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Solid-state NMR studies of weak interactions in supramolecular systems
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The field of application of solid-state NMR to the study of supramolecular systems is growing

rapidly, with many research groups involved in the development of techniques for the study of
crystalline and amorphous phases. This Feature Article aims to provide an overview of the recent
contributions of our research group to this field, paying particular attention to the study of the
weak interactions such as hydrogen bonds in supramolecular systems through solid-state NMR
investigations. The structure and dynamic behaviour of selected host—guest systems will be also

discussed.

Introduction

Supramolecular chemistry, based on non-covalent interactions
is becoming increasingly important relative to conventional
molecular chemistry based on covalent bonds. It is a rapidly
expanding discipline devoted to the design, by means of weak
interactions (electrostatic forces, hydrogen bonds, van der
Waals interactions, ...), of periodic and organized supramo-
lecular structures with desired properties.! Nowadays, supra-
molecular chemistry represents a major branch of science,
involving interdisciplinary chemical, physical, biological and
technological aspects of the creation and study of complex
supramolecular systems. Furthermore, it covers many research
areas such as the macrocyclic chemistry and its applications,’
nanochemistry,® supramolecular catalysis,* self-assembly
processes’ and dendrimers.®

The common feature of the research in all of these fields is
the stored information in the molecular and supramolecular
structures. In all of these areas weak interactions play the most
important role on the basis of their highly specific functions in
biological systems, such as molecular recognition, transport,
catalysis, regulation, etc., as well as in crystal engineering
(CE), and in mechanical properties of materials.
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Our interest, centred on weak interactions (mainly hydrogen
bonds and van der Waals contacts) is twofold: first it is
oriented towards the study of the hydrogen bond (HB) as a
tool for molecular self-assembly in the field of the CE. In
addition we would like to investigate how these weak interac-
tions affect the mobility of molecules in model samples such as
the inclusion complexes.

A central aspect of CE concerns the construction of crystal-
line materials from discrete molecular building blocks using
non-covalent interactions.” Indeed, in the supramolecular
approach to crystalline solids the crystals are seen as networks
of weak contacts. Though these supramolecular connections
are weaker than covalent bonds, they are able to cooperatively
assemble molecules thanks to the large number of directional
interactions. The rational design of crystal structures depends
heavily on the understanding and exploitation of such inter-
molecular forces and on the predictability of molecular self-
organization.® Among the different spectroscopic techniques
available for the study of the supramolecular systems, high-
resolution solid-state NMR often represents the technique of
choice if the goal is the careful inspection of the specific site of
the intermolecular interaction. It is well known in fact that
solid-state NMR is able to investigate the microscopic envir-
onment at each individual site in a solid material and has
therefore emerged as a powerful technique especially in solid
systems lacking the order or homogeneity for crystallographic
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examinations.” In principle not only the microscopic environ-
ment affects the chemical shift of the nuclei involved in the
interaction, but also a wealth of other local parameters
(quadrupolar and dipolar interactions, chemical shift aniso-
tropy (CSA), etc, ...), directly reports on the geometric and
electronic structure for the complete characterization of the
material. An other important point to consider is the general
increase in the possibility of dynamic behaviour for single
groups or entire molecules in the solid state when weak non-
covalent interatomic forces are present. This is typical, for
example, of host—guest adducts, where lower activation energy
barriers are expected for the motion of molecules within the
cavity or the channel of a matrix. The mobility in a solid-state
inclusion environment represents a different dynamic regime
in comparison with both solution and crystalline situations.

Single-crystal X-ray structures of host—guest complexes with
simple neutral guest molecules are often difficult to obtain and
therefore solid-state NMR methods'® have been heavily used
for the elucidation of such inclusion compounds.

The importance of solid-state NMR techniques for the
study of dynamics is due primarily to its ability to detect
correlation times of motion in the range 107! to 10710 s.!!
Different solid-state NMR experiments in low resolution
(wideline) and high resolution (lineshape analysis at variable
temperature, CSA analysis, 2D-EXSY, relaxation time stu-
dies, etc.) can be customized for detecting and quantifying
molecular motions involving individual groups or entire mo-
lecules.

In this paper we would like to present some of our recent
solid-state NMR studies on supramolecular systems. Special
emphasis will be focused on the different NMR parameters
available to a spectroscopist for the complete understanding of
the interplay of intermolecular interactions with the structure
and dynamics of molecules in supramolecular systems. Then,
several examples of guest motion in host—guest systems formed
between cyclodextrin (CD) and organometallic compounds
will be presented. The extent of guest dynamics is shown to be
dependent on the degree of symmetry of the guest complex
and the interaction with the CD cavity.

Investigation of hydrogen bond

HB plays a fundamental role in CE'? due to its directionality,
specificity, strength and selectivity.'® In addition the charac-
teristic qualities of transferability (from crystal to crystal),
reproducibility (in terms of cohesive contribution to crystal
packing) and ease of chemical manipulation (molecular func-
tionalisation with hydrogen-bonding donor/acceptor systems)
make it the most used cement in CE synthesis. For these
reasons there has been an increasing number of papers devoted
to the self-organization of organic molecules into one-, two- or
three-dimensional hydrogen-bonded architectures.'*™

Their strengths can vary from 5 kJ mol™' to hundreds of
kJ mol~! depending on the molecules and whether they are in
the gas phase or in solution.'” The enthalpies of weak
HBs involving oxygen and nitrogen are in the range
16-40 kJ mol™'.'S but it has been reported for low-barrier
hydrogen bonds, LBHBs, that the strength can be as high
as 50-100 kJ mol """

The energy of weak HBs is usually dominated by electro-
static factors while strong ones are short in length and show
magnetic and vibrational properties that are consistent with a
covalent rather than electrostatic attraction (Fig. 1). However,
we cannot ignore polarization, charge transfer and exchange
repulsion that also play important roles.

HBs have been divided, based on their strength, into three
categories, namely strong, moderate, and weak. In weak HBs
the heavy atoms are separated by less than the sum of their van
der Waals radii i.e. for O---H---O <2.6 A, for N---H---N
<2.8 A and for N---H---O <2.7 A, while in strong HBs the
heavy-atom distances are 2.4-2.55 AforO---H---0,2.62.7A
for N---H---N and 2.5-2.6 A for N---H---0.""

Due to their importance not only in CE but also in many
others fields and due to the difficulties in detecting and
characterising them, several techniques have been used for
the detection and characterization. Neutron diffraction crys-
tallography is certainly the most definitive way, but low-
temperature X-ray crystallography can also be used.'®

However, these techniques have some intrinsic limitations
and cannot be universally applied. This is, for example, the
case for products obtained by means of solvent-free methods
such as those occurring in the solid state between molecules
(solid—solid) or between a solid and a gas. For instance,
mechanical processing based on co-grinding or milling of
solids which is a scalable technique routinely used in materials
science,'® in the pharmaceutical industry, for the synthesis of
novel molecular compounds,21 and, recently, has also been
utilized in the field of CE.** The basic idea is that of breaking
and forming supramolecular interactions with no need for the
intermediacy of a solvent. However, these powdered products
do not permit a straightforward determination of the structur-
al features, of the type obtainable from single crystals. The
problem can sometimes be circumvented by growing crystals
of the desired phase via seeding, i.e. by using preformed micro-
crystals, in the form of crystalline powder, obtained by grind-
ing.? If single crystals are obtained via seeding, it is possible to
verify a posteriori whether the material obtained from solution
crystallization and that yielded by solid—solid processes pos-
sess the same structure, by comparing the observed powder
diffraction pattern with that computed on the basis of the
single-crystal structure (Fig. 2). However when this kind of
analysis is not possible the alternative investigation techniques
are mainly IR and solid-state NMR spectroscopies.

IR and NMR spectroscopies have both become standard
methods for investigating HBs in the solid state.>* Comparing
solution and solid-state NMR the latter allows a more accu-
rate study since the signals are not averaged by solvent effects
or by rapid exchange processes often present in solution.

Concerning supramolecular adducts, a large interest is
growing in the features of the formed species, i.e. whether
they are neutral (co-crystal) or ionic (salts) and thus to
ascertain if a proton transfer reaction from the acid to the
base along the HB takes place or not. Of particular interest in
this regard are solid-state NMR experiments that investigate
either the hydrogen atom directly involved in the HB (employ-
ing "H or ?’H NMR techniques) or the atoms within, or in close
proximity to the HB donor and acceptor groups (employing
B3¢, BN, 70, ?°Si or *'P NMR techniques).?> The versatility
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Fig. 1 Schematic and non-quantitative representation of interactions dominating the energy of hydrogen bonds. Reproduced with permission

from ref. 14¢. Copyright 2002, American Chemical Society.

of solid-state NMR arising from its multinuclear capability is
highlighted.?® In addition, the dependence of NMR measured
parameters (mainly the chemical shifts, the CSA, the dipolar
and quadrupole coupling constants, efc.) on the strength and
geometry of hydrogen bonding has been discussed in
detail.'”?’

Here we briefly present the main parameters that can
provide insights on the HB interactions in the solid state: (a)
chemical shift, (b) double quantum transitions, (c) chemical
shift anisotropy (CSA), (d) relaxation parameters, () isotopic
effect.

Chemical shift

One of the important aspects of solid-state NMR is the
multinuclei approach. Indeed, in most HBs several nuclei

may be observed by NMR spectroscopy.

GRINDING | &
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solid A + solid B
comparison by
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with powder C 'v'
solution of C solid C
single crystal

Fig. 2 Representation of the procedure for characterizing products
obtained by means of solid-solid processes. Reproduced with permis-
sion from ref. 23b. Copyright 2004, Wiley-VCH Verlag GmgH & Co.
KGaA.

'"H Chemical shift

The development of line narrowing techniques in solids i.e. the
possibility of spinning the sample (MAS) at speeds higher than
20 kHz allows the location of chemical shifts of hydrogen-
bonded protons leading to an increasing number of 'H
studies.?® In particular, the proton is increasingly deshiclded
with increasing the HB strength, which leads to 'H high-
frequency shifts far from the aliphatic and aromatic signals
(Scheme 1). The main feature of this technique is that the
magnitude of the shift is directly correlated with the length of
the HB.2** Frey!” and Sternberg®® have observed direct
relationships between 6('"H) and HB strength and between
5("H) and X-H distance for different classes of hydrogen-
bonded compounds. In a series of previous reports this
relationship in solid peptides has been theoretically and ex-
perimentally elucidated.®' Correlation between the 5('H) and
the heteroatom separation supports this interpretation
(Fig. 3).3? In the case of O---H---O contact, Th. Emmler
et al.,*® have proposed a correlation between the 'H chemical
shift of hydrogen-bonded protons and the HB geometry of
neutron crystallography structures.

Thus, NMR shift data can be used to detect and to estimate
the presence and the strength of HBs (Fig. 5).

Since the HB can be seen as an incipient proton transfer
reaction, many studies have been done by probing, through
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Scheme 1 '"H NMR chemical shift scale.
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The curve provides a method for calculating the hydrogen bond length
in crystalline amino acid by NMR. Reproduced with permission from
ref. 32a. Copyright 2000, Elsevier.

the proton chemical shift, the H position and the HB strength
as a function of the pK, or the pKy, of the acid or base moieties
or as a function of the temperature.”®**-** For instance, the
proton transfer reaction in supramolecular adducts between
aliphatic dicarboxylic acids and the diamine 1,4-diazabicy-
clo[2.2.2]octane (DABCO) has been probed by varying the
acid chain length (Fig. 4).>° The 'H MAS NMR study (Fig. 5)
has shown that intramolecular O-H---O and intermolecular
N..-H-O HBs are strong interactions, with proton chemical
shifts of around 16 + 1.5 ppm, and N---O and O---O bond
lengths of around 2.55-2.60 1&, while intermolecular
*N-H.--O~ interactions are weaker and are characterised
by a ('H) of about 12.3 ppm and by an N---O bond length
of about 2.7 A%

In the case of the two forms of the cincomeronic acid data
resulting from 'H MAS NMR, combined with IR and Raman
spectra, have explained the thermodynamic relationship
between the two polymorphs confirming the presence of strong
N-H---O interactions in form I while in form II they are
significantly weaker.?’

Due to the intrinsic difficulty of the X-ray technique in
detecting the hydrogen atom position, an effective method that
combines 'H MAS NMR and DFT calculations for the
determination of the HB O-H distance has been proposed
(Fig. 6).3%*8 It has been shown that using the experimental 'H
chemical shift in the plot of the calculated chemical shifts vs.
bond lengths is useful for obtaining a good estimation of the
hydrogen atom positions. The method has been validated by
comparing the N-H distance in HBs of methylnitroacetanilide
obtained by different techniques such as neutron diffraction,
X-ray diffraction and NMR dipolar coupling.*®

'H Double quantum (DQ) transitions

If the development of high-speed (rotor speed wr >25 kHz)
magic angle spinning probes allows improved resolution by
averaging the homonuclear dipolar coupling,® by means of
multidimensional NMR experiments it is possible to obtain
additional information unavailable from one-dimensional
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Fig. 4 Crystal structure of supramolecular adducts between DABCO
and dicarboxylic acids with variable chain length of formula

HOOC(CH,),COOH with n = 1-7. Reproduced with permission
from ref. 36. Copyright 2005, American Chemical Society.

(1D) spectra even in the limit of high resolution. The combi-
nation of fast MAS with 2D multiple quantum (MQ) spectro-
scopy have been successfully employed in the structural and

Acid and

DABCO \

L e T L L Lt L L B o B

30 25 20 15 10 5 0 5 ppm

Fig. 5 'H MAS NMR spectrum of DABCO-malonic acid adduct
recorded at 500 MHz with a spinning speed of 30 kHz. Reproduced
with permission from ref. 36. Copyright 2005, American Chemical
Society.

1624 | Chem. Commun., 2008, 1621-1634

This journal is © The Royal Society of Chemistry 2008



25+

20

Calculated H 3iso (PPM)
S
1

0.8 l 1.0 I 1?2 I 1?4 I 1.6 I 1.8 l 2.0

O-H distance (A)
Fig. 6 Plot of the calculated "H chemical shift vs. the O-H distance.
By using the experimental 'H chemical shift obtained from the 'H
MAS spectrum for fitting the curve it is possible to obtain a reliable
O-H distance for the hydrogen bond under investigation. Reproduced
with permission from ref. 36. Copyright 2005, American Chemical
Society.

dynamic investigations of hydrogen bonded,** dendritic,*!
liquid crystalline,** and polymeric materials.*> In rigid sys-
tems, the one-dimensional '"H MAS spectrum gives chemical
information via the chemical shift while the analysis of rotor
encoded "H DQ MAS spinning sideband patterns enables the
quantitative determination of the internuclear distance for a
well-isolated pair of protons.** In mobile systems, the 'H-"H
dipolar interaction is averaged and the magnitude of the
extracted coupling constant from the DQ spectrum can yield
characteristic information regarding the motional averaging
process.**** The simplicity of this technique which, for exam-
ple, requires neither isotopic labeling nor crystalline materials,
makes it an attractive new tool for studying the arrangement
and packing of the key building blocks of systems generated in
the rapidly developing field of supramolecular chemistry.

Schnell and Spiess have exhaustively reviewed the HBs
present in carboxylic acid dimers and also in more extended
hydrogen-bonded arrays used for the formation of supramo-
lecular polymers by linking bifunctional monomers.*’

Fig. 7 shows, for example, the information available from
1D and 2D 'H DQ MAS spectra in the case of malonic acid.
Each signal can be unequivocally assigned to each proton, and
the chemical shift of the carboxylic protons can be correlated
with the O---O distance. Furthermore the intermolecular
correlation between CH, and COOH protons can be used as
a parameter for establishing the conformation and array
structure in the solid state.*

Since the DQ signal pattern directly reflects the spatial
proximities between the different proton species involved,
different arrays of multiple HBs of two tautomeric forms of
the dimer ureido—pyrimidinone have been directly identified in
the solid state. These units were used as a model for recogniz-
ing the two corresponding supramolecular polymers.*®

In another paper, with the aid of 2D "H DQ MAS spectra
Diez-Pea et al. were able to distinguish three types of proton
(peaks at 8, 10.5 and 12.5 ppm) in collapsed poly(methacrylic
acid): one belonging to carboxylic acid (8 ppm) and two
arising from different types of hydrogen-bonded forms

b)
static
13 kHz MAS
————
-50
c) COOH
intra-CH, E
E:
inter-CH,COOH g
'3'
v
intra-COQH- E

single-quantum dimension

Fig. 7 (a) Carboxylic acid groups arrangement in the crystal packing
of the malonic acid with interproton distances obtained from 'H SQ
and DQ MAS spectra. (b) 1D "H static and MAS (13 kHz) spectra of
malonic acid. (c) '"H DQ MAS spectrum of malonic acid recorded at
13 kHz at a '"H Larmor frequency of 500 MHz. Reproduced with
permission from ref. 45. Copyright 2001, Elsevier.

(10.5 and 12.5 ppm). Furthermore, the stability of the these
HBs has been deduced from the H---H distances within the
dimers, obtained from the analysis of the DQ MAS sideband
patterns.47

In addition, attention has focused on the development of
methods suitable for the measurements of heteronuclear di-
polar couplings between protons and other spin 7 (I = 1/2)
nuclei (i.e., "H-'3C and 'H-'"N).*

ISN' Chemical shift

The "N chemical shift is also a useful parameter for the
location of the hydrogen in HB systems involving nitrogen
and oxygen atoms. It is expected that the >N chemical shift is
more sensitive to the presence of the HB than that of other
nuclei such as '"H and ’C, due to the wider chemical shift
range of the former. For example, aliphatic amines involved in
HBs show in solution high-frequency shifts of 1-5 ppm when
interacting with donor solvents, whereas the high-frequency
shift is of the order of 10-25 ppm in the case of protonating
solvents.*’

Because solid-state signals are not averaged by solvent
effects or by rapid exchange processes present in solution,
the change in the nitrogen chemical shifts caused by complete
protonation can be of the order of 50-100 ppm, allowing a
more accurate study.so

Intermolecular HBs produce a high- or low-frequency shifts
in the >N values, according to the type of nitrogen atom and
to the type of interaction (Scheme 2).%!

For the "N isotropic chemical shift the protonation-
induced shifts are of the order of 100 ppm towards lower
frequencies for aromatic amines, and of about 25 ppm towards
higher frequencies for aliphatic amines.>!

For instance for a series of adducts between DABCO and
saturated and unsaturated dicarboxylic acids, it has been
observed a high-frequency shift of about 7 ppm passing from
free nitrogen to a hydrogen-bonded nitrogen N---H-O, while

This journal is © The Royal Society of Chemistry 2008
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Scheme 2 Influence of hydrogen bonds on the >N chemical shift of
some nitrogen-containing group.

in the case of protonated hydrogen-bonded nitrogen
*N-H---O~ the high-frequency shift is of 20-24 ppm.3¢->

In the case of glycine residues in solid oligopeptides, a
relationship between the N- - -O distance and the '°N chemical
shift tensor in C=0- - -H-N HBs has been proposed.>

In O=C-OH- - -N(Py) interactions, the "N chemical shift
has been used to probe the protonation state of the N atom: in
moderate strength O-H---N HBs the shift is <20 ppm, in
symmetric bonds O---H---N it is around ¢ —60, and in ionic
bonds ~O---H-N" it becomes 6 —100.>

In the case of evaluating the neutral or the ionic character of
supramolecular complexes such as the organometallic 1,1’-
dipyridylferrocene-anthranilic acid {[Fe(n’-CsH4CsH4N)]-
[(CcH4)NH,COOH]}, adduct (Fig. 8), comparing the free
pyridine nitrogen chemical shift with that of the pyridine
nitrogen in the adduct resulted in the confirmation of the
presence of a strong O-H---N interaction with no proton
transfer from the acid to the nitrogen base and of a weak
N-H- - -N interaction.”

Claramunt ef al. reported the "N CPMAS studies of six N-
unsubstituted pyrazoles.’® The >N chemical shift combined
with 3C CPMAS, X-ray and DFT data allowed a prediction
of the tautomer and of the degree of aggregation (dimer,
trimer, ... motif) of the structure present in the solid state.
In the case of 5-isopropyl-3-phenyl-1H-pyrazole it has been
also possible to establish, with certainty, the tautomer and,
with high probability, the tetrameric nature of this compound
without knowing the X-ray structure.

Chemical shift anisotropy

HB interactions have also been studied by '*C CPMAS
spectroscopy.’’ Solid-state '>*C NMR studies of protonated
and deprotonated carboxylates in amino acids have shown
that the values of the principal elements of the nuclear shield-
ing tensor change significantly with the protonation state of
the carboxylic groups.®

The magnitudes of the principal elements of the '*C CSA
tensor can be measured easily from the 1D '*C CPMAS
spectrum obtained at a low spinning speed (ca. 1.5-2.0 kHz).

Isotropic '*C chemical shifts linearly increase with decreas-
ing N---O distances whereas 'C chemical shift tensors of
carbonyl carbon atoms of L-alanine residues in peptides,
determined by spinning sideband pattern analysis, are a clear
indication of the presence of a HB interaction.’’” The '*C
carbonyl CSA was found to correlate with the backbone
hydrogen-bonding distance, especially the 0,, tensor element
which is very sensitive to the C—=0O- - -H-N length.>

The orientation of the three CSA tensors for a generic
carboxylic group COOH is depicted in Fig. 9.

011 lies in the plane of symmetry of the carboxylic group and
it is directed along the C—C axis in the deprotonated form and
perpendicularly to the C—O group in the protonated case, d,,
lies perpendicular to the plane of symmetry of the C—0 and it
is the most diagnostic parameter reflecting the strength of the
HB. 433, the most shielded tensor, is perpendicular to the plane
of symmetry.

The carbon chemical shift tensors of the COOH group
obtained from the sideband intensity of low speed spinning
NMR spectra, provide a reliable criterion for assigning the
protonation state of compounds. A typical example has been
reported in the case of the hydrogen-bonded supramolecular
adducts between the diamine DABCO and dicarboxylic acids
of variable chain length.*® The '*C CPMAS spectrum of the
DABCO-glutaric acid adduct [N(CH,CH,)s;N]-
H-[OOC(CH,);COOH] obtained at low spinning speed
(Fig. 10) is indicative of the difference in the sideband pattern
between the COOH (d;, 176.5) and the COO™ groups (diso
181.8 ppm).

In the [N(CH,CH,);N]-H-{OOC(CH,),COOH] (n = 1-7)
adducts the chemical shift tensors, obtained by computer
simulation of the spectrum measured at low spinning speed
with the Herzfeld-Berger method,®® demonstrate that o,
values change from 242 + 2 ppm (carboxylate form) to
257 + 4 ppm (carboxylic form), J,, values are of 177 + 10
ppm for the COO™ group and 155 £ 20 ppm for the COOH
moiety. ;33 is usually not very sensitive to the protonation
state of the carboxylic group, whereas d;s, increases in shield-
ing upon protonation, but unfortunately the information is
limited by the fact that 6, and J,, change their values in
opposite direction (Fig. 11).

Fig. 8 X-Ray crystal structure of dipyridylferrocene-anthranilic acid.
Reproduced with permission from ref. 55. Copyright 2007, RSC.

Fig. 9 Orientation of chemical shift tensors (d;;, 2> and d33) in
carboxylic groups.

1626 | Chem. Commun., 2008, 1621-1634

This journal is © The Royal Society of Chemistry 2008



COCH

1200 Hz
| —

T T T T T T T T T T T T T T T T T

T T
270 250 230 210 190 170 150 130 110 ppm

Fig. 10 Carboxylic region of the '3C CPMAS spectrum of DAB-
CO-—glutaric acid adduct recorded at a spinning speed of 1.2 kHz. It
shows a carboxylic and a carboxylate signal with the respective
spinning sideband patterns. Reproduced with permission from ref.
35. Copyright 2003, Wiley-VCH Verlag GmgH & Co. KGaA.
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Fig. 11 Chemical shift tensor components (d;;, d,, and d33) of
DABCO-dicarboxylic acid compounds plotted as function of the
difference between the C-O and C—O bond lengths from crystal-
lographic data. Reproduced with permission from ref. 35. Copyright
2003, Wiley-VCH Verlag GmgH & Co. KGaA.

Relaxation parameters

Spin—lattice proton relaxation times 7 provide a versatile
experimental route for evaluating molecular motion in the
solid state. Indeed it is possible to investigate the dynamic
behaviour of supramolecular adducts in the solid state such us
rotation around bonds or reorientation. A simple way of
obtaining this information is to measure the 'H relaxation
time at variable temperature in the wideline mode. Assuming
that a single correlation time 7. dominates the modulation of
the dipolar interaction in the various temperature regimes, the

T, values obey the Kubo-Tomita type relation:®!

T = (il + o) + 41 + d0’id)] (1)

where C is the motional constant, @ is the angular Larmor
frequency, and 7. is the correlation time of the motion
expressed by the Arrhenius equation:

le = Toexp(Ea/RT) (@)

19 and E, are the correlation motion in the limit of the infinite
temperature and the activation energy of the motion, respec-
tively.

We reported a T relaxation analysis combined with poten-
tial energy surface (PES) calculations for a series of supramo-
lecular adduct obtained by reacting the DABCO
with saturated and unsaturated dicarboxylic acids:
namely fumaric, malonic, maleic and hydromuconic
[HOOC-CH,~(CH),—CH>~COOH] acids.>?> The optimised
motional parameters calculated by the experimental T data
have been compared with the activation energies obtained by
potential energy surface (PES) calculations. The NMR meth-
od afforded quantitative information such as the activation
energy which was approximately 14-21 kJ mol™" for the
dynamic processes occurring in the solid state. On the other
hand the PE calculations based on the structural data allowed
the individuation of the rotation of the DABCO molecule
along the O- - -H- - -N HBs as the probable source of relaxation
for the protons in the solid adducts. Indeed the experimental
activation energies were in agreement with the potential
barriers associated with the reorientational process of DAB-
CO on the basis of attractive and repulsive electrostatic
interactions with atoms or nearby molecules.

Isotopic effect

Additional understanding of the HB can be gained by inves-
tigation of the hydrogen/deuterium (H/D) isotope effect.
Although only a few studies on the deuterium isotope effect
in the solid state have been reported'>®? this is potentially a
useful parameter for the investigation of strong HB. It has
been shown by several authors,® that the replacement of the
HB proton by a deuteron leads to a geometric isotope effect.
We shall consider a generic A---H---B HB (see Scheme 3,
where ¢, is the distance of the proton with respect to the HB
centre and ¢, is the heavy atom distance A- - -B).

It has been suggested that there is a primary and a second-
ary geometric influence on the H/D isotope effect. The former
refers to the different positions of the proton and of the
deuteron with respect to the centre of the A---B interaction,
i.e., the ¢q; value, whereas the latter refers to the change of the
distance (q,) between heavy atoms. When the hydrogen is
replaced by a deuterium, the smaller heavy atom-hydrogen
distance decreases, but the distance from the larger atom
increases even more, leading to a widening of the HB (g, value
increases). Such geometry changes lead also to a H/D isotope
effect on the chemical shift of the neighbour atoms.

The shift experienced by the atoms involved in the interac-
tion depends on the strength of the HB and on the position of
the hydrogen atom along the heavy atom axes i.e. only strong
HBs give an isotope effect.

92
Scheme 3 Generic A-H- - -B hydrogen bond.
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For example, the isotope effect on the '*N chemical shift has
been measured for a series of supramolecular adducts obtained
by grinding DABCO with several deuterated dicarboxylic
acids (malonic, succinic, ...). As expected, no shifts on deu-
teration are observed in the cases of the DABCO-malonic and
DABCO-glutaric adducts, characterized by weak HBs. In fact
it is well-known that weak HBs do not show any H/D isotopic
effect on the neighbour atom chemical shifts. Conversely, a
low-frequency shift is found for the adducts with succinic,
adipic, pimelic, suberic and azelaic where the deuteration
decreases the O-D distance and then increases the N-D
distance, confirming the formation of a LBHB for such
samples.

Guest dynamics in inclusion compounds

A separate class of supramolecular systems is represented by
inclusion compounds, defined as the adducts formed by the
inclusion of guest molecules into cavities created by host
molecules (CD molecules, zeolites, aluminosilicates, etc.).
Host—guest adducts have been the subject of a great number
of studies devoted to investigate their structure, stoichiometry
and the nature of their interactions.®* Inclusion complexes are
being used as drug delivery agents® and chemical sensors,®®
but these molecular recognition properties can also be
exploited in a way similar to an enzyme-substrate binding
process.®” Industrial processes involving enantiomeric enrich-
ment, isomer separation and removal of undesired compounds
have been tackled using inclusion complexes.®®

Once included these compounds not only offer structural
properties different from the pure compounds but they can
also provide useful catalytic activities. In some cases encapsu-
lation of a guest molecule in a host cavity allows extreme
regiospecificity and stereoselectivity in the product
formation.®

In the field of supramolecular systems CD inclusion com-
pounds provide excellent examples of complexes formed by
non-covalent intermolecular interactions.”

The ability of the CD hydrophobic cavity to include inor-
ganic and organic molecules to form host—guest supramole-
cular adducts has been demonstrated to be dependent on the
size of the internal cavity which can vary from 5to 7 to 8 A for
o-, B- and y-CDs, respectively (Fig. 12).

The dominant role of van der Waals interactions in the
formation of host-guest complexes has been demonstrated,”!
but in some specific cases these forces are enhanced by
additional hydrogen bonding arising from the CD hydroxyl
groups and polar groups on the guest molecule.”® Lower
activation energy barriers are expected for the motion of
molecules within the cavity or channel of a matrix due to the
decrease of interatomic forces between the molecules. On the
other hand it is clear that any detailed information as to any
kind of dynamics which could be taking place within the cavity
could enhance or hinder their applications.

Interplay of molecular size and symmetry on the dynamics of
inclusion complexes

Although a large array of host—guest compounds involving
CDs have been studied extensively, relatively few papers

GAMMA
175A

8.3A

7.8 A

Fig. 12

Dimensions of a-, B- and y-cyclodextrins (CDs).

exploring guest dynamics mediated by the host—guest interac-
tions have been reported.

As an example, an early study on included ferrocene and
ruthenocene complexes within CD cavities demonstrated’? by
spin—lattice relaxation time measurements in the laboratory
and rotating frames, as well as proton second moment analy-
sis, the high mobility of the ferrocene and ruthenocene guest
molecules.

Terao and coworkers’® were able to show later, by using
one-dimensional switching-angle sample spinning NMR spec-
troscopy, that the ferrocene molecule is precessing making an
angle p of 69° with its fivefold axis in y-CD, whereas the three
different ferrocene molecules enclathrate in B-CD precess with
B values of 6, 30 and 43°, respectively.

Isotropic motion in the cavity

We found several cases in which the nature of the motion of
the guest molecules within the host CD cavity is dependent on
the symmetry, size and resulting orientation of guest molecule
within the host cavity.

Metal carbonyl complexes studied by solid-state '*C NMR
are shown to have altered reorientational dynamics when
included in the host CD cavity compared to the parent
molecular crystals.

An example is the dynamics of solid iron pentacarbonyl
[Fe(CO)s] which have been investigated by Hanson and
coworkers in 1989.74

From the observation of a single carbonyl resonance at
—28 °C in the >C MAS NMR the authors proposed an
axial-equatorial exchange via a Berry pseudorotation, before
the solid melts. The '*C CPMAS spectrum of the '*C enriched
Fe(CO)s/B-CD inclusion complex at a MAS rate of 5 kHz
shows a single isotropic peak for the carbonyl groups with no
spinning sidebands.”” At —80 °C the '*C CPMAS NMR
spectrum is identical to that recorded at ambient temperature.
The '*C wideline spectrum of a sample '*CO enriched sample
of Fe(CO)s in B-CD shows a narrow peak with a bandwidth at
half-height of ca. 20 ppm. For a carbonyl group terminally
bound to a metal in a rigid lattice one should expect a
linewidth of the order of 400 ppm.”® It is likely that entire
Fe(CO)s molecule is relatively free to reorient inside the CD
cavity, but this motion is not sufficient to explain the presence
of a unique signal in the high-resolution solid-state spectrum.
In other words the two motional processes are (a) an intra-
molecular motional process of an axial-equatorial carbonyl
exchange via a Berry pseudorotation mechanism’® which
would equilibrate axial and equatorial environments and also
lead to extensive averaging of the CSA and (b) effective
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Fig. 13 Comparison between the '*C CPMAS spectra of Cr(CO),
(top) and Cr(CO)g included in y-cyclodextrin (bottom). Reproduced
with permission from ref. 75. Copyright 2000, RSC.

isotropic reorientation of the whole Fe(CO)s molecule within
the CD cavity which will completely average the CSA.

In the case of crystalline chromium hexacarbonyl [Cr(CO)g],
the comparison between the '*C MAS NMR spectra of the
whole molecule and its adduct with y-CD is reported in
Fig. 13. In the isotropic region of the crystalline compound
four isotropic resonances are observed associated with slight
distortions from octahedral crystal symmetry within the
molecule.”’

The CSA parameters associated with the spinning sideband
pattern are consistent with the rigidity of the carbonyl groups
in the crystal lattice. Conversely in the room temperature '*C
CPMAS spectrum of the y-CD intercalation compound the
presence of a single carbonyl resonance at 215.2 ppm with no
spinning sidebands even at low spinning speed provides a clear
evidence of a fast and isotropic reorientation of the entire
Cr(CO)¢ molecule inside the y-CD cavity.”

Motion along a principal axis

It has been previously shown that in a polycrystalline sample
of Cr(CO);(Cg¢Hg), the arene rotates freely along its principal
coordination axis whereas the carbonyl moiety is rigid on the
NMR timescale at ambient temperature.’®

The *C CPMAS NMR spectrum of Cr(CO);(C¢Hg) com-
partmentalized in the B-CD cavity (Fig. 14) shows only an
isotropic peak for the carbonyl groups with no spinning
sideband manifold.”® Then the solid-state spectrum is strictly
analogous to the solution spectrum, and the carbonyl moiety
would seem to acquire substantial mobility able to average the
large CSA associated with the rigid CO ligands. We could
surmise that B-CD environment provides a lower energy
pathway for the motion of the carbonyl moiety. Further proof
of the motion has been obtained by recording the non-spin-
ning spectrum of the inclusion compound that displays a
bandwidth of 20 ppm, markedly narrower than the broad
resonances usually found in the non-spinning metal carbonyl
spectra. This observed behaviour would seem to suggest that

....J‘\-__..Jh»._—_j'u......u A
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Fig. 14 Comparison between the '*C CPMAS spectra of
Cr(CO);(Cg¢Hg) (top) and Cr(CO);(C¢Hp) included in B-cyclodextrin
(bottom). Reproduced with permission from ref. 79. Copyright 1999,
RSC.

the entire organometallic molecule is free to isotropically
rotate inside the cavity. However this hypothesis was ruled
out on the basis of the results obtained by measuring the
powder pattern of the 2H NMR solid-state spectrum of the
inclusion compound containing the  perdeuterated
Cr(CO)3(C¢Dg) isotopomer as the guest molecule. A typical
deuterium powder pattern spectrum with an inner separation
between the main components of 71.0 kHz is observed at
300 K. This behaviour can be only associated with a six-site
nearest-neighbour jumps of the arene ring within the B-CD
cavity (C6 rotation). Then it is clear that the entire guest
molecule does not rotate isotropically inside the cavity, but it
is involved in a fast motion around the molecular axis of
symmetry. As a consequence of such motion the shielding
anisotropy, defined as Ac = 033 — (611 + 02)/2 with o] <

0 < g33and o; = —0;;, of the axially symmetric 13CO tensor
is reduced according the following equation:
Ac’ = [(3cos’f — 1)/2]Ac (3)

where f3 is the angle between the principal chemical shift tensor
axis and the rotational axis (Scheme 4). Since in the case of
Cr(CO)3(CeHg) the principal axis of the chemical shift for the
carbonyl groups lies at an angle close to 54.7° (the “so called
magic angle’’) the shielding anisotropy is scaled to a value
close to 0.

Another case is represented by FeCp(CO),L.% In the crystal-
line FeCp(CO),l the static nature of the carbonyls is demon-
strated by the presence of a large manifold of spinning
sidebands associated with the isotropic resonances at 211.3
ppm. The analysis of their tensor components affords a Ag
value of 411 ppm. The smaller extent of the spinning sideband
pattern associated with the Cp resonance at 81.3 ppm is
indicative of a fast motion of the Cp ring. This situation is
characteristic of half-sandwich complexes where the fast ring
rotation is allowed at most instrumentally obtainable tem-
peratures, whereas the crystalline packing constrain does not
permit the same for the carbonyl moieties.

The '*C CPMAS spectrum of FeCp(CO),I in its p-CD
intercalation compound shows the appearance of small but
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AG'=[(3cos?(p) - 1)/2]Ac
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Scheme 4 Reduction of the chemical shift anisotropy (As) of a
carbonyl group.

significant spinning sideband manifold for the carbonyl reso-
nance at 208.3 ppm only when the spinning speed is reduced to
2 kHz. A Ao value of about 60 ppm is obtained by computer
simulation of the spinning sideband pattern. Since the aniso-
tropy of mobile nuclei is reduced by a factor of (3cos2f — 1)/2
a f angle of about 49° has been calculated. Thus, the presence
of a precessional motion of the entire molecule with respect the
main symmetry Z axis of the CD cavity has been proposed, as
depicted in Scheme 5. It is worth noting that such a motion has
a very low energy barrier since it cannot be stopped even at the
lower attainable temperature (133 K).

FeCp(CO),CH; represents a unique case in which
the degree of motion is higher for the pure compound than
for the inclusion host—guest complex. The crystalline
compound displays plastic crystal-like behaviour at ambient
temperature as observed from its '*C CPMAS spectrum
(Fig. 15, bottom). By decreasing the temperature at 263 K,
the spinning sideband pattern of the individual resonances are
detected and a value of 335 ppm is calculated for the Ao of the
carbonyl peak (Fig. 15). When included in B-CD its room-
temperature '°C CPMAS spectrum recorded at low spinning
speed shows two resonances in the carbonyl region with a
spinning sideband pattern that allows the calculation of a
Ao value of 34 ppm. By applying the eqn (3) a f angle of
51° has been estimated; then the dynamic behaviour of
FeCp(CO),CHj3 in B-CD is quite similar to that found for
FeCp(CO),I discussed above.

It is evident that in this case the shape of the guest, the
size of the host and the strength of the intermolecular forces do
not allow an isotropic motion of the metal complex. Then only
the rotation of the entire molecule along certain axis is
permitted.

Motion of a part of a molecule

A particular case of mobility inside a CD cavity is represented
by the Mo,Cp,(CO)s—B-CD adduct which shows more unu-
sual results with respect those presented above.

At first glance the ambient temperature *C CPMAS
spectrum of Mo,Cp,(CO)s included in y-CD does not differ
greatly from the spectrum recorded for the polycrystalline
specimen. Furthermore the spinning sideband pattern
associated with the carbonyl resonances looks quite similar
in the two spectra. However, as shown in Fig. 16, when the

Scheme 5 Precession motion of FeCp(CO),I in B-cyclodextrin. Re-
produced with permission from ref. 8§0. Copyright 2007, Wiley-VCH
Verlag GmgH & Co. KGaA.

temperature is decreased the overall intensity of the
spinning sidebands increases with an increasing complexity
of the isotropic region. Thus, different motional regimes of
the two halves of Mo,Cp,(CO)s have been proposed. In
other words the half of the moiety inside the y-CD cavity is
involved in a fast motion at RT due to the presence of weak
constrains forces, whereas the non-included MoCp(CO);
moiety is rigid interacting with other MoCp(CO); groups of
neighbouring molecules in the crystalline lattice,
yielding the larger contribution to the spinning sideband
manifold at RT.

By decreasing the temperature, the rotation inside the cavity
is slowed down and more resonances become detectable in the
centre band.

283K

i U A
1 288K
| 290K
l l 291K
300 250 200 150 100 50 0  ppm

Fig. 15 Variable temperature '°C CPMAS spectra of FeCp-
(CO),CH;. Reproduced with permission from ref. 80. Copyright
2007, Wiley-VCH Verlag GmgH & Co. KGaA.
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Fig. 16 Variable-temperature '3C CPMAS spectra (carbonyl region)
of Mo0,Cp,(CO), included in B-cyclodextrin. The first-order spinning
sidebands are marked with an asterisk (*). Reproduced with permis-
sion from ref. 80. Copyright 2007, Wiley-VCH Verlag GmgH & Co.
KGaA.

Isomer interconversion in the cavity

13C CPMAS NMR studies of the structure and dynamics of
the novel inclusion compound of [Fex(’-CsHs)>(CO)4] with
v-CD represents an interesting extension of the concept of how
the interplay of symmetry, size and resulting orientation of the
guest molecule affects the nature of the intermolecular inter-
actions between guest and host.®! In this case the dynamics in
a solid-state inclusion environment represents a different
regime in comparison with both solution and crystalline
situations. The dynamic behavior of [Fe,(n*-CsHs),(CO),] in
solution as well as in the solid state has been demonstrated by
several authors.®? The cis and trans carbonyl-bridged isomers
interconvert rapidly at ambient temperature and since brid-
ging-terminal carbonyl exchange is rapid for the trans isomer
at all accessible temperatures, at ambient temperature a single
averaged carbonyl resonance is observed. At lower tempera-
tures the isomerization process is frozen into the limit of slow
exchange and separate resonances are observed for bridging
and terminal carbonyls of the cis isomer (Scheme 6).
High-resolution solid-state '*C CPMAS spectra of '*CO
enriched crystalline samples of cis and trans isomers of
[Fex(°-CsHs)»(CO)4] show the expected bridging and term-
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Scheme 6 cis—trans isomerization and carbonyl exchange in
Fe,(1°~CsHs)>(CO),. Reproduced with permission from ref. 82b.
Copyright 2007, American Chemical Society.
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Fig. 17 Variable-temperature '*C CPMAS spectra of Fe,(1°-Cp)»-
(CO)4 in y-cyclodextrin.
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inal signals with a large array of spinning sidebands.®® The
intensities of the spinning sidebands analyzed by the Herz-
feld—Berger method afforded the principal components of the
carbonyl carbon shielding tensors that are associated with a
rigid environment in the crystallographic lattice.

The single carbonyl resonance observed at 234.3 ppm in the
room-temperature '°C CPMAS NMR spectrum of [Fe,(n°-
C5sHjs),(CO)y] included in y-CD is a clear indication of a highly
fluxional system. Moreover the lack of a spinning sideband
pattern is a further evidence of the efficient averaging of the
CSA by extensive mobility of the molecules inside the CD
cavities. At lower temperature (Fig. 17) the presence of three
peaks assigned to bridging, trans averaged and terminal
environments, supports the idea that the organometallic com-
pound included in y-CD parallels the intramolecular fluxional
processes clearly demonstrated in the solution state (Scheme
6), namely: (a) rapid terminal-bridging carbonyl exchange for
the trans isomer at all accessible temperatures and (b) cis—trans
isomerization. Nevertheless the environment provided to
[Fes(n®-CsHs),(CO),] by y-CD in the solid inclusion com-
pound permits fluxionality, but the “host—guest” intermole-
cular forces appear to hinder cis—trans isomerization more
than they do terminal-bridging carbonyl interchange.

Conclusions

We hope that we have provided enough evidences in this
article to show how solid-state NMR affords valuable and
detailed insight into the structure and the dynamic of a wide
range of complex supramolecular architectures. This account
outlined the recent progress in this field having a focus on our
contributions that we have made since 2000 at the University
of Torino. The use of a multinuclear and multiparametric
approach in the solid-state NMR investigation allows to
obtain information at the local level opening new perspectives
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in the prediction and design of supramolecular systems.
Hydrogen bonds, polymorphism, intermolecular packing
arrangements and dynamics of molecular segments can be
investigated in great detail, in most cases without the need for
special sample preparation.

Of particular interest is to delineate the unique role of solid-
state NMR in hydrogen bond characterisation and classifica-
tion. New insights has been achieved by considering: (1) the
proton transfer from acids to bases evaluated by the '*C
CPMAS isotropic chemical shift, '*C chemical shift anisotropy
of carboxylic groups and by the '>’N CPMAS chemical shift of
nitrogen atoms; (2) the strength of interactions evaluated by
comparing the 'H MAS chemical shift of hydrogen-bonded
protons with O-O and N-O bond lengths; (3) dynamics of
molecules in the crystal packing evaluated by comparing T}
relaxation analysis and potential energy surface data; (4) the
X-H distance by means of an effective method that combines
"H MAS NMR and DFT calculation. This article wanted also
to highlight that when weak forces are involved in a supra-
molecular structure there is a decrease of the energy barriers
associated to the motion of groups or of entire molecules in the
crystal packing.

Stereochemical non-rigidity of the carbonyl ligands in tran-
sition metal carbonyl complexes that represents a common
feature in solution state is usually lost in the crystalline
samples, but can be re-established, provided that the high
potential energy barriers present in the crystalline framework
are removed or deduced in the CD cavity.

The dynamic regime of a molecule in a inclusion environ-
ment (such for example the solid-state mobility of host—guest
complexes of organometallic molecules in cyclodextrin) repre-
sents an intermediate situation between solution and crystal-
line state and it can be useful for understanding both dynamic
regimes. This study opens new perspectives for “‘engineering”
specific inclusion environment for molecular motion that are
not accessible in solution or simple crystalline situations. This
implies new possible applications in important fields such as
drug delivery, sensor probes, heterogeneous catalysis. Also it is
a very clear illustration of how the study of molecular dynamic
behavior by solid-state NMR spectroscopy may elucidate, in a
detailed fashion, aspects of the structure in materials which are
not amenable to study by diffraction techniques.
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