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Introduction

As part of a program to develop a strategy for preparation
of cocrystals of crown ethers with dihydrogen bond donors
with a pre-designed structure,[1–5] we have carried out experi-

ments to co-crystallize phenyl
carbamate (PC) as hydrogen-
bond donor with crown ethers.
Carbamates, particularly phenyl
carbamate derivatives, are
known as compounds which ex-

hibit broad pharmacological activities.[6–9] During co-crystal-
lization experiments of crown ethers with PC we noticed
changes in the crystal habits, which prompted additional ex-
periments. These experiments have led to the discovery of
three previously unreported polymorphs of pure PC.

In this contribution, we report the results of studies con-
cerning the characterization of these newly discovered PC
polymorphs by a variety of methods including variable tem-
perature powder X-ray diffraction (PXRD), vibrational
spectroscopy (infrared and Raman), calorimetry (DSC) and
optical hot stage microscopy (HSM).

Results and Discussion

Crystallization : Traditional crystallization experiments were
carried out in which saturated solutions of PC were allowed
to evaporate from various solvents at slow evaporation rate
at room temperature. Crystallization from methanol and
acetonitile produced repeatedly form I in a few days and
crystallization from ethyl acetate produced form II in few
days. A suspected co-crystal of PC and benzo[18]crown-6
was obtained from solvent-drop grinding experiment[10] with
acetonitrile; the unknown substance is currently under in-
vestigation. Form III was observed only on the HSM,
PXRD and DSC when a sample of form II was heated. We
have not yet succeeded in producing a single crystal of this
form. The crystals of different habits are summarized in
Table 1.

Form I transforms to form II rapidly in methanolic solu-
tion in which the colorless square plates dissolve at the ex-
pense of the nearby growing colorless needles and plates.
The transformation proceeds until after 120 min the entire
sample has converted to the stable form (Figure 1). In other
cases the colorless square plates transformed directly and in-
stantaneously into form II (Figure 2).

Thus, form I undergoes both a solution-mediated phase
transformation and solid-state transformation to form II.[11]

In addition, form II transforms to form III by heating on the
HSM. The phase transformation was observed sequentially
as illustrated in Figure 3. The plate shaped form II was
heated from 25 to 147 8C. At 80.2 8C form II transforms to
form III. It is noteworthy that this observation is not in
agreement with the DSC result. The opaque plate of
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form III began to melt at 145.1 8C. The transformation pro-
cesses are summarized in Scheme 1 in accord with the DSC
observations.

Diffraction methods of analysis : The crystal structures of
form I and form II were determined by single-crystal X-ray
diffraction at room temperature. The ORTEP diagram and
atomic numbering for both forms are given in Figure 4.
Both structures are monoclinic centrosymmetric space
group P21/c with Z’=1. There are clear differences between
the unit cell parameters and the volume which are summar-
ized in Table 2. The calculated density of form II is higher
than from I by 4.6%. Thus, the two forms obey BurgerIs
density rule;[12] that is, the more stable form II has the

higher density. The molecular geometries of the two forms
are slightly different in terms of the torsion angle defined by
the phenyl ring and the carbamate oxygen. The most signifi-
cant structural difference between the two molecules in the
two forms is the torsion angle C7-O1-C1-C6 which is re-
duced from 98.4(4)8 in form I to 94.0(2)8 in form II.

PC has two proton donors and two oxygen acceptor that
can participate in hydrogen bond interactions. The hydrogen
bonding in the two forms may be compared conveniently
with the aid of graph set notation in order to understand the
structural similarities and differences of the hydrogen bond-
ing in the system and possibly shed some light on the rela-
tive stabilities of the different forms.[1,13–16] Tables 3 and 4
contain the geometric features and the lengths of the hydro-
gen bonds. Figure 5 shows the hydrogen bond motifs of the
two forms.

Form I is composed of ribbons along the c axis, with alter-
nating R2

2(8) and R4
16(16), due to the presence of the c glide.

In form II there is a translation relationship between mole-
cules along the a axis as shown in Figure 6, leading to a
ribbon composed of R2

2(8) alternating with R2
4(8). The hydro-

gen bonds perpendicular to these planes are similar, with
the two structures having identical C(4) and R2

2(8) motifs in
the first level graph set. The difference in the ribbon struc-
tures is consistent with the greater density of form II.

From the structural analysis of the two polymorphs it is
possible to propose a mechanism for the phase transforma-
tion. The rapid conversion from form I to form II in the
solid state is facilitated by the preservation of the hydrogen-
chain packing and the rearrangement of the carbamate
group to generate the more dense form. This would roughly
involve a flip of the phenyl ring in form I and the formation
of an additional R2

2(8) ring (and consequently the R2
4(8) ring)

with some additional relatively small rotational adjustment
of the molecules.

In this context, it is worth mentioning the resemblance of
PC and benzamide in their crystal structures and chemical
behavior. The disappearing polymorph of benzamide was

Figure 1. Solution-mediated phase transformation from form I to form II at room temperature.

Figure 2. Form II after solid-state phase transformation from form I at
room temperature.

Table 1. Various crystal habits of PC polymorphs.

Poly-
morph

Crystal descrip-
tion

Photograph

form I
colorless
square plates

form
II

colorless nee-
dles and plates

form
III

white needles
and plates
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one of the major challenges for chemical crystallographers
in the twentieth century.[17–25] Only recently the crystal struc-
ture of the metastable form was solved and the story was

completed.[26–28] Groth, who
summarized the earlier histori-
cal work in his 1917 compendi-
um of Chemical Crystallogra-
phy,[29] described the stable
form as a monoclinic prism.
The stable forms of both benza-
mide and PC are monoclinic,
P21/c. The stable form of benza-
mide also possesses the same
ribbon forming R2

4(8) and R2
2(8)

hydrogen-bond motifs as the
stable form of PC. Furthermore
the transformation process to
the stable form in both com-
pounds occurs via both solid-
state phase transformation and
solution-mediated phase trans-
formation.

The calculated PXRD of form I and form II is shown in
Figure 7. Variable temperature PXRD measurements indi-
cate that heating leads to transformation of form II to form
III as demonstrated in Figure 8.

IR and Raman spectra : The IR and Raman spectra
(Figure 9) provide spectral information corresponding to the
nature of the structural differences in hydrogen bonding in
the structures.[30] Major differences between the two poly-
morphs both at higher and lower wavenumbers in IR spec-
tra and higher wavenumbers in the Raman spectra are due
to changes in stretching and deformation vibrations of the
phenyl ring. In the spectral regions that are due to hydrogen

Figure 4. ORTEP diagram and atomic numbering of the molecule in
form II. Form I follows the same atomic numbering system.

Table 2. Crystallographic data of two PC polymorphs.

Form I Form II

crystal system monoclinic monoclinic
space group P21/c P21/c
a [K] 11.990(2) 5.119(3)
b [K] 6.352(1) 9.507(5)
c [K] 9.721(2) 14.436(7)
b [8] 103.01(3) 97.631(9)
V [K3] 721(2) 696.2(6)
Z’ 1 1
1calcd [Mgm�3] 1.263 1.309
R1 [%] 7.1 4.3

Table 3. Graph set matrices for the hydrogen-bond motifs of PC poly-
morphs.

Form II a b

a R2
2(8) –

b C1
2(4) C(4)

Form II a b

a R2
2(8) –

b R2
4(8) C(4)

Table 4. Hydrogen-bond lengths [K] of PC polymorphs.

Hydrogen bond a O2–H Hydrogen bond b O2–H

form I 2.11(3) 2.13(4)
form II 2.12(2) 2.14(2)

Figure 3. Phase transformation from form II to form III on a Kofler hot stage microscope. The onset of trans-
formation beginning at 80.2 8C in the second photograph is detected by the roughening of the crystal edge. At
145.1 8C form III begins to melt.

Scheme 1. The transformation processes of PC.
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bonding minor changes in the stretching vibrations of the
amide are observed at higher wavenumbers. The IR peak
positions are tabulated in Table 5.

The spectral differences are consistent with observation
that a significant difference between the two forms is associ-
ated mostly with the environment of the phenyl ring, while
the packing diagrams indicate that the hydrogen bonding in
both structures appears to be very similar, but the environ-
ment of the aromatic ring is indeed different.

Thermal methods of analysis : DSC traces of PC are given in
Figure 10. An endotherm of form I melting is observed at
141.7 8C (onset) with DHf=�3.684 kcalmol�1, and an endo-
therm of form III melting is observed at 144.4 8C (onset)
with DHf=�5.287 kcalmol�1. The transformation from form
II to form III occurs at 95.8 8C (onset) with DHt of

�0.3206 kcalmol�1 (Figure 10).
On cooling from the melt of
form III, an exothermic peak
corresponding to crystallization
of form III appears.

The appearance conditions of
PC polymorphs and the trans-
formation process emphasizes
the balance that exists between
kinetic and thermodynamic
conditions.[29] From these results
and the crystallization experi-
ments, we can conclude that
form I is the kinetically favored
form, form II is the stable form
at room temperature and form
III is the thermodynamically fa-
vored form only above 95.8 8C.

Conclusions

Co-crystallization experiments
of PC with crown ethers have
led to the serendipitous discov-
ery of three crystal forms of PC
which have been characterized
by a variety of techniques.
Forms I and II have been ob-

Figure 5. Hydrogen-bond motifs in PC polymorphs a) form I, b) form II.
The length of C(4) in form I is 2.13 K and in form II is 2.14 K.

Figure 6. Comparison of the hydrogen chain of a) form I and b) form II
of PC.
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tained from a number of solvents while form III was ob-
tained only by heating form II and was observed only transi-
ently in the DSC, HSM and PXRD. Form I transformed to
form II both through solution-mediated phase transforma-
tion and solid state transformation. A comparison of the
two structures of form I and form II provides a qualitative
model for the structural mechanism of the transformation.
The relatively small changes in IR and Raman peak posi-
tions imply that the major differences between the two
structures are associated with changes in the environment of
the phenyl ring as revealed in the single crystal structure
analysis.

Experimental Section

Phenyl carbamate was purchased from Alfa-Aesnar and used without fur-
ther purification.

Laboratory powder X-ray diffraction data were collected on a Huber
Guinier Camera 670 which was installed on an Ultrax 18-Rigaku X-ray
rotating Cu anode source, with a monochromator (focal length B=

360 mm) providing pure Ka radiation. A position sensitive image plate
camera was used for powder diffraction applying transmission geometry.

Single crystal X-ray diffraction data were collected on a Bruker SMART
1000 K diffractometer using MoKa radiation with a graphite monochro-
mator. The data were reduced by SAINT,[31] solved using SHELXS,[32]

and refined with SHELXL[33] in SHELXTL.[34] All the atoms (including
the hydrogen atoms) were located either in the structure solution or in
subsequent difference maps.

Optical microscopy studies were carried out on a Wagner and Munz
Kofler Hot Stage mounted on a Leica Galen III model microscope with
crossed polarized light.

IR measurements were performed using a Nicolet Impact 410 spectrome-
ter using a KBr disk.

Differential Scanning Calorimetry was carried out on Mettler Toledo
Star system. All measurements were run with heating and cooling rate of
5 8Cmin�1 in sealed Al pans.

Raman measurements were performed by placing the samples under a
microscope (Olympus, BX 41) interfaced to a confocal Raman spectrom-
eter (Jobin Yvon, Labram UV HR), driven by the Labspec 4.04 software.
Raman scattering was obtained following �10 mW diode laser excitation
at 784.79 nm. The dispersive spectrometer was equipped with a 600
linesmm�1 grating and combined with an air cooled charged coupled
device (CCD), containing 1024N256 pixels, for Raman signal detection.
A TV camera facilitated scanning the sample surface focusing the laser
beam on the point to be measured. Spectra were monitored by focusing
the laser beam manually or by employing a scannable x,y stage on partic-
ular points in the sample. The focusing was done by a X100/0.9 or a X50/
0.75 microscope objective to about a 1 mm spot diameter. A confocal pin-
hole of 100 mm diameter, before the entrance slit to the spectrograph, re-
jected fluorescence and Raman signals from out of focus planes. The
spectra were collected over 120 sec and accumulated twice from several
points in each sample.

Figure 7. Comparison between the calculated PXRD of form I and form
II at room temperature.

Figure 8. Variable temperature PXRD measurements for the transformation process of form II to form III. The black regions represent form II, the pale
gray region represents a transition state during the transformation (i.e., exhibiting both form II and form III) and the dark gray regions represent form
III with residue of form II.
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Figure 10. a) DSC thermogram of heating of Form II of PC. b) cooling of form III; c) heating of form I. Both
heating and cooling cycle at the rate of 5 8Cmin�1.
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