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Additive-induced polymorphism has always interested the
solid-state chemist for fundamental and practical reasons.[1]

Polymorphism is, in itself, an enigmatic phenomenon and the
reasons for its occurrence are only now beginning to be
unraveled.[2] The role of tailor-made additives (auxiliaries) in
the control of various aspects of crystallization (nucleation,
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growth, morphology, dissolution, structure) has been descri-
bed.[3] Polymorphism is one of the least controllable aspects of
crystallization. Therefore it would be extremely useful if there
were a reliable and general way of engineering additive-
induced polymorphism. These ideas are also relevant in
crystal-structure prediction.[4] Three questions are pertinent:
1) Does the presence of an additive change the polymorph
that is obtained? 2) If so, can the structure of the polymorph
so obtained be correlated with the structure of the additive?
3) What is the mechanism of enhancement/inhibition of a
polymorph? Despite the importance of these questions, the
number of well-documented examples of additive-induced
polymorphism is very limited.

Leiserowitz, Lahav, and co-workers[1f, g] have provided a
basic model for additive-induced polymorphism (Scheme 1).
The additive is structurally similar to the molecule of interest

(host) and it may be selectively adsorbed on its crystal faces.
Depending on the degree of similarity between the host and
the additive, the latter may selectively inhibit the growth of a
few faces of the embryonic crystal of the host. These ideas
find a practical application in the preferred crystallization of a
noncentrosymmetric polymorph (Scheme 1b, left) at the
expense of a centrosymmetric one (Scheme 1a, left). An
appropriate tailor-made additive will inhibit growth of the
centrosymmetric form at two opposite ends thereby preclud-
ing it (Scheme 1a, right), but it will inhibit growth of the polar
form at only one end of the crystal (Scheme 1b, right) so that
it survives. This concept was demonstrated for N-(2-acetam-
ido-4-nitrophenyl)pyrrolidine (PAN) with the 2-nitro and 2-
amino derivatives as additives, and for the g-form of glycine in
aqueous solution with racemic hexafluorovaline as an addi-
tive. [1f,g] Another clear example is provided by Davey and co-
workers[5] who selected trimesic acid and trans-glutaconic acid
as inhibitors of the stable b-polymorph of l-glutamic acid
leading to the metastable a-polymorph. He, Stowell, and co-
workers[6] designed isomorphous additives that induced
crystallization of a metastable form of 4-methyl-2-nitroace-
tanilide. The phenomenon has been reviewed.[7,8]

Herein we report on the polymorphism of 1,3,5-trinitro-
benzene (TNB) induced by the additive trisindane (TI). TNB
has been known for 120 years as an explosive and in the
formation of crystalline p–p donor–acceptor complexes.[9]

However, and in contrast to the related molecule 2,4,6-
trinitrotoluene (TNT),[2a, 10] there has been no report of its
polymorphism.[11] The only known crystal structure of TNB is
that of the centrosymmetric orthorhombic form (space group
Pbca, Z’= 2), which we shall call Form I.[12] More recently,
TNB has been used as a component of C�H···O hydrogen-
bonded molecular complexes for applications in nonlinear
optics (NLO). For example, we co-crystallized an equimolar
mixture of TNB and triphenylene (TP) to obtain a 1:1

molecular complex, which we studied in detail.[13] Continuing
this strategy, we attempted to co-crystallize 1:1 and 2:1
mixtures of TNB and the closely related TI from CCl4.

[14]

There was distinct evidence of complex formation in solution
in that the solution changed from pale yellow to dark red.
However, instead of obtaining the desired 1:1 or 2:1
molecular complexes, we obtained (from a 2:1 experiment
in CCl4) a new polymorph of TNB, henceforth, Form II.

Figure 1 shows the crystal structure of the new and
unexpected noncentrosymmetric polymorph, in the ortho-
rhombic space group Pca21, also with Z’= 2.[15] Close
inspection of this intricate structure shows two patterns
generated, respectively, from the two independent molecules
in the asymmetric unit. These patterns are shown in green and
yellow in Figure 1. The green colored molecules form a V-
shaped trough while the yellow colored molecules form a
zigzag arrangement. The V-shaped trough and the zigzag
chains are linked with weak C�H···O, C�H···N, and
NO2···NO2 contacts.[16]

We next redetermined the structure of Form I because we
wished to verify the Lahav–Leiserowitz model for additive
induced polymorphism.[15] Figure 2 shows that the Pbca
structure of Form I is closely related to the Pca21 structure
of Form II. In both forms, there are V-shaped troughs made
up of one of the two symmetry independent molecules in the
crystal (green). The major distinction is that the V-shaped
troughs point in opposite directions in the centrosymmetric
Form I crystal and only in one direction in the polar Form II
crystal. The Pbca structure is in effect a doubled version of the
Pca21 structure across an inversion center[18] so that the
mechanism in Scheme 1 broadly applies leading to Form II
crystals. The unit cell parameters (Form I, a= 12.587, b=
9.684, c= 26.86; Form II, a= 9.297, b= 18.730, c= 9.633)
show some relationship in that bIfficII and that (aIcI)ffi2(aIIbII).
While the V-shaped troughs point along [010] and [0�10] in
Form I they point only along [001] in Form II.

Scheme 1. Basic model for additive-induced polymorphism, see text
for details.
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The experimental morphology of the Form I crystals was
determined. Figure 3 shows the crystal faces in a well-grown
specimen. The main faces are (010) and (001) and their
centrosymmetrically related equivalents. From the direction
of the V-shaped troughs in the two forms, it may be assumed
that binding of TI on the (010) faces is likely. If the binding is
slightly different on (010) and (0�10) there will be a
symmetry reduction from Pbca to Pb21a. A permutation of
the b and c axes (bIfficII) leads to space group Pca21 for
Form II. According to this model it is not mandatory that
aIffiaII with cIffi2(bII). It is sufficient if (aIcI)ffi2(aIIbII) and this
condition is achieved by a slight shearing of molecules in the

(010) planes of the Form I crystal. Indeed such shearing is
unsurprising. It would have been more exceptional if the
preferential growth along + b or �b were accompanied by no
change whatsoever in the (010) planes, in effect along the a
and c directions. These results also demonstrate that it is the
adsorption of TI additive on (010) and (0�10) that is critical
to the formation of the new polymorph because it is the b axis
of Form I that is unchanged in length in going to Form II
(where it is termed the c axis), while the a and c axes of Form I
(renamed as the a and b axes in Form II) change in length.
The experimental morphology shows that (010) and (001) are
major faces, with (001) being more prominent. Yet, only

adsorption of TI on (010) is critical to the growth
of Form II with any possible adsorption on (001)
being innocuous.

In considering the growth of Form II crystals
from a CCl4 solution of TNB that contains TI
additive, an important assumption that is implicit
in the Lahav–Leiserowitz model needs to be
mentioned,[3a] namely that any solution contains a
variety of molecular aggregates, some of which
have structures akin to those of the macroscopic
crystalline forms. This assumption is a triviality
when polymorphs appear concomitantly. How-
ever, if say solution A normally results in poly-
morph A and one wishes to design an additive
that will yield polymorph B from this solution,
then this assumption must be taken into account.
This is pertinent in the present case because both
Forms I and II were obtained from CCl4 solution.
Another consideration that has been utilized in

certain layered structures wherein layer stabilities and bulk
stabilities are inverted in two polymorphs is to induce
nucleation layer by layer so as to obtain the less stable
polymorph.[3a] But this is not applicable in the present case
because the structures of Forms I and II are not layered and
Form II is more stable than Form I (see below).

In attempting to reproduce these results we set up a series
of crystallization experiments from various solvents (in
Essen) with varying mole proportions of TNB and TI.[19]

However, we never again were able to obtain the non-
centrosymmetric Form II (which had appeared originally in
Hyderabad), even after nearly 100 crystallization attempts

Figure 1. Noncentrosymmetric Form II crystal of TNB. The two symme-
try-independent molecules are shown in green and yellow. a) View
down the a axis showing alternate V-shaped troughs and zigzag
chains. b) View down the c axis showing TNB tape based on C�H···O
and NO2···NO2 interactions along the a axis (green), and zigzag chains
(yellow). For clarity C�H···N and ON�O···NO2 interactions are
removed between the green TNB molecules. Molecular graphics were
generated using X-seed and POV-Ray.[17]

Figure 2. Centrosymmetric Form I crystal structure of TNB (Pbca). a) View down the
a axis. b) View down the b axis.

Figure 3. Experimental morphology of Form I crystal of TNB. Note the
(010) and (0�10) faces.
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spread over a six-month period. However, during these
experiments, we isolated another polymorph, Form III,
when TNB (80%) and TI (20%) were taken in EtOAc.
This form of TNB crystallizes in the centrosymmetric space
group P21/c with Z’= 1 (Figure 4). Unlike Form II, we were

able to obtain crystals of Form III a second time but only after
several attempts. Close inspection of this new(est) structure of
TNB shows that it is not obviously related to Form I and
Form II. There are no V-shaped troughs or zigzag chains. The
structure is “normal” and emphasizes Kitaigorodskii-type
close packing.[20] The TNB tape building block shown in
Figure 4b is common in TNB molecular complexes[21] but is
not seen in Forms I and II (see Supporting Information).

These results, unanticipated as they were, open up several
lines of discussion. What is the role of TI in inducing the
appearance of Form III crystals? First, although many
crystallization experiments were carried out,[22] Forms II and
III were only obtained when TI was present. An additional
indication that TI is indispensable for the production of
polymorphic structures is that there is no evidence of any
phase transformation of Form I crystals, at least as evidenced
from differential scanning calorimetry (DSC), thermogravi-
metric analysis (TGA), and variable-temperature powder
diffraction traces. Second, we note that TNB gives stoichio-
metric molecular complexes with a very large number of
planar p donors.[23,24] Thus, TNB readily gives a 1:1 molecular
complex with the planar TP. It is possible that the difficulty of

formation of a molecular complex between TNB and TI arises
from the nonplanarity of the TI molecule. In any event, we
observed the formation of small amounts of red microcrystal-
line material coating the crystals of TNB (shown in a
photograph in the Supporting Information) in most of the
cocrystallization experiments (regardless of the crystalline
form of TNB obtained). We made several attempts to isolate a
single crystal from this microcrystalline mass but were
unsuccessful. We infer that this material corresponds largely
to a TNB–TI molecular complex of unknown structure.
Whilst formation of a stoichiometric molecular complex
between TNB and TI may be difficult as explained above,
there is a close degree of molecular similarity as is revealed in
the overlap diagram in Figure 5. This situation leads to the

possibility of nonstoichiometric solid–solution formation at
the surface. As very little of this red material was obtained
(we estimate less than 5% according to powder X-ray
diffractometry) we conclude that the degree of molecular
similarity is not high enough.[25,26] In summary, it is this
serendipitous duality of events that appears to favor the
formation of Form III. The nonplanar TI cannot form a
stoichiometric molecular complex readily with TNB, for if this
were so there would be no other result in the cocrystallization
experiments,[9a] and the degree of molecular similarity
between TI and TNB is not so high as to lead to the formation
of nonstoichiometric solid–solutions. Yet the interaction
between TNB and TI is sufficiently good to promote some
sort of association. What appears plausible, is an ill-defined
outcome with an indiscriminate adsorption of TI molecules
over all the faces of the growing TNB crystals.

Such nonselective adsorption of TI on the TNB faces may
be rationalized by considerations of molecular and crystal
symmetry. It is not straightforward to establish at which faces
of the centrosymmetric Form I crystal the additive is adsor-
bed, since TI has molecular threefold symmetry, as does TNB.
This issue is resolved for adsorption leading to Form II,
because it is noncentrosymmetric, but Form III is centrosym-
metric. How does the additive work in this case? The clue lies
in the actual point groups of Forms I and III which are 2/m
2/m 2/m and 2/m, respectively. The idea here is that the higher
the crystal point symmetry, the more different orientations in
the lattice the constituent molecules may occupy, making the
inhibition process less selective, or in other words, more
indiscriminate. This principle was enunciated by Weissbuch
et al.[3b] but no examples have been found to support this

Figure 4. Centrosymmetric Form III crystal of TNB. a) View down the
a axis. b) View down the b axis showing the TNB tape.

Figure 5. Overlay of TNB and TI molecules.
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conjecture until the present case. Here, we may suggest that
the threefold symmetric additive molecule may substitute for
the threefold symmetric host molecule, of roughly the same
size and shape, at several locations because many of the
orientations that the host molecule presents in the growing
crystal are equivalent.

Finally, let us consider the energetics of the three
polymorphs of TNB. To compare the relative stability of the
three polymorphs one should consider their lattice ener-
gies,[27] melting points, densities, and packing coefficients (see
Supporting Information). The crystallographic and physical
details are given in Table 1. The data in Table 2 shows that

Form III is the most stable polymorph being more stable than
Form II by 0.33 kcalmol�1 and more stable than Form I by as
much as 5.80 kcalmol�1.[28] The observed melting points of
Forms I and III support these calculations. Surprisingly, the
least stable polymorph (Form I) is also the densest. This is not
unprecedented but it is uncommon.[29] That a crystal form that
is of such high relative energy has been reported after more
than a century of experimental work on TNB is noteworthy,
and suggests that Form I is distinctly favored kinetically.[30]

The adsorption of TI on the faces of the kinetic Form I crystal
leads (in an orderly fashion according to Scheme 1) to Form II
and the adsorption is selective. If the adsorption is indis-
criminate, the growth of all faces of all possible kinetic forms
may be affected,[31] and what crystallizes out might be the
most stable (thermodynamically favored) Form III. The fact
that the highest melting Form III has a “normal”[20] packing
(P21/c, Z’= 1) also corroborates that it is the thermodynamic
form, or at any rate close to the thermodynamic form, which
may still remain to be isolated. Whether Form II is a
disappearing form[32] or not is an open question, and we
reserve comment at present.[33]

In conclusion, it may be said that the isolation and
detection of new polymorphs is still unpredictable. A
combination of serendipity and subsequent rigorous observa-
tion could well lead to novel and unanticipated polymorphs.

For instance, in this work, crystal forms have been found that
were hitherto unreported. In general, it would appear that
McCrone's dictum[34] is correct but again, perhaps only for
some categories of molecules.[35] In the present instance, the
fact that molecules of TI can interact with those of TNB, but
not too well, seems to be the critical factor that determines the
appearance of new polymorphs. But why is so much of
additive required? And why is it that while additives change
crystal morphology easily,[3] they do not seem to be able to
change the polymorph that is obtained so readily? It appears
that if the additive completely surrounds the embryonic
crystal of the kinetic forms (through an indiscriminate
adsorption on all the crystal faces), then only the most
stable crystal form is able to survive.[31] Normally, thermody-
namic forms are obtained under conditions when nucleation
is inhibited (dilute solutions, annealing, supercritical fluids,
hydrothermal methods, gel crystallization, high pressure).
The present study shows that there may be another way of
inhibiting nucleation, namely through the use of additives that
bind nonselectively to all crystal faces of all kinetic forms.[36]

However, this does not mean that such an additive may be
designed, in advance, with our present understanding of the
crystallization event although the appearance of Form II may

be rationalized on the basis of an
accepted model. Could one have
computed the structure of the
stable Form III? What would
happen if TNB was given as a
candidate molecule in a blind test
for crystal structure prediction
(CSP)?[4] Why is it that the presence
of TI in the crystallization vessel
does not invariably lead to the for-
mation of Forms II or III? In other

words, why is the formation of these more stable forms much
less frequent? We are not particularly disappointed that we
obtained Form II only once and Form III only twice. It is
possible that if the crystallization is carried out with TI and
also employing some other condition that inhibits nucleation
(such as those listed above), the appearance of more stable
crystal forms might become much more frequent. We are
pursuing these and other related experiments currently. On a
more speculative note, is the occurrence of multiple mole-
cules in the crystallographic asymmetric unit for nonpseudo-
symmetric structures correlated with the appearance of
kinetic forms? Perhaps some of the questions posed in this
paragraph might appear to be rhetorical, or even fanciful.
However, they do show that the phenomenon of polymor-
phism is one of the most difficult frontiers in the chemistry of
the molecular solid state today.
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