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Abstract Raman spectroscopy, X-ray powder diffraction/
X-ray crystallography and differential scanning calorimetry
have been used to study the phenomenon of co-crystal
formation in stoichiometric mixtures of salicylic acid with
benzamide. Raman spectroscopy was particularly useful for
the characterization of the products and was used to
determine the nature of the interactions in the co-crystals.
It was observed that little change in the vibrational modes
associated with the phenyl groups of the respective
reactants took place upon co-crystal formation, but changes
in intensities of the vibrational modes associated with the
amide and the carboxylic acid groups were observed upon
co-crystal formation. Several new vibrational bands were
identified in the co-crystal which were not manifested in the
physical mixture of both components and could be used as
diagnostic features of co-crystal formation.

Keywords Co-crystals - Raman spectroscopy - DSC -
Salicylic acid - Benzamide - Hydrogen bonding
Introduction

Co-crystallisation is a crystallisation method that allows the

binding of two or more building blocks within one periodic
crystalline lattice by hydrogen bonding, 7t-stacking and van
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der Waal’s forces [1-3]. The synthesis of crystalline
supramolecular structures mediated by hydrogen bonds is
of considerable importance [4-7]; the main difference
between co-crystals and salts, for example, is that in salts,
a proton is transferred from the acidic to the basic
functionality of the constituent free base molecule, or vice
versa if applicable, whereas in co-crystals, no such transfer
occurs [8]. On the other hand, the primary difference
between co-crystals and solvates/hydrates is the physical
state of the isolated pure components: If one component is a
liquid at room temperature, the crystals are designated as
solvates/hydrates; if both components are solids at room
temperature, the crystals are designated as co-crystals [9].

In the pharmaceutical context, the attraction of investi-
gation of co-crystal forms of drugs relates to four principal
factors [10]: design—many active pharmaceutical ingre-
dients (API) contain functional groups predisposed to
hydrogen bonding that can be exploited in a cogent way
to form pharmaceutical co-crystals; discovery—several
processes, including conventional solvent crystallisation,
solvent drop grinding and melt crystallisation, can be used
to produce diverse ranges of co-crystal forms of API;
diversity—pharmaceutical co-crystals exhibit different
properties compared with pure crystal forms of API;
development—co-crystals represent non-obvious forms of
APIs and therefore can represent intellectual property for
future exploitation. Recently, the increased interest is on
means of optimising the physicochemical properties of
solid dosage forms. In addition to potential improvements
in solubility, dissolution rate, bioavailability and physical
stability, pharmaceutical co-crystals frequently enhance
other essential properties of the APIs such as hygroscopic-
ity, chemical stability, compressibility and flowability [11]
(Scheme 1).

Co-crystals can be prepared through evaporation [12] or
cooling [13] of a heteromeric solution, co-grinding the
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Scheme 1 Molecular structures of salicylic acid (a) and benzamide (b)

components [14], sublimation and growth from the melt
[15, 16] or slurry [17, 18]. Solution crystallisation is the
preferred method of co-crystal formation, particularly to
obtain single crystals for structural analysis [19, 20].
Hydrogen bonding is one of the most important
fundamental interactions that cause association of organic
molecules, forming the building block units known as
supramolecular synthons. One example of a supramolecular
homosynthon is the molecular dimer that exists in crystals
of carboxylic acids (formation I). However, formation of I
is unlikely in competitive situations. Allen et al. [21]
determined the probability of formation of 75 bimolecular

hydrogen-bonded ring synthons in organic crystal struc-
tures. The probability of formation of I was found to be
only 33%. This relatively low probability was attributed to
competition with other hydrogen-bonded acceptors (e.g.
COO, pyridine N, amide C=0, S=0, P=0).

Another supramolecular synthon of interest would be the
molecular dimer that exists in crystals of organic amides
which may be typified by benzamide (formation II).

A third supramolecular synthon of original interest is
heteromeric hydrogen bond interactions between a phenyl
carboxylic acid and a phenyl amide, which is provided by a
dimeric species containing O--H-N and O-H--O hydrogen
bonds (formation III).

H
\
O—H-----0 —H---- O\ —H---- \
— _ 0\>7 _<>) _____ H_N\>* _<B_ _“>7
: 1I " 1 "

Ab initio calculations support the idea that the acid—amide
supramolecular heterosynthon (III) is favoured over (I) and

Table 1 Crystal data and struc-

ture refinement for (C;HgO3) Identification code

me_salisonic_Om

(C/H7NO)
Empirical formula

Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 29.79°
Absorption correction
Refinement method
Data/restraints/parameters
Goodness-of-fit on 2

Final R indices [/ > 2sigma(/)]
R indices (all data)

Largest diff. peak and hole

C14 H13 N 04
259.25

296(2) K

0.71073 A

Monoclinic

P2(1)/c

a=5.4523(3) A

b=9.6459(7) A

¢=23.9008(15) A

1,255.59(14) A®

4

1.371 Mg/m®

0.102 mm '

544

0.799 x 0.254 x 0.234 mm®
2.71-29.79°
“7<h<7,-13<k<13,-33<1<33
1,4890

3,583 [R(int) = 0.0211]

99.4%

None

a=90°
=92.716(2)°
4=90°

Full-matrix least-squares on F~
3583/0/224

1.033

R;=0.0422, wR,=0.1156
R;=0.0559, wR,=0.1263
0.278 and —0.181 eA”?
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Fig. 1 Raman spectra in
the 3,120- to 3,000-cm ™! region:
a BA, b SA and ¢ SA-BA

Raman Intensity

(I) [22-27]. Also, a survey of hydrogen-bonded co-crystal in
the Cambridge Structural Database [28] reveals that most of
them have been prepared using strategies that utilise suitable
combinations of chemical entities (or functional groups)
located on different molecules such that they would prefer to
interact and bind heteromerically, formation III, rather than
with themselves (homomerically, formations I and II) [29].

These observations are particularly relevant for the
design of co-crystals since robust supramolecular hetero-
synthons represent perhaps the most reliable and rational
route to co-crystals. Furthermore, complementary supramo-
lecular heterosynthons that seem to clearly favour forma-
tion of co-crystals are not limited to carboxylic acids.

Experimental

Materials

Salicylic acid (SA) and benzamide (BA) were purchased
from Sigma-Aldrich at >98% purity. These materials were

3120

3080 3060 3020 3000

Wavenumber/cm!

3100

used as received. The solvent (ethanol) was HPLC grade
and purchased from Reidel de Haén or Fisher Scientific.

Co-crystal formation was identified initially using
Raman spectroscopy and the difference in melting points
between the pure components and the product; the co-
crystalline structures were confirmed by X-ray powder
diffraction and single-crystal X-ray diffraction.

Co-crystallization via slow evaporation

A 1:1 molar ratio mixture of salicylic acid (100 mg,
0.724 mmol) and benzamide (87.70 mg, 0.724 mmol)
was dissolved in 15 mL of ethanol with slight warming
until dissolution was practically complete. The filtered
solution was then allowed to slowly evaporate at room
temperature.

Raman spectroscopy
Raman spectra of the co-crystal samples and those of the

single components were obtained using an inVia Raman
microscope (Renishaw plc.) with 785-nm stabilised diode

Fig. 2 Raman spectra in the
1,750- to 1,400-cm ! region: a
BA, b SA and ¢ SA-BA

Raman Intensity

1600 1550 1500 1450

Wavenumber/cm'!
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Fig. 3 Raman spectra in the
1,400- to 1,100-cm™ ! region: a
BA, b SA and ¢ SA-BA

Raman Intensity

1400

laser excitation. The laser power at the sample was
approximately 25 mW. A 50x objective lens was used,
giving a laser spot diameter (footprint) of about 2 pm at
the sample. Spectra were obtained for a 10-s exposure of
the CCD detector in the wavenumber region 3,600—
50 cm ' using the extended scanning mode of the
instrument.

1350 1300 1250 1200 1150 1100 1050

Wavenumber/cm!

Powder X-ray diffraction

Data were collected on a Bruker D8 diffractometer in
Bragg—Brentano 6—0 geometry with Cu Ka,, radiation
(1.5418 A) using a secondary curved graphite monochro-
mator. The X-ray tube was operated at 40 kV, 30 mA.
Samples were scanned in a vertical Bragg—Brentano (6/26)

Table 2 Assignments of major

bands of Raman spectra of Salicylic acid SA/BA Benzamide Assignment [33-36]
salicylic acid and benzamide
and their 1:1 co-crystal products 3,086m - 3,070m 7b (C-H) str
3,075m - 2 (C-H) str
- 3,065m (C-H) str
- 1,655m 1,685m Amide I
- 1,548m 1,569m Amide II
1,632s 1,612m - C=0 str
- 1,657m -
- 1,613 sh -
1,430w - - (O—H)c i.p. bend
- 1,498w 1,499w (CH) i.p. bend, (CC)str, (phCONH,) str
- 1,174m 1,179m ((CH) i.p. bend) mode 9a
1,383m - - (O-H)h i.p. bend
1,320vs Triplet 1,331, 1,322, 1,315 - (C-O)c str
- 1,164m 1,171m (in-plane C—H def) mode7a
1,241s 1,238s (C-O)h str
- 1,115w 1,122w ((CH) i.p. bend) mode 7a
1,150m 1,154m - 15(C—C) i.p. bend
1,029 1,035 - 18b(C-C)
873m - - (C-O)h torsion
805m - - —
str stretching, i.p. bend in-plane 769s, 778 sh 774s ((CH) o.p. bend) mode 6a
bending, def deformation, o.p. )
bend out-of- plane bending, ph 769s - (C-C) i.p. bend
phenyl ring, c= vibrational of - 746m -
the carboxylic group, h= vibra- _ 540m —

tional of the hydroxylic group
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Fig. 4 Raman spectra in the
1,070- to 110-cm ™' region: a
BA, b SA and ¢ SA-BA

Raman Intensity

geometry (reflection mode) from 5° to 40° (26) using a
0.005° step width and a 1.5-s count time at each step. The
receiving slit was 1° and the scatter slit 0.2°.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) profiles were
generated in the range of —50 to 160 °C using a TA Q2000
DSC instrument with an RGS90 cooling unit. Temperature
calibration was performed using an indium metal standard
supplied with the instrument at the appropriate heating rate
of 10 °C min ™', Accurately weighed samples (1-2 mg) were
placed in Tzero aluminium pans using a similar empty pan as
reference. The data were collected in triplicate for each
sample and were analysed using TA Instruments Universal
Analysis 2000 version 4.3A software.

Single-crystal X-ray diffraction
Single-crystal data were collected on a Bruker Apex II

CCD diffractometer with Mo Ko radiation (0.71073 A).
The structure was solved by direct methods with SHELXS-

1060 1050 1040 1030 1020

Wavenumber/cm’

97 and refined by a full-matrix least squares analysis on F>
with anisotropic displacement parameters for non-H atoms
in SHELXL-97.

Crystal data for salicylic acid—benzamide co-crystal Ci4H;;
NO,, M=259.25, monoclinic, a=5.4523(3) A, b=9.6459(7)
A, ¢=23.9008(15) A, «=90.00°, 3=92.716(2)°, y=296(2)
K, space group P2,/c, Z=4, (Mo Ko)=0.102 mm ',
14,890 reflections measured, 3,583 independent reflections
(Rint=0.0211). The final R, values were 0.0422 (I>20(1)).
The final wR(F?) values were 0.1156 (I>20(l)). The final
R, values were 0.0559 (all data). The final wR(F?) values
were 0.1263 (all data) (Table 1).

Result and discussion

The Raman spectra of salicylic acid, benzamide and the
mixture are shown in Figs. 1, 2 and 3, and the vibrational
wavenumbers and assignments are listed in Table 2. Raman
spectroscopic data were utilised first to evaluate whether the
complex is a simple physical mixture or a component of

Fig. 5 Raman spectra in the
550- to 200-cm ™' region: a BA,
b SA and ¢ SA-BA ;[

Raman Intensity

700 600 500 400 300 200

Wavenumber/fcm!
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Fig. 6 Raman spectra in the
1,750- to 1,300-cm™ ! region: a
BA, b SA, ¢ SA-BA and d a
SABA 1:1 physical mixture e

Raman Intensity

d

1750 1700

molecular ions. Salicylic acid contains a carboxylic group
and a hydroxyl group, whereas benzamide contains a
carboxyl group and primary amide group. It was found that
very little perturbation of the wavenumbers of the carbon—
carbon and carbon-hydrogen modes was observed in the
fingerprint region of the Raman spectra, indicating that these
structures were effectively the same in the co-crystal as they
were in the initial reactants. However, the vibrational bands
associated with the amide group of benzamide and the bands
associated with the carboxyl group of salicylic acid were
found to undergo significant changes, as shown in Table 2.

The peak at 3,086 cm™' (7b (C—H) stretching), 3,075 cm™ '
(2 (C-H) stretching and 3,065 cm™' (C—H) stretching mode
in the spectra of salicylic acid and benzamide, respectively,
appears as a broad peak centred at 3,070 cm ' in the
spectrum of the mixture, as shown in Fig. 1.

As shown in Figs. 1, 2, 3 and 4 and Table 2, during the
formation of a SA-BA crystal, the O—H and C=0 bands of
salicylic acid and benzamide are shifted to higher or lower
wavenumbers by 10 to 30 cm™ ', which suggests that the
molecular complex of salicylic acid and benzamide is a
co-crystal and not simply a mixture of these components

1650 1600 1550 1500 1450 1400 1350 1300

Wavenumber/cm!

salicylic acid [31, 32], the changes in the positions of
these bands point to the formation of intermolecular
amide—acid interactions as evidenced in the crystal
structure of the co-crystal (vide infra).

On the other hand, if the amide carbonyl group of
benzamide is involved in an intermolecular hydrogen bond,
it would also be expected to shift to a lower wavenumber.
As shown in Fig. 2 and Table 2, the Raman spectra for pure
benzamide in the starting material have bands at 1,685 and
1,569 cm™', corresponding to the amide I band and amide I
band, respectively. During the co-crystallisation of benza-
mide with salicylic acid, these bands in the co-crystal were
shifted to 1,655 and 1,548 cm ™!, respectively. The decrease
in amide I frequency of benzamide from 1,685 to
1,655 cem ! and from 1,569 to 1,548 cm ! in the SA
component indicates that the amide carbonyl group is
participating in a strong hydrogen bonding.

The Raman spectra for pure salicylic acid in the starting
material have strong bands at 1,632 and 1,322 cm ™' and
medium peak at 1,383 cm ' corresponding to C=0
stretching, (C—O)c stretching and (O—H)h in plane bend,
respectively. During the co-crystallisation, the band at

[30]. Whilst intramolecular and intermolecular hydrogen 1,632 cm ! was shifted to 1,612 cm !, the band at
bonding modes are shown by both benzamide and 1,383 cm ! disappears, and the peak at 1,322 cm '
Fig. 7 Raman spectra in the i
1,200- to 400-cm ™' region: a
BA, b SA, ¢ SA-BA and d a
SABA 1:1 physical mixture -
. l
g !"'._ b “I I | .
21\ J\ J\ J\
£
& 1
Cc
d
1200 1000 800 600 400
Wavenumber/cm™
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Fig. 8 Powder X-ray diffraction
pattern in region (6-20) 20: a '
SA-BA, b SA and ¢ BA
a
|
z |
5 |
] |‘ 1
£lb /| /|
¥ i i\
¢
J\ A
8 10 12 14 16 18 20
2 Theta
Fig. 9 Powder X-ray diffraction
pattern in region (20-40) 20: a |FI A
SA-BA, b SA and ¢ BA \ | '| I f l
a |Ir | I, | |
i l'JV\_/'I \/\/"\_J k\/“ﬂ'---_./-—fl IMMA_._/‘—/L/VM——NH
2 I
g I
£ |
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Fig. 10 Powder X-ray :
diffraction in region (5-30) 20: |
a SA-BA 1:1 physical mixture,
b SA-BA co-crystal, ¢ BA a y e ML e e Sin
and d SA ;
z|b
w
c
2 |
c 1
| f
d \ A B
5 10 15 20 25 30
wavenumber/ cmr!
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Fig. 11 DSC melting curves 20
of co-crystal, benzamide Benzamide
and salicylic acid ————  Salyeylic Acid
———+  cocrystal
15 -
5 5
= i
g 10 |
: |
2 f
5~ r |I
&Y
\/ \
" s = D
40 60 80 100 120 140 160 180

appears as triplet peaks at 1,331, 1,322 and 1,315 cm ™ ';

these observations indicate that the carboxylic group is
participating in strong hydrogen bonding, as shown in
Figs. 2 and 3. The peaks in the spectrum of benzamide
occurring at 1,179, 1,171 and 1,122 cm! can be attributed
to an in-plane C—H deformation mode (9a), in-plane C—H
deformation mode (7a) and in-plane C—-H deformation
mode, respectively. In a co-crystal, these bands were
shifted to 1,174, 1,164 and 1,115 cmfl, respectively (Figs.
5, 6 and 7).

The (18b(C—C)) in-plane bending band at 1,029 cm ™' in
the spectrum of the salicylic acid is shifted to higher
wavenumbers and appears at 1,035 cm ™' in the spectrum of
the mixture. Moreover, new peaks at 746 and 540 cm !,
which do not occur in either salicylic acid or benzamide,
appear in the SA-BA co-crystal. The peaks at 449 cm '
(9b) mode, 432 cm ' (16a) mode and 283 cm™' (C-O)h in-
plane bend are shifted to 444, 420 and 276 cmfl,
respectively. In the co-crystal, the peaks at 256 cm ' (10a
mode) in the spectrum of the salicylic acid and 242 cm™" in
the spectrum of the benzamide appear as a single peak at
249 cm™! in the spectrum of the co-crystal. Two new peaks
appear in the spectrum of the co-crystal at 189 and
160 cm™'. The Raman spectrum of the SA—BA 1:1 physical
mixture is shown in Fig. 8; it can be observed that the

Fig. 12 Hydrogen-bonded
acid—amide dimer motifs in the
1:1 co-crystal of benzamide
and salicylic acid showing the
numbering of the asymmetric
unit in the crystal

C(5A)

@ Springer
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physical mixture has very similar band signatures with the
raw material (SA and BA). Hence, the Raman data show a
clear distinction between the physical mixture and the SA—
BA co-crystal.

The powder X-ray diffraction (XRD) diffractograms of
the ethanol-recrystallised product of the specimen from
Figs. 8 and 9 are clearly different from those of the starting
materials and the co-crystal product, confirming the
presence of a new crystalline phase.

The XRD pattern of the co-crystal was compared with
the physical mixture (Fig. 10); it can be observed that the
co-crystal has a different XRD pattern from the physical
mixture. On the other hand, the diffraction pattern for the
physical mixture is a superposition of those of the raw
materials (Fig. 10).

Furthermore, DSC thermogram of the product exhibits
a melting endotherm maximum at 118 °C, providing
further support for a new crystal phase (Fig. 11). The
thermal behaviour of the new phase is significantly
different from salicylic acid (melting endotherm maximum
at 160 °C) and benzamide (melting endotherm maximum
at 127.8 °C).

A single crystal was selected from the product, and X-
ray structure determination confirmed the existence of a 1:1
co-crystal formed from salicylic acid and benzamide. The

O1A)

H(1AO) 0(1B)
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Fig. 13 Crystal packing in the 1:1 co-crystal of benzamide and salicylic acid viewed in orthographic projection down the a-axis of the unit cell

showing chains of dimer units linked through C=0O...HN hydrogen bonds

structure of the asymmetric co-crystal (Fig. 12) establishes
the stoichiometry of the co-crystal and shows the primary
structural motif as an amide—acid dimer established through
hydrogen bonding. Bond lengths in the individual mole-
cules of the co-crystal are unremarkable. Amide—acid
dimers are well-established motifs in crystal engineering.
In this case, the dimer motif is augmented by an
intramolecular hydrogen bond in the salicylic acid moiety,
formed by the phenolic hydrogen and the carbonyl of the
acid group. The crystal packing (Fig. 13) is dominated by
chains of dimer units propagating parallel to the b-axis of
the cell along the 2;-screw axis and formed through
hydrogen bonds between the second hydrogen of the amide

and the carbonyl of the amide group of the adjacent dimer
unit. The characteristics of the hydrogen-bonded network is
summarised in Table 3.

Conclusions

This study establishes that salicylic acid and benzamide form
a co-crystal in a 1:1 molar ratio through slow evaporation
from ethanol solution. The high selectivity and good
interpretational abilities of Raman spectroscopy make it
possible to identify spectral contributions from each chem-
ical constituent by a peak wavenumber comparison of single-

Table 3 Hydrogen bond dimen-

sions (d/A; £ /°) in the 1:1 D-H d(D-H) dH...A) £(D-H...A) d(D..A) A

co-crystal of salicylic acid and

benzamide O(1A)-H(1AO) 0.941 1.684 168.85 2.613 O(1B)
O(3A)-H(3AO) 0.903 1.807 146.73 2.609 0O(2A)
N(IB)-H(1 N) 0.889 2.243 167.80 3.118 O(1B')?

* Symmetry operation: —x — 1, N(1B)-H(2N) 0.918 2.055 166.41 2.955 0(2A)

y+1/2,—z+ 172
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component spectra (API and guest) and the two-component
sample material (APl/guest), thus allowing a direct assess-
ment of co-crystal formation to be made. Deductions from
interpretation of the Raman spectra have been substantiated
by X-ray diffraction and thermal methods.

Additional Information Available X-ray crystallographic informa-
tion for the crystal structures (PDF); this material is available free of
charge via the Internet at http:/pubs.acs.org. Crystallographic data
(excluding structure factors) for the structures reported in this paper
have been deposited with the Cambridge Crystallographic Data Centre
as supplementary publication nos. CCDC-756492. Copies of available
material can be obtained, free of charge, on application to the Director,
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: + 44 (0)
1223-336033 or e mail: teched@chemcrys.cam.ac.uk).
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