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Abstract: 5-Methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile has been crystallized as six solvent-free
polymorphs, which differ in the mode of packing and in molecular conformation. The conformational difference
results principally from the thiophene torsion relative to theo-nitroaniline fragment, which leads to different
crystal colors (red, orange, and yellow). Thermodynamic stability relationships between polymorphs have been
determined from solid-state conversions and calorimetric data of melting and eutectic melting. Vibrational
spectroscopy and ab initio calculations showed that most conformers in solution feature perpendicularly arranged
thiophene ando-nitroaniline fragments, although a minor population of more planar conformers also exist.
Crystallization has a stabilizing effect for more planar and higher dipole conformers over perpendicular ones
by 3-6 kJ/mol. The only exception to this pattern is the one polymorph containing weak intermolecular hydrogen
bonds.

Introduction
Polymorphism, the ability of a molecule to adopt different

crystal forms, is an important phenomenon for the study of
structure-property relationships,1-5 the effect of crystal forces
on molecular conformation,6-8 molecular-level control of
crystallization,9-12 and the prediction13 and design14 of crystal
structures. Systems having many polymorphs are beneficial to
such studies, because they allow broader explorations of the

potential energy hypersurface along intra- and intermolecular
coordinates. We report here that 5-methyl-2-[(2-nitrophenyl)-
amino]-3-thiophenecarbonitrile (C12H9N3O2S,1, Figure 1) pro-
duces at least six solvent-free polymorphs, all of which are
sufficiently stable to permit X-ray structural determination at
room temperature. This degree of polymorphism is unusual with
respect to current entries in the Cambridge Structural Database.
Our survey in May 1999, conducted in a manner similar to that
of the 1995 survey by Gavezzotti and Fillippini,1 found 321
polymorphic systems composed of C, H, N, O, F, C, and S, in
which 291 are dimorphic, 27 trimorphic, three have four
polymorphs, and none have five or more.15 Besides extensive
polymorphism, an interesting aspect of1 is its ability to adopt
significantly different conformations in different polymorphs
(conformational polymorphism),6 which lead to color and other
spectral differences between polymorphs.16,17

This study focuses on the relative thermodynamic stability
of the polymorphs of1. Unlike previous studies of conforma-
tional polymorphism that rely on force-field derived crystal
energies,6-8 we directly measured free-energy differences
between polymorphs, thus accounting for both energy and
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entropy contributions to crystal stability. The entropy effect,
although unimportant at 0 K, is necessary to treat enantiotropism,
a commonly observed18 phenomenon in which the stability order
of polymorphs changes with temperature. To characterize the
effect of crystal forces on molecular conformation, we also
determined the conformation of1 in solutions by vibrational
spectroscopy and ab initio calculations.

Experimental Section

The synthesis of119 and the preparation of its polymorphs were
carried out at Eli Lilly and Company. Six solvent-free polymorphs have
been identified (Figure 2): Form R (red prisms, mp 106.2°C), Form
Y (yellow prisms, mp 109.8°C), Form OP (orange plates, mp 112.7
°C), Form ON (orange needles, mp 114.8°C), Form YN (yellow
needles, mp not measurable because of thermal instability), and Form
ORP (orange-red plates, mp not measurable because of thermal
instability).20 The crystallization of1 showed poor polymorphic
selectivity. For example, all polymorphs (occasionally mixtures) have
been obtained from methanol solutions, and several polymorphs could
nucleate simultaneously (“concomitant polymorphs”)12 from a super-
cooled melt.

Because of this poor selectivity, we can provide only rough guide-
lines for polymorph preparation: Y was produced by solution-mediated
(“slurry”) conversion of any other form near room temperature; fast
crystallization favored the needlelike ON and YN; although obtainable
by heating R, solution-grown OP was obtained only with seeding and
tended to crystallize with ON; YN tended to crystallize first as
spherulites from a supercooled melt between a slide and a cover glass.

Crystal data for Forms Y, ON, OP, and R were collected using an
Enraf-Nonius CAD4 diffractometer with graphite-monochromated Mo
KR radiation (λ ) 0.71069 Å). Crystal data for Forms YN and ORP
were collected using a Siemens P4 diffractometer equipped with a

SMART 1000 CCD area detector with Cu KR radiation (λ ) 1.54184
Å). Lorentz and polarization corrections were applied to the data. No
absorption correction was made, except for Forms ON and OP, where
an empirical absorption correction based on the method of Walker and
Stuart was applied.21 Structures were solved by means of direct methods
(SHELX-8622 for Y, ON, OP, YN, and ORP; SIR8823 for R) and refined
using full matrix least-squares procedures (MolEN24 for Y, R, and ON;
SHELX-9325 for OP, YN, and ORP). Scattering factors were taken from
Cromer and Waber.26 All non-hydrogen atoms were refined anisotro-
pically. The hydrogen atoms of Forms Y, R, and ON were located in
the difference map and added to the structure factor calculations, but
their positions were not refined, except as noted in Supporting
Information. For Form OP, the hydrogen atoms were located in
successive difference maps and refined with a riding model, and
hydrogens of Forms YN and ORP were located and refined isotropi-
cally. Additional details of the crystallographic analyses are given in
Table 1 and the Supporting Information. X-ray powder diffraction
(XRD) was conducted using a Siemens Diffraktometer D5000.

IR absorption spectra were recorded using an IR microscope (Nicolet
60SXB). Solution IR spectra were recorded in carbon tetrachloride.
IR spectra of the supercooled melt were recorded at room temperature
through a liquid layer between two polished KBr disks produced by
melting. The melt preparation was also used to record spectra of thin
crystals after recrystallization, usually with enhanced spectral resolution.
Raman spectra were recorded using a Nicolet Magna 950 FT Raman
spectrometer with Nd:YAG laser excitation (1.064µm). Backscattered
radiation was collected from crystals packed in glass capillary tubes.

Differential scanning calorimetry (DSC) was conducted in crimped
aluminum pans using a Seiko DSC 210 under 50 mL/min nitrogen
purge. From the melting data of two polymorphs, i and j, the free energy
and entropy differences were calculated by:27

whereTmi and Tmj are the melting points of i and j,∆Hmi and ∆Hmj

their enthalpies of melting, and∆Cpmj the heat capacity change upon
melting j (estimated from the baseline shift across melting endotherms).
The subscriptTmi signifies that (Gj - Gi) and (Sj - Si) are evaluated at
Tmi. Equations 1 and 2 thus provide the segment of the (Gj - Gi) vs T
curve atTmi: eq 1, the value, and eq 2, the temperature slope [d(Gj -
Gi)/dT ) -(Sj - Si)].

Eutectic melting of the polymorphs was measured by DSC against
common reference compounds (RC), including acetanilide, benzil,
azobenzene, and thymol, which were chosen28 to reduce the melting
points of1 by different degrees. The data thus recorded were used to
calculate (Gj - Gi) at eutectic melting temperatures:

whereTei and Tej, are the eutectic melting points of i and j with a
common RC,xei and xej the eutectic compositions,∆Hmei and ∆Hmej

enthalpies of eutectic melting,∆Cpej the heat capacity change upon
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Figure 1. Molecular structure and atomic designations of1.

Figure 2. Photomicrographs of the polymorphs of1, showing different
habits and colors. From upper left, clockwise: R, Y, OP, ON, YN,
ORP.

(Gj - Gi)Tmi ) ∆Hmj(Tmi - Tmj)/Tmj +
∆Cpmj[Tmj - Tmi - Tmi ln(Tmj/Tmi)] (1)

(Sj - Si)Tmi ) ∆Hmi/Tmi - ∆Hmj/Tmj + ∆Cpmj ln(Tmj/Tmi) (2)

xej(Gj - Gi)Tei )
∆Hmej(Tei - Tej)/Tej - ∆Cpej[Tei - Tej - Tei ln(Tei/Tej)] +

RTei{xej ln(xej/xei) + (1- xej) ln[(1 - xej)/(1- xei)]} (3)
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melting the j-RC eutectic, and R the ideal gas constant. The subscript
Tei signifies that (Gj - Gi) is evaluated atTei. Equation 3 can be derived
under the ideal solution assumption through straightforward manipula-
tions of thermodynamic equations. Briefly, the procedure involves
constructing a thermodynamic cycle linking i and j that consists of
eutectic melting, temperature change, and dissolution as intermediate
steps. For the present system, the first of the three terms in eq 3
dominates. By symmetry, (Gj - Gi) at Tej is given by eq 3 upon
exchanging i and j. The reference compounds were obtained from
Aldrich and used without further purification.

Results and Discussions

Crystal Structures. Table 1 summarizes the crystallographic
data for the six polymorphs of1. The structures of Y, ON, and
R have been briefly described16 and those of OP, YN, and ORP
are new. The molecules in different polymorphs differ signifi-
cantly in the torsional angle C11-N1-C21-S (θthio); in the
order Y∼ YN > ON > OP> ORP> R, θthio changes by 83°
(Table 2), which brings the thiophene ring from being perpen-
dicular to nearly coplanar to the amino group. Conformers Y
and YN adopt essentially the same conformation. In addition
to θthio, smaller changes are observed in other torsional angles:
the phenyl torsional angles C21-N1-C11-C16 (θphen) differ
by 25° among the polymorphs; the nitro group is twisted out of
the phenyl plane by 18° in R and OP, but is approximately
coplanar in other polymorphs. The conformational differences
qualify Y and YN as conformational polymorphs of the other
polymorphs according to the criterion:∆I ) (∆Ix

2 + ∆Iy
2 +

∆Iz
2)1/2 >10%, where∆Ix, ∆Iy, and∆Iz are percent changes in

the three principal moments of inertia.16

Although most covalent bond lengths and angles do not
change significantly between the polymorphs, some exceptions
are observed (Table 2): the HN-C(thiophene) bond is signifi-
cantly longer, and the amino C-N-C angle significantly smaller
in Y and YN than in the other polymorphs; the C-CtN angle
deviates from 180° in several polymorphs, notably ON; the
amino nitrogen is not always coplanar with the thiophene plane
(see torsional angle C24-S-C21-N1), again most significantly
in ON. Longer HN-C(thiophene) bond lengths in Y and YN
correlate with the smallerπ-conjugation between the thiophene
and the amino lone pair in these conformers.

An intramolecular hydrogen bond exists between the nitro
and amino groups in all polymorphs, as would be expected.
The only good hydrogen bond donor thus engaged, one expects
no intermolecular hydrogen bonds. This is indeed the case in
all polymorphs but Y, in which the amino hydrogen makes a
short contact with the cyano group of a neighboring molecule.
The amino hydrogen of the (0,0,0) molecule approaches the
cyano N of the (-1,0,-1) molecule with d(N‚‚‚N) ) 3.13 Å,
d(CN‚‚‚H) ) 2.42 Å, andR(N-H‚‚‚N) ) 140°.29

All of the polymorphs have centrosymmetry, containing equal
numbers of molecules of opposite chirality in the unit cells.

(29) We stated previously that hydrogen bonding is exclusivelyintramo-
lecular (ref 16). However, reexamination of the structures revealed a weak
intermolecular hydrogen bond in Form Y.

Table 1. Crystal Data and Data Collection Parametersa

form Y ON OP R YN ORP

crystal system monoclinic monoclinic monoclinic triclinic triclinic orthorhombic
space group [No.] P21/n [14] P21/c [14] P21/n [14] P1h [2] P1h [2] Pbca[61]
description yellow prism orange needle orange plate red prism yellow needle orange-red plate
crystal size, mm 0.49× 0.47× 0.25 0.30× 0.15× 0.08 0.27× 0.22× 0.13 0.25× 0.13× 0.10 0.04× 0.075× 0.5 0.1× 0.2× 0.3
a, Å 8.5001(8) 3.9453(7) 7.9760(9) 7.4918(5) 4.5918(8) 13.177(3)
b, Å 16.413(2) 18.685(1) 13.319(2) 7.7902(5) 11.249(2) 8.0209(18)
c, Å 8.5371(5) 16.3948(4) 11.676(1) 11.9110(8) 12.315(2) 22.801(5)
R, ° 90 90 90 75.494(6) 71.194(3) 90
â, ° 91.767(7) 93.830(5) 104.683(8) 77.806(6) 89.852(4) 90
γ, ° 90 90 90 63.617(6) 88.174(3) 90
volume, Å3 1190.5(4) 1205.9(3) 1199.9(4) 598.88(7) 601.85(19) 2409.8(9)
Z 4 4 4 2 2 8
Dcalcd, g cm-3 1.447 1.428 1.435 1.438 1.431 1.429
T, K 293 293 295 293 296 296
radiationb Mo KR Cu KR Cu KR Cu KR Mo KR Mo KR
µ, mm-1 0.256 2.33 2.34 2.35 0.266 0.265
F(000) 536.0 536.0 536.0 268.0 268.0 1072
reflns collected 2095 2629 2612 2298 4239 15904
unique reflns 1956 2283 2437 2184 2690 2888
R 0.033 0.042 0.049 0.037 0.050 0.051
Rw

c 0.044 0.055 0.122 0.050 0.100 0.106
GOF 1.415 1.392 1.000 1.428 0.839 0.757

a Empirical formula: C12H9N3O2S. MW: 259.29.b Mo KR(0.71073 Å), Cu KR (1.54184 Å).

Table 2. Selected Structural Parametersa

form Y ON OP R YN ORP

C11-N1-C21-S (θthio), deg 104.7(2) 52.6(4) 46.1(4) 21.7(3) 104.1(3) 39.4(5)
C21-N1-C11-C12(θphen), deg -175.0(2) -173.3(2) -167.3(2) -150.0(2) -175.2(2) -174.3(3)
O21-N2-C12-C11(θnitro), deg -1.8(3) -4.4(4) -18.7(4) -18.4(3) -3.6(4) -3.5(5)
C24-S-C21-N1, deg 179.6(2) 172.1(2) 173.9(2) 174.0(2) 179.1(2) 173.8(3)
C-CtN angle, deg 177.9(2) 176.2(3) 178.6(3) 178.6(2) 178.5(3) 177.4(4)
Amino C-N-C, deg 122.8(2) 126.1(2) 126.2(2) 126.3(1) 123.9(3) 129.6(4)
HN-C(thiophene), Å 1.401(2) 1.386(3) 1.389(3) 1.386(3) 1.401(3) 1.384(4)
HN-C(phenyl), Å 1.377(2) 1.380(3) 1.380(3) 1.381(2) 1.365(3) 1.371(4)
O2N-C(phenyl), Å 1.446(2) 1.441(3) 1.445(4) 1.446(2) 1.447(3) 1.456(4)

a One of the two mirror-related conformers (θthio > 0) is described. Error in the last digit is indicated in parentheses.
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Apart from the intermolecular hydrogen bonds in Form Y, no
intermolecular contacts or special packing motifs appear sig-
nificant, which indicates that the primary mode of molecular
association in these crystals is van der Waals (dispersion,
dipole-dipole, etc.).

Thermochemistry. To determine the stability relationships
between the polymorphs, we first obtained qualitative stability
orders of the polymorphs through polymorphic conversions,
which were monitored by X-ray powder diffraction and Raman
spectroscopy. Melting and eutectic melting data were then used
to determine quantitative differences between free energies,
enthalpies, and entropies of polymorphs.

At room temperature, YN underwent conversions in hours
to days. Well-formed, solution-grown crystals of YN converted
to R and Y in days to weeks, beginning from the ends or cracks
and showing a migration of phase boundaries along the needle
axis. Melt-grown crystals of YN converted in hours to days to
Y, ON, or R, seemingly without discrimination. ORP underwent
a slow conversion at room temperature to Y (detectable in
several days). Room-temperature transformation in R was
observed only after years of storage, yielding isolated particles
of OP or Y among the R crystals (confirmed by manual isolation
followed by melting-point measurement). Y, ON, and OP
remained unchanged at room-temperature indefinitely.

Assisted by saturated solutions, all other forms converted
directly to Y between 20 and 60°C in hours to days. Heating
R in the dry state between 70 and 100°C caused conversion to
Y, OP, or ON in hours to days, seemingly without discrimina-
tion. These transformations resulted in pronounced color
changes, and in the case of R to ON, growth of orange “whis-
kers” from the initially red, prism-like crystals. Although the
R-Y and R-OP conversions led to no significant morphologi-
cal changes, single-crystal X-ray diffraction and light micros-
copy showed that these transitions produced microcrystalline
particles and occurred through migrations of phase boundaries.
Heating Y at 95°C caused a slow conversion (days to weeks)
to a mixture of ON and OP, which was accelerated upon
grinding the crystals. Y also converted to ON in an ethylene
glycol slurry at 90°C, producing fiberlike orange crystals. OP
and ON remained unchanged at 90-100 °C for weeks.

At 10 °C/min heating rate, four polymorphs (Y, ON, OP,
and R) melted as pure phases, without any solid-solid
transformation (Figure 3). YN and ORP, on the other hand,
underwent rapid solid-state conversion near 70°C, making it
impossible to measure their melting points. Figure 4 shows the
DSC feature of a YN sample, which converted exothermically
to Y and R (trace amount) before melting. In other samples of
YN, conversion to ON was also observed. Heating ORP caused
conversion to ON or Y.

The polymorphic conversions described above indicate a
complex relationship between the polymorphs. For example,
Form Y is the most stable at 20-60 °C, but less stable than
Forms OP and ON at a higher temperature (enantiotropy). Form
R is always less stable than Form Y above room temperature.

Figure 5 illustrates the use of melting and eutectic melting
data for determining the stability relationship between poly-
morphs, in this case between Y and ON. Near the melting
region, the high-melting ON is more stable than Y. Upon
successively reducing their melting points by the addition of
reference compounds, the melting order changed from ON>
Y (acetanilide), to ON≈ Y (benzil), and to ON < Y
(azobenzene and thymol). Thus, the stability order of ON and
Y reverses at approximately 70°C. The curve above the DSC
data represents the free-energy difference between ON and Y

calculated by eqs 1-3. The segment near the pure melting points
was obtained from eqs 1 (value) and 2 (slope). The individual
points were calculated using eq 3. The Y and ON lines terminate
at the liquid line (L, stable liquid; L-sc supercooled liquid).

Figure 6 shows the stability relationships between the
polymorphs obtained from melting and eutectic melting data
(Table 3). Table 4 summarizes the entropy and enthalpy
differences between the polymorphs, which were calculated from
the slopes of the∆G - T and∆G/T - 1/T plots, respectively.
Because some curvature is present in curve R, the two lowest-
temperature data points (from the thymol eutectics) were omitted
from slope calculations. Because of poor thermal stability, YN
showed eutectic melting with only thymol, the lowest-melting
reference compound. Otherwise, YN first underwent solid-state
conversions and then showed eutectic melting as a more stable
polymorph. The line YN in Figure 6 was constructed from the
thymol-eutectic data and the enthalpy of the YN-to-Y conversion
(Figure 4).30 The melting/eutectic melting data of ORP have
not been measured because of scarcity of material.

Figure 3. Melting endotherms of Forms R, Y, OP, and ON (left to
right) recorded at 10°C/min, each showing the homogeneous melting
of a unique polymorph. Inset: DSC trace recorded at 0.5°C/min of a
polymorphic mixture, showing better separated melting endotherms and
exotherms caused by crystallization from supercooled melt.

Figure 4. DSC trace of a sample of YN showing an exothermic
conversion (Event C) and subsequent melting as R (trace amount) and
Y. The area of C gives an estimate of the enthalpy difference of YN
and Y. This experiment used a faster-than-normal heating rate (20°C/
min) in an (unsuccessful) attempt to observe the pure melting of YN.
The faster rate caused thermal events to be more intense than those
seen in Figure 3.
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Solution Conformations.To understand the effect of crystal-
lization on molecular conformation, we investigated the con-
formational preference of1 in solution by vibrational spectros-
copy and ab initio calculations. Figure 7 shows the CN stretch
region of the vibrational spectrum. The solution spectrum
(recorded in CCl4) features a dominant peak at high frequency
and a red-shifted shoulder, in contrast to the sharp and
symmetrical crystal spectra. Since the CN stretch frequencyνCN

of an aromatic nitrile depends on the adjacent substituent
(increased by electron acceptors and decreased by electron
donors),31 the νCN of 1 is expected to be the highest nearθthio

≈ 90°, where the amino perturbation is the weakest, and to
decrease asθthio approaches 0 or 180°, where the amino
perturbation is the strongest. With the exception of YN, this
trend holds: in the order Y, ON, OP, ORP, and R,θthio decreases

and so doesνCN. Thus, the solution spectrum implies that
solution conformers are predominantly perpendicular (θthio ≈
90°), although a significant population of nonperpendicular
conformers is also present.

Conformer YN does not conform to theνCN-θthio correla-
tion: although conformers Y and YN are virtually identical,
theνCN of YN is approximately 10 cm-1 lower than that of Y.
This may result from the different chemical environment of the

(30) The enthalpy of conversion (HYN - HY) ) 3.0 kJ/mol provides the
temperature slope d(GYN - GY)/dT ) -(SYN - SY) ) -[(HYN - HY)-
(GYN - GY)]/T.

(31)νCN is 2229 cm-1 in benzonitrile, 2238 cm-1 in o-fluorobenzonitrile,
and 2213 cm-1 in o-aminobenzonitrile (Pouchert, C. J.The Aldrich Library
of FT-IR Spectra; Aldrich Chemical Co.: Milwaukee, 1985).

Figure 5. Illustration of the use of melting and eutectic data for
determining the stability relationship between polymorphs. Bottom:
melting endotherms of Y and ON as pure crystals and in the eutectics
with acetanilide, benzil, azobenzene, and thymol. Top: the∆G - T
curve calculated using eqs 1-3. The free energy of ON is plotted against
that of Y (horizontal line). The ON and Y lines terminate at the liquid
line (L: stable liquid, L-sc: supercooled liquid).

Figure 6. Stability relationship between polymorphs constructed from
melting and eutectic melting data. Each line represents the free energy
of a polymorph relative to Y (i.e.,G - GY).

Table 3. Melting and Eutectic Melting Dataa

form Y ON OP R YN

Melting
Tm, °C 109.8 114.8 112.7 106.2 (98)b

∆Hm, kJ/mol 27.2 25.1 25.5 26.0 (24.2)b

Eutectic Melting
RC ) acetanilide

xe 0.47 0.46 0.47 0.50 -
Te, °C 86.28 87.28 86.89 83.51 -
∆Hme, kJ/mol 23.2 21.5 21.5 22.2 -

RC ) benzil
xe 0.38 0.38 0.38 0.41 -
Te, °C 72.72 72.78 72.71 70.39
∆Hme, kJ/mol 22.7 21.7 21.7 21.7

RC ) azobenzene
xe 0.22 0.22 0.22 0.25
Te, °C 59.09 58.86 58.81 57.65
∆Hme, kJ/mol 21.8 21.5 21.5 21.2

RC ) thymol
xe 0.15 0.16 0.16 0.18 0.22
Te, °C 41.64 41.05 41.13 39.74 37.74
∆Hme, kJ/mol 17.6 16.6 16.6 17.3 15.8

a RC ) reference compound. The second decimal place ofTe has
been included to preserve the precision of thedifferencesbetween
eutectic temperatures, which was approximately(0.03°C, even though
theaccuracyof these temperatures, limited by indium calibration, was
(0.1 °C. b Tm obtained by extrapolating theGYN curve to the liquid
curve (Figure 6).∆Hm obtained by subtracting the energy of conversion
from ∆Hm of Form Y.

Table 4. Thermodynamic Parametersa

forms ∆H, kJ/mol ∆S, J/K/mol Tt,°C
Y ) LT ON ) HT 2.6 7.7 70
Y ) LT OP ) HT 1.9 5.3 72
Y ) S R) MS 1.4 3.0 c
Y ) S YN ) MS 3.0b c

a Enantiotropic systems: LT) low-temperature form, HT) high-
temperature form. Monotropic systems: S) stable form, MS)
metastable form.b From YN-Y enthalpy of conversion.c Tt > Tm

(virtual transition temperature of monotropic polymorphs).

Figure 7. The CN stretch bands of1. Bottom (left to right): Forms
R, ORP, YN, ON, OP, and Y. Middle: CCl4 solution (0.90 mM). Top:
supercooled melt at 22°C.
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CN group in the crystals. For example, the CN group in Y
participates in weak intermolecular hydrogen bonds, whereas
it does not in YN. Such effects can complicate the use of
conformational polymorphism as a way to determine conforma-
tion-spectrum relationships.32

Ab initio computational searches at the RHF/6-31G* level33

for lowest energy conformers yielded two mirror-related struc-
tures withθthio ) (88.4°, θphen) (174.6°, θnitro ) (0.7°. These
structures resemble those observed in Y or YN, which contain
perpendicularly relatedo-nitroaniline and amino thiophene
fragments, each fragment being approximately planar. The
potential energy (PE) as a function ofθthio has two barriers
(Figure 8): θthio ) 0° (7.3 kJ/mol) and 180° (15.3 kJ/mol). The
θthio ) 0° structure contains the S atomtrans to the amino
hydrogen, whereas in theθthio ) 180° structure they arecis to
each other. These barriers are insufficient for the separation of
the opposite enantiomers of1 at room temperature. In room-
temperature solutions (RT ≈ 2.4 kJ/mol), one expects a broad
distribution of conformers, both perpendicular (major) and
nonperpendicular (minor), with the nonperpendicular ones
obtained by either increasing or decreasingθthio from θthio ≈
90°.

Figure 8 also shows an increase in the molecular dipole
momentµ asθthio approaches 0°. This trend can be understood
in terms of the vectors connecting the electron-donating (amino)
and electron-withdrawing (nitro and cyano) groups: atθthio )
180°, the two vectors approximately oppose each other, produc-
ing a low molecular dipole, whereas atθthio ) 0°, they make a
more acute angle and a greater molecular dipole.

The solid circles in Figure 8 correspond to the energies and
dipole moments of the crystal conformers, which were calculated
by geometry optimization withθthio, θphen, and θnitro fixed at
the crystal values.34 The noncoincidence of the crystal points
with the PE curve indicates residual but not excessive confor-
mational strains caused by non-thiophene torsions (e.g., phenyl
or nitro).

Effect of Crystallization on Molecular Conformation. With
the aid of Figure 8, several effects of crystallization on molecular

conformation are recognized: the crystal conformers are not
uniformly distributed on the PE curve but are situated either
near the minima or on theθthio) 0° side of the minima;
conformer R, which is unstable in solutions, is selected for the
construction of crystals; from two essentially identical conform-
ers (Y and YN) grow crystals (Forms Y and YN) of the lowest
and the highest energies among the polymorphs studied.

To assess the effect of crystal forces on molecular conforma-
tion quantitatively, we partitioned the energy difference between
polymorphs into differences in conformational energy,∆EC, and
lattice energy,∆EL: ∆E ) ∆EC + ∆EL. ∆EL measures the
energetic consequence of constructing crystals using different
conformers. We calculated∆EL from ∆E, which is given by
∆H in Table 4,35 and ∆EC, which is obtained by ab initio
calculations. For those polymorphs that do not contain inter-
molecular hydrogen bonds, crystallization has a stabilizing effect
for the higher-energy conformers (ON, OP, and R) with∆EL

) 3.1, 3.8, and 5.8 kJ/mol, respectively (see Figure 9), over
the lowest-energy conformer YN.

This trend can be attributed to two factors: favorable packing
geometry of more planar conformers, and greater electrostatic
interactions between larger dipoles. The close-packing explana-
tion is consistent with the density data (Table 1). Molecules
similar to1 have been found to prefer planar geometries upon
crystallization, even when they are not strongly polar.6-8,36Since
1 has two planar structures (θthio ) 0 or 180°), the preference
for low-θthio conformers requires an explanation. One reason

(32) Bernstein, J.; Anderson, T. E.; Eckhardt, C. J.J. Am. Chem. Soc.
1979, 101, 541-545.

(33)Spartan 5.0; Wavefunction, Inc., 18401 Van Karman Ave., #370:
Irvine, CA 92715.

(34) Energies of crystal conformers were also calculated for molecules
directly “removed” from crystals. Ideal in principle, this method yielded
energies entirely unreasonable for single-bond rotamers (difference as much
as 200 kJ/mol). This problem arose mainly from the H positions that are
not well-determined by X-ray diffraction. To circumvent this problem, we
“relaxed” the hydrogen atoms by geometry optimization with all heavy
atoms frozen. Although this method produced energies that are reasonable
for single-bond rotamers, a significant difference between conformers Y
and YN (3.5 kJ/mol) was still considered too large, considering their nearly
identical conformations. This difference might have arisen from slight strains
caused by residual errors in heavy-atom coordinates, which need not be
great to cause energy differences of such magnitude., The Y- YN difference
vanished upon geometry optimization with onlyθthio, θphen, andθnitro fixed.
We considered results thus obtained as a “true” measure of conformational
energies of molecules observed in different polymorphs.

(35) At 1 atm, the difference between∆H and ∆E, the enthalpy and
energy differences between polymorphs, is negligible. This is seen from
their relationship∆H ) ∆E + P∆V, whereP ) 1 atm and∆V is the
difference in molar volumes between two polymorphs. At room temperature,
the P∆V term for the polymorphic pair of Y (most dense) and ON (least
dense) is (1 atm)(1/dON -1/dY) (259.29 g/mol)) 0.24 J/mol, which is much
smaller than the∆H values (several kJ/mol, see Table 4).

(36) Peterson, M. L.; Strnad, J. T.; Markotan, T. P.; Morales, C. A.;
Scaltrito, V.; Staley, S. W.J. Org. Chem.1999, 64, 9067-9076.

Figure 8. Conformational energy (bottom) and dipole moment (top)
as a function ofθthio, calculated at the RHF/6-31G* level. Solid circles
correspond to conformers observed in crystals: 1-R, 2-ORP, 3-OP,
4-ON, 5-Y, 6-YN.

Figure 9. Comparison of conformational energies and crystal energies.
YN ) reference form.
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for this bias may be the higher conformational energy nearθthio

) 180° than θthio ) 0°. Another may be the greater dipole
moments of low-θthio conformers, which are stabilized by
dipole-dipole interactions.

The stabilization of high-dipole conformers is consistent with
the red-shift of the CN band on going from a CCl4 solution to
the pure melt.37 Enhanced dipole-dipole interactions in the melt
are expected to stabilize high-dipole conformers or alternatively,
lower theθthio ) 0° barrier, thus allowing a greater population
of low-θthio conformers. An analogous effect has been observed
with 1,2-dihaloethanes (X) Cl, Br), whose gauche (dipole
bearing)-anti (zero dipole) energy difference is reduced upon
liquefaction by approximately 3 kJ/mol.38

Although they contribute insignificantly to the stability39 and
space-group preference40 of certain organic crystals, dipole-
dipole interactions may play a greater structure-determining role
in the crystallization of1 by virtue of its relatively large dipoles
(6-8 D). Investigations of analogues of1 revealed similar
preferences for perpendicular conformers in solutions and planar,
high-dipole conformers in crystals.41

The above explanation does not account for the stability of
Form Y: although constructed from a perpendicular, low-dipole
conformer, Form Y has the lowest energy among the poly-
morphs. This exception can be explained by the fact that Form
Y alone contains intermolecular hydrogen bonds. These inter-
molecular hydrogen bonds are undoubtedly weak, since the
amino hydrogen is already involved in an intramolecular
hydrogen bond and the lattice energy of Form Y is less than 3
kJ/mol below the other polymorphs.42 However, even such weak
intermolecular hydrogen bonds appear to reverse the stability
trend established by purely van der Waals forces.

The Energy-Entropy Interplay. The relative importance
of the energy and entropy contributions to the relative stability
of polymorphs (∆G ) ∆H - T∆S) can be measured by the
ratio T∆S/∆H, which is zero at 0 K (only ∆H important), 1 at

the transition temperatureTt (∆H andT∆Sequally important),
and > 1 aboveTt (T∆S more important). For the pair Y-R,
T∆S/∆H ) 0.85 at the melting point of R, indicating that
although Form Y is still more stable, the entropy term is now
a significant portion of the energy term. For the pairs Y-ON
and Y-OP, at the melting point of Y, the entropy term has
exceeded the energy term by approximately 10%, indicating a
reversal of stability at some lower temperature.

Repeating the analysis at room temperature (using the same
∆H and ∆S values as in Table 4 andT ) 298 K), we found
T∆S/∆H ) 0.67 (R-Y), 0.88 (Y-OP), 0.87 (Y-ON). Thus,
even though the entropy term has not overcome the energy terms
at room temperature, the magnitude of the entropy terms is not
negligible. This observation underscores the importance of
including the entropy effect in the investigation of conforma-
tional polymorphism.

Conclusions

Several competing factors account for the complex stability
relationships between the six polymorphs of1: the preference
for perpendicular conformations in solutions, the preference for
planar/high dipole conformers in crystals, the formation of
intermolecular hydrogen bonds in Form Y alone, and the
thermodynamic tendency toward low energy (provided by close
packing) and high entropy (provided by more open structures).
The interplay of these factors is likely the origin of an unusual
degree of polymorphism displayed by this system.

From a practical point of view, the existence of at least six
polymorphs within a small free-energy range and a broad
conformational distribution in solutions and melt undoubtedly
contribute to the poor polymorphic selectivity of crystallization
and concomitant polymorphism. Given the poor thermodynamic
selectivity, it would be interesting to investigate kinetic means
through which polymorphic selectivity can be improved.
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(37) The temperature at which the melt spectrum was measured (22°C)
is well above the glass transition temperatureTg of 1 (-13°C), thus ensuring
internal equilibrium in conformational distribution.Tg was measured by
DSC at 10°C/min using the standard melt/quench technique.
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(39) Gavezzotti, A.J. Phys. Chem.1990, 94, 4319-4325.
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