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Abstract Solid-state NMR spectroscopy is a powerful
technique for studying structural and dynamic properties
of solids and has considerable potential to be exploited
for in situ studies of chemical processes. However,
adapting solid-state NMR techniques and instrumenta-
tion for in situ applications are often associated with
technical challenges, and for this reason, the opportuni-
ties remain underexploited. This paper highlights two
experimental strategies that we have developed in recent
years for in situ solid-state NMR investigations of solid-
state processes. One technique is focused on probing
details of the time evolution of materials formation
processes, and the other technique is focused on under-
standing the time evolution of adsorption processes in
microporous and mesoporous solid host materials. Each
of these in situ solid-state NMR techniques has signifi-
cant prospects for applications in areas relating to
heterogeneous catalysis.
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Introduction
It is well recognized that the development and appli-

cation of experimental techniques for in situ investiga-
tions of chemical processes, such as heterogeneous
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catalytic reactions [1], present the greatest opportunities
for understanding such processes at a detailed funda-
mental level. Among the techniques that are routinely
used for physicochemical characterization of solid
materials, solid-state  NMR spectroscopy is a very
powerful and versatile technique for investigating local
structural properties and dynamic properties. However,
adapting this technique for in situ studies of chemical
processes can be associated with significant technical
challenges. These challenges include the fact that high-
resolution solid-state NMR spectra are usually recorded
under conditions of rapid sample spinning (at frequen-
cies typically in the range of about 3000-15,000 revo-
lutions per second; see Sect. 2) and the fact that the
sample is contained within a sealed and relatively small
rotor (cylindrical with length ca. 1.5 cm and typical
diameter ca. 4-7 mm) within a confined and relatively
inaccessible space inside the magnet of the solid-state
NMR spectrometer. For these reasons, developing
in situ solid-state NMR techniques has typically lagged
behind the advances that have been made in other
in situ experimental strategies (for example, those based
on X-ray diffraction, neutron diffraction, X-ray
absorption spectroscopy, other spectroscopic methods,
and microscopy techniques).

This paper discusses two in situ solid-state NMR
strategies that we have developed in recent years for
probing the time dependence of solid-state processes, in
one case for understanding the evolution of adsorption
processes in microporous and mesoporous solids, and in
the other case for monitoring the evolution of processes
involving the formation of solid materials from solution
(e.g., crystallization processes). As amplified below, each
of these in situ solid-state NMR techniques has significant
opportunities for applications in heterogenous catalysis.
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Brief introduction to solid-state NMR

An essential requirement underlying the viability of solid-
state NMR as a technique for in situ studies of solid-state
processes is that high-resolution solid-state NMR is able to
identify different local environments of the species present
in the system from the specific set of peak positions (i.e.,
the isotropic chemical shifts) in the solid-state NMR
spectrum, and hence has the potential to monitor how the
local environments change as a function of time during the
process under investigation. In the present context, the
different local environments of interest may represent dif-
ferent adsorption states of a molecule within a porous
catalyst material, or different solid phases present during a
materials formation process. Here, we mention briefly the
experimental methods that are typically required for mea-
suring high-resolution solid-state NMR spectra of powder
samples, which are now applied relatively routinely on
dedicated solid-state NMR spectrometers. However, we
note that the specific details of the technique used and the
experimental conditions required to record high-resolution
solid-state NMR spectra depend on the properties of the
specific NMR-active nucleus to be studied and the features
of the material under investigation.

In general, the solid-state NMR spectrum recorded
for a (static) powder sample is very broad and feature-
less, as a consequence of the fact that the NMR spec-
trum is influenced by several anisotropic interactions,
which include chemical shift anisotropy, direct dipole—
dipole interactions, indirect dipole—dipole interactions,
and the quadrupolar interaction (which arises for nuclei
with I > 1). Because of the anisotropy of these inter-
actions, the NMR resonance frequency depends (often
significantly) on the orientation of a given molecule
and/or a given crystallite relative to the applied mag-
netic field in the NMR spectrometer. As a powder
sample contains, in principle, all possible orientations of
molecules and/or crystallites, with different orientations
giving rise to different NMR resonance frequencies, the
resultant NMR spectrum typically contains very broad
lines and the contributions to the NMR spectrum from
structurally distinct species in the material of interest
are unresolved from each other.

Fortunately, a number of ingenious experimental meth-
ods have been developed to allow isotropically averaged
(i.e., high-resolution) NMR spectra to be recorded for
powder samples, in which a narrow line is observed for
each structurally distinguishable environment in the
material for the type of nucleus of interest. These experi-
mental methods include magic-angle sample spinning
(MAS), high-power heteronuclear decoupling, and multi-
ple-pulse techniques. In the case of MAS, the capability to
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spin samples at MAS frequencies up to ca. 15 kHz is
standard on most solid-state  NMR instrumentation,
although it is now possible to achieve MAS frequencies of
over 100 kHz using specialized apparatus. However, we
note that such ultrafast MAS is attained using cylindrical
rotors with very small diameter (e.g., 0.8 mm), and there-
fore the amount of sample is necessarily very low.

More details of the background to solid-state NMR
and details of the techniques that are used to measure
high-resolution solid-state NMR spectra may be found in
introductory texts [2, 3]. In the remainder of this section,
we give a very brief overview of two specific cases:
high-resolution solid-state '"H NMR and high-resolution
solid-state '3C NMR, as these techniques are relevant to
the examples presented in Sects. 3 and 4, respectively.
We note that 'H and '*C are both cases of spin-%4 nuclei
(i.e. I ="), but they differ significantly in natural
abundance (natural isotopic abundances: 'H > 99.9 %;
BC 1.1 %).

In the case of '"H NMR of solids, line broadening is
usually very severe as a consequence of strong 'H---'H
direct dipole—dipole interactions (this situation arises
both because 'H nuclei in solids typically have many
other 'H nuclei in their close proximity and because the
magnitude of the magnetogyric ratio (y) of 'H is very
high). The strong 'H---'H direct dipole—dipole interac-
tions cannot readily be eliminated by MAS (except
perhaps using instrumentation that allows ultra-high
MAS frequencies, of the order of 100 kHz, to be
attained); furthermore, standard heteronuclear decou-
pling techniques cannot be used to eliminate the
(homonuclear) 'H---'H direct dipole—dipole interactions.
However, in favorable cases (e.g., if the molecules
containing the 'H nuclei are dynamic in the material of
interest, and/or if the 'H nuclei are sparsely distributed
in the material), the line broadening due to the aniso-
tropic interactions is reduced significantly, and high-
resolution solid-state '"H NMR spectra can be recorded
simply using MAS (at normal spinning frequencies) to
eliminate the residual line broadening. This situation is
encountered in the system discussed in Sect. 3.3.

In the case of high-resolution solid-state '>*C NMR of
organic solids (at natural isotopic abundance), the primary
contributions to line broadening arise from chemical shift
anisotropy and from '*C---'H direct dipole—dipole inter-
actions. The line broadening can be reduced significantly
(resulting in high-resolution solid-state '>*C NMR spectra)
by a combination of MAS, typically at spinning fre-
quencies of around 10 kHz, and high-power 'H decou-
pling. This methodology has been used to record the high-
resolution solid-state '3C NMR spectra discussed in
Sect. 4.3.
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In situ solid-state NMR strategy to study
adsorption processes

Introduction

Solid-state NMR is used widely in ex situ studies of
heterogenous catalytic systems, typically involving the
adsorption of reagents on the catalyst outside the solid-state
NMR spectrometer, followed by loading the sample into the
spectrometer and measuring the NMR spectrum. However,
such ex situ studies have the disadvantage that significant
evolution of the system (e.g., redistribution of the popula-
tions of different adsorption sites and/or a significant extent
of chemical reaction) may occur in the time interval between
carrying out the adsorption process and actually starting the
solid-state NMR measurement, including the period of time
required to transfer the sample to the NMR spectrometer.

To overcome this problem, it would clearly be advan-
tageous to carry out in situ solid-state NMR studies on
heterogenous catalytic systems to yield complementary
information to the range of other in situ experimental
techniques [1, 4-7] (such as combined EXAFS/XRD, FTIR
spectroscopy, and laser Raman spectroscopies) that can
provide insights into the nature of active sites and mech-
anisms of catalytic conversion. Several strategies for in situ
solid-state NMR studies of adsorption processes have been
reported, notably the development of continuous-flow
techniques by Hunger and coworkers [8] and the “pulse-
quench” or cryogenic adsorption approaches (e.g., using
the CAVERN apparatus) developed by Haw and coworkers
[9, 10]. However, the design and implementation of the
apparatus required for continuous-flow in situ NMR are
technically demanding. Furthermore, in the “pulse-
quench” or cryogenic adsorption approach, the adsorption
process is not actually carried out within the NMR spec-
trometer, so this technique does not allow the earliest
stages of the adsorption process to be probed.

To circumvent challenges of this type, we have devel-
oped [11] a much simpler experimental strategy for in situ
solid-state NMR studies of the evolution of adsorption
processes in porous solids. The technique does not require
any adaptation or modification of the NMR instrumentation
and allows NMR spectra to be recorded immediately from
the start of the adsorption process. The technique has been
applied to reveal details of the evolution of the adsorption
in a wide range of systems, including adsorption of water in
nanoporous silica (MCM-41) by in situ solid-state "H NMR
[12], hydration of the solid acid catalyst ZSM-5 in its
ammonium form [13] including the study of preferential
clustering of water molecules during hydration of this
system [14], and the evolution of water clusters during
hydration of H-ZSM-5 [15].

Description of the technique

The main motivation underlying the development of our
in situ solid-state NMR technique [11] was to devise a
procedure to allow adsorption processes to be initiated
directly inside the solid-state NMR spectrometer, thus
ensuring that NMR spectra can be recorded from the time
at which the adsorption process commences. With this
strategy, the very earliest stages of the adsorption process
can be probed, and subsequent changes in the populations
of different adsorption sites are monitored by repeated
measurement of the solid-state NMR spectrum as a func-
tion of time.

A physical consequence of the requirement for fast
sample spinning (i.e., MAS) in recording high-resolution
solid-state NMR spectra is that a significant centrifugal
force is imposed on the sample. In our in situ solid-state
NMR strategy for studying adsorption processes, this
centrifugal force is utilized as a way to “trigger” the in situ
adsorption of liquid reagents within porous materials,
focusing on materials of interest within the field of
heterogenous catalysis. The strategy is summarized in
Fig. 1.

Initially, a solid powder of the porous material is packed
into the solid-state NMR rotor at relatively low packing
density, and the rotor is then spun (typically at 3 kHz) for a
short time (typically a few mins). Spinning compresses the
powder sample onto the inner walls of the rotor, leading to
increased packing density in this region of the rotor and an
empty region at the center of the rotor (i.e., a cylindrical
void running the full length of the rotor). The rotor is then
removed from the NMR spectrometer, and a thin-walled
glass capillary tube containing the liquid reagent to be
adsorbed into the porous solid is inserted into the cylin-
drical void within the rotor. The rotor is then reinserted into
the NMR spectrometer (without MAS at this stage), and the
temperature is adjusted to the specific temperature at which
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Fig. 1 Schematic illustration of the in situ solid-state NMR strategy
for studying adsorption processes in porous solids
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the adsorption process is to be carried out. The rotor is then
subjected to fast MAS while commencing the measurement
of the solid-state NMR spectrum. Importantly, the fast
sample spinning leads to breakage of the capillary tube,
releasing the liquid adsorbate within the rotor (in our
experience, the capillary tube breaks immediately on sub-
jecting the rotor to MAS). As the adsorption process is
triggered by bringing the adsorbate and adsorbent directly
into contact within the NMR rotor, while at the same time
recording the solid-state NMR data, the technique allows
the very earliest stages of the adsorption process to be
observed and allows the subsequent evolution of the
adsorption process to be monitored as a function of time.

Clearly, the specific type of NMR measurement selected
for the in situ experiment depends on the particular system
under investigation and the specific aspects of the adsorp-
tion process that are to be probed. The time resolution in
the in situ study is dictated by the time required to record a
single NMR spectrum of adequate quality to allow mean-
ingful information to be deduced concerning the adsorption
states that exist as a function of time during the evolution
of the adsorption process. Clearly, an important experi-
mental consideration is to set up the in situ experiment such
that the NMR spectra can be recorded sufficiently quickly
that the time resolution of the measurement is compatible
with the timescale of the changes that occur in the
adsorption process.

Illustrative example: probing the evolution of water
clusters during hydration of the solid acid catalyst
H-ZSM-5

To illustrate the application of our technique, we focus on
in situ solid-state 'H NMR studies [15] of adsorption of
water inside the microporous solid acid catalyst H-ZSM-5.
In this work, the adsorption process was carried out at
183 K; as water is a solid at this temperature, adsorption of
water within the H-ZSM-5 sample proceeds through the
vapor phase (i.e., via the sublimation of ice). After com-
mencing sample spinning, and thus triggering the adsorp-
tion process, the high-resolution solid-state 'H NMR
spectrum was recorded immediately, and "H NMR spectra
were then recorded repeatedly throughout the duration of
the experiment. The time resolution of the in situ study
(i.e., the time to record an individual '"H NMR spectrum)
was ca. 10 min.

Dehydrated H-ZSM-5 has 'H NMR signals at 4.3 ppm
and 1.7 ppm, assigned to Brgnsted acid sites and silanol
(SiOH) groups, respectively [16]. A broad signal at ca.
7 ppm may also be observed, and is assigned to another
type of bridging hydroxyl group which interacts with other
oxygen atoms of the H-ZSM-5 framework [16-18]; we
refer to these bridging hydroxyl groups as “framework-
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Fig. 2 a Stack plot showing all "H MAS NMR spectra recorded as a
function of time during the in situ study of adsorption of water in
H-ZSM-5 at 183 K (time resolution, 640 s per spectrum; total time,
59,200 s). The following individual 'H MAS NMR spectra are also
shown: b the first spectrum recorded (representing dehydrated
H-ZSM-5), and ¢ the spectrum recorded at 8.3 h. More details of
the experimental conditions are given in Ref. [15]

interacting” bridging hydroxyl groups (as distinct from the
“free” Brgnsted acid sites that give rise to the peak at
4.3 ppm).

In our in situ 'H NMR study, the first "H NMR spectrum
(Fig. 2a, b) only contains peaks at 1.7 ppm, 4.3 ppm, and
ca. 7 ppm, characteristic of dehydrated H-ZSM-5. As time
progresses, the intensity of the peak due to “free” Brgnsted
acid sites (4.3 ppm) decreases, and concurrently, a new
peak emerges at 7.2 ppm and grows in intensity (Fig. 2a,
c¢). The new peak at 7.2 ppm overlaps the broad peak at ca.
7 ppm (assigned to “framework-interacting” bridging
hydroxyl groups in the original sample of dehydrated
H-ZSM-5).

The new peak at 7.2 ppm differs from that for physically
adsorbed water molecules in other silica-based materials
[e.g., the siliceous nanoporous material MCM-41 (3.8 ppm
[12]) or silica gel (3.5 ppm [19])] and differs from that for
water molecules interacting with silanol groups (5.4 ppm
[12]). In contrast, the significantly higher chemical shift of
the peak at 7.2 ppm is consistent with water molecules
interacting with Brgnsted acid sites [19]. Although the
water molecules interacting with a given Brgnsted acid site
may encompass a range of structurally distinguishable
environments, individual 'H resonances for distinct water
environments are not resolved in the present case, both
because the peaks in the 'H NMR spectrum may retain
some broadening due to incompletely averaged 'H---'H
direct dipole—dipole interactions and because exchange of
water molecules is likely to occur among different water
environments at the Brgnsted acid site. As a consequence, a
single (averaged) 'H NMR peak is observed for all the
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water molecules interacting with the Brgnsted acid site.
The peak at 7.2 ppm shifts only slightly (to lower chemical
shift) as the amount of adsorbed water increases.

For the original sample of dehydrated H-ZSM-5, the
peak at 4.3 ppm represents “free” Brgnsted acid sites that
do not interact with water molecules. The intensity of this
peak decreases with time during the adsorption process,
indicating that the "H NMR peak for Brgnsted acid sites
that interact with water molecules (i.e., “hydrated”
Brgnsted acid sites) is shifted from 4.3 ppm. As the only
peak that increases in intensity during the adsorption pro-
cess is the new peak at 7.2 ppm (already assigned to water
molecules), it is clear that the hydrated Brgnsted acid sites
must also contribute to this peak. Thus, the broad peak at
7.2 ppm arises from the adsorbed water molecules inter-
acting with Brgnsted acid sites, the hydrated Brgnsted acid
sites, and the “framework-interacting” bridging hydroxyl
groups (at ca. 7 ppm). The 'H chemical shift (1.7 ppm) and
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Fig. 3 Results from quantitative lineshape fitting of the in situ '"H MAS
NMR spectra recorded as a function of time at 183 K during the
adsorption of water on H-ZSM-5. Blue diamonds represent the total
amount of water adsorbed (N,,). Pink triangles represent the total
amount of Brgnsted acid sites that interact with water molecules (Ngp).
Red squares represent the total amount of silanol groups (Nsion)
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Fig. 4 a The ratio N,,/Ngy (the average number of water molecules
per hydrated Brgnsted acid site) as a function of time. b The ratio N,/
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intensity of the peak for the silanol groups remain constant
throughout the adsorption process (Figs. 2, 3).

More detailed insights on the adsorption process may be
established from the time dependence of the number of
water molecules that interact with Brgnsted acid sites
(denoted Ny) and the time dependence of the number of
hydrated Brgnsted acid sites (denoted Ngy), which can be
established by appropriate integration of the in situ 'H
NMR data (see Appendix in Ref. [15]).

Plots of N,(t) versus time (f) and Ngy(f) versus time
() are shown in Fig. 3, and plots of N(#)/Ngyu(f) versus
time (¢) and Ny (7)/Ngp(f) versus Npp()/N5™ are shown in
Fig. 4 (where N§' is the total number of Brgnsted acid
sites). Importantly, N, /Ny represents the average number
of water molecules that interact with each hydrated
Brgnsted acid site, and Ngp/N§'™ represents the fraction
of Brgnsted acid sites that are hydrated. At early stages of
the adsorption process, when N, and Ngy are both low
(e.g. for + < 30,000 s in Fig. 3), N,/Ngy exhibits large
statistical fluctuations; for this reason, Figs. 3 and 4 focus
on the period of the adsorption process for ¢ > 25,000 s.

As shown in Fig. 3, both Ny, and Ny increase linearly
with time. At a time (¢) around 29,000 s after starting the
adsorption process, there are abrupt changes in the rate of
increase of N, and in the rate of increase of Npy. The
abrupt change in the rate of adsorption at r ~ 29,000 s
defines two regimes of the hydration process, and we focus
here primarily in the second regime, during which the
major extent of water adsorption takes place. At the time of
the abrupt change in the rate of adsorption, the fraction of
Brgnsted acid sites that are hydrated (i.e., Ngp/Ns™) is ca.
0.17, while at the end of the experiment (t = 59,200 s), the
fraction of Brgnsted acid sites that are hydrated is Ngy/
NE“ ~ 0.49.

The ratio N,/Ngy represents the average number of
water molecules associated with each hydrated Brgnsted
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are hydrated). Data are shown for the time period

t = 25,000-59,200 s in the in situ '"H MAS NMR spectra recorded
at 183 K
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acid site, and the time dependence of this ratio is shown in
Fig. 4a. As discussed above, values of N,/Ngy exhibit
significant statistical scatter at low values of time, but from
t =~ 25,000 s and throughout the remainder of the
adsorption process, the value of Ny/Ngy converges on a
constant value in the range N, /Ngy =~ 5-6 (Fig. 4). At the
end of the experiment, the average size of water clusters
per Brgnsted acid site (averaged over the time from
50,000 s to 59,200 s) is Ny/Npy = 5.4.

At the end of the experiment, 49 % of the Brgnsted
acid sites are hydrated. The fact that the average number
of water molecules associated with each hydrated
Brgnsted acid site is as high as 5.4, while 51 % of
Brgnsted acid sites remain “free” (i.e., non-hydrated),
indicates that the distribution of water molecules among
the Brgnsted acid sites is distinctly non-uniform. As
shown in Fig. 4, the same distribution comprising both
non-hydrated Brgnsted acid sites and hydrated Brgnsted
acid sites with an average of 5-6 water molecules per
hydrated site persists throughout the hydration process
(at least during the second regime for ¢ > 29,000 s), and
only the relative amounts of hydrated and non-hydrated
Brgnsted acid sites change with time. These observations
imply an adsorption model in which there is a significant
preference to form clusters of water molecules of a
specific preferred size interacting with the Brgnsted acid
sites (see Fig. 5a, c), rather than a model in which all
Brgnsted acid sites are hydrated uniformly (see Fig. 5b,
d). Although N,/Ngy represents an average number of
water molecules associated with each hydrated Brgnsted
acid site, and does not provide information on the actual
distribution of sizes of water clusters, the time evolution
of N,/Ngy provides significant insights on mechanistic
aspects of the adsorption process, and serves as basis to
rule out a range of alternative hydration models.

For example, for a hydration model (Fig. 5b) in which
all Brgnsted acid sites are hydrated uniformly throughout
the adsorption process (initially involving hydration of
all Brgnsted acid sites by a single water molecule, fol-
lowed by hydration of all Brgnsted acid sites by a sec-
ond water molecule, and so on), the value of N,/Ngy
would remain constant at Ny/Ngy = 1 up to the point at
which the fraction of hydrated Brgnsted acid sites
reaches Npp/Nis'™ = 1, and should then increase linearly
with further adsorption of water (see Fig. 5d). Clearly,
the actual time evolution of N,/Ngy for hydration of
H-ZSM-5 observed from our in situ solid-state '"H NMR
data (Fig. 4a) is different from the behavior predicted for
this model, but instead is fully consistent with the model
(Fig. 5a) in which the formation of clusters of a specific
preferred size (ca. 5-6 water molecules) is formed at
each hydrated Brgnsted acid site (see Fig. 5c¢).
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Fig. 5 Schematic illustrations of two different models for adsorption
of water molecules (represented as blue circles) inside the pores of a
zeolitic solid, in which the adsorbed water molecules interact
specifically with the Brgnsted acid sites of the zeolite (OH groups
shown on the framework). a A model involving preferential formation
of clusters comprising five water molecules at the Brgnsted acid sites;
during the hydration process, the Brgnsted acid sites either interact
with the preferred cluster of five water molecules or do not interact
with any water molecules. b A model involving uniform hydration of
all Brgnsted acid sites, in which all Brgnsted acid sites interact
initially with one water molecule, then two water molecules, and so
on, as the hydration process progresses. The time dependence of the
number of water molecules per hydrated Brgnsted acid site (i.e., N,/
Npy) during the adsorption process (assuming a constant rate of
adsorption of water molecules) is shown: ¢ for the model involving
preferential formation of water clusters at the Brgnsted acid sites, and
d for the model involving uniform hydration of Brgnsted acid sites.
As shown in Fig. 4a, our experimental results for adsorption of water
in H-ZSM-5 are consistent with the model involving preferential
formation of water clusters at the Brgnsted acid sites

In situ solid-state NMR strategy to study materials
formation processes from solution

Introduction

Materials formation processes are encountered in many
different scientific fields, and a deeper understanding of
such processes has important practical implications,
including the optimization of industrial applications.
Improving our fundamental mechanistic understanding
relies on developing new experimental strategies, particu-
larly those that allow direct in situ monitoring of the
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process. In many cases, materials formation processes are
governed by kinetic factors. Thus, meta-stable solid forms
(e.g., meta-stable polymorphs or solvate materials) are
often produced initially (rather than the thermodynamically
stable form), and the process often evolves through a
sequence of different transient solid forms before reaching
the final product. To optimize and control such processes, it
is essential to understand the sequence of events that occur
in the evolution of the solid phase, rather than simply
characterizing the final product recovered at the end of the
process. Exploiting experimental strategies that allow
direct in situ monitoring of materials formation processes is
clearly essential in pursuit of this aim. For example, in the
quest to produce new solid heterogeneous catalyst materi-
als with specific targeted structural properties, under-
standing fundamentals of the process of materials synthesis
may be vitally important, and again, in situ techniques to
monitor the time evolution of the process may yield sig-
nificant new insights.

In recent years, we have developed [20-25] new in situ
solid-state NMR strategies for mapping the evolution of the
solid phase during the process of materials formation from
solution. While we have so far applied this technique pri-
marily (although not exclusively) to study crystallization of
organic materials from solution, the technique could
equally be applied to study the formation of solids of direct
relevance within the domain of heterogenous catalysis (for
example, metal-organic-framework materials, zeolites, and
aluminophosphates), provided two important criteria are
satisfied: (a) the temperature of the process must be within
the accessible range for solid-state NMR instrumentation
(for which the typical upper limit is ca. 120 °C, except for
NMR instruments with specialized laser-heating capabili-
ties), and (b) in general, the target material and the reagents
should not be paramagnetic.

While we plan to apply this technique to explore the
formation processes of heterogeneous catalyst materials in
the future, we focus here on highlighting the experimental
methodology and presenting an illustrative example that
reveals the level of detail that can be obtained on the
evolution of different solid forms (and interconversion
between solid forms) during crystallization of an organic
system from the solution state.

Importantly, the in situ solid-state NMR technique [20]
that we have developed for studying the time evolution of
materials formation processes exploits the ability of NMR
to selectively detect the solid phase in the types of
heterogeneous solid/liquid system that exist during crys-
tallization from solution, with the liquid phase “invisible”
to the measurement. This technique has been shown to be a
powerful approach for establishing the sequence of solid
phases produced during crystallization [21-23] and for the
discovery of new (transient) solid forms [24].
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Fig. 6 Schematics of rotor designs that have been developed to
overcome the challenges of sealing liquid-containing samples inside
NMR rotors for rapid MAS experiments, as required for in situ solid-
state NMR studies of materials formation from solution. The designs
shown represent schematics of the sealing systems used in NMR
rotors supplied by (a) Varian, and (b) Bruker

Description of the technique

Until recently, the prospect of using solid-state NMR for
in situ studies of crystallization from solution was limited
by the difficulty of securely sealing a fluid phase inside an
NMR rotor, such that fast MAS (which is required for
recording high-resolution solid-state NMR spectra—see
Sect. 2) could be carried out without problems arising from
leakage of the liquid from the rotor. Recently, suitable rotor
technology has been developed for sealing solutions inside
NMR rotors for MAS experiments (Fig. 6). This technical
advance greatly facilitated the development of the in situ
solid-state NMR strategy described here.

In our in situ solid-state NMR strategy for monitoring
crystallization (see Fig. 7), a homogeneous (undersatu-
rated) solution is initially prepared inside the NMR rotor at
high temperature. Crystallization is induced by decreasing
the temperature rapidly to a target temperature at which the
solution is supersaturated, and hence crystallization is
thermodynamically favored. The time dependence of the
crystallization process is monitored by recording high-
resolution solid-state NMR spectra repeatedly as a function
of time. The time resolution of the in situ monitoring of the
crystallization is dictated by the time required to record an
individual NMR spectrum of adequate quality to identify
and distinguish the different solid forms present during the
evolution of the system. Sufficiently good spectral resolu-
tion is also required to identify and assign the solid phases
present at different stages of the crystallization process.
Clearly, it is desirable to be able to detect and identify the
first solid particles produced in the crystallization process,
at which stage the amount of solid in the system is
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Fig. 7 Schematic of the experimental strategy for in situ solid-state
NMR studies of materials formation processes, illustrated for a
system in which crystallization from solution initially produces a
meta-stable polymorph A (red) followed by a polymorphic

generally very low. Thus, optimization of the sensitivity of
the measurement is also important, allowing solid-state
NMR spectra of adequate quality to be recorded in the
shortest possible time. To maximize the sensitivity, iso-
topic labeling of the material to be crystallized is desirable
(although not always essential), and carrying out the
experiments at high magnetic field is advantageous.

A crucial feature of the in situ solid-state NMR strategy
for monitoring crystallization is that, by appropriate choice
of the measurement conditions, solid-state NMR can give
complete selectivity in detecting only the solid component
in the system (and thus, the dissolved solute and solvent are
undetected in the measurement). For organic materials,
such discrimination between solid and solution phases is
readily achieved by recording '>°C NMR spectra using the
'H - B¢ cross-polarization (CP) technique. As a conse-
quence of differences in dynamic behavior between
molecules in the solid and solution states, 13C NMR spectra
recorded using '"H — '*C CP contain signals only from the
solid phase. Thus, even if only a small fraction of the solute
has crystallized (e.g., in the early stages of crystallization),
only the solid particles contribute to the measured NMR
spectrum, and the dissolved solute (present in much higher
amount in the early stages of crystallization) and solvent
are “invisible” to the measurement.

Our most recent development of the in situ NMR tech-
nique [25], which has the potential to yield significantly
deeper insights into crystallization processes than the ver-
sion described above, exploits the fact that NMR spec-
troscopy is able to study both the liquid phase and the solid
phase in a heterogeneous solid/liquid system using the
same instrument, simply by changing the pulse sequence
used to record the NMR data. Specifically, by alternating
between two different pulse sequences in an in situ NMR
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transformation to produce a more stable polymorph B (green). The
corresponding changes in the high-resolution solid-state NMR
spectrum as a function of time are shown at the bottom

study of crystallization, alternate solid-state NMR and
liquid-state NMR spectra are recorded, yielding essentially
simultaneous information on the time evolution of both the
solid phase and the liquid phase during the crystallization
process. This strategy is called “CLASSIC NMR” (Com-
bined Liquid- And Solid-State In situ Crystallization
NMR). The CLASSIC NMR experiment creates the
opportunity to elucidate the complementary changes that
occur in the solid phase and in the liquid phase as a
function of time during materials formation from solution.
During the crystallization process, the changes in the
amount and the identity of the solid phase are established
from the time evolution of the solid-state NMR spectrum.
Concomitantly, the solution phase becomes more dilute as
the solid material is formed, and changes in the solution-
state speciation and modes of molecular aggregation in
solution are monitored from the time evolution of the lig-
uid-state NMR spectrum.

Illustrative example: evolution of different solid
forms in crystallization of glycine from solution

To illustrate the application of the in situ solid-state NMR
technique, we focus on studies of crystallization of glycine
(H;"NCH,CO, ") from different solvents. Under ambient
conditions, three polymorphs of glycine (denoted o, 3, and
v) are known [26-30]. The thermodynamically stable form
is the y polymorph, while the least stable form is the
polymorph [31, 32]. According to the literature, crystal-
lization of glycine from water at neutral pH produces the
meta-stable o polymorph. However, a paper published in
1961 suggested [28] that crystallization of glycine from
deuterated water may promote the formation of the vy
polymorph, although systematic studies of this isotope
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effect were only reported recently [33, 34], in which it was
demonstrated inter alia that deuteration (even as low as
1 % deuteration) does significantly increase the probability
of obtaining the y polymorph. In high-resolution solid-state
'3C NMR spectra, the isotropic '>C chemical shifts for the
carboxylate carbon environment in the o, B, and y poly-
morphs of glycine are 176.5, 175.5, and 174.5 ppm
respectively [35], allowing the three polymorphs to be
readily distinguished.

In the in situ *C NMR study of crystallization of gly-
cine (for a sample '*C-labeled in both carbon sites in the
molecule) [21] from water with natural isotopic abundance
(Fig. 8a), a peak emerges at 176.5 ppm, and the intensity
increases as a function of time. From the 'C chemical
shift, this solid phase is assigned as the o polymorph. Thus,
the formation and growth of the o polymorph are observed,
consistent with the literature, and no detectable amounts of
the B or y polymorphs are observed during the crystal-
lization experiment (which was carried out for a total time
of 13 h).

To explore the isotope effect discussed above, crystal-
lization of glycine (for a sample '*C-labeled in both carbon
sites in the molecule) from deuterated water was studied.
The total level of deuteration of all exchangeable hydrogen
sites in the system (i.e., water molecules and NH;" groups
of the zwitterionic glycine molecules) was 86 %. From the
in situ solid-state '3C NMR results (Fig. 8b), it is clear that
the o polymorph is again the first solid form produced in
the crystallization process, suggesting that the same
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Fig. 8 In situ solid-state '’C NMR spectra (showing only the
carboxylate region) recorded as a function of time during crystal-
lization of glycine from (a) H,O and (b) D,0. (c) Relative amounts of
the o (blue) and 7y (red) polymorphs of glycine as a function of time

nucleation pathway is followed in both H,O and D,O. The
amount of the o polymorph increases during the first 1.5 h
of the crystallization process. However, at this time, a new
peak emerges at 174.5 ppm, characteristic of the y poly-
morph. The intensity of this new peak then increases with
time, while the intensity of the peak due to the o poly-
morph decreases. The relative amounts of the o and Yy
polymorphs present as a function of time, established from
integrated peak intensities (corrected to allow for the dif-
ferent cross-polarization efficiencies of the o and y poly-
morphs), are shown in Fig. 8c. There is no evidence for any
intermediate solid phase in the transformation from the o
polymorph to the y polymorph, consistent with the rate of
increase of the y polymorph mirroring the rate of decrease
of the o polymorph (Fig. 8c). For each of the two iso-
topomeric systems, the final polymorph obtained at the end
of the in situ solid-state NMR study (i.e., the o polymorph
in the natural abundance system and the y polymorph in the
deuterated system) is consistent with the preferred poly-
morphic outcome observed in conventional (ex situ) labo-
ratory crystallization experiments [34] carried out under
the same conditions and over the same total period of time.

The results from an in situ solid-state '>*C NMR study of
crystallization of glycine from methanol/water [22] are
shown in Fig. 9 (in this experiment, the glycine sample was
'3C-labeled only in the carboxylate group, giving signifi-
cantly narrower peaks than those in Fig. 8a, b). In the first
spectrum recorded, the solid phase is identified as a vir-
tually pure sample of the B polymorph (with a very small
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during crystallization of glycine from D,O, established from the
in situ solid-state '*C NMR data shown in (b). More details of the
experimental conditions are given in Ref. [21]
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Fig. 9 In situ solid-state '>C NMR spectra (showing the carboxylate
region) recorded as a function of time during crystallization of glycine
from methanol/water. More details of the experimental conditions are
given in Ref. [22]

amount of the o polymorph also present). Thus, the very
early stages of crystallization yield a significant excess of
the B polymorph in this system. As the crystallization
process advances, the amount of the [ polymorph decrea-
ses and the amount of the o polymorph increases, as evi-
dent from the changes in peak intensities as a function of
time in Fig. 9. The transformation from the § polymorph to
the o0 polymorph is assigned as a solution-mediated trans-
formation. Importantly, the results from our in situ solid-
state '>°C NMR study allow the timescale of the transfor-
mation from the [ polymorph to the o polymorph to be
established and indicate that a viable strategy for isolating
the B polymorph would be to stop the crystallization
experiment at the stage of the initial crystallization product,
within only a few minutes of triggering the crystallization
process.

Future prospects

The in situ solid-state NMR strategies outlined here for
probing the time evolution of materials formation pro-
cesses from solution, and for probing the time evolution of
adsorption processes in porous solid host materials, have
significant prospects for applications in areas relating to
heterogenous catalysis research. Both techniques offer the
potential to yield new fundamental insights that could not
be gained from ex situ solid-state NMR analysis of the
same systems, specifically as the in situ strategies allow the
time evolution of the processes of interest to be monitored
and rationalized.

In contemplating the scope and limitations of the two
in situ NMR techniques discussed in this paper, a crucially
important consideration is whether the experimental con-
ditions of the NMR measurement are suitable for achieving
sufficiently good time resolution in probing the adsorption
process or materials formation process of interest. Clearly,
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adequate time resolution in in situ studies of the time
evolution of these processes may be crucial to observe all
adsorption states that exist during an adsorption process, or
to observe all solid phases that exist during a materials
formation process, including short-lived species with only
transient existence. Clearly, the time resolution of the
in situ study is dictated by the time required to record an
individual NMR spectrum with adequate signal-to-noise
ratio to allow all species that exist in the system to be
identified. A number of factors are important in this regard,
including: (a) the NMR receptivity of the selected nucleus,
(b) the applied magnetic field strength, (c) the NMR
relaxation properties, and (d) the total amount of material
used in the experiment. In the case of crystallization of
organic materials from solution, a more detailed discussion
of these issues has been given elsewhere [23]. In general
terms, the feasibility of monitoring a particular process
using in situ NMR techniques depends on specific details
of the process and specific details of the NMR measure-
ment technique to be used. However, in the ideal case, the
time to record an individual NMR spectrum: (a) should be
shorter than the lifetime of the shortest-lived species that
exists during the process (otherwise the transient existence
of such short-lived species may be missed in the mea-
surement), and (b) should be sufficiently short that many
(e.g., 30-50) repeated measurements of the NMR spectrum
can be completed within the overall time from the start of
the process to the end of the process. Clearly, the lifetime
of the transient species involved in the process and the
overall time required to complete the process may be
altered by varying the temperature of the experiment. In
general, ensuring compatibility between the timescale of
the process under investigation and the time resolution of
the in situ NMR measurement technique is an important
requirement for the successful application of the techniques
described here, and may be achieved through a combina-
tion of optimizing the conditions of the NMR measurement
technique and the experimental conditions of the process
under investigation.

While our previous applications of the in situ solid-state
NMR technique to study adsorption processes have been
focused on materials (zeolites and mesoporous silica) and
systems that are of direct relevance within the context of
heterogenous catalysis, our previous studies using the
in situ solid-state NMR strategy to explore materials for-
mation processes have been focused on crystallization of
organic materials from solution, with particular interest in
unraveling the sequence of solid forms (e.g., polymorphs)
produced during the evolution of the crystallization pro-
cess. Nevertheless, there are equally exciting prospects for
applying the same in situ solid-state NMR methodology to
explore the time evolution of the synthesis of solid mate-
rials of relevance to applications in heterogenous catalysis.
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It is fully anticipated that the types of information revealed
by this in situ NMR technique may play a pivotal role in
the development of future strategies for improving, opti-
mizing, and controlling materials synthesis processes to
yield new heterogenous catalysts with specific targeted
properties.
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