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Polymerization reactions in the solid state have attracted the
interest of chemists because of their fundamental and
applicative aspects.[1,2] The advantage of solid-state polymer-
ization is that it results in the controlled formation of the
product in terms of geometry and stereochemistry and often
gives high yields.[3] In particular, single crystal to single crystal
(SCSC) reactions offer a detailed understanding of the
structure of the product polymer.[4] However, in most such
reactions the products obtained are either amorphous or
microcrystalline, thus making it difficult to characterize the
product structure. Recrystallization of these products is often
impossible because of the insolubility of the polymeric
products. Even in soluble cases, recrystallization of the
product is not guaranteed to result in the same structure as
was originally formed. Therefore, reactions in which the
single crystals maintain their integrity and crystalline nature
are particularly noteworthy. However, such reactions are
relatively rare and only a few molecules are known to
undergo such SCSC transformations to yield crystalline
polymers. The diacetylene, triacetylene, and muconic acid
derivatives of 7,7,8,8-tetrakis(alkoxycarbonyl)quinodime-
thane have been shown to undergo topochemical polymeri-
zation in an SCSC fashion.[5]

Although several bisolefins have been shown to form
polymers,[6] to date only 2,5-distyrylpyrazine (DSP) is known
to undergo [2+2] polymerization in an SCSC manner to
afford polymers containing cyclobutane rings. This reaction
was first reported in 1905 and named a four-center type
photopolymerization, but was only reported in detail in 1967
by Hasegawa.[7a] Following this discovery, several studies have
been conducted on various aspects of this reaction of DSP and
several other related molecules.[7]

The rarity of SCSC [2+2] polymerization reactions arises
from the difficulty in finding suitable monomers with the
required crystal packing to promote not only a reaction but
also a crystal packing that can withstand the changes that
occur at the molecular level over the entire course of the

reaction. Even the crystal structure of the directly obtained
polymeric phase of DSP was not determined, as the original
crystal developed cracks, and only the cell parameters were
determined. However, Harris et al. recently used powder
diffraction to determine the structure.[8] Herein, we present
two examples of molecules containing amide functionalities
which undergo polymerization through a [2+2] reaction in
a SCSC fashion. These monomers form N�H···O hydrogen-
bonded layers which act as a self-template to promote a [2+2]
reaction, and they also act as a shock absorber to enable the
reaction to occur in an SCSC fashion.

The molecules of 1 are of our interest for the study of
template-directed [2+2] reactions to produce tricylic mole-
cules by a double [2+2] reaction (Scheme 1). Indeed, recently

we have shown that Ag···Ag interactions can template such
a reaction of 1 (R = 4-pyridyl; X = HN-NH) to yield a tricyclic
molecule with a 4-12-4 arrangement.[9a] Furthermore, our
systematic studies on bisamide derivatives indicated that this
class of materials have two possible hydrogen-bonding
modes: formation of a b sheet or a two-dimensional layer.[9b]

These studies hinted that the formation of two-dimensional
layers between molecules of 1 brings the possibility of
promoting a [2+2] polymerization reaction. Therefore, we
have prepared several derivatives of 1 by introducing 3-
pyridyl, 4-pyridyl, and phenyl groups as R and various
aromatic and aliphatic groups as linkers (X) to explore their
reactivity in crystalline solids with and without external
templates. During this process we found that 2 and 3 stand out
from all the other derivatives as they undergo SCSC photo-
reactions. We note here that 2, putrescine-1,4-dicinnamide, is
a natural product which can be isolated from fruiting bodies
of the gilled mushroom Pholiotaspumosa (Basidiomycetes,
Strophariaceae), and recently it was shown to inhibit the
growth of human prostate cancer cells.[10]

Single crystals of compound 2 suitable for X-ray diffrac-
tion analysis were obtained from MeOH/DMF. In the crystal
structure,[11] the asymmetric unit contains only half of the

Scheme 1.
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molecule as there is inversion symmetry. Interestingly, the
molecule does not exhibit a linear geometry, as the -N-CH2-
CH2-CH2- fragment contains a gauche conformation with an
N-C-C-C torsion (t1) of 62.48. The molecules join through N�
H···O hydrogen bonds (N···O, N�H···O: 2.901(4) �, 1618) to
form a corrugated two-dimensional layer. Within this layer,
the double bonds are aligned for a photochemical reaction,
with a nonbonding distance (d1) of 3.812 � between the C=C
atoms of two layers and a C=C···C=C torsion of (t2) 08, thus
indicating ideal conditions for a topochemical [2+2] reaction
(Figure 1). Such an alignment of double bonds occurs through

one-dimensional stacks of molecules along the a-axis
arranged through p···p interactions between the amide and
phenyl groups: The distance between the amide C atom and
phenyl C atom (d2) is 3.36 � and the angle (t3) between the
planes of the phenyl and amide groups is 128.

Irradiation of crystals of 2 results in the [2+2] reaction
occurring in an SCSC manner to yield single crystals of the
one-dimensional polymer 2P. The volume of 2P was found to
be compressed by 6% compared to that of crystals of 2 (1765
versus 1881 �3). The major compression occurs through the
stacking axis (a-axis), which was reduced by 0.73 � (11.83
versus 12.56 �), while the other two axes remain almost the
same. As expected, the value of d1 decreased from 3.812 � to
1.588 �, while the values of t1 and t2 remain almost
unaffected (688 and 08, respectively) from those of the
parent structure. The cyclobutane moiety in the polymer
exhibits perfect planarity, with the groups attached to it
exhibiting torsions of 68 (cis groups) and 1258 (trans groups;
Figure 2). Furthermore, the d2 and t3 values in 2P are 3.2 �
and 378, respectively, which indicates a considerable change in
the stacking interactions.

The 3-pyridyl (3) and 4-pyridyl derivatives of these
compounds were prepared to analyze the generality of the
reaction. Furthermore, since polymer 2P was found to be
insoluble, which makes it difficult to study its properties, it
was also anticipated that the pyridyl derivatives of 2 would
result in better solubility in aqueous solutions. The single
crystals of 3 were not only isostructural with 2 but also
underwent a similar SCSC reaction to form crystals of the
corresponding polymer 3P. Some important differences were
observed in this polymer: the a-axis shrinks more than that of
2 (1.1 versus 0.731 �) and the c-axis expands (14.400 � in 3
versus 14.855 � in 3P) while it remains almost the same in the
case of 2 (15.496 � in 2 versus 15.305 � in 2P). In contrast,
the 4-pyridyl derivative was found not to be isostructural with
2 and 3, and was also photostable.

Full conversion of 2 into 2P or 3 into 3 P was found to
require 22 h of irradiation in sunlight. In the case of 3, full
conversion (100%) into 3 P was verified by 1H NMR
spectroscopic analysis in D2O containing a drop of HCl.
Furthermore, monitoring the conversion of 3 into 3P at
various time intervals by 1H NMR spectroscopy indicates that
the reaction occurs through an intermediate phase: the 1H
NMR spectra of a partially irradiated sample is not just
a mixture of 3 and 3 P, it contains some new signals
corresponding to alkyl (n-butyl) and pyridine protons which
belong to neither 3 nor 3P. From this observation it may be
inferred that the reaction may progress through oligomer
formation. For example, it was shown earlier that controlled
irradiation of DSP at a wavelength greater than 400 nm
resulted in formation of an oligomer.[12] We are carrying out
further studies on 3 to obtain more details of this process.

We note here that the SCSC reactions of 2 and 3 do not
disrupt the hydrogen bonds involved in the layers, although
small changes in the hydrogen-bonding parameters are
observed (N···O, N�H···O: 2.901(4) � and 1618 in 2,
3.035(2) � and 1628 in 2P ; 2.891(3) � and 1728 in 3,
2.965(3) � and 1648 in 3 P). The changes occurring at the
molecular level are absorbed by the 2D hydrogen-bond layer,
through adjustment of the interplanar angles between the
hydrogen-bonded amide groups (Figure 3): the interplanar
angle between two successive amide groups connected
through hydrogen bonds is 688 in 2 and 3, which decreases
to 498 upon photochemical reaction (in 2P and 3P).

As anticipated, the polymer 3P, unlike 2P, was found to be
soluble in formic acid, m-cresol, and dilute HCl or H2SO4.
Such solutions (formic acid and HCl) of 3 P form films upon
drying in an oven at 70–80 8C. The films were found to have
a wrinkle-free nature: After twisting and turning they return
to their original shape without any evident residual marks
(Figure 4a, also see the video in the Supporting Information).

Figure 1. Illustration of the hydrogen-bonding (large rectangle) layers:
a) before and b) after irradiation in 2 and 2P, respectively (views along
the a-axes). Please note the alignment of the double bonds (oval) and
amide–pyridyl stacking interactions (small rectangle).

Figure 2. Crystal structure of polymer 3P.
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However, the use of H2SO4 in place of HCl or HCOOH did
not result in films. Preliminary measurements of the tensile
strengths of the films of 3P·HCOOH and 3P·HCl indicate
values of 15.99 and 7.11 MPa, respectively, with an elongation
break at 20% strain. This implies that the nature of the film is
tunable by changing the counterions. Scanning electron
microscopy (SEM) images of both films were recorded on
a JEOL-JSM 5800 scanning electron microscope. These
images confirm the large structural differences between the
two films (Figure 4b,c).

Thermogravimetric analysis (TGA) of the films showed
that decomposition occurs at 410 8C. It is interesting to note
here that the as-prepared crystalline polymer of 3P exhibits
a sharp melting point of 343 8C, as indicated by differential
scanning calorimetry (DSC). Furthermore, polymer 2P was
found to have a higher melting point (394 8C) than that of 3P.
The molecular weight of as-synthesized solids of 3P were
determined by MALDI-TOF analysis using a 2,5-dihydroxy-
benzoic acid matrix. The maximum molecular weight
observed is 4238, which indicates a 12-mer.

The SEM images for the as-synthesized and irradiated
crystals indicate significant differences. In both cases (2 and 3)

it was found that the irradiated crystals have smooth surfaces
(Figure 4d,e). The AFM images of 3 and 3P were also
recorded using the drop-casting technique. The powder
samples were dispersed in CH2Cl2 and drop-cast on the
glass slide with a micropipette. AFM analysis of 3 indicates
several peaks whereas that of 3P indicates very smooth
surfaces with several wedges parallel to each other (Fig-
ure 4 f–i).

In conclusion, we have demonstrated the facile [2+2]
SCSC transformation of two monomers—the first examples—
to produce crystalline polymers containing pyridine/phenyl,
amide, cyclobutane, and n-butyl moieties. The SCSC trans-
formation was favored by the self-templating and shock-
absorbing nature of the hydrogen-bonding layers. The pyri-
dine-containing polymers were shown to be soluble and useful
for making plastic films with considerable tensile strengths.

Pyridine-containing polymers
have been shown to be excellent
candidates for light-emitting
diodes because of their high elec-
tron affinity.[13] Currently, we are
investigating the electrolumines-
cent, photoluminescent, and ten-
sile strengths of 2P and 3P in the
presence of various counterions.
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