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ABSTRACT: Creatine is the most widely used sports supplement in the world and is frequently recognized as a dietary staple among 
athletes. Two major supplement formulations are currently available for purchase on the US market: creatine monohydrate and crea-
tine hydrochloride. Creatine monohydrate has relatively low aqueous solubility, which hampers its ease of preparation by consumers. 
Creatine hydrochloride has excellent aqueous solubility; however, it exhibits a strong acidic taste with potentially harmful effects on 
dental health. New supplement formulations of creatine may boost athletic performance and, at the same time, provide better taste 
and convenience in preparation for consumers. Herein, we report of a mechanochemical synthesis of a 1:1 coamorphous formulation 
of creatine and citric acid, a-CCA. Milling of anhydrous creatine and anhydrous citric acid yielded a-CCA, which was found to be 
structurally stabile under dry conditions. Upon exposure to humid air, the coamorphous solid rapidly converted into a 1:1 cocrystalline 
formulation, c-CCA. Correspondingly, milling of creatine and citric acid, with at least one source present as a monohydrate, resulted 
in direct mechanosynthesis of the c-CCA cocrystal. The crystal structure of c-CCA was solved ab inito and refined from powder X-
ray diffraction data, and the obtained structure solution (P21/c space group, a = 23.836(4) Å, b = 5.229(1) Å, c = 11.835(2) Å, α = 
78.25(1) °) was evaluated by energy minimization calculations at DFT level. Close inspection of the crystal packing and hydrogen-
bonding network revealed the presence of creatine in zwitterionic form and of citric acid as a neutral molecule. Additionally, the 
coamorphous solid and the cocrystal were studied by infrared spectroscopy, differential scanning calorimetry and thermogravimetry. 
Aqueous solubility was evaluated using nuclear magnetic resonance spectroscopy with results demonstrating significantly improved 
aqueous solubility of the cocrystal (42.1 g/L) compared to that of commercial creatine monohydrate (13.3 g/L). The cocrystal formu-
lation was determined to be ~10x less acidic compared to commercial creatine hydrochloride. The simple, efficient, and scalable 
method of preparation, the phase-purity and high degree of crystallinity under ambient conditions and the increased solubility (com-
pared to the creatine monohydrate) and decreased acidity (compared to creatine hydrochloride) render the 1:1 creatine:citric acid 
cocrystal an improved and potentially marketable creatine supplement formulation. Furthermore, the mechanosynthesis of a coamor-
phous formulation under dry conditions and subsequent water-mediated cocrystallization can help elucidate the catalytic role of water 
in cocrystal formation and can inform future crystal engineering strategies applicable to a broad range of organic, solid-state materials, 
particularly pharmaceutics.    

INTRODUCTION 

Creatine, N-(aminoiminomethyl)-N-methyl glycine (Scheme 
1), is a naturally produced compound that functions as an inter-
mediary for the phosphagen energy system in humans and other 
vertebrates.1 Numerous studies have shown that supplemented 
creatine is an excellent ergogenic aid reported to significantly 
enhance both anaerobic exercise capacity and maximal 
power/strength performance during sets of maximal-effort mus-
cle contractions and single-effort sprints.2 Expectedly, its pop-
ularity as a fitness supplement soared among athletes and fos-
tered a market currently valued at $350–550 million in the US 
alone. The most frequently marketed form, creatine monohy-
drate, was introduced in the early 1990s as an oral supplement 
consumed via dissolution in beverages. In this regard, creatine 
monohydrate, even with its overwhelming market share, still 
has a significant drawback due to its rather modest aqueous sol-
ubility (13.3 g/L).3 Creatine hydrochloride was recently intro-
duced as an alternative supplement formulation with drastically 

increased aqueous solubility (≥150 g/L).4 However, character-
ized by a strong acidic aftertaste, the high degree of acidity as-
sociated with hydrochloride salts can adversely impact dental 
health. To the best of our knowledge, creatine monohydrate and 
creatine hydrochloride are currently the only mass-produced 
formulations available within the US market. This surge in pop-
ularity of creatine, in conjunction with explosive growth of the 
sports supplement industry, motivates the development and 

 

Scheme 1. Structural formulas of creatine and citric acid. 



 

eventual presentation of novel formulations of creatine. Several 
of these alleged forms have been reported without proper char-
acterization and remain questionable in their collective le-
gal/regulatory status.5 In the early 2000s, creatine salts such as 
creatine citrate, creatine pyruvate, and creatine ascorbate were 
patented.6 Out of all reported formulations, only creatine mon-
ohydrate and its anhydrous forms have been thoroughly studied. 
In fact, creatine monohydrate represents the most extensively 
studied sports supplement formulations in history from a bio-
chemical/metabolic perspective,1 in regard to supplement per-
formance,2 and crystallographic characterization.7–9 

We sought to apply crystal-engineering strategies to design a 
new creatine formulation with increased solubility. The same 
design principles used in formulating pharmaceuticals10-18 can 
be applied to supplements. The formation of cocrystals with bi-
ocompatible, highly soluble counterparts can be implemented 
to enhance the aqueous solubility of creatine, improving con-
sumer appeal and potentially efficacy as a supplement. Simi-
larly, the preparation of coamorphous solids has shown to be a 
new and potent crystal-engineering strategy for increasing the 
solubility and stability of pharmaceuticals. In this regard, mech-
anochemistry has emerged as a valuable tool for the preparation 
of new cocrystalline and coamorphous formulations.19-25 In its 
molecular structure, creatine features carboxylic and guanidino 
functional groups (Scheme 1), both of which are available for 
acid-base chemistry and cocrystal formation. We tested the pro-
pensity of creatine to engage in cocrystal formation with vari-
ous cocrystal counterparts; our screening experiments indicate 
that creatine does not readily form cocrystals. We attribute this 
to the possibility of proton transfer between the carboxylic and 
guanidino functional groups and the formation of strong inter-
molecular interactions between creatine zwitterions, as ob-
served in creatine polymorphs and hydrates.7–9 Usually, our sol-
vothermal crystallizations resulted in precipitation of physical 
mixtures containing creatine and counterpart. Interestingly, we 
found that mechanochemical synthesis of creatine with citric 
acid (Scheme 1) allowed for the unique synthesis of a 1:1 for-
mulation. We purposely chose citric acid as a counterpart as it 
is known to undergo glass transition upon cooling from a melt,26 
furthermore this acid is proven to form cocrystals27,28 and 
coamorphous solids.29 We hypothesize that, given its propensity 
to form a disordered solid, citric acid may be a good candidate 
for a coamorphous/glassy formulation with creatine, which 
could later be transformed into a cocrystal. In fact, milling of 
both compounds in dry conditions gave a coamorphous solid (a-
CCA) that is stable under dry conditions, but readily converts 
to a cocrystal (c-CCA) upon contact with ambient humidity. 
Milling in the presence of small amounts of water (via creatine 
hydrate, citric acid hydrate, or catalytic drop) directly yielded 
c-CAA. In this case, water plays a catalytic role in the crystal-
lization c-CAA, whereas a-CCA can be considered an interme-
diate in the process. Herein, we report these intriguing processes 
and their associated solid-state structures and physicochemical 
properties determined by using a combination of complemen-
tary methods: high-resolution powder X-ray diffraction 
(PXRD), infrared (IR) spectroscopy, thermogravimetric analy-
sis (TGA), differential scanning calorimetry (DSC), nuclear 
magnetic resonance (NMR) spectroscopy, and density func-
tional theory (DFT) methods.  

 

 

 

EXPERIMENTAL SECTION 

Materials. Creatine monohydrate (purchased from GNC), citric 
acid anhydrate (purchased from Fisher), and citric acid mono-
hydrate (purchased from Fisher) were used as received without 
further purification. Their purity was checked by NMR prior to 
usage. Creatine anhydrate was prepared by dehydration of cre-
atine monohydrate at 373 K for 3 h and confirmed with TGA. 
The anhydrous forms of creatine and citric acid were stored in 
a desiccator prior use. 

Mechanosynthesis of a-CCA. Creatine anhydrate (131 mg, 
1.00 mmol) and citric acid anhydrite (192 mg, 1.00 mmol) were 
transferred to a stainless-steel milling canister along with one 
stainless-steel ball bearing (4.0 g). The sample was milled for 
30 min at 30 Hz, resulting in a fine, chalky powder, which was 
transferred to a drybox under a nitrogen atmosphere.  

Mechanosynthesis of c-CCA. Creatine monohydrate (149 
mg, 1.00 mmol) and citric acid anhydrate (192 mg, 1.00 mmol) 
were transferred to a stainless-steel milling canister along with 
one stainless-steel ball bearing (4.0 g). The mixture was milled 
for 30 min at 30 Hz, yielding a sticky solid which was removed 
to dry on the benchtop for 24 h, resulting in a dry solid. Similar 
procedures were repeated using creatine anhydrate milled with 
citric acid monohydrate and creatine monohydrate milled with 
citric acid monohydrate, resulting in the same crystalline prod-
uct as confirmed by PXRD.  

PXRD. PXRD patterns were collected on a high-resolution 
laboratory Stoe Stadi-P powder diffractometer, operating in De-
bye−Scherrer (transmission) geometry. The diffractometer was 
equipped with a molybdenum X-ray source. Monochromatic 
Mo-Kα1 radiation was obtained by a primary Ge(111) mono-
chromator (centered at 0.7093 Å). Scattered X-ray intensity was 
simultaneously collected by two highly sensitive, linearly posi-
tioned silicon-strip (Mythen Dectris 1K) detectors. Sample 
preparation involved very gentle grinding of the materials in a 
pestle and packing in borosilicate capillaries with a 0.5 mm di-
ameter. During measurements, the capillary was rotated for im-
proved particle statistics. Diffraction data was collected at room 
temperature. Typically, diffraction patterns were collected in 
the 0–25° 2θ range for 2 h. The diffraction pattern used for 
structure solution and refinement was collected for 24h.  

 Crystal Structure Solution and Refinement. The powder 
diffraction pattern of c-CAA (Figure 1) was analyzed with the 
TOPAS-Academic V6 (Coelho Software, 2018) software. The 
indexing of the pattern was performed by the singular value de-
composition function.30 The indexing indicated a monoclinic 
unit cell, with a probable P21/c space group symmetry (later 
confirmed by a Rietveld31 refinement). Precise unit cell param-
eters were obtained by structureless Pawley fitting,32 using the 
fundamental parameter approach.33 During the Pawley fitting it-
erations, unit cell parameters, background coefficients (de-
scribed as a Chebyshev polynomial of 10th order), and parame-
ters describing both the peak profile and instrumental contribu-
tion (using the simple axial model) were simultaneously varied. 
Once the fitting converged, the crystal structure solution pro-
cess was initiated using precise unit cell parameters and a P21/c 
symmetry and completed by the real-space global optimization 
approach of simulated annealing using the Metropolis algo-
rithm.34 To decrease the degrees of freedom, rigid bodies de-
scribed in a Z-matrix notation were utilized.35 Based on the 
asymmetric unit cell volume, one creatine molecule and one cit-
ric acid molecule were used in the structure solution process. 
Considering the possibilities of proton transfer, as well as the 



 

conformational flexibility of the carboxylate group, hydrogen 
atoms were not included in the initial model (except for the hy-
drogens bound to aliphatic carbon atoms). To account for the 
small excess of electron density from the hydrogen atoms, the 
occupancy factors of the terminal oxygen atoms were set flexi-
ble within the 1-1.1 range. During the simulated annealing runs, 
bond distances and angles within the rigid bodies were kept 
fixed, whereas all possible dihedral angles were set flexible. 
The rigid bodies were freely translated and rotated in the asym-
metric unit until convergence. Once the optimization converged 
to a global minimum, the model was subjected to whole-pattern 
Rietveld refinement.30 Hydrogen atoms were added based on 
geometric considerations. During the refinement, all of the 
aforementioned parameters were freely refined, in addition to 
unit cell parameters, peak shape and profile parameters, back-
ground coefficients (described as a Chebyshev polynomial), 
bond lengths and angles within the rigid bodies (applying soft 
constraints), and thermal displacement parameters (defined as a 
single variable for each atomic type, except for hydrogen atoms, 
which were calculated as the thermal displacement parameter 
of the bonded atom multiplied by a factor of 1.5). The Rietveld 
refinement converged quickly with satisfactory figures of merit 
and a satisfactory difference curve. The Rietveld plot is given 
in Figure 1, and selected parameters and figures of merit are 
presented in Table 1.   

 

 

Table 1. Selected Structural, Crystallographic and X-ray Pow-
der Diffraction Data for c-CAA.  

 c-CAA 

λ (Å) 0.7093 

T (K) 293 

2θ range (°) 1 – 25 

Time (h) 24 

molecular formula C4H9N3O2 : C6H8O7 

crystal system Monoclinic 

space group P21/c 

a (Å) 23.836(4) 

b (Å) 5.229(1) 

c (Å) 11.835(2) 

α (°) 90 

β (°) 78.25(1) 

γ (°) 90 

V (Å) 1444.3(5) 

Z 1 

Rexp (%)a 0.02 

Rp (%)a 3.25 

Rwp (%)a 4.33 

RBragg (%)a 1.03 

No. of variables 104 
a The figures of merit are as defined in TOPAS-Academic V6. 

 

 

 

 

Theoretical Calculations. Geometry optimizations and vi-
brational frequency calculations for creatine, citric acid, and 
their cocrystal were carried out utilizing density functional the-
ory (DFT)36 with periodic boundary conditions, based on the 
B3LYP functional37,38 augmented with a modified empirical 
dispersion term (B3LYP-D*).39 The B3LYP-D* has proven to 
adequately account for electron correlation in crystalline sys-
tems and describing noncovalent interactions including hydro-
gen bonding.40,41 The pob-TZVP Gaussian-type basis set of tri-
ple-ζ quality was employed for describing C, H, O, and N.42 All 
DFT calculations were performed with the Crystal17 program 
package.43 Geometry optimizations including a full relaxation 
of both atomic positions and lattice parameters were carried out 
using the Monkhorst-Pack44 grid of 10x10x8 in combination 
with the convergence criteria of 10–7 for the Coulomb and ex-
change integrals. Harmonic vibrational frequencies and corre-
sponding normal modes were calculated at the center of the 
Brillouin zone (Γ point)44 to ensure that the relaxed structures 
correspond to local energy minima.  

IR Spectroscopy. IR spectra were collected with a Fourier 
transform infrared (FTIR) Thermo Fisher Nicolet iS50 spec-
trometer. The samples were prepared by grinding 1 mg of the 
sample with 100 mg of KBr and then pressing into a pellet.  

TGA. The thermogravimetric analyses of creatine anhydrate, 
creatine monohydrate, citric acid anhydrate, a-CCA, and c-
CCA were performed with a Netzsch TG 209 F3 Tarsus instru-
ment. Each sample was placed in an alumina crucible and 
heated from 25 to 1000 °C at a heating rate of 10 °C/min under 
a constant flow of nitrogen. 

DSC. DSC measurements for a-CCA and c-CCA were per-
formed on a Netzsch DSC 214 Polyma instrument in hermeti-
cally sealed aluminum pans, heated from 30 to 140 °C at a rate 
of 10 °C /min under a constant flow of nitrogen. 

 

Figure 1. Powder diffraction pattern and Rietveld refinement 
plot for c-CAA. Measured scattered X-ray intensity is pre-
sented as blue dots, the simulated pattern is presented as a red 
line, the difference curve between the measured and simulated 
patterns is presented as a green line, and Bragg reflections are 
given as blue bars (X-ray λ = 0.7093 Å). 



 

NMR Spectroscopy. All 1H-NMR spectra were collected on 
a Jeol 500 MHz spectrometer with a variable temperature probe. 
Experiments were setup with a 45° pulse and 10 s relaxation 
delay, with 16 scans per measurement. 

Solubility Measurements. The aqueous solubility of crea-
tine monohydrate and c-CCA was determined via NMR spec-
troscopy. The samples were weighed such that the maximum 
achievable concentration was 0.50 M. NMR tubes were pre-
pared by first adding the creatine monohydrate (45 mg) or c-
CCA (58 mg), followed by 600 µL of the internal standard so-
lution. The NMR tube was vigorously shaken with a Vortex 2 
Genie to form a suspension, which was then settled with the aid 
of centrifugation. NMR experiments were then measured with 
a relaxation delay of 10 s, allowing for 15-min dissolution peri-
ods after raising the temperature. The dissolved content was 
measured at 25, 35, 45, and 55 °C. 

pH Measurements. Three 15 mL solutions of 0.067 M cre-
atine monohydrate (149 mg), c-CCA (341 mg), and creatine hy-
drochloride (168 mg) were prepared and measured at room tem-
perature with a Mettler Toledo SevenCompact 220 pH/Ion Me-
ter and InLab Expert Pro-ISM probe stored in 3 M KCl solution. 
Quantitative dissolution/equilibration was allowed to take place 
overnight prior to the obtaining of pH values. The SevenCom-
pact 220 Meter calibration was performed using the 2, 4, 7, and 
10 predefined buffer group setting with standard solutions. Be-
tween each measurement (calibration and experimental), the 
probe was rinsed thoroughly with deionized water and dried 
with a Kimwipe. 

RESULTS AND DISCUSSION 

Mechanosynthesis and characterization of a-CCA. Our at-
tempts to form new formulations of creatine with various 
coformers by solvatothermal methods were unsuccessful; nu-
merous crystallizations at various conditions resulted in poly-
crystalline mixtures. In fact, creatine is poorly soluble in vari-
ous solvents, limiting the design of a broad screening procedure. 

Therefore, we sought to use mechanochemistry as an alternative 
strategy for cocrystal screening. One of our primary targets was 
producing new formulation of creatine with citric acid–a food-
grade and inexpensive chemical that can be used to alter various 
physicochemical properties of solid-state formulations, such as 
solubility and taste. Moreover, citric acid is known to undergo 
glass transition upon cooling from a melt,26 which is indicated 
towards the possibility for formation of coamorphous/glassy 
solids. In fact, ball milling of equimolar amounts of creatine an-
hydrate with citric acid anhydrate led to a supramolecular reac-
tion and formation of a coamorphous formulation, a-CAA. The 
powder diffraction pattern of a-CAA, shown in Figure 2a, fea-
tures a complete disappearance of Bragg peaks and presence of 
a broad halo from 4 to 20 ° 2θ with X-ray scattering maximum 
at 8 ° 2θ. As a control experiment, we performed ball milling of 
phase-pure creatine anhydrate and phase-pure citric acid anhy-
drate. As shown in Figure 2a, neither of these experiments re-
sulted in a polymorphic phase transition or amorphization. 
Therefore, the amorphization is not attributed to the mechanical 
impact, rather to a mechanochemical reaction.  

To gain further insight into the local structure of the product 
obtained by milling, the sample was studied using IR spectros-
copy. Figure 2b presents the IR spectrum of the coamorphous 
sample, together with the IR spectra of samples of phase-pure 
creatine anhydrate and citric acid anhydrate, prepared under 
identical conditions. The spectrum of the milled sample has 
markedly different spectral features compared to the spectra of 
the pure compounds. Expectedly, the spectrum of a-CCA fea-
tures a significant peak broadening and loss of fine structure, 
both of which are concomitants of the loss of long-order perio-
dicity. Namely, in the coamorphous formulation, each creatine 
and citric acid building block has a slightly different local struc-
ture that leads to a different local environment around the vi-
brating atoms, hence giving rise to red/blue shifts and broaden-
ing of the corresponding IR peaks.  

 

Figure 2. a) PXRD patterns and b) IR spectra of a-CCA (blue lines) and c-CCA (green lines). The PXRD patterns and IR spectra of 
milled samples of phase-pure creatine anhydrite and phase-pure citric acid anhydrite are shown for reference (black lines). 



 

The thermal analysis of a-CAA indicated that the coamor-
phous material is thermally stable up to a temperature of 129 
°C, as shown in Figure 3a. The decomposition profile features 
two consecutive steps, which can be assigned to the decompo-
sition of one equivalent of citric acid, followed by the decom-
position of one equivalent of creatine, confirming the expected 
1:1 stoichiometry. The decomposition temperature of a-CAA is 
significantly lower than the decomposition temperatures of 
phase-pure creatine anhydrate (220 °C) and citric acid anhy-
drate (164 °C), shown in Figure 3b. The different thermal de-
composition pattern of a-CAA further supports the hypothesis 
that the milling product is a coamorphous formulation and not 
a physical mixture of amorphous starting materials. In case of a 
physical mixture, the decomposition profile would mimic a su-
perimposed combination of the reactants’ decomposition 
curves.    

Mechanosynthesis and characterization of c-CCA. It is 
well-established that small, catalytic amounts of liquids can 
dramatically change the course of a mechanochemical reaction 
and lead to the formation of different products.21-26 We were 
particularly interested in studying the effect of water on the 
milling reaction, considering that creatine frequently comes in 
the form of a monohydrate. Moreover, water molecules can be 
incorporated into solid formulations to form the corresponding 
hydrates,25, 45 hence allowing for the synthesis of coamorphous 
of cocrystal hydrates. Additionally, water can serve as an agent 
for liquid assisted grinding (LAG),23 leading to products differ-
ent than those made by dry milling. We tested different strate-
gies for introducing water molecules into the mechanochemical 
process. First, creatine anhydrate and citric acid anhydrate were 
milled together with 0.056 µL of water per mg of sample (typi-
cal for LAG). Second, water was introduced in a crystalline 
form, as a compositional part of either creatine monohydrate, 
citric acid monohydrate, or both. Regardless of the origin of the 
water molecules, the mechanochemical reactions consistently 
resulted in a highly crystalline product. The powder diffraction 
pattern of the milling product is presented in Figure 2a. Close 

inspection of the pattern revealed that the material exists as a 
single phase, without detectable amounts of crystalline phases 
of creatine and/or citric acid. Thorough spectroscopic and ther-
mal analyses indicated that the crystalline product is an anhy-
drous cocrystal of creatine and citric acid, c-CAA, with a 1:1 
stoichiometry. The IR spectrum of c-CAA is remarkably simi-
lar to the IR spectrum of a-CAA, shown in Figure 2b. The sim-
ilarity between the IR spectra of both formulations points to 
similarities in their local structures and is indicative of a 1:1 
stoichiometry. The IR bands in the spectrum of c-CAA are ex-
pectedly sharper considering the high crystallinity. The 1:1 stoi-
chiometry was confirmed by thermal analyses; the TGA profile 
of c-CAA features a small mass loss (~4.8%) at low tempera-
ture (57 °C), which is characteristic for a loss of physisorbed 
water molecules, followed by a two-step decomposition profile. 
The similar TGA profiles of dried c-CAA and a-CAA, shown 
in Figure 3, further confirm that the coamorphous and the co-
crystalline formulation have the same stoichiometry and similar 
local structures. It should be mentioned that physisorbed water 
amounts are present only after synthesis of the cocrystal. Drying 
of the material on the benchtop for over 24 h results in a com-
plete removal of the water and production of anhydrous solid, 
as shown in the TGA curves presented Figure 3a.  

Crystal Structure Description of c-CAA. The structure and 
stoichiometry of c-CAA were proven by detailed structural 
analyses. The high crystallinity and phase purity of the material 
allowed for ab initio crystal structure solution and Rietveld re-
finement from the PXRD data. The Rietveld refinement re-
vealed that the c-CCA cocrystal adopts an ordered structure that 
can be described in the monoclinic P21/c space group. The 
asymmetric unit consists of one creatine and one citric acid 
counterpart. The crystal packing, shown in Figure 4, features 
creatine and citric acid double layers, repeating in the direction 
of the a-crystallographic axis. In the creatine double layer, each 
creatine interacts with three symmetrically equivalent creatine 
molecules, with hydrogen bonding with the carboxylic and 

 

Figure 3. a) TGA curves of c‐CAA measured directly after milling (black line) and after drying of the sample for 24 h at room 
temperature (green line). b) TGA curves of a‐CAA	(blue line)	and c‐CAA (green line). The TGA curves of phase-pure creatine 
anhydrite and phase-pure citric acid anhydrite are shown for reference (black dotted lines). 



 

guanidino functional groups, establishing two 𝑅ଶ
ଶሺ8ሻ and one 

𝑅ଶ
ଶሺ14ሻ supramolecular graph sets,46 in addition to various in-

termolecular chains, 𝐶ଶ
ଶ, and rings 𝑅

. The close intermolecular 
oxygenꞏꞏꞏnitrogen contacts (2.73(5) Å, 2.72(8) Å and 2.90(5) 
Å, Figure 4) indicate strong hydrogen bonds between symmet-
rically equivalent molecules. Similarly, in the citric acid double 
layer, each citric acid molecule interacts with five symmetri-
cally equivalent molecules, with the carboxylic functional 
groups forming one typical  𝑅ଶ

ଶሺ8ሻ synthon (with a close oxy-
genꞏꞏꞏoxygen contact of 2.66(8) Å) and several intermolecular 
chain as well as 𝑅

 intermolecular rings. The creatine and citric 
acid double layers are connected by two hydrogen bonds, one 
between the carboxylic groups of creatine and citric acid (oxy-
genꞏꞏꞏoxygen, 2.9(2) Å) and another, weaker one between the 
guanidino group and the carboxylic group (nitrogenꞏꞏꞏoxygen, 
3.1(7) Å). The hydrogen bonding scheme of creatine and citric 
acid is dominated by discrete, finite hydrogen-bonding patterns, 
forming various discrete graph sets, in addition to a 𝐶ଶ

ଶ intermo-
lecular chain.  

To inspect the stability of the experimental crystal structure, 
we performed detailed DFT energy calculations, using the 
B3LYP-D* functional. As a control experiment, we performed 
identical geometry optimizations on the reported crystal struc-
tures of creatine monohydrate and citric acid. The geometry op-
timizations of each structure confirmed that the experimental 
models are energetically stable. Small deviations are observed 
in regard to the unit cell parameters; these can be assigned to 
the presence of strain and stress in the crystal structures, which 
are not accounted for by the theoretical calculations. Im-
portantly, the overall crystal packing, and particularly the hy-
drogen-bonding network, are found to be in excellent agree-
ment between experiment and theory. The optimized crystal 
structure is provided as a CIF in the SI.   

Accurate classification of a solid-state formulation as a salt 
or as a cocrystal can impact the interpretation of the physico-
chemical properties47 and inform future applications of crystal 
engineering strategies as well as patenting procedures.48 Crea-
tine and citric acid can form both a cocrystal and a salt. Due to 
the intrinsic limitations of the method, laboratory PXRD cannot 

 

Figure 4. Crystal-packing diagram of c-CCA presented along the c-crystallographic axis (upper panel) and the b-crystallographic 
axis (upper panel). The packing is presented with four unit cells. Hydrogen, carbon, oxygen and nitrogen atoms are represented 
with white, gray, red and blue, respectively. 

 



 

be used to detail the position of the hydrogen atoms in the struc-
ture; however, salt/cocrystal characterization can be success-
fully performed by considering the supramolecular synthons 
and the pKa rule.49 Citric acid has pKa1 = 3.13, pKa2 = 4.76 and 
pKa3 = 6.39, whereas creatine has pKa1 = 3.5 and pKa2 = 12.46. 
An interaction between the guanidino group of creatine and a 
carboxylic group of citric acid (ΔpKa = 9.33) would result in the 
formation of salt, whereas the interaction between the carbox-
ylic groups would result in a cocrystal. Inspection of the hydro-
gen-bonding pattern in the structure of c-CAA clearly outlines 
a 𝑅ଶ

ଶሺ8ሻ synthon between symmetrically equivalent creatine 
molecules, with ΔpKa = 8.96 and relatively close oxygenꞏꞏꞏni-
trogen distances of 2.72(8) Å and 2.90(5) Å (Figure 5). It is safe 
to assume that the carboxylic groups of creatine can protonate 
neighboring guanidino groups and form creatine zwitterions. At 
the same time, the interaction between the guanidino group of 
creatine and the carboxylic group of citric acid is comparatively 
weaker, as evidenced by a significantly longer nitrogenꞏꞏꞏoxy-
gen distance of 3.1(7) Å. Furthermore, the presence of a 𝑅ଶ

ଶሺ8ሻ 
synthon between two creatine molecules excludes the possibil-
ity of a simultaneous presence of a protonated carboxylic and 
protonated guanidino groups.  

Coamorphous-to-Cocrystal Transformations. An intrinsic 
characteristic of amorphous solids is their lower stability com-
pared to their thermodynamically most stable crystalline coun-
terparts. Therefore, we sought to investigate the stability of the 
a-CAA as a function of temperature and humidity. 

Figure 6 presents the DSC curves of a-CAA and c-CAA col-
lected from 30 to 140 °C. c-CAA is characterized by a melting 
endothermic peak centered at 126 °C and a thermal decomposi-
tion peak centered at 138 °C, complementary to the TGA re-
sults. Heating of a-CAA leads to two distinct thermal events. 
First, an exothermic event is observed at 102 °C associated with 
crystallization of the coamorphous phase. Second, the crystal-
line phase undergoes melting at 135 °C, followed by thermal 
decomposition. Considering the similar thermal decomposition 
profiles of a-CAA and c-CAA (Figure 3a), we hypothesize that 
heating of a-CAA leads to crystallization into a cocrystal with 
a crystal structure closely related to c-CAA. Variable-tempera-
ture PXRD experiments, as well as quenching of the crystalline 
phase to room temperature, are underway.  

Next, we tested the behavior of c-CAA and a-CAA exposed 
to air humidity. The effects of humidity on solid formulations 
are well-documented in a number of processes, including hy-
dration of anhydrites,50 polymorphic,51 and amorphous-to-crys-
talline transformations,52 and cocrystal syntheses.53 Water plays 
a crucial role in the synthesis of c-CAA, and the cocrystal ex-
hibits hygroscopicity, physisorbing water molecules during 
the milling that can be later removed by aging at room temper-
ature overnight in air (Figure 3b). On the contrary, a-CAA can 
be prepared only under dry experimental conditions. To test the 
effect of humidity on a-CAA, we exposed a freshly prepared 
coamorphous sample to ambient humidity for 24h. As a control 
experiment, we stored the same amount of sample for 24h in a 
drybox. Figure 7 presents the PXRD patterns of the sample be-
fore and after aging at ambient and dry conditions. Stored in a 
drybox, a-CAA remained amorphous, as evidenced by the dif-
fraction pattern. On the contrary, exposure to ambient humidity 
led to crystallization of the sample; observed by the sample first 

 

Figure 5. Selected hydrogen-bonding pattern around the cre-
atine and citric acid in the structure of c-CCA. Hydrogen 
bonds are presented with dotted yellow bonds. Hydrogen, 
carbon, oxygen and nitrogen atoms are shown in white, gray, 
red and blue, respectively. 

 

 

Figure 6. DSC curves of a-CCA (blue curve) and c-CCA 
(green curve), showing melting of c-CCA at 126 °C, crystal-
lization of a-CCA at 102 °C, and melting at 135 °C. 

 



 

becoming sticky and then yielding a dry crystalline solid after 
being dried overnight. Rietveld refinement confirmed that the 
crystallized sample has the same crystal structure as c-CAA. In 
our experiments, we did not observe deliquescence of a-CAA 
or c-CAA.  

We hypothesize that the humidity-mediated crystallization of 
a-CAA into c-CAA proceeds in two steps. First, owing to its 
hygroscopic nature, a-CAA adsorbs water from the air. Next, 
the regions of a-CAA which are in contact with water mole-
cules exhibit higher molecular mobility, which can be associ-
ated with the plasticizing effects of water.54 The enhanced mo-
lecular mobility of creatine and citric acid in the amorphous 
state allows for local reorganization into the thermodynamically 
stable local geometry. The well-defined, directional hydrogen-
bonding network facilitates an attainment of long-order perio-
dicity and crystallization. Similar effects of moisture-enhanced 
and amorphous-mediated cocrystallization have been observed 
for pharmaceutical cocrystals.55,56      

Solubility. The aqueous solubility of creatine in c-CAA at 
room temperature, determined using NMR spectroscopy, is 
42.1 g/L. In comparison, the aqueous solubility determined for 
creatine anhydrate is 15.3 g/L. Figure 8 presents a plot of the 
molarity of the c-CAA and creatine monohydrate as a function 
of temperature. Cocrystallization of creatine with citric acid led 
to a nearly three-fold improvement of aqueous solubility com-
pared to the marketed creatine monohydrate (13.3 g/L).3   

Acidity. Considering the strong acidic aftertaste of creatine 
hydrochloric, decreasing the acidity of the formulations is 
highly sought after. Our measurements of the pH of c-CCA so-
lution resulted in a pH value of 3.32, whereas the pH of creatine 
hydrochloride solution was found to be 2.41. The ten-fold de-
crease of acidity of c-CCA may alleviate the adverse effects on 
dental health and improve the palatability.  

 

CONCLUSIONS 

In summary, we present a mechanochemical route for the 
preparation of coamorphous (a-CAA) and cocrystal (c-CAA) 
formulations of creatine with citric acid. Mechanochemical 
treatment of equimolar amounts of anhydrous reactants in dry 
conditions leads to the formation of a-CAA, whereas milling in 
the presence of humidity provides the formation of c-CAA. Wa-
ter can be introduced in the system as a LAG agent or as a crys-
talline part of the starting materials (either as creatine monohy-
drate, citric acid monohydrate or a combination of both).  

The high crystallinity of the cocrystal allowed for ab initio 
crystal structure solution and Rietveld refinement using the col-
lected powder diffraction data. It was found that the asymmetric 
unit of the crystal structure consists of one creatine and one cit-
ric acid counterparts. Close inspection of the intramolecular 
synthons and the hydrogen donor–acceptor distances between 
the guanidino and carboxylic groups of neighboring creatine 
molecules indicated to the occurrence of a proton transfer and 
formation of creatine zwitterions. Citric acid exists in a neutral 
form, engaging with neighboring citric acid molecules and cre-
atine zwitterions within a well-defined hydrogen-bonded net-
work. The crystal structure solution was further validated by ge-
ometry optimization and energy minimization using DFT meth-
ods. The experimental and optimized structure of c-CAA were 
found to be in excellent agreement. To gain further insight into 
the local structures, a-CAA and c-CAA were studied by vibra-
tional spectroscopy. The IR spectra of the coamorphous and co-
crystal show striking similarities, and we therefore conclude 
that a-CAA adopts a local structure similar to the cocrystal. 
This conclusion is corroborated by the similar thermal decom-
position profiles of both formulations, as observed by TGA. 
The thermal analyses confirmed that both formulations are an-
hydrates, consisting of 1:1 molar ratio of creatine and citric 
acid.  

 

Figure 7. PXRD patterns of a-CCA collected immediately af-
ter mechanosynthesis (blue curve), after 24-hr drybox storage 
(black curve), 24-hr storage under ambient conditions (green 
curve, transformed into c-CCA).  

 

Figure 8. Aqueous solubility of c-CAA and marketed cre-
atine monohydrate presented as the change in molarity as a 
function of temperature.  



 

It was found that a-CAA, while stable at dry conditions, read-
ily transforms to c-CAA upon contact with humidity. Metasta-
ble amorphous phases have been observed as intermediates in 
the synthesis of various pharmaceutical cocrystals; moisture-
mediated cocrystal synthesis is also well-documented. In this 
regard, a-CAA can be considered an intermediate phase in the 
synthesis of c-CAA. Therefore, the isolation and thorough char-
acterization of a-CAA may help better understand the mecha-
nism of cocrystal formation. 

Finally, the aqueous solubility of c-CAA was tested by NMR 
spectroscopy and compared with the solubility of marketed cre-
atine monohydrate. It was found that cocrystallization with cit-
ric acid leads to a solubility three-fold higher than that of com-
mercial creatine monohydrate. Additionally, the new formula-
tion has ten-fold decrease of the acidity compared to commer-
cial creatine hydrochloride, which can be potentially used for 
the improvement of the taste and alleviate the negative impact 
on dental health. We, therefore, conclude that c-CAA and sim-
ilar cocrystals have the potential to be marketed as ergogenic 
aid supplements in the fitness and wellness industry.  
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