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Abstract

Over the past six decades, nuclear magnetic resonance spectroscopy has been an integral part of organic
synthetic and organometallic chemistry, as well as biochemistry. Beyond solution state experiments,
increasing developments have opened new avenues to study materials in their solid state. Between two
extremes (i.e., solution and solid), there exist several other forms of materials, especially soft materials such
as gels and liquid crystals. Traditionally gels have been studied using solution state NMR spectroscopic
methods. However, the viscosity of complex viscoelastic fluids such as gels affects the molecular tumbling,
which in turn affects the chemical shift anisotropy, dipolar and quadrupolar interactions resulting in broad
spectral lines. Therefore, the importance of solid state (SS) NMR in understanding the structural details of
self-assembled soft materials remained unexplored for several decades. Nevertheless, promising results in
understanding weak interactions in polymer gels have been explored using solid state cross polarization (CP)
and high resolution (HR) magic angle spinning (MAS) NMR spectroscopy. However, similar studies and the
possibilities to utilized SS NMR spectroscopy to study hydro-, and organogels derived from low molecular
weight gelators has been limited until recently. In this chapter, we will focus on the application of SS NMR

to study xerogels, aerogels and native gels with selected examples.



6.1 Introduction

6.1.1 Molecular gels

Molecular self-assembly has emerged as a fascinating tool to construct structurally and functionally diverse
soft materials across length scales.!” Among self-assembled materials, molecular organo- and hydrogels
represent a rapidly evolving area in soft matter science.>” Molecular gels are also referred to as physical gels
or supramolecular gels. Unlike covalently cross-linked polymer gels, the molecular gels involve low molecular
weight organic molecules (LMOGs, Mw < 3 kDa) as their basic building blocks. Therefore, similar to other
types of gels, molecular gels also contain continuous liquid component, and microphase separated gelator
molecule.'” Structurally and functionally diverse organic molecules ranging from fatty acids,'! peptides,'?
carbohydrate derivatives,'® steroids,'* and urea derivatives!> have been shown to undergo self-assembly
directed by various non-covalent interactions. The non-covalent interactions include London dispersion
forces, van der Waals interactions, m-stacking, hydrogen bonding, charge transfer complexation, and more
recently, halogen bonding and metal coordination have been pursued to design novel functional gels.!%?> Their
remarkable ability to form highly entangled self-assembled fibrillar networks (SAFINs) and encapsulate a
large amount of solvent makes them attractive candidates for potential applications in tissue engineering,
catalysis, sensors, optoelectronics, and hybrid nanomaterials.”> In polymer gels, the fundamental building
blocks for three-dimensional networks are 1D objects. In contrast, the basic building blocks in low molecular
gels are zero-dimensional molecular components, which self-assemble into high aspect ratio 1D structures
(e.g., fibers, tapes, ribbons, etc.). These 1D structures then non-covalently crosslink to form highly entangled
3D networks.

A molecular gel is considered as a kinetically trapped, metastable state and the gelation process can be
controlled by tuning the interactions and self-assembly pathways to obtain different material properties.?*
Further, different kinetically trapped gels can evolve into the same final gel state by overcoming the kinetic

barriers, for examples by thermal treatment.?

Therefore, one could say that the gels may also represent
thermodynamic minima, that can be accessed reversibly. Gelation of small molecules has often considered as
a failed crystallization, and recent reports have shown that there is a delicate balance between gelation and
crystallization.?® It has been shown that this balance between gel state and the crystallization that depends on
the activation barrier. This is attributed to the fact that the formation of 3D structures such as crystals allows
maximum stabilizing interactions compared to that of 1D structures found in the gels. However, in some cases,
such as the peptide amphiphiles, the formation of 1D structures are inherently thermodynamically stable, such
as peptide amphiphiles.?” Molecular gels display other interesting features in their mechanical properties when
studied under oscillatory rheology. Despite having an extremely small concentration of solid content, they

display solid-like rheological properties. Molecular gels show higher storage modulus (G”) compared to the

loss modulus (G"") over a large frequency range.!°



l ROYAL SOCIETY
OF CHEMISTRY

6.1.2 Characterization of gels

Despite the diversity in the structure and functionalities of the low molecular weight gelators, it has been
demonstrated that gelation is due to self-assembled fibrillar networks (SAFINs) of gelators. However, it
should be noted that there are other types of assemblies/ structures are known to form gel networks.!® The
presence of nanostructures in the gels are studied with various microscopy techniques not always in their
native state. Majority of the cases either xerogels (dried gels), aerogels (i.e., freeze dried/lyophilized or using
supercritical carbon dioxide) are used for electron microscopy. For hydrogels, shreds of evidence for the
presence of fibrillar network structure in the hydrated state have been investigated using cryogenic
transmission electron microscopy (Cryo-TEM).?® Further, environmental scanning electron microscopy
(ESEM),?° atomic force microscopy (AFM),*® critical point drying using supercritical carbon dioxide, and
liquid propane freeze drying also offer possibilities to observe the structures close to their native state.*!*
However, the microscopy techniques allow morphological features, but they involve various sample
preparation, pre-treatment and imaging conditions, where the samples undergo severe changes or even
damage. Though a wide variety of the gelators fail to produce quality single crystals, still, in some case,
successful crystallization has been achieved.**. Therefore, the single crystal X-ray diffraction remains the most
important tool for the evaluation of the nature of supramolecular interactions in the solid state. Further, in
some cases, the SAFINs are shown to be microcrystalline, thus suggesting a certain degree crystallinity
suitable for X-ray powder diffraction (XRPD) analysis.** While crystallization conditions often differ from
the gelation, X-ray powder diffraction require dried gels (xerogel) or aerogels. Therefore, limited information
is available for gels in their native state. In solution and gel state small-angle, X-ray scattering (SAXS) and
small angle neutron scattering (SANS) analysis have been used to gain insight on the self-assembled
superstructures.®>*® However, there exist several challegnes to study amorphous materials, powder samples,
polymers, and soft materials.
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Figure 6.1. The number of publications vs. year using keywords, solid state NMR, molecular gels and
supramolecular gels as entered in the web of science as of 20.03.2019. *indicates numbers for 2019 are

incomplete.



Among, non-invasive analytical tools, solution state NMR spectroscopy methods have played a
dominant role in the structural characterization of organic, inorganic, hybrids, macromolecular
structures, biomolecules, and even single cells.’”*® More importantly, the idea of using nuclear
magnetic polarization to study crystalline solids has been implemented soon after its invention.*®
Continued progress in the field of NMR spectroscopy, solid state (SS) cross polarization (CP) and
high resolution (HR) magic angle spinning (MAS), have made SS NMR an important tool in structural
chemistry, material science, and biology.***¢ SS NMR spectroscopy also offer possibilities to study
non-crystalline materials, amorphous solids, liquid crystalline materials, gels and even living cells.*’-
49 SS NMR can distinguish the presence of more than one of different polymorphs, conformational
isomers present in a given system. Furthermore, using SS NMR one could readily extract the
information related to the number of non-equivalent molecules present in an asymmetric unit of the
crystal lattice. Therefore, SS NMR is considered as a complementary tool to X-ray diffraction.>%>¢
The non-destructive and non-invasive nature of the experimental NMR methods allow complete
recovery of the materials for further analysis. More importantly, literature survey suggests that since
the 1990s the number of publications related to solid state NMR and molecular gels are growing in a
rapid pace (Figure 6.1). Therefore, it is interesting to see how these two co-evolved fields will
mutually benefit each other.

6.2 Solid state NMR

6.2.1 Historical perspectives

Historically, while studying the crystalline gypsum (CaS0O4.2H20), Pake observed a fine structure in
the NMR absorption for protons in 1948.>7 His experiments suggested that the NMR spectra from
solids has the ability to extract useful structural information and, therefore, can be considered as a
complementary tool to X-ray diffraction. This argument was strengthened further, when Andrew et
al., solved an ambiguity regarding the position of hydrogens in urea using SS NMR spectroscopy.>®
The above experiments have provided a solid foundation to study several inorganic salts and organic
crystals using SS NMR. Readers interested in historical development can read various accounts
reported in the literature, and a detailed description is beyond the scope of this chapter. In the solid
state, anisotropic interactions (i.e., chemical shift anisotropy, dipolar- and quadrupolar interactions)
results in broad NMR spectral lines. The dipolar coupling is an inverse cube of the internuclear
distance. Therefore, in certain cases, such anisotropic information provides useful insights into the
dynamics of specific sites. Where in site specific labelling allows studying the dynamics of the system,
interaction sites, and distance constraint. For example, by labelling ?H the one dimensional NMR
allows probing dynamis of 10 to 10”7 s, where as multidimensional experiments allow slower motion

with a range of 1s.>” Other nuclei can be used such as '*C or N to label and study. However, it is
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rather demanding and expensive to prepare isotopically enriched compunds. Therefore, alternative
approaches have been utilized. The seminal work by Schaefer and Stejskal in 1976, which combined
magic angle (54.74°) spinning (MAS), cross polarization (CP) from proton-to-carbon and high-power
proton decoupling commonly known as CP MAS NMR has revolutionized modern SS NMR.® The
rapid progress in SS NMR has thus opened a new field known as NMR crystallography in solid state
research, particularly useuful for rapid identification of polymorphs and conformational isomers in
pharmaceutical industries.%!*> The term “NMR crystallography” was not accepted favourably in early
days by the crystallographic community. However, Elena et al., clarified the meaning of NMR
crystallography in a reference foot note in their paper.®® “Interestingly, Crystallography is often
assimilated today to X-ray studies on single crystals, due to the phenomenal success of this method.
Crystallography is obviously a much wider discipline, defined (according to the Encyclopedia
Britannica) as “the branch of science that deals with discerning the arrangement and bonding of
atoms in crystalline solids and with the geometric structure of crystal lattices.” Since the powders we

study here are microcrystalline, the term NMR Crystallography appears natural.

6.2.2 Why solid state NMR of gels?
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Figure 6.2 Molecular gels and characterization. A) Chemical structure of ethyl cholate and the resulting
gel in an aromatic solvent. B) The polarizing optical microscopy image showing the self-assembled fibrillar
network. C) SEM micrograph of dried gel. D) Schematic representation of MAS NMR of gel. E&F) *C
CPMAS NMR spectra of a gel and xerogel. G) The powder X-ray powder diffraction patterns.
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As discussed in the previous sections, though gels contain a large amount of solvent, they are a self-
assembled system (equilibrium or dynamic). Therefore, naturally, there should be some degree of
order. Further, electron microscopy studies suggest the presence of nano- or micosized SAFINs
depending on the gelator, solvent or conditions (Figure 6.2). The rheological studies of many gels
show solid-like behaviour in their viscoelastic properties. All the above observations and literature
evidence suggests the presence of solid-like aggregates in the gels. Therefore, it is relevant to address
whether solid state NMR can be used to obtain relevant information on the nature of the self-assembled
superstructures in their native state. Since, liquid state NMR has been well explored to study the free
or mobile molecules in the gel network, combining solution NMR with solid state (CP MAS, HR
MAS) will provide a better overview on the gels in their native state. In this chapter, we discuss some
representative examples from the literature, how SS NMR has been used to study the self-assembled
low molecular weight gels and gelators. Further, we discuss how to derive the packing patterns of
low molecular weight gelators in their solid and native gel state. NMR crystallography of gels or

gelators utilizes a combination of techniques to gain a complete structural detail.

6.3 Solid state NMR of gels

6.3.1 Solid state NMR of polymer gels

Gels (polymeric and low molecular mass) either physical or chemically cross-linked networks are
complex viscoelastic materials. The increased viscosity restricts the fast isotropic molecular tumbling
or reduces the molecular motion. This also affects the anisotropic interactions like the chemical shift
anisotropy (CSA), dipolar- and quadrupolar couplings. As a result, the solution state NMR spectra of
gels/viscous liquids display broad signals. Therefore, it is a challenge to extract information related to
chemical and structural details. This situation is somewhat similar when solid state NMR experiments
are carried out for solids. Nevertheless, the possibility to use SS MAS NMR for gel-like material has
been demonstrated by Ford ef al., in 1985 for polystyrene swollen in CDCl3.%* Their work showed
that 13C MAS NMR spectra of swollen polymer gel could be measured at 4 kHZ spinning frequency.
Later, Ginter et al., carried out a systematic study of polyethylene oxide (PEO, Mw 3800 Da) hydrogel
and compared the solution state and SS MAS NMR (Figure 6.3A).% In short, the 3*C NMR of an
aqueous solution of PEO (5wt%), i.e., in its solution state was compared with the '*C MAS NMR and
static SS NMR spectra of the gel (70 wt% PEO in water). The spectra in the solid state were measured
by placing the gel in a 7 mm (od) zirconia rotor. The *C MAS NMR was collected at 4 kHz spinning
rate, and the !3C resonance patterns of methylene carbon at 69 ppm were compared. The 3C MAS
NMR spectra displayed a similar resonance pattern to that of the solution NMR resonance signals.

However, broad and overlapping signals were observed in the solid state. This suggests that there are

8
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more than one co-existing phases in the gel state. Authors concluded that this is due to the presence
of mobile and immobile components in the gel state.

A more systematic investigation was performed by Kobayashi et al. using polyvinyl alcohol (PVA)
hydrogel to distinguish the mobile and immobile components (Figure 6.3B).%® In their work, chemical
shift values and splitting patterns of '*C signals arising from —CH2 and -CH groups in the solution
state, gel state, and solid state were compared. A solution of PVA in D20 showed splitting into

multiplets due to triad and tetrad configurations of -CH and —CHa, respectively.

BCCPMAS I | \
c BC liquid state dried gelf,/\’ mr \M:_
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Figure 6.3 Solid state NMR of polymer gels. A) comparision of a) '*C MAS NMR spectrum of gel
containing 70% PEO and 30% of water at 4 kHz; (b) '*C NMR spectrum of gel containing 70% PEO
and 30% of water in a static rotor and (c) '*C NMR spectrum of 5% PEQO solution in liquid state probe.
Reproduced with permission from ref. 65 © Science Direct. B) Chemical structure of polyvinyl
alcohol (PVA, 2) and various hydrogen bonding interaction (a) solution state '*C NMR spectrum of

PV A/D:0 solution; (b) solution state '*C NMR spectrum in the gel state; (c) solid state 3C PST MAS
9
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NMR spectrum of the gel; (d) solid state '*C C P MAS NMR spectrum of the gel (e) '*C CPMAS

NMR spectrum of the solid. Reproduced with permission from ref. 66 © American Chemical Society

The splitting patterns arising from -CH groups are denoted as mm, mr and rr (m = meso, r= racemic).
Interestingly, in the '3C NMR spectrum of gel, -CH shows a triplet and ~CH2 showed a broad peak
(Figure 6.3B). The '3C pulse-saturation transfer (PST) MAS NMR of PVA gels displayed similar
spectral features as that of *C NMR of PVA gel in the solution state. The similarity in the spectral
pattern observed under solution state and PST MAS of the gel indicate that in the latter only mobile
components are visible. On the other hand, '*C CPMAS NMR spectra of solid PVA the resonance
signal from -CH carbon was split into three peaks. Importantly, the chemical shift difference between
three peaks was significantly larger compared to those splitting patterns arising from the
stereochemical configuration. The splitting of resonance signals of the solid PV A is attributed due to
the intramolecular hydrogen bonds between the neighbouring hydroxyl groups within the PVA
backbone. The number of hydrogen bonding affects the chemical shift values. Important observations
were made by recording the '*C CPMAS NMR of PVA gel, wherein it was found that there are
splitting patterns, which resemble the *C NMR of PVA gel as well as that of the '°C CPMAS NMR
of the solid PVA. Furthermore, as the concentration of PVA was increased the '*C CPMAS NMR of
the gels tends to display solid-like spectral pattern, and at 35%, the spectra of the gel looked similar
to that of the solid PVA. The above examples suggest, that SS NMR of gels can distinguish different
components, stereochemical configurations, and the intermolecular interactions. Lai et al. carried out
a systematic study on the effect of gelation procedure and degree of tacticity in PVA gels using solid
state NMR.%7 An extensive discussion on solid state NMR of polymer gels is beyond the scope of this
chapter and has been discussed in several literature reports.®®%° However, the above two examples
form the basis for the solution and solid state NMR studies on supramolecular gels. Importantly, for
molecular gels the solution state NMR spectroscopy experiments have shown the presence of mobile
and immobile as well as the components which are bound to gel network and free molecules.”’
Recently, pulse field gradient (PFG) diffusion ordered NMR spectroscopy (DOSY NMR) experiments
and HRMAS studies have been shown to support this hypothesis.”! The details of such studies have
been reviewed elsewhere.”?. Therefore, the following part of the chapter we will focus towards the

solid state NMR of xerogels, aerogels, and native gels with special emphasis on molecular gels.

6.4 Solid state NMR of molecular gels
6.4.1 Solid state NMR of xerogels

10
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One of the early '*C CP MAS studies on xerogel from pseudo-rotaxane formation induced
hydrogelation of alkylpyrdinium derivatives in the presence of a-cyclodextrin (a-CD) was reported
by Taira et al (Figure 6.4).” The pseudo rotaxane formation was confirmed using MALDI-TOF and
NMR spectroscopy. Further, authors used the xerogel derived from a mixture of 3b:a-CD (1:2)
hydrogel to measure the '*C CPMAS NMR spectrum (Figure 6.4B). In the 3C CP MAS, spectral
resonances arising from C-1 and C-4 carbons of free a-CD that typically appears at signals at 81 and
98 ppm, respectively were absent. This suggests that xerogel is composed of pseudorotaxane.
Consequently, the original hydrogel is composed of pseudorotaxane (Figure 5B). However, there

was no evidence based on solid state NMR of the native gel.
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Figure 6.4 Pseudorotaxane based gelators: (A) Chemical structures of alkylpyridinium halides and a-
cycloderxtrin. (B) '*C CPMAS NMR spectra of (a) a-CD; (b) xerogel of 3b and a-CD, and (c) 3b. Peaks
with an asterisk are assigned to C-1 and C-4 with a conformationally strained glycoside linkage. Reproduced

with permission from ref. 73 © Royal Society of Chemistry.

6.4.2 Solid state NMR of gels
One of the first examples for *C CPMAS NMR of molecular gels was reported by Schoonbeek et al., for gels
derived from 1,2-bis-urea benzene derivatives in aromatic solvents (4a-g, Figure 6.5A).”

solution 3C NMR, 3C CPMAS NMR of the solid gelator and that of the toluene-ds gel (Figure 6.5B). The

They compared the

variable concentration '3*C NMR in solution state showed no significant changes in the position of *C
resonance peaks. Interestingly, the position of '*C resonances in solution state was also found to be same in
13C CPMAS NMR of the solid gelator and that of toluene-ds gel. The observation that the '*C signals did not
undergo any change with concentration has been attributed to the presence of strong intra-molecular H-
bonding within the gelator molecules as well as strong solute-solvent interaction in the solution. It was

suggested that the interactions in the solution state (i.e., a combined intra-molecular and solvent-solute
11
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a
interactions) essentially have a similar effect as strong inter- and intramolecular interactions in the solid and
gel state. Therefore, the position of the resonance peaks remains the same in all three states. Further, the two
carbonyls were found to be equivalent in solution, gel state, and solid state. Moreover, the 1*C signals arising
from aromatic (phenyl) carbons showed no splitting in the solid state NMR. However, the carbons arising
from the butyl chains did show splitting. This might be the result of a severe disorder in the flexible alkyl
chains. This work did show that '3C CPMAS of molecular gels can be obtained and useful in understanding

interactions involved in various forms. However, no clear evidence was obtained from the gel state due to

poor spectral resolution.
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Figure 6.5 Comparison of solution, gel and solid state '*C NMR spectra of 4a: (a) 47.7 mM in CDCl3; (b)
13C CPMAS NMR of the solid and (c) toluene-ds gel of 4a. Reproduced with permission from ref. 74 ©
Wiley-VCH.

In 2010, a combined solid state NMR and powder X-ray diffraction of organogels derived from bile
acid esters were reported by Nonappa et al.”> More importantly, this study allowed the determination
solid state structure of gelator molecules and their packing in gel and xerogel state.”> This forms the
basis for the discussion in the following part of the chapter. Using simple esters of cholic acid, a
number of gelators were prepared (Figure 6.6).” The gel formation was observed only for ethyl,
propyl, allyl and propargyl esters of cholic acid. The methyl derivative, readily formed crystals,
whereas the butyl derivative, remained in the solution in the tested solvents. The success of this

demonstration is due to the choice of the gelators, which have been shown to form highly entangled

SAFINs having average lateral dimensions 300 nm and indefinite length. This allowed the direct

12
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observation of the fibers even under the polarizing optical microscope.”” Moreover, the X-ray powder
diffraction patterns of the xerogels also showed high crystallinity, and the fibers were shown to melt
at the same temperature as synthetic solid.

First, a comparison of the '°C CPMAS NMR spectra of the synthetic solid and the xerogel was carried out.
The synthetic solid, as well as the xerogel samples, displayed identical spectral pattern. Importantly, all the
gelators and xerogels displayed doublet resonance pattern, which was a consequence of two non-equivalent
molecules present in the asymmetric unit of the crystal lattice. This property has been observed for bile acid
itself. The solid state '°C CP MAS NMR spectra were then compared with the native gel state °C CPMAS
NMR, by spinning samples at 4, 5 and 8 kHz. The gels also showed a similar resonance pattern as that of the
xerogel and the synthetic solid (Figure 6.6B) in their NMR spectra. The identical resonance pattern and the

position of the *C resonances suggest that the packing pattern in the gel state, xerogel, and the solid state are

similar.
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Figure 6.6 Cholic acid ester based gelators: (A) Chemical structure and solid state ?*C CPMAS NMR of
xerogel and recrystallized samples of ethyl cholate 5 from different solvents. (B) Schematic representation
showing the location and preparation of a gel sample for the CPMAS experiment and the '*C CP MAS NMR
spectra of benzene-ds gel of 5 at (a) 5 kHz and (b) 4 kHz; and (c) benzene gel of 5 at 4 kHz. Reproduced with
permission from ref. 75 © Royal Society of Chemistry.

Using powder X-ray powder diffraction indexing and Rietveld refinement, the solid state structure of the
gelator was solved. The crystal structure determined using PXRD showed the presence of two non-equivalent
molecules in an asymmetric unit of the crystal lattice supporting the the doublet resonance pattern in the '*C

CP MAS.
13
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In a related study Noponen et al., compared the solid state single crystal X-ray structure, '°C CPMAS
NMR and PXRD patterns to understand the packing patterns in the gel state. They used the organogels
derived from a series of bile acid—L-methionine methyl ester conjugates (Figure 6.7).”® When
recrystallized from acetonitrile, all the conjugates (6a-c) formed quality single crystals. However, 6b
and 6¢ showed the ability to form organogels in aromatic solvents such as toluene and benzene. A
comparision of the solid state *C CPMAS NMR spectra samples of recrystallized from acetonitrile,
with the xerogels and the benzene-ds and toluene-ds gels was carried out. Interestingly, compound 6¢

showed a similar spectral pattern for acetonitrile recrystallized sample and the native gel.
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Figure 6.7 Bile acid-methionine ester conjugates. (A) Chemical structure of the gelators. (B) ORTEP10
plots of asymmetric units of compounds 6a. (C) Temperature-dependent diffraction patterns of xerogel of
compound 6a together with a simulated pattern of the low-temperature single crystal structure 6a. (D)
Overlays of molecular structures (top), and packing modes of single crystal X-ray structure (dark structure)
and structure solved using PXRD (light structure) presented along the b-axis of the room-temperature
structure 6a. For clarity, the sulfur atom (S1) of room temperature structure is presented in a ball-style and
hydrogen atom. (E) *C NMR spectra of compound 6b; (a) solution state; (b) '*C CPMAS NMR spectrum
of xerogel, (c) *C CPMAS NMR spectrum of 2% (w/v) benzene gel. (F) '*C NMR spectra of compound
6¢; (a) solution state; (b) *C CPMAS NMR of xerogel and (c) *C CPMAS NMR spectrum of 4% (w/v)
toluene-ds gel. Reproduced with permission from ref. 78 © Royal Society of Chemistry.
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The above results suggest that the gelator molecules have a similar packing pattern in their gel state
and in its crystal structure. Further, a similarity in the PXRD patterns of xerogels and the simulated
powder diffraction patterns from single crystal X-ray structure supports that the gel, aerogel and the
single crystals have similar packing patterns. On the hand, '3C CPMAS NMR spectral pattern of gels
derived from 6b showed a significant difference from that of the single crystals (Figure 6.7E)

indicating that the packing patterns in the gel state and single crystals are different.

Ikonen et al. studied reported the solid state NMR studies on the gels derived from mono- and diketal
derivatives of bile acids.” The solid state '3C CPMAS NMR spectra were compared with respective
solution state '*C NMR spectra. The monoketal derivatives of pentaerythritol displayed gelation
ability in organic solvents (Figure 6.8). '°C CPMAS NMR gelator 7a, recrystallized from toluene, p-
xylene, and chlorobenzene revealed a doublet resonance pattern indicating the presence of two
crystallographically independent molecules per asymmetric unit (Figure 6.8Bc). The sample
recrystallized from benzene showed the presence of two polymorphic forms. The minor polymorphic
form showed similar spectral patterns to those crystallized from other aromatic solvents (Figure
6.8Bd) whereas, the major form was found to be a benzene solvate. '*C CP MAS NMR spectra of 7a
recrystallized from acetonitrile or acetone (non-gelling solvents) also showed a doublet resonance
pattern. However, the doublet resonance patterns were for the carbons from pentaerythritol moiety

were not well resolved, presumably due to severe disorder in that part of the gelator molecule.
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Figure 6.8. A) Chemical structures of monoketal derivatives of bile acids. (B) '*C NMR spectrum of 7a in
CDCIs (a) and '3C CP MAS NMR spectra of 7a crystallized from acetonitrile (b), toluene (c), and benzene

T T T T T
160 10 120 100 0

(d). Reproduced with permission from ref. 79 © Royal Society of Chemistry.
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Svobodova et al., compared the 3C CPM MAS NMR spectra of synthetic solids, xerogels, and gels
derived from stigmasterol-aminoacid conjugates (Figure 6.9).8%%! The '*C CPMAS NMR spectra of
of the synthetic solid revealed a certain degree of crystalline, however, relatively broad. However, a
systematic analysis of the!>3C CPMAS NMR spectral data of 8a revealed three peaks for carbonyl
carbon at 169.88, 169.34 and 168.76 ppm. Similarly, in >’N CP MAS NMR, also showed the presence
of more than one '°N signals. Therefore, it was concluded that there exists more than one form (i.e.,
polymorphs). Interestingly, xerogel prepared from the benzene gel of 8a showed a doublet resonance
pattern in its '3*C CP MAS NMR (Figure 6.9Ce) with carbonyl signals appearing at 169.85 and 168.92
ppm. This suggests, that there are two crystallographically independent molecules in an asymmetric
unit of the crystal lattice. Further, it also suggests in the gel state only one polymorphic form exists
unlike the synthetic solid. On the otherhand, the *C CPMAS NMR of CCls-gel of 8a and its xerogel
displayed a signlet resonance pattern. This observation further support that the synthetic solid is a
mixture of polymorphs and is separated by changing the solvents. On the other hand, 1-butanol gel of

8b and its xerogels displayed a doublet resonance pattern.
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Figure 6.9 (A) Chemical structures of stigmasterol-aminoacid conjugates and protonation and
deprotonation of stigmasteryl phenylalaninate in tetrachloromethane; (B) '*C CPMAS NMR NMR of
(a) 8b solid and (b) xerogel from the 1-butanol gel of 8b. (C) *C CPMAS NMR of (a) 8a solid; (b)
8b solid, and xerogels of 8b obtained from (c) benzene gel of 8a; (d) from CCl4 gel of 8a, and (e) CCl4
gel of 8b (4% w/v). Reproduced with permission from ref. 80 © Science Direct.

6.4.3 3'P MAS NMR of gels

3P MAS NMR experiments have been wused to monitor the thermal transition in
phospholipid/cholesterol bilayer systems and to study the effect of cholesterol on phospholipid head
group.’?® Alanne et al., reported *C CPMAS and *'P MAS NMR of a gel, xerogel and synthetic
solids of bisphosphonate gelators (Figure 6.10, 9a-d).3* Authors suggested that the *C CPMAS NMR

of the synthetic solids and the gels displayed similar spectral patterns, however, they were significantly
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different from that of the xerogels. However, in contrast to authors claim, a closer examination of the
13C CPMAS NMR spectra of a synthetic product, xerogel, and gels indicate they all differ
significantly, in their spectral patterns. Interestingly, the two '*C CP MAS signals appearing in the gel
state shows a resonance signal around 25 ppm similar to that of solid state suggesting that there exists
more than one phase in the gel (presumably mobile and immobile components). Further, *'P MAS
NMR spectra also revelaed a similar correlation in the spectral patterns as that of '3C CP MAS. 3'P
MAS NMR spectra of synthetic solid and the xerogels of gelator molecule 9a were found to be

significantly different from each other.
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Figure 6.10 Bisphosphonate hydrogelators: (A) Chemical structures of hydrogelators; (B) '3C
CPMAS NMR spectra of (a) synthetic solid; (b) xerogel and (c) gel (4 or 5 w/v%) of 9a (C) *'P MAS
NMR spectra of (a) synthetic solid; (b) xerogel and (c) the hydrogel of 9a-9d. Reproduced with
permission from ref. 84 © Royal Society of Chemistry.

6.4.4 "B MAS NMR of gels

B is a spin-3/2 nucleus that produces a strong NMR signal. Further, because of its ability to distinguish
between between BO4 and BO3 through distinct line shape, !'B MAS NMR has been extensively used to study
borosilicate glasses.® Borate ester formation has been used to modify the viscosity of various polymers and
also to induce gelation of small molecules. ''"B MAS NMR is an important tool to study gels but has not been
used extensively. Guanosine borate (GB) ester hydrogels have been studied using 'H-decoupled ''B MAS
NMR (Figure 6.11).3¢ The guanosine molecules were treated with various salts such as KB(OH)s and

CsB(OH)s. The K" GB gel showed a sharp signal at 11.54 ppm and a small broader shoulder peak at 12.10
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a
ppm. In contrast, the weaker Cs* GB gel gave a "B NMR spectrum with a downfield shifted peak at 13.00
ppm which is larger than the upfield signal at 12.20 ppm. From the above experiments it was suggested that,
firstly, ''"B NMR signals from borate diesters in the gel and sol states could be resolved by MAS NMR.
Secondly, the K™ GB sample has more borate diester in the gel state than the weaker Cs* GB sample.
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Figure 6.11 Guanasine-borate ester hydrogels. The chemical structure, intermediate and self-assembly

mechanism (lef). Solid state ''B MAS NMR of GB gels in the presence of K™ and Cs*. Reproduced with

O (mdeg)

permission from ref. 86 under Creative Commons Attribution (CC-BY) License.

6.4.5 2D solid state NMR of gels

One dimensional CP MAS experiments indeed provide valuable information about the packing patterns, the
presence of mobile and immobile components or polymorphism within the gel. The study on gels and gelators
using solid state NMR is still developing, and there is more scope to extended studies such as 2D solid state
NMR spectroscopy. In this context, Nagy-Smith ef al. used 2D solid state NMR to study the MAX1 peptide
hydrogels.” MAXI1 peptide adopt a Bhairpin conformation which directs the double-layered cross-f3
structures leading to nanofibrillar networks (Figure 6.12). Authors were able to establish a full structural
model for the peptide fibrils using SS NMR. In brief, the solid state NMR analyses of the lyophilized sample
(i.e., the aerogel) and the sample that was first lyophilized followed by rehydration were compared. The TEM

images of the lyophilized sample after rehydration showed similar morphological features as that of the
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original hydrogel, indicating that the lyophilization induced artifacts are absent. The peptides were uniformly
labelled with >N and '*C. The 2D 3C-'3C solid state correlation NMR spectra showed that a single set of
cross-peak signals (Figure 6.12B). Further, the lyophilized gels and rehydrated gels showed similar spectral
patterns. This ruled out the possibilities of having more than one type of supramolecular structures in the
hydrogel (i.e., fibrils are monomorphic) and also suggested that all the peptide molecules are bound to the
fiber network (i.e., no free-molecules). To gain structural insights authors have utilized rotational echo double

resonance (REDOR) and '*N and !* C backbone recoupling (>N BARE and *C-BARE) experiments.
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Figure 6.12 (A) Self-assembly of MAX1 monomers leads to a hydrogel made from a kinetically trapped
network of fibrils, each of which contains a putative double layered S-sheet structure comprised of f-hairpins.
Four possible supramolecular structures are shown, differing in the nature of intermolecular alignments within
and between the B-sheets. (B) Negatively stained TEM images of nascent MAX1 fibrils (a) and fibrils in a
rehydrated hydrogel after lyophilization (b). Two-dimensional solid-state '*C—'3C NMR spectra of MAX1
sample IX as a lyophilized gel (¢) and a rehydrated gel (d). One-dimensional slices at Ca chemical shifts of
P11 and T12 (red) and K8 and K11 (blue) are shown. Reproduced with permission from ref. 87 © 2015

National Academy of Sciences.

6.4.6 HR MAS of gels

Dried samples of gels have been studied using '"H DQ MAS.?% It has been shown that static 'H multiple
quntum (MQ) and HR MAS can be used to study gels in their native state.’*?! High resolution magic angle
spinning (HR MAS) NMR is useful to investigate and compare the mobile and conformationally locked or
immobile components in gel phases. Especially, HR MAS is useful to identify the mobile structural moiety

that is in grafted to a solid support. When the mobile components show sufficiently high isotropic mobility
19



l ROYAL SOCIETY
OF CHEMISTRY

with a correlation time of <107''s, due to the elimination of dipolar broadening, sharp signals are obtained.
Those moieties that lack the mobility, the low spinning speed used in HR MAS ( 4 kHz) is not high enough
to average dipolar broadening. Therefore the resulting signals are broad and vanish in the noise. Therefore,
HR MAS can distinguish between the mobile and immbobile components that are grafted at the interface.
Additionally, diffusion filtered (DF) HR MAS can distinguish conformationally mobile moieties and
translationally free molecules in the liquid state. The gradient pulsed techniques can encode translationally
free diffusing species, but not the grafted ones. Thus the signals arising from the translational motion freedom
are suppressed and those without remain unaltered. HR MAS has been used to study the gels derived from

valine containing peptide gelators.”!
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Figure 6.13 (A) HR MAS 'H NMR spectra of a gel formed by compound 10 in CD3CN: (a) no diffusion
filter; (b) 50% diffusion filter. (B) Diffusion filtered (70%) HR MAS 'HNMRspectra of gels formed by
compound 11 in CD?CN and toluene-ds. Reproduced with permission from ref. 91 © Royal Society of
Chemistry.

It has been shown that when CD3CN and toluene-ds gels of compound (Figure 6.13) was measured under
HR MAS conditions, significant differences were observed. In CD3CN gels, the resonances of the valine
methyl groups and those of aliphatic briding chains were observed upon applying diffusion filter indicating
the rotationally mobile part of those parts. Furthermore, the resonance signals from terminal benzyl groups
were not observed presumably due to strong m-stacking. Interestingly, for toluene gel of 10, no signals were
detected under diffusion filtered condition. This suggests stronger agreegates compared to acetonitrile. DF
'"H HRMAS of acetonitrile gel by compound 11 showed signals from valine methyl groups and alphatic
brigding chain. The toluene gel on the other hand also showed high intense L-proline signals. This suggests

the possibily different structural organization in two solvents.
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In summary, the continuing interest to study gels has triggered the need for understanding the structure,

Conclusions

function, and interactions at different length scales. It is well established that the microscopy is useful to
study the nanometric features and X-ray diffraction studies provide ultimate precision in determining the
molecular interactions. However, the lack of crystallinity and amorphous nature is a major hurdle in
achieving high level details. Therefore, a combination of multiple analytical tools is necessary to gain better
insights on gels. In this context, solid state NMR provides valuable information not only about the nature of
the packing but also about the various components involved in the native gels. Further, the ability to
distinguish mobile and conformationally rigid components allow supporting certain properties of the gels.
The recent progress in the field of cryo-TEM and single particle reconstructions offer an additional advantage
to gain atomic level details of nanofibers derived from hydrogels, especially from peptides and proteins.
Further, there are new techniques such as microelectron diffraction methods have been successfully
demonstrated to obtain atomic level 3D structures of small molecules using nanocrystals of organic
molecules, which otherwise failed to produce large crystals suitable for X-ray diffraction. Therefore, in
future combining solid state NMR of native gels in combination with high resolution electron microscopy,
X-ray diffraction, and electron diffraction would result in major advances in understanding the atomic level
details of gelators and their interaction at various stages. Solid state NMR 1is particularly useful to study gels
obtained from multicomponent systems.
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