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Abstract: The intermolecular interactions and structural
features in crystals of seven halogenated N-benzylideneanilines
(Schiff bases), all of which exhibit remarkable flexibility, were
examined to identify the common packing features that are the
raison d�Þtre for the observed elasticity. The following two
features, in part related, were identified as essential to obtain
elastic organic crystals: 1) A multitude of weak and dispersive
interactions, including halogen bonds, which may act as
structural buffers for deformation through easy rupture and
reformation during bending; and 2) corrugated packing pat-
terns that would get interlocked and, in the process, prevent
long-range sliding of molecular planes.

The resistance of a crystalline material to both elastic and
plastic deformation depends on the crystal structure as well as
the atomic bonding characteristics.[1,2] In the context of
metallic materials, these characteristics are fixed for any
given metal and the elastic modulus cannot therefore be
altered.[3] On the other hand, the resistance of a metal to
plastic deformation, that is strength, can be enhanced
significantly by decreasing the dislocation mobility; this can
be achieved by recourse to alloying and other strategies.[4]

Molecular crystals are quite distinctive and offer a much
larger canvas for the design of materials with unique
combinations of mechanical properties, and also with impli-
cations for biological materials.[5] In these solids, crystal
engineering principles may be gainfully employed so that
both the type and number of intermolecular interactions as

also the crystal structure can be varied in a predictable
manner.[6] However, this exercise requires a full and compre-
hensive understanding of the structural factors and features
that enhance elastic and plastic responses of organic crys-
tals.[1, 2] While the interrelations between the chemical,
physical, and functional properties and the underlying crystal
structures of molecular materials are well understood by now,
efforts to establish such connections with mechanical
responses are scarce. This is surprising in view of the fact
that mechanical properties play a vital role in the applications
of organic crystals, such as in pharmaceutical manufactur-
ing.[7] Most structural materials in nature are also organic
compounds. Recognition of all of this has lately led to a spurt
in research on mechanical properties of molecular crystals.

Recent studies have established that plastic deformation
in organic crystals may be rationalized on the basis of
anisotropic packing, that is, the presence of strong and weak
interactions in nearly orthogonal directions, and the avail-
ability of slip systems (close packed, and hence widely
separated, planes).[2] These conditions are, in part, interre-
lated. However, no such general rules are available when it
comes to designing highly flexible, that is elastic, molecular
crystals. Ghosh and Reddy, who examined the caffeine-4-
chloro-3-nitrobenzoic acid cocrystal, suggested that its elastic
nature is due to the isotropic interlocking of interactions:
there are weak and dispersive C�H···p interactions in three
nearly perpendicular directions.[1a] Mukherjee and Desiraju
rationalized the significant elastic bending in 4-bromo-3-
chlorophenol on the basis of comparable hydrogen bonding
and halogen bonding in different directions.[1b, 8] Taken
together, these results suggest that plastic deformation in
organic crystals is a consequence of structural anisotropy,
while elastic deformation seems to arise from isotropic
molecular packing. In the present study, we examine the
mechanical behavior of a family of seven halogenated N-
benzylideneanilines (Schiff bases) and identify the common
underlying structural features that cause these crystals to be
highly flexible. Accordingly, moves can be made toward
systematic design strategies.

Acicular crystals, 3 to 5 mm in length and 0.02–0.05 mm in
thickness, of the molecular series EC1 through EC7
(Scheme 1) were synthesized by slow evaporation of MeOH
solutions containing one equivalent each of the corresponding
dichlorobenzaldehyde and halogen-substituted aniline. Anal-
ysis of the crystal structures of EC1 through EC7 (see the
Supporting Information) reveals that they are closely related
to one another. Polymorphism was not observed in any of
these compounds even after exhaustive crystallization experi-
ments. Compounds EC2 and EC4 are selected here as
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representative examples to highlight relevant structural
features. 2,3-Dichlorobenzylidine-4-bromoaniline (EC2)
crystallizes in the triclinic space group P1̄ with one molecule
in the asymmetric unit (Figure 1a). The aromatic rings are in
a trans conformation around the CH=N bond. The molecules
are connected via C�H···N dimers (D, d, q : 3.72 �, 2.79 �,
168.98) and C�H···Cl (3.76 �, 3.12 �, 1278) hydrogen bonds
to give zigzag tapes parallel to the crystal long direction, [010]
(Figure 1b). The molecules in the tape are further p···p
stacked parallel to the a axis (3.913 �) to give a corrugated
sheet in the (001) plane. Each neighboring tape is connected
via C�H···Cl (3.76 �, 3.02 �, 135.978) and C�H···Br (3.78 �,
3.221 �, 119.628) hydrogen bonds and type I Br···Br (3.89 �,
q1 = q2 = 124.818) halogen bond interactions (Figure 1b) to
form corrugated sheets parallel to the (100) plane (Figure 1a).
The packing is isotropic: there is p···p stacking along [100],
C�H···Cl along [010], and type I Br···Br and C�H···Br along
[001] and these three interaction types are energetically
comparable (1–3 kcal mol�1 each). The interactions are all of
moderate strength and mildly electrostatic to non-polar.

2,6-Dichlorobenzylidine-4-bromoaniline (EC4) crystalli-
zes in the orthorhombic space group Pca21 with one molecule
in the asymmetric unit. The packing (Figure 2a) is similar to
that of EC2 ; molecules are joined by C�H···Br hydrogen
bonds (4.84 �, 3.04 �, 156.138 ; 4.44 �, 3.12 �, 122.678) giving
zigzag chains parallel to the needle axis a (Figure 2b). There
is a twisting of aromatic rings across the CH=N kink in the
molecule as per the trans-conformation. Neighboring 1D
chains, which are parallel and offset, are further connected via
weak type II Cl···Br (3.54 �, q1 = 156.938, q2 = 112.738 ;
3.56 �, q1 = 101.738, q2 = 167.438) halogen bonds and multiple
C�H···Cl (3.86 �, 2.97 �, 154.258 ; 3.73 �, 3.12 �, 123.628)
hydrogen bond interactions (Figure 2 b) resulting in 2D
corrugated sheets in the (010) plane (Figure 2a). In the
individual chain, molecules form p···p stacks (3.99 �) parallel
to the b axis resulting in 2D corrugated sheets in the (001)
plane. Once again there are comparable but moderate
interactions along the three major directions.

As mentioned already, packing patterns for the other
crystals (EC1, EC3, EC5, EC6, EC7) in this family are similar.
In EC1, which crystallizes in the orthorhombic space group
Pna21, molecules are in a herringbone arrangement parallel to
the (001) plane. Molecules in neighboring tapes are further
connected via C�H···N (3.59 �, 2.92 �, 130.528) and C�H···Cl
(3.72 �, 3.06 �, 127.178 ; 3.75 �, 2.90 �, 143.948 ; 3.70 �,
3.08 �, 125.058) interactions to give 2D corrugated sheets in
the (001) plane. Moreover, molecules in the tape are p···p
stacked parallel to the c axis (3.84 �) leading to corrugated
2D sheet in the (010) plane. When viewed down the (010)
face, it is seen that molecules are in a criss-cross arrangement.
Similarly, in EC3 (space group P21/c) molecules link in
corrugated chains via C�H···Cl hydrogen bonds (3.53 �,
2.855 �, 129.158) and these chains are further connected via
two type II; quasi type I/II Cl···Cl (3.43 �, q1 = 99.188, q2 =

169.828 ; 3.58 �, q1 = 149.568, q2 = 121.428) halogen bond
interactions parallel to (010). In EC5 (space group Pca21)
molecules link in corrugated chains via C�H···Cl (3.56 �,
2.90 �, 127.618 ; 3.67 �, 2.92 �, 136.318) hydrogen bonds
interactions parallel to the a axis. The neighboring chains are
further connected via two type II Cl···Cl (3.35 �, q1 = 103.618,
q2 = 164.578 ; 3.32 �, q1 = 119.748, q2 = 163.058) halogen bond
and C�H···N (3.55 �, 2.63 �, 161.998) hydrogen bond inter-
actions to give 2D corrugated sheets parallel to the (010)

Scheme 1. Molecules EC1–EC7, which give elastic bendable crystals; in
contrast, EC8 and EC9 crystallize in brittle forms.

Figure 1. a) Crystal packing in EC2. Crystal morphology with face
indices. Packing viewed down (001), (100), and (010) faces. Note that
when the crystals are bent along [001], the (001) major faces are those
that experience maximum tensile or contractile strains. In the major
bendable face (001), red and green lines indicate a criss-cross arrange-
ment (518 acute angle), which hinders long range of movement of
molecules during bending. b) Hydrogen bond and halogen bond
pattern with color code: C�H···N dimer (blue), C�H···Cl (yellow), C�
H···Cl dimer (red), type I Br···Br (gray).
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plane. Criss-cross packing can be viewed down the (001)
plane, which is the major face in EC5 (see the Supporting
Information). In EC6 and EC7 too, molecules lie in corru-
gated tapes parallel to the crystal axis b. In EC6, C�H···Cl
(3.68 �, 2.98 �, 131.428) and type I Cl···Br (3.43 �, q1 =

170.428, q2 = 160.058) interactions are involved giving corru-
gated tapes whereas in EC7, various C�H···Cl (3.60 �, 2.94 �,
127.528 ; 3.72 �, 2.92 �, 143.218 ; 3.77 �, 2.88 �, 157.708)
hydrogen-bond interactions are involved. In both EC6 and
EC7, the tapes are p···p stacked parallel to the a axis to give
corrugated 2D sheets in the (001) plane. Here too, the criss-
cross arrangement is visible on the (001) face. In summary,
there are two relevant structural features in these seven
structures: comparably weak interactions in three major
directions giving rise to packing isotropy and second, a criss-
cross packing, which promotes interlocking of structural
patterns so as to hinder long range molecular movement.

Individual crystals were extracted and subjected to
qualitative mechanical tests to assess their mechanical
response. These were conducted by holding each crystal
against a pair of forceps and then pushing the crystal at the
mid-span with a metallic needle from the opposite side
(Figure 3). Results indicate that all crystals in this series can
be bent easily without breakage (see videos in the Supporting

Information). They regain their original shape when the
needle is retracted, indicating that the observed deformation
is essentially elastic. The bending process can be repeated
many times, implying that the fatigue process does not occur
or is minimal. When the crystals are bent beyond a threshold
limit, the crystals break into two pieces rather than deform
permanently (Figure 3 i). In such cases, the broken halves
become straight after fracture and are themselves elastically
bendable. The maximum elastic strain, estimated using
maximum curvature of the bent crystals and the Euler–
Bernoulli beam-bending theory,[9] is about 2% (see the
Supporting Information for the estimation procedures uti-
lized). It may also be noted that the physical dimensions of the
selected crystals EC1 through EC7 are all very similar and
within the ranges mentioned earlier. Therefore the mechan-
ical responses may be properly correlated with the respective
crystal structures, or in other words, they are not the result of
trivial aspects such as varying crystal thickness.

Next, a nanoindenter, the utility of which for measuring
the mechanical properties of molecular crystals especially in
the context of crystal engineering has been successfully
established,[10] was employed to quantitatively ascertain the
elastic nature of the crystals. Instead of indenting, the
instrument is utilized to conduct tests in the three-point
bend[11] configuration wherein a high load cell was used to
facilitate greater than 5 mm displacement, and with the
accompanying features of high load and displacement reso-
lutions that this cell offers (see the Supporting Information
for details).

Representative load–displacement (P–h) curves obtained
on an EC6 crystal are displayed in Figure 4. The crystal was
first subjected to a maximum displacement, hmax, of 5 mm
before unloading. In the subsequent cycle, hmax was increased
to 10 mm, that is, by a 5 mm increment, and this process was
continued up to hmax = 35 mm. A higher hmax could not be
achieved owing to the maximum allowable displacement
range of the nanoindenter. The loading segments of the P–h
curves were observed to be nearly linear in all cases and
overlap. This is the reason for not displaying all load–unload
curves in Figure 4, as clarity would be lost in doing so.
Analyses using simple mechanics (see the Supporting Infor-
mation) indicate that hmax = 35 mm corresponds to a flexural

Figure 2. a) Crystal packing in EC4. Crystal morphology with face
indices. Projections viewed down the major face (001), and smaller
(010) and (100) faces. Note that on face (001), red and green lines
indicate the criss-cross arrangement of molecular layers, which pre-
vents their easy slippage during deformation. b) Hydrogen bond and
halogen bond pattern with color code: C�H···N (blue), C�H···Br
(yellow), C�H···Cl (pink), type II Cl···Br (orange).

Figure 3. Snapshots (a) through (h) of crystal EC1 to show bending
cycles induced with a pair of forceps and a metallic needle. (i) The
crystal breaks when it is bent beyond a threshold limit.
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strain of about 1%. While slight nonlinearity is observed in
the unloading segment of the P–h curve, it reverts back to
zero displacement upon complete unloading, indicating the
ability of the crystals for shape recovery. All these observa-
tions confirm the elastic nature of the series of molecular
crystals examined in this study.

Before discussing the structural origins for the observed
elasticity, it is pertinent to contrast the obtained elastic strain
(2%) with those seen in commonly used crystalline materials.
In most crystalline alloys the maximum elastic strain (or yield
strain) is only about 0.5%, beyond which they undergo
permanent deformation.[12a] While higher yield strains have
been reported for free standing nanowires, amorphous alloys
and in some polymers and biomaterials,[12] the elastic response
observed in the EC1 to EC7 series of organic crystals can be
considered remarkably high, which is due to the following two
important and complementary features that are common to
all of them.

The first is weak, dispersive, and numerous C�H···Cl, C�
H···Br, and halogen bond (Cl···Cl, Cl···Br, Br···Br) interac-
tions along the crystallographic planes that get stretched
during bending. These interactions, which can be readily
broken or reformed, ensure free molecular motion during
bending; they allow the molecules to move over one another
in the outer and inner arcs. Thus, the weak interactions
provide “structural buffering” during deformation. The
halogen bonds in these crystals, which use large atoms at
the molecular peripheries, are especially relevant in this
regard and their restorative ability is expected to be
important. A notable aspect is that halogen bonds are
directional enough to favor certain specific structural pat-
terns, yet they are directionless enough that they act as
restoring forces upon deformation. Their nature, which is
intermediate between hydrogen bonds and van der Waals
interactions, is somewhat critical for their structural role in
these systems. The importance of halogen bonds in maintain-
ing crystal elasticity can be further illustrated through

a comparison of EC2 and EC6. Both crystals are highly
elastic but EC6 is stiffer (bending stiffness of EC2 and EC6
are 91 and 179 N m�1 respectively). The crystal packing is very
similar save for the fact that the weaker Br···Br interaction
(3.89 �) in EC2 is replaced by a stronger Br···Cl interaction
(3.43 �) in EC6 accounting for its much stiffer nature.

In the second, the crystal packing, while being isotropic in
nature, contains features that promote interlocking of crys-
tallographic planes so as to hinder long range molecular
movement, which would otherwise lead to plastic (or
permanent) deformation during flexing. This can be illus-
trated with the aid of Figure 1 a, wherein (001) planes of EC2
are those that get stretched during bending. While rupture of
the weak C�H···Cl dimer interactions allow for easy sliding
here, the acute angle (ca. 508) between the 1D tapes in
neighboring corrugated 2D sheets hinders plastic deforma-
tion. In the case of EC4 (Figure 2 a), likewise, the acute angle
(ca. 608) between the two zigzag chains of adjacent corrugated
sheets prevents long range molecular movement of molecules
during bending. These insulating interactions buffer the
molecular movements in a way that is similar to the role of
solvent in the caffeine co-crystal solvate, studied earlier by
Ghosh and Reddy.[1a] There, the solvent molecules were
proposed to act as rollers between comb-like 2D sheets.

To further illustrate that the above mentioned packing
features are indeed needed to observe elasticity, we selected
two additional systems, EC8 and EC9 (Scheme 1), which
specifically do not contain these two features. Both these
crystals lack the isotropic packing that is required in
elastically bendable crystals (see the Supporting Information
for details). Also EC8 has a slip plane that would allow for
possible slip upon application of stress, leading to plastic
deformation. Other requisite criteria for high elasticity such
as halogen bonds or p···p stacking, which might act as
a structural buffers during bending are absent in both EC8
and EC9 structures. When stress was applied on them, the
crystals broke into pieces showing their brittle nature.

In summary, we have identified, on the basis of experi-
ments on a series of N-benzylideneanilines, the structural
features (schematically illustrated in Figure 5) that are
essential to obtain highly flexible organic crystals: 1) Isotropic

Figure 4. Representative load-displacement (P–h) curves obtained
(EC6) using the three-point bend test carried out using a nanoindenter,
with increasing maximum displacements at the center of the span
length.

Figure 5. Representation of structural features that give flexibility to
molecular crystals.
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and uniform distribution of weaker interactions in three
orthogonal directions, leading to the formation of pairs of
elastic bendable side faces. The weak interactions between
molecules, but within tapes or chains, facilitate large elastic
strain accommodation during deformation. 2) Interlocked,
that is a criss-cross arrangement of molecules either in the
same tape or between neighboring tapes in adjacent 2D
sheets. This effectively means an absence of slip planes which
would have facilitated easy shearing of the molecular layers
past each other resulting in plastic deformation. An inter-
locked arrangement allows for the appearance of hinge joints
that restricts long range molecular movement away from the
equilibrium positions.
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