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ABSTRACT: Creatine is a performance-enhancing supplement with two
widely available commercial solid forms, namely, creatine monohydrate
(creatine-H,0) and creatine HCI, the latter of which does not have a

reported crystal structure. Moreover, commercial formulations of creatine CREATINE
MONOHYDRATE

may contain creatinine, an undesired impurity phase resulting from the
self-cyclization of creatine during manufacturing. Therefore, reliable
methods for characterizing the different solid forms of creatine and
detecting the presence of creatinine are essential. Herein, we address CREATINE
these challenges using '*C, *N, and **ClI solid-state NMR (SSNMR) HYDROCHLORIDE
spectroscopy to obtain distinct spectral fingerprints for creatine-H,O and
creatine HCI, along with creatinine and creatinine HCIl. The acquisition
of these SSNMR spectra offers a robust approach for both the rapid
characterization of each solid form and the detection of the impurity
phases. Additionally, quadrupolar NMR crystallography-guided crystal structure prediction (QNMRX-CSP) was applied for the de
novo crystal structure determination of creatine HCl, which was validated by the subsequently determined single-crystal X-ray
diffraction (SCXRD) structure. Finally, to investigate the relationship between NMR parameters and structural features, '*C and "*N
chemical shifts and **Cl electric field gradient (EFG) tensors were computed from geometry-optimized structures of the four solid
forms by using dispersion-corrected DFT-D2* methods. This integrative approach offers a powerful framework for advancing the
structural understanding and quality control of creatine-based supplements and next-generation formulations, as well as a wide range
of other solid pharmaceuticals and nutraceuticals.
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1. INTRODUCTION of creatine, including its salts and solvates, and the enhance-
ment of physicochemical properties such as solubility, stability,

Creatine is an extensively researched performance-enhancing ) SR - i
and bioavailability, comprehensive structural screening is

supplement as evidenced by a search using Clarivate Web of

Science with the keywords “creatine” and “supplement,” which essential.

resulted in approximately 4000 peer-reviewed articles. This The industrial synthesis of the many solid forms of creatine
interest in creatine is well merited, as creatine supplementation typically begins with the production of creatine-H,O, where
has been shown to provide many health benefits, including large reactors containing sarcosine and cyanamide in an
increased lean muscle mass, faster muscle recovery, grealteg aqueous medium are heated to induce a condensation

muscle retention, and improved cognitive performance. reaction.” Under these conditions, creatine can undergo self-

These benefits, as well as many others, have influenced many cyclization to form creatinine, an undesired impurity phase.*””
people to take it daily. Among its various solid forms, creatine

monohydrate (creatine-H,0) is the typical form consumed
during supplementation; however, because of its low solubility
in water, there has been considerable effort in developing
formulations with a more favorable solubility profile. This
search has resulted in the development of over 80 solid forms
of creatine,” of which there are relatively few with known
crystal structures, including solid forms available for
commercial purchase (e.g,, creatine HCl). Hence, to better
understand the relationships between the different solid forms

While the potential clinical applications of creatinine are
developing,®” it is more commonly considered a waste
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product, filtered from the bloodstream by the kidneys and
excreted through urination.'®"" In fact, monitoring of
creatinine levels is used to evaluate kidney function, where
elevated levels of creatinine in the bloodstream may indicate
health issues.'” Therefore, reliable methods for detecting
creatinine in different forms of creatine are necessary to ensure
product purity, minimize unnecessary kidney stress, and avoid
false positives that erroneously suggest kidney dysfunction.

Solid-state NMR (SSNMR) spectroscopy is a valuable
method for providing distinct spectral fingerprints of the
different solid forms of creatine and creatinine, enabling both
the detection of impurity phases and the identification of new
solid forms. Additionally, it is possible to use NMR
crystallography (NMRX), which combines information from
SSNMR spectroscopy, X-ray diffraction (typically powder X-
ray diffraction, PXRD), and quantum chemical calculations, to
refine, validate, and determine crystal structures of these solid
forms, especially in cases where crystals suitable for single-
crystal XRD (SCXRD) are unavailable.””~"” Recently, our
group designed an NMRX protocol called quadrupolar NMR
crystallogmrphy-guided crystal structure prediction (QNMRX-
CSP)."*~*" Early applications of QNMRX-CSP have relied on
experimental data from PXRD and **Cl SSNMR (which is
ideal for the study of HCI salts of active pharmaceutical
ingredients, nutraceuticals, and other organic compounds, due
to the sensitivity of **Cl electric field gradient (EFG) tensors
to the local hydrogen bonding environments of chloride
ions)**™*” and employed Monte Carlo simulated annealing
(MC-SA)*® and dispersion-corrected density functional theory
(DFT-D2%)*’ calculations for the generation of candidate
structures, refinement of atomic coordinates, and calculation of
NMR interaction tensors. The strategic combination of these
data and methods allows for the de novo structural
determination of organic HCI salts.

Herein, we present a study describing the use of multi-
nuclear SSNMR to characterize several forms of creatine and
creatinine (Scheme 1), including creatine monohydrate (Crea-
H,0), creatine HCl (CreaHCI), creatinine (CreaT), and
creatinine HCI (CreaTHCI). These solid forms of creatine and
creatinine were selected due to their widespread commercial
availability and the likelihood that the solid forms of creatinine
may occur as impurity phases in their respective commercial

Scheme 1. Molecular Diagrams for (A) Crea'H,O, (B)
CreaT, (C) CreaHCI, and (D) CreaTHCI, with Numbers
Labeled for Carbon and Nitrogen Atoms for Reference to
Tables 2,3
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products (i.e., CreaT in Crea-H,0 and CreaTHCI in
CreaHCl). Additionally, we demonstrate the use of
QNMRX-CSP for the de novo structural determination of
CreaHClI, making a first step toward resolving one of the many
previously unknown crystal structures among the over 80 solid
forms of creatine (we note that the crystal structures of the
other three solid forms have been reported previously).”"™**
Since QNMRX-CSP is still a nascent technique, the SCXRD
structure of CreaHCl was subsequently determined in order to
aid with structural validation. Finally, the de novo structural
determination of CreaHCI allows for the investigation of the
relationship between NMR parameters and structural features
of the four solid forms, where *C and N chemical shifts and
3Cl EFG tensors were computed from DFT-D2* geometry-
optimized structural models. This work highlights the potential
of QNMRX-CSP as a powerful method for the de novo
structural determination of organic HCI salts with broader
applications to other pharmaceutical and nutraceutical
compounds.

2. METHODS

2.1. Materials

Crea-H,0, CreaT, and CreaTHCI were purchased from Sigma-
Aldrich and used without further purification. CreaHCI from Beyond
Raw Chemistry Laboratories was purchased from a local supplement
store and used without further purification. PXRD was used to
confirm the identities of Crea-H,0, CreaT, and CreaTHCI via
comparison to the simulated PXRD patterns (vide infra).

2.2. X-ray Diffraction

2.2.1. Room Temperature Powder X-ray Diffraction. PXRD
patterns were acquired at room temperature using a Rigaku SmartLab
X-ray diffractometer featuring a Cu Ko radiation source and a D/tex
Ultra 250 1D silicon strip detector. The voltage and amperage of the
X-ray tube were set to 40 kV and 15 mA, respectively. The PXRD
patterns were acquired by scanning 20 from S to 50° with step sizes of
0.01° and at a rate of 0.5° min™".

The room temperature PXRD pattern of CreaHCI was smoothed
using a width of 0.01°, background-corrected, and indexed using the
X-Cell scheme in the Reflex Powder Index module in BIOVIA
Materials Studio 2020.** The peak positions of this PXRD pattern
were determined using the simple detection method in the Reflex
Powder Index module starting from 260 = 5° and including up to 28
peaks with a low amplitude cutoff of 5.0%.

2.2.2. Synchrotron Powder X-ray Diffraction. All samples were
finely ground before loading them into 1 mm O.D. Kapton capillary
tubes, which were sealed on both ends with a composite sealant.
Synchrotron PXRD patterns were acquired at 100 K and carried out
in capillary transmission geometry using a PerkinElmer amorphous
silicon area detector placed ca. 1000 mm downstream of the samples
at 28-ID-1 Pair Distribution Function beamline of the National
Synchrotron Light Source II at Brookhaven National Laboratory. The
NSLS-II beamline 28 features a synchrotron radiation source (4 =
0.1665 A). The 20 values for the synchrotron PXRD patterns were
calibrated by using a Ni metal standard.

2.2.3. Single-Crystal X-ray Diffraction. A single crystal of
CreaHCIl was serendipitously found in the commercial sample. The
single crystal was coated with perfluoroether oil and placed on a nylon
loop inside an XtaLAB Synergy Dualflex HyPix four-circle
diffractometer, which features a microfocus sealed X-ray tube, uses
a mirror as a monochromator, and includes a HyPix detector. The
diffractometer also features an Oxford Cryostream 800 low-temper-
ature device and uses Cu Ka radiation. SCXRD data were collected at
297.15 K, and the structure was solved by SHELXT and by a full-
matrix least-squares method against F* (Table $1).3*% All non-
hydrogen atoms were refined with anisotropic displacement
parameters. Hydrogen atoms were refined isotopically on calculated
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positions using a riding model, with their Ui, values constrained to
1.5 times the U, of their pivot atoms for terminal sp® carbon atoms

and 1.2 times those for all other atoms.

2.3. Solid-State NMR

Solid-state NMR (SSNMR) spectra were acquired at 14.1 T (two
14.1 T spectrometers were used, one for room temperature and the
other for experiments at 100 K) and 18.8 T at the National High
Magnetic Field Laboratory (NHMFL, Tallahassee, FL) with Bruker
Avance NEO spectrometers and Oxford widebore magnets. The
relevant Larmor frequencies for the (i) room temperature experi-
ments at 14.1 T are v,(*H) = 600.1 MHz, v,('3C) = 150.89 MHg,
1o(*H) = 92.12 MHz, and v,(**Cl) = 58.797 MHz; (ii) experiments
conducted at 100 K are ,('H) = 600.49 MHz, and v,(**N) = 60.85
MHz; and (iii) experiments carried out at 18.8 T are v,(*H) = 799.74
MHz, and vo(**Cl) = 78.358 MHz. Preliminary *C and "N dynamic
nuclear polarization®™*”  cross-polarization/magic-angle spinning
(CP/MAS) SSNMR spectra were acquired using the ramped-
amplitude CP/MAS pulse sequence®® ™ at 100 K for samples
impregnated with ca. 20 uL of 15 mM AsymPol-POK™* in ethylene
glycol (Figure S1). Comparison of the microwave “on” and “off”
spectra indicated minimal signal enhancement in the former, perhaps
due to the dissolution of the sample in the biradical matrix. As such,
all '"H-""N CP/MAS NMR spectra were acquired at 100 K to
enhance the Boltzmann population difference and improve signal
intensity. All other acquisition parameters are summarized in the
Supporting Information (Tables $2—S4).

2.3.1. "H-"3C{'H} Experiments. '"H—"3C{'"H} cross-polariza-
tion/magic-angle spinning (CP/MAS) NMR spectra were acquired at
14.1 T at room temperature with a spinning rate of v,,, = 10 kHz,
using the "H—"3C ramped-amplitude CP/MAS pulse sequence.**™**
Spectra were acquired using 'H 7/2 pulses of 2.5 us, contact times
between 1 and 6 ms, recycle delays between 24 and 60 s, a 50 kHz 'H
and 42 kHz *C Hartmann—Hahn match, and SPINAL-64 'H
decoupling (v, = 100 kHz). The experiments used an NHMFL-built
3.2 mm low-E HXY MAS probe with samples packed in 3.2 mm o.d.
zirconia rotors. 1*C chemical shifts were referenced to TMS (8,,,(*3C)
= 0 ppm) using the carboxyl peak of '*C-labeled a-glycine at &,,(*C)
= 176.5 ppm as a secondary reference.

2.3.2. '"H-">N{"H} Experiments. '"H—'N{'H} CP/MAS NMR
spectra were acquired at a temperature of 100 K and v, = 8 kHz at
141 T using the 'H—-'N ramped-amplitude CP/MAS pulse
sequence. Spectra were acquired using 'H /2 pulses of 2.5 s,
contact times of both 200 us and S ms (for the purpose of peak
assignment, vide infra), recycle delays between 1.69 and 2.6 s, a 49
kHz 'H and 44 kHz "*N Hartman-Hahn match, and SPINAL-64 'H
decoupling (v, = 98 kHz). The experiments used an NHMFL-built
3.2 mm HXY MAS probe with samples packed in 3.2 mm sapphire
rotors. *N chemical shifts were referenced to neat NH; (5,,(**N) = 0
ppm) using NH,Cl at §,,,("*N) = 37.6 ppm at 100 K as a secondary
reference.

2.3.3. 35CI{'H} Experiments. The **CI{'H} SSNMR spectra were
acquired at room temperature under static conditions at 14.1 and 18.8
T and under MAS at 18.8 T. Static spectra were acquired using the
quadrupolar Carr-Purcell Meiboom-Gill (CPMG) pulse sequence*®
(the first echo was acquired as a full echo) and in an NHMFL-built §
mm HX probe with samples packed into 5 mm o.d. sample holders.
Direct-excitation MAS spectra were acquired using a rotor-
synchronized Hahn-echo pulse sequence®”* at v,,, = 15 kHz with
a 3.2 mm low-E HXY MAS NHMFL-built probe with samples packed
in 3.2 mm o.d. zirconia rotors. **Cl chemical shifts were referenced to
0.1 M NaCl (aq) at 5,,(**Cl) = 0.0 ppm using NaCl (s) at 5, (**Cl)
= —41.11 ppm as a secondary reference.*” ¥*Cl SSNMR parameters
were obtained by simulating the experimental spectra using ssNake
v1.4>° Uncertainties in the quadrupolar and chemical shift tensor
parameters were estimated by spectral simulations, using the
bidirectional variation of each parameter until the simulated powder
pattern no longer matched the experimental spectra.
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2.4. QNMRX-CSP

QNMRX-CSP'®"? (Scheme S1), which relies on experimental inputs
from indexed PXRD patterns (ie, space group and unit cell
parameters) and **Cl SSNMR spectra (i.e, *Cl EFG tensors), was
used to determine the crystal structure of CreaHCl. QNMRX-CSP
consists of three modules, each of which comprises steps that are used
for predicting or refining candidate structures: (i) Module 1 (M1)
develops “chemically sensible” molecular fragments (ie., organic
molecules and Cl~ ions); (ii) Module 2 (M2) uses MC-SA to predict
the candidate structures; (iii) Module 3 (M3) employs a QNMRX
routine, which consists of several rounds of plane-wave DFT-D2*
geometry optimizations of candidate structures, as well as calculations
of static lattice energies and **Cl EFG tensors. The candidate
structures that emerge from the application of these three modules
undergo structural validation (section 2.6).

M2 and M3 employ metric sets comprised of metrics (section 2.5;
Table SS) that are strategically positioned to retain candidate
structures that are most likely to be validated (section 2.6) as the
correct crystal structure. The entire QNMRX-CSP protocol, along
with the choices of metric sets, metrics, structural validation terms,
and their respective thresholds, has been benchmarked previ-
ously.'® 7!

Two graphical user interfaces are used for these applications: (i)
BIOVIA Materials Studio 2020, which facilitates calculations in
CASTEP 20.1 and Polymorph, and (ii) CASTEP Data Manager, an
in-house-built program for the automation of CASTEP calculations
and data management.

2.4.1. CASTEP. Plane-wave DFT-D2#*° geometry optimizations
and NMR tensor calculations were performed using CASTEP.'
Convergent geometry optimizations and NMR tensor calculations used
the RPBE functional,”” zeroth-order regular approximation (ZORA)*?
scalar-relativistic ultrasoft pseudopotentials generated on-the-fly,** a
plane-wave cutoff energy of 800 eV, and a k-point spacing of 0.05 A™"
using a grid generated via a Monkhorst—Pack algorithm.>®
Convergence is reached after a maximum energy change of 5 X
107¢ eV atom™!, displacement of 5 X 107* A, and a maximum force of
107> eV A Truncated geometry optimizations use the above-
mentioned parameters and set the maximum number of BEGS®
cycles to S.

BC, PN, and **Cl isotropic magnetic shieldings were calculated
using the gauge including projector augmented wave®’ (GIPAW)
method, on DFT-D2* convergent geometry-optimized structural
models. Magnetic shieldings were converted to the chemical shift
scale using the least-squares linear regression based on additional
calculations for three series of systems, one for each of the nuclides,
previously characterized in other SSNMR studies. For *C chemical
shifts, this was accomplished using geometry-optimized structural
models of L-histidine HCI-H,0,*® Oz-glycine,59 ;/—glycine,60 and L-
asparagine-HZOé1 (Figure $2).% BN magnetic shieldings were
converted to chemical shifts using the geometry-optimized structural
models of 15 organic crystals consisting of 35 "N chemical shifts
(Table S6; Figure $2).57% The calculated 35Cl isotropic chemical
shielding of a DFT-D2* geometry-optimized structural model of L-
histidine HCI-H,O, o,,, = 951.44 ppm, was referenced to 0, = 34.5
ppm on the chemical shift scale.®

Atomic Hirshfeld charges for use in M1 for CreaHCl were
obtained from convergent geometry-optimized structural models from
the known crystal structures of Crea-H,0° and anhydrous creatine
(Form 1) as starting points (Table S7). The average calculated
Hirshfeld charges of the structural models of Crea-H,O and
anhydrous creatine (Form II) were applied to each atom in the
structural model of CreaHCI, with the exception of a few H atoms, to
which minor modifications to charges were made to ensure that the
sum of all charges was equal to zero, as these sites have the largest
variation in calculated charges. Crea-H,0 and anhydrous creatine
both have deprotonated carboxylic acids and no CI” ion, so the
Hirshfeld charges on the O and H atoms in the R—O—H moieties and
ClI” ion in CreaHCl were set to —0.140, 0.100, and —0.270,
respectively.

https://doi.org/10.1021/acs.molpharmaceut.6c00077
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2.4.2. Polymorph Software. Polymorph, which predicts
candidate structures for CreaHCI in M2, relies on the determination
of the space group (obtained from indexing the PXRD pattern of
CreaHCl) and the development of molecular fragments (i.e., creatine
cation and a Cl” ion from M1, section 3.3). Polymorph uses a four-
step routine to predict a maximum of 10,000 candidate structures per
trial, which is one iteration of the four-step routine that is comprised
of (i) packing, (i) clustering, (iii) Dreiding force-field*® geometry
optimization, and (iv) clustering. During both packing and Dreiding
force-field geometry optimization, the relative atomic coordinates of
the atoms in the molecular fragments are restricted; however, the
relative positions and orientations of the motion groups are allowed to
vary. Packing employs an MC-SA®® algorithm to generate the
candidate structures, using a maximum and minimum temperature of
1.5 X 10° K and 300 K, respectively, heating and cooling factors of
0.025 and 0.0005, respectively, and a minimum move factor of 107'°.
Clustering removes duplicate structures based on a radial distribution
cutoff of 7.0 A, a tolerance of 0.13, and 140 bins, retaining the
structure with the lowest static lattice energy. Dreiding force-field
geometry optimizations are then employed, with structural con-
vergence achieved after a maximum energy change of 2 X 107> kcal
mol™, a maximum displacement of 10~° A, a maximum force of 107>
keal mol™ A7, and a maximum stress of 10~ GPa. Another round of
clustering is then employed to remove duplicated structures. After 10
trials of Polymorph are completed, the candidate structures are
clustered one more time to remove duplicate structures obtained from
across all trials.

2.5. Metrics

QNMRX-CSP applies multiple metrics, such as unit cell parameters,
static lattice energies, and **Cl EFG tensors, to retain the most
plausible candidate structures of CreaHCI. These metrics are grouped
into metric sets, which are strategic combinations applied simulta-
neously to retain structural models that are most likely to match the
experimental structural data. The metrics in each metric set and their
position within QNMRX-CSP are found in Table S5 and Scheme S1,
respectively.

2.5.1. Unit Cell Parameters. Candidate structures are retained by
comparing their unit cell parameters to those obtained from indexing
the PXRD pattern of CreaHCI. Structures are retained if their unit
cell parameters are within + 20% of the indexed values.

2.5.2. Static Lattice Energies. Candidate structures are retained
by calculating their static lattice energies (Ey,) and comparing them to
the lowest overall static lattice energy (Ej,,,) in M2 and M3. In M2,
candidate structures are retained such that

Elow < Elat < 0'865’E10w

(1)

In M3, candidate structures are retained after each round of DFT-
D2* geometry optimization if their AE,,, = Ej,, — Ey,,, values are less
than or equal to an energy threshold (Ey,.q) such that

AElat = Elat - Elow < Ethresh

2)

The value of Eg,y, ranges from 135 to 1 kJ mol™’, depending on the
metric set in which it is used (see Table SS).

2.5.3. 3°CI EFG Distance. Candidate structures are retained based
on the similarity between experimental and calculated °Cl EFG
tensors, as evaluated using the EFG distance (I'gpg), which is
reminiscent to the chemical shift distance by Alderman et al.*>®

Tipg =
1 2 2 2 e
EBAH + 3A% + 3A3; + 2A,,A,, + 24, A5 + 2A,,A44]
(3)
(4)

[grg uses *Cl EFG tensor principal components Vi, where k = 1, 2,
and 3, to assess the degree of similarity between the experimental and
calculated **Cl EFG tensors using a scalar value. This equation
assumes that the two *Cl EFG tensors are coincident. A value of I'ggg

_ calc exp
Akk - |ka - ka l

3400

= 0 indicates that the EFG tensors are identical. Benchmarking
QNMRX-CSP studies have determined that an I'gzg < 0.49 MHz
calculated using the experimental and calculated **Cl EFG tensors on
a DFT;I?QZ* refined structural model indicates a good structural
match.™™

2.6. Structural Validation Terms

QNMRX-CSP validates the final candidate structural models of
CreaHCl using the R-factor (R) and an atomic position RMSD
(Afhsp)- These comparisons are made using the simulated PXRD
patterns and atomic positions determined from the QNMRX-CSP
and SCXRD structural models, where a %ood structural match is met
when R < 10%"°"7% and Afhsp < 0.2 A.7>7* Additionally, qualitative
comparisons are made using visual comparisons of the experimental
PXRD patterns to those obtained from simulations as well as
comparisons of the packing motifs in the SCXRD and QNMRX-CSP
structural models. Although R-factors are also inspected qualitatively,
the candidate structural models from QNMRX-CSP are not refined
against the experimental PXRD data; consequently, their R-factors can
be significantly higher than those typically reported for refined
structures in the Cambridge Structural Database (i.e, R > 10%).7>7

2.6.1. R-Factor. PXRD patterns were simulated in the Powder
Pattern tool in Mercury 2024.3.1 with a Cu Ka; (4 = 1.54056 nm)
and a Cu Ka, radiation source (1 = 1.54439 nm). The 26 values
ranged from S to 50° in step sizes of 0.01° with a full-width half-height
peak width of 0.07°. R-factors were computed by the following
expression

_ SI(E) ~ ED)
K=" 3n (s)

where F; and F, are the calculated structure factor amplitudes of the
reference and candidate structures, respectively, summed over all
reflections.

2.6.2. Atomic Position RMSDs. A%} values were calculated
using the CSD-Materials Crystal Packing Similarity in Mercury
2024.3.1, employing a 15-molecule cluster with a distance and angle
tolerance of 20% and 20°, respectively.

X 100%

3. RESULTS AND DISCUSSION

Herein, several methods for characterizing Crea-H,0O, CreaT,
CreaHCl, and CreaTHCI (Scheme 1) are discussed, including
PXRD (section 3.1), SSNMR (section 3.2), QNMRX-CSP
(section 3.3), SCXRD (section 3.4), and NMR tensor
calculations using DFT (section 3.5). PXRD was used for
phase identification, detection of impurities, and indexing of
the unit cell of CreaHCL *C, N, and **Cl SSNMR spectra
afford insights into local atomic environments, provide spectral
fingerprints, and aid in identifying small-weight-percent
impurities. QNMRX-CSP was used for the de novo structural
determination of CreaHCI using data acquired from PXRD
and *Cl SSNMR. SCXRD was used to validate the structural
models of CreaHCI that were determined from QNMRX-CSP
(N.B.: SCXRD analysis was performed only after QNMRX-
CSP had produced structural models with data that matched
well with that from the experimental PXRD and **Cl SSNMR).
Finally, DFT-D2* geometry optimizations were performed on
structural models based on the crystal structures of different
solid forms of creatine and creatinine, along with subsequent
calculations of NMR interaction tensors, which are correlated
to structural features.

3.1. Powder X-ray Diffraction

PXRD provides fingerprints for all solid forms of creatine and
creatinine, with variable temperature PXRD allowing for the
observation of phase changes. However, small-weight-percent
impurities are sometimes not detectable. The room temper-
ature and 100 K synchrotron PXRD patterns of Crea-H,O
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Table 1. Crystallographic Information for the Solid Forms of Creatine and Creatinine”

CCDC code temperature (K) space group
Crea-H,0 CREATHO06 295 P2/a
CreaT CREATIO02 295 P2,/n
CreaHCl this work” 298(3) P2,
CreaHCl this work® 297.15 P2,
CreaTHCI XEBJUL 120 P2,/n

a (&) b (A) c (4) AQ)
12.159(1) 5.038(2) 12.491(2) 108.87(1)
8.015(1) 5.926(1) 11.419(1) 96.25(1)
5.0929(542) 10.7395(632) 7.3219(269) 100.9710(5572)
5.09231(9) 10.7393(2) 7.32529(15) 100.9606(18)
8.462(1) 7.707(1) 10.222(1) 98.37(1)

“Values in parentheses denote the uncertainty in the last digit(s) of the experimental value. bThe space group and unit cell parameters of CreaHCl
were determined from indexing the PXRD pattern of CreaHCI. “The space group and unit cell parameters of CreaHCl were determined from the

SCXRD data.

match well with the simulated patterns derived from the
previously reported crystal structure (Figures S3 and $4).*
For CreaT, the 100 K synchrotron PXRD pattern matches well
with the simulated pattern derived from its previously reported
crystal structure;>> however, the room temperature PXRD
pattern shows significant intensity differences. These differ-
ences are attributed to preferred orientation effects, likely
arising from insufficient sample grinding, and when accounted
for, the simulated PXRD pattern matches well. For CreaTHCI,
no room temperature SCXRD structure has been reported;
therefore, the simulated PXRD pattern of the SCXRD
structure determined at 120 K was used for comparisons,
which accounts for the slight differences in the peak
positions.”’ These comparisons for Crea-H,0, CreaT, and
CreaTHCI show no signs of any impurity phase(s). Since
there is no reported crystal structure for CreaHCl, the room
temperature PXRD pattern was acquired (Figure S3) for
determining its space group and unit cell parameters. This
PXRD pattern features peak broadening and doubling, which
becomes apparent at 20 ca. 24.5° and higher. The broadened
and doubled peaks consist of two closely spaced peaks, a more
intense major peak, and a less intense minor peak. Of the two,
the minor peak is consistently shifted to higher 20 values with
respect to the major peak. The integrated intensity of the
minor peak is ca. 1/2 that of the major peak. These features are
characteristic of a Cu Ka doublet, corresponding to Cu Ka; (4
= 1.54056 nm) and Cu Ka, (4 = 1.54439 nm). Therefore, an
accurate space group and unit cell parameters of CreaHCI
were determined by indexing only the Cu Ka, peaks (Table 1,
see also section 3.3).

3.2. Solid-State NMR Spectroscopy

Below, we present the 13C, BN, and *Cl SSNMR data for the
solid forms of creatine and creatinine. A detailed discussion of
the spectra, including peak assignments and structural
interpretations from NMR tensor interaction calculations, is
provided in section 3.5.

3.2.1. 'H-"3C CP/MAS SSNMR. 'H—'*C CP/MAS
SSNMR spectra (Figure 1) each have four peaks, indicating
four chemically and crystallographically distinct carbon sites in
the asymmetric unit of each solid form (i.e., Z' = 1). This is
consistent with the three known crystal structures and provides
useful information for the structural determination of
CreaHCl. Peak assignments were made using GIPAW
calculations (Table 2, see also section 3.5). The CreaHCI
spectrum (Figure 1C) features an additional peak at 34.4 ppm
that matches that of the C1 carbon (N—CHj; moiety) peak of
CreaTHCI (underlying red spectrum). However, it is difficult
to confirm the impurity as CreaTHCI, given the absence of
other peaks attributable to this phase, largely due to potential
overlaps with intense peaks arising from CreaHCI (also vide

infra).

3401

f%
L E

/7

150 60 30

13C Chemical Shift [ppm]

Figure 1. '"H—"3C CP/MAS spectra of (A) Crea-H,0, (B) CreaT,
(C) CreaHCl, and (D) CreaTHCI acquired at 14.1 T, room
temperature, and v, = 10 kHz. The red spectrum underneath the
CreaHCI spectrum corresponds to the CreaTHCI spectrum that has
been scaled down to match the peak intensity at ca. 34.5 ppm. The
asterisks denote the spinning side bands. The { indicates a peak
corresponding to an impurity in the sample.

180

3.2.2. '"H-'"*N CP/MAS SSNMR. 'H—N CP/MAS
SSNMR spectra were acquired at 100 K using short and
long contact times of 200 ys and S ms, respectively (Figure 2).
Each "*N spectrum reveals three peaks, again consistent with
Z' =1 for the samples with known structures, as well as for
CreaHCl (vide supra), and there are no additional peaks in the
N SSNMR spectrum of CreaHCl corresponding to
CreaTHC], indicating that the latter is not present in any
significant amount. However, because CreaT, CreaHCI, and
CreaTHCI do not have reported crystal structures at or below
100 K, a synchrotron PXRD pattern for each was acquired at
100 K (Figure S4), revealing that no phase changes occurred
over this temperature range. GIPAW calculations of "N NMR
tensors do not yield the best agreement with experiment,
providing assignments of only some of the peaks (Table 3, see
also section 3.5 for further discussion). As a result, variable-
contact time CP/MAS SSNMR was used to complete most of
the peak assignments. These spectra have substantial differ-
ences in peak intensities at two contact times of 200 us and §
ms for the nonprotonated N1 sites, R;R,NCHj, in Crea-H,O0,
CreaHCl, CreaT, and CreaTHCI, as well as the N2 site,
R|RyN, of CreaT. The remaining peaks were assigned to the
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Table 2. Experimental and Calculated "*C Chemical Shifts”

C1 (ppm) C2 (ppm)

Crea-H,0 exp. 38.0(7) 53.3(38)
calc. 34.4 53.3

CreaT exp. 31.6(7) 56.7(32)
calc. 28.3 55.9

CreaHCl exp. 39.9(7) 53.3(25)
calc. 36.0 53.9

CreaTHCI exp. 34.4(6) 55.7(50)
calc. 31.3 56.3

C3 (ppm) C4 (ppm) AN (ppm)©
158.7(14) 175.4(5)

152.5 176.4 3.59
171.0(10) 186.0(4)

166.5 186.1 2.83
156.4(13) 172.2(8)

150.8 175.1 3.72
156.7(17) 172.1(6)

1532 174.5 2.64

“Atomic numbering scheme is provided in Scheme 1. bThe agreement between calculated (65%) and experimental (55*®) isotropic chemical shifts

was compared using a chemical shift root-mean-square deviation (Agysp): Ajysp =

chemical shifts.

N
3 (55 _5oy
o = N where N is the total number of isotropic

N2
N1 N3
A
// //
N3 N1
N2
B '
N/ //
N2 N3 |[pnq
S JL—M\'
// //
N2 N1
N3
““”"‘“’D M
// //
200 140 100 80 60

SN Chemical Shift [ppm]

Figure 2. '"H—'N CP/MAS spectra acquired using (black) 200 us
and (blue) 5 ms contact times for (A) Crea-H,0, (B) CreaT, (C)
CreaHCl, and (D) CreaTHCl at 14.1 T, 100 K, and v,,, = 8 kHz. The
asterisk denotes a spinning sideband.

protonated moieties, N2 and N3 sites in Crea-H,0O, CreaHCI,
and CreaTHCI, and N3 in CreaT.

3.2.3. 3CI{'H} SSNMR. The 3*CI{'H} SSNMR spectra of
CreaHCl and CreaTHCI were acquired under static and MAS
conditions at 18.8 T and under static conditions at 14.1 T
(Figure 3). Each spectrum features a single central transition
(CT, +1/2 < —1/2) powder pattern influenced by the
second-order quadrupolar interaction and chemical shift
anisotropy. From the static experiments, spectra from the
Fourier transform of both the coadded CPMG train (93
echoes for CreaHCI at both 14.1 and 18.8 T, and 93 and 47
echoes for CreaTHCl at 14.1 and 18.8 T, respectively) and the
first echo in the CPMG train are displayed, since there are
clear intensity differences that may arise from anisotropy in the

3402

Table 3. Experimental and Calculated "N Isotropic
Chemical Shifts”

AE}%{SQ
N2 (ppm) N3 (ppm)  (ppm)’

N1 (ppm)

Crea'H,0 exp. 75.3(6) 74.1(6) 72.4(6)

calc. 80.0 69.9 69.4 4.04
CreaT exp. 77.2(5) 196.0(10) 83.9(7)

cale. 825 204.3 78.9 6.35
CreaHCl exp. 70.2(5) 85.5(7) 73.6(6)

calc. 75.1 79.1 70.2 5.04
CreaTHCl  exp. 85.6(6) 142.2(6) 82.6(7)

cale. 907 146.9 80.4 422

“Atomic numbering scheme is provided in Scheme 1. *The
agreement between calculated (55"°) and experimental (67®) isotropic
chemical shifts was compared using a chemical shift root-mean-square
N
3 (550 5Py

i=1

deviation (ASSsp): Agf,[SD = where N is the total

number of isotropic chemical shifts.

effective T, T, (Figure SS). These spectra reveal that both
CreaHCI and CreaTHCI have one Cl™ ion in the asymmetric
unit, again consistent with the Z’ = 1 observations above.
Spectral simulations of the MAS spectra and static spectra
corresponding to the first echo were used to extract the EFG
and chemical shift tensor parameters, as well as the Euler
angles describing their relative orientations (Table 4).

3.3. QNMRX-CSP of CreaHCl

Before discussing the relationships between NMR interaction
tensors and the unique molecular structures of each solid form
of creatine and creatinine, it is necessary to determine the
crystal structure of CreaHCI, which is heretofore unknown.
Detailed below is a description of our application of QNMRX-
CSP to this problem, which is also summarized in Scheme S1
and Table S.

A creatine cation with the positive charge distributed about
the guanidium functional group was built in a P1 15 X 15 X 1§
A® box and subjected to a DFT-D2* convergent geometry
optimization. A Cl” ion was added to the asymmetric unit, and
Hirshfeld charges were assigned (Table S7). The creatine
cation and CI™ ion were assigned as independent motion
groups. A MC-SA approach within Polymorph (section 2.4.2)
was used to obtain 50,620 candidate structures. Candidate
structures were retained using Metric Set 1 (Table SS),
resulting in 464 structures. Subsequently, these underwent
truncated DFT-D2* geometry optimizations and were retained
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Figure 3. Experimental (blue) and simulated (black) **CI{'H} SSNMR for CreaHCl and CreaTHCI acquired at 18.8 T under (A) MAS and (B,
C) static conditions and at (D, E) 14.1 T under static conditions. The static spectra are either the coadded spectra (B, D) or the Fourier transform
of the first echo (C, E). The Fourier transforms of the individual echoes in the CPMG train static spectra acquired at 18.8 T are provided in Figure
S4.

Table 4. Experimental and Calculated **Cl EFG and Chemical Shift Tensor Parameters™ "

Cq (MHz) nq S0 (Ppm) Q (ppm) K a (°) B () r (©)
CreaHCI exp. 5.70(2) 0.29(2) 53(3) 76(10) —0.10(20) 355(10) 27(10) 247(10)
calc. —5.398 0.26 51.5 88.5 —-0.03 301 10 337
CreaTHCI exp. 4.42(5) 0.92(3) 57(2) 84(5) —0.75(10) 190(10) 40(S) 90(S)
calc. 4.159 0.85 64.6 93.2 —0.66 230 87 176

“The principal components of the EFG tensors are defined such that [Vi3l > IV,,l > IV,l. The quadrupolar coupling constant and asymmetry
parameter are given by Cq = eQV33/h, and g = (Vy; — Vy,)/ V3, respectively. The sign of Cq cannot be determined from the experimental 3¢l
spectra. “The principal components of the chemical shift tensors are defined using the frequency-ordered convention, with 8, > &,, > &;5. The
isotropic chemical shift, span, and skew are given by &, = (6, + 85, + 633)/3, Q = 8;; — 833, and k = 3(5, — i)/ Q, respectively. “The Euler
angles a, f, and y define the relative orientation of the EFG and chemical shift tensors using the ZY'Z” convention for rotation. 45C] chemical
shielding values were converted to the chemical shift scale by calculating the **CI chemical shielding on a DFT-D2* geometry-optimized structural
model of L-histidine HCI-H,O (HISTCMO1) and setting its chemical shift to 34.5 ppm.*®

Table S. Summary of the Number of Candidate Structures Table 6. Structural Validation for the Candidate Structures
Derived Using QNMRX-CSP from QNMRX-CSP
Metric Set # initial retained AEy, . » . .
1 50,620 N 464 structure # T'gpg (MHz)  (kJ/mol) Abvsp (A) R (%)
5 464 N 138 SCXRD 220 387814 0.000/0.047  25.20/0.00/1.43
3 138 N 25 SCXRD* 0.19 —0.028 0.047/0.000 24.12/1.45/0.00
4 25 N s 9—-695 0.22 0 0.052/0.008 24.40/1.07/0.37
4-78 0.22 0 0.057/0.013 24.09/1.48/0.03
9-705 0.19 0.003 0.057/0.013 24.23/1.29/0.15
using Metric Set 2, leading to 138 candidate structures. The 9—160 022 0.010 0.058/0.014 23.99/1.62/0.17
138 candidate structures then underwent convergent DFT- 10—602 021 0.012 0.057/0.014 24.04/1.55/0.10
D2* geome'try optlmlzatlogs and were retained using N[_etnc “The static lattice energy difference (AE,,,) between the five structural
Set 3, leading to 2§ candidate structures. These candidate models from QNMRX-CSP, normalized such that the lowest energy
structures had their unit cell parameters adjusted to match structure is Ey, = 0 kJ mol™". For SCXRD* and SCXRD, the AE,,
those obtained by indexing the PXRD pattern of CreaHCI values are reported with respect to 9—695 and 4—78 having E,, = 0 kJ
(Table 1) and subjected to a final round of convergent mol ™. ARbp values are calculated by comparing the QNMRX-CSP
geometry optimizations, followed by retention of 5 candidate structural model to the SCXRD structure (left), and to the convergent
structures via application of Metric Set 4. All five structural geometry-optimized SCXRD structure (right). “R-factors calculated
models exhibit similar packing motifs, indicative of the same using the simulated PXRD patterns for the structural models from

QNMRX-CSP are compared to the experimental PXRD pattern
(left), the simulated PXRD pattern of the SCXRD structure (middle),
and the simulated PXRD pattern of the geometry-optimized SCXRD
structure (right).

local energy minima and small differences in AE,,. Their
calculated **Cl EFG tensors agree well with experimental
values, as they all fall below the benchmark threshold of I'grg
< 0.49 MHz (Table 6), indicating that the structural models
are consistent with the **Cl SSNMR data. These structural
models also yield simulated PXRD patterns that visually align
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well with the experimental pattern (Figure 4), providing
qualitative agreement between the experimental and the
simulated patterns (vide infra).
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Figure 4. Experimental PXRD pattern of CreaHCl (top) and the
simulated PXRD patterns from the SCXRD structure (SCXRD),
DFT-D2* geometry-optimized SCXRD structure (SCXRD*), and
five candidate structures from QNMRX-CSP.

3.4. Single-Crystal X-ray Diffraction

SCXRD data were acquired on a single crystal of CreaHCI and
used to determine its crystal structure (Table S1). Visual
comparisons of the QNMRX-CSP and the SCXRD structures
of CreaHCl reveal similar packing motifs (Figure 5) and good
quantitative agreement with R and Afygp, ca. 1.4% and 0.056
A, respectively (Table 6). Further improvements in both R and
Afsp are observed from comparisons of the simulated PXRD
patterns from the QNMRX-CSP structures with those

SCXRD

QNMRX-CSP

@

[ / (@) 7

Figure S. Crystal structures of CreaHCl from QNMRX-CSP
(structure 9—695) and SCXRD data viewed along the three
crystallographic axes.

simulated from the DFT-D2* geometry-optimized SCXRD
structure (denoted SCXRD* in Figure 4 and Table 6), to ca.
0.10% and 0.012 A. These improvements are largely attributed
to the refinement of the hydrogen atom positions and indicate
that the QNMRX-CSP and SCXRD structures are in the same
local energy minima.

The validation of the QNMRX-CSP structures via
comparisons to the SCXRD and SCXRD* structures allows
for further analysis of the experimental PXRD pattern of
CreaHCI, where a peak at ca. 26.5° corresponds to some
impurity phase, since it does not appear in the PXRD patterns
of the other samples (Figure S3). This also supports the
conclusion that the impurity peak observed in the *C SSNMR
spectra of CreaHCI does not correspond to that of CreaTHCL

3.5. NMR Tensor Calculations and Peak Assignments

Chemical shifts obtained from DFT calculations can fully or
partially assist in peak assignments; however, their reliability
depends on the accuracy of the computational method as well
as the nature of the structural model. Benchmarked GIPAW
calculated chemical shifts on DFT-D2* refined structural
models yield chemical shift RMSD (Agy;sp, Tables 2, 3) values
of 3.1 ppm for *C and 5.2 ppm for *N,”*”> supporting their
utility for peak assignments when the experimental chemical
shift differences significantly exceed these values.

3.5.1. '3C Chemical Shifts. The calculated '*C chemical
shifts are in good agreement with experiment, with Agygp
values ranging from 2.64 to 3.72 ppm, allowing for the
unambiguous assignment of the peaks to carbon atoms (Table
2; Figure 1).

3.5.2. N Chemical Shifts. Most of the chemical shifts in
the "N spectra occur in narrow bands < 15 ppm, which makes
peak assignment from '°N chemical shift calculations alone
challenging, since the calculated SN chemical shifts have
Aysp values ranging from 4.04 to 6.35 ppm (Table 3). Hence,
better assignments were made using 'H—'"SN variable-contact
time CP/MAS NMR experiments (cf. section 3.2).

The experimental '*N chemical shift difference for the two
RNH, groups (sites N2 and N3) in CreaHCl is ca. 12 ppm.
Here, chemical shift calculations aid in peak assignment,
showing that the RNH, moiety at site N2 (&, = 85.5 ppm)
makes two H--Cl contacts, whereas that at N3 (5, = 73.6
ppm) has H--Cl and H--O contacts, accounting for their
distinct chemical shifts (Figure 6). The chemical shift
assignments for the RNH, moieties (sites N2 and N3) in
Crea-H,O cannot be made solely with DFT calculations due to
their small chemical shift difference (< 1.5 ppm), which lies
below the lower bound of ARy, values. Tentative assignments
were made by assigning the experimental '*N chemical shifts to
the calculated values that yielded the smallest Agygp value.
Further improvements in these assignments could come from
more accurate calculations of "N chemical shifts or the use of
advanced experimental techniques. For instance, two-dimen-
sional '"H—""N ID-HETCOR experiments’® may resolve this
issue as the two NH, sites differ in their hydrogen bonding
environments. One forms H---O hydrogen bonds of r(H--O) =
1.92 and 1.10 A with the deprotonated carboxylic acid, while
the other interacts with both a carboxylic acid and a water
molecule, with 7(H--O) = 1.85 and 2.09 A, respectively.
However, such experiments would require fast MAS rates, v,q,
> 50 kHz, which are unfeasible with our equipment at 100 K.
While achievable at room temperature, these conditions likely
necessitate "N isotopic enrichment to obtain a sufficient
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Figure 6. **Cl EFG tensor components V;, (red), V,, (yellow), and V; (blue) and the surrounding environment of the Cl™ ions in (A) tHCl and

(B) CreaTHCL

signal-to-noise ratio in a reasonable time. Alternatively, the
measurement of the N chemical shift tensors may help
differentiate these two sites.

CreaT and CreaTHCI each feature RNH, and R;R,NCH,
moieties, as well as an imidazole (R;R,N) moiety where the N
is deprotonated or protonated, respectively. These peak
assignments are trivial, even without DFT calculations. For
CreaT, only the RNH, resonance is intense at both contact
times, whereas for CreaTHC], both the RNH, and protonated
imidazole resonances show this behavior. In addition, the
calculated '°N chemical shifts agree with the large chemical
shift differences observed in the experimental spectra.

3.5.3. 3°Cl Electric Field Gradient Tensors. The values
of CQ(35 Cl) and 7q for CI” ions in organic HCI salts are well-
known to be influenced by H---Cl~ hydrogen bonds (i.e., r(H---
Cl) < 2.6 A);”7 in particular, the number of short contacts (i.e.,
r(H--Cl™) < 2.2 A) and their arrangement have the strongest
influences on the *Cl EFG tensor.>*®*’ For instance, the
large value of Cq and low value of 57 for CreaHCI suggest that
the structure features a single short contact (i.e.,, r(H-+Cl7)
2.2 A), and the EFG tensor is oriented such that the largest
component (Vj;) points along or near the direction of this
short contact. The CreaHCl structure determined from
QNMRX-CSP reveals that the CI™ ion environment has four
H--Cl” hydrogen bonds (Figure 6A), though only the
COOH--CI” hydrogen bond is representative of a short
contact (r(H--CI™) = 2.05 A); as such, V5, is oriented near this
bond.

The large Cq and high 77 for CreaTHCI sug§est a very
different arrangement of H--Cl~ hydrogen bonds.”****” The

3405

DFT-D2* geometry-optimized structural model of CreaTHCI
reveals that the Cl” ion environment has three H---Cl™
hydrogen bonds (Figure 6B), with only one of the RNH,
moieties making a short contact, though on the “long side” of
short contact (r(H:+Cl™) < 2.196 A). Interestingly, the three
hydrogen atoms from these three H---Cl bonds form an almost
planar triangle around the Cl™ ion, Y.[£(H:--Cl™-H)] =
359.98°, with V3; oriented approximately perpendicular to this
plane, and V|, oriented near the shortest contact.

The opposite signs of the C, values for CreaHCl and
CreaTHCI (ie., —5.398 and 4.159 MHz, respectively) are
consistent with many previous calculations of **Cl EFG tensors
where Vy; is directed near (V33 > 0) or perpendicular to (V5 <
0) a single short H--Cl~ contact, respectively.”****” We note
that these signs are available only from calculations and cannot
be determined directly from the **Cl SSNMR spectra.

4. CONCLUSIONS

We have demonstrated that PXRD and multinuclear SSNMR
are effective methods for distinguishing the different solid
forms of creatine and creatinine, detecting impurity phases,
and enabling de novo structural determination. However, given
the complementary strengths and limitations of each method,
their combined application is strongly advised. PXRD is a rapid
and accessible method for characterizing the different solid
forms; however, despite being able to observe an impurity
phase in CreaHCI, challenges still remain when trying to
resolve small-weight-percent impurities that may go unde-
tected. *C SSNMR was found to be a rapid and effective
method for characterizing Crea-H,0 and CreaT, as both
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featured distinct chemical shifts with minimal spectral overlap.
In contrast, the *C SSNMR of CreaHCl and CreaTHCI is
less informative due to their similar chemical shifts, making it
difficult to distinguish between the two solid forms. Nonethe-
less, one additional peak is present in the spectra of the former,
indicating the presence of an unknown impurity phase. "N
SSNMR is an effective method for characterizing all of the
materials studied herein. However, acquiring "*N spectra is
challenging due to the low natural abundance, which requires
long signal averaging times. To circumvent this, '*N spectra
were acquired at 100 K. This approach, however, has
limitations, including the need for cryogenic equipment that
can handle such low temperatures and the risk of phase
transitions in some materials under these low-temperature
conditions. Nonetheless, >N SSNMR could be effective for
detecting impurity phases from the desired product. The **Cl
SSNMR spectra of CreaHCl and CreaTHCI are distinct and
enable their spectral fingerprinting. However, small-weight-
percent impurities may be missed due to spectral overlap and
powder pattern distortions arising from T, anisotropy.
Additionally, the 3°Cl spectra provide insights into the complex
hydrogen bonding networks involving the CI~ ion and yield
33Cl EFG tensor parameters, which were critical for QNMRX-
CSP. QNMRX-CSP was subsequently used for the de novo
structural determination of CreaHCI, which, despite being
commercially available, had no previously reported crystal
structure. Subsequent SCXRD experiments were used to
determine the structure of CreaHCI, validating the structural
model determined from QNMRX-CSP. These results demon-
strate the potential of QNMRX-CSP for the de novo structure
determination in the absence of SCXRD data and its broader
application to other pharmaceutically and nutraceutically
relevant organic HCI salts. It is hoped that the results herein
will encourage future use of PXRD and SSNMR for the
characterization of the many solid forms of creatine and related
byproducts, and perhaps even the QNMRX-CSP determi-
nation of more crystal structures of these important
compounds.
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chemical computational methods used herein and in other
projects.
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