−lattice
relaxation time can be usually related to a motional process.41

Asaji et al. detected two minima in the 1H proton relaxation
time of DMAZn framework, which were assigned to the
hopping motion of the whole DMA+ cation and methyl group
rotation.16,17

We analyzed the observed temperature dependence of T1
using the following equation (see Supporting Information and
refs 42−44 for more details)

τ
ω τ

= +
−T

C
11

1

N
2 2

(4)

Figure 9. (a) Temperature dependence of the peak-to-peak CW EPR
line width of Mn2+ centers in DMAZn-14N (blue) and DMAZn-15N
(red). (b) Arrhenius-type analysis of the temperature-dependent Γpp in
the disordered phase. The inset in (a) presents Γpp about the phase-
transition point. The blue triangles mark the EPR line width of the hf
line of the outer fs transition.
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where C is a constant, ωN is the Larmor frequency of 15N, and τ
denotes the correlation time of motion. We assume that τ
follows the Arrhenius law as

τ τ= ∞ eE kT/a (5)

where τ∞ is the correlation time at infinite temperature. The
best fit of the minimum using eq 4 is also presented in Figure
10. The fit parameters are: C = 1.8(3) × 109 s−2, τ∞ = 1.5(3) ×
10−12 s, and Ea = 0.20(1) eV. The obtained value of τ∞ is
similar to the value reported in other NMR studies of
DMAZn.15−17 The determined parameter C provides the N−
H distance of 1.06(3) Å (see eq S5 in Supporting Information),
which is in a very good agreement with previous 1H NMR and
XRD studies.5,16 The value of the activation energy agrees
perfectly with the EPR analysis, indicating that both spectros-
copies detect the same motional process, which is the hopping
of the DMA+ cations.
The origin of the observed T1 maximum at 184 K is not

completely clear. This temperature is rather close to T0, but
usually a minimum of T1 is encountered at the phase-transition
points in the majority of the ferroelectrics and related
materials.27,45 Thus, we expect that the maximum occurs due
to an additional minimum of T1 at lower temperatures.

■ SUMMARY AND CONCLUSIONS
In this work we used several experimental techniques to study
DMAZn hybrid perovskite frameworks containing 14N and 15N
isotopes. The latter compound was investigated for the first
time. In addition to the investigation of the nitrogen isotope
effect, we also report new insights into the structural phase
transition and the DMA+ cation dynamics in DMAZn.
The DSC measurements revealed almost the same phase-

transition temperatures for DMAZn frameworks containing 14N
and 15N isotopes, whereas the ordered phase of the former
compound appeared to be slightly more stable.
IR and Raman spectroscopies were employed to investigate

the vibrational modes in both compounds. We observed
significant shifts of the mode frequencies that are related to the
nitrogen motion. This proved a successful synthesis of DMAZn
with the heavier 15N isotope. The obtained data were also used
to confirm and correct the mode assignment, which was
previously reported only for the 14N compound. We observed a
very similar anomalous behavior of the mode frequencies and
widths at the phase-transition points in both compounds.
CW EPR spectroscopy was used to investigate the differences

of the local Mn2+-ion environments in both compounds doped
with small amount of manganese. We observed the same phase-

transition temperatures and very similar spectra for both
compounds. The EPR results below the phase-transition
temperature indicate a slightly different distortion of the
MnO6 octahedra for both frameworks. This effect may originate
from the slightly different DMA+ cation motion, which directly
influences the metal−oxygen octahedra via the H-bonds.
However, we cannot rule out the possibility that the origin of
this effect is slightly different from the Mn2+-ion doping in both
samples. We also found that the simplest case of the Landau
theory cannot be used to properly describe the temperature
dependence of the axial zfs parameter D, indicating a more
complex ordering mechanism in DMAZn. In addition, the
analysis of the CW EPR line width Γpp was performed for both
compounds, which was absent in our previous studies of
DMAZn: 0.05 Mn2+ mol %.21,22 We observed an anomalous
behavior of Γpp at the phase-transition points, which was
assigned to the critical slowing down of the order parameter
fluctuations. The Arrhenius-type analysis of the temperature-
dependent line width provided the activation energies Ea of the
DMA+ cation motion in the disordered phase. For both
compounds, we obtained Ea = 0.21(2) eV, which is close to the
values determined by other techniques.
We also performed 15N NMR spectroscopy of DMAZn

containing 15N isotope. The obtained NMR spectrum consists
of a single line, while the temperature-dependent spin−lattice
relaxation time exhibits a minimum at 300 K. The analysis of
the observed minimum provided the N−H distance of 1.06 Å.
The determined activation energy is 0.20(1) eV, which is in a
perfect agreement with the EPR results. This demonstrates that
both techniques capture the same hopping cation motion,
although in the EPR case, this process manifests itself indirectly
via the deformation of the MnO6 octahedra that are H-bonded
with the DMA+ cations.
The DSC, IR, Raman, and EPR experiments indicate a

negligible nitrogen isotope effect for the DMAZn framework
despite a close relation between the nitrogen motion and phase
transition in this material. The absence of this effect was also
observed for several other ferroelectrics and related materials,
such as NaNO2 and sulfates like (NH4)2SO4.

29,30 The common
feature of these compounds is that they exhibit pure order−
disorder structural phase transitions. In contrast, the isotope
effect is significant in materials that have phase transitions of
the displacive type (e.g., Ti isotope effect in BaTiO3).

28 Thus,
the results of the current study likely indicate that the phase
transitions in dimethylammonium metal formates are of the
order−disorder nature. This result is in agreement with the
dielectric spectroscopy study of DMACo framework, where
order−disorder dynamics of DMA+ cations was observed.26
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(23) Šimeṅas, M.; Macalik, L.; Aidas, K.; Kalendra, V.; Klose, D.;
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Chapter 5

Contribution

In this thesis, three di�erent types of MOFs have been investigated by SSNMR. At �rst,

NMR studies were conducted on Cu3btc2 and its amine derivatives, which were supplied by

the working group of professor Fröba at the University of Hamburg. At the beginning, I

carried out the dehydration of the MOFs under high vacuum at high temperature. For all

MOFs samples, I prepared the desired amount of NO loaded samples to perform NMR mea-

surements. In general, I executed all NMR experiments for NO loaded samples by myself.

Furthermore, NMR data analyses are performed by using topspin, dm�t and origin 7.5 soft-

ware. In Pub. 1, I studied NO adsorption in Cu3btc2 and UHM-30 by MAS NMR. That

enabled us to understand NO adsorption in Cu3btc2 and UHM-30, as well as the indirect de-

tection of NONOate in UHM-30 by NMR. In Pub. 2, I contributed MAS NMR investigation

of the four Cu3(NHRbtc)2 MOFs, known as UHM-36, UHM-37, UHM-38 and UHM-39. The

characterization of those MOFs has been accomplished by MAS NMR. Additionally, in the

case of UHM-37, the means (physisorption or chemisorption) governing NO adsorption could

be determined by NMR. In Pub. 3, I executed detailed multi-nuclear NMR research on NO

loaded UHM-37. A detection of NONOate was possible by applying 15N NMR studies on
15N-isotopically NO loaded UHM-37. The combined 1H and 13C data with 15N NMR studies

showed the priority of chemisorption of NO over physisorption. A second type of MOF, MIL-

100(Al) was received from professor Hartmann's group at the Friedrich�Alexander University

of Erlangen�Nürnberg. In Pub. 4, I carried out evacuation, NO loading, as well as NMR

studies on the NO adsorbed MIL-100(Al). A multi-nuclear NMR approach on MIL-100(Al)

summarized the presence of extra frame work site, Al(OH)3 and NO adsorption at OMS. One

of our latest paper has been accepted for publication, and that focused on 15N NMR study
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5. Contribution

of 15NO at variable temperatures. In Pub. 5, the �rst report on 15N NMR measurements of

NO at variable temperatures, and the dynamic exchange behavior between NO and (NO)2
are disclosed. A pervoskite type MOF, DMAZn, well-known for phase transition behavior

that has been provided by Dr. Mantas �im
enas at the University of Vilnius. For that MOF,

I performed 15N T1 relaxation NMR studies in Pub. 6. This studies revealed the phase

transition of DMAZn, due to the mobility of 15N leveled DMA+ cation. Aside from my main

contribution, which was accomplishing scienti�c writing and executing of NMR experiments

to generate credible results, I was always involved in scienti�c discussions, decision making

and implementation.
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