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Polymorphism is the existence of the same chemical
substance in at least two different crystalline arrangements
of molecules.[1] The existence of polymorphism implies that
free energy differences between different crystalline forms
are small (1±2 kcalmol�1) and that kinetic factors are
important during crystal nucleation and growth.[2] Molecular
conformations, packing arrangements, hydrogen bond syn-
thons, and lattice energies of the same molecule in different
crystalline environments can be compared in polymorphic
structures. Polymorphs represent special situations for the
study of structure±property relationships with a minimum
number of variables, since differences arise from crystal
packing effects and not because of the presence of a different
chemical species. A proper understanding of polymorphism is
important in crystal engineering[3] because the unexpected
occurrence of a new polymorph can well demolish the best of
crystal design strategies. Getting the correct polymorph[4] is of
the utmost importance in the synthesis of drugs, pharmaceut-
icals, explosives, dyes, pigments, flavors, and con-
fectionery products.
We describe here four X-ray crystal structures of

4,4-diphenyl-2,5-cyclohexadienone (1) that exhibit
conformational polymorphism,[5] conformational
isomorphism,[5] and concomitant polymorphism[6]
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in the same system. While there are
examples wherein only one of these
phenomena occurs for a particular
molecule,[7] their simultaneous occur-
rence for the same molecule is rare.[8]

Initially, crystallization of 1 from
EtOAc/hexane appeared to afford
two concomitant polymorphs as char-
acterized by single-crystal X-ray dif-
fraction: a monoclinic form A in
space group P21 (Z¼ 2) and a triclinic
form B with four molecules in the
asymmetric unit (P�11, Z¼ 8).[9] When
data were collected on another crys-
tal, a large triclinic cell (P�11, Z¼ 24,
form C) was indexed[10] that could not
be refined to better than R¼ 0.11
despite a satisfactory data/parameter
ratio of 7.5. The solvent system was
modified (CH2Cl2 was added to
EtOAc/hexane) in the hope of getting
bigger crystals for better quality data.
To our surprise, the structure solution
and refinement proceeded routinely
this time but in space group Pbca
(Z¼ 16).[10] Yet another polymorph of 1, form D, had been
discovered.
We have thus characterized 19 crystallographically inde-

pendent molecules of 1 in four crystal structures (A±D) that
may be classified as conformational polymorphs.[11] Further-
more, formsA,B, and C are concomitant polymorphs because
they crystallize from the same flask, and forms B,C, andD are
conformational isomorphs because they have multiple con-
formations of 1 within the same crystal. There are only three
examples known of systems with four polymorphs: pyrazina-
mide, sulfathiazole, and sulfapyridine.[12] A trimorphic sys-
tem[13] with seven conformations of the molecule and a
hexamorphic system[14] of conformational polymorphs with
one symmetry-independent molecule in each crystal structure
have been reported.
Form A consists of linear chains of C�H¥¥¥O hydrogen

bonds (d(H¥¥¥O),a(C�H¥¥¥O): 2.52 ä, 163.98 ; 2.61 ä, 129.98 ;
neutron-normalized geometry) such that each molecule of 1
(Ai, Table 1) is bonded to four screw axis related molecules
through phenyl hydrogen donors (Figure 1). There are four
symmetry-independent molecules in crystal B. Molecules Bii
and Biii engage in centrosymmetric C�H¥¥¥O dimers with the
quinone carbonyl group of different molecules (synthon I,
2.33 ä, 169.28 ; 2.49 ä, 123.48). Similarly molecules Bi and Biv
have distinct occurrences of centrosymmetric (Ph)C�H¥¥¥O
synthon II through the para hydrogen donor (2.64 ä, 137.98 ;
2.75 ä, 121.58 ; Figure 2). Each symmetry-independent mole-
cule of form B (Bi±Biv) is a different conformer of the title
compound (Table 1). Polymorph C has 12 molecules in the
asymmetric unit (Ci, Cii, º, Cxii). The structure has a complex
and intricate crystal packing (not shown) mediated by multi-
ple occurrences of C�H¥¥¥O hydrogen bonded synthons I and
II (Table 1). In the orthorhombic form D, Di molecules are
connected by C�H¥¥¥O hydrogen bonds (2.36 ä, 138.08 ;

2.55 ä, 166.98 ; Figure 3a) and Dii molecules are connected
as centrosymmetric dimers through synthon III (2.57 ä,
144.68); such dimers are in turn connected by C�H¥¥¥O bonds
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Table 1. The conformation of 19 symmetry-independent molecules in tetramorphs of 1 (forms A±D).

Polymorph
(space group)

Torsion angle[a] Crystallographic
molecular
designation

Intermolecular
hydrogen bond
synthon

Graph set
notation

t1 [8] t8 [8]

A (P21) 12.6(7) 12.5(8) Ai C�H¥¥¥O C(8)
B (P�11) 11.5(3) 17.7(3) Bi II R22(20)

12.3(3) 16.0(3) Bii I R22(8)
14.9(3) 23.6(3) Biii I R22(8)
19.1(3) 31.8(3) Biv II R22(20)

C (P�11) 20.1 31.5 Ci II R22(20)
20.9 30.8 Cii II R22(20)
18.4 32.3 Ciii II R22(20)
12.1 22.7 Civ I R22(8)
15.2 22.0 Cv I R22(8)
18.3 28.2 Cvi I R22(8)
12.8 16.0 Cvii I R22(8)
14.0 16.7 Cviii II R22(20)
10.2 21.0 Cix II R22(20)
14.9 15.1 Cx I R22(8)
11.9 16.7 Cxi I R22(8)
11.5 17.4 Cxii II R22(20)

D (Pbca) 18.5(2) 36.8(2) Di C�H¥¥¥O C(10)
8.4(2) 16.5(2) Dii III R22(16)

[a] The estimated standard deviation (esd) of the torsion angle is given in parentheses. The esd values are
not provided for form C because the R factor is high (0.11). A difference of more than 38 in the torsion
angle (@ 3 î esd) may be taken as representing different conformations.

Figure 1. Helices of C�H¥¥¥O hydrogen bonds (C(8) graph set) between 21-
related molecules in form A (conformer Ai).



(2.76 ä, 145.28 ; Figure 3b). From the viewpoint of conforma-
tional polymorphism and conformational isomorphism, Di
and Dii adopt new conformations (Table 1). To summarize,
the tetramorphic crystal structures of 1 are stabilized by
different arrangements of C�H¥¥¥O hydrogen bonds.[15] The
supramolecular synthon[16] description and graph set nota-
tion[17] of these motifs are given in Table 1.
The 19 crystallographically independent molecules of 1

differ in rotation about the C�C bond between the quinone
and the phenyl ring. These different conformations may be
classified through eight possible torsion angles (t1, t2, º, t8).
We have selected t1 and t8, taken from a single asymmetric

unit of the eight-dimensional torsion angle space, as the
torsion parameters to map the conformational surface in these
19 molecules (Figure 4a). Similar scatter plots are obtained if
other appropriate pairs of torsion angles are used. There are
two populations of conformers (Figure 4b): t1¼ 8.0±16.08,
t8¼ 12.0±24.08 and t1¼ 18.0±22.08, t8¼ 27.0±38.08. The motion
of the phenyl rings in these conformations is correlated, that
is, a change in the conformation of one phenyl ring leads to a
conformational change in the second ring. Such a gearing of
geminal phenyl rings has been noted earlier.[18] Notwithstand-
ing that conformational change about a C�C single bond is a
flexible (soft) parameter and that small differences in torsion
parameters (2±38) may not be chemically meaningful, it is
clear that in our case there are two populations of conformers
with mean values of t1¼ 128, t8¼ 188 and t1¼ 208, t8¼ 328.
A particular conformation is associated with a specific

hydrogen bond synthon even if the molecules are present in
different polymorphs. For example, Bi and Cxii molecules have
nearly identical conformations and they engage in synthon II
(R22(20) motif) in their respective crystal structures. Similarly,
other conformations in forms B and C that are part of the
same cluster in the t1±t8 scatter plot engage in synthons I and
II. All this suggests that each of these conformations plays a
specific structural role in the crystallization of these poly-
morphs. The two triclinic crystals present snapshot pictures at
different stages of crystallization, from an evolving array of
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Figure 2. Centrosymmetric C�H¥¥¥O synthons I (Bii, Biii ; R
2
2(8) motif) and

II (Bi, Biv ; R
2
2(20) motif) in form B shown as bold dotted lines. The C�H¥¥¥O

interactions are shown as normal dotted lines.

Figure 3. a) C�H¥¥¥O hydrogen bonds between Di molecules in form D.
These molecules are related by a translation (left±right, C(10) chain) and a
screw axis (bottom±top). b) Centrosymmetric C�H¥¥¥O synthon III be-
tween Dii molecules (bold dotted lines, R22(16) motif) and C�H¥¥¥O
interactions (normal dotted lines).

Figure 4. a) Definition of the torsion angles t1±t8 in 1. b) The scatter plot of
t1 versus t8. Note the two clusters of conformations and the near linear
correlation. Absolute values of torsion angles are used. Symbols for the
polymorphs: A¼*, B¼~, C¼&, D¼^.



ordered molecules in many conformations (form C, Z’¼ 12)
to a more compact lattice (form B, Z’¼ 4). Their similarity
may be judged from the calculated powder X-ray diffraction
trace (Cerius2,[19] see the Supporting Information). A fre-
quently posed question about conformational polymorphs is
the following:[20] Does molecular conformation determine
crystal packing or vice versa?We show herein that the flexible
conformations of 1 result in different crystal packing arrange-
ments through the hydrogen bond synthons and graph set
patterns listed in Table 1. The chemical basis for the simulta-
neous occurrence of conformational polymorphism and con-
comitant polymorphism is that the energy scale of these two
events are comparable (1±2 kcalmol�1). The difference be-
tween the two extreme values of Z’ (DZ’¼ 11) in tetramorphs
of 1 is the highest known to date.[21] Despite the presence of
different Laue symmetries, there is no compromise in crystal
compactness because the density of these forms is about the
same (1.23±1.25 gcm�3).
To conclude, polymorphism in compound 1 is significant for

several reasons. This is the first example of four polymorphs
with 19 crystallographically independent conformations of the
same molecule to be characterized by low-temperature X-ray
diffraction. Such systems may serve as an accurate benchmark
for the refinement of atom±atom potentials in crystal
structure prediction programs.[22] In addition to being an
example of conformational polymorphism, 1 also exhibits
conformational isomorphism (forms B, C, and D) and
concomitant polymorphism (forms A, B, and C). Further
studies on temperature- or pressure-mediated phase transi-
tion, kinetic and thermodynamic measurements, and molec-
ular and lattice energies as well as the search for new
polymorphs[23] and characterization of their morphology are
the focus of continuing experiments with 1.

Experimental Section

Compound 1[24] was crystallized from EtOAc/n-hexane (5/95) at ambient
temperature. Three types of morphologies were observed: needle, block,
and plate. The needle-shaped crystals correspond to the A polymorph as
verified by the space group determination of ca. 10 different crystals. Forms
B and C crystallize concomitantly with A from the same flask. Crystals of
form D were obtained by adding CH2Cl2 to the above solvent system. The
experimental powder X-ray diffraction trace of the bulk material matches
with the simulated trace of the monoclinic form A[10] (see the Supporting
Information).
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