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Exploiting Solid-State Dynamic Nuclear Polarization NMR 

Spectroscopy to Establish the Spatial Distribution of Polymorphic 

Phases in a Solid Material 

Samuel F. Cousin,a Colan E. Hughes,b Fabio Ziarelli,c Stéphane Viel,a,d Giulia Mollica,*a Kenneth D. M. Harris,*b Arthur C. 

Pinon*e and Pierre Thureau*a

Solid-state DNP NMR can enhance the ability to detect minor amounts of solid phases within heterogenous materials. Here 

we demonstrate that NMR contrast based on transport of DNP-enhanced polarization can be exploited in the challenging 

case of early detection of a small amount of a minor polymorphic phase within a major polymorph, and we show that this 

approach can yield quantitative information on the spatial distribution of the two polymorphs. We focus on the detection 

of a minor amount (<4%) of polymorph III of m-aminobenzoic acid within a powder sample of polymorph I at natural isotopic 

abundance. Based on proposed models of the spatial distribution of the two polymorphs, simulations of 1H spin diffusion 

allow NMR data to be calculated for each model as a function of particle size and the relative amounts of the polymorphs. 

Comparison between simulated and experimental NMR data allows the model(s) best representing the spatial distribution 

of the polymorphs in the system to be established.

Introduction

In the context of organic molecular materials, the phenomenon 

of polymorphism1-5 arises when a given type of molecule can 

form two or more solid phases with different crystal structures, 

and is a critically important concept in understanding 

fundamental properties of solids and optimizing their 

applications. In the case of pharmaceutical materials, for 

example, physicochemical and pharmacokinetic properties such 

as solubility and bioavailability may differ significantly between 

different polymorphs of a drug molecule as a consequence of 

their different crystal structures. For that reason, it is essential 

to characterize all polymorphic forms that are accessible to the 

molecule of interest and to establish the relative stabilities of 

the polymorphs. Importantly, early detection of small amounts 

of a minor polymorphic phase in a mixture with a major 

polymorphic phase, of the type that may arise, for example, 

during solid-state phase transformations between polymorphs, 

is critical to anticipate the evolution of the molecule of interest 

towards a polymorph with unfavorable properties.

A wide range of diffraction, microscopy and spectroscopy 

techniques provide key information in polymorphism research, 

although the ability to detect a small amount of a minor 

polymorphic phase within a major polymorph remains difficult.

Solid-state NMR spectroscopy, is a powerful technique for 

polymorph characterization as chemical shifts and relaxation 

times are discriminatingly sensitive to differences in the local 

environments that exist in different polymorphs.6-16 

Unfortunately, the intrinsically low sensitivity of NMR may limit 

the opportunity to detect a minor polymorphic phase in a 

mixture with a major polymorphic phase.17-19

Interestingly, recent advances in dynamic nuclear polarization 

(DNP) NMR,20-27 in which polarization from the electron spin of 

an exogenous polarizing agent28-32 is transferred to nuclear 

spins through microwave irradiation, can significantly enhance 

the ability of NMR to detect small amounts of solid phases in 

heterogenous materials by enhancing the sensitivity of solid-

state NMR measurements by several orders of magnitude. 

Furthermore, DNP NMR may also generate large polarization 

gradients, allowing domain sizes between ca. 200 nm and 20 

mm to be probed through spin diffusion.33 Transport of DNP-

enhanced polarization from the polarizing agent by spin 

diffusion allows solid-state DNP NMR to be exploited to 

establish domain sizes in multicomponent blends, for example 

in biomolecules,34, 35 microcrystalline solids,36 pharmaceutical 

formulations,37 porous materials38 and nanoparticles.39, 40

As polymorphs of a given molecule generally have different 

DNP signal enhancements,41 transport of DNP-enhanced 

polarization in a solid particle composed of several polymorphs 

may not be uniform, which represents the basis of a strategy, 
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reported for the first time in this contribution, to gain detailed 

insights into the nature of solid materials that comprise 

mixtures of polymorphic phases.

More specifically, we show that NMR contrast based on 

distinct transport of DNP-enhanced polarization can be 

exploited to allow a small amount of a minor polymorphic phase 

to be detected within a sample of a major polymorphic phase. 

Furthermore, we show that these experiments can yield 

quantitative information on the spatial distribution and domain 

sizes of the two polymorphic phases within particles of the 

powder sample.

Results and discussion

NMR contrast based on distinct transport of DNP-enhanced 

polarization

Scheme 1 Molecular structure of m-ABA in the zwitterionic tautomer.

To demonstrate this approach, we focus on m-aminobenzoic 

acid (m-ABA; Scheme 1), a system of interest in polymorphism 

research.42-46 Five polymorphs of m-ABA (denoted Forms I to V) 

have been reported42, 43, which either contain the zwitterionic 

tautomer (Forms I, III and IV) or the non-zwitterionic tautomer 

(Forms II and V) of m-ABA. The crystal structures of Form II 

(determined42 by single-crystal XRD) and Forms III, IV and V 

(determined43 from powder XRD data) are known. To date, 

determination of the crystal structure of Form I has proved 

elusive, although X-ray photoelectron spectroscopy confirms 

that Form I contains the zwitterionic tautomer.43

Our DNP NMR strategy is demonstrated in studies of freshly 

prepared samples of Form I of m-ABA at natural isotopic 

abundance, which show evidence (as discussed below) for the 

presence of a small amount of Form III. Form I is a meta-stable 

polymorph that is known43, 45 to transform over time to Form III, 

which is thermodynamically more stable. Direct evidence for 

the polymorphic transformation of Form I to Form III has been 

observed in in-situ solid-state 13C NMR studies45, 46 of the 

crystallization of m-ABA from methanol.

First, we consider experiments on a freshly prepared powder 

sample of Form I of m-ABA impregnated with a solution (60 

mM) containing the DNP polarizing agent TEKPol in 1,1,2,2-

tetrachloroethane.47 Following impregnation, the solution 

phase containing the polarizing agent is in contact with the 

surface of the solid particles in the powder sample, but the 

polarizing agent is not present within the particles.

To assess whether contact between the solution containing 

the polarizing agent and particles of Form I may induce the 

polymorphic transformation to Form III, powder XRD data were 

recorded for a sample of Form I after impregnation with the 

polarizing solution, both before and after quenching to liquid 

nitrogen temperature (see ESI; Section 1.1). The powder XRD 

data do not show any detectable amount of Form III, indicating 

that the conditions required for the DNP experiment (i.e., 

impregnation with the polarizing solution and low-temperature 

measurements) do not induce any significant extent of 

formation of Form III within a freshly prepared powder sample 

of Form I.

Fig. 1 (a) 1H-13C CPMAS saturation-recovery pulse sequence used to record solid-state 13C 

NMR spectra for different polarization times . (b, c) Solid-state 13C NMR spectra 

recorded at 110 K and under microwave irradiation for a powder sample of Form I of m-

ABA impregnated with TEKPol/EtCl4 solution using (b)  = 12 s and (c)  = 350 s. (d) 

Difference spectrum obtained by subtracting the spectrum in (b) from the spectrum in 

(c). (e) Solid-state 13C NMR spectrum recorded at 110 K with  = 350 s for a powder 

sample of Form III impregnated with TEKPol/EtCl4 solution.

Polarization transfer from the polarizing solution to particles 

in the powder was monitored by 1H-13C CPMAS saturation 

recovery measurements for different DNP polarization times , 

using the pulse sequence in Fig. 1a. 1H-13C CPMAS NMR spectra 

recorded under microwave irradiation and using short ( = 12 s; 

Fig. 1b) and long ( = 350 s; Fig. 1c) DNP polarization times both 

show the spectral features characteristic of Form I.44 However, 

the difference spectrum (Fig. 1d) obtained by subtracting the 

spectrum recorded with short polarization time from the 

spectrum recorded with long polarization time exhibits the 

spectral features characteristic of Form III (Fig. 1e). Significantly, 

this result indicates that the freshly prepared powder sample of 

Form I is actually a blend of polymorphic phases, comprising a 

major phase (Form I) and a minor phase (Form III). As Form I and 

Form III both contain the zwitterionic tautomer of m-ABA43 and 

have similar values of isotropic 13C NMR chemical shifts,44 the 
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presence of a small amount of Form III within a sample of Form 

I is not readily detected by standard NMR measurements (Fig. 

1b,c). We note that the behavior exhibited in Fig 1b,c,d (for a 

sample of Form I impregnated with TEKPol/EtCl4 solution) is also 

observed for a sample of Form I impregnated with 

AMUPol/glycerol-D2O solution (see ESI; Section 1.2).

Investigation of the spatial distribution and domain sizes of the 

two polymorphic phases 

The distribution of the two polymorphs within the material 

was explored by examining the build-up of 13C resonances  (Fig. 

2) in spectra recorded using the 1H-13C CPMAS saturation 

recovery pulse sequence as a function of the polarization time 

.33 It should be noted that, although, solid-state NMR has been 

exploited to identify the presence of structurally distinct 

domains within inhomogeneous materials,48-51 it has not been 

used to explore the spatial distribution of polymorphic phases 

of a given molecule within a solid.

For these measurements, a freshly prepared powder sample 

of Form I was impregnated with a solution (12 mM) containing 

the polarizing agent AMUPol in glycerol-D2O (60/40, v/v). In this 

case, AMUPol was preferred to TEKPol as the DNP properties of 

AMUPol (e.g. depolarization) are understood in detail,52 

allowing a more accurate description of the polarization source 

in the numerical simulations discussed below. We note that the 

experimental build-up curves for a powder sample of Form I 

impregnated with a TEKPol/EtCl4 solution (see ESI; Section 1.3) 

are essentially identical to those shown in Fig. 2.

Fig. 2 Experimental 13C NMR signal intensities for a powder sample of Form I impregnated 

with a solution of AMUPol in glycerol/D2O (60/40, v/v). Data were recorded using 1H-13C 

CPMAS saturation recovery (a) without and (b) with microwave irradiation applied. The 

signals are normalized to Boltzmann units (b.u.); one Boltzmann unit represents the 

polarization level reached without DNP or depolarization effects. Fits to the 

experimental data are shown by dashed lines. The experimental data in (a) are described 

by a mono-exponential build-up curve with build-up time TB,OFF = 7.2s. The experimental 

data in (b) are described by a bi-exponential build-up curve with build-up times TB,ON(1) 

= 3.8 s and TB,ON(2) = 60 s.

Importantly, the build-up curves derived from solid-state DNP 

NMR data recorded with and without microwave irradiation are 

clearly different. Specifically, the build-up curve is mono-

exponential with no microwave irradiation applied (Fig. 2a) and 

bi-exponential with microwave irradiation applied (Fig. 2b). The 

bi-exponential build-up curve observed with microwave 

irradiation confirms that the contrast between the two 

polymorphic phases arises from non-uniform DNP signal 

enhancements within the sample. We noted that the build-up 

curves shown in Fig. 2 were obtained by monitoring all the 13C 

NMR resonances between 119 and 138 ppm as a function of the 

polarizing time τ. Importantly, the build-up curve of the single 

resonance at 137 ppm (See ESI; Fig. S7), which is a 13C NMR 

signal of pure Form I, is mono-exponential with a build-up time 

of 4s, which is comparable to the short component of the bi-

exponential build-up curve measured in Fig. 2b. Significantly, 

the same experiments on a freshly prepared powder sample of 

Form I that had not been impregnated with a solution of 

AMUPol gave a mono-exponential build-up curve in both cases.

To gain more detailed structural insights from the solid-state 

DNP NMR data, we have carried out numerical simulations 

based on five models that represent different spatial 

distributions of the two polymorphic phases within particles in 

the powder sample (for more details, see ESI; Section 2). Our 

models have been chosen to represent the spatial distribution 

of the polymorphic phases that would arise from to plausible 

scenarios for the production of form III by nucleation and 

growth within particles of form I, while retaining a level of 

simplicity (based on justifiable simplifying assumptions) that is 

required to allow the computational analysis to remain 

tractable and practicable.

Fig. 3 The distribution of the two polymorphs within particles in a powder sample of m-

ABA in Models A – E. Each model assumes spherical particles of uniform size (defined by 

radius R), with regions containing Form I shown in blue and regions containing Form III 

shown in yellow. The solution (pink) containing the polarizing agent is located on the 

surface of the particles.

For each model, transport of polarization from the solution 

containing the polarizing agent to particles in the powder was 

modelled using simulations of 1H spin diffusion33 based on 

classical diffusion processes following Fick’s second law. This 

approach allows build-up curves to be computed for the specific 

spatial distribution of the two polymorphs characteristic of each 

model, and as a function of the variables that define each 

model, specifically the particle size and the relative amounts of 

the two polymorphic phases. By comparison between 

experimental and simulated build-up curves, the model(s) 

giving best agreement with the experimental data may be 

deduced, thus establishing the spatial distribution of the 

polymorphic phases within the material.

Page 3 of 8 Chemical Science

C
he
m
ic
al
Sc

ie
nc
e
A
cc
ep
te
d
M
an
us
cr
ip
t

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

3
 J

u
n
e 

2
0
2
3
. 
D

o
w

n
lo

ad
ed

 o
n
 6

/2
9
/2

0
2
3
 1

2
:3

4
:4

2
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

DOI: 10.1039/D3SC02063K



ARTICLE Journal Name

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Each model represents a different spatial distribution (shown 

schematically in Fig. 3) of the two polymorphic phases within 

particles of the powder sample, and corresponds to a plausible 

scenario for the production of Form III by nucleation and growth 

within particles of Form I (which is meta-stable with respect to 

transformation to Form III). For each model, it is assumed that 

the material comprises spherical particles of uniform size 

(defined by radius R) that are initially pure Form I.

Model A (homogeneous distribution of Form III within each 

particle of Form I). In this model, Form III nucleates at multiple 

sites throughout each particle of Form I, but with no substantial 

growth of Form III, leading to an essentially uniform distribution 

of small regions of Form III within particles of Form I. In the 

context of probing the spatial distribution using solid-state DNP 

NMR, the regions of Form III in this model must be much smaller 

than the shortest spin-diffusion length.

Model B (distinct particles of pure Form I and pure Form III). In 

this model, there is a low probability of nucleation of Form III. 

However, after nucleation occurs, rapid growth of Form III 

occurs such that the whole particle becomes Form III. As a 

result, the powder sample comprises many particles of pure 

Form I and some particles of pure Form III.

Model C (core-shell particles with Form III in the shell). In this 

model, nucleation and growth of Form III occur at the surface of 

each particle of Form I, giving rise to a spherical shell of Form III 

and a spherical core of Form I.

Model D (core-shell particles with Form III in the core). In this 

model, nucleation and growth of Form III occur in the interior of 

each particle of Form I, represented by a spherical core of Form 

III at the center of the particle and a spherical shell of Form I.

Model E (Form III embedded as a region extending from the 

surface to the core of particles of Form I). In this case, 

nucleation and growth of Form III produce a region of Form III 

that extends from the surface to the center of each particle of 

Form I. The region containing Form III is represented in this 

model as a cone, with the apex at the center of the particle and 

the base at the surface of the particle. This model is indicative 

of a much wider range of geometric scenarios in which a region 

of Form III is embedded within each particle of Form I, with 

partial presence at the surface of the particle and extending 

deep within the particle.

In assessing the quality of agreement between the simulated 

solid-state DNP NMR data for each model and the experimental 

data, our numerical simulations involved variation of: (i) the 

radius R of the spherical particles, and (ii) the relative amounts 

of Form I and Form III.

Numerical Simulations for Models A – E

Model A

First, we note that Model A can be ruled out as it would give 

mono-exponential build-up curves both with and without 

microwave irradiation. In fact, in this model, each particle of m-

ABA in the powder sample contains distinct domains of Form I 

and domains of Form III, with the domains of Form III (the minor 

phase) distributed homogeneously within each particle of Form 

I (the major phase). For the model to be considered as 

homogeneous, the domains of both Form I and Form III must be 

much smaller than the shortest spin-diffusion length. The spin 

diffusion length is calculated as:𝐿=  𝐷𝑇1

where D is the spin diffusion coefficient and T1 is the 

longitudinal relaxation time. We choose a reference spin 

diffusion coefficient Dref, using the value Dref = 500 nm2 s–1 

determined for polystyrene,53 and the spin diffusion coefficient 

for the material of interest is determined as:𝐷 =  𝐷𝑟𝑒𝑓 . 
3 𝐶 𝐶𝑟𝑒𝑓

where C is the 1H concentration in the material of interest and 

Cref = 80 M for the reference material polystyrene. For Form I 

and Form III of m-ABA, C = 58 M. For the polarizing solution 

containing AMUPol in glycerol-D2O (60/40 v/v), C = 65 M. 

Glycerol (with natural isotopic abundances) was used within the 

solvent mixture in order to increase the polarizing power of the 

polarizing solution.54-56

From the equations above, the spin diffusion length is 

determined to be L = 309 nm for Form III and L = 47 nm for Form 

I. In a homogeneous distribution in which the domains of Form 

III are smaller than 10 nm, any polarization gradient between 

Form I and Form III would be instantly compensated by 1H spin-

diffusion, leading to a mono-exponential build-up curve.

Model B

For Model B, comprising particles of pure Form I and particles 

of pure Form III, the simulated build-up curve under conditions 

of microwave irradiation is bi-exponential and shows good 

agreement with the experimental build-up curve (see ESI, 

section 1.3). The best fit between experimental and simulated 

data is obtained with R = 3.3 mm for each type of particle, and 

with 97% of particles comprising pure Form I and 3% of particles 

comprising pure Form III (see ESI; Section 2.1). In this model, a 

significant fraction of the domain containing Form III is located 

far from the surface of the particle, giving rise to the long 

component of the bi-exponential build-up curve. We note that 

the presence of a larger proportion of Form III would lead to a 

bi-exponential build-up curve, even without microwave 

irradiation.

Model C

For Model C (core-shell with Form III in the shell), the calculated 

and experimental build-up curves are in poor agreement (see 

ESI; Section 2.2). As the shell comprising Form III and the 

polarizing agent are in close proximity in this model, the 

simulated build-up curve is mono-exponential both with and 

without microwave irradiation, which is not consistent with the 

experimental results. Thus, Model C may be ruled out. This 

observation also suggests, independently, that impregnation of 

the powder sample with the solution containing the polarizing 

agent is not responsible for inducing the nucleation of Form III 

within the particles of Form I as, under these circumstances, 
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Form III would be expected to be formed preferentially in the 

outer shell of the particles of Form I.

Model D

Model D (core-shell with Form III in the core) also gives a mono-

exponential build-up curve. In this case, the presence of a region 

of Form III in the core of each particle would not be observed in 

the DNP experiment recorded with microwave irradiation. 

Indeed, the short T1 of Form I would not permit spin diffusion 

to transfer the DNP polarization throughout the 7 µm from the 

surface to the core of the particle. For this model, the smallest 

deviation between the calculated and experimental build-up 

curves is obtained when the relative amounts of Form III and 

Form I are 3% and 97%, respectively, although the calculated 

and experimental build-up curves are in poor agreement.

Model E

Fig. 4 Experimental build-up curves (data points with error bars) for 13C resonances for: 

(a, b) a powder sample of Form I of m-ABA impregnated with AMUPol/glycerol-D2O 

solution, and (c, d) the AMUPol/glycerol-D2O solution. Experimental data were recorded 

using 1H-13C CPMAS saturation recovery as a function of polarization time τ, either (b, d) 

with or (a, c) without microwave irradiation. Solid lines shown the best-fit simulated 

build-up curves for Model E obtained with R = 4.6 μm and a composition with 96% of 

Form I and 4% of Form III. The best-fit simulated build-up curves for the individual 

components of Form I (blue solid line) and Form III (yellow solid line) are also shown in 

(b). Signals are expressed in Boltzmann units (b.u.). Note that the error bars are larger 

than the data points only in (c).

For Model E, the domain containing Form III extends from the 

surface to the center of each particle of Form I. As the region of 

this domain at the surface of the particle is directly exposed to 

the solution containing the polarizing agent, the polarization of 

Form III is enhanced by spin diffusion. On the other hand, the 

part of the domain of Form III located far from the surface of 

the particle is associated with a long build-up time. As a 

consequence, bi-exponential behavior is expected for this 

model under conditions with microwave irradiation, whereas 

mono-exponential behavior is expected under conditions 

without microwave irradiation.

Simulated build-up curves for Model E are shown together 

with the experimental build-up curves in Figs. 4a,b, and 

experimental and simulated build-up curves for the polarizing 

solution are shown in Figs. 4c,d. Clearly, excellent agreement is 

observed between experimental and simulated data for all four 

curves. In fact, the simulations give mono-exponential behavior 

for the polarizing solution and for the solid phase not subjected 

to microwave irradiation, whereas the simulations give bi-

exponential behavior under conditions of microwave 

irradiation. The best agreement between experimental and 

simulated data for Model E is obtained for particles of radius R 

= 4.6 m containing 96% of Form I and 4% of Form III (see ESI; 

Section 2.3).

In summary, only the simulated build-up curves for Model B 

and Model E show good agreement with the experimental 

build-up curves. In Model B, the two polymorphs are present in 

different particles, whereas in Model E, the two polymorphs are 

present as distinct domains within the same particle. Clearly, in 

order to distinguish whether Model B or Model E is a more 

accurate representation of the actual distribution of Form III 

within particles of Form I of m-ABA, information derived from 

complementary experimental techniques (particularly electron 

microscopy or Raman microspectrometry) may yield valuable 

insights.

Concluding Remarks

Overall, these results demonstrate the ability of solid-state DNP 

NMR experiments to detect the presence of a minor 

polymorphic phase within a major polymorph in a powder 

sample at natural isotopic abundance and to establish contrast 

between these two polymorphic phases. Furthermore, 

quantitative details of the spatial distribution of the two 

polymorphic phases within the particles can be obtained 

through numerical simulations of 1H spin diffusion.

Our methodology has been illustrated on a challenging 

system, for which the NMR signals for the two polymorphs 

overlap significantly, and for which the crystal structure of the 

major polymorph (Form I of m-ABA) is unknown. In this regard, 

it is relevant to highlight the advantages of the methodology 

reported here compared to the use of powder XRD to 

characterize the mixture of polymorphic phases. Firstly, we 

emphasize that powder XRD could not provide insights into the 

spatial distribution of the different polymorphs within the 

mixture of polymorphic phases, in contrast to the DNP NMR 

approach described in this paper; in this regard, we note that 

Raman microspectrometry is a valuable technique for studying 

the spatial distributions of different phases (including 

polymorphic phases) in heterogenous solid materials57-6364 on 

length-scales comparable to the size of the polymorphic 

domains studied by DNP NMR in the present work. Secondly, 

with regard to detecting the existence of a small amount (e.g., 

5%) of a minor polymorphic phase together with the major 

polymorphic phase, powder XRD should be able to confirm this 

fact qualitatively, provided the quality of the powder XRD data 

is sufficiently high (e.g., with better signal/noise ratio than the 

powder XRD data in Fig. S1). 

However, reliable quantification of the relative amount of 

the minor polymorphic phase by analysis of powder XRD data is 

not necessarily straightforward. The only rigorous way to 
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quantify the relative amounts of the two polymorphic phases by 

powder XRD would be to carry out a two-phase Rietveld 

refinement (with the relative amounts of the two phases 

determined from the refined value of the relative scale factor), 

but a two-phase Rietveld refinement requires that the 

structures of both polymorphic phases are already known. In 

the present case, this approach would not be possible for a 

mixture of polymorphs involving Form I of m-ABA as the 

structure of this material is not known. The reason that Rietveld 

refinement is required in this context is that it allows the effects 

of "preferred orientation" in the powder sample to be taken 

quantitatively into account. Simpler approaches (e.g., based on 

assessing the relative intensities of specific peaks characteristic 

of the two polymorphs in the powder XRD data) do not provide 

a reliable or rigorous basis for quantifying the relative amounts 

of the two polymorphs as this type of approach does not take 

into account the fact that the two polymorphs in the powder 

sample may be affected by a different extent of preferred 

orientation.

Clearly, the method presented here has the potential to reveal 

earlier onset of transformations between polymorphic forms 

and will thus be highly valuable to existing PXRD and electron 

microscopy methods for the investigation of polymorph 

transformation in organic powders.

Methods

Sample Preparation and Characterization

Preparation of Form I of m-ABA

As sample of m-ABA with natural isotopic abundances was 

purchased from SIGMA ALDRICH and used as supplied. Powder 

samples of Form I of m-ABA were prepared by rapidly cooling a 

saturated solution of m-ABA in DMSO, following the procedure 

described by Williams et al.43 For the solid-state DNP NMR 

experiments, a freshly prepared powder sample of Form I of m-

ABA was impregnated by the incipient wetness method using a 

solution containing the polarizing agent (TEKPol or AMUPol).36

Impregnation of the Powder Sample of Form I of m-ABA with 

TEKPol

A freshly prepared powder sample of Form I of m-ABA (30 mg) 

was impregnated with a solution (15 μl, 60 mM) containing 

TEKPol in 1,1,2,2-tetrachloroethane (EtCl4; TCE). Within a few 

minutes after impregnation, the sample was loaded into a 

sapphire MAS NMR rotor (3.2 mm) with a Teflon insert (volume, 

20 μL) for the solid-state DNP NMR experiments. The extent of 

dissolution of m-ABA in the TEKPol/TCE solution was assessed 

by comparing 13C CPMAS NMR spectra recorded at 100 K for a 

powder sample of Form I of m-ABA before (Fig. S6a) and after 

(Fig. S6b) impregnation with TEKPol/TCE solution. The spectrum 

recorded after impregnation did not contain any detectable 

broad-line signals for m-ABA, indicating that no significant 

amount of m-ABA was present in the amorphous “frozen liquid” 

phase produced on quenching the solution to 100 K, and 

consistent with Form I of m-ABA having no significant solubility 

in the TEKPol/TCE solution (see ESI; Section 1.5).

Impregnation of the Powder Sample of Form I of m-ABA with 

AMUPol

A freshly prepared powder sample of Form I of m-ABA (39 mg) 

was impregnated with a solution (20 μl, 12 mM) containing 

AMUPol in glycerol-D2O (60/40 v/v). Within a few minutes after 

impregnation, the sample was loaded into a sapphire MAS NMR 

rotor (3.2 mm) with a Teflon insert (volume, 20 μL) for the solid-

state DNP NMR experiments.

Solid-state DNP NMR Experiments

Experimental Methods

All solid-state DNP NMR experiments were carried out on a 

Bruker AVANCE III HD NMR spectrometer with a 9.4 T wide-bore 

magnet (Larmor frequencies: 1H, 400 MHz; 13C, 100 MHz) using 

a Bruker 3.2 mm low-temperature double resonance DNP 

1H/{29Si/13C} CPMAS NMR probe. The sample temperature was 

ca. 100 K and the MAS frequency was 10 kHz. The spectrometer 

was equipped with a gyrotron for microwave irradiation of the 

sample. The field sweep coil of the NMR magnet was set to give 

microwave irradiation at the maximum DNP enhancement of 

TOTAPOL (263.334 GHz). The estimated power of the 

microwave beam at the output of the probe waveguide was 4 

W. A thermocouple located 8.5 mm from the sample was used 

to measure the temperature of the NMR experiments.
1H NMR saturation recovery experiments were carried out to 

determine the different time constants of the (exponential) 

recovery of the polarization. A train of 90 pulses (comprising 

50 pulses separated by 1 ms) was used to saturate the 1H 

magnetization, with recovery of the 1H magnetization allowed 

during the polarization delay . The magnetization was then 

transferred to the 13C spin nuclei for detection. The intensities 

of the 13C NMR signals of m-ABA were measured in the region 

of the spectrum between 119 and 138 ppm, which was chosen. 
because this region contains the same amount of 13C NMR 

resonances of both form and the minimum amount of noise.

It is essential to clearly distinguish between the intrinsic build-

up time, the effective build-up time in the presence of 

microwave irradiation, and the effective build-up time in the 

absence of microwave irradiation. In this regard, T1 denotes the 
1H relaxation time measured from a saturation recovery 

experiment on a pure dry powder sample. The effective 1H 

build-up time for a powder sample impregnated with the 

solution containing the polarizing agent is denoted TB,ON 

(measured in the presence of microwave irradiation) or TB,OFF 

(measured in the absence of microwave irradiation).

Theoretical build-up curves were simulated using the 

following parameters measured experimentally: T1,ON(Form I) = 

3 s, T1,OFF(Form I) = 6.5 s, T1,ON(Form III) = 214 s, T1,OFF(Form III) = 

213 s. An enhancement of 115, a depolarization factor of 0.5, 

TB,ON(Solution) = 4.35 s and TB,OFF(Solution) = 5.79 s were 

measured for the solution containing AMUPol (12 mM) 

dissolved in glycerol-D2O (60/40 v/v).

The 13C NMR resonances in the high-resolution solid-state 13C 

NMR spectrum of Form I of m-ABA were assigned from a 13C-13C 
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DQ dipolar correlation NMR spectrum recorded with a DQ 

excitation time of 0.4 ms.65

Numerical Simulations for Models A – E Based on well-defined 

spatial distributions of polymorphic phases within particles in a 

powder sample

All numerical simulations of solid-state DNP NMR polarization 

build-up curves were carried out using either Matlab or 

COMSOL Multiphysics, according to the methodology described 

by Pinon et al.[33] Descriptions of Models A – E used in the 

numerical simulations are shown schematically in Fig. 3. For 

each model, it is assumed that the material comprises spherical 

particles of uniform size (defined by radius R), with the different 

models differing in the spatial distribution of Form I and Form 

III within the particles. Here, we provide further details of the 

mathematical foundations for the calculation of the build-up 

curves for each model. In assessing the quality of agreement 

between the simulated NMR data for each model and the 

experimental NMR data, the numerical simulations involved 

variation of the radius R of the spherical particles, and the 

relative amounts of Form I and Form III.
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