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ABSTRACT: The Δδ regression approach of Blade et al. [J. Phys.
Chem. A 2020, 124(43), 8959−8977] for accurately discriminating
between solid forms using a combination of experimental solution-
and solid-state NMR data with density functional theory (DFT)
calculation is here extended to molecules with multiple conforma-
tional degrees of freedom, using furosemide polymorphs as an
exemplar. As before, the differences in measured 1H and 13C
chemical shifts between solution-state NMR and solid-state magic-
angle spinning (MAS) NMR (Δδexperimental) are compared to those
determined by gauge-including projector augmented wave
(GIPAW) calculations (Δδcalculated) by regression analysis and a t-
test, allowing the correct furosemide polymorph to be precisely
identified. Monte Carlo random sampling is used to calculate
solution-state NMR chemical shifts, reducing computation times by avoiding the need to systematically sample the multidimensional
conformational landscape that furosemide occupies in solution. The solvent conditions should be chosen to match the molecule’s
charge state between the solution and solid states. The Δδ regression approach indicates whether or not correlations between
Δδexperimental and Δδcalculated are statistically significant; the approach is differently sensitive to the popular root mean squared error
(RMSE) method, being shown to exhibit a much greater dynamic range. An alternative method for estimating solution-state NMR
chemical shifts by approximating the measured solution-state dynamic 3D behavior with an ensemble of 54 furosemide crystal
structures (polymorphs and cocrystals) from the Cambridge Structural Database (CSD) was also successful in this case, suggesting
new avenues for this method that may overcome its current dependency on the prior determination of solution dynamic 3D
structures.

1. INTRODUCTION
Achieving and controlling the desired physicochemical proper-
ties of an active pharmaceutical agent (API) is often a
significant obstacle in the development process for the
pharmaceutical industry.1 While a stable solid crystalline
form provides one of the best means to achieve these goals,
success is frequently hampered by the occurrence of other
polymorphs.2 The intricate energy landscape of both
crystallization and crystals means that polymorphs often have
closely positioned local energy-minima, and novel polymorphs
can consequently continue to emerge throughout the develop-
ment process.3−6 Distinguishing, understanding, and character-
izing these forms allows the emergence of unwanted forms to
be somewhat derisked, and so various techniques are typically
applied to do so, especially X-ray diffraction (XRD) and solid-
state nuclear magnetic resonance (NMR) in conjunction with
density functional theory (DFT) calculations.7−9 Differences in
crystal packing interaction networks provide a means to
distinguish similar crystal structures, notably by probing local

environments derived from NMR chemical shifts.10−13 Solid-
state NMR provides valuable insight into intermolecular
interactions,14−19 which can be incorporated into crystal
structure prediction (CSP)20,21 and machine learning (ML)
frameworks,22−25 providing, for example, geometry constraints
for improved prediction of crystal structures.26,27

The integration of solid-state NMR data and ab initio
calculations of NMR parameters in NMR crystallography
presents a valuable approach for determining crystal
structures.8−11,28−44 Requiring a good starting structural
model that is geometry optimized before the calculation of
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NMR parameters, NMR crystallography is now widely
employed in academia and increasingly in industry, particularly
to refine and improve the quality of structures derived from
both single-crystal and powder X-ray diffraction
data.9−11,26−28,36,37,45 NMR crystallography can also be used
to determine crystal structures de novo without X-ray
diffraction data by finding the model from a CSP20,21,46−57

campaign whose calculated properties are most consistent with
the experimental NMR data.7,15−18,26,37,52,58−63 Chemical
shifts for proposed model structures are calculated, usually
using the gauge-including projector augmented wave
(GIPAW) method,64−66 and compared directly with exper-
imentally measured solid-state NMR chemical shifts, with only
the correct model expected to pass the given thresholds of
agreement for the root mean squared error (RMSE).11,34,37,67

Providing structural models for NMR crystallography by
CSP is, however, computationally expensive because of the
number of possible ways molecules can be packed together.52

Conformational polymorphism, where a different torsion angle
value exists for a flexible part of a molecular component, adds
additional complexity, requiring separate calculation runs for
each putative conformation.48,50,51 When several rotatable
bonds are present, an extremely large set of likely
conformations is often generated, with an even greater set of
structural models as each conformation’s packing is ex-
plored.68,69 Yet more structural models are generated by CSP
when the number of molecules in the asymmetric unit cell is
greater than one.52,68

Previously, we developed a novel approach for quantitatively
assessing proposed crystal structural models using a combina-
tion of solid-state magic-angle spinning (MAS) NMR data with
solution-state conformational and chemical shift data.70 We
showed that for tolfenamic acid, correlating measured
differences in chemical shifts between solution and solid states
(Δδexperimental, eq 1; i.e., the observed change in chemical shift
due to crystallization) against their calculated chemical shift
differences (Δδcalculated, eq 2) allowed us to precisely differ-
entiate and accurately identify the correct structural model
from a pool of comparable conformational and packing
polymorphs.70 A strong correlation is only achieved between
Δδexperimental and Δδcalculated when the crystal structural model is
correct, and since the solution-state conformational behavior
and chemical shifts are easily measured, this approach has clear
potential for solving crystal structures de novo from CSP crystal
structural models, complementing the established RMSE
approach.37

experimental solid expt solution expt= (1)

calculated solid calc solution calc= (2)

The two aspects of conformational selection and molecular
packing upon crystallization from solution both contribute to
the observed differences in chemical shift between the solution
state (which adopts an ensemble of conformations surrounded
by diffusely arranged solvent molecules) and the solid state
(which adopts one or a few discrete conformations packed
against other molecules in precise 3D-arrangements).71 Some
chemical shifts can be much more sensitive to local
conformation than packing interactions, meaning that there
is potential to predict conformations that can and cannot
satisfy these experimental data points before packing arrange-
ments are attempted.71 In the case of tolfenamic acid, we were
able to use this principle to correctly calculate narrow ranges of

possible conformations present in the solid state that could
satisfy the NMR data for two conformational polymorphs in
the absence of any packing model.70 In this manner, our
approach could also be used before a CSP campaign to reduce
the conformational searching burden by giving a small, focused
set of conformations to propose packing arrangements for, i.e.,
further facilitating de novo determination of crystal structures
by NMR crystallography.
The applicability of the previous work was reduced,

however, by being demonstrated on tolfenamic acid,70 a
compound with only one conformational degree of freedom.
Addressing this, we here adapt and apply the approach to
furosemide, a molecule with six rotatable bonds (Figure 1), to
better exemplify molecules with conformational diversity more
typical of those tackled in CSP campaigns.

Crystal structures for furosemide have been determined by
X-ray diffraction in three different polymorphs at a range of
temperatures (Cambridge Structural Database, CSD, entries
are summarized in Table 1).72−77 Form I has predominantly
been reported with Z = 4 and Z′ = 2, i.e., with two different
conformations in its asymmetric unit. For ease of discussion,
the two distinct conformations present in Form I will be
referred to as Molecules A and B; these are easily distinguished
by their torsion 1 values of +68 and −58°, respectively (see

Figure 1. (Top) Two-dimensional (2D) structure of furosemide.
(Middle) A conformation of furosemide showing atom nomenclature
and torsional degrees of freedom. (Bottom) Torsion definitions are
(1) O1−C4−C5−N1, (2) C4−C5−N1−C6, (3) C5−N1−C6−C11,
(4) C8−C9−S1−N2, (5) C6−C11−C12−O3, and (6) C9−S1−N2−
H9. Atoms are colored by element (carbon gray), and nonpolar
hydrogens have been omitted for clarity.
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Figure S1). Both structures of Form II have Z = 4 and Z′ = 1,
with FURSEM15 exhibiting conformational disorder at room
temperature as the furan ring adopts an additional con-
formation of approximately 25% occupancy that is not seen at
100 K; there are no coordinates provided for the hydrogen
atoms on the disordered furan ring. Form III has Z = 2 and Z′
= 1. All forms have furosemide in its uncharged state, with
dimer pairs formed by reciprocal hydrogen bonding between
carboxylic acid groups of adjacent molecules. Nevertheless, the
dimer packing is very different between the forms, with the
crystal packing similarity tool27 within Mercury reporting that
they have only 1 or 2 of 15 molecules in common locations
between forms (see Table S1). The conformations between
the forms also differ, with the differences being principally
located at torsions 1, 2, and 4 (see Figures S1 and S2).
Three Form I CSD entries (FURSEM17, FURSEM02,

FURSEM)74,76,77 have several difficulties compared to the
others (denoted by the dashed line in Table 1 and subsequent
tables). FURSEM has no 3D coordinates available and so
could not be used further in this study.74 FURSEM02 has been
solved in the same space group as all of the other Form I
structures but has been modeled with Z = 2 and Z′ = 1, in
marked contrast to all of the other Form I structures, which
have Z = 4 and Z′ = 2; it also has no hydrogen atoms in its
coordinates.76 FURSEM17 is nearly identical to FURSEM01,
but visual inspection reveals that the carboxylic acid hydrogen
in one of the molecules does not form the expected reciprocal
carboxylic hydrogen-bonded dimer arrangement (see Figure
S3).77 A computational study has demonstrated that the lattice
energy for the optimized FURSEM17 structure is ∼25 kJ/mol
greater than that of FURSEM01,72 corroborating the visual
result that this hydrogen has been incorrectly placed during
structure determination. The incorrect placement of this
hydrogen has consequent effects on the sulfonamide nitrogen
sp2/sp3 geometry, which forms hydrogen bonds to the
carboxylic acid group.
Using the published crystal structures, we here show that,

with an adaption of our approach to reflect the more complex
conformational behavior of furosemide in solution, we are able
to discriminate between the polymorphs of furosemide using
only NMR data and computation. The inconsistencies in the
published crystal structures are also readily identifiable, even
those as apparently subtle as that of FURSEM17. The
approach is differently sensitive to the popular RMSE method,

exhibiting a much greater dynamic range. Moreover, the
approach is observed to operate equally well with fixed or
variable unit cell parameters during geometry optimization.
Some care should be taken in the choice of solvent used to
measure solution-state data, especially that the molecule’s
charge state is the same between solution and solid states. We
also show that, in the absence of an experimentally determined
solution conformational ensemble (here termed a “solution
dynamic 3D structure”), the solution conformational behavior
can, at least in this case, be adequately approximated from a
sufficiently large collection of furosemide crystal structures
(also comprising neutral solvates and cocrystals from the
CSD), suggesting potential avenues for widening the
approach’s availability to researchers not able to readily access
solution dynamic 3D structures.

2. METHODS
A detailed workflow for the approach is given in Figure S4.
Specific details relating to this study are as follows.
2.1. Software. Statistical analysis was performed using the

Python 3.8 programming language with the pandas V1.0.5,
NumPy V1.18.5, and SciPy V1.5.0 libraries; the source code is
available on GitHub (https://github.com/MKRahman97/
NMR-Scoring-Function) and includes a graphical user inter-
face that aids performing the calculations (see the user guide at
the end of the SI). Matplotlib V3.2.2 was used to produce
graphs. Mercury79 (CSD database V5.42, November 2020 data
library) was used for the 3D visualization and comparison of
crystal structures. Structural figures were created using PyMol
V2.3.5.
2.2. Materials and Sample Preparation for Solution-

State NMR. Furosemide, reference compounds, and all
solvents were purchased from Sigma-Aldrich (Gillingham,
U.K.). All samples contained dilute DSS-d6 (0.3 mM). All
solution NMR spectra were acquired at 25 °C unless specified
otherwise.
From its uncharged solid form as supplied, furosemide was

found to be insoluble in CDCl3. A stock solution of 100 mM
furosemide in pure DMSO-d6 was therefore made. From this,
three 600 μL solution NMR samples were made for chemical
shift measurements: 10 mM furosemide in 100% DMSO-d6
and two largely aqueous samples of 2.5 mM furosemide in an
80:20 (v/v) mixture of D2O/DMSO-d6. Due to the low
solubility of furosemide in water, samples with higher

Table 1. Crystal Structure Information for Furosemide Polymorphs in the CSD

Form CSD entry ID space group Ze Z′f temperature (K) date reference

Form I FURSEM13 P1 4 2 100 2010 75
FURSEM18 P1 4 2 120 2016 72
FURSEM03 P1 4 2 173 2007 73
FURSEM01 P1 4 2 295 1978 76
FURSEM17a P1 4 2 293 2012 77
FURSEM02b P1 2 1 295 1983 78
FURSEMc P1 2 1 295 1976 74

Form II FURSEM14 P21/n 4 1 100 2010 75
FURSEM15d P21/c 4 1 293 2010 75

Form III FURSEM16 P1 2 1 100 2010 75
aThis structure has a carboxylic acid hydrogen atom in an incorrect position on one of the molecules (see the text and Figure S3). bThere are no
hydrogen atoms available for this structure, so they were added using Mercury; see Section 2.7. cThere are no 3D coordinates available for this
structure, so it was not included further in this study. dThis structure is modeled with disorder over two distinct conformations of the furan ring.
eRefers to the number of molecules in the unit cell. fRefers to the number of symmetry-independent molecules in the crystal structure, i.e., the
number of molecules in the asymmetric unit.
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furosemide concentration or higher proportion of water could
not be made without precipitation, and a compromise had to
be made to have a high enough compound concentration in a
largely aqueous environment to still permit accurate measure-
ment of 13C chemical shift data at 13C natural abundance. By
following the titration of the chemical shifts with decreasing
pH for a 1 mM 80:20 H2O/DMSO-d6 sample, the pKa value of
the carboxylic acid moiety in this solvent mixture was
determined as 4.11 ± 0.05 (see Figure S5). The two 80:20
D2O/DMSO-d6 samples were then pH-adjusted using dilute
DCl and NaOD to yield one of the uncharged species, i.e., the
carboxylic acid, at pH 2.11 and one of the carboxylate anion at
pH 6.77.
The concentration dependence of the 1H chemical shifts was

investigated by creating further samples in pure DMSO-d6
from the stock solution with concentrations ranging from 100
μM to 50 mM. The absence of a concentration-dependent
variation of chemical shifts indicates no substantial dimeriza-
tion of furosemide in DMSO-d6 solutions at the concentrations
studied (see Figure S6).
2.3. Measurement of Solution-State NMR Chemical

Shifts (δsolution expt) and Dynamic 3D Structure. Solution-
state NMR experiments were performed on a Bruker Avance
III spectrometer operating at a 1H Larmor frequency of 500.13
MHz using a 5 mm QXI 1H/13C/15N/19F/2H probe.
Chemical shifts were measured for the uncharged form of

furosemide in pure DMSO-d6 and for both charged (pH 6.77)
and uncharged (pH 2.11) forms in a largely aqueous
environment (80:20 v/v D2O/DMSO-d6). 1H−13C-HSQC,
1H−13C-HMBC, and 1H−15N-HSQC NMR spectra were used
to assign all 1H, 13C, and 15N nuclei in the three conditions
(portions of spectra and acquisition parameters are given in
Figure S7 and Table S2, respectively). 1H chemical shifts were
referenced relative to internal d6-DSS. 13C chemical shifts were
referenced indirectly using the Ξ factors for d6-DSS and TMS
(25.145020, 25.144953, respectively).80

To re-reference 1H chemical shifts measured from d6-DSS in
DMSO-d6 to absolute (i.e., TMS in CDCl3), a first correction
of −0.0285 ppm was applied to adjust the values for
referencing relative to TMS in DMSO-d6, which was measured
directly from a DMSO-d6 sample containing both TMS and d6-
DSS. A second correction of +0.074 ppm was then applied to
adjust for the difference between TMS in DMSO-d6 compared
to CDCl3 (as per the procedure described by Hoffman et
al.81): 13C chemical shifts measured relative to d6-DSS in
DMSO-d6 had the same adjustments, with an additional
−2.6194 ppm, to account for the difference in Ξ ratio between
DSS and TMS.81

To reference 1H chemical shifts measured from d6-DSS in
80:20 D2O/DMSO-d6 to absolute, a first correction of +0.0138
ppm was applied to adjust the values for referencing relative to
TMS in 80:20 D2O/DMSO-d6, which was measured directly
from a 80:20 D2O/DMSO-d6 sample containing both TMS
and d6-DSS. A second correction of −0.0596 ppm was then
applied to adjust for the difference between TMS in 80:20
D2O/DMSO-d6 compared to CDCl3, which itself was
estimated by taking the proportionate combination of the
values for 100% DMSO-d6 (0.074 ppm) and 100% D2O
(−0.093 ppm) reported in Hoffman et al.81 13C chemical shifts
measured relative to d6-DSS in 80:20 D2O/DMSO-d6 had the
same adjustments, with an additional −2.6194 ppm to account
for the difference in Ξ ratio between DSS and TMS.81

The dynamic 3D structure of furosemide in its uncharged
state in pure DMSO-d6 was determined according to the
method of Blundell et al.82 using a combination of 3JHH values
and distance restraints from EASY-ROESY spectra.83 Briefly, a
population distribution function is defined for each rotatable
bond, whereby each torsion has one or more modes
(macrostates) that are each characterized as having a
population (π), a mean position (μ, the conformer
conformation), and an extent of Gaussian libration about the
mean position (σ, for the generation of microstates, i.e.,
discrete conformations). The values of these parameters are
iteratively and exhaustively varied until the best fit to all of the
structural restraints is obtained.
The representation of the dynamic 3D structure shown

below in Section 3.1 was generated by overlaying all of the
conformers (i.e., the conformations in which all of the mean
positions of all of the modes are permuted together, bright
conformations) onto an ensemble of conformations represent-
ing the Gaussian libration about those mean positions (faded
conformations), which themselves were generated by ran-
domly sampling the population distribution for each and every
torsion simultaneously and applying those values to a prior
DFT-optimized starting conformer (see Section 2.5).
2.4. Source of Solid-State NMR Chemical Shifts

(δsolid expt). Experimental 13C and 1H chemical shifts for
furosemide Form I were taken from Widdifield et al.,72 who
have provided full assignment for both 13C and 1H nuclei
based on recording 1H−13C CP-HETCOR MAS NMR
spectra. To the best of our knowledge, there are currently no
published chemical shift values for furosemide Forms II and
III.
2.5. DFT Methodology. DFT calculations were performed

using CASTEP84 academic release version 17.21. All
calculations (both geometry optimization and NMR chemical
shielding calculations) used the Perdew−Burke−Ernzerhof
(PBE)85 exchange−correlation functional, a plane-wave basis
set with ultrasoft pseudopotentials86 and a plane-wave cutoff
energy of 700 eV.87,88 Integrals over the Brillouin zone were
taken using a Monkhorst−Pack grid89 with a minimum sample
spacing of 0.1 × 2π/Å. Unit cell dimensions and angles were
fixed during the geometry optimization unless stated
otherwise; when unit cell parameters were allowed to vary
during geometry optimization, DFT-D dispersion correction
was implemented according to the approach of Tkatchenko
and Scheffler.90 (In these cases, CASTEP version 20.11 was
used to overcome a known software bug with retaining
symmetry, but the pseudopotentials from version 17.21 were
used to ensure consistency of results.) NMR chemical
shielding calculations were carried out on the geometry-
optimized structures using the GIPAW64,65 method to
determine the shielding tensor for each nucleus in the crystal
structure. Calculations were performed using the University of
Warwick Scientific Computing Research Technology Platform
(SCRTP) High-Performance Computing clusters. For each
structure calculation, two cores of a 14-core Intel Xeon E5-
2680 CPU were used, with the geometry optimization taking 3
h on the starting conformer generated structure and magnetic
resonance calculations taking an average of 15 min per
structure. This indicates that to perform calculations with 1000
conformers to enable the analysis of the dynamic 3D ensemble
would take about 506 core hours total.
We emphasize that our approach relies on chemical

shielding differences (Δδ) and thereby avoids the issue of
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referencing the calculated values.62,91−93 However, to allow for
comparison to the RMSE method,37 calculated NMR chemical
shieldings, σcalc, were converted into isotropic chemical shifts
(δiso,calc) using eq 3, where σref is the reference shielding (30.0
ppm for 1H and 169.9 ppm for 13C),33,70 and the gradient (m)
was set to minus one; this is equivalent to taking the sum of
the experimental chemical shifts and the GIPAW calculated
absolute isotropic chemical shieldings.91

miso,calc ref calc= + × (3)

2.6. Calculation of Solution-State NMR Chemical
Shifts (δsolution calc) from the Solution Dynamic 3D
Structure. The method for determining the values of the
parameters for the torsional behavior in a dynamic 3D
structure assumes an underlying base 3D geometry of fixed
bond lengths, bond angles, improper dihedrals, and reasonable
torsion values upon which the dynamic 3D information is then
layered during the dynamic 3D structure solving process. For
an uncharged molecule of furosemide, this “base conforma-
tion” was generated using the Mercury conformer generator,94

which uses generalized but contextualized searching of the
CSD database to assign bond lengths, bond angles, and
improper dihedral angle values directly from appropriate
experimental data. As described previously,70 to perform self-
consistent DFT calculations of NMR chemical shifts for the
solution state using CASTEP, this Mercury-generated base
conformation needs to first be geometry-optimized in
CASTEP before the dynamic 3D information is layered back
on top of it. This optimization was achieved by isolating the
molecule from its neighbors by placing the template
conformation in a periodic repeating unit cell of 10 Å in all
dimensions (an “isolated box”) and then performing CASTEP
DFT optimization.87,95,96 The Mercury-generated base con-
formation and its subsequently geometry-optimized shape
barely differ, with a heavy-atom RMSD of 0.053 Å and an all-
atom RMSD of 0.054 Å (see overlay in Figure S8). The largest
change was observed in the sulfonamide moiety, with the
nitrogen developing a slightly more sp3 character upon
optimization.
Previously,70 at this point, we had calculated the solution-

state NMR chemical shift (δsolution calc) by (1) systematically
and exhaustively creating conformations by rotating each
torsion upon the base geometry at 15° intervals, (2) calculating
1H and 13C NMR chemical shifts for each conformation using
the GIPAW method in CASTEP for an “isolated box”,87 and
then (3) calculating the overall solution-state value of each 1H
and 13C chemical shift by combining the contribution of each
conformation to its observed chemical shift, according to its
calculated occupancy as per the measured solution dynamic
3D structure. While this approach was suitable for tolfenamic
acid because it only had 1 rotatable bond, it was unfeasible for
furosemide because its 6 rotatable bonds would have required
isolated box CASTEP calculations on approximately 100
million conformations (246). Instead, we modified this part of
the approach for calculating the solution-state chemical shift as
per the workflow in Figure S4 by (1) generating, by Monte
Carlo random sampling,97 a random ensemble of conforma-
tions at all torsions simultaneously by sampling from their
experimentally determined Gaussian probability distributions,
(2) serially performing “isolated box” GIPAW calculations in
CASTEP on each conformation, (3) keeping a running average
of each 1H and 13C chemical shift as conformations were
included in the ensemble, and (4) repeatedly adding random

conformations until each and every chemical shift value had
converged to a value with an error comparable to that of
experimental measurement (13C ± 0.1 ppm and 1H ± 0.2
ppm).98,99

Convergence of the chemical shift with increasing ensemble
size was tested using ensemble sizes in the range of 10−1000.
Convergence for the independent and identically distributed
(IID) conformations can be treated by the central limit

theorem (CLT), ( ),
n
with a mean (μ), standard deviation

(σ), and sample size (n).100 Standard errors and confidence
intervals were also estimated by the method of bootstrapping
with replacement for a sample of size N = 1000, which was
repeated M = 1000 times.101

Calculation of the solution-state NMR chemical shifts
(δsolution calc) for furosemide in the charged state was performed
in the same manner, except that the base conformation had the
carboxylic acid hydrogen removed before CASTEP DFT
geometry optimization.
The δsolution calc value for the substitute ensemble of

furosemide conformations from the CSD for the solution
dynamic 3D structure was also calculated in the same manner
(see Section 2.9).
2.7. Calculation of Solid-State NMR Chemical Shifts

(δsolid calc). To calculate solid-state chemical shift values
(δsolid calc) for the crystal structures in Table 1, each crystal
structure from the Cambridge Structural Database was
subjected to DFT geometry optimization with fixed unit cell
dimensions and then chemical shift calculations using the
GIPAW method in CASTEP (as detailed in Section 2.5).
DFT-D geometry optimization with variable unit cell
dimensions was used only for the results in Section 3.7.
The crystal structure of FURSEM02 has no coordinates for

hydrogen atoms, which needed to be added before DFT
calculations could be performed. Hydrogens were therefore
added using the automatic tool in Mercury, which incorrectly
placed the carboxylic acid group hydrogen on O2 (since the
C12−O2 bond length in the carboxylic acid group at 1.263 Å
is fractionally shorter than the C12−O3 bond length at 1.274
Å, the hydrogen should be placed on O3 as the oxygen with
least double bond character; refer to Figure 1 for atom
nomenclature). Since this was moreover incompatible with the
crystal structure’s obvious hydrogen-bonding network, the
carboxylate hydrogen was manually moved to O3 in the
correct configuration for hydrogen-bonding (as in the other
Form I structures, refer to Figure S3).
2.8. Linear Regression of Δδcalculated vs Δδexperimental

and t-Test to Identify the Correct Form. As per eq 1, the
chemical shifts measured in solution (δsolution expt) were
subtracted from those reported for solid Form I in a study
by Widdifield et al.72 (δsolid expt) to give Δδexperimental values for
each nonexchangeable 1H and 13C nucleus. Likewise, as per eq
2, the calculated values in solution (δsolution calc) were subtracted
from the calculated values for each crystal structure (δsolid calc)
to give a corresponding set of Δδcalculated values.
For each set of 1H and 13C nuclei, the Δδcalculated and

Δδexperimental values were then plotted against each other (on
the y and x axes, respectively), with the graph then fit to the
simple linear equation y = mx + c. The coefficient of
determination (r2) and Pearson Correlation Coefficient (r)
were calculated. One-tailed t-tests were used to test the
statistical significance of any positive correlation, with p-values
determined by eqs 4 and 5
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where n is the sample size and r is the Pearson correlation
coefficient,102 used to determine the p-value from the t-
distribution tables with two degrees of freedom (Fn−2). This
test was run using a null hypothesis of m = 0 (no correlation)
and the alternative hypothesis of m > 0 (positive correlation).
p-Values less than 0.05 reject the null hypothesis at the 95%
confidence interval and indicate a significant positive
correlation, i.e., the calculated difference in chemical shift
between the solution and solid states significantly agrees with
the experimentally observed difference in chemical shift. No
mathematical correction was implemented for multiple
comparisons, and therefore, in the case that the null hypothesis
is true in all cases, false positives (indicating significant findings
where none exist) would be expected to occur in 5% of cases.
2.9. Use of an Ensemble of Crystal Conformations of

Furosemide to Approximate δsolution calc. To explore
whether a large collection of furosemide conformations from
crystal structures could sufficiently mimic the solution dynamic
3D structure and thereby provide a substitute ensemble for
calculating δsolution calc in the absence of a measured dynamic
3D structure, the torsion angle values from all CSD structures
containing coordinates of furosemide in its neutral state (i.e.,
pure polymorphs, neutral solvates, and cocrystals) with an R-
factor <10% and no disorder were extracted from the database
(see Table S30). To use these data to approximate a solution
ensemble, the torsion values from each individual conforma-
tion were applied to the base conformation; these
conformations were then collected into an ensemble whose
chemical shifts were then calculated as described in Section
2.6. Note that, formally, this substitute ensemble reflects the
conformational space that neutral furosemide occupies in the
solid state, whereas the dynamic 3D structure ensemble reflects
the conformational space that neutral furosemide actually
occupies in solution.

3. RESULTS AND DISCUSSION
The 2D molecular structure of furosemide, its atom
numbering, and its torsion definitions are shown in Figure 1.
3.1. Measurement of Solution-State NMR Chemical

Shifts (δsolution expt) and Dynamic 3D Structure. Chemical
shifts are solvent and charge-state dependent and therefore an
important consideration in measuring them was the choice of
an appropriate deuterated solvent that would maintain
furosemide in the same charge state as present in the crystal
forms (i.e., neutral). While CDCl3 would have been the natural
starting point (as previously in Blade et al.70), furosemide in its
uncharged form is insufficiently soluble in CDCl3 to allow
ready measurement of its solution-state chemical shifts and
dynamic 3D structure. Pure DMSO-d6 was therefore used
instead. 1H and 13C chemical shifts for neutral furosemide
measured in dry DMSO-d6 at 25 °C and 10 mM relative to
internal DSS-d6 are given in Table 2, constituting values for
δsolution expt. There was no observed dependence of chemical
shift with concentration up to 50 mM in DMSO-d6 (see Figure
S6).
The dynamic 3D structure of furosemide was solved in its

neutral state in pure DMSO-d6 at 25 °C according to the
method of Blundell et al.82 Furosemide has 6 rotatable torsions

(see Figure 1), which each has its own distinct conformation-
ally dynamic behavior. Conformational population distribu-
tions for each torsion were determined as one or more modes
of potentially differing occupancies (macrostates), each of
which was modeled as Gaussian librations (microstates) about
mean torsion values. All conformational parameter values for
the determined solution dynamic 3D structure are given in
Table S3, and different representations of these data are shown
in Figures 2 and 3. In Figure 2, all of the conformers (i.e., the

mean positions of all of the modes permuted together; bright
conformations) are overlaid together onto an ensemble of
conformations representing the Gaussian libration about those
mean positions (faded conformations). The Gaussian proba-
bility distributions determined for each torsion that underlie
this representation are shown in Figure 3.

Figure 2. Solution dynamic 3D structure of furosemide in a
conformational ensemble representation. (Top) All of the conformers
(i.e., the mean positions of all of the modes permuted together; bright
conformations) are overlaid together on the central aromatic ring as
an ensemble of conformations representing the Gaussian libration
about those mean positions (faded conformations). The Gaussian
probability distributions determined for each torsion that underlie this
representation are shown in Figure 3. (Middle, Bottom) Two
different single conformation conformers from the dynamic solution
3D structure; the values for their individual torsions are shown in
Figure 3 by dotted (middle) and dashed lines (bottom). Atoms are
colored by element (carbon gray), and nonpolar hydrogens have been
omitted for clarity.
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Torsions 3 and 5 both adopt tightly distributed, unimodal
behaviors in solution because of an intramolecular hydrogen
bond between atoms H6 and O2. The aniline H6 temperature
coefficient (ΔδH6/ΔT = −2.2 ppb/K; 10 mM, neutral state in
pure DMSO-d6, see Figure S9) is noticeably suppressed
compared to the value expected for unrestricted exchange with
residual water (which has a measured temperature coefficient
itself of −5.0 ppb/K), providing strong evidence that this
hydrogen bond persists even in strongly competing solvents.
(This hydrogen bond is also present in all furosemide
polymorph structures.) The sulfonamide H9* temperature
coefficient (ΔδH9/ΔT = −4.7 ppb/K) is similar to the value of
the residual water (−5.0 ppb/K), indicating that it is not
involved in intramolecular hydrogen bonding. The hybrid-
ization states of the two nitrogen atoms are quite different,
with 1JHN coupling constants of −94.1 Hz for H6 (i.e., mostly

sp2 character and geometry) and −82.6 Hz for H9* (i.e.,
mostly sp3) in DMSO-d6 (see Figure S9).
Torsions 1, 2, and 4 give rise to most of the significant

variation in shape that furosemide displays in solution. Torsion
4 has trimodal behavior. Torsions 1 and 2 each manifest
essentially trimodal behaviors but have some codependence
and, therefore, do not permute together to produce nine
conformations: rather, their combined behavior produces only
eight measurably populated shapes, with the trans−trans/
180°−180° combination being absent in solution (or at least
below the measurable limit). Overall, therefore, furosemide
librates around 24 (3 × 8) conformers in solution.
The conformations furosemide adopts in the solution state

are compared to those in its three polymorphs in Table S4 and
Figures S10 and S11. Although all three forms differ from each
other in crystal conformation, nevertheless, all solid-state
conformations lie within the distribution of values observed in
solution, i.e., although each form adopts a different
conformation in the solid state, they all nevertheless exhibit
conformations that are reasonably populated in solution.
3.2. Calculation of Solution-State NMR Chemical

Shifts (δsolution calc) from the Solution Dynamic 3D
Structure. Solution-state NMR chemical shifts were calcu-
lated from the solution dynamic 3D structure as follows. The
presence of 6 rotatable bonds in furosemide meant that the
method we used previously for tolfenamic acid70 (of
systematically and exhaustively creating conformations and
using their solution occupancy to calculate their contribution
to the observed chemical shift) was impractical because it
would have required DFT calculations on the order of 100
million conformations (15° increments gives 246 ≅ 190
million). Instead, we modified the workflow to be (1)
generating, by Monte Carlo random sampling, a random
ensemble of conformations at all torsions simultaneously by
sampling from their experimentally determined Gaussian
distributions, (2) serially performing GIPAW “isolated box”
calculations on each conformation, (3) keeping a running
average of each chemical shift as conformations were included
in the ensemble, and (4) repeatedly adding random
conformations until each and every chemical shift value had
converged to a value with an error comparable to that of
experimental measurement (13C ± 0.1 ppm, 1H ± 0.2
ppm)98,99 (see Sections 2.5 and 2.6, and Figure S4 for
workflow diagram). Values for δsolution calc are given in Table 2.
In this case, an ensemble size of N = 1000 conformations

gives standard deviations for the calculated chemical shifts that
are less than that of experimental measurement for all nuclei
except C3 (±0.11) and C7 (±0.16) (see underlined values in
Table S5). Ensemble sizes of N = 500−1000 conformations are
adequate for all calculated chemical shifts to converge within
the error of these values (see bold values in Table S5), and
indeed most 13C values and all 1H values had converged within
the error of these final values after averaging from 100
randomly sampled conformations. Histograms of the calcu-
lated chemical shifts for the ensemble of N = 1000
conformations are shown for each and every nucleus in Figure
S12. The distributions are complex, reflecting the complex
dependence of each chemical shift upon molecular con-
formation as all of the torsions vary together. That is, different
modes of each torsion, and combinations of modes across
multiple torsions, can give rise to conformations with
distinctive chemical shift values, which are visible as separate
clusters of values in these histograms. Not surprisingly, when

Figure 3. Solution dynamic 3D structure of furosemide in a torsion-
population representation. For each torsion, the changing population
with torsion angle (x-axis) is given relative to its maximum occupancy
(y-axis). Each torsion has a dynamic behavior that is described as one
or more modes that each have a Gaussian libration about their central
(mean) values. The torsion values of the conformers shown in Figure
2 are indicated with dotted and dashed lines (middle and bottom,
respectively). All conformational parameter values of the solution
dynamic 3D structure are given in Table S3.
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compared against a normal distribution with a quantile−
quantile plot (Q−Q plot), nuclei with more complex, non-
normal distributions of calculated chemical shift deviate
substantially from the identity line (e.g., H9, C10) (see Figure
S13A). This is in contrast to the simple case of tolfenamic acid
described previously,70 which, having only one rotatable bond,
gave a transparently interpretable pattern of chemical shift
variation with the torsion angle value for each nucleus. In that
case, it was straightforward to predict a well-defined range of
possible torsion angle values (and attendant conformations) in
each solid form from the experimental solid-state chemical shift
values. In this case of furosemide, despite being more complex,
these distinct regions within the chemical shift histograms
nevertheless relate to particular conformations, leading to the
possibility that, at least in some cases, a given set of solid-state
chemical shifts could likewise be identified with defined
conformers and conformations from the solution ensemble. It
therefore seems probable that in this manner, conformations
can be identified for input into CSP campaigns that are upfront
more likely than others to satisfy the solid-state NMR chemical
shifts, i.e., reducing the CSP campaign conformational search
space when used as part of structure solution determination.
Given the non-normal profile of the chemical shift

histograms, it was important to confirm that the random
sampling of N = 1000 conformations from the Gaussian
probability distributions was sufficiently large to have sampled
the distributions well. To do this, the 1000 conformations were
randomly sampled using bootstrapping with replacement M =
1000 times, given 1000 mean values for each nucleus. These
mean values themselves are normally distributed, as can be
seen by their close tracking with the identity lines in their Q−
Q plots (Figure S13B), indicating that 1000 conformations are
sufficient to sample the dynamic 3D structure well. The
bootstrap confidence intervals are consistent with those
obtained under the CLT (all within 0.1 ppm; see Table S5),
indicating that enough conformations have indeed been
sampled to come to truly converged values.
3.3. Experimental Measurement of Solid-State NMR

Chemical Shifts (δsolid expt). Experimental 13C and 1H
chemical shifts for furosemide Form I were taken from
Widdifield et al.,72 and are given in Table 2. The two molecules
in the asymmetric unit of Form I give rise to two distinct sets
of chemical shifts that are here treated and reported separately;
noting that molecules A and B can be readily distinguished by
their torsion 1 values (A ≅ 68°, B ≅ −58°), the assignments
are based on 1H−13C-HETCOR spectra and GIPAW
calculations.72

To the best of our knowledge, there are currently no
published chemical shift values for furosemide Forms II and
III.
3.4. Calculation of Solid-State NMR Chemical Shifts

(δsolid calc). There are both conformational and packing
differences between the different forms of furosemide (refer
to Introduction, Figures S1 and S2, and Table S1). There are
also some lesser variations between the crystal structures
within each form, most obviously the problematic placement of
hydrogens involved in hydrogen bonds and concomitant
effects on the sulfonamide nitrogen sp2/sp3 geometry as
described in the introduction (see Figure S3) and the presence
of disorder on the furan ring in Form II at 293 K
(FURSEM15) compared to 100 K (FURSEM14). Addition-
ally, noting the different temperatures at which the diffraction
experiments were conducted, there is also the expected but

more subtle and uneven expansion of unit cells as the
temperature is increased (see Table S14B). For example, Form
I unit cell parameters change from 100 K (FURSEM13) to 295
K (FURSEM01) as follows: a = 9.515 to 9.584 Å (+0.7%); b =
10.448 to 10.467 Å (+0.2%); c = 15.583 to 15.725 Å (+0.9%),
α = 92.84 to 93.47° (+0.63°), β = 107.09 to 107.27° (+0.18°),
γ = 116.75 to 115.04 (−1.71°), and volume = 1291.9 to 1332.8
Å3 (+3.2%). All of these differences add up to the variations in
RMSD15 between crystal structures

27 of the same form shown
in Table S1B. For these reasons, chemical shifts were
calculated and reported for each crystal structure separately.
Prior to the calculation of chemical shifts, each structure was

subjected to DFT geometry optimization of atomic positions
with fixed unit cell dimensions. Seeking to preserve the
differences between the structures while enabling accurate
chemical shift calculations, close attention was paid to any
structural changes introduced by the geometry optimization
step. Overlays of the asymmetric units of each furosemide form
from structures recorded at 100 K before and after geometry
optimization are given in Figure S14, showing that only
hydrogens noticeably move position. Low RMSD15 values
between prior and postoptimized coordinates are seen for all
structures (see Table S6) except for FURSEM02 and
FURSEM17, which is probably due to the problems associated
with the carboxylic acid hydrogen noted above.
Torsion angle values for each rotatable bond in furosemide

crystal structures before and after geometry optimization are
shown in Table S7. Within Form I, the greatest changes are
seen in the room-temperature structures FURSEM01,
FURSEM17, and FURSEM02 for torsion 6 (refer to Figure
1 for nomenclature) because the sulfonamide geometry is
corrected from an sp2 hybridization geometry to a more sp3-
like state as the detail of the hydrogen-bond network around it
is modified; this does not, however, change the overall
molecular geometry significantly since it effectively corre-
sponds to a partial rotation around torsion 6. The problematic
Form I structure FURSEM17 has quite substantial geometry
changes involving heavy atoms at torsions 2, 4, and 5 (up to
15°, which therefore changes the overall molecular shape) with
large changes at torsion 6 (hybridization state modification and
torsion rotation at the sulfonamide group); these adjustments
are all consequent effects from the incorrect placement of the
carboxylic acid hydrogen, which the DFT geometry
optimization does not adjust. FURSEM02, being unlike the
other Form I structures in having Z = 2 and Z′ = 1 (see Section
1), has a single molecule in the Molecule B conformation as
assessed by its torsion values (refer to Table S7). Since
Molecule A and Molecule B principally differ at torsions 1 and
2, and the Molecule A data is absent in this structural model, it
is not surprising that FURSEM02 has its largest changes at
torsions 1 and 2 under DFT geometry optimization of 10 and
15°, respectively. Within Form II, the minor disordered
conformation at 293 K (25% occupancy, FURSEM15) has
some adjustment at torsion 2 after geometry optimization.
Form III (FURSEM16, 100 K) does not have any significant
changes caused by geometry optimization. Overall, therefore,
the DFT geometry optimization step only caused perturbations
in structures with known defects.
Using these optimized structures, the solid-state NMR

chemical shifts were calculated as detailed in Sections 2.5 and
2.7, providing the values for δsolid calc given in Table 2.
3.5. Linear Regression of Δδcalculated vs Δδexperimental

and t-Test to Identify the Correct Form. The differences in

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.3c07732
J. Phys. Chem. A XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c07732/suppl_file/jp3c07732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c07732/suppl_file/jp3c07732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c07732/suppl_file/jp3c07732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c07732/suppl_file/jp3c07732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c07732/suppl_file/jp3c07732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c07732/suppl_file/jp3c07732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c07732/suppl_file/jp3c07732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c07732/suppl_file/jp3c07732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c07732/suppl_file/jp3c07732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c07732/suppl_file/jp3c07732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c07732/suppl_file/jp3c07732_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c07732/suppl_file/jp3c07732_si_001.pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c07732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


T
ab
le
3.
C
om
pa
ri
so
n
of
th
e
Ex
pe
ri
m
en
ta
lly
M
ea
su
re
d
(Δ

δ e
xp
er
im
en
ta
l)
an
d
D
FT
G
IP
A
W
C
al
cu
la
te
d
(Δ

δ c
al
cu
la
te
d)
D
iff
er
en
ce
s
in
N
M
R
C
he
m
ic
al
Sh
ift
s
fo
r
Fu
ro
se
m
id
e
be
tw
ee
n

in
So
lu
tio
n
an
d
th
e
So
lid
-S
ta
te
Fo
rm
sg
,h

ex
pe
rim
en
ta
lly

m
ea
su
re
d
di
ffe
re
nc
e

(p
pm
)

Δ
δ e
xp
er
im
en
ta
la

ca
lc
ul
at
ed
di
ffe
re
nc
e
(p
pm
)

Δ
δ c
al
cu
la
te
db

Fo
rm
I,
M
ol
ec
ul
ec

Fo
rm
I,
M
ol
ec
ul
e

Fo
rm
II

Fo
rm
II
I

nu
cl
eu
s

A
B

13
A

d
18
A

03
A

01
A

13
B

18
B

03
B

01
B

17
A

17
B

02
14

15
(7
5%
)e

15
(2
5%
)

16

C
1

−
1.
75

f
0.
94

−
0.
18

−
0.
09

−
0.
09

0.
01

4.
00

3.
55

3.
12

3.
24

1.
05

1.
96

1.
99

6.
66

4.
13

6.
18

2.
79

C
2

1.
00

−
0.
56

4.
52

4.
51

4.
07

3.
85

1.
37

1.
53

1.
39

1.
79

4.
28

1.
93

0.
13

4.
65

6.
52

5.
27

4.
66

C
3

1.
19

2.
35

3.
65

3.
68

3.
53

3.
39

6.
72

6.
32

5.
94

6.
09

5.
61

6.
28

6.
61

9.
06

5.
59

7.
74

3.
41

C
4

3.
33

−
1.
27

2.
53

2.
63

2.
58

2.
56

−
0.
33

−
0.
76

−
0.
76

−
0.
55

0.
32

−
1.
28

−
2.
01

−
5.
52

−
5.
78

−
5.
30

3.
51

C
5

−
0.
06

−
0.
06

0.
43

0.
65

0.
54

0.
48

0.
40

0.
43

0.
18

0.
32

1.
35

−
0.
02

1.
46

2.
66

2.
82

2.
20

−
3.
17

C
6

2.
29

1.
09

1.
76

1.
88

1.
87

1.
92

0.
84

1.
01

0.
86

0.
92

1.
49

1.
09

1.
51

−
1.
45

−
1.
09

−
1.
23

1.
25

C
7

2.
69

2.
99

3.
99

4.
39

4.
23

4.
42

5.
68

5.
35

4.
87

4.
67

3.
68

4.
46

4.
06

−
0.
71

−
0.
73

−
0.
31

−
0.
09

C
8

1.
30

1.
30

−
0.
54

−
1.
13

−
1.
08

−
1.
02

−
1.
63

−
1.
79

−
1.
65

−
1.
47

1.
32

−
2.
48

−
0.
49

3.
34

2.
94

3.
31

−
0.
32

C
9

−
2.
11

−
0.
21

−
6.
02

−
5.
90

−
5.
73

−
5.
54

−
3.
32

−
3.
40

−
3.
52

−
3.
59

−
6.
14

−
2.
96

−
4.
04

−
1.
40

−
1.
40

−
0.
81

−
1.
52

C
10

2.
75

1.
51

3.
27

3.
32

3.
00

3.
05

1.
57

1.
62

1.
41

1.
36

1.
98

−
1.
70

1.
60

0.
76

1.
26

0.
82

1.
70

C
11

−
2.
63

−
0.
08

1.
77

1.
75

1.
63

1.
42

4.
63

4.
51

4.
10

3.
52

1.
62

3.
96

2.
52

1.
47

2.
31

1.
33

3.
33

C
12

3.
09

3.
09

3.
77

4.
01

4.
27

4.
56

3.
97

4.
28

4.
44

4.
65

3.
29

0.
25

5.
01

5.
88

6.
02

6.
18

7.
03

H
1

−
1.
20

f
0.
00

−
0.
70

−
0.
71

−
0.
74

−
0.
73

0.
80

0.
73

0.
64

0.
62

−
0.
71

0.
19

0.
07

0.
70

0.
74

0.
79

0.
08

H
2

−
0.
09

−
0.
49

0.
59

0.
59

0.
44

0.
44

0.
10

0.
07

0.
00

0.
01

0.
59

0.
11

−
0.
78

0.
76

1.
48

0.
75

0.
37

H
3

−
0.
74

−
0.
44

−
0.
59

−
0.
61

−
0.
61

−
0.
69

0.
25

0.
18

0.
10

0.
11

−
0.
48

0.
04

−
0.
59

−
0.
09

−
0.
02

−
0.
02

0.
41

H
4*
g

0.
04

−
0.
36

0.
22

0.
25

0.
24

0.
32

−
0.
04

−
0.
04

−
0.
03

0.
09

0.
63

−
0.
16

−
0.
01

−
0.
08

−
0.
37

−
0.
14

−
0.
49

H
6

−
0.
31

−
0.
31

−
0.
91

−
0.
94

−
0.
87

−
0.
82

−
0.
54

−
0.
52

−
0.
48

−
0.
36

−
1.
23

0.
53

−
0.
22

−
0.
90

−
0.
73

−
0.
89

−
0.
47

H
7

0.
77

−
0.
93

0.
90

0.
87

0.
83

0.
83

−
1.
39

−
1.
41

−
1.
36

−
1.
35

0.
26

−
1.
40

0.
43

−
1.
94

−
1.
48

−
1.
87

−
0.
72

H
8

0.
23

0.
13

0.
07

0.
07

0.
05

0.
13

−
0.
01

−
0.
01

−
0.
04

0.
00

0.
06

−
0.
31

0.
11

−
0.
74

−
0.
67

−
0.
67

0.
01

H
9*
h

−
0.
91

−
0.
71

2.
39

2.
48

2.
51

2.
42

3.
04

3.
07

3.
08

3.
08

1.
48

1.
41

−
0.
02

2.
97

2.
74

2.
73

2.
24

H
11

−
0.
66

−
0.
66

8.
46

8.
65

8.
68

9.
34

8.
65

8.
94

8.
90

9.
50

3.
98

5.
38

9.
86

8.
05

8.
44

7.
82

8.
49

a
D
iff
er
en
ce
be
tw
ee
n
ex
pe
rim
en
ta
lly
m
ea
su
re
d
so
lid
-s
ta
te
an
d
so
lu
tio
n-
st
at
e
N
M
R
ch
em
ic
al
sh
ift
sa
sp
er
eq
1
(Δ

δ e
xp
er
im
en
ta
l=

δ s
ol
id
ex
p

−
δ s
ol
ut
io
n
ex
pt
).

b
D
iff
er
en
ce
be
tw
ee
n
th
e
G
IP
AW
-c
al
cu
la
te
d
so
lid
-s
ta
te

an
d
so
lu
tio
n-
st
at
e
N
M
R
ch
em
ic
al
sh
ift
sa
sp
er
eq
2
(Δ

δ c
al
cu
la
te
d
=

δ s
ol
id
ca
lc

−
δ s
ol
ut
io
n
ca
lc
).

c F
or
m
Ih
as
tw
o
m
ol
ec
ul
es
in
th
e
as
ym
m
et
ric
un
it,
w
hi
ch
ca
n
be
re
ad
ily
di
st
in
gu
ish
ed
by
th
ei
rt
or
sio
n
1
va
lu
es
(A

≅
68

°,
B

≅
−
58

°)
.d
C
SD
FU
RS
EM

en
tr
y
ID
(r
ef
er
to
T
ab
le
1)
.e
FU
RS
EM
15
ha
s
di
so
rd
er
ar
ou
nd
th
e
fu
ra
n
rin
g,
oc
cu
py
in
g
tw
o
sit
es
at
75
an
d
25
%
oc
cu
pa
nc
y,
re
sp
ec
tiv
el
y.

f E
rr
or
s
ar
e
1 H

±
0.
2
pp
m
,

13
C

±
0.
1
pp
m
.98
,9
9

g H
4
an
d
H
5
ha
ve
id
en
tic
al
ch
em
ic
al
sh
ift
s
in
so
lu
tio
n
du
e
to
th
e
ab
se
nc
e
of
a
ch
ira
lc
en
te
r
in
th
e
m
ol
ec
ul
e,
m
an
ife
st
in
g
as
a
sin
gl
e
re
so
na
nc
e,
la
be
le
d
H
4*
.T
he
so
lid
-s
ta
te
N
M
R

ch
em
ic
al
sh
ift
sa
re
gi
ve
n
as
th
e
m
ea
n
of
H
4
an
d
H
5.

h
T
he
su
lfo
na
m
id
e
hy
dr
og
en
s(
H
9,
H
10
)
ar
e
in
ra
pi
d
ex
ch
an
ge
in
so
lu
tio
n
an
d
m
an
ife
st
in
sp
ec
tr
a
as
a
sin
gl
e
br
oa
de
ne
d
re
so
na
nc
e,
la
be
le
d
H
9*
.T
he

so
lid
-s
ta
te
N
M
R
ch
em
ic
al
sh
ift
s
ar
e
gi
ve
n
as
th
e
m
ea
n
of
H
9
an
d
H
10
.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.3c07732
J. Phys. Chem. A XXXX, XXX, XXX−XXX

J

pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c07732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


chemical shift between the solution and solid states were
determined from the four sets of chemical shifts given in Table
2 according to eqs 1 and 2. For the experimentally measured
chemical shift difference of Form I (Δδexperimental), separate sets
of Δδ values were prepared for each of the two molecules in
the asymmetric unit, subtracting the experimental solution-
state chemical shifts (δsolution expt; see Section 3.1) from the
values reported in Widdifield et al.72 for the solid-state

chemical shifts (δsolid expt; see Section 3.3). For the Δδcalculated
values, the calculated solution-state chemical shifts (δsolution calc;
see Section 3.2) were subtracted from the calculated solid-state
chemical shifts for each of the crystal structures, again treating
the two molecules in Form I crystal structures separately
(δsolid calc; see Section 3.4). All Δδexperimental and Δδcalculated
values for both 1H and 13C are given in Table 3. As noted
previously,70 by effectively taking the difference of two

Table 4. Linear Regression Analysis Parameters and p-Values for Chemical Shift Differences between the Solution State and
the Solid State for Combinations of Calculated (Forms I, II, and III) and Experimentally Measured (Form I, Molecule A, and
Molecule B) Differences in Furosemide NMR Chemical Shift

Δδcalculated for

Δδexperimental for Form I

Molecule Aa Molecule Ba

Form CSD entry ID Molecule r2b mb cb p-value r2b mb cb p-value
13C

Form I 13c A 0.44d 0.90 0.98 0.0131e 0.15 0.78 1.08 0.1212
18 A 0.46 0.92 1.08 0.0111 0.16 0.82 1.16 0.1081
03 A 0.48 0.90 1.01 0.0094 0.19 0.85 1.05 0.0923
01 A 0.51 0.92 1.01 0.0069 0.22 0.91 1.02 0.0736

13 B 0.01 0.15 2.19 0.3741 0.45 1.36 1.12 0.0115
18 B 0.02 0.17 2.07 0.3522 0.49 1.37 1.00 0.0086
03 B 0.03 0.21 1.82 0.3144 0.50 1.35 0.80 0.0074
01 B 0.04 0.26 1.81 0.2704 0.50 1.34 0.85 0.0072

17 A 0.22 0.64 1.11 0.0746 0.24 1.01 0.79 0.0644
17 B 0.00 −0.09 1.35 0.5793 0.18 0.82 0.54 0.0942

02 0.06 0.35 1.41 0.2255 0.64 1.64 0.26 0.0016
Form II 14 0.05 −0.41 2.37 0.7362 0.20 1.29 0.85 0.0854

15 (75%)f 0.04 −0.34 2.09 0.7186 0.13 0.94 0.95 0.1358
15 (25%) 0.04 −0.36 2.33 0.7256 0.20 1.21 0.93 0.0835

Form III 16 0.09 0.39 1.74 0.1887 0.04 0.41 1.72 0.2689
1H

Form I 13 A 0.82 0.82 0.22 0.0066 0.41 −1.06 −0.29 0.9137
18 A 0.82 0.81 0.21 0.0068 0.39 −1.04 −0.29 0.9077
03 A 0.86 0.80 0.17 0.0038 0.40 −1.01 −0.31 0.9109
01 A 0.87 0.84 0.19 0.0032 0.32 −0.94 −0.28 0.8801

13 B 0.79 −0.92 −0.20 0.9914 0.57 1.44 0.45 0.0406
18 B 0.76 −0.88 −0.22 0.9884 0.60 1.44 0.42 0.0350
03 B 0.74 −0.81 −0.25 0.9865 0.62 1.37 0.36 0.0315
01 B 0.70 −0.79 −0.22 0.9813 0.62 1.37 0.39 0.0314

17 A 0.55 0.58 0.15 0.0449 0.16 −0.57 −0.14 0.7815
17 B 0.65 −0.68 −0.36 0.9740 0.40 0.98 0.09 0.0876

02 0.17 0.29 −0.02 0.2103 0.00 −0.05 −0.08 0.5308
Form II 14 0.60 −1.11 −0.41 0.9644 0.23 1.26 0.21 0.1685

15 (75%) 0.41 −0.96 −0.21 0.9157 0.09 0.81 0.23 0.2847
15 (25%) 0.64 −1.12 −0.38 0.9714 0.25 1.29 0.26 0.1586

Form III 16 0.44 −0.43 −0.13 0.9238 0.18 0.51 0.12 0.2027
aForm I has two molecules in the asymmetric unit, which can be readily distinguished by their torsion 1 values (A ≅ 68°, B ≅ −58°). Fit
parameters are given for Δδcalculated vs Δδexperimental data for either Molecule A or Molecule B, treated separately. bValues are for the fit parameters
corresponding to the measured experimental data after omitting the chemical shifts for the 1H atoms in exchange (H6, H9*, and H11) and the 13C
atom adjacent to the chlorine (C8). Refer to Figures 4 and 5. cCSD FURSEM entry ID (refer to Table 1). dValues in bold indicate the fit
parameters for the form corresponding to the measured experimental data, i.e., the ones the approach should identify (see Figures 4 and 5). ep-
Values are for the null hypothesis that m = 0 and the alternative hypothesis m > 0. Values underlined reject the null hypothesis at a one-tailed
significance level of 0.050, suggesting a significant positive correlation between Δδexperimental and Δδcalculated. The lower bound of the one-sided 95%
confidence intervals for the correlation between Δδexperimental and Δδcalculated are given in Table S8. fFURSEM15 has disorder around the furan ring,
occupying two sites at 75 and 25% occupancy, respectively.
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calculated chemical shieldings, this methodology does not
require absolute referencing of the chemical shifts to be
performed.
Linear regression was performed on all combinations of

Δδcalculated vs Δδexperimental values as described in Section 2.8 to
establish whether Form I molecules could be correctly
distinguished from those of other forms and each other. All
fit parameters are given in Table 4, and plots of Δδcalculated
values for crystal structures of Forms I, II, and III collected at
100 K against the Form I Δδexperimental values are shown in
Figures 4 and 5 (for 13C and 1H data, respectively). For each
graph, the data was fitted to a simple linear y = mx + c
equation, and the coefficient of the determination value (r2)
was reported (Table 4, Figures 4 and 5). For Form I Molecule
A, the 13C and 1H experimentally measured differences in

chemical shift between the solution and the solid state agree
well with the calculated differences for all diffraction structures
that do not have problems, namely, excluding FURSEM17 and
FURSEM02, i.e., for structures that were determined over a
wide temperature range (r2 values of 0.44−0.51 for 13C and
0.82−0.87 for 1H, with positive gradient m values). In contrast,
the correlation is poor for both 13C and 1H for all Forms II and
III, and Form I Molecule B for all diffraction structures without
defects (r2 values of 0.00−0.09 for 13C and 0.44−0.79 for 1H,
with negative or weakly positive gradient m values). Similarly,
the coefficient of determination value (r2) likewise immediately
correctly identifies Form I Molecule B with its experimental
data, and clearly distinguishes it from Forms II and III, and
Form I Molecule A for all diffraction structures that do not
have problems. That is, a simple comparison of r2 values alone

Figure 4. Graph of Δδcalculated 13C data at 100 K for Forms I, II, and III against Δδexperimental for Form I Molecules A and B of furosemide (plotted
separately), showing that the approach clearly discriminates Form I molecules from all other forms and each other (Molecule A Δδcalculated against
Δδexperimental r2 = 0.44, p = 0.0131; Molecule B r2 = 0.45, p = 0.0115). See Tables 3 and 4 for data.
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apparently immediately identifies the correct form, although
we note that the 13C coefficient of determination values are
weaker (r2 approximately 0.5) compared to our previous work
on tolfenamic acid70 (r2 approximately 0.8).
To establish whether the correlation between Δδcalculated and

Δδexperimental is indeed able to discriminate between different
crystal forms, a t-test was performed with the null hypothesis
that m = 0 (no correlation) and the alternative hypothesis that
m > 0 (positive correlation). A one-tailed t-test yields a range
of p-values that extend from the lower bound (reported in
Table S8) up to 1, and the null hypothesis is rejected if the m =
0 case lies outside the confidence, which is equivalent to p <

0.05. At a significance level of p = 0.05, the null hypothesis is
always correctly rejected for the correct forms (see Tables 4
and S8 for the lower bound of the one-sided 95% confidence
intervals). There are some small positive correlations for
Δδcalculated data for Forms II and III and Form I Molecule A
against Form I Molecule B Δδexperimental data, but their p-values
are substantially higher than that of the correct Form I
Molecule B Δδcalculated data.
It is interesting that the p-values for the correctly identified

Form I structures progressively improve for both 13C and 1H as
the temperature of the diffraction study increases from 100 to
295 K. As noted above (Section 3.4), the unit cell expands

Figure 5. Graph of Δδcalculated 1H data at 100 K for Forms I, II, and III against Δδexperimental for Form I Molecules A and B of furosemide (plotted
separately), showing that the approach clearly discriminates Form I molecules from all other forms and each other (Molecule A Δδcalculated against
Δδexperimental r2 = 0.82, p = 0.0066; Molecule B r2 = 0.57, p = 0.0406). See Tables 3 and 4 for data.
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differentially with temperature, and this is reflected in
systematic trends for torsion angles 1 and 2 in both Molecules
A and B as the temperature increases (refer to Table S7).
While torsion 1 for Molecule A progressively approaches the
mean value of its corresponding solution mode (mode 2, 62°;
refer to Table S4), torsion 1 for Molecule B and torsion 2 for
both Molecules A and B progressively depart from the mean
values of their corresponding solution modes (mode 1, −62°;
mode 1, −91°; mode 2, 91°, respectively). While these trends
in torsion values with temperature would appear to be the
likely cause of the trend in p-values seen with temperature, it is
difficult to explain fully how this manifests itself through the

regression analysis because there are no immediately obvious
corresponding systematic changes with temperature for the
calculated chemical shifts for any particular nuclei (refer to
Table 2).
The FURSEM17 structure provides fortuitous insight into

the sensitivity of the approach, given that it only differs in the
placement of a single hydrogen atom in Molecule B (at least
before DFT geometry optimization, see Table S7), albeit one
that is involved in intermolecular hydrogen bonding (see
Section 1 and Figure S3). Molecule A has p-values of 0.0746
(13C) and 0.0449 (1H), which are above and just within the
significance threshold, respectively (Table 4). Clearly, the

Table 5. Comparison of Approaches for Identifying the Correct Form from Solid-State NMR Chemical Shift Data

Molecule Aa Molecule Ba

Form CSD entry ID Molecule Δδ regressionb (p-value) RMSEc (ppm) Δδ regression (p-value) RMSE (ppm)
13C

Form I 13d A 0.0131e,f 1.85e,g 0.1212 2.43
18 A 0.0111 1.69 0.1081 2.32
03 A 0.0094 1.70 0.0923 2.27
01 A 0.0069 1.71 0.0736 2.25

13 B 0.3741 3.00 0.0115 1.85
18 B 0.3522 2.88 0.0086 1.69
03 B 0.3144 2.84 0.0074 1.71
01 B 0.2704 2.80 0.0072 1.77

17 A 0.0746 2.56 0.0644 2.54
17 B 0.5793 3.10 0.0942 2.15

02 0.2255 2.95 0.0016 1.95
Form II 14 0.7362 5.34 0.0854 4.37

15 (75%)h 0.7186 4.83 0.1358 3.99
15 (25%) 0.7256 5.17 0.0835 4.23

Form III 16 0.1887 3.16 0.2689 2.88
1H

Form I 13d A 0.0066e,f 0.34e,g 0.9134 0.71
18 A 0.0069 0.38 0.9077 0.72
03 A 0.0038 0.37 0.9109 0.70
01 A 0.0032 0.44 0.8801 0.78

13 B 0.9916 1.18 0.0406 0.48
18 B 0.9884 1.19 0.0350 0.49
03 B 0.9865 1.16 0.0319 0.47
01 B 0.9813 1.20 0.0314 0.52

17 A 0.0449 0.52 0.7815 0.61
17 B 0.9740 1.12 0.0876 0.80

02 0.2103 0.74 0.5308 0.61
Form II 14 0.9644 1.31 0.1685 0.75

15 (75%)h 0.9157 1.29 0.2847 0.82
15 (25%) 0.9714 1.27 0.1586 0.70

Form III 16 0.9238 0.90 0.2027 0.40
aForm I has two molecules in the asymmetric unit, which can be readily distinguished by their torsion 1 values (A ≅ 68°, B ≅ − 58°). Fit
parameters are given for Δδcalculated vs Δδexperimental data for either Molecule A or Molecule B, treated separately. bThe approach in this work. cThe
RMSE approach.37 dCSD FURSEM entry ID (refer to Table 1). eValues in bold indicate the fit parameters for the form corresponding to the
measured experimental data, i.e., the ones the approaches should identify. fp-Values are for the null hypothesis that m = 0 and the alternative
hypothesis m > 0. Values underlined reject the null hypothesis at a one-tailed significance level of 0.050, suggesting a significant positive correlation
between Δδexperimental and Δδcalculated. Data as in Table 4. gRMSE values between δsolid expt and δsolid calc as calculated according to ref 37. Note that in
this approach, no 1H or 13C data points are removed due to exchange with solvent or other reasons. Values underlined indicate RMSE values that
are within the thresholds for identifying a correct match (13C 1.9 ppm, 1H 0.33 ppm).37 See Table S13 for linear regression parameters.
hFURSEM15 has disorder around the furan ring, occupying two sites at 75 and 25% occupancy, respectively.
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problem associated with Molecule B’s hydrogen atom has
some consequent effects for correctly calculating Molecule A’s
data, which is reasonable given its torsion angle adjustments
seen upon geometry optimization (see Table S7). Never-
theless, the p-values for Molecule A are still far lower than the
next closest wrong match (13C: Form III, p = 0.1887; 1H:
Form II, FURSEM15−75%, p = 0.9157). As might be
expected, however, Molecule B, which has the incorrect
hydrogen, performs much worse, having p-values of 0.0942
(13C) and 0.0876 (1H), which are both above the significance
threshold. Moreover, the p-values for Molecule B are worse
than the next closest wrong matches in the case of 13C (13C:
Form II, FURSEM14, p = 0.0854 and FURSEM15−25%, p =
0.0835), though they are slightly better in the case of 1H (1H:
Form II, FURSEM15−25%, p = 0.1586).
The FURSEM02 structure deviates from the other Form I

structures in having a single molecule in its asymmetric unit. As
noted above, this molecule has a conformation that is very
similar to the Molecule B conformation in the other Form I
structures. Indeed, the 13C regression data clearly identifies
that FURSEM02 has a Molecule B conformation in a suitable
packing arrangement with a p-value of 0.0016, well below the
significance threshold of p = 0.05, as compared to a packed
Molecule A conformation where p = 0.2255 (see Table 4).
However, the 1H data rank FURSEM02 as the least well-
matching to the experimental data for Molecule B (p = 0.5308)
and intermediate (p = 0.2103) between correct Form I
Molecule A conformations (p < 0.05) and incorrect ones (p >
0.9). This clear disparity between a significant and correct 13C
regression with neither significant nor correct regression for
the 1H data is a clear indication that this FURSEM02 Form I
structure is inconsistent with the solid-state NMR data for
Form I, albeit it is at least partly right in many respects
(namely, a Molecule B conformation and how it is packed).
Taking the FURSEM17 and FURSEM02 results together,

these data suggest that the approach has the potential to
identify proposed crystal structures from a CSP campaign that
are grossly correct but have errors of detail. With this in mind,
crystal structures that give better p-values than others could be
starting points for iterative refinement of the structure under
improving p-value, i.e., lending itself to an optimization
approach if the initial CSP-generated crystal structure is
grossly correct.
It is important to note that the chemical shift difference

values for the 1H atoms in exchange (H6, H9*, and H11) were
omitted from the 1H correlation graphs because, as found
previously for tolfenamic acid,70 the solution chemical shift is
strongly affected by solvent exchange in a manner that is not
amenable to calculation. Linear regression parameters and p-
values when all of these 1H Δδ values are included are given in
Table S9 (with the lower bound of the one-sided 95%
confidence intervals specified in Table S10), showing that,
under these circumstances, the 1H data is no longer able to
identify the correct form at all.
In the previous work, it was found that 13C nuclei adjacent

to chlorine atoms were also problematic for chemical shift
calculations and, in the case of tolfenamic acid,70 substantially
affected the approach’s performance; this follows common
practice because atoms bound to heavy atoms are indirectly,
but measurably, influenced by relativistic effects.31 For
consistency with this prior work, the Δδ values for C8 (i.e.,
the carbon adjacent to the chlorine, see Figure 1) were
therefore also omitted in the linear regression and t-test

analyses shown in Table 4. However, in this case, although the
inclusion of C8 did slightly increase the p-values, it did not
substantially affect the approach’s performance, with all of the
correct forms still correctly rejecting the null hypothesis (see
Tables S9 and S10).
Finally, linear regression and t-test analyses for Δδcalculated

against Δδexperimental for Form I when the data from both
Molecules A and B are combined together into one graph is
given in Table S11. The p-values are even stronger in this case,
with the trend of decreasing p-value with increasing temper-
ature again observed. FURSEM17 passes the p-value threshold
in both 1H and 13C, although it is again noticeably worse than
all of the other Form I structures. Again, the inclusion of data
from C8 is slightly deleterious to the 13C correlation in
contrast to the inclusion of data for the exchangeable 1H
nuclei, which causes the approach to fail (see Table S12).
In conclusion, these calculations show that our approach

allows ready discrimination of the correct furosemide crystal
structure from several other similar structures. The method
therefore offers much promise, for example, as a novel general
way of ranking trial structures in a CSP study. As noted
previously for tolfenamic acid,70 13C again seems to be more
discriminating than 1H.
3.6. Analysis 1: Comparison with the RMSE Method.

The p-values of this approach (Δδ regression) are compared
with the root mean squared error (RMSE) method values in
Table 5. The established RMSE method measures how well
the experimental solid-state NMR chemical shifts are
reproduced by DFT-calculated chemical shifts for the
proposed structural model without any additional chemical
shift or structural information from solution NMR. The RMSE
approach has defined threshold values of 0.33 ppm for 1H and
1.9 ppm for 13C,37 with any structural model that gives lower
numbers than the thresholds indicating a positive identifica-
tion. These thresholds are not absolute values31 and are to be
taken as ranges with standard deviations of approximately
±0.16 ppm for 1H and ±0.4 ppm for 13C.37
Table 5 shows that none of the furosemide crystal structures

meet the RMSE threshold for 1H, although all Form I
Molecule A and some of the Form 1 Molecule B calculated
data vs their experimental data lie within one standard
deviation of the threshold (0.33 + 0.16 = 0.49 ppm).
Moreover, the 1H RMSE value for Form III against Molecule
B data (0.40) is lower than that for any of the correct Form I
Molecule B structures (0.48−0.52), which would therefore
incorrectly suggest this is the best match. Nevertheless, it is
generally true that lower RMSE values are attained for Form I
Molecule A and Molecule B compared to the other forms and
each other, and they do suggest that there is a problem with
FURSEM17 Molecule B (perhaps only with the benefit of
hindsight though). As with the Δδ regression approach, the
RMSE method correctly does not identify FURSEM02 as
being a good match with the Form I experimental data.
Overall, it is concluded that the RMSE analysis would not
definitively identify the correct furosemide crystal structure
based on the 1H chemical shifts, although perhaps the use of
different chemical shift reference values or not fixing the m
coefficient during regression (aspects of the RMSE approach
that are still debated in the literature34,62,91,93,99) may redeem
it in this case. In contrast, as shown in Section 3.5 above, the p-
values of the Δδ regression approach unambiguously and
clearly identify the correct structures throughout and indicate
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that FURSEM17 molecules are largely right but have some
errors of detail.
RMSE analysis of the 13C chemical shifts, however, correctly

identifies all of the correct Form I structures under the
threshold (1.9 ppm), and none of the incorrect structures pass
the threshold nor lie within its one standard deviation (1.9 +
0.4 = 2.3 ppm). The problematic FURSEM17 structure also
fails to pass the test, although in this case Molecule B (which is
more incorrect structurally) scores better than Molecule A,
being within one standard deviation of the threshold.
FURSEM02 is also suggested to be like Form I Molecule B,
with a value of 1.95 being just outside the threshold.
It is somewhat surprising that, in this case, RMSE analysis

correctly identifies all of the correct Form I structures from 13C
chemical shifts but not 1H chemical shifts because Baias et al.34

previously found that 1H chemical shifts are more sensitive to
crystal structure. The explanation for this result is not
immediately apparent.
A first significant point of difference between the methods is,

therefore, that while the RMSE method quantifies the
agreement of the calculated chemical shifts with the
experimental solid-state NMR values, it does not provide a
probability that the calculated and experimental results are in
agreement,31 in contrast to the Δδ regression approach, which
gives a well-defined statistical measure of the probability of
agreement. Second, the Δδ regression approach is able to
easily discriminate forms using 1H data, while the RMSE
method is not, at least in this case. Third, and most
significantly, it is noteworthy that the dynamic ranges offered
by the two approaches are very different. The difference in p-
values obtained for proposing the correct molecule in the
correct form vs an incorrect proposal with the Δδ regression
approach is typically a factor of 5−10-fold different (1H: worst
correct 0.0406 vs best incorrect 0.1685, 4.2× fold; 13C worst
correct 0.0131 vs best incorrect 0.0854, 6.5× fold), in contrast
to that of the RMSE method, which shows only a small
variation of approximately 1-fold different (1H: worst correct
0.52 vs best incorrect 0.40, 0.75× fold; 13C: worst correct 1.85
vs best incorrect 2.25, 1.2× fold). Clearly, greater discriminat-
ing power is afforded by the Δδ regression approach in using
the change in chemical shift on passing from solution to solid
rather than relying on the reproduction of chemical shifts from
the solid state alone. As exemplified by the FURSEM17
structure, this greater dynamic range appears to allow the
identification of structures that are essentially correct but retain
some minor incorrect features, which is more difficult with the
narrower dynamic range of the RMSE method. This again
suggests that the Δδ regression approach has promise for
iterative searching and optimization approaches in finding the
best match predicted crystal structure from a CSP campaign.
Unlike the p-values of the Δδ regression approach that

systematically improve for both 13C and 1H data as the
temperature of the crystal structure determination increases,
the RMSE values for 13C systematically improve while those
for the1H data systematically worsen as the temperature
increases (Table 5). While these trends again probably arise
from the differential expansion of the unit cell and concomitant
systematic torsion angle changes at torsions 1 and 2 with
temperature, it is difficult to explain fully how this effect is
transmitted through the RMSE method into the result seen.
Whether these temperature effects on the two methods’ output
are somewhat peculiar to furosemide or will be generally

observed is also not determinable from the furosemide data
alone presented in this work.
3.7. Analysis 2: Effects of Allowing Unit Cell

Parameters to Vary during Geometry Optimization.
The trends with temperature noted above prompted an
analysis of the effects of allowing the unit cell to vary during
the geometry optimization step. To achieve this, DFT-D
dispersion correction was implemented according to the
approach of Tkatchenko & Scheffler90 as described in Section
2.5. Calculated densities and crystal structure energies relative
to Form I at 100 K (FURSEM13) after geometry optimization
are compared for fixed unit cell parameters and variable unit
cell parameters during geometry optimization in Table S14. As
would be expected, the trends in crystal structure energy and
density observed within each form under optimization with
fixed unit cell parameters are essentially smoothed out in the
optimization with variable unit cell parameters as the structures
approach convergence to a common end-point. Supporting
this, the differences in crystal packing similarity (as assessed by
RMSD15) between the Form I structures with temperature are
also largely smoothed out to a common residual value of <0.2
(Table S15), aligning closely with the residual values of 95% of
the structures previously reported by Sacchi et al.27 The crystal
structure energy of FURSEM17 still stands out after geometry
optimization with variable unit cell parameters, consistent with
its problematic carboxylic acid hydrogen position. FURSEM02
has a conspicuously large change in crystal structure energy
between fixed and variable unit cell parameter calculations
(from +77.6 to +9.67 kJ/mol, relative to the energy of
FURSEM13), similarly indicating that this structure has
problematic aspects as noted above.
The GIPAW calculated chemical shifts for each solid form

from these variable unit cell parameter calculations44 (i.e.,
alternative values for δsolid calc) are given in Table S16 and the
corresponding Δδcalculated values in Table S17. Linear regression
analysis parameters and p-values using these alternative
variable unit cell Δδcalculated values are given in Table S18,
and the lower bound of the one-sided 95% confidence intervals
for the t-test are given in Table S19.
The use of variable unit cell parameters during geometry

optimization neither significantly improves nor worsens the
results from the Δδ regression approach for either 13C or 1H
data, with comparable numbers of p-values being slightly better
or slightly worse than those shown in Table 5. FURSEM17 is
more obviously correct at Molecule A and problematic at
Molecule B with variable unit cell parameters during geometry
optimization, but the changes are small and perhaps merely
fortuitous. As would be expected, the subtle trends in p-value
with temperature noted above with fixed unit cell parameters
during geometry optimization (see Section 3.5 and Table 4)
are no longer apparent with variable unit cell parameters
during geometry optimization (Table S18). Therefore, the Δδ
regression approach neither requires nor is hindered by
geometry optimization with variable unit cell parameters,
performing equally well with crystal structures determined at
different temperatures, without or with DFT-D geometry
optimization of the unit cell parameters.
Linear regression analysis parameters for the RMSE method

using these δsolid calc values from variable unit cell parameters
during geometry optimization are given in Table S20 and are
compared to the results from the Δδ regression approach in
Table S21. Overall, the RMSE method generally has worse
results for both 13C and 1H data (6 correct matches improve,
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14 worsen) with variable unit cell parameters during geometry
optimization, but again the differences are quite small.
FURSEM02, however, does now dramatically pass the
threshold for matching Molecule B 13C experiment data,
having a better RMSE value than any of the more correct Form

I structures; on the one hand, this is good because the variable
unit cell geometry optimization process has produced a more
viable structural match to the experimental data, but on the
other hand this result could be strongly misleading. Again,
there are no trends with temperature remaining. Overall, at

Table 6. p-Values on Passing from Solution to the Solid State for Combinations of Calculated (Forms I, II, III) and
Experimentally Measured (Form I, Molecule A and Molecule B) Changes in Furosemide Using Solution-State Chemical Shift
Data from Different Sample Conditions

Δδcalculated for

p-values for Δδexperimental for Form Ia

Molecule A Molecule Bb

Form CSD entry ID Molecule neutral DMSOc,d neutral aqueouse charged aqueousf neutral DMSOc,d neutral aqueouse charged aqueousf

13C
Form I 13g A 0.0131h,i,j 0.1274 0.0047 0.1212 0.6850 0.0007

18 A 0.0111 0.1175 0.0046 0.1081 0.6626 0.0006
03 A 0.0094 0.1087 0.0047 0.0923 0.6313 0.0006
01 A 0.0069 0.0932 0.0047 0.0736 0.5873 0.0006

13 B 0.3741 0.6993 0.0354 0.0115 0.1569 0.0007
18 B 0.3522 0.6912 0.0354 0.0086 0.1542 0.0008
03 B 0.3144 0.6532 0.0329 0.0074 0.1513 0.0007
01 B 0.2704 0.6044 0.0292 0.0072 0.1578 0.0007

17 A 0.0746 0.3297 0.0114 0.0644 0.5329 0.0007
17 B 0.5793 0.8183 0.0305 0.0942 0.3019 0.0004

02 0.2255 0.5495 0.0297 0.0016 0.0963 0.0006
Form II 14 0.7362 0.8769 0.0905 0.0854 0.1562 0.0047

15 (75%)k 0.7186 0.8784 0.0860 0.1358 0.2700 0.0062
15 (25%) 0.7256 0.8654 0.0818 0.0835 0.1487 0.0042

Form III 16 0.1887 0.3129 0.0196 0.2689 0.5374 0.0027
1H

Form I 13c A 0.0066 0.0051 0.0083 0.9134 0.9355 0.9453
18 A 0.0068 0.0050 0.0078 0.9077 0.9298 0.9418
03 A 0.0038 0.0025 0.0050 0.9109 0.9343 0.9435
01 A 0.0032 0.0018 0.0030 0.8801 0.9078 0.9211

13 B 0.9914 0.9893 0.9961 0.0406 0.0203 0.0596
18 B 0.9884 0.9858 0.9941 0.0350 0.0168 0.0508
03 B 0.9865 0.9832 0.9930 0.0315 0.0142 0.0445
01 B 0.9813 0.9771 0.9890 0.0314 0.0144 0.0420

17 A 0.0449 0.0362 0.0206 0.7815 0.8017 0.8814
17 B 0.9740 0.9714 0.9842 0.0876 0.0587 0.1472

02 0.2103 0.1858 0.1207 0.5308 0.5311 0.6129
Form II 14 0.9644 0.9563 0.9649 0.1685 0.1116 0.2146

15 (75%)k 0.9157 0.9076 0.9084 0.2847 0.2222 0.3657
15 (25%) 0.9714 0.9647 0.9724 0.1586 0.1036 0.2043

Form III 16 0.9238 0.9382 0.9055 0.2027 0.2002 0.4254
aLinear regression analysis parameters for these data are given in Table 4 (“Neutral DMSO”), Table S24 (“Neutral aqueous”) and Table S28
(“Charged aqueous”). The lower bound of the one-sided 95% confidence intervals for the correlation between Δδexperimental and Δδcalculated are given
in Tables S8, S25, and S29, respectively. bForm I has two molecules in the asymmetric unit, which can be readily distinguished by their torsion 1
values (A ≅ 68°, B ≅ −58°). p-Values are given for Δδcalculated vs Δδexperimental data for either Molecule A or Molecule B, treated separately. cSee also
Tables 4 and 5. dSample conditions are 10 mM furosemide in 100% DMSO-d6, under which the carboxylic acid group is neutral.

eSample
conditions are 2.5 mM furosemide in 80:20 (v/v) mixture of D2O/DMSO-d6, observed pH 2.11, under which the carboxylic acid group is neutral
(pKa 4.11 ± 0.05). fSample conditions are 2.5 mM furosemide in 80:20 (v/v) mixture of D2O/DMSO-d6, observed pH 6.77, under which the
carboxylic acid group is charged (pKa 4.11 ± 0.05). gCSD FURSEM entry ID (refer to Table 1). hValues are for the p-values for linear regression of
data omitting the chemical shifts for the 1H atoms in exchange (H6, H9*, and H11) and the 13C atom adjacent to the chlorine (C8). iValues in
bold indicate the fit parameters for the form corresponding to the measured experimental data, i.e., the ones the approach should identify. jp-values
are for the null hypothesis that m = 0 and the alternative hypothesis m > 0. Values underlined reject the null hypothesis at a one-tailed significance
level of 0.050, suggesting a significant positive correlation between Δδcalculated and Δδexperimental. kFURSEM15 has disorder around the furan ring,
occupying two sites at 75 and 25% occupancy, respectively.
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least in this case of furosemide, the RMSE method appears to
perform somewhat better with fixed unit cell parameters during
geometry optimization.
3.8. Analysis 3: Choice of Solvent and Charge State

for Solution Data. Our approach uses the experimentally
measured change in chemical shift in passing from solution
(δsolution expt) to the solid state (δsolid expt). This change involves
different contributions, including not only those from
conformation (i.e., from a conformational ensemble in solution
to one or a few conformations in the solid) and molecular
packing in the crystal lattice, but also desolvation, and possibly
charge-transfer (in the case of salt formation). Though the
desolvation process and change of charge state are of less
interest to identifying the correct solid form, here the choices
of solvent and charge state were investigated to determine their
impact on the success of the approach, as was done previously
for tolfenamic acid.70

The sensitivity of the dynamic 3D structure of furosemide to
solvent was first assessed in a more aqueous environment (80%
D2O, 20% DMSO-d6) in both neutral (pH 2.11) and
negatively charged states (pH 6.77). Neither condition
measurably perturbed the dynamic 3D structure in solution
from that measured in pure DMSO-d6, as determined by
comparing distances from NOE data measured under different
solvent conditions.
Nevertheless, changes in solvent and charge state do induce

chemical shift changes, which affect the values that could be
used for δsolution expt. 1H and 13C chemical shifts for furosemide
in solution under the three different solvent conditions
explored in this work are shown in Table S22. After re-
referencing the raw data to the absolute chemical shift scale
(i.e., to TMS in CDCl3 at 0 ppm), the changes in chemical
shift caused by changing from pure DMSO-d6 to the more
aqueous environment can be calculated for both the carboxylic
acid state (i.e., neutral) and also for the deprotonated
carboxylate (i.e., charged state, see Table S22, Figure S15).
While most changes in chemical shift when the solvent is
changed from pure DMSO-d6 to the more aqueous environ-
ment (80% D2O, 20% DMSO-d6) are small (13C < 0.5 ppm,
1H < 0.2 ppm), there is a single large change at C9 of 2.85
ppm. As expected, when the charge is changed, some changes
in chemical shift are substantial (13C > 2.0 ppm), most
evidently at C8, C9, C11, and C12.
The linear regression analysis was first repeated using these

alternative δsolution expt values for neutral furosemide in an
aqueous environment (80% D2O, 20% DMSO-d6, observed
pH 2.11) (data given in Tables S23−S25). As shown in Table
6, the approach has maintained its performance for 1H, with all
of the correct structures being identified, and none of the
incorrect ones, and FURSEM17 Molecule B again being
highlighted as essentially correct but slightly problematic (p =
0.0587). The p-values for 13C are however noticeably worse,
with none of the correct matches passing the significance test
although still clearly distinguishing them from incorrect ones in
most cases (FURSEM14 and FURSEM15 13C data give
comparable p-values for Molecule B). Thus, in contrast to the
previous results for tolfenamic acid, the choice of solvent for
measuring the solution-state chemical shifts (δsolution expt) is of
importance for the approach’s accuracy with 13C data. With the
main difference in the data being the chemical shift of C9
noted above, it is clear that this one data point is having a
strong effect on the end result. With hindsight, this is not
surprising since C9 is immediately adjacent to the highly polar

sulfonamide group, which will interact very differently with
DMSO-d6 compared to water with its hydrogen-bond donating
ability. To be aware of such possible deleterious effects caused
by solvent choice, it is recommended to measure 13C data in a
couple of solvents to see which nuclei’s chemical shifts are
particularly sensitive to solvent effects and treat such nuclei
cautiously in the regression analysis. Additionally, it seems
prudent to choose solvents that share similar physical
characteristics to the molecule of interest in order to better
match the solid-state packed environment. In this case,
DMSO-d6 with its S�O group was a sensible choice to
match the sulfonamide S�O groups in furosemide. Never-
theless, since 1H chemical shifts are, in general, much less
sensitive to solvent effects than 13C, this points out a clear
advantage of using 1H data alongside 13C data.
The linear regression analysis was then repeated using the

alternative δsolution expt values for charged furosemide in an
aqueous environment (80% D2O, 20% DMSO-d6, observed
pH 6.77) (data given in Tables S27−S29). Calculated
chemical shifts for charged furosemide in solution (δsolution calc)
were calculated following the same process as for the neutral
molecule but starting from a deprotonated base conformation
(see Section 2.6 and Table S26). The approach has again
maintained its performance for 1H (which had relatively small
chemical shift changes caused by the change of charge state;
Figure S15 and Table S22), however the 13C data now no
longer discriminates between any forms, returning significant
p-values in nearly all cases. Regression analysis is highly
sensitive to extreme values and, in this case, the change in
charge state gives an extreme Δδcalculated value for C11 of 7.67
ppm, giving this data point in particular high leverage and
undue influence, driving the correlation to false positives.
Thus, as found previously for tolfenamic acid,70 matching the
charge state between the solution and the solid states is of high
importance, and especially so for 13C data. This preference to
correctly match the charge state is not prohibitive in the
practical application of the approach, however, because the
solid-state chemical shifts are, in most cases, immediately
diagnostic for the molecule’s charge state within the crystal,
allowing solution conditions to be chosen to reproduce that
same charge state prior to solution chemical shift measure-
ments. If, however, it were possible to only measure solution
experimental data with a mismatched charge state, an
alternative statistical analysis such as Bayesian model
selection24 might be more appropriate and successful.
3.9. Analysis 4: Approximation of Solution Dynamic

3D Structure Using a Substitute Ensemble of Furo-
semide Conformations from the CSD. Having demon-
strated that the approach can be successfully applied to flexible
molecules, we sought to broaden its usability by critiquing the
dependence on the solution dynamic 3D structure for
calculating δsolution calc. In particular, we investigated whether
the large collection of furosemide single-crystal diffraction
structures in the neutral state in the CSD (also comprising
neutral solvates and cocrystals) could provide a substitute
ensemble that might mimic the solution-state behavior well
enough.
There are 45 crystal structures containing neutral

furosemide in the CSD (version 5.41), giving 54 distinct
conformations across all of their asymmetric units (9 structures
are Z′ = 2). Together, this produces an overall ensemble of 108
neutral furosemide conformations when all of the mirror
images are included. The torsion values of each conformation
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were extracted (see Table S30), and these values were applied
to the base conformation to create a substitute ensemble for
estimating δsolution calc (see Section 2.6). In gross appearance,
this “CSD-SX” ensemble is quite similar to that of the
measured solution dynamic 3D structure (see Figure S16).
Histograms of the torsion values compared to the solution
dynamic 3D structure population line-graphs for each torsion
are given in Figure 6, showing that there is a good

correspondence between the behavior of furosemide in
solution and this collection of single-crystal structures
considered as a whole. Torsion 6, however, has a noticeably
more diverse behavior in the solid state compared to solution,
which is most likely because it is usually involved in hydrogen-
bonding interactions which would compensate energetically for
the adoption of more diverse conformations.

Calculated δsolution calc values for this substitute ensemble are
given in Table S31. While there are some moderately large
differences in calculated 13C values (up to −1.7 ppm), the
differences in calculated 1H values are relatively small (most
are 0.1−0.2 ppm; maximum 0.4 ppm). None of these
differences obviously localize to any part of the molecule
(Figure S17).
The linear regression analysis was then repeated using these

alternative δsolution calc values (Tables S32 and S33). As shown
in Table 7, the approach has maintained its performance
extremely well, with all of the correct structures being
identified and none of the incorrect ones. The FURSEM17
Molecule B still shows a higher p-value, indicating that it is
problematic but essentially correct.
Thus, at least in the case of furosemide, the solution

conformational behavior can be adequately approximately with
a sufficiently large number of crystal conformations in the same
charge state, suggesting that CSD data may be used more
generally to create an ensemble of conformations suitable for
estimating δsolution calc values.

4. CONCLUSIONS
In this work, we have modified the Δδ regression approach
described in a study by Blade et al.70 to be suitable for
molecules with multiple conformational degrees of freedom
and exemplified this improvement on furosemide, a typical
pharmaceutical molecule with 6 rotatable bonds. The
modification presented here is the use of Monte Carlo random
sampling of the solution dynamic 3D structure to create a
representative ensemble of conformations for calculating the
solution-state chemical shift (δsolution calc). Rather than millions
of conformations that the previous systematic sampling would
have required, this modification means that sample sizes of
even just 500 members are adequate for calculating δsolution calc
with sufficient precision for use in the linear regression analysis.
Even though furosemide has inherently less data points
available (12 for 13C, 6 for 1H) compared to tolfenamic acid
(14 for 13C, 9 for 1H) and 5 more rotatable bonds, the Δδ
regression approach has still been successful, accurate, and
precise. The approach is also sufficiently sensitive to indicate
which structures are essentially correct but have minor
problems. It works equally well with unit cell parameters
being fixed or variable during geometry optimization, making it
impervious to the temperature conditions of crystal structure
measurement.
Provided the solution dynamic 3D structure does not change

with solvent, the choice of solvent for measuring δsolution expt has
again been found to be relatively unimportant for 1H data but
now, in this study, more important for 13C data. In particular,
the charge state in solution should match that in the crystal
structure being compared against. This is not a problematic
caveat because the charge state in the solid form being studied
is usually immediately evident from the solid-state NMR
chemical shifts, meaning that a solvent system and pH value
can be easily chosen accordingly. Additionally, 13C chemical
shifts that are particularly sensitive to changes in solvent should
be treated with caution in the regression analysis, and it is
prudent to measure data in several solvents to determine which
nuclei (if any) behave so. A choice of solvent with physical
properties similar to those of the molecule of interest is also
likely to be beneficial for results.
We have also demonstrated that the approach is differently

sensitive to the popular RMSE method, allowing correct

Figure 6. Histograms of torsion values from all crystal structures in
the CSD containing neutral furosemide (also comprising neutral
solvates and cocrystals, bars) compared to the solution dynamic 3D
structure (lines). The histograms comprise data from 45 single-crystal
diffraction structures, constituting 108 conformations (see the text
and Table S30). For each torsion (see Figure 1 for definitions), the
changing population with torsion angle (x-axis) is given relative to its
maximum occupancy (y-axis).
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structures to be readily identified from 1H data when the
RMSE method gives suggestive but indecisive results. We
observe that the Δδ regression approach provides a much
greater dynamic range in its “scoring” parameter (i.e., p-value
vs RMSE), allowing the identification of structures that are
essentially correct but with some minor incorrect features,

which is obscured by the narrower dynamic range of the RMSE

method. We note that the RMSE method can have success

with incomplete or ambiguous chemical shift assignments,34

which has not yet been explored for the Δδ regression

approach.

Table 7. p-Values on Passing from Solution to the Solid State for Combinations of Calculated (Forms I, II, III) and
Experimentally Measured (Form I, Molecule A and Molecule B) Changes in Furosemide Using a Substitute Ensemble from
CSD Single-Crystal Diffraction Structures (SX) to Calculate δsolution calc

Δδcalculated for

p-values for Δδexperimental for Form I

Molecule Aa Molecule Ba

Form CSD entry ID Molecule neutral DMSOb CSD-SXc neutral DMSOb CSD-SXc

13C
Form I 13d A 0.0131e,f,g 0.0096h 0.1212 0.2398

18 A 0.0111 0.0110 0.1081 0.2321
03 A 0.0094 0.0094 0.0923 0.2105
01 A 0.0069 0.0072 0.0736 0.1807

13 B 0.3741 0.4159 0.0115 0.0456
18 B 0.3522 0.3935 0.0086 0.0400
03 B 0.3144 0.3478 0.0074 0.0346
01 B 0.2704 0.2951 0.0072 0.0327

17 A 0.0746 0.0349 0.0644 0.0927
17 B 0.5793 0.6414 0.0942 0.2232

02 0.2255 0.1793 0.0016 0.0005
Form II 14 0.7362 0.7900 0.0854 0.0991

15 (75%)i 0.7186 0.7701 0.1358 0.1826
15 (25%) 0.7256 0.7782 0.0835 0.1035

Form III 16 0.1887 0.2229 0.2689 0.4626
1H

Form I 13c A 0.0066 0.0056 0.9134 0.9347
18 A 0.0068 0.0057 0.9077 0.9306
03 A 0.0038 0.0039 0.9109 0.9319
01 A 0.0032 0.0031 0.8801 0.9085

13 B 0.9914 0.9933 0.0406 0.0472
18 B 0.9884 0.9901 0.0350 0.0402
03 B 0.9865 0.9873 0.0315 0.0371
01 B 0.9813 0.9804 0.0314 0.0379

17 A 0.0449 0.0229 0.7815 0.8539
17 B 0.9740 0.9732 0.0876 0.1143

02 0.2103 0.1535 0.5308 0.6531
Form II 14 0.9644 0.9573 0.1685 0.2051

15 (75%)i 0.9157 0.8956 0.2847 0.3416
15 (25%) 0.9714 0.9664 0.1586 0.1930

Form III 16 0.9238 0.8974 0.2027 0.3073
aForm I has two molecules in the asymmetric unit, which can be readily distinguished by their torsion 1 values (A ≅ 68°, B ≅ −58°). p-Values are
given for Δδcalculated vs Δδexperimental data for either Molecule A or Molecule B, treated separately. bSee also Tables 4 and 5. cResults for the substitute
solution ensemble made from the collection of conformations of neutral furosemide in the CSD. dCSD FURSEM entry ID (refer to Table 1).
eValues are for the p-values for linear regression of data omitting the chemical shifts for the 1H atoms in exchange (H6, H9*, and H11) and the 13C
atom adjacent to the chlorine (C8). fValues in bold indicate the fit parameters for the form corresponding to the measured experimental data, i.e.,
the ones the approach should identify. gp-Values are for the null hypothesis that m = 0 and the alternative hypothesis m > 0. Values underlined
reject the null hypothesis at a one-tailed significance level of 0.050, suggesting a significant positive correlation between Δδcalculated and Δδexperimental.
hLinear regression analysis parameters for these data are given in Table S32. The lower bound of the one-sided 95% confidence intervals for the
correlation between Δδexperimental and Δδcalculated are given in Table S33. Here δsolution calc is replaced with values from Table S31 for the ensemble of
neutral furosemide conformations extracted from the CSD. iFURSEM15 has disorder around the furan ring, occupying two sites at 75 and 25%
occupancy, respectively.
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The Δδ regression approach is, however, more labor
intensive than the RMSE method, with the generation of the
solution dynamic 3D structures for calculating δsolution expt being
demanding. While the Monte Carlo random sampling has
dramatically reduced the time and cost required to calculate
the solution-state chemical shifts compared to that required
under the systematic sampling of Blade et al.,70 the cost and
time of performing the required DFT calculations are
significant, and would be expected to be more so for larger
molecules with more rotatable bonds; in this regard, recent
advances in the rapid calculation of accurate chemical shifts
through machine learning25,103−105 may ameliorate this
potential obstacle. Additionally, in the case of furosemide,
the solution conformational ensemble can be well approxi-
mated by an ensemble of all of the conformations from the
large collection of single crystals of furosemide in the same
charge state (45 structures) as the solid-state NMR data
displays. Few molecules will, of course, have such a wealth of
prior-existing crystal data, but this insight is nevertheless
suggestive that averaged data from the CSD where there are
few or no crystal structures of the molecule under investigation
may provide alternative routes to estimating δsolution expt
sufficiently well to be useful in the Δδ regression approach.
On the other hand, it also seems unlikely that solution dynamic
3D structures will generally be mirrored quite so well by
aggregated CSD data, as was observed in this particular case of
furosemide.
In terms of future outlook, these results suggest several

applications for the approach in solving structures by NMR
crystallography combined with focused CSP campaigns to
generate trial structures. First, we suggest that the most helpful
conformations for input into CSP calculations are those
selected from within the solution dynamic 3D structure,
potentially greatly reducing the conformational space searching
burden. In principle, low-energy conformations in solution are
likely to be similar to the low-energy conformations when
packed in the solid state, especially for molecules of rather
limited hydrogen-bonding and salt-bridging capabilities, as
pharmaceutical molecules typically are. Second, conformations
from the solution ensemble whose calculated chemical shifts at
key conformationally sensitive nuclei best match those of the
solid-state NMR data should be prioritized for input into CSP
calculations for structure determination activities. Third,
having run a CSP campaign, the Δδ regression approach can
be used to rank potential crystal structures, with p-values
determining when the correct crystal structure is found.
Fourth, p-values could potentially be used in an iterative
improvement loop, taking structures that are essentially grossly
correct but with incorrect details and refining them against the
NMR chemical shift data until the best-fitting structure is
found.
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(39) Ding, F.; Griffith, K. J.; Koçer, C. P.; Saballos, R. J.; Wang, Y.;
Zhang, C.; Nisbet, M. L.; Morris, A. J.; Rondinelli, J. M.;
Poeppelmeier, K. R. Multimodal Structure Solution with 19F NMR
Crystallography of Spin Singlet Molybdenum Oxyfluorides. J. Am.
Chem. Soc. 2020, 142 (28), 12288−12298.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.3c07732
J. Phys. Chem. A XXXX, XXX, XXX−XXX

V

https://doi.org/10.1021/jacs.9b06634?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b06634?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s42004-019-0171-y
https://doi.org/10.1038/s42004-019-0171-y
https://doi.org/10.1126/sciadv.aau3338
https://doi.org/10.1126/sciadv.aau3338
https://doi.org/10.1039/C9SC05689K
https://doi.org/10.1039/C9SC05689K
https://doi.org/10.1039/C9SC05689K
https://doi.org/10.1039/D1SC06074K
https://doi.org/10.1039/D1SC06074K
https://doi.org/10.1002/anie.201801114
https://doi.org/10.1002/anie.201801114
https://doi.org/10.1002/anie.201908247
https://doi.org/10.1039/D1SC06467C
https://doi.org/10.1039/D1SC06467C
https://doi.org/10.1039/D1SC06467C
https://doi.org/10.1039/D1SC06467C
https://doi.org/10.1002/anie.201809381
https://doi.org/10.1002/anie.201809381
https://doi.org/10.1039/C9SC04964A
https://doi.org/10.1039/C9SC04964A
https://doi.org/10.1016/j.trac.2020.116152
https://doi.org/10.1016/j.trac.2020.116152
https://doi.org/10.1021/jacs.1c10885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c10885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ssnmr.2011.11.006
https://doi.org/10.1016/j.ssnmr.2011.11.006
https://doi.org/10.1002/anie.201906359
https://doi.org/10.1002/anie.201906359
https://doi.org/10.1002/anie.201906359
https://doi.org/10.1021/acs.molpharmaceut.9b01157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.molpharmaceut.9b01157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-23208-7
https://doi.org/10.1038/s41467-021-23208-7
https://doi.org/10.1039/D1CC06256E
https://doi.org/10.1039/D1CC06256E
https://doi.org/10.1021/jacs.3c04538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c04538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c06749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s42004-022-00705-4
https://doi.org/10.1038/s42004-022-00705-4
https://doi.org/10.1039/C7SC04665K
https://doi.org/10.1039/C7SC04665K
https://doi.org/10.1038/s41467-018-06972-x
https://doi.org/10.1126/sciadv.abk2341
https://doi.org/10.1126/sciadv.abk2341
https://doi.org/10.1021/jacs.1c13733?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c13733?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b03908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b03908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CE00724B
https://doi.org/10.1039/D0CE00724B
https://doi.org/10.1021/ja051208t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja051208t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja062353p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja062353p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja062353p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S2052252517006042
https://doi.org/10.1107/S2052252517006042
https://doi.org/10.1016/j.pnmrs.2020.03.001
https://doi.org/10.1016/j.trac.2006.07.006
https://doi.org/10.1016/j.trac.2006.07.006
https://doi.org/10.1002/mrc.4789
https://doi.org/10.1002/mrc.4789
https://doi.org/10.1039/c3cp41095a
https://doi.org/10.1039/c3cp41095a
https://doi.org/10.1039/c3cp41095a
https://doi.org/10.1039/B614318K
https://doi.org/10.1039/B614318K
https://doi.org/10.1021/acs.cgd.8b00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.8b00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.8b00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja909449k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja909449k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b12705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b12705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c04019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c04019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c07732?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(40) Caulkins, B. G.; Young, R. P.; Kudla, R. A.; Yang, C.; Bittbauer,
T. J.; Bastin, B.; Hilario, E.; Fan, L.; Marsella, M. J.; Dunn, M. F.;
Mueller, L. J. NMR Crystallography of a Carbanionic Intermediate in
Tryptophan Synthase: Chemical Structure, Tautomerization, and
Reaction Specificity. J. Am. Chem. Soc. 2016, 138 (46), 15214−15226.
(41) Al-Ani, A. J.; Szell, P. M. J.; Rehman, Z.; Blade, H.; Wheatcroft,
H. P.; Hughes, L. P.; Brown, S. P.; Wilson, C. C. Combining X-ray
and NMR Crystallography to Explore the Crystallographic Disorder
in Salbutamol Oxalate. Cryst. Growth. Des. 2022, 22 (8), 4696−4707.
(42) Ashbrook, S. E.; Dawson, D. M.; Gan, Z.; Hooper, J. E.; Hung,
I.; Macfarlane, L. E.; McKay, D.; McLeod, L. K.; Walton, R. I.
Application of NMR Crystallography to Highly Disordered
Templated Materials: Extensive Local Structural Disorder in the
Gallophosphate GaPO-34A. Inorg. Chem. 2020, 59 (16), 11616−
11626.
(43) Rehman, Z.; Franks, W. T.; Nguyen, B.; Schmidt, H. F.;
Scrivens, G.; Brown, S. P. Discovering the Solid-State Secrets of
Lorlatinib by NMR Crystallography: To Hydrogen Bond or not to
Hydrogen Bond. J. Pharm. Sci. 2023, 112 (7), 1915−1928.
(44) Dudenko, D. V.; Yates, J. R.; Harris, K. D. M.; Brown, S. P. An
NMR crystallography DFT-D approach to analyse the role of
intermolecular hydrogen bonding and π−π interactions in driving
cocrystallisation of indomethacin and nicotinamide. CrystEngComm
2013, 15 (43), 8797−8807.
(45) Watts, A. E.; Maruyoshi, K.; Hughes, C. E.; Brown, S. P.;
Harris, K. D. M. Combining the Advantages of Powder X-ray
Diffraction and NMR Crystallography in Structure Determination of
the Pharmaceutical Material Cimetidine Hydrochloride. Cryst.
Growth. Des. 2016, 16 (4), 1798−1804.
(46) Neumann, M. A.; Perrin, M.-A. Energy Ranking of Molecular
Crystals Using Density Functional Theory Calculations and an
Empirical van der Waals Correction. J. Phys. Chem. B 2005, 109 (32),
15531−15541.
(47) Neumann, M. A.; Streek, J. v. d.; Fabbiani, F. P. A.; Hidber, P.;
Grassmann, O. Combined crystal structure prediction and high-
pressure crystallization in rational pharmaceutical polymorph screen-
ing. Nat. Commun. 2015, 6 (1), No. 7793.
(48) Kendrick, J.; Leusen, F. J. J.; Neumann, M. A.; Streek, J. v. d.
Progress in Crystal Structure Prediction. Chem. - Eur. J. 2011, 17 (38),
10736−10744.
(49) Nyman, J.; Day, G. M. Static and lattice vibrational energy
differences between polymorphs. CrystEngComm 2015, 17 (28),
5154−5165.
(50) Nyman, J.; Yu, L.; Reutzel-Edens, S. M. Accuracy and
reproducibility in crystal structure prediction: the curious case of
ROY. CrystEngComm 2019, 21 (13), 2080−2088.
(51) Kazantsev, A. V.; Karamertzanis, P.; Pantelides, C.; Adjiman, C.

CrystalOptimizer: An Efficient Algorithm for Lattice Energy Minimiza-
tion of Organic Crystals Using Isolated-Molecule Quantum Mechanical
Calculations, In Process Systems Engineering: Volume 6: Molecular
Systems Engineering, 2010; pp 1−42.
(52) Day, G. M. Current approaches to predicting molecular organic
crystal structures. Crystallogr. Rev. 2011, 17 (1), 3−52.
(53) Ryan, K.; Lengyel, J.; Shatruk, M. Crystal Structure Prediction
via Deep Learning. J. Am. Chem. Soc. 2018, 140 (32), 10158−10168.
(54) Price, S. L.; Braun, D. E.; Reutzel-Edens, S. M. Can computed
crystal energy landscapes help understand pharmaceutical solids?
Chem. Commun. 2016, 52 (44), 7065−7077.
(55) Price, S. L. Why don’t we find more polymorphs? Acta

Crystallogr., Sect. B: Struct. Sci., Cryst. Eng. Mater. 2013, 69 (4), 313−
328.
(56) Price, S. L. Predicting crystal structures of organic compounds.

Chem. Soc. Rev. 2014, 43 (7), 2098−2111.
(57) Price, S. L. The computational prediction of pharmaceutical
crystal structures and polymorphism. Adv. Drug Deliver Rev. 2004, 56
(3), 301−319.
(58) Brus, J.; Czernek, J.; Kobera, L.; Urbanova, M.; Abbrent, S.;
Husak, M. Predicting the Crystal Structure of Decitabine by Powder
NMR Crystallography: Influence of Long-Range Molecular Packing

Symmetry on NMR Parameters. Cryst. Growth. Des. 2016, 16 (12),
7102−7111.
(59) Dudek, M. K.; Paluch, P.; Śniechowska, J.; Nartowski, K. P.;
Day, G. M.; Potrzebowski, M. J. Crystal structure determination of an
elusive methanol solvate − hydrate of catechin using crystal structure
prediction and NMR crystallography. CrystEngComm 2020, 22 (30),
4969−4981.
(60) Bravetti, F.; Bordignon, S.; Alig, E.; Eisenbeil, D.; Fink, L.;
Nervi, C.; Gobetto, R.; Schmidt, M. U.; Chierotti, M. R. Solid-State
NMR-Driven Crystal Structure Prediction of Molecular Crystals: The
Case of Mebendazole. Chem. - Eur. J. 2022, 28 (6), No. e202103589.
(61) Khalaji, M.; Paluch, P.; Potrzebowski, M. J.; Dudek, M. K.
Narrowing down the conformational space with solid-state NMR in
crystal structure prediction of linezolid cocrystals. Solid State Nucl.
Magn. Reson. 2022, 121, No. 101813.
(62) Hartman, J. D.; Kudla, R. A.; Day, G. M.; Mueller, L. J.; Beran,
G. J. O. Benchmark fragment-based 1H, 13C, 15N and 17O chemical
shift predictions in molecular crystals. Phys. Chem. Chem. Phys. 2016,
18 (31), 21686−21709.
(63) Nilsson Lill, S. O.; Widdifield, C. M.; Pettersen, A.; Svensk
Ankarberg, A.; Lindkvist, M.; Aldred, P.; Gracin, S.; Shankland, N.;
Shankland, K.; Schantz, S.; Emsley, L. Elucidating an Amorphous
Form Stabilization Mechanism for Tenapanor Hydrochloride: Crystal
Structure Analysis Using X-ray Diffraction, NMR Crystallography,
and Molecular Modeling. Mol. Pharmaceutics 2018, 15 (4), 1476−
1487.
(64) Pickard, C. J.; Mauri, F. All-electron magnetic response with
pseudopotentials: NMR chemical shifts. Phys. Rev. B 2001, 63 (24),
No. 245101.
(65) Yates, J. R.; Pickard, C. J.; Mauri, F. Calculation of NMR
chemical shifts for extended systems using ultrasoft pseudopotentials.
Phys. Rev. B 2007, 76 (2), No. 024401.
(66) Bonhomme, C.; Gervais, C.; Babonneau, F.; Coelho, C.;
Pourpoint, F.; Azaïs, T.; Ashbrook, S. E.; Griffin, J. M.; Yates, J. R.;
Mauri, F.; Pickard, C. J. First-Principles Calculation of NMR
Parameters Using the Gauge Including Projector Augmented Wave
Method: A Chemist’s Point of View. Chem. Rev. 2012, 112 (11),
5733−5779.
(67) Engel, E. A.; Anelli, A.; Hofstetter, A.; Paruzzo, F.; Emsley, L.;
Ceriotti, M. A Bayesian approach to NMR crystal structure
determination. Phys. Chem. Chem. Phys. 2019, 21 (42), 23385−23400.
(68) Oganov, A. R. Crystal structure prediction: reflections on
present status and challenges. Faraday Discuss. 2018, 211 (0), 643−
660.
(69) Cruz-Cabeza, A. J.; Reutzel-Edens, S. M.; Bernstein, J. Facts
and fictions about polymorphism. Chem. Soc. Rev. 2015, 44 (23),
8619−8635.
(70) Blade, H.; Blundell, C. D.; Brown, S. P.; Carson, J.; Dannatt, H.
R. W.; Hughes, L. P.; Menakath, A. K. Conformations in Solution and
in Solid-State Polymorphs: Correlating Experimental and Calculated
Nuclear Magnetic Resonance Chemical Shifts for Tolfenamic Acid. J.
Phys. Chem. A 2020, 124 (43), 8959−8977.
(71) Cruz-Cabeza, A. J.; Bernstein, J. Conformational Poly-
morphism. Chem. Rev. 2014, 114 (4), 2170−2191.
(72) Widdifield, C. M.; Robson, H.; Hodgkinson, P. Furosemide’s
one little hydrogen atom: NMR crystallography structure verification
of powdered molecular organics. Chem. Commun. 2016, 52 (40),
6685−6688.
(73) Sarojini, B. K.; Yathirajan, H. S.; Narayana, B.; Sunil, K.; Bolte,
M. CSD Communication Private Communication 2007.
(74) Fronckowiak, M.; Hauptmann, H. American Crystallographic

Association, Abstracts Papers Winter 1976, 9.
(75) Babu, N. J.; Cherukuvada, S.; Thakuria, R.; Nangia, A.
Conformational and Synthon Polymorphism in Furosemide (Lasix).
Cryst. Growth. Des. 2010, 10 (4), 1979−1989.
(76) Lamotte, J.; Campsteyn, H.; Dupont, L.; Vermeire, M.
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