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a b s t r a c t

Co-crystals of phenazine and acridine with vanillin have been obtained by solvent-free reaction or ther-
mal treatment of the solid reactants: their structures, thermal behaviour and eutectic formation have
been investigated via single crystal X-ray diffraction, differential scanning calorimetry (DSC), variable
temperature X-ray powder diffraction and hot-stage microscopy (HSM). Polymorph screening of the
reagents has also been carried out.
eywords:
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. Introduction

The investigation of co-crystals, namely the crystalline mate-
ials obtained by the supramolecular association of two or more
olecules, is at the forefront in the field of crystal engineering,

ecause they represent a route to innovation for chemical and
harmaceutical industries [1–6]. Co-crystals often show differ-
nt chemical and physical properties with respect to those of the
eagents or of their mixtures; their intimate association in the
olid state affects solubility, dissolution rate, chemical stability, etc.
7,8]. Undoubtedly, the most common approach exploits the hydro-
en bond as the supramolecular linker of choice to bind together
he molecular components; co-crystals based on acid–base pairs
re particularly favoured [9,10]. On the other hand, in co-crystals
ormed by molecules carrying “hydrogen bonding donor” groups,
.e. –COOH, –OH, NH, etc. and molecules carrying “hydrogen bond
cceptor” groups proton transfer may occur, leading to the forma-
ion of charged species, i.e. a molecular salt. There is no precise
orderline between “all neutral” and “charged” hydrogen bonded
ystems, because the position of the hydrogen atom along the
–H· · ·A vector depends heavily on temperature and on the time

cale of the experiment used to evaluate the hydrogen position
11–13]. It is often necessary, therefore, to employ complemen-

ary techniques, such as solid state NMR, to understand the nature
f the hydrogen bonding interactions in co-crystals [14,15].

In this paper we report the preparation of co-crystals of acri-
ine and phenazine with vanillin. Phenazine, structurally related

∗ Corresponding author. Fax: +39 051 2099456.
E-mail address: dario.braga@unibo.it (D. Braga).

040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2010.04.021
to anthracene, is an important precursor in the synthesis of dyes
such as eurhodines, toluylene red, indulines and safranines [16].
Many phenazine compounds are found in nature and are produced
by bacteria [17,18]. Acridine, which possesses only one N-atom, is
also used as a precursor for the production of dyes [19] and some
valuable drugs [20–22]. Acridine and related derivatives bind to
DNA and RNA due to their abilities to intercalate [23].

We have chosen to co-crystallize these two structurally related
molecules with vanillin (see Scheme 1), a co-former carrying
the relatively weak –OH hydrogen bonding donor group, able to
interact with the acceptor N-sites on the rings. Vanillin is a nat-
ural product extracted from the vanilla bean and, although it is
mainly used as a flavouring agent in foods and beverages [24,25],
recently it has been studied also for its potential anticancer effects
[26,27].

This study is part of a larger investigation on the formation of co-
crystals and mixed-crystals of simple substituted phenyl rings [28].
More specifically we were interested in assessing, by a combined
use of single crystal and variable temperature powder diffraction
and thermal techniques (DSC and HSM), whether co-crystal for-
mation upon mechanical mixing of the reactants took place in the
solid state or in the presence of a liquid intermediate (eutectic)
phase. The mechanisms of mechanically activated processes are
still a matter of much debate [29]. A polymorph screening on all
reagents has also been carried out.
2. Experimentals

All reagents and solvents were purchased from Aldrich and used
without further purification.

dx.doi.org/10.1016/j.tca.2010.04.021
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:dario.braga@unibo.it
dx.doi.org/10.1016/j.tca.2010.04.021
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Scheme 1. Chemical sketches of (a) phenazine, (b) acridine and (c) vanillin.

.1. Polymorph screening

Phenazine. Phenazine was re-crystallized from different sol-
ents: re-crystallization from ethanol, acetonitrile, THF, dioxane
nd toluene invariably yielded pure form �, while concomitant for-
ation of � and � have been observed from dichloromethane and

ure form � was re-crystallized form nitromethane.
Re-crystallization of phenazine from hydrochloric acid 1N yields

rystals of phenazine hydrate, while from hydrochloric acid 15N red
rystals of phenazine hydrochloride are obtained.

Acridine. Re-crystallization of acridine from ethanol, acetoni-
rile, THF, dioxane and toluene yielded form II; form III was obtained
rom dichloromethane and ethyleneglycoldimethyl ether, while
orm IV was obtained from DMSO. Re-crystallization of acridine
rom p-xylene resulted in the concomitant formation of forms II
nd IV.

Vanillin. Re-crystallization of vanillin from ethanol, acetoni-
rile, dichloromethane, p-xylene, THF, dioxane, toluene and
itromethane yielded form I, while form II was obtained from iso-
ropyl alcohol.

.2. Slurry experiments
Thermodynamic stability of phenazine was established by stir-
ing a saturated solution of phenazine in nitromethane in presence
f both � and � solid forms. After 1 month the solid phase was
ecovered and was characterized as pure form �.

able 1
rystal data and details of measurements for the forms III–IV of acridine and co-crystals 1

Form Acridine III Acridine

Formula C13H9N C13H9N
Mol wt 179.21 179.21
System Monoclinic Orthorh
Space group P21/c P212121

a (Å) 6.0693(2) 6.1788(5
b (Å) 18.8181(7) 15.719(2
c (Å) 16.2830(5) 29.312(3
˛ (◦) 90 90
ˇ (◦) 95.155(3) 90
� (◦) 90 90
V (Å3) 1852.2(1) 2846.8(5
Z′ 8 12
Density (g cm−3) 1.285 1.254
F(000) 752 1128
�(MoK�) (mm−1) 0.075 0.074
Measured reflns 18,654 12,535
Unique reflns 4333 5880
Refined parameters 254 380
GOF on F2 0.914 0.860
R1 (on F, I >2�(I) 0.0472 0.0524
WR2 (F2, all data) 0.0950 0.0815
Acta 507–508 (2010) 1–8

2.3. Synthesis of co-crystals 1 and 2

Co-crystallization of phenazine and vanillin in solution has
been obtained by dissolving 0.1 mmol (0.018 g) of phenazine and
0.2 mmol (0.030 g) of vanillin in the minimum amount (∼4 mL) of
toluene required to obtain a clear solution with no solid residue;
long needles, suitable for X-ray single crystal measurements, were
obtained after 1 day by slow evaporation at 70 ◦C.

Crystals suitable for X-ray-analysis of 2 have been obtained
after 6 h by slow evaporation at 4 ◦C of 5 mL of a solution of
dichloromethane in which 0.1 mmol of acridine (0.018 g) and
0.1 mmol of vanillin (0.015 g) had been dissolved.

2.4. Grinding experiments

Phenazine (0.1 mmol, 0.018 g) and vanillin (0.2 mmol, 0.030 g)
were manually ground for 15 min in an agata mortar; an X-ray
powder diffraction measurement on the solid product showed for-
mation of pure co-crystal 1.

Acridine (0.2 mmol, 0.036 g) and vanillin (0.1 mmol, 0.015 g)
were manually ground for 15 min in an agata mortar: an X-ray
powder diffraction measurement on the solid product showed the
presence of a physical mixture of the starting compounds; even
grinding of the reagents in the presence of a drop of water was not
successful, and co-crystal 2 could not be obtained.

2.5. Heating experiments

Co-crystal 2 was obtained by heating the reaction mixture acri-
dine/vanillin in 2:1 molar ratio above the eutectic temperature
of the mixture, and leaving the melt to recrystallize in the air at
ambient conditions.

2.6. Crystal structure determination

Crystal data were collected on a Oxford Xcalibur S with Mo-K�
radiation, � = 0.71073 Å, monochromator graphite. Crystal data and
details of measurements are summarized in Table 1. SHELX97 [30]

was used for structure solution and refinement based on F2. Non-
hydrogen atoms were refined anisotropically. Hydrogen atoms
bound to carbon atoms were added in calculated positions. Mer-
cury [31] was used for the graphical representation of the results.
The program PLATON [32] was used to calculate the hydrogen

and 2.

IV 1 2

C28H24N2O6 C17H14NO2

484.49 528.58
ombic Monoclinic Orthorhombic

P21/n Pnma
) 4.0265(2) 13.296(1)
) 35.240(2) 17.836(1)
) 8.4977(6) 11.6104(7)

90 90
101.134(6) 90
90 90

) 1183.1(1) 2753.4(3)
2 4
1.360 1.275
508 1112
0.097 0.084
7031 6350
2629 2117
167 200
1.123 1.116
0.0621 0.0984
0.1481 0.1428
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ond distances. CCDC 763816–763821 contain the supplementary
rystallographic data for this paper. These data can be obtained
ree of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
rom the Cambridge Crystallographic Data Centre, 12 Union Road,
ambridge CB2 1EZ, UK; fax: (+44)1223-336-033; or e-mail:
eposit@ccdc.cam.ac.uk).

.7. Powder diffraction measurements

X-ray powder diffractograms were collected on a Panalytical
’Pert PRO automated diffractometer with Cu K� radiation and an
’Celerator detector equipped with an Anton Paar TTK 450 low-

emperature camera. The program PowderCell 2.2 [33] was used
or calculation of X-ray powder patterns on the basis of the single
rystal structure determinations.

.8. Differential scanning calorimetry (DSC)

The measurements were performed using a PerkinElmer Pyris
iamond DSC equipped with a model ULSP 90 intra-cooler. Tem-
erature and enthalpy calibrations were performed by using high
urity standards (n-decane and indium).

The samples (3–5 mg) were placed in aluminium hermetic pans.
eating was carried out at 5 ◦C min−1 in the temperature range

rom 25 to 190 ◦C.

.9. Hot-stage microscopy (HSM)

Contact preparations for optical microscopic experiments were
rystallized under controlled temperature on a glass slide; heating
emperatures in the range −50 to 190 ◦C were applied according
o the desired final crystal form. An Olympus BX41 polarization

icroscope equipped with a hot-stage Linkam LTS 350 was used,
ontrolled by the Linksys32 software, and the samples were heated
t different rates according to the experiment. An Infinity 1 cam-
ra connected to the microscope was used to take pictures of the
amples, and these have been analyzed with the Infinity Analyze
oftware.

. Results and discussion

.1. Co-crystals of phenazine:vanillin and acridine:vanillin

Co-crystals of phenazine:vanillin 1:2 (1) have been prepared by
irect grinding of the solid reactants and from solution (see Section
).

Comparison (see Fig. 1) between the powder diffraction pattern
easured on the bulk material of the solvent-free reactions and

hat calculated on the basis of single crystal data shows that the
olvent-free reaction is quantitative and yield the same product as
hat obtained from solution.

The structure of solid 1 is constituted of distinct supramolecu-
ar adducts formed by one phenazine and two vanillin molecules.
he two vanillin molecules lye almost orthogonal to the phenazine
lane and are connected each via an O(H)· · ·N hydrogen bond
O· · ·N 2.875(2) Å] to the two nitrogen atoms on the phenazine.
he phenazine molecules are stacked along the a-axis via �· · ·�
nteractions, with a distance between their planes of 3.37 Å, while
istances between the centroids of N-containing rings (in red and
reen in Fig. 2b) are 3.51 Å (Fig. 3).

The mono-hydrated co-crystal acridine:vanillin 1:1 (2) could

ot be obtained by simple mechanical mixing of the solid reagents.
he structural characterization was conducted on single crystals
btained from dichloromethane. Analogously to what observed in
olid 1, crystalline 2 is also constituted of discrete supramolecu-
ar adducts formed by two acridine and one vanillin molecules,
Fig. 1. Co-crystal 1: comparison between the XRPD pattern calculated on the basis of
single crystal data (bottom) and the one measured on the product of the solvent-free
reaction (top).

linked together via one water molecule, as shown in Fig. 4b. Two
distinct molecular layers are detectable in the packing: the first is
constituted only of vanillin and water molecules, while the second
contains the acridine molecules (see Fig. 4c and d). It is notewor-
thy that the acridine molecules arrange themselves preserving the
same �· · ·� stacking interaction that is also present in the form II
of pure acridine.

3.2. Thermal characterization

Thermal analysis of 1 has been carried out by differential
scanning calorimetry (DSC), variable temperature X-ray powder
diffraction (VT-XRPD) and hot-stage microscopy (HSM).

The DSC analysis of 1 shows an endothermic peak at 88 ◦C, which
is attributed to the melting of 1 also observed via HSM.

It has been possible to show that the co-crystal is generated via
formation of a eutectic phase, as can be shown by HSM experiments.
Two single crystals of phenazine and vanillin were placed in contact
and heated on the hot-stage device (Fig. 5). Melting of the eutectic
is visible at 79 ◦C, and at 50 ◦C on cooling the co-crystal crystallizes
as needles.

The formation of the co-crystal was observed also in the contact
preparation method for HSM reported in the literature [34]. First
a small amount of the higher melting component is melted on the
hot stage, so that it covers about half the area between a coverslip
and a glass slide, then it is cooled down and allowed to solidify. The
lower melting component is then placed on the other half of the
glass slide and melted: when the vanillin melts, the liquid gets in
contact with solid phenazine and formation of the co-crystal 1 is
observed.

In Fig. 6a it is possible to distinguish three zones characterized
by different composition: from left to right we can identify vanillin
form I, co-crystal 1 and phenazine �. On heating to 77 ◦C (Fig. 6b)
the eutectic between vanillin (left) and 1 (middle) melts, then at
80 ◦C vanillin also melts (Fig. 6c) and finally at 84 ◦C the co-crystal
1 melts (Fig. 6d). On cooling to 75 ◦C it is possible to observe re-
crystallization in needles of co-crystal 1 (needles in Fig. 6e, f).

A DSC characterization of 2 could not be made, as no pure form

of the co-crystal could be obtained.

The formation of crystalline 2 was observed in contact mode on
the HSM. The process, visually represented in Fig. 7, differs from
the one observed for 1. Melting and re-crystallization of vanillin,
which is now the higher melting form, results in the formation of

http://www.ccdc.cam.ac.uk/conts/retrieving.html
mailto:deposit@ccdc.cam.ac.uk
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ig. 2. Crystalline 1: (a) perspective view which shows the shift of the two molec
olecules (front view); (c) O(H)· · ·N interactions linking one phenazine and two va
wo different solid phases (spherulite and rectangular plates in the
eft part of Fig. 7a); on the right side of Fig. 7a acridine is visible.
o-crystals of 2 formed after 24 h, and constitute the central brown
trip in Fig. 7a. On heating, at 55 ◦C the eutectic between the vanillin
nd 2 melts (Fig. 7b), while the co-crystal melts at 63 ◦C (Fig. 7c, d).

Fig. 3. View of the packing along
f phenazine; (b) �· · ·� interactions and distances between centroids for the same
molecules; (d) �· · ·� stacking of phenazine molecules.
A variable temperature X-ray powder diffraction experiment on
the physical mixture of acridine:vanillin in a 2:1 ratio shows that
only the reagents are present at RT. Upon heating to 55 ◦C, melting
of the eutectic form can be seen. Contrary to what observed for 1,
the eutectic phase does not recrystallize as co-crystals of 2 until

the a-axis in crystalline 1.
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ig. 4. Crystalline 2: (a) the water molecule acts as a link between two acridine an
c) layer consituted of acridine molecules, (d) layer consituted of vanilline and wate

echanical stress with a glass rod is applied at RT; what is more,
eagents can still be detected in the final solid mixture. It is worth
oting that crystalline 2 is a monohydrate, as water is stoichio-
etrically absorbed from the air during the crystallization process

Fig. 8).
Grinding together acridine and vanillin, or kneading them in

he presence of a drop of water, did not result in formation of the

o-crystal, as evidenced by X-ray powder diffraction, which shows
he presence of a physical mixture of the reagents; this is quite
urprising, giving the low melting point of the eutectic between
cridine/vanillin and that locally temperature can increase consid-
rably as an effect of the mechanical grinding.
vanillin molecules via hydrogen bonding; (b) view of the packing along the a-axis;
ecules.

3.3. Polymorph screening of phenazine, acridine and vanillin

A polymorph screening of the reagents has also been carried out,
which consists of re-crystallization of the compounds at RT from
different solvents and from melt (see Section 2). Two polymorphs
of phenazine have been found, according to literature [35–37,38].
Liquid phenazine re-crystallizes as form �, which is the commer-

cial form. By a slurry experiment in nitromethane (see Section 2)
it was possible to establish that the � form is the thermodynam-
ically stable form at RT. Form � is obtained by slow evaporation
of nitromethane, while from all the other solvents employed only
form � is obtained. Re-crystallization of phenazine from solutions



6 D. Braga et al. / Thermochimica Acta 507–508 (2010) 1–8

Fig. 5. Crystals of phenazine (top) and vanillin (bottom in close contact): (a) 78 ◦C, on heating; (b) 79 ◦C, on heating; (c) 50 ◦C, on cooling.

Fig. 6. HSM analysis of vanillin and phenazine in contact mode: (a) 76.8 ◦C, on heating; (b) 77 ◦C, on heating; (c) 80.5 ◦C, on heating; (d) 84 ◦C, on heating; (e) 75.4 ◦C, on
cooling; (f) 65 ◦C, on cooling.
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reverse transition VIII → II was not observed and an X-ray pow-
der diffractogram corresponding to that of form VIII was collected
ig. 7. HSM analysis of vanillin and acridine in contact mode: (a) 37 ◦C, on heating
o-crystal 2); (d) 68 ◦C, on heating (only vanillin and acridine are left).

f hydrochloric acid at different concentrations yielded crystals
f phenazine hydrate and phenazine hydrochloride, for which we
eport the structural characterization as supplementary material.

Three polymorphs of acridine out of the six reported
orms[39,37,40–42] have been found by polymorph screening.
hase transition temperatures are listed in Table 2; the nomen-
lature is consistent with the one reported in the CSD [43].

Crystal structures of polymorph III and IV, obtained from

ichloromethane and DMSO, respectively, have been redeter-
ined, since in the CSD low quality data are deposited (see

upplementary material).
Form III is the commercial form and form II is the ther-

odynamically stable form at RT, as reported in the literature.

Fig. 8. VT-XRPD of physical mixture of acridine and vanillin.
55 ◦C, on heating (melting of the eutectic phase); (c) 63 ◦C, on heating (melting of

Re-crystallization from melt yielded form II. Form II transforms,
with an endothermic event, into a new high temperature form at
101 ◦C which we named form VIII; this solid-state transition is more
visible in samples obtained from melt than in samples obtained
by re-crystallization from solvent. The two polymorphs are enan-
tiotropically related, however, on cooling down the sample, the
(see SI), i.e. form VIII is a metastable form at room temperature.

Table 2
Physicochemical data for phemazine, acridine and vanillin.

Compound Polymorph Solid-to-solid
phase
transition, ◦C
(±1 ◦C)

Melting
point, ◦C
(±1 ◦C)

�H, kJ mol−1

(±0.1 kJ mol−1)

Phenazine � 174 23.5
� 175 23.6

Acridine II 101 2.2
VIII 109 17.0
III 106–109a 18.7
IV 89 16.2
V [37]
VI [39] 99 [39]
VII [39] 101 [39]

Vanillin I 82 22.4
II 80 20.7

a DSC curves of form III (commercial product) always yielded lower tempera-
ture with respect to those obtained from DSC curves of form III re-crystallized, as
expected.



8 imica

M
t
b
m

c
s
a
c
S
c
s
v

4

o
m
t
v
o
w

I
o
c
m
a

A

B

A

t

R

[
[

[
[
[

[
[
[

[

[
[

[

[

[
[
[
[

[

[

[
[
[

[
[
[

[
[
[
[

[
[
[
[

D. Braga et al. / Thermoch

Vanillin exists in four polymorphic forms [44], as detected by
cCrone by hot-stage microscopy (HSM); until now, however, only

he crystal structure of the thermodynamically stable form I had
een reported [45], as well as the powder diffractogram of the
etastable form II [46].
We found that spontaneous crystallization from the melt after

omplete melting yields two forms: form I, which grows as
pherulites, and form III, which forms upon slow-growing as rect-
ngular plates (according to McCrone). Both forms are visible in
ontact preparation method with both phenazine and acridine (see
I); however, we cannot exclude the presence of form II in the
ourse of our HSM experiments, because also form II have the same
pherulite morphology as form I. From polymorph screening of
anillin we obtained forms I and II (see Section 2 and SI).

. Conclusions

Structures and methods of preparation of two new co-crystals
f vanillin with phenazine and acridine are reported. The ther-
al behaviour and the relationship among the different forms of

he reagents is also shown. It is interesting to note that, although
anillin is mainly produced by chemical synthesis [24], until now
nly two forms detected by Mc Crone have been reproduced in bulk,
hile form III has been observed only in a hot-stage experiment.

The products have been analyzed by DSC, HSM and (VT)XRPD.
n both cases a eutectic melting point was detected and in the case
f the acridine–vanillin system it is at 55 ◦C. The formation of co-
rystal 2 is a liquid mediated reaction since it occurs only in the
elt, while the co-crystal 1 phenazine/vanillin can be described as
true solid state reaction.
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