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Abstract 

The application of in-situ techniques for investigating crystallization processes promises to yield 

significant new insights into fundamental aspects of crystallization science. With this motivation, 

we recently developed a new in-situ solid-state NMR technique that exploits the ability of NMR to 

selectively detect the solid phase in heterogeneous solid/liquid systems (of the type that exist during 

crystallization from solution), with the liquid phase “invisible” to the measurement. As a 

consequence, the technique allows the first solid particles produced during crystallization to be 

observed and identified, and allows the evolution of different solid phases (e.g., polymorphs) 

present during the crystallization process to be monitored as a function of time. This in-situ solid-

state NMR strategy has been demonstrated to be a powerful approach for establishing the sequence 

of solid phases produced during crystallization and for the discovery of new polymorphs. The most 

recent advance of the in-situ NMR methodology has been the development of a strategy (named 

“CLASSIC NMR”) that allows both solid-state NMR and liquid-state NMR spectra to be measured 

(essentially simultaneously) during the crystallization process, yielding information on the 

complementary changes that occur in both the solid and liquid phases as a function of time. In this 

article, we present new results that highlight the application of our in-situ NMR techniques to 

successfully unravel different aspects of crystallization processes, focusing on: (i) the application of 

a CLASSIC NMR approach to monitor competitive inclusion processes in solid urea inclusion 

compounds, (ii) exploiting liquid-state NMR to gain insights into co-crystal formation between 

benzoic acid and pentafluorobenzoic acid, and (iii) applications of in-situ solid-state NMR for the 

discovery of new solid forms of trimethylphosphine oxide and L-phenylalanine. Finally, the article 
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discusses a number of important fundamental issues relating to practical aspects, the interpretation 

of results and the future scope of these techniques, including: (i) an assessment of the smallest size 

of solid particle that can be detected in in-situ solid-state NMR studies of crystallization, (ii) an 

appraisal of whether the rapid sample spinning required by the NMR measurement technique may 

actually influence or perturb the crystallization behaviour, and (iii) a discussion of factors that 

influence the sensitivity and time-resolution of in-situ solid-state NMR experiments. 
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1. Introduction 

Crystal nucleation and growth processes [1, 2] are encountered in many different scientific fields 

and are crucially important in many aspects of chemical, pharmaceutical and biological sciences. 

Progress to improve our fundamental understanding of crystallization processes has important 

practical applications, including the development of new ways to exert control over the 

polymorphic form of crystals produced in industrial applications. Deepening our fundamental 

physico-chemical understanding of crystallization relies significantly on the development and 

application of new experimental strategies, particularly those that allow direct in-situ monitoring of 

the process. In general, crystallization processes are governed by kinetic factors and meta-stable 

polymorphs are often produced rather than the thermodynamically stable polymorph (in this 

context, polymorphs [3-10] are defined as crystalline materials that have identical chemical 

composition but different crystal structures). Furthermore, crystallization processes often evolve 

through a sequence of different solid forms before reaching the final crystallization product and 

details of the time-evolution of the process can depend critically on the exact conditions of the 

crystallization experiment. In order to optimize and control crystallization in such situations, it is 

essential to understand the sequence of events involved in the evolution of the solid form, rather 

than simply characterizing the final crystalline phase collected at the end of the process. In this 

regard, experimental strategies that allow direct in-situ monitoring of crystallization processes are 

clearly essential. A wide variety of experimental techniques have been used for in-situ studies of 

crystallization [11], including scattering techniques (e.g., X-ray diffraction, small-angle X-ray 

scattering, neutron diffraction and small-angle neutron scattering), spectroscopic methods (e.g., 

infrared, Raman or X-ray absorption spectroscopies) and microscopy (e.g., atomic force 

microscopy). However, until the present time, solid-state NMR spectroscopy has not been used 

extensively in this regard. 

Although solid-state NMR is a powerful and versatile technique for investigating structural 

and dynamic properties of solids, adapting this technique for in-situ studies of chemical processes is 

associated with specific technical challenges. These challenges include the fact that high-resolution 

solid-state NMR spectra are usually recorded under conditions of rapid sample spinning (at 

frequencies typically around 10,000 revolutions per second) and the fact that the system under 
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investigation must be located in a sealed rotor within a confined and relatively inaccessible space 

inside the magnet of the solid-state NMR spectrometer. For these reasons, the development of in-

situ solid-state NMR techniques has typically lagged behind other in-situ experimental methods. 

Recently, we developed a new in-situ solid-state NMR technique [12, 13] for monitoring the 

evolution of the solid phase as a function of time during crystallization from solution. This 

technique has been shown to yield new insights into several issues relating to crystallization 

processes, particularly the time-evolution of different polymorphs (or other solid forms) and the 

transformations between polymorphs that occur during the crystallization process. Very recently 

[14], we proposed and demonstrated an extension of the in-situ NMR strategy involving combined 

liquid-state and solid-state NMR measurements. This new implementation of the strategy, termed 

“CLASSIC NMR” (Combined Liquid- And Solid-State In-situ Crystallization NMR), allows the 

evolution of both the solid phase and the liquid phase to be probed as a function of time during the 

same crystallization experiment, yielding significantly deeper insights on the behaviour of the entire 

crystallization system. 

After giving an overview of the foundations of these in-situ solid-state NMR techniques, 

including illustrative examples of their applications, we focus on presenting new results that 

highlight the capability of in-situ solid-state NMR to deepen our understanding of crystallization 

processes. In addition, a critical discussion of several fundamental aspects of the methodology is 

presented. Issues covered include an appraisal of the possible effects of rapid sample rotation (an 

intrinsic requirement for recording high-resolution solid-state NMR data) and sample confinement 

on the pathways and outcome of crystallization processes, and an assessment of the extent to which 

knowledge gained from in-situ NMR studies may be exploited in the optimization of bulk 

crystallization experiments. 

2. Essential Background to High-Resolution Solid-State NMR 

A basic premise underlying the development of solid-state NMR for in-situ studies of crystallization 

processes is the well-established fact that high-resolution solid-state NMR can be utilized for 

identification of different polymorphic forms of solids [5, 9, 15]. In the case of organic solids, for 

example, the high-resolution solid-state 13C NMR spectrum contains, in principle, one peak for each 
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crystallographically distinguishable carbon atom in the crystal structure (although, in practice, the 

actual number of observed peaks may be less than this number as a consequence of accidental peak 

overlap). The peak positions (i.e., the isotropic chemical shifts) in the high-resolution solid-state 13C 

NMR spectrum depend both on the environment of the 13C nucleus within the molecule and also on 

the local environment surrounding the 13C nucleus within the crystal structure. As a consequence, 

for a given 13C site within an organic molecule, the peak positions in high-resolution solid-state 13C 

NMR spectra can typically differ within a range of about ±5 ppm between different polymorphs (or 

other solid forms) due to the dependence of the isotropic chemical shift on the crystal structure. Of 

course, larger differences in peak positions may arise between polymorphs that contain significantly 

different conformations or different tautomeric forms of the molecule. In this section, we give a 

very brief introduction to the experimental methods for measuring high-resolution solid-state NMR 

spectra of powder samples of organic solids. 

In the case of high-resolution solid-state 13C NMR of organic solids with natural isotopic 

abundances, the primary contributions to line-broadening arise from chemical shift anisotropy and 

from direct 13C–1H dipole-dipole interactions. The line-broadening is reduced (resulting in high-

resolution 13C NMR spectra) by a combination of rapid magic-angle sample spinning (MAS) [16], 

typically at spinning frequencies of around 10 kHz, and high-power 1H decoupling. 

Another experimental technique that is commonly applied in the measurement of high-

resolution solid-state 13C NMR spectra of organic materials is 1H→13C cross polarization (CP) [9, 

17-19]. In this technique, rather than directly exciting the 13C nuclei followed by detection of the 

13C NMR signal, the procedure is to excite the 1H nuclei, followed by transfer of magnetization 

from the 1H nuclei to the 13C nuclei (i.e., the “cross-polarization” process) and detection of the 

resulting 13C NMR signal. In the measurement of high-resolution solid-state 13C NMR spectra of 

powder samples, the major benefit of using 1H→13C CP is that it gives a significant enhancement of 

signal intensity compared to normal direct-excitation 13C NMR measurements. 

In the context of applying high-resolution solid-state 13C NMR for in-situ studies of 

crystallization from solution, the use of 1H→13C CP has the critical additional benefit of allowing 

selective detection of the 13C NMR signal only from the solid component of the heterogeneous 
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solid/liquid system that exists during the crystallization process (see Section 3 for more details). An 

important aspect of the 1H→13C CP technique is that the recycle delay in the NMR experiment (the 

time between successive applications of the pulse sequence) is dictated by 1H spin-lattice relaxation 

(and not by 13C spin-lattice relaxation). This feature is advantageous because, for organic materials, 

1H spin-lattice relaxation times (T1) are typically much shorter than 13C spin-lattice relaxation times, 

allowing more rapid repetition of the pulse sequence (in general, the recycle delay is taken as 5 × 

T1), hence reducing the time required to record the solid-state 13C NMR spectrum. For direct 

excitation 13C NMR measurements, on the other hand, the recycle delay is dictated by the 13C spin-

lattice relaxation and, therefore, typically requires longer recycle delays than for 1H→13C CP 

measurements. 

More details of these techniques and other technical aspects of solid-state NMR can be found 

elsewhere [18, 19]. 

3. Experimental Aspects of In-Situ Solid-State NMR Studies of Crystallization Processes 

In our in-situ solid-state NMR strategy for monitoring crystallization processes, a homogeneous 

(undersaturated) solution is initially prepared inside the NMR rotor at elevated temperature (TH) and 

crystallization is then induced by decreasing the temperature rapidly to a specific target temperature 

(TL) at which the solution is supersaturated (Fig. 1). Crystallization is thermodynamically favoured 

at the target temperature and the time-dependence of the crystallization process is monitored by 

repeatedly recording high-resolution solid-state NMR spectra as a function of time. 

Clearly, the time-resolution of the in-situ monitoring of the crystallization process depends on 

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. 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. More discussion of sensitivity and 

time-resolution in in-situ NMR studies of crystallization is given in Section 6.4. 

As discussed in Section 2, sufficiently good spectral resolution is also required in order to 

identify and assign the solid phases present at different stages of the crystallization process. Clearly, 
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it is desirable to be able to detect and identify the first solid particles produced in the crystallization 

process, although at this stage the amount of solid present in the crystallization system is generally 

very low. Maximizing the sensitivity of the NMR measurement is thus also very important for 

enhancing the prospects for observing very early stages of the process. 

Prior to our development of the in-situ NMR techniques described above, 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 MAS could be carried out 

at several kHz without problems arising from leakage of the liquid from the rotor. Fortunately, 

advances in rotor technology (see Fig. 12 in Section 6) that allow solutions to be securely sealed 

inside NMR rotors for MAS experiments have taken place in recent years and this technical 

development paved the way for the types of experiment described here. 

An important feature of the in-situ solid-state NMR strategy is that it exploits the opportunity 

afforded by NMR of complete selectivity in detecting only the solid component in the 

crystallization system, such that the dissolved solute and solvent are undetected in the measurement. 

In the case of organic materials, such discrimination between solid and solution phases is achieved 

by recording 13C NMR spectra under conditions of 1H→13C cross polarization (CP). As molecules 

in the solid phase and the solution phase generally have substantially different dynamic behaviour, 

measurements under normal conditions for 1H→13C CP give rise to a signal 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, while the 

dissolved solute molecules (present in much greater amount in the early stages of crystallization) 

are “invisible” to the measurement. 

In contrast, for in-situ studies of crystallization processes based on X-ray or neutron scattering 

techniques, scattering occurs both from the crystalline solid particles (giving rise to Bragg 

diffraction peaks) and from the solution phase (giving rise to a broad background scattering). As a 

result, the scattering data may be dominated by the contribution from the solution phase, 

particularly in the early stages of the crystallization process when the amount of the solid phase is 

low. Furthermore, it is important to emphasize that, in the in-situ solid-state NMR experiment, 
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essentially the entire crystallization system (i.e., the sample inside the NMR rotor) is studied. In the 

case of in-situ X-ray or neutron scattering experiments, on the other hand, a finely focused incident 

beam is used, which typically interrogates only a fraction of the sample inside the in-situ cell. 

Finally, we note that, unlike the situation for diffraction-based techniques, solid-state NMR has no 

requirement that the sample must be crystalline. Thus, high-resolution solid-state NMR spectra can 

be measured both for crystalline and amorphous solids, and therefore in-situ solid-state NMR 

studies of crystallization processes provide the opportunity to observe both crystalline and 

amorphous solid forms that may be produced at different stages of the process. 

4. Illustrative Examples of Applications of In-Situ Solid-State NMR Techniques to Study 

Crystallization Processes 

4.1 Monitoring Polymorphic Evolution During Crystallization 

Glycine (H3
+NCH2CO2

–) is widely adopted as a model system for studies of crystallization and 

polymorphism [20-38]. Under ambient conditions, three polymorphs of glycine (denoted α, β and γ) 

are known [20-24], with relative stabilities γ > α > β [28, 39]. The three polymorphs are readily 

distinguished by high-resolution solid-state 13C NMR as the isotropic 13C chemical shift for the 

carboxylate group is distinctly different in the three polymorphs (176.5, 175.5 and 174.5 ppm for 

the α, β and γ polymorphs respectively) [30]. The consensus in the literature is that crystallization 

from water at neutral pH produces the meta-stable α polymorph. However, an early publication 

suggested [22] that crystallization from deuterated water may promote the formation of the γ 

polymorph, although systematic studies of this isotope effect were reported only recently [34, 36], 

in which it was demonstrated inter alia that deuteration (even at levels as low as 1%) does 

significantly increase the probability of obtaining the γ polymorph. Crystallization of glycine from 

methanol/water is reported [32] to promote the formation of the β polymorph. 

To explore the effect of deuteration, we carried out separate in-situ solid-state 13C NMR 

studies [12] of crystallization of glycine from water with natural isotopic abundances (H2O; Fig. 2a) 

and from deuterated water (D2O; Fig. 2b) (in the latter case, the total level of deuteration of all 

exchangeable hydrogen sites in the system was 86%). In crystallization from H2O, we simply 

observe the formation and growth of the α polymorph as a function of time, with no other 
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polymorphs observed throughout the duration (13 hr) of the experiment. In crystallization from 

D2O, the α polymorph is again observed as the first solid form, suggesting that the same nucleation 

pathway is followed in both H2O and D2O. However, about 1.5 hr after commencing the 

experiment, a peak characteristic of the γ polymorph appears in the 13C NMR spectrum. The amount 

of the γ polymorph then increases rapidly while the amount of the α polymorph diminishes at the 

same rate, consistent with a solution-mediated polymorphic transformation. For each of the two 

isotopomeric systems, the final polymorph obtained at the end of the in-situ solid-state NMR study 

is consistent with the preferred polymorphic outcome in conventional laboratory crystallization 

experiments carried out under the same conditions and over the same total period of time. 

To investigate the growth and stability of the β polymorph, crystallization was initiated by 

adding methanol to an aqueous solution of glycine [32] in an NMR rotor just prior to insertion into 

the NMR spectrometer for the in-situ solid-state 13C NMR study (Fig. 2c) [13]. In the first spectrum 

recorded, the solid is identified as a virtually pure sample of the β polymorph (with a very small 

amount of the α polymorph also present). The amount of the β polymorph then decreases 

progressively, transforming into the α polymorph. Clearly, the in-situ solid-state 13C NMR study 

allows the timescale of this polymorphic transformation to be established and indicates that a viable 

strategy for isolating the β polymorph would be to stop the crystallization experiment within a few 

minutes of triggering the crystallization process. 

Another example of polymorphic evolution has been revealed by in-situ solid-state 13C NMR 

studies of crystallization of m-aminobenzoic acid (m-ABA) from methanol. Five polymorphs of 

m-ABA are known [40, 41] and the crystal structures of four polymorphs (Forms II, III, IV and V) 

have been determined. In Forms I, III and IV, the m-ABA molecules exist as zwitterions whereas, in 

Forms II and V, the m-ABA molecules are non-zwitterionic. Each polymorph is uniquely 

distinguished by its high-resolution solid-state 13C NMR spectrum [14]. In laboratory crystallization 

experiments, the outcome of crystallization of m-ABA from methanol is unpredictable, yielding 

either Form I, Form III or mixtures of Forms I and III. Our in-situ solid-state 13C NMR study led to 

a full understanding of this situation, as the results demonstrate clearly that Form I is the initial 

crystallization product, followed by a polymorphic transformation (within a few hours of the 

formation of Form I) to produce Form III. Thus, depending on the time at which crystals are 
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collected in laboratory crystallization experiments, the product may be either pure Form I, a mixture 

of Forms I and III, or pure Form III. 

4.2 Discovery of New (Unknown) Solid Forms by In-Situ Solid-State NMR Studies 

The examples discussed so far highlight the capability of the in-situ solid-state NMR strategy to 

observe transient polymorphs on the pathway to the final crystallization product, in cases for which 

these polymorphs were already known and well characterized. Clearly, in-situ solid-state NMR 

studies also have the potential to reveal new (previously unknown) polymorphs that may exist 

during crystallization processes [42]. In such cases, the results provide unique insights on the 

specific crystallization conditions required to produce each new polymorph observed, including the 

appropriate “time-window” during which a specific new polymorph is present. 

To illustrate the discovery of new solid forms, we consider an in-situ solid-state 13C NMR 

study of co-crystal formation involving urea and 1,10-dihydroxydecane. Co-crystals of even-chain 

α,ω-dihydroxyalkanes [HO(CH2)nOH with n = 6, 8, 10, 12, 14, 16] and urea (in 1:2 molar ratio) 

have been shown [43] to exhibit well-defined structure types characterized by two features: (i) 

double-stranded hydrogen-bonded urea ribbons in which the two strands are either parallel or 

antiparallel, and (ii) an angle between the axis of the α,ω-dihydroxyalkane and the positive 

direction of the urea strand which is either acute or obtuse. Specifically, the antiparallel/acute 

structure is found for n = 6, the parallel/acute structure is found for n = 8 and the 

antiparallel/obtuse structure is found for n = 10 – 16. Surprisingly, in laboratory crystallization 

experiments using a wide range of different conditions, no polymorphism has been observed for any 

member of this family. However, in the in-situ solid-state 13C NMR study of the crystallization of 

1,10-dihydroxydecane and 13C-labelled urea from methanol, the 13C chemical shift for the initial 

crystallization product is clearly different from that of the known co-crystal phase (Fig. 3). After 

about 40 min, a new peak characteristic of the known co-crystal phase appears and thereafter grows 

very rapidly. At the end of the experiment (11.4 hr), only the known co-crystal phase is present 

(confirmed by ex-situ powder X-ray diffraction). Comparison of the 13C chemical shift for urea in 

the new solid form present in the early stages of the crystallization process with those for urea in 

other members of the family of α,ω-dihydroxyalkane-(urea)2 co-crystals leads to the assignment that 
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the new transient solid form is a 1,10-dihydroxydecane-(urea)2 co-crystal with the parallel/acute 

structure type. 

4.3 CLASSIC NMR 

As discussed in Section 3, the in-situ solid-state NMR methodology has recently been extended to 

exploit the fact that a solid-state NMR spectrometer can be used to study both the liquid phase and 

the solid phase in a heterogeneous solid/liquid system, 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 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 (Fig. 4). This strategy (called 

“CLASSIC NMR”) reveals the complementary changes that occur in the solid phase and in the 

liquid phase as a function of time during crystallization. The time-dependence of the amount and 

polymorphic identity of the solid phase is established from the solid-state NMR spectra, while 

changes in the solution-state speciation and modes of molecular aggregation in solution are 

monitored from the time-evolution of the liquid-state NMR spectrum. Although critical nucleation 

entities are generally too small to be observed (see Section 6.1), understanding the conditions under 

which nucleation takes place potentially allows improved models for nucleation to be proposed. 

The CLASSIC NMR strategy has been demonstrated [14] in a 13C NMR study of 

crystallization of m-aminobenzoic acid (m-ABA) from dimethyl sulfoxide (DMSO). Selective 

detection of the solid phase was achieved using 1H→13C CP with high-power 1H decoupling, while 

selective detection of the liquid phase was achieved using direct 13C excitation with no 1H 

decoupling and a relatively short recycle delay (the absence of 1H decoupling and the short recycle 

delay ensure that no significant signal is detected from the solid phase). 

The solid-state component of the CLASSIC 13C NMR data showed that, about 2 hr after the 

start of the measurements, Form I of m-ABA appeared, with the amount then increasing during the 

next 6 hr. No other polymorphs were observed during the crystallization process. The liquid-state 

component of the CLASSIC 13C NMR data also did not change for the first 2 hr of the experiment 

(i.e., the period before crystallization commenced), after which significant changes were observed. 
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The integrated intensity of the peaks for m-ABA in the liquid-state NMR spectra decreased during 

the next 6 hr, reflecting the fact that the solution phase becomes progressively more dilute as 

crystallization proceeds. 

Significantly, systematic changes are observed in the liquid-state 13C chemical shifts for 

m-ABA and the solvent DMSO as a function of time during the crystallization process (some peaks 

shift to more positive chemical shifts and other peaks shift to more negative chemical shifts). At the 

start of the measurement, the system is a supersaturated solution. After crystallization begins, the 

supersaturation decreases with time and by the end of the crystallization process, the system is an 

equilibrium saturated solution. It is known from independent studies that, in an equilibrium 

saturated solution of m-ABA in DMSO, the m-ABA molecules exist in the non-zwitterionic form. 

From this knowledge, and by rationalizing the change in the 13C chemical shift for each 13C site in 

m-ABA observed as a function of time during the CLASSIC NMR experiment, significant insights 

can be gained on the nature of the supersaturated solution that exists at the start of the 

crystallization experiment. Specifically, the observed changes in liquid-state 13C chemical shifts are 

consistent with the supersaturated solution of m-ABA in DMSO at the start of the crystallization 

experiment having (a) a higher proportion of zwitterionic m-ABA molecules and/or (b) a higher 

proportion of non-zwitterionic m-ABA molecules present in hydrogen-bonded aggregates, relative 

to a saturated solution of m-ABA in DMSO. Both scenarios (a) and (b) represent an increased 

degree of protonation of the NH2 group of m-ABA and are plausible solution-state precursors to the 

O–···H–N+ hydrogen bonds that exist between m-ABA zwitterions in the crystal structure of Form I. 

Although we cannot distinguish whether situation (a) or situation (b) is predominant, the CLASSIC 

NMR results nevertheless give clear insights into the nature of the speciation and interactions that 

exist in the supersaturated pre-nucleation solution of m-ABA in DMSO prior to crystallization, 

relative to those in the saturated solution at the end of the crystallization process. 
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5. New Results From In-Situ NMR Studies of Crystallization Processes 

5.1 Monitoring Competitive Inclusion Processes in Solid Inclusion Compounds by a CLASSIC 

NMR Approach 

Recently, we have exploited the opportunity to use in-situ NMR to explore the crystallization of 

conventional urea inclusion compounds with a variety of long chain alkane and α,ω-dibromoalkane 

guest molecules. In these solid inclusion compounds [44-49], “guest” molecules are densely packed 

along one-dimensional tunnels in a hexagonal, hydrogen-bonded urea “host” structure (Fig. 5). In 

particular, we have investigated the competition between alkane and α,ω-dibromoalkane guest 

molecules for inclusion into the urea host tunnel structure during crystal growth. In these 

competitive crystallization experiments, two types of potential guest molecule are present in the 

solution phase and compete for inclusion within the urea host structure. 

We report a combined liquid-state and solid-state in-situ NMR study of crystallization from a 

solution comprising urea, 1,8-dibromooctane and tetradecane (approximate molar ratios 10:1:2, 

respectively) in methanol. The solution was prepared at 50 °C and then cooled to 20 °C at a 

constant rate over 11 hr. Direct-excitation 13C NMR spectra were recorded (with 1H decoupling) 

throughout the cooling process and for a further 6 hr after reaching 20 °C. In contrast to most 

organic solids, the guest molecules in urea inclusion compounds undergo rapid reorientational 

motions within the urea host tunnel structure. As a consequence, direct-excitation 13C NMR spectra 

recorded under conditions normally used to record liquid-state 13C NMR spectra detect a signal 

from the guest molecules in the solid urea inclusion compounds. Thus, the direct-excitation 13C 

NMR spectra recorded in the in-situ study of crystallization of urea inclusion compounds contain 

signals from the guest molecules both in the solid urea inclusion compounds and in the liquid 

phases present. On the other hand, 1H→13C CP measurements give much weaker signals for the 

guest molecules in the urea inclusion compounds. Consequently, only direct-excitation 13C NMR 

spectra were recorded in the present case (Fig. 6). 

The peak assignments in the in-situ 13C NMR spectra (see Fig. 6) are made by reference to 

samples of urea inclusion compounds and solutions prepared independently of the in-situ 13C NMR 

study. At the start of the in-situ study (at 50 °C), both 1,8-dibromooctane and tetradecane are 

Page 13 of 38 Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



14 

present (together with urea) dissolved in methanol and peaks are observed in the 13C NMR due to 

these components. However, an additional set of peaks is present, arising from a separate liquid 

phase of pure tetradecane (clearly, under the conditions of this experiment, the tetradecane was only 

partially dissolved in the methanol solution). As the system is cooled, the amount of the liquid 

phase of tetradecane diminishes and new peaks emerge concomitantly in positions characteristic of 

tetradecane guest molecules in the urea host structure. Significantly, no peaks are present in the 

positions expected for 1,8-dibromooctane guest molecules in the urea host structure, clearly 

indicating the preferential inclusion of tetradecane over 1,8-dibromooctane in the formation of the 

urea inclusion compound. Indeed, it is well established [50] that inclusion of longer guest molecules 

over shorter guest molecules is favoured within a homologous family, although the nature of end-

group substituents on the guest molecules may also influence the preferential uptake of guest 

molecules within the urea tunnel structure. 

Fig. 7 shows the relative amounts of tetradecane in the three different phases as a function of 

time during the crystallization process (determined by integration of the peak for the methyl group 

in each phase). The amount of tetradecane in the solution phase remains essentially constant 

throughout the experiment, whereas the amount of the pure liquid tetradecane phase decreases and 

the amount of tetradecane guest molecules in the solid urea inclusion compound increases. From 

these results, it is clear that the formation of the urea inclusion compound containing tetradecane 

guest molecules occurs within the solution phase. Moreover, while tetradecane is consumed from 

the solution phase by this process, it is clear from Fig. 7 that the partitioning of tetradecane between 

the solution phase and the pure liquid tetradecane phase adjusts in order to maintain a constant 

concentration within the solution phase, leading to a diminution in the amount of the pure liquid 

tetradecane phase present as a function of time. 

5.2 Exploiting Liquid-State NMR to Gain Insights on Crystallization Processes 

In some cases, long T1(
1H) relaxation times for organic solids are such that the recycle delays 

required to record solid-state 13C NMR spectra using the 1H→13C CP technique are very long. In 

such cases, the time to record an individual solid-state 13C NMR spectrum within the context of an 

in-situ NMR study of crystallization would be prohibitively long to allow acceptable time-
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resolution in monitoring the process. In such cases, however, liquid-state 13C NMR spectra can still 

be recorded quickly (as 13C spin-lattice relaxation times for the liquid phase are significantly 

shorter) and may still yield significant insights into the processes occurring. This situation is 

encountered for benzoic acid and its derivatives. 

Following an initial in-situ liquid-state 13C NMR study of crystallization of benzoic acid [51], 

we report here studies of crystallization from a solution containing equimolar amounts of benzoic 

acid (BA) and pentafluorobenzoic acid (PFBA) in d2-dichloromethane. BA and PFBA are known to 

form a 1:1 co-crystal [52] in which the two components exist exclusively as hetero-molecular 

BA···PFBA pairs, linked by the well-known double hydrogen-bonded carboxylic acid dimer motif. 

A relevant question is whether all possible solution-state pairings BA···BA, BA···PFBA and 

PFBA···PFBA exist in the solution state prior to crystallization and whether there is any change in 

the nature of these interactions as crystallization proceeds. 

Ex-situ studies indicate that the known co-crystal phase is the only crystallization product 

from this solvent. However, very distinct behaviour is observed in our in-situ liquid-state NMR 

studies of the crystallization process. Fig. 8 shows the results from separate in-situ 1H NMR and 

in-situ 19F NMR studies of crystallization from a solution comprising BA and PFBA (in 1:1 molar 

ratio) in d2-dichloromethane (with time resolution of 28 s for the 1H NMR study and 25 s for the 19F 

NMR study) [53]. In both sets of data, a sudden change in chemical shifts is observed (at 38 min in 

the 1H NMR data and at 10 min in the 19F NMR data), corresponding to very fast co-crystal 

formation. The existence of a lag time before crystallization occurs and variability in the length of 

this lag time in different experiments is typical for this system and explains the difference in the 

time at which the sudden change in chemical shifts occurs in the in-situ 1H NMR and 19F NMR 

experiments. 

In the in-situ 1H NMR spectra, the largest change in 1H chemical shift occurs for the 

carboxylic acid group, which shifts by ca. –0.4 ppm. The fact that only one 1H resonance is 

observed for the carboxylic acid groups in the system indicates that rapid proton exchange must 

occur between BA and PFBA molecules, as well as between different interaction environments of 

these molecules (e.g., the BA···BA, BA···PFBA and PFBA···PFBA hydrogen-bonded pairings). 
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The 1H chemical shifts for the phenyl ring of BA move in the opposite direction by ca. +0.1 ppm. 

The change in the 1H chemical shift for the carboxylic acid groups suggests that, in the 

supersaturated solution that exists prior to crystallization, the proportion of molecules in solution 

that exist in hydrogen-bonded dimers is higher than that in the more dilute solution that exists at the 

end of the crystallization process (it is well established that the 1H chemical shift of carboxylic acids 

is more positive for a hydrogen-bonded dimer than a non-hydrogen bonded monomer). In the in-situ 

liquid-state 19F NMR study, the three 19F chemical shifts all move in the same direction by between 

+0.06 ppm and +0.23 ppm. This observation suggests that the aryl rings of both the BA and PFBA 

molecules in the solution state experience similar changes as a consequence of the rapid decrease in 

solution-state concentration that accompanies crystallization, probably indicative of a change in the 

extent of π-stacking of the aromatic rings of both BA and PFBA molecules. 

Overall, there is no evidence to suggest that BA and PFBA molecules are segregated in the 

solution phase (e.g., if the solution phase comprised only BA···BA and PFBA···PFBA pairs, then 

clearly two 1H signals would be observed for carboxylic acid groups). However, while a proportion 

of hydrogen-bonded BA···PFBA pairs must exist to account for the presence of only one carboxylic 

acid peak in the 1H NMR spectra, we cannot rule out the presence of BA···BA and PFBA···PFBA 

pairs in rapid proton exchange with the BA···PFBA pairs. 

5.3 Polymorph Discovery 

An example illustrating the discovery of a hitherto unknown solid phase concerns our in-situ solid-

state 31P NMR study of crystallization of trimethylphosphine oxide (TMPO) from toluene. Only one 

crystal structure has been reported for TMPO, with one molecule in the asymmetric unit (and hence 

one 31P NMR environment). Correspondingly, the solid-state 31P NMR spectrum of a powder 

sample of TMPO has only one isotropic peak and a single peak in each spinning sideband. In the in-

situ 31P NMR study of crystallization from toluene, even the first spectrum recorded (see Fig. 9) 

reveals that a substantial amount of solid was present at the earliest stages of the crystallization 

process. Interestingly, this spectrum has two isotropic peaks, while each spinning sideband is a 

single peak. One isotropic peak corresponds to the known phase of TMPO, while the new isotropic 

peak (indicated in Fig. 9) must represent a new solid form of TMPO. The observation that the 31P 
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NMR spectrum of the new solid form has an isotropic peak with no spinning sidebands under the 

1H→31P CPMAS NMR measurement conditions is intriguing and suggests that the TMPO 

molecules are in a dynamic regime that is sufficiently slow to allow a signal to be generated in 

1H→31P CP but sufficiently rapid to average the 31P chemical shift anisotropy such that spinning 

sidebands are eliminated. We propose that the additional isotropic peak observed in the 

crystallization of TMPO may arise from an amorphous phase or perhaps a rotator phase solid (we 

note that the shape of the TMPO molecule is almost isotropic, given the similar steric character of 

the oxygen and methyl substituents, which is a common feature in rotator phase materials). 

5.4 A New Solid Form of L-Phenylalanine 

Recently, L-phenylalanine (L-Phe) has been shown to display abundant polymorphism, with four 

polymorphs reported so far. The first form to be structurally characterized [54], now denoted form I 

of L-Phe, has recently been re-determined [55] (including correction of an earlier reported “re-

determination” [56]). In the past two years, three new polymorphs have been reported, one 

discovered by our group, denoted form II [57], followed by form III [58] and form IV [55]. Our 

work [57] also revealed the existence of monohydrate and hemihydrate phases of L-Phe. 

In-situ solid-state 13C NMR studies have been carried out on the crystallization of L-Phe from 

ethanol/water. Under these conditions, L-Phe has been reported [59] to produce a solid form 

different to the only polymorph (form I) that was known at that time. The results of our in-situ 13C 

NMR study are shown in Fig. 10, together with solid-state 13C NMR spectra recorded for powder 

samples of the monohydrate and hemihydrate of L-Phe and form I of anhydrous L-Phe. Although 

the in-situ 13C NMR data were recorded at high magnetic field (20 T corresponding to a 13C Larmor 

frequency of 213.8 MHz) over 21 hr, the signal-to-noise ratio is rather low as a result of slow 1H 

spin-lattice relaxation (requiring a long recycle delay in the NMR measurement) and a low 

concentration of the crystallization solution (resulting in only a small amount of the solid phase 

being formed). In spite of the poor quality of the in-situ 13C NMR data, however, new peaks 

(particularly around 147 ppm; see Fig. 10) are clearly identified that are not present in the 13C NMR 

spectra of other solid forms of L-Phe shown in Fig. 10, specifically form I of L-Phe and the 

hemihydrate and monohydrate phases (solid-state 13C NMR spectra of the other polymorphs of 
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L-Phe have not been measured as form II can only be prepared by rigorous drying of the 

hemihydrate and we have not attempted to prepare forms III and IV). However, periodic DFT 

calculations using the CASTEP code (Accelrys, San Diego, CA) [60] (which allows NMR spectra 

to be calculated from known crystal structures [61, 62]) indicate that the 13C NMR spectra of forms 

II and III do not have an isotropic peak with 13C chemical shift around 147 ppm. DFT could not be 

applied to form IV as the crystal structure is disordered. 

At this stage, the new solid form observed in the in-situ solid-state NMR study is not yet 

identified, although the three primary possibilities are: (i) form IV, (ii) a new polymorph of L-Phe, 

or (iii) a new solvate of L-Phe. A new solvate phase is perhaps the most likely, although no ethanol 

solvates of L-Phe have been reported. Nevertheless, we note that the hemihydrate and monohydrate 

phases are channel hydrates with closely related structures (in which the water molecules are 

located in channels created by the packing of L-Phe molecules), with form II of anhydrous L-Phe 

essentially representing the “empty” channel structure [57]. It is certainly plausible to suggest that 

other types of solvent molecules, such as ethanol, could be accommodated within this L-Phe channel 

structure. Attempts to isolate the new solid form (to allow crystal structure determination and other 

analysis) have so far been unsuccessful. 

6. A Critical Appraisal of Practical Aspects, Interpretation of Results and the Scope and 

Limitations of In-situ NMR Studies of Crystallization Processes 

In this section, we discuss a number of issues that are relevant to the practical implementation of the 

in-situ solid-state NMR methodology, as well as considering important factors that serve to define 

the scope and limitations of the technique. In this discussion, we address some key questions that 

are often raised about the in-situ solid-state NMR technique, including: (i) what is the smallest size 

of solid particle that can be detected, and (ii) is the crystallization process influenced by the 

application of the rapid sample rotation required to record high-resolution solid-state NMR spectra? 
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6.1 What is the Smallest Size of Solid Particle that can be Detected in In-situ Solid-State NMR 

Studies of Crystallization? 

A question frequently asked in connection with our technique relates to the smallest size of solid 

particle that can be observed in the in-situ cross-polarization (CP) NMR measurements, with 

implications on the earliest stage of the crystallization process that can actually be detected. 

Unfortunately, establishing this limit experimentally is very challenging. One experimental 

approach could be to carry out systematic studies of a set of samples each consisting of solid 

particles with a known, narrow range of sizes in liquid suspension. However, we have not been able 

to obtain a suitable set of samples of this nature. Consequently, we estimate the limiting size based 

on theoretical considerations. 

As emphasized above, a key feature of our in-situ solid-state NMR strategy is that selectivity 

in measuring only the NMR spectrum of the solid phase may be achieved by the use of a CP pulse 

sequence. The key limitation for obtaining a signal by CP is the rate of tumbling of the solid 

particle, since this motion “scrambles” the orientation of the dipolar couplings responsible for the 

polarization transfer. The tumbling motion is characterized by a correlation time, τc, which is 

related to the volume (V) of the particle, the viscosity (η) of the solvent and temperature (T), 

through the Stokes-Einstein-Debye relation [63] 

 
)1(

6

+
=

llTk

V

B

c

η
τ , [1] 

where l is the order of the spherical harmonic for the interaction (l = 2 for dipolar coupling). 

Nowacka et al. [64] established that, for a 1H→13C CP experiment to give a signal under similar 

conditions to those used in our experiments, the limiting value of τc is ca. 10 µs. Using Eq. 1 and 

taking the bulk viscosity of water (~10–3 Pa s), the limiting volume is estimated to be 

V ≈ 4 × 107 Å3, corresponding to a sphere with radius of around 210 Å. To put this value in context, 

particles of glycine of this size would contain around 5 × 105 molecules. Although a number of 

approximations and assumptions are inherent in this derivation, it nevertheless offers a reasonable 

estimate of the smallest size of solid particle that could be detected in an in-situ solid-state NMR 

study of crystallization. Clearly, the estimate could be refined in any particular case by taking into 
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account known features of the experimental conditions, such as knowledge of the viscosity of the 

solution. 

Although the size of the critical nucleation entity in crystallization from solution may vary 

significantly between different crystallization systems and for a given crystallization system under 

different experimental conditions, it is anticipated that the critical clusters involved in the nucleation 

of most organic materials would comprise significantly fewer than 5 × 105 molecules. Thus, the 

smallest solid particles that are observable under the conditions of in-situ solid-state NMR studies 

are likely to represent post-nucleation stages of the crystallization process. Nevertheless, as 

illustrated in the case of crystallization of glycine from methanol/water in Section 4.1, identification 

of the polymorphic form of the earliest solid particles detected in the crystallization process can 

nevertheless provide important clues about the probable nucleation pathway, which cannot be 

obtained from ex-situ identification of the final crystallization product collected at the end of the 

crystallization process. 

6.2 Does the NMR Measurement Technique Itself Influence the Crystallization Process? 

Another important question is whether the rapid sample rotation required to record high-resolution 

solid-state NMR spectra may actually affect the pathway and/or the final outcome of the 

crystallization process. More broadly, it is important to consider the effects of all the physical 

conditions that the crystallization system is subjected to in our experiments, including (i) the 

pressure exerted on the sample due to rapid spinning, (ii) the nature of the rotor materials in contact 

with the sample and (iii) the containment of the sample under the mother liquor throughout the 

experiment. 

With regard to (i), the pressure distribution within a sample subjected to spinning in a 

cylindrical rotor can be calculated if the density distribution is known. Specifically, the pressure 

imposed by sample spinning is given by 

 ∫=
r

r

drrrrp

0

'')'()( 2 ρω , [2] 
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where ω is the spinning frequency in rad s–1 and ρ(r) is the density of the sample at distance r from 

the rotation axis of the rotor (see Fig. 11). The term r0 represents the radius of any cylindrical void 

present at the centre of the rotor (and co-axial with the rotation axis), which arises if the sample 

does not completely fill the rotor. If the density is assumed to be constant throughout the sample, 

Eq. 2 simplifies to 

 ρω )()( 2
0

22
2

1 rrrp −= . [3] 

Although the assumption of uniform density may be justifiable in some cases (e.g., for samples with 

low compressibility), a more realistic form of Eq. 3 would take into account the distribution of 

density of the sample inside the rotor (i.e., ρ(r) as in Eq. 1). In the case of a homogeneous solution 

inside the rotor prior to crystallization, the solution must respond to the pressure gradient (lowest 

pressure at the centre of the rotor and greatest pressure at the walls) by redistribution of mass 

towards the outer part of the rotor to create a density gradient across the sample (again, with lowest 

density at the centre of the rotor and greatest density at the walls). Such a density gradient may have 

important implications for the ensuing crystallization process, as it may result in a non-uniform 

distribution of concentration across the solution. Furthermore, given the distribution of pressure 

within the spinning sample (and the fact that solubility is a function of pressure), the solubility may 

also be non-uniform across the sample. Clearly, the confluence of these issues creates significantly 

more complex crystallization conditions than those that exist in a conventional laboratory 

crystallization experiment, and a more detailed quantitative understanding of the effects of sample 

rotation is merited. Intuitively, however, we anticipate that the inhomogeneities introduced into the 

crystallization system as a consequence the sample spinning probably represent relatively minor 

non-uniformities which, in the majority of cases, will not significantly affect the behaviour of the 

crystallization process. 

Returning to the question of pressure, we note that the pressure at the walls of the rotor is 

independent of the density distribution through the sample and is given by 

 avii rrrp ρω )()( 2
0

22
2

1 −= , [4] 

where ri is the internal radius of the rotor and ρav is the average density of the sample, equal to the 

static density in the absence of compression. Under these circumstances, Eq. 4 becomes 
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L

m
rp i π

ω
2

)(
2

=  [5] 

where m is the total mass of the sample and L is the length of the sample cavity in the rotor. 

Using Eq. 4, for a rotor with internal radius ri = 1.5 mm containing water and spinning at 

MAS frequency ω = 12 kHz with a cylindrical void r0 = 0.5 mm at the centre of the rotor, the 

pressure at the rotor walls is p(ri) = 57 atm. This value rises to p(ri) = 64 atm for a full rotor (i.e., 

r0 = 0) at the same MAS frequency. Armed with these values, it is possible to assess the effect of 

spinning on the crystals formed in the in-situ NMR experiment in comparison to high pressure 

studies on powder samples. In the case of glycine, for example, the pressures observed to induce 

polymorphic transformations (≥ 0.5 GPa or 5000 atm) [65-69] are significantly higher than those 

generated in the NMR rotor subjected to MAS. Nevertheless, polymorphism in other systems could 

be affected by pressures of the order of those generated by MAS, as observed previously in in-situ 

solid-state NMR studies of dehydration of sodium acetate trihydrate [70]. In this case, the 

dehydration process was found to lead to a different distribution of the polymorphs of anhydrous 

sodium acetate when the dehydration was carried out under conditions of rapid sample spinning 

compared to dehydration of a static (non-spinning) sample. 

Sample rotors for MAS NMR experiments are composed of a sleeve and one or two sealing 

caps (depending on whether the sleeve is open at one end or both ends). Schematics of two different 

designs of sealing system are shown in Fig. 12. The sleeves are usually made from zirconia, whilst 

the caps may be composed of a variety of materials including Kel-F® and Teflon® with some 

designs using silicone or fluorosilicone rubber O-rings. Clearly, these materials interact with the 

crystallization solution and may potentially play a role in the nucleation process [33]. 

Finally, another key distinction between in-situ NMR experiments and ex-situ studies of 

crystallization is that the in-situ NMR technique observes the crystallization product directly within 

the crystallization solution without removal from the mother liquor. Potentially, this feature could 

lead to differences in the solid form observed in the in-situ NMR study compared to the form 

observed in laboratory crystallization experiments in which the crystallization product is 

characterized ex situ (e.g., by powder X-ray diffraction or solid-state NMR) following removal from 
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the crystallization solution. Clearly, it is well known that certain solid forms may only be stable 

when submerged in the mother liquor and transform rapidly to a more stable form on removal from 

the crystallization solution. 

It is clear from the issues discussed in this section that certain aspects of the instrumentation 

and experimental methodology required to carry out in-situ solid-state NMR studies of 

crystallization from solution have the potential to influence the pathway and outcome of the 

crystallization process, including (perhaps most importantly) the effect of the pressure generated in 

the solution by rapid sample spinning and the consequent effect on the density distribution within 

the solution. However, in our experience so far, we have not yet observed any systems for which the 

final solid form(s) extracted from the NMR rotor following an in-situ crystallization study does not 

match the final solid form(s) resulting from crystallization in the laboratory under the same 

conditions and carried out over a comparable period of time. 

6.3 Some Practical Aspects 

An important practical aspect of our in-situ NMR studies of crystallization processes is accurate 

temperature calibration. This issue is particularly crucial with regard to ensuring reliable 

transferability of experimental information derived from normal laboratory experiments (e.g., 

information on solubilities of materials and crystallization conditions required to produce specific 

polymorphs, etc.) into the context of in-situ NMR studies. In our experience, the temperature 

control equipment on NMR spectrometers is often inaccurate for samples undergoing MAS, largely 

due to the heating effect of the rapid sample spinning but also due to a lack of adequate calibration 

of the equipment. Consequently, we rely on calibrated values of temperature which incorporate the 

heating effect of MAS at the specific MAS frequency used. The discrepancy between the 

temperature indicated by the temperature control equipment and the actual temperature can be as 

large as 30 °C. We use calibrations based on measurements on lead nitrate [71] and methanol [72-

74]. A calibration using glycol is also available for higher temperatures than those covered by the 

methanol calibration [72]. 

As discussed in Section 3, a technical advance that was pivotal to the successful development 

of the in-situ solid-state NMR technique was the availability of NMR rotors that can be used for 
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magic-angle spinning of liquid containing samples, without leakage of liquid. Depending upon the 

type of NMR rotor used, various sealing systems are available (see Fig. 12). An important practical 

consideration for these rotors is whether the solvent to be used in a crystallization experiment is 

compatible with the material used to manufacture the seals on the rotor. While water is compatible 

with all such materials, certain organic solvents may soften the rotor materials, leading to leakage of 

liquid particularly at the elevated temperature required to achieve dissolution. 

6.4 Sensitivity and Time-Resolution 

As mentioned in Section 3, achieving sufficiently good time resolution in in-situ solid-state NMR 

studies is an essential requirement for observing all the phases involved in the crystallization 

process, including short-lived solid forms that have 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 the solid forms present to be identified. A 

number of factors are important in this regard, including: (i) the NMR receptivity of the selected 

nucleus, (ii) the applied magnetic field strength, (iii) the NMR relaxation properties and (iv) the 

total amount of solid phase that can be produced in the crystallization experiment. 

First, the NMR receptivity of a selected nucleus depends on fundamental properties of the 

nucleus and on the natural isotopic abundance. The only opportunity for the experimenter to 

increase the receptivity is to increase the isotopic abundance by using an isotopically labelled 

sample. Of the nuclei discussed here, the natural isotopic abundances are 1H (99.99%), 13C (1.05%), 

19F (100%) and 31P (100%), so the prospect of isotopic labelling is relevant only in the case of 13C 

NMR. Clearly, 13C labelling is highly desirable for in-situ 13C NMR studies, although it is not 

always essential and may not be feasible for synthetic reasons. However, to illustrate the advantages 

of 13C labelling, the in-situ solid-state 13C NMR study of crystallization of 1,10-

dihydroxydecane/urea (using 13C-labelled urea) discussed in Section 4.2 had a time-resolution of 

2.7 min [42] whereas the solid-state component of the CLASSIC 13C NMR study of crystallization 

of m-ABA from DMSO (using natural isotopic abundances) discussed in Section 4.3 had a time-

resolution of 38.4 min [14]. 
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Second, in order to achieve maximum sensitivity in NMR measurements and hence to achieve 

the best possible time-resolution for in-situ studies, the experiments should be carried out using an 

NMR spectrometer with the highest available applied magnetic field. For this reason, most of our 

recent research on the application of the techniques described here has been carried out at the UK 

National High-Field (850 MHz) Solid-State NMR Facility. 

Third, as discussed in Section 2, the main sample-dependent factor controlling the time 

required to record an NMR spectrum is the recycle delay (the time delay that must be left between 

successive applications of the NMR pulse sequence) which depends on the spin-lattice relaxation 

time (T1) of one type of nucleus present in the material. In the case of solid-state 13C NMR spectra 

recorded using 1H→13C CP, the recycle delay is dictated by the 1H spin-lattice relaxation time [75]. 

In the case of organic solids, the presence of a mobile group (e.g., methyl or ammonium) in the 

molecule usually ensures that T1(
1H) is less than 1 s (for molecules of the size we have typically 

investigated). However, in the absence of a mobile group, T1(
1H) is generally much longer. Clearly, 

solid-state 13C NMR spectra can be recorded much more rapidly for materials with short T1(
1H), 

which is conducive for good time-resolution in in-situ solid-state 13C NMR studies of crystallization 

of organic materials. 

Finally, the total amount of the solid phase that can be produced in the crystallization 

experiment clearly depends on the concentration of the solute and the differential of solubility as a 

function of temperature, recalling that, in our in-situ NMR strategy, crystallization is induced by 

decrease of temperature. Thus, in our experimental protocol, the solute must be completely soluble 

at the high temperature (TH) at which the homogeneous solution is prepared and should be insoluble 

at low temperature (TL) at which the in-situ NMR measurements are carried out. Thus, if the 

molality of the initial solution prepared at TH is denoted mo, and using s to denote solubility, we 

require that S(TH) > mo and S(TL) < mo. Clearly, at some temperature (TC) between TH and TL, the 

system must satisfy S(TC) = mo and crystallization becomes thermodynamically favoured for T ≤ TC. 

Clearly, to ensure that a significant amount of solid phase is produced during the crystallization 

experiment, the difference in solubilities S(TC) – S(TL) should be as large as possible. Hence, for a 

given crystallization system, the three factors under the control of the experimenter (i.e., the 

molality mo and temperature TH at the start of the experiment and the target crystallization 
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temperature TL) should be chosen such that TH is as high as possible, TL is as low as possible and mo 

should be only slightly lower than S(TH). Under these circumstances, TC lies close to TH and the 

difference in solubilities S(TC) – S(TL) is maximized (for a given value of TL). 

For a given magnetic field strength, we have found that the “worst case scenario” occurs 

when the absolute change in solubility, S(TC) – S(TL), is small, the isotopic abundance of the 

observed nucleus is low, and T1(
1H) is long (e.g., longer than 30 s). Under such conditions, even at 

high applied magnetic field, acquisition of a solid-state NMR signal on a timescale useful for 

studying crystallization processes is probably impossible. However, if just one of the three factors is 

favourable, we can reasonably expect to be able to observe the crystallization process with adequate 

time-resolution, especially when measurements are carried out at high applied magnetic field. 

7. Concluding Remarks 

We have shown, both in our previous publications [12-14, 42, 51] and in the new results discussed 

in this paper, that in-situ solid-state NMR studies offer a variety of new opportunities for studying 

different aspects of crystallization processes. These opportunities include observing polymorphic 

evolution, discovering new polymorphs and other solid phases, developing strategies for preparing 

unstable polymorphs and identifying changes in the solution state that occur during the 

crystallization process. In each case, in-situ NMR yields information that cannot be obtained from 

ex-situ studies or, in some cases, from other in-situ experimental techniques. In particular, the 

recently developed CLASSIC NMR experiment extends significantly the scope and capability of 

in-situ monitoring of crystallization processes as it is unique in providing simultaneous and 

complementary information on the time-evolution of both the liquid and solid phases during 

crystallization. We forecast with confidence that further developments of the methodology for 

in-situ NMR studies of crystallization, together with the application of these techniques to a wide 

range of different types of systems, will significantly advance our fundamental understanding of 

crystallization processes in the years to come. 
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Figures 

 
Figure 1. Schematic of the strategy for in-situ solid-state NMR studies of crystallization processes, 

illustrated by the case of a system in which the crystallization process initially produces a meta-

stable polymorph A (red) followed by a polymorphic transformation to produce a more stable 

polymorph B (green). The corresponding changes in the measured solid-state NMR spectrum as a 

function of time are shown at the bottom. 

 

 
Figure 2. In-situ 1H→13C CP NMR spectra (showing only the carboxylate region) recorded as a 

function of time for glycine crystallizing from (a) H2O, (b) D2O and (c) H2O/methanol. The known 

peak positions for the α, β and γ polymorphs are indicated. Note that the sample of glycine used for 

the experiments in (a) and (b) was 13C labelled in both carbon sites, whereas the sample of glycine 

used for the experiment in (c) was 13C labelled only in the carboxylate site. As a consequence, the 
13C linewidth is significantly narrower in (c). In each case, intensity contour intervals are defined on 

a logarithmic scale. 
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Figure 3. In-situ solid-state 13C NMR spectra (showing the region of the spectrum containing the 

isotropic peak for urea) recorded as a function of time during crystallization of 1,10-

dihydroxydecane and 13C-labelled urea from methanol. Intensity contour intervals are defined on a 

logarithmic scale. 

 

 
Figure 4. Schematic of the experimental procedure for CLASSIC NMR, which allows the evolution 

of both the solid phase and the liquid phase in a crystallization experiment to be investigated 

separately and simultaneously. 
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Figure 5. Crystal structure of a conventional urea inclusion compound, viewed along direction of 

the one-dimensional tunnels in the urea host structure. 

 

 
Figure 6. In-situ 13C NMR spectra recorded using the direct-excitation 13C pulse sequence during 

crystallization of a urea inclusion compound from a solution containing urea, 1,8-dibromooctane 

(DBO) and tetradecane (TD) in methanol. Peaks for the DBO and TD molecules in different phases 

are labelled. In addition to the solution phase and the solid (urea inclusion compound) phase, a pure 

liquid tetradecane phase is also present. From these results, there is no evidence for uptake of DBO 

guest molecules in the urea inclusion compound in this experiment. 
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Figure 7. Time-dependence of the relative amounts of tetradecane molecules in the three distinct 

phases present in the crystallization system (guest molecules in the urea inclusion compound, blue; 

solution phase, green; pure liquid tetradecane, black) determined from the intensities of the methyl 

peaks in the in-situ 13C NMR spectra. 
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Figure 8. In-situ liquid-state 1H NMR (top) and 19F NMR (bottom) spectra recorded (in separate 

experiments) as a function of time for co-crystallization of benzoic acid and pentafluorobenzoic 

acid from d2-dichloromethane. 

 

 
Figure 9. The first 1H→31P CP NMR spectrum recorded during the in-situ 31P NMR study of 

crystallization of TMPO from toluene, showing the isotropic peaks (in the range 42 to 43 ppm) and 

several spinning sidebands. 
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Figure 10. High-resolution solid-state 13C NMR spectra (recorded using 1H→13C CP) for: (a) 

polymorph I of anhydrous L-Phe, (b) the hemihydrate of L-Phe, (c) the monohydrate of L-Phe, and 

(d) the solid-phase formed in our in-situ solid-state 13C NMR study of the crystallization of L-Phe 

from ethanol/water (the peaks around 147 ppm discussed in the text are highlighted). 

 

 
Figure 11. Schematic of a sample inside an NMR rotor undergoing magic-angle spinning, including 

definitions of terms used in Eqs. 2-5. 
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Figure 12. Examples of designs that have overcome the challenges of sealing liquid-containing 

samples inside NMR rotors for use in rapid MAS experiments, as required for in-situ solid-state 

NMR studies of crystallization from solution. The rotor designs shown represent schematics of 

sealing systems used by Varian (left) and Bruker (right). 
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