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Abstract 

A hybrid salt–cocrystal methanol water solvate  of p-

coumaric acid (p-CA) and quinine (Q) with unex- pected 

stoichiometry was prepared by the slow evaporation 

technique. The crystals were analysed using single crystal 

X-ray diffraction. The structure was solved in the mono- 

clinic   space   group   P21    with   unit   cell     dimensions: 

a = 6.4061(4) Å , b = 26.232(2) Å , c = 10.9639(8) Å  and 

b = 103.707(2)°. The asymmetric unit contains one 

quininium cation, one p-coumarate anion and one molecule 

of p-CA, with water and methanol molecules playing a 

bridging role in the crystal structure. The thermal analyses 

of the crystals are reported together with kinetics of 

desolvation for the loss of  methanol. 
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Introduction 

 

The study of pharmaceutical multicomponent crystals is of 

current interest and has been recently reviewed [1]. These 

solids composed of two or more components, one of which 

is a pharmaceutically active molecule, often have enhanced 

physicochemical properties such as solubility, dissolution 

rates  and  stability  [2,  3].  Further  classification  of these 

 

 

 

 

 
 

solids into the broad categories of salts or cocrystals result 

from the position of the hydrogen atom between acceptor 

and donor groups; for salt formation there is complete 

transfer of the hydrogen atom. The rules governing salt and 

cocrystal  formation  have  been  developed  based  on   the 

differences  in  pKa  values  [4].  For  DpKa [3  the  resultant 

compound is a salt. If the pKa values of the individual 

components are similar then prediction becomes more 

difficult and a salt–cocrystal continuum exists [5]. Inter- 

esting and unexpected cases arise when the stoichiometry  

of the crystalline material is unusual. Coquerel et al. [6] 

reported  a  hybrid  salt–cocrystal  when  trans-N,N0-diben- 

zyldiaminocyclohexane crystallized with 2,3-diclorophe- 

nylacetic acid. The crystal structure contained one cation, 

two anions and two neutral acid molecules. Thus the 

compound is a salt because of the proton transfer and a 

cocrystal due to the hydrogen bonding of the neutral acid 

molecules. Recent examples in the literature where the 

asymmetric unit contains both the deprotonated acid and 

the neutral acid molecule include structures involving 3-

hydroxy-2-naphthoic acid, 2-hydroxybenzoic acid [7], 

2,4,6-trimethylbenzene-1,3,5-tricarboxylic acid, [8] ben- 

zene-1,3,5-tricarboxylic acid [9] and benzoic acid [10, 11]. 

Quinine (Q) is a well known drug used in the treatment of 

malaria particularly in the developing world [12] and p-

coumaric acid, (E)-3-(4-hydroxyphenyl)-2-propenoic acid, 

(p-CA) is a nutraceutical with potential anti-oxidant 

properties [13]. The cocrystals of p-CA with caffeine and 

theophylline have been determined [14]. In this paper we 

report a hybrid salt-cocrystal solvate of p-CA with quinine. 

Co-crystallisation of an equimolar mixture of Q and p-CA in 

a  50:50  (v/v)  solution  of  methanol/water  resulted  in  an 

unexpected  stoichiometry  Q
?

:p-CA
-

:p-CA:methanol:water 

of 1:1:1:1:1 found in the crystal. Scheme 1 illustrates the 

compounds used in this study. 
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Table 1   Crystal data and  refinement parameters 

Compound (Q?)(p-CA-)·p- 

CA·CH3OH·H2O 
? - 

 

 

 

 

 
O 

 
 
 

N 

Quinine (Q) 

 
O 

 
 

 
HO OH 

 

 
p-coumaric acid (p-CA) 

 

Scheme 1   Schematic  diagram of Q  and p-CA 

Molecular formula (C20H25N2O2    )(C9H7O3   )· 

C9H8O3·CH3OH·H2O 

Mw  (g mol
-1

)  702.78 

Temperature (K) 173 (2) 

Crystal system Monoclinic 

Space group P21 

a (Å ) 6.4061 (4) 

b (Å ) 26.232 (2) 

c (Å ) 10.9639 (8) 

b (°) 103.707 (2) 

Volume (Å 3) 1790.0 (2) 

Z 2 

l (mm-1)  0.094 

F(000) 748 

Index ranges h: ±8; k: ±35; l: -14,11 

No. of reflections collected 15990 

No. of unique reflections 4571 

Data/restraints/parameters 4571/2/494 

Goodness-of-fit 1.038 

qcalc  (g cm
-3

)  1.304 

Final R indices [I [ 2a(I)] R1 = 0.0384, wR2 = 0.0895 

R indices (all data) R1 = 0.0472, wR2 = 0.0940 

Experimental 
Largest difference peak and hole 

(e Å -3) 

0.197 and -0.167 

 
Crystal Growth 

 
Q and p-CA were obtained from Sigma Aldrich and used 

directly. Methanol was obtained from  Merck. 

Slow evaporation of a 1:1 mixture of Q and p-CA in a 

50:50 (v/v) solution of methanol and water resulted in 

crystals. 

 

 
Structure Analysis 

 
Unit cell parameters were determined from intensity data 

measured on a Bruker DUO APEX II [15] diffractometer 

using   graphite-monochromated   Mo-Ka   radiation.    The 

intensity data were collected by the standard phi scan and 

omega scan techniques, scaled and reduced using SAINT- 

Plus [16]. Direct methods were used and the refinement 

was completed by full-matrix least squares with SHELX- 

97 [17], refining on F
2
. X-Seed [18] was used as a graphical 

interface. All non-hydrogen atoms were found in the dif- 

ference electron density map and refined anisotropically. 

All of the hydrogens except the hydroxyl hydrogens and 

the hydrogen attached to the nitrogen were placed with 

geometric constraints and allowed to refine    isotropically. 

 
 

 
The hydroxyl hydrogens and the hydrogen attached to the 

nitrogen were located in the electron density map and were 

either allowed to refine isotropically or distance restraints 

were applied. Friedel pairs were merged for the final 

refinement. The crystal data is given in Table   1. 

 
Hot stage microscopy (HSM) 

 
HSM experiments were performed on a Linkam 395/PE 

instrument fitted onto a Meiji EMZ/8TR microscope which 

had a Canon camera attached. The crystals were  subjected 

to a heating rate of 10 K min
-1

. 

 
Thermal Analysis 

 
Thermogravimetry (TG) and differential scanning calo- 

rimetry (DSC) were performed on a Perkin Elmer 6 system 

with  a  nitrogen purge  of  20 ml min
-1

.  Experiments  were 

performed from 303 to 573 K with a scan rate of 10 K 

min
-1

.  Crystals  were  crushed  prior  to  analyses  and 
sample  masses of *5 mg were  used. Non-isothermal TG 

experiments were performed on crushed crystals at heating 

rates of 1, 2 and 6 K min
-1

. 
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Results and Discussion 

 

The structure was solved in P21 (Z = 2) with one quininium 

cation (Q
?

), one p-coumarate anion (p-CA
-

), one molecule of 

p-CA, one water molecule and one methanol molecule in the 

asymmetric unit (Fig. 1). One p-CA
- 

anion and one neutral p- 

CA molecule are linked via methanol and water bridges to 

form a ring-like hydrogen bonded network which can be 

described in graph set notation [19] as R4(24). Two p-CA
-

 anions, one Q
? 

cation and a water molecule connect to form a 

 
C25–O36. For the carboxylic acid of p-CA the C–O bond 

lengths  are  1.211(3) Å   for  C37–O48  and  1.307(3) Å   for 

C37–O47. Thus DDCO  = 0.001 Å  in the case of the p-CA
- 

and DDCO  = 0.096 Å  for p-CA which clearly distinguishes 

the neutral molecule from the  anion. 

For the Q and p-CA system the calculated DpKa & 4, thus 

salt formation was expected. According to a study completed 

by Aakeröy et al. [4] on 85 salts and cocrystals obtained from 

equimolar amounts of a carboxylic acid and an N-heterocycle, 
salt  formation  of  the  type  OH

-         ?
 

···N resulted  in  a higher 

smaller hydrogen bonded ring of the type R2(11). These are 

illustrated in Fig. 2 with the hydrogen bond geometries listed 

in Table 2. 

proportion of crystal structures with unusual stoichiometries. 

In our case the tertiary amine is protonated forming a charge 

assisted hydrogen bond (N
?    

OH
-

) to the p-CA
- 

anion and 

The two hydrogen bonded ring systems form a unit. 

Individual units related via the twofold screw axis are 

linked via the carboxylic OH of the p-CA to the quinoline 

nitrogen forming ribbons parallel to [010] (Fig. 3). Layers 

of quininium cations parallel to [001] are stacked between 

layers of the ring system  R4(24). 

The C–O bond lengths for the carboxylate moiety of the 

p-CA
-  

are  1.264(3) Å   for  C25–O35  and  1.265(3) Å   for 

the quinoline nitrogen forms a hydrogen bond (N···OH) to the 

neutral p-CA molecule. The methanol molecules occupy 

voids along [100] which are effectively cavities because they 

do not allow for the easy escape of the methanol molecules. 

This was confirmed using the programme Mercury [20] witha  

probe  size  of  1.4  Å ,  contact  surface.  This  is  illustrated  in 

Fig. 4. The lower half of these voids is comprised of car- 

boxylic  acid and  hydroxyl groups whereas the upper  half 

 
Fig. 1 Thermal ellipsoid plot of 

the hybrid salt cocrystal at 30 % 

probability 
 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 
Fig. 2 Hydrogen bonded rings 

in the hybrid salt–cocrystal 

solvate. Dashed lines indicate 
the R2(11) and the R4(24)  ring 

4 4 

motifs (11) 
(24) 
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Table 2   Hydrogen bond  parameters 
 

Donor Acceptor D•••A D–H/ H•••A D–H•••A 
(D) (A) (Å ) Å (Å ) (°) 

O22 O35 2.645(2) 0.92(4) 1.73(4) 177(3) 

O51 O35 2.778(3) 0.82(1) 1.966(6) 170(3) 

O46 O51 2.681(3) 0.90(4) 1.80(4) 164(3) 

O49 O48 2.714(4) 0.73(4) 1.99(4) 172(3) 

O51 O36
a
 2.734(2) 0.85(3) 1.89(3) 172(3) 

O34 O49 2.663(3) 0.85(4) 1.82(4) 175(4) 

O47 N1
b

 2.629(3) 0.95(5) 1.70(5) 163(4) 

N11 O36a
 2.706(2) 0.91(3) 1.82(3) 167(2) 

a   x - 1, y, z 
b  -x ? 2, y ? 0.5, -z ? 2 

 

 

 

Fig. 3 Packing diagram along [100] indicating the hydrogen bonded 

ribbons parallel to [010]. Dashed lines indicate O–H•••O, O–H•••N 

and N–H•••O hydrogen bonds. Hydrogen atoms not involved in H-
bonding have been deleted for  clarity 

consists of C–H bonds. Thus the voids are both hydrophilic 

(lower half) and hydrophobic (upper half). 

 
Hot stage microscopy (HSM) 

 
HSM revealed the thermal stability of the crystals. The 

HSM photographs are shown in Fig. 5. At 373 K (Fig. 5c) 

the rod-shaped crystals are still intact. The first visible 

indication of desolvation is at 426 K (Fig. 5d) which 

continues until 433 K (Fig. 5f). At 435 K the crystals melt 

(Fig. 5g). 

 

Thermal Analysis 

 

For the TG and DSC experiments crushed crystals were 

analysed whereas the thermal decomposition of large crystals 

were monitored in the HSM experiments. Thus we expect the 

onset temperatures for the various thermal events to differ for 

the TG and DSC results compared to the HSM results. In 

particular higher onset temperatures are expected for the 

release of gaseous components for HSM due to the diffusion 

barrier to be overcome given that the particle size is large. The 

TG curve (Fig. 6) showed an initial mass loss at *375 K due 

to the release of methanol (calculated mass loss 4.5 %, 

experimental mass loss 4.4 %). Immediately thereafter the 

water is liberated at *393 K (calculated mass loss 2.6 %) 

with simultaneous decomposition of the compound.    Two 

endotherms were observed in the DSC curve. The first endo- 

therm is due to loss of methanol at an onset temperature  of 

373.4 K followed by the loss of water and melt of the com- 

pound at 420.4 K. Thus there is good correlation between the 

TG and DSC results. 

 

 

Kinetics of Desolvation 

 

The kinetics of desolvation for the loss of methanol was 

studied  using the Ozawa [21], Flynn and Wall     [22] non- 

 

 
 

Fig. 4 a Spacefilling diagram with CH3OH molecules in ball and stick representation along [100] b CH3OH molecules (green) shown using van 

der Waals radii and c Mercury plot where a probe size of 1.4 Å  was used, showing the voids occupied by the methanol molecules 

b 

0 c 
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Fig. 5  HSM results at a 298 K, b 347 K, c 373 K, d 426 K, e 429 K, f 433 K, g 435 K and h 438 K 

 

 
 
 
 

Fig. 6  a TG and b DSC   curves 

1/Temp (K
-1

) 

Fig. 7  Plots of -log b versus 1/T 

 

isothermal model-free method. TG experiments were 

conducted at heating rates of 1, 2 and 6 K min
-1

. The TG 

curves were analysed at different % mass losses corre- 

sponding to the a range: 0.30–1 where: 

a ¼  ðmt — m0Þ=ðm1 — m0Þ 

m0 is the initial mass, mt is the mass at time t and m? is the 

final mass. 

Plots of –logb versus the reciprocal of the temperature are 

depicted in Fig. 7 with b = the heating rate. An acti- 

vation  energy  range  of  210–272 kJ mol
-1  

was  calculated 

from the slopes of the linear graphs. The high activation 

energy is consistent with the extensive hydrogen bonding 

linking the methanol molecules to both p-CA and p-CA
– 

and the observation that the methanol molecules occupy 

cavities. 

 

 

Conclusion 

 

A hybrid salt–cocrystal solvate was prepared from an 

equimolar mixture of Q and p-CA in a 50:50 (v/v) meth- 

anol/water solution. The crystal structure contains an 

unexpected   stoichiometry  with  a  quininium  cation,    p- 

–
lo

g
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coumarate anion, p-CA together with methanol and water 

molecules in the asymmetric unit. Non-isothermal kinetics 

of desolvation indicated a high activation energy range 

required for removal of the methanol solvent from the 

crystal lattice due to its location in   cavities. 

 

 

 


