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ABSTRACT: Solid-state NMR and atomistic molecular dynamics (MD) simulations are used to understand the disorder of 
guest solvent molecules in two cocrystal solvates of the pharmaceutical furosemide.  Traditional approaches to interpreting 
the NMR data fail to provide a coherent model of molecular behaviour and indeed give misleading kinetic data. In contrast, 
direct prediction of the NMR properties from MD simulation trajectories allows the NMR data to be correctly interpreted in 
terms of combined jump-type and libration-type motions. Time-independent component analysis of the MD trajectories 
provides additional insight, particularly for motions that are invisible to NMR. This allows a coherent picture of the dynam-
ics of molecules restricted in molecular-sized cavities to be determined.  

1. INTRODUCTION 

Molecular materials often contain disorder, and this dis-
order may contribute significantly to the relative free en-
ergies of different solid forms at ambient temperatures. In 
the context of pharmaceutical materials, disorder is gener-
ally perceived as a risk factor, as it is assumed to reflect 
metastability with respect to some fully ordered structure. 
Hence reducing disorder, e.g. via co-crystallisation, is gen-
erally perceived as desirable1. 

Disorder is especially common in solvate forms, which 
are commonly encountered in pharmaceutical chemistry; 
for example, it has been estimated that up to a third of all 
active pharmaceutical ingredients (APIs) can form hy-
drates.2 Solvates are frequently encountered when the host 
crystal lattice packing is relatively inefficient, resulting in 
channels or voids in the structure that can be filled by 
small molecules, reducing the free energy of the crystal 
compared to the non-solvated form.3 Moreover, the solvent 
is frequently dynamic, potentially providing entropic stabi-
lisation. Hence, disorder may be intrinsic to the stability of 
the phase and not necessarily a marker of instability. Even 
if solvate forms are not the final API, they are frequently 
encountered during pharmaceutical production, and so 
understanding such forms is important for the characteri-
sation of a drug substance and its production. 

Characterising the behaviour of disordered guest solvent 
is often challenging. Bragg scattering is disrupted by dy-

namic disorder, and solvent molecules commonly appear 
in diffraction-derived structures as ill-defined volumes of 
electron density. NMR provides an alternative, and often 
more direct route to characterising disordered materi-
als1,4,5, including identifying and studying the behaviour of 
solvent molecules in a host crystal structure. Deuterium 
(2H) NMR is particularly useful, since it is straightforward 
and inexpensive to introduce 2H isotopic labels using deu-
terated solvents, and the 2H NMR parameters and spectra 
are affected by dynamic processes on a broad range of 
timescales.6,7 Dynamics on a similar rate to the width of 2H 
NMR spectra (10–100s kHz) results in changes to the 2H 
NMR spectrum lineshape, which can potentially distin-
guish between alternative motional models, while spin-
lattice (T1) relaxation times are sensitive for faster dynam-
ics (on the order of the 2H NMR frequency, typically 100s 
MHz). The NMR data cannot, however, be directly “invert-
ed” to obtain the molecular motions involved. Relaxation 
data is particularly difficult to interpret, and even appar-
ently distinctive changes in 2H spectral lineshape can lead 
to over-simplified models of the molecular behaviour (as 
discussed below). Hence, it is desirable to use computa-
tional chemistry methods to predict molecular behaviour 
and to link theory and experiment without needing to pos-
tulate motional models.  
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Figure 1. Overview of paper. (a) In classical approaches, 2H NMR data is analysed using distinct models relevant for 10s kHz and 
10s MHz dynamics for lineshape and relaxation data respectively. Particularly when the motion is complex, reconciling these pic-
tures can be difficult or impossible. Here we directly predict of lineshapes and relaxation data from the MD trajectories, avoiding 
the troublesome “dissection” of the classical approach. (b) Cartoon representation of the resulting physical picture. Since the voids 
occupied by the solvent molecules have inversion symmetry, and the overall dynamics of the solvent mirrors this symmetry. In 
both cases, the motion has a strong librational character, but a complementary PCA-like analysis also identifies distinct 
“macrostates” that reflect the local symmetry of the solvent sites. 

 

In contrast to other domains, such as biomolecular sys-
tems, molecular dynamics (MD) simulations have been 
used relatively sparingly in solid systems. Although there 
was some scepticism that atomistic force fields would re-
produce experimental behaviour in crystalline materials8, 
there are now many successful examples of the application 
of MD to solids containing disorder. For example, MD has 
been applied to glassy molecular solids, showing that well-
chosen force fields can accurately reproduce experimental 
13C NMR shift distributions9,10. Similarly, averaged NMR 
parameters derived from MD simulation have been used to 
understand the dynamics of molecules on catalytic surfac-
es11,12, lipid membranes13,14, and ionic liquids15. Most appli-
cations to highly crystalline systems have involved porous 
or channel-containing host-guest systems. For example, 
the fast rotational and translational dynamics of urea in-
clusion systems can be effectively studied by conventional 
atomistic MD, see Ref. 16 and references therein. Studies of 
gas absorption and diffusion in metal-organic frameworks 
use different approaches to simulation, notably Grand Ca-
nonical Monte Carlo simulations17,18. A variety of methods 
have been used to study the dynamics of so-called “am-
phidynamic” crystals19–21, solid systems which contain 
highly mobile components alongside a rigid molecular 
framework. Typically, the experimental rate information is 
derived from NMR, either 1H T1 relaxation rates or 2H NMR 
spectra22. Such materials have been proposed as “molecu-
lar machines”, e.g. crystalline molecular gyroscopes22, in 
which a molecular fragment (a “rotor”) is relatively free to 
rotate, or molecular gears23–25, in which there is interaction 

between mobile components. Especially in the latter case, 
simulations of larger box sizes are needed to understand to 
the effects of correlation between different rotors24–26. Cor-
related motions often require techniques such as metady-
namics24,27 to enhance sampling beyond standard MD, and 
to improve the sampling of dynamical pathways on com-
plex free energy surfaces. 

In the case of “molecular machines”, the motion of the 
fragment is well defined, and the challenge is to determine 
the rate of motion and how this is influenced by molecular 
interactions. In the case of pharmaceutical solvates, the 
nature of the guest molecule motion is undefined, and it is 
not obvious how to use molecular dynamics trajectories to 
derive a physical picture of the motion or compare to ex-
periment. DMSO molecules have been observed to rotate 
through 180° in MD simulations of a DMSO solvate of car-
bamazepine, allowing the experimental crystallographic 
data to be rationalised28. MD simulations have been used in 
a similar way to rationalise experimental data on the dy-
namics of pyridinium cations obtained from quasi-elastic 
neutron scattering29–31, and 19F NMR relaxation data ob-
serving molecular motion in solid octafluoronaphalene32. 

And so, while MD has been regularly applied to solid 
crystalline materials, and NMR is widely used to obtain 
information (such as activation barriers) from materials 
exhibiting dynamics, the general question of how to de-
termine the nature of motion of guest molecules moving in 
a host cavity has not, to our knowledge, been directly ad-
dressed. As illustrated schematically in Figure 1, a typical 
approach is to fit the NMR data, whether spectral line-
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shapes or relaxation times, to simple motional models. 
These models are either assumed or obtained qualitatively 
from simulation methods. Here we present a new ap-
proach to predicting 2H NMR lineshapes directly from the 
results of MD simulations, and show that the direct predic-
tion of 2H spectral and lineshape data provides a more 
complete physical picture than indirect comparisons in-
volve simplified models.  

This methodology is illustrated using a previously unre-
ported co-crystal (FSPA) formed between furosemide (FS) 
and picolinamide (PA). 2H solid-state NMR and molecular 
dynamics simulations are used to probe the behavior of 
FSPA with acetone and ethanol as the solvent guest. The 
direct prediction of the NMR data from MD simulation, 
combined with a complementary principal component-
type analysis, allows the overall molecular behavior to be 
understood in terms of the local site symmetry. This meth-
odology can be readily applied to other solid systems in 
which guest molecules are moving within cavities. 

2. METHODS 

2.1 Synthesis and crystallography  Furosemide is an 
important pharmaceutical, listed in the World Health Or-
ganization’s List of Essential Medicines, primarily used in 
relieving fluid accumulation (edema) in the heart, liver or 
kidney. Cocrystallisation of furosemide has been widely 
investigated as a route to improving its relatively poor 
aqueous solubility.33–35 Under its synthesis conditions, de-
scribed in section 1 of the Supplementary Information, the 
furosemide picolinamide co-crystal readily forms a solvate 
phase. 

Single-crystal diffraction (SCXRD) studies of these mate-
rials, discussed in Section 2 of the Supplementary Infor-
mation, reveal that the FSPA acetone and ethanol solvates 
are isostructural. Fourier difference maps revealed elec-
tron density that is separate from the FS and PA frame-
work, which is assumed to correspond to the solvent, but 
the geometry could not be refined for either solvent mole-
cule. Having confirmed the presence of solvent using solid-
state NMR (cf. Fig. S2), the SCXRD structures were solved 
with the PLATON SQUEEZE approach.36 As illustrated in 
Figure 2, the unit cell contains two pairs of symmetry-
equivalent FS and PA molecules and a void at an inversion 
centre in which the additional electron density resides, 
suggestive of a channel solvate. The sulfonamide group is 
refined with disorder over two positions with (fixed) equal 
occupancies. 

2.2 Solid-state NMR  High-resolution solid-state NMR 
spectra were obtained using either a Bruker Avance III HD 
spectrometer operating at 1H, 13C and 2H NMR frequencies 
of 499.70 MHz, 125.65 MHz and 76.71 MHz respectively, or 
a Bruker Avance III HD spectrometer operating at the cor-
responding frequencies of 400.17 MHz, 100.62 MHz and 
61.42 MHz. Samples were packed into 4 mm zirconia ro-
tors. The 13C shift scale was referenced with respect to neat 
tetramethylsilane (TMS) by setting the highest frequency 
peak of adamantane to 38.5 ppm. The 13C spectra were 
used to fingerprint the structure and assess stability with 
respect to solvent loss; see Section 3 of the Supplementary 

Information for further details. The 2H shift scale was ref-
erenced with respect to neat TMS by setting the peak of 
D2O to 4.81 ppm. Temperatures are quoted to the nearest 5 
K to reflect uncertainties in absolute temperature calibra-
tion (details of the temperature calibration can be found in 
the data archive). 

Variable-temperature 2H wideline (static) spectra and T1 
relaxation data were acquired at 76.71 MHz for the FSPA-
acetone-d6 sample and 61.42 MHz for the FSPA-ethanol-d2 

sample. FSPA-ethanol-d2 spectra used 0.2–0.5 s recycle 
delay and a 40 μs echo delay. FSPA-acetone-d6 spectra used 
a 1 s recycle delay and 60 μs echo delay. T1 relaxation 
measurements were performed using a saturation recov-
ery sequence for both samples, and single exponential de-
cays were fitted to the integral of the complete bandshape 
/ sideband pattern as a function of recovery time. Excellent 
single-exponential fits were obtained at all temperatures 
on both samples. FSPA acetone-d6 was measured under 
static conditions using 16 increments and a sample maxi-
mum recovery time ranging from 1.8–3.2 s. FSPA ethanol-
d2 was measured under 10 kHz MAS using 16 increments 
and a sample maximum recovery time ranging from 0.26–
0.85 s. The temperature dependence of the relaxation 
times was fitted assuming a simple Arrhenius-like depend-
ence of the motional correlation time, 𝜏c, on temperature. 
The temperature dependence of 𝜏c was parameterised 
using the parameters, Tmin and Ea: 

𝜏c =
1

2𝜋𝜈0

exp (
𝐸a

𝑅
(

1

𝑇
−

1

𝑇min

)) (1) 

where 𝜈0 is the 2H NMR frequency. As discussed in Sec-
tion 4 of the Supplementary Information, this parameteri-
sation reduces the correlation between fitted variables and 
allows uncertainties to be propagated without the need for 
Monte Carlo simulations. 13C T1 relaxation times were 
measured on FSPA ethanol under MAS conditions, but the 

Figure 2  Illustrations of the structure of the ethanol (ETH) 
and acetone (ACE) furosemide (FS) picolinamide (PA) cocrys-
tal solvates derived from single-crystal XRD experiments at 
120 K. Disorder of the sulfonamide group was modelled with a 
50:50 split site model, which was resolved into two models, A 
and B, depending on whether the NH2 of the sulfonamide 
points towards the solvent channel (A) or away from it (B). 
The volume occupied by solvent (highlighted in blue) could 
not be modelled in the diffraction study. See Figure S1 in the 
Supplementary Information for an alternative crystallog-
raphy-oriented depiction of the structure. 
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data was significantly lower quality and is not considered 
further. 

2.3 Molecular dynamics simulations  Simulation mod-
els for the two FSPA solvates were built using the atomic 
coordinates and unit cell parameters obtained by XRD at 
120 K (corresponding CIF files are supplied in the data 
archive). An ethanol or acetone solvent molecule was 
manually placed in the void in the FSPA unit cell (i.e., mod-
elling 100% solvent occupancy), and simulation boxes 
were made up of 9 x 3 x 3 unit cells and contained 162 FS, 
162 PA and 81 solvent molecules. To assess the im-
portance of the sulfonamide disorder depicted in Fig. 2, 
pairs of simulations were created for both systems, con-
taining uniquely one orientation or the other, with the NH2 
of the sulfonamide either facing pointing towards the sol-
vent channel (model A) or away from it (model B). Alt-
hough the physical system will contain a random distribu-
tion of sulfonamide orientations, these artificial fully or-
dered systems can be expected to span the range of possi-
ble solvent dynamics.  

MD simulations were performed with the GROMACS 
2016.4 suite,37,38 using the GAFF force field39 obtained from 
the AmberTools 18 package with the AM1-BCC charge 
model.40 Each simulation was first energy minimized using 
the steepest descents algorithm. FS and PA molecules were 
then positionally restrained using the LINCS algorithm, 
while the solvent molecules were allowed to move freely 
and relax into equilibrium positions. The system was pre-
equilibrated for 1 ns in the NPT ensemble with the veloci-
ty-rescale Berendsen thermostat at 120 K, with a tempera-
ture coupling constant of 0.1 ps, and an isotropic Berend-
sen barostat applied with a reference pressure of 1 bar and 
a pressure coupling constant of 20 ps. The positional re-
straints on the FS PA were then removed after the solvent 
molecule relaxation, and the whole system allowed to 
equilibrate for an additional 1 ns with the same protocol as 
above, with the temperature set to 120 K, as in the original 
crystal structure determination.  

This initial equilibration was followed by an annealing 
run heating the system from 120 K to 350 K, in steps of 30 
or 50 K over 10 ns, followed by 10 ns relaxation to prevent 
a hysteresis before the next temperature increment. H-
heteroatom bonds were constrained using the LINCS algo-
rithm, other parameters as above. Structures were extract-
ed at the temperatures of 150 K, 200 K, 250 K, 300 K and 
350 K, and then simulated in the NPT ensemble with the 
Nosé-Hoover thermostat at the given temperature with a 
temperature coupling constant of 1 ps, and an anisotropic 
Parrinello-Rahman barostat employed at 1 bar, with a 
pressure coupling constant of 20 ps. Production simula-
tions runs were performed for 200 ns without bond con-
straints. The 150 K simulation was extended to 400 ns for 
improved sampling statistics. 

The experimental and predicted densities at 120 K are in 
reasonably good agreement (3–5% deviation from Table 
S3). The deviations could result from several factors, in-
cluding experimental uncertainties in the exact tempera-
ture of the crystal in the SCXRD measurements, the non-
stoichiometry of the solvent loading, and the use of the 

GAFF force field at low temperature (noting that GAFF is 
parametrised at higher temperatures where atoms sit at 
slightly different average positions in their potential 
wells). We argue below that the reproduction of the exper-
imental NMR data provides a more direct measure of the 
effectiveness of the force field performance. 

The resulting trajectories were analysed using two ap-
proaches: direct prediction of the NMR results from the 
trajectories (described below) and a Markov State Model-
ling (MSM). These MSM analyses were performed using the 
PyEMMA 3.5.4 package.41 Two vectors describing each 
solvent molecule were extracted from the MD trajectories 
and used for featurization. This approach offers a dimen-
sionality reduction by removing unnecessary atomic coor-
dinates and significantly speeds up data processing42. The 
time-lagged independent component analysis method 
(TICA) was used to decouple any fast vibration-like mo-
tions from the significant solvent reorientations.43 The 
resulting TICs were then used to derive Markov state mod-
els, using k-means clustering to discretise the data to a 
representative set of microstates. An appropriate MSM lag 
time was determined to be 5 fs (10 timesteps) for both the 
acetone and ethanol systems based on implied timescales 
plots. Perron-cluster-cluster analysis (PCCA+) was used to 
cluster the microstates into a limited number of 
macrostates.44 Chapman-Kolmogrov (CK) tests45 were used 
to validate the resulting Markov state models, and Transi-
tion-path theory (TPT) was applied to determine the flux 
between macrostates46–48 ; see Section 7 of the Supplemen-
tary Information for further details. 

2.4 Prediction of NMR spectra from MD simulations  
Simulation methodology developed previously for predict-
ing EPR spectra of molecular systems with introduced spin 
labels and probes from MD trajectories49,50 has been 
adapted for the simulation of 2H NMR lineshapes. The MD-
EPR methodology has been successfully applied to various 
complex molecular systems, including proteins, liquid 
crystals, lyotropic mesophases, lipid membranes and DNA 
fragments.51–55 This trajectory-based approach employs 
the Liouville von Neumann equation in the semi-classical 
approximation, often called the Langevin form of the Sto-
chastic Liouville Equation:50 

𝑑𝝆(𝑡)

𝑑𝑡
= −𝑖�̂̂�(𝑡)𝝆(𝑡) (2) 

where ρ is a density matrix of the system and the Liouvilli-

an �̂̂� is a superoperator of the interaction Hamiltonian, 
expressed in the units of ℏ.  

2H NMR probes dynamics via the coupling between elec-
tric field gradient tensor, V, at the given site and the nucle-
ar electric quadrupolar moment. Ignoring the effects of 
longitudinal relaxation, the only non-zero matrix elements 

of �̂̂� relevant for the time evolution of the transverse mag-
netisation involve: 

𝜈±1(𝑡) = ±
3

8
𝜒((3cos2𝛽P→L(𝑡) − 1) − 𝜂sin2𝛽P→L(𝑡) cos 2𝛾P→L(𝑡))(3)              

which are the frequencies of the two allowed NMR tran-
sitions for I = 1, and 𝜒 and 𝜂 are the conventional parame-
ters defining the magnitude of the EFG tensor V (see Sec-
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tion 5 of the Supplementary Information). For each time 
point along the MD trajectory, the Euler angles ΩP→L(𝑡) de-
fine the passive rotation from the interaction PAS frame to 
the laboratory-fixed frame. 

As shown by Oganesyan49,50, the evolution of the spin 
density matrix in the fast motional limit can be calculated 
using the expression: 

𝝆(𝑡) = exp (− [𝑖 〈�̂̂�〉 + Λ̂̂] 𝑡) 𝝆(0) (4) 

The first term in the matrix exponential, 〈�̂̂�〉 =
1

�̃�
∫ 〈�̂̂�(𝜏)〉 𝑑𝜏

�̃�

0
, is a Liouvillian which is averaged over the 

time of complete relaxation of the correlation function of 
the molecular motion (�̃� ≈ 10𝜏𝑐) and over the N copies of 
the molecules in the simulation; this describes the “aver-
age” evolution. This first term is equivalent to deriving 
averaged NMR parameters from molecular trajectories11, 
which is sufficient is if the correlation times are extremely 
short. In the context of 2H NMR, however, it is important to 
describe the line-broadening effects of the dynamics, 

which is captured by the “decoherence matrix” Λ̂̂ =

∫ 〈∆�̂̂�(0)∆�̂̂�(𝜏)〉 𝑑𝜏
�̃�

0
 of the second term. ∆�̂̂�(𝜏) = �̂̂�(𝜏) − 〈�̂̂�〉 

defines the dephasing of the magnetisation caused by the 

modulation of �̂̂�(𝜏) due to the re-orientational dynamics of 
the molecule.  

There are two advantages of using Eq. (4) over direct in-
tegration of Eq. (2). Firstly, it offers significant reduction in 
the overall simulation time compared to full propagation of 
the density matrix along the entire sampling time. Second-
ly, long sampling times of up to milliseconds are required 
to accurately simulate 2H NMR lineshapes, which is im-
practical for many MD simulations. The use of Eq. (4) al-
lows predictions of NMR data from relatively short MD 
trajectories (up to the point when autocorrelation func-
tions of rotational dynamics are fully relaxed)50. As dis-
cussed in Section 5 of the Supplementary Information, this 
approach is also distinct from simulations of intermediate 
timescale dynamics in 2H NMR using Markov models.    

The following procedure is used to calculate the NMR re-
sponse for a given MD trajectory. Trajectories from all in-
dividual molecules are first concatenated into a single con-
tinuous one by performing appropriate rotational trans-
formations. Then the quadrupolar coupling tensor is aver-
aged according to the following equation53:  

(𝐕𝐀)𝑖𝑗 = 𝑉𝑋𝑋
P  〈𝑙𝑥𝑖𝑙𝑥𝑗〉  +  𝑉𝑌𝑌

P  〈𝑙𝑦𝑖𝑙𝑦𝑗〉 +  𝑉𝑍𝑍
𝑃  〈𝑙𝑧𝑖𝑙𝑧𝑗〉 (5)                                       

i.e., time averages are performed on the products of the 
projection cosines,  𝑙𝑖𝑗 , of the three PAS axes in the lab 

frame. The matrix elements of the averaged Liouvillian and 
the relaxation matrix can then be calculated using the 
principal values of the motionally averaged tensor, 𝐕A. In 
particular, the averages of the time-dependent frequencies 
of Eq. (3) can be written: 

 �̅�±1(ΩA→L) = ±
3

8
〈𝜒〉((3cos2𝛽A→L − 1) −

〈𝜂〉 sin2𝛽A→L cos 2𝛾A→L)                                                      (6)  

where 〈𝜒〉 and 〈𝜂〉 are calculated from the principal values 
of 𝐕A (cf. Eq. S1), and 𝛽A→L and 𝛾A→L  are Euler angles de-

fining the orientation of the laboratory z axis in the frame 
of the principal axes of 𝐕A; this corresponds to the orienta-
tion of the crystallite with respect to the lab frame. 

The non-zero elements of the decoherence matrix are 
calculated from:                                

𝜆± (ΩA→L) = ∫ 〈𝛥𝜈±1(0)𝛥𝜈±1(𝜏)〉 𝑑𝜏
�̃�

0

(7) 

where Δ𝜈±1(𝑡) = 𝜈±1(ΩP→A(𝑡); ΩA→L) − �̅�±1(ΩA→L) and the 
time averaging in Eq. (7) is performed over rotations in the 
A frame which are defined by  ΩP→A(𝑡). The total rotational 
transformation from the PAS to the lab frame is defined as:  
𝑅(ΩP→L(𝑡)) = 𝑅(ΩA→L)𝑅(ΩP→A(𝑡)). 

The density matrix is propagated according to Eq. (4) us-
ing standard numerical approaches, and projected onto the 
detection operator 𝐼+ to generate the NMR signal, s(t), pri-
or to Fourier transformation into the frequency domain. In 

this simple case, however, the 〈�̂̂�〉 and Λ̂̂ matrices are diag-
onal, with the �̅�±1(ΩA→L) corresponding to the NMR fre-
quencies with associated damping coefficients 𝜆±(ΩA→L). 
Finally, the response is averaged over 𝛽A→L and 𝛾A→L an-
gles assuming an isotropic distribution of crystallites in the 
sample.  

This new approach to simulating 2H NMR spectra from 
MD trajectories method allows lineshapes to be accurately 
and efficient calculated from MD trajectories of achievable 
lengths50. 

The 𝜒 quadrupolar parameter for FSPA ethanol was tak-
en from a fit of the low temperature experimental data, as 
shown in Figure S3. The corresponding values for the me-
thyl group of the acetone solvate were taken from the lit-
erature56, with the effect of rapid rotational diffusion ac-
counted for by applying Eq. S2, with the angles α = 0, 
β = 70.50°, resulting in the values χ = 53.25 kHz, η = 0. 

2.5 Prediction of T1 relaxation times from MD simu-
lations  The longitudinal relaxation times 𝑇1 of 2H due to 
quadrupolar interactions under the Redfield approxima-
tion and in the case of restricted local molecular motions 
are given by the standard expression57,58: 

1

𝑇1

=
3𝜋2

20
𝜒2(1 − 𝑆2) (1 +

𝜂2

3
) (𝐽(𝜔0) + 4𝐽(2𝜔0)) (8) 

where 𝑆2 is the square of the generalised order parame-
ter of the molecular orientations, and 𝐽(𝜔) is the spectral 
density function, which is the one-sided Fourier transform 
of the reorientational correlation function: 

𝐽(𝜔) = 2 ∫ 𝐶2(𝑡) cos(𝜔𝑡) 𝑑𝑡
∞

0
(9)                                                                                

and 𝜔0 is the NMR frequency (expressed as an angular 
frequency), and the correlation function 𝐶2(𝑡) is defined 
as: 

𝐶2(𝑡) = lim
𝑇→∞

1

𝑇
∫ 〈𝑃2(𝜇(𝜏) ∙ 𝜇(𝑡 + 𝜏))〉𝑑𝜏

𝑇

0
(10)                                                           

where 𝑃2(𝑡) is a second-order Legendre polynomial and 
the average is taken over MD simulation time (using a ‘slid-
ing time window’ approach50) and the number of mole-
cules in the system. 𝜇(𝑡) is the unit vector along one of 
either the equivalent C–D or C–CD3 axes in ethanol and 
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acetone molecules respectively. The one-sided Fourier 
transformation of the correlation function 𝐶2(𝑡), which 
combines multiple contributions to the rotational motion 
of  𝜇(𝑡), is carried out numerically. 

To interpret the calculated T1 values, it is also useful to 
calculate an effective correlation time of the re-
orientational motion from 𝐶2(𝑡) using the expression: 

𝜏c,eff =
∫ 𝐶2(𝑡) − 𝐶2(∞)

∞

0
 𝑑𝑡

1 − 𝐶2(∞)
(11) 

A corresponding generalised order parameter can be es-
timated from the correlation function as 𝑆2 = 𝐶2(∞). 

In all cases, MD trajectories of 200 ns in length were suf-
ficient to calculate NMR lineshapes and T1 relaxation times, 
except simulations at T = 150 K, where extended trajecto-
ries of 400 ns were required to adequately capture the 
much slower re-orientational dynamics of the solvent mol-
ecules. 

3. RESULTS AND DISCUSSION 

Figure 3 2H quadrupolar echo spectra of (a) FSPA ethanol-d2 
spectra and (b) FSPA acetone-d6. The sharp peak in the centre 
of the spectra in (b) at 235 K and 300 K probably reflect trace 
adventitious acetone. The right-hand sides show MD-
predicted spectra at the closest matching temperatures. These 
are 50:50 sums over models A and B; individual contributions 
from models A and B are shown in Figures S8 and S9 of the SI. 
The experimental spectrum of the ethanol solvate at 185 K 
contains a significant contribution from the “frozen limit” 
lineshape. The total predicted lineshape at 200 K (salmon) is 
the sum of 20% dynamic component and 80% static compo-
nent (blue). 

Figure 4  2H spin-lattice relaxation time constants, T1, as a 
function of temperature of (a) FSPA ethanol-d2 acquired at 
61.42 MHz and (b) FSPA acetone-d6 at 76.7 MHz. Triangles are 
predictions from MD simulation. Lower panels show the 𝝉𝐜,𝐞𝐟𝐟  

and S2 parameters for the motion derived from MD. The curve 
in (a) is a fit of the experimental data to Ea of 19.0 ± 0.9 kJ mol–

1 and a Tmin = 234.0 ± 1.2 K. The experimental data in (b) looks 
to fit to Arrhenius behavior, but the 𝝉𝐜,𝐞𝐟𝐟 values obtained from 

MD show that the temperature dependence cannot be inter-
preted in terms of an Ea (see text for further discussion). 
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The experimental data presented in Figures 3 and 4 ap-
pears sufficiently distinctive to be interpreted; there are 
significant changes in both 2H lineshapes (Figure 3) and in 
T1 (Figure 4) with temperature. Indeed, the spectrum of 
the acetone solvate, Figure 3(b), can be modelled in simple 
terms; the spectra are relatively narrow at all tempera-
tures, consistent with fast dynamics of the CD3 groups, and 
the changes of the spectrum with temperature can be re-
produced by a simple two-state Markov model corre-
sponding to “intermediate timescale” C2 jumps about the 
C=O axis (see Figure S6 of the Supplementary Infor-
mation). As shown by the molecular dynamics results, 
however, this naïve model is incorrect and the jump rates 
obtained from this widely used analysis are essentially 
meaningless.  

There are also difficulties in interpreting the T1 relaxa-
tion data, Figure 4. Although the temperature dependences 
can be fitted to Arrhenius behavior, it is not obvious that 
the parameters obtained relate to molecular behaviour. 
For example, the activation energy for the acetone motion 
of 7.9 ± 0.2 kJ mol–1 derived from Arrhenius-type analysis 
is small, and would be expected to correspond to a fast 
motion, while the sign of the slope implies that the motion 
is still slow compared the 2H Larmor frequency (10s MHz). 
This inability to reconcile models of the lineshape and re-
laxation data taken in isolation was illustrated schemati-
cally in Figure 1(a). 

In contrast, the comparison between experimental 2H 
NMR spectra and those predicted from MD trajectories in 
Figure 3 is highly revealing. The overall qualitative agree-
ment is excellent, showing both that the MD simulations 
have captured the solvent behavior, and that the calcula-
tion methodology introduced in Section 2.2 is appropriate. 
Note that, as discussed in Section 6 of the Supplementary 
Information, the rotation of sulfonamide groups is slow in 
comparison to solvent reorientation. Hence, we provide 
results that are an average of model A and B simulations, 
noting that the solvent dynamics are sufficiently similar in 
these idealised models for the overall trends to be validat-
ed. The comparison shows that the experimental spectrum 
of the ethanol solvate at 185 K contains a significant con-
tribution from the “frozen limit” lineshape corresponding 
to static ethanol molecules. This behaviour was reproduci-
ble, and similar unexpected contributions from “frozen” 
guest molecules have been observed in other studies, and 
tentatively rationalised in terms of temperature gradients 
across the sample59. At a very straightforward level, the 
MD allows this experimental feature to be factored out. 

Figures 3 and 4 show that the trends in the experimental 
data can be reproduced from the MD simulation, but this 
does not, in itself, provide insight into the nature of the 
motion. This can be most obviously obtained by analysis of 
the MD trajectories themselves (as discussed below), but it 
is also useful to parameterise the correlation functions 
derived from the MD trajectories in terms of simple re-
stricted rotational diffusion, involving an effective correla-
tion time, 𝜏c,eff , and a generalised order parameter S2. Giv-
en the complexity of the potential surfaces, the correlation 
functions are not expected to be simple exponentials (ex-

amples are shown in Figure S10 of the Supplementary In-
formation), but the general trends in 𝜏c and S2, shown in 
the lower panels of Figure 4 (and tabulated in Table S6 of 
the Supplementary Information), are expected to be ro-
bust. Notably, both parameters vary with temperature. 
This clearly shows that simple jump-type models, which 
involve a fixed geometry (amplitude) motion, will not cor-
rectly describe the dynamics, even if plausible fits to the 
experimental data can be obtained (cf. Figure S6). Moreo-
ver, the assumption that the correlation time is associated, 
via an Arrhenius-type relationship, to a thermally activated 
jump process is clearly incorrect for the acetone dynamics; 
the 𝜏c,eff  values are essentially independent of tempera-
ture over the range 200–300 K, rather it is the amplitude of 
motion (parameterised by S2) that changes with tempera-
ture. This implies that the acetone dynamics has a strong 
librational character (only the amplitude and not the fre-
quency of motion changes with temperature for barrierless 
motions).  

The fact that the solvent dynamics involves both libra-
tion and jump-type motions is confirmed by comparing the 
predicted T1 relaxation times with experimental values in 
Figure 4. Given that there are no adjustable parameters, 
there is excellent qualitative agreement when considering 
the pair of systems. Recalling that the trends in the exper-
imental data could not be rationalised, the fact that MD 
simulations correctly predict trends in both 2H NMR spec-
tra and relaxation data shows that the simulations are cor-
rectly capturing the solvent dynamics. Significantly this 
dynamics is consistently on a fast NMR timescale, with 
motional correlation times measured in ns, and so the tra-
ditional approach of analysing changes in 2H spectra in 
terms of intermediate timescale dynamics, cf. Figure 1 (a), 
is destined to give misleading results. 

 Additional complementary insight into molecular be-
havior is provided by a Markov state model (MSM) analy-
sis of the MD trajectories. Figure 5 shows the result of ap-
plying the pyEMMA analysis suite to the solvent molecule 
MD trajectories. In the case of the acetone solvate, two 
components are identified that account in total for > 95% 
of the variance of the motion. A free energy plot obtained 
by projecting the trajectories into this space, Figure 5 (a), 
shows four distinct minimum energy states. As illustrated 
in Figure S15 of the Supplementary Information, the MD 
trajectory can be clustered according to these states, allow-
ing representative snapshots, Figure 5 (c), to be extracted, 
which correspond to four distinct “orientations” of the 
acetone within the cavity. These macrostates are related 
by a C2 axis (respecting the molecular symmetry) and an 
inversion centre (respecting the symmetry of the cavity).  
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The MSM analysis of the ethanol solvates shows that the 
ethanol motion is complex, with a higher degree of libra-
tional character; only 76% of the variance is captured by 
the first two TICs. There are two distinct macrostates in 
the free energy plot, Figure 5(b) separated by a 180° rota-
tional flip, as shown in Figure 5(d). Each of these states 
contains three sub-states corresponding to rotation about 
the molecular long axis, with H-bonding occurring in each 
case between the ethanol hydroxyl group and oxygen H-
bond donors of FSPA. See Section 7 of the Supplementary 
Information for more detailed quantitative analysis of the 
motion. 

4. CONCLUSIONS 

Two analysis approaches have been applied to molecu-
lar dynamics (MD) simulation data to understand the dy-
namics of solvent molecules in cocrystal solvate materials.  

A Markov State Modelling analysis, which has previously 
been applied mainly to protein dynamics, was successful in 
identifying stable states, pathways between them and cor-
responding transition rates. This analysis provided direct 
insight into slower larger amplitude motions (as distinct 
from faster motions such as libration), identifying two 
main states for ethanol within the FSPA structure, and four 
symmetry-equivalent states for acetone. This two-fold and 
four-fold degeneracy is consistent with the local molecular 
and crystallographic symmetry. It is important to note, 
however, that this insight cannot be obtained from com-
paring predicted and experimental NMR data, since the 2H 
quadrupolar tensor is invariant under inversion and so 
inversion-type dynamics will be invisible to 2H NMR. This 
weakness is shared with classic approaches to modelling 
2H lineshapes using Markov jump-models, where a simplis-
tic model based on C2 jumps provides a satisfactory (but 

ultimately incorrect) fit to the experimental data (cf. Figure 
S6). 

Overall, the solvent disorder is seen to be an intrinsic 
property of the system that provides some entropic stabili-
sation, precisely because the symmetry of the solvent and 
the guest cavity do not match. Similar behavior has been 
observed in the solvates of droperidol, where the adopted 
of disordered vs. ordered structures could be rationalised 
on simple free energy grounds rather than any intrinsic 
metastability of the disordered structure60.  

Direct simulations of 2H NMR spectral lineshapes and T1 
relaxation times, using methodology previously applied to 
EPR spectra, clearly show that the MD simulations fully 
capture the dynamics observed in NMR, and the both the 
lineshape and relaxation can be explained by the same 
processes occurring on fast (ns) timescales. Crucially both 
libration and jump-type motions are treated on an equal 
footing, avoiding trying to fit lineshapes purely in terms of 
jump-type models. This explains why traditional ap-
proaches to interpreting 2H NMR data gave inconsistent 
and misleading results, even though good fits could be ob-
tained with individual experimental data sets.  

The combination of experiments to provide the overall 
structure (from single-crystal diffraction) and rate infor-
mation (2H NMR), together with the analysis of the MD 
simulations to provide insight into the molecular motion, 
leads to a powerful methodology to explain the complex 
motions often seen in solid materials. We anticipate a more 
complete understanding of dynamics, especially in more 
complex systems, e.g. involving coupled rotors26, will be 
possible by combining sophisticated MD simulation analy-
sis methods and experiment. As well as exploring complex 
functional materials, robust protocols that confirm the 
nature and origin of disorder in molecular organics, will be 

Figure 5 Time Independent Component (TIC) analyses of the FPSA solvate simulations at 273 K. Free energy plots as a function of 
the first two TICs for (a) FSPA acetone and (b) FSPA ethanol. (c) Representative snapshots of macrostates corresponding to the 
four free energy minima in acetone. One of the methyl carbons of the acetone is coloured magenta to highlight the reorientation. 
(d) Representative snapshots of macrostates corresponding to the two free energy minima in ethanol.  
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important in pharmaceutical applications. Confirming that 
a disordered material is at a likely thermodynamic mini-
mum provides increased confidence in its overall stability. 
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