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Abstract: Single-crystal-to-single-crystal (SCSC) topochemical polymerizations of diacetylenes can yield
nearly defect-free conjugated polymer crystals unattainable by other methods. Aryl-substituted diacetylenes
with their potentially greater conjugation have been targeted for years, but until now no one has reported
a SCSC polymerization of any aryl-substituted diacetylene. This is presumably due to the rigidity of such
diaryl-substituted monomers as well as the lack of control over the supramolecular structure. To address
this problem, the polymerization of a terminal phenyldiacetylene was targeted. It was assumed that a terminal
diacetylene should demonstrate greater flexibility in the solid state. To establish the necessary (∼4.9 Å)
repeat distance, commensurate with the repeat distance in the polymer, a host-guest system was designed.
The chosen diacetylene guest, the amine DABzNH2, was to be crystallized with the oxalamide dicarboxylic
acid host, H2og. The plan required a segregation of the hydrogen bonds, amide-amide hydrogen bonds to
establish the 4.9 Å spacing, and the carboxylate to ammonium ion hydrogen bonds to organize the guest.
Prior to carrying out the diacetylene synthesis a series of model salts were studied. Consistent with the
hydrophobic effect it was found that amines with large “greasy” substituents assembled according to the
design. Once the model studies established that weak interactions could dominate the supramolecular
structure of a salt, the actual design was put to the test. The targeted guest, DABzNH2, was synthesized
and crystals of the host-guest salt (DABzNH3)2og were prepared. The resulting crystal structure was in
complete accordance with the design. A SCSC polymerization was achieved by a slow annealing treatment
lasting about three months. The crystal structure of the resulting polymer not only confirmed the first example
of a poly(aryldiacetylene) single crystal, it also revealed an unexpected reaction pathway that shows a
major movement involving the rigid aromatic substituent.

Introduction

Topochemical polymerizations are reactions that take place
in a condensed phase with the structure of the product
determined by the prearrangement of the reactant monomers in
space.1,2 This nonclassical polymerization method can lead to
products otherwise unobtainable and also to a more insightful
understanding of reaction pathways. More importantly, when
such reactions proceed within a single-crystal-to-single-crystal
(SCSC) environment, control of the stereo and regiochemistry
in the corresponding polymer should be absolute. Therefore,
one has a unique opportunity to map out exact reaction
trajectories3 and obtain outstanding functional materials with
highly ordered polymer structures.4 In particular, topochemical
polymerizations have been shown to be the only efficient way

of preparing polydiacetylenes (PDAs), as was pioneered by
Wegner in 1969.2 The X-ray diffraction data from the PDA
single crystals also helped to confirm the controversial ene-yne
type backbone structure in the early days of the field.5

The typical topochemical requirements for diacetylene po-
lymerization in crystalline state are known to be as follows:6

The monomers need to be spaced ∼4.9 Å apart, a separation
equal to the repeat distance in the corresponding polymer. An
angle between the axis of the array and the diacetylene rod of
45 ° will bring the C1 and C4 reactive centers of neighboring
diacetylenes into a van der Waals contact of 3.5 Å (Figure 1).
The fulfillment of these structural parameters increases the
likelihood of maintaining the crystalline lattice during the entire
transformation by minimizing the structural changes associated
with polymerization. The difficulty is the fact that most
diacetylenes do not crystallize in accordance with these structural
parameters. If a given compound does not crystallize properly,
there is little one can do to change the crystal structure of a
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pure substance. Thus, SCSC diacetylene polymerizations are
somewhat a matter of chance and far from common place.

In previous work, we have used a host-guest cocrystal
approach to establish these necessary structural requirements.7

We designed specific host molecules which would self-assemble
via hydrogen bonds establishing a crystalline lattice com-
mensurate with the repeat distance of the desired polymer. The
host molecules would then bind to the guest monomers imposing
upon them the proper spacing and orientation necessary for the
polymerization (Figure 1). Using this methodology we have
prepared in single crystal form several new polydiacetylenes,
including the first examples of a terminal polydiacetylene8 and
poly(diiododiacetylene).9 A similar host-guest approach led us
to the first polytriacetylene10 and the first polytriene11 both via
a SCSC polymerization as well.

There is considerable interest in the preparation of poly(aryl-
diacetylenes), polymers of diacetylenes with aryl groups directly
attached to the acetylene carbon atoms.12 Extending the
conjugation of the polymer backbone on to the aromatic side
groups may significantly enhance the electronic and optical
properties of the modified PDAs. There have been many
reported attempts to bring about a SCSC polymerization of an
aryldiacetylene.13 We have also tried to prepare a crystalline
poly(aryldiacetylene), but have not been successful. Our best
result was obtained by cocrystallizing 4,4′-dipyridyldiacetylene,
with the oxalamide of glycine, H2og, as the host (Figure 3a).14

The cocrystals exhibit very good structural parameters, but the

polymerization does not go SCSC. Instead, the monomer crystals
crumble into a purple powder as the polymerization progresses.

Similar frustrations have been reported by others for different
aryldiacetylene derivatives, sometimes with monomer structures
arranged in a perfect manner. Lee et al.15 investigated the
thermal polymerization of a bisbithazolyldiacetylene. Although
the packing pattern in this work turned out to be excellent, with
a 3.48 Å C1-C4 contact, the monomer crystals showed no
polymerization at all in the solid state.

In an early study, Day and Lando16 polymerized a cyclic
bisphenyldiacetylene to an extent of 35% as confirmed by X-ray
single crystal diffraction. In their work, the diacetylene moiety
seems to follow the “turnstile” pathway (Figure 2) and the
aromatic ring rotates by 19° about its axis. Nakanishi and co-
workers17 studied the solid state polymerization of a different
bisphenyldiacetylene and was able to obtain polymerization of
about 20%. In this case, the authors noticed a swinging motion
of the phenyl ring associated with the polymerization. A
complete topochemical SCSC polymerization was claimed for
1-(N-carbazolyl)-penta-1,3-diyn-5-ol, but no crystallographic
analysis of the resulting polymer was reported.18

In most SCSC polymerizations the structural changes follow
a reaction pathway corresponding to the turnstile mechanism.8,19,20

As illustrated in Figure 2, when energy is applied the monomers
pivot around their centers of mass in a conrotary manner
bringing the neighboring C1 and C4 carbon atoms together to
form a new bond. The required atom movement is just over 1
Å for each reacting atom. This turnstile pathway is particularly
favored for symmetrical diacetylenes.

The difficulties in SCSC polymerization of aryldiacetylenes
may be attributed to the rigidity of aromatic pedant groups.
When the polymerization occurs, the diacetylene functionality
pivots like a “turnstile” by about 30° bringing the neighboring
C1 and C4 carbon atoms together. The linear sp hybridized
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Figure 1. Topochemical requirements for diacetylene polymerization and
the host-guest strategy of aligning diacetylenes for such requirements.

Figure 2. Two possible mechanisms for the topochemical polymerization
of a diacetylene. (a) Turnstile mechanism. (b) Swinging gate mechanism.
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carbon atoms become trigonal centers with bond angles of 120°.
The total angle change is 60° so the other half of the movement,
another 30°, must involve the aromatic ring. This 30° movement
of the rigid ring may just be too disruptive for the crystal lattice
to remain intact. Both Lando’s and Nakanishi’s results support
this speculation by the low percentage of polymerization and
the movement of phenyl rings during the reaction in the
crystalline state.

A mono substituted or terminal aryldiacetylene may be a
solution. In a previous study8 we found a reaction trajectory
very different from the common “turnstile” mechanism, sug-
gesting that perhaps an unsymmetrical aryldiacetylene can
provide an alternate route to the preparation of poly(aryldi-
acetylene) single crystals. The inspiration came from a single
crystal of penta-2,4-diynyl 3,5-dihydroxybenzoate monohydrate,
which undergoes a facile SCSC polymerization with only
moderate heating (Figure 3b). The surprising feature of this
polymerization is the unsymmetrical reaction trajectory. A
dramatic movement of 2.5 Å by the terminal C1 carbon is the
major contribution to the overall structural adjustment; in
contrast C4 and its attached CH2 group only move slightly as
the reaction proceeds. Thereby we proposed an idealized “swi-
nging gate” mechanism, in which the C4 serves as a pivot point
and all the movement required for new bond generation would
take place at the terminal end of the diacetylene functionality
(Figure 2b). This same mechanism could work just as well for
a terminal aryldiacetylene, offering us a chance to achieve the
long-standing goal of a SCSC aryldiacetylene polymerization.

Herein, we report the first poly(aryldiacetylene) single crystal
to date, successfully prepared from the organic salt formed from
a dicarboxylic acid host and a terminal aryldiacetylene guest.

Both the monomer and polymer structures are confirmed by
X-ray single crystal diffraction along with other spectroscopic
means of characterization. This study also sheds light on the
supramolecular chemistry of organic salts, as an extension to
the more common cocrystal approach to crystal engineering.

Results and Discussion

When we first considered terminal aryldiacetylenes as po-
tential polymerization targets, we initially chose 4-pyridyldi-
acetylene, the most straightforward target related to the previ-
ously studied 4,4′-dipyridyldiacetylene. Unfortunately, no quality
cocrystals could be obtained, probably due to the extreme
instability of the compound in the condensed state as often seen
for terminal aryldiacetylenes.21 Searching for an aryldiacetylene
derivative with a substituent capable of forming hydrogen bonds
to the standard host H2og, we finally chose DABzNH2 as the
targeted aryldiacetylene (Scheme 1).

Before proceeding with the nontrivial synthesis of DABz-
NH2,we had an important question to consider. Could we
realistically expect to successfully cocrystallize primary amine
DABzNH2 with dicarboxylic acid H2og to give a crystalline
solid as outlined in Scheme 1? This would be an extension of
previous studies where we relied on carboxylic acid to pyridine
hydrogen bonds to provide us a greater variety of cocrystalline
materials. However, potentially there was a big problem: a
pyridine and a carboxylic acid will form a cocrystal; an amine
like DABzNH2 should form a salt.

A pyridine-carboxylic acid cocrystal features one strong
highly directional hydrogen bond; the structure of the complex
can be predicted with confidence. An ammonium carboxylate
salt will have a cation with three donor hydrogen atoms pointing
in different directions and a carboxylate anion capable of ac-
cepting multiple hydrogen bonds from almost any angle. Thus
there will be multiple strong, but nondirectional hydrogen bonds;
a prediction of structure will be much more difficult.

Salts. The comparison of a cocrystal and a salt is not just a
matter of semantics. If a carboxylic acid hydrogen bonds to a

(21) West, K.; Wang, C. S.; Batsanov, A. S.; Bryce, M. R. J. Org. Chem.
2006, 71, 8541–8544.

Figure 3. Two previously determined structures. (a) Structure of the
cocrystal formed from 4,4′-dipyridyldiacetylene and the oxalamide of
glycine, H2og. In this designed structure, the oxalamide amide hydrogen
bonds form a one-dimensional R-network establishing the necessary
intermolecular spacing in accordance with the parameters shown in Figure
1. (b) Structure of the hydrate crystal of a terminal diacetylene with
resorcinol headgroup.

Scheme 1. Supramolecular Design for a Host-Guest Salt Chosen
to Achieve the Necessary Structural Parameters for a
Topochemical Polymerization

636 J. AM. CHEM. SOC. 9 VOL. 131, NO. 2, 2009

A R T I C L E S Li et al.



pyridine, there is no formal charge transfer and no ion formation.
A typical substituted pyridinium ion has a pKa of about 6, less
acidic than a typical carboxylic acid pKa of about 4.5, but not
by much.22 In solution a carboxylic acid will protonate a
pyridine, but in the solid state in the absence of stabilizing
solvent molecules there usually is no proton transfer and a
carboxylic acid will simply form a hydrogen bond with a
pyridine.

The situation with a substituted benzylamine is different. A
substituted benzylammonium ion has a pKa of about 9.5,
considerably less acidic than a carboxylic acid.22 Proton transfer
is expected in the solid state and an ammonium carboxylate
salt will form instead of a cocrystal. The resulting primary
ammonium and carboxylate anion will form strong hydrogen
bonds and will likely dominate the molecular packing in the
salt crystals. Indeed one can refer to these strong interactions
as “coulomb or ionic interactions” as opposed to normal
hydrogen bonds, but since all such forces lie on a continuum
of energy we find it convenient to simply call them “strong
hydrogen bonds.” It was not at all clear that the necessary one-
dimensional R-network based upon weaker amide-amide hy-
drogen bonds between host molecules will form in the presence
of these strong hydrogen bonds.

A recent paper by Aakeroy et al.23 focuses on this problem.
They prepared and compared 61 different cocrystals with 21
different organic salts. The series of cocrystals gave crystals
with predicted stoichiometries 95% of the time, but 45% of the
salts gave alternate stoichiometries or incorporated solvent. We
were thus somewhat apprehensive that the structure of Scheme
1 might not form. Therefore before proceeding with the synthesis
of our target compound DABzNH2, we prepared a test series
of ten different salts of our host dicarboxylic acid H2og.

Model Studies. Our test series started with the ammonium
ion, included the simple alkyl ammonium ions from methyl
through hexyl, plus three cyclic ammonium ions, derived from
cyclohexyl, benzyl and 4-ethynylbenzyl amines. The salts were
all prepared by adding two equivalents of each amine to a small
quantity of dicarboxylic acid H2og in water or water/methanol
solutions. In each case crystals formed upon slow evaporation
at a temperature of ∼35 °C. Once a first crystal structure was
obtained from each of the test cases, no further investigations
were made. No attempt was made to find a second polymorph
or solvate of any of the model compounds. Our initial results
confirmed the observations of Aakeroy. The simplest salts all
failed to give the supramolecular structures necessary for
topochemical polymerizations. Indeed we seemed to have un-
dertaken a study of chaos.

Ammonium Salt. This first case illustrates the problem. One
characteristic of dicarboxylic acids is that quite often their half-
neutralized salts will readily crystallize from solution, usually
yielding excellent crystals. Crystals of most half-neutralized
dicarboxylic acids contain a strong hydrogen bond between the
remaining carboxylic acid hydrogen and the single carboxylate.
A common example is potassium hydrogen tartrate, a well-
known crystalline byproduct of wine making.24 A search of the
Cambridge Structural Database (CSD)25 yields a raw count of
204 structures containing the hydrogen tartrate ion, but only
147 structures containing the tartrate dianion. Hydrates are also

common; 75 of the hydrogen tartrate structures and 109 of the
tartrates are hydrates.

Thus we are not surprised to find that H2og crystallizes from
aqueous ammonia to give the hydrated half-neutralized salt
NH4Hog ·2H2O (Figure 4). The Hog-1 ions form a chain via
the strong carboxylic acid to carboxylate hydrogen bond. One
set of amide-amide hydrogen bonds forms, but the linear
R-network of amide hydrogen bonds shown in Scheme 1 is not
found. Instead the second amide oxygen atom forms a hydrogen
bond to an ammonium ion.

Methyl- and Ethylammonium Salts. Methyl- and ethylamine
form similar salts with H2og. The supramolecular chemistries
of the two salts are the same, but the crystallographic symmetries
are different (Figure 5). In each case the dicarboxylic acid host
is fully neutralized to form a dicarboxylate anion. The am-
monium ions bridge a water molecule plus two carboxylates
end to end. The amide hydrogen atom forms a hydrogen bond
to a carboxylate as well. The required supramolecular structural
features of Scheme 1 do not exist.

Propylammonium Salt. With propylamine, a fully neutralized
anhydrous salt forms. The oxalamide R-network is seen for the
first time, but with two molecules per asymmetric unit, not one

(22) Albert, A.; Serjeant, E. P. The Determination of Ionization Constants;
Chapman and Hall: London, 1984.
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388.

Figure 4. Crystal structure of NH4Hog ·2H2O.

Figure 5. Crystal structures of (a) (methylNH3)2og · 2H2O and (b)
(ethylNH3)2og ·2H2O.
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(Figure 6). This means the crystallographic repeat unit is doubled
to ∼10 Å instead of the necessary 4.9 Å. The propyl ammonium
ions form a full set of hydrogen bonds to the carboxylates, but,
because of the multiple molecules in the asymmetric unit, the
structure parameters do not correspond to those needed for a
diacetylene polymerization.

Butylammonium Salt. The salt with butylamine, (butyl-
NH3)2og, was not at all encouraging. There are two molecules
in the asymmetric unit and seemingly no pattern to the hydrogen
bonds (Figure 7). One pair of molecules forms a diamide dimer,
but the other molecule in the asymmetric unit formed only amide
to caroxylate hydrogen bonds.

Pentyl- and Hexylammonium Salts. The results with pentyl-
and hexylamine are much closer to the designed structure shown
in Scheme 1 (Figure 8). The host molecules of both structures
form a one-dimensional amide-amide hydrogen bond R-network.
Superficially the two structures look similar, but a closer look
shows that their stoichiometries are different. The hexylamine
structure is the simplest; it is the hexylammonium salt of the
half-neutralized host, Hog-1. The pentylamine structure has one
fully neutralized og-2 dianion plus one fully protonated diacid
molecule, H2og. However, the important fact is that both
structures exhibit the targeted 4.9 Å repeat distance established
by the amide-amide hydrogen bonds. In each structure there is
a segregation of the weak amide-amide hydrogen bonds from
the stronger carboxylate-ammonium and carboxylate-carboxylic
acid hydrogen bonds.

Cyclic Primary Ammonium Salts. The next logical step in
our series of model salts was to examine cyclic primary amine

salts. Cyclohexyl- and benzylamine formed simple fully neutral-
ized salts, of the form (RNH3)2og. Each crystallized in the
triclinic P1j space group with one formula unit per unit cell.
Each formed a two-dimensional �-network of p1j layer group
symmetry exhibiting the supramolecular chemistry projected in
Scheme 1. These layers are pictured in Figure 9 along with a
sketch of the two-dimensional layer unit-cells. There are two
independent hydrogen bond R-networks along the short (∼ 5
Å) unit cell direction (Figure 10). The first is the oxalamide
R-network, previously shown to be a reliable functionality for
establishing a 4.9-5.0 Å spacing. Parallel to the oxalamide
R-network is an R-network of alternating pairs of primary
ammonium cations and carboxylate anions.

This primary ammonium carboxylate network has been seen
before, but it is not common. Sada and co-workers26 recently
published a comprehensive CSD analysis of ammonium car-
boxylate structures. They identified 1070 examples of primary
alkyl ammonium carboxylate salts. These salts formed a wide
variety of one and two-dimensional hydrogen bonded networks.
Only 47, less than five percent of the structures formed the one-
dimensional R-network shown in Figure 10b. These 47 structures
were not identified specifically and we have not reproduced their
extensive study ourselves, but a more casual perusal of the CSD
indicates that this network is found in structures of various
racemic R-amino acids. Qualitatively the crystallographic repeat
distances appear to range from about 4.6 to 4.9 Å, generally
shorter than the distance targeted and found in the salt system
studied here. A typical example is the racemic phenylglycine
which contains the R-network of Figure 10b with a repeat
distance of 4.85 Å.27

These model studies gave us a strong indication that the
design of Scheme 1 would work, thus we proceeded with the

(26) Sada, K.; Tani, T.; Shinkai, S. Synlett 2006, 2364–2374.
(27) Dalhus, B.; Görbitz, C. H. Acta Crystallogr., Sect. C: Cryst. Struct.

Commun. 1999, 55.

Figure 6. Crystal structure of (propylNH3)2og.

Figure 7. Crystal structure of (butylNH3)2og.

Figure 8. Crystal structures of (a) (pentylNH3)2og ·H2og and (b)
(hexylNH3)2Hog.
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synthesis of 4-diacetylenylbenzylamine (DABzNH2). As de-
scribed later in this paper (Scheme 2), the monoacetylene
compound 4-ethynylbenzylamine (EBzNH2) was a model
compound from the synthesis. This gave us the opportunity for
one more model in the crystallographic study. The amine
EBzNH2 also formed a simple salt of the form, (RNH3)2og,
with a layer structure analogous to the cyclohexyl- and
benzylamine salts (Figure 9). The only difference in the structure
was the orientation of the 4-ethynylbenzyl group, which can
be seen to bend “up” opposite in direction to the benzyl group
that bends “down.”

Targeted 4-Diacetylenylbenzylamine Salt. This brings us to
the designed amine DABzNH2. It also formed a simple salt of
the form (RNH3)2og (Figure 9). The structure was a close
analogue of the three cyclic primary amine salts studied as
models. The all important diacetylene repeat distance was 4.93
Å and the neighboring C1-C4 distance was 3.57 Å. These
parameters are well within the range needed for a topochemical
polymerization.

As we examined the various model salts we made no attempt
to search for polymorphs of alternate solvated crystals, but with
diacetylene DABzNH2 an active search for alternate crystalline
forms was not necessary. The partial polymerization of the
diacetylene moiety introduces color into the crystals making it
very easy to identify crystal variants. We found two alternate
crystalline forms without really looking for them. The desired
solvent free salt discussed above came out of mixed methanol/
water solutions as pink needles, but the needles were ac-
companied by red plates of a hydrated crystalline form,
(DABzNH3)2og•2H2O (Figure 11).

The host anions in the hydrate do not align in accordance
with the design of Scheme 1. However, the ammonium ions do
form a water bridged network along a glide plane that brings
neighboring diacetylenes into approximate alignment with a
repeat distance of 9.53 Å for a pair of symmetry related
molecules. Neighboring molecules have end-end distance of
4.81 Å and a C1-C4 distance was 3.52 Å, even shorter than
the value of 3.57 Å found in the anhydrous crystal. Thus we
had in hand two possible candidate structures for the topochemi-
cal polymerization, one designed and one accidental.

We also found a third crystalline form, a methanol solvate,
(DABzNH3)2og•2CH3OH (Figure 12). In this form the diacety-
lenic ammonium cations are well separated and there are no
amide-amide hydrogen bonds. This form seems totally unsuit-
able for a topochemical polymerization.

Once we understood that the DABzNH2 readily formed
solvated crystals it became important to find a reliable way of
growing the solvent free form exclusively. This could be done
simply by using pure 1-propanol for the crystallization, although
the efficiency of the supramolecular synthesis was limited by
the poor solubility of H2og in this solvent.

Layered Salts. The four cyclic primary ammonium salts form
isostructural layers as shown in Figure 9. In Figure 13 a top
view of these layers can be seen. The layers have the form of
a reverse bilayer with the charged residues in the center of the
layer and the nonpolar greasy tails pointing outward on both
sides of the layer. Such layered organic salts have been seen
before. Good examples include Zaworotko’s28 N,N-dibenzy-
lammonium carboxylate laminated clay mimics and Ward’s29

guanidinium sulfonates. A common theme to these layered salts
seems to be the need for a greasy group of sufficient size to
drive the bilayer formation via forces similar to the hydrophobic
effect. This is illustrated by the fact that the smaller ammonium
cations in this study failed to form the layer structures formed
by the larger and greasier ammonium cations (Table 1). The
π-π interactions may also play active roles if they exist, as they
do in the cases of the benzyl-, 4-ethynylbenzyl- and the targeted
4-diacetylenylbenzyl ammonium salts.

The p1j layer group symmetry is constant for all four layers.
The dimensions of the two-dimensional layer unit cells are

(28) Biradha, K.; Dennis, D.; MacKinnon, V. A.; Sharma, C. V. K.;
Zaworotko, M. J. J. Am. Chem. Soc. 1998, 120, 11894–11903.

(29) Horner, M. J.; Holman, K. T.; Ward, M. D. Angew. Chem., Int. Ed.
2001, 40, 4045–4048.

Figure 9. The crystal structures of four cyclic ammonium salts of the form
(RNH3)2og. The supramolecular chemistries of the four R-networks are
identical. Each layer contains the two independent hydrogen bonding
networks shown in Figure 10. The four layers each have p1j layer group
symmetry with two-dimensional unit cells of similar dimensions as indicated
in the drawing.

Figure 10. Two independent parallel R-networks found within the
�-networks of the cyclic ammonium salts shown in Figure 9. (a) Well-
known oxalamide R-network. (b) Not-so-commonly observed ammonium
carboxylate R-network.
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similar as diagramed in Figure 9. Three of the layers, the
4-ethynylbenzylammonium salt being the exception, stack via
simple translation to give a crystal with P1j space group
symmetry. The 4-ethynylbenzylammonium salt stacks via a 21

screw axis to give a crystal with P21/n space group symmetry.
This is significant, because it shows how different supramo-
lecular assemblies can vary at different levels of structure
analysis. In this case the basic design of Scheme 1 was adopted
by all four of the cyclic ammonium salts. They form isostructural
layers with identical chemistry and identical crystallographic

symmetry. When the stacking of the layers is considered, three
of the salts are still isostructural but the fourth is different.
Fortunately, our design for a diacetylene polymerization only
required two dimensions of control, not three.

Synthesis. The compounds EBzNH2 and DABzNH2 were
prepared as outlined in Scheme 2. The synthesis of the two para-
substituted benzylamines both started with 4-bromobenzyalde-
hyde, after three successive steps of the Sonogashira coupling,
removal of the silyl protecting group and reduction, alcohol 3
was prepared. This benzylalcohol was converted to an azide 4
in one step using Reddy’s procedure,30 followed by a reduction
to yield EBzNH2. For the terminal diacetylene synthesis, another
building block, bromide 5, was attained from 2-methyl-3-butyl-
2-ol. Then the Cadiot-Chodkiewicz coupling of 3 and 5 afforded
the protected diacetylene 6, which was directly converted to
the azide 7. After the elimination of acetone protecting group
followed by a reduction of the azide group, the target compound

Scheme 2. Synthesis of EBzNH2 and DABzNH2

Figure 11. Structure of the hydrate, (DABzNH3)2og•2H2O.
Figure 12. Structure of the methanol solvate, (DABzNH3)2og•2CH3-
OH.
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DABzNH2 was obtained in an overall yield of 35%. As a
terminal aryldiacetylene, DABzNH2 was found chemically
unstable. It can be stored in solution at low temperature for
months. However, once the stock solution is concentrated, this
reactive amine turns quickly from white crystals into a deep-
colored insoluble solid, as do most of the terminal aryldiacety-
lenes discussed in the literature.21 H2og was synthesized
according to a procedure adapted from the literature.31

The high quality single crystals of DABzNH2 salt were
difficult to grow. All three forms of DABzNH2/H2og salts were
finally obtained by solvent evaporation of the shoichiometric
quantities of host and guest in anhydrous alcohol or methanol/
H2O mixture at room temperature. The methanol solvate crystals
were obtained when methanol was used; a mixture of the hydrate
form and the solvent-free form was obtained when methanol/
H2O mixture was used; while the pure solvent-free form was
obtained when anhydrous 1-propanol was used. It is crucial that
the evaporation rate is much faster than normal, as the conditions
used for the model salts take from overnight to a couple of days
before the crystals appear. A rapid evaporation approach is very
important when dealing with unstable compounds like
DABzNH2 and can be realized using a wide open container
like a Petri dish. It usually takes less than 30 min to get high
quality single crystals of DABzNH2/H2og salts from about 10
mL solution. The regular slow evaporation never worked well

due to the problems presumably caused by the chemical
instability of DABzNH2 in a concentrated state. Other standard
techniques for crystal growth, such as cooling methods, vapor
diffusion and solvent diffusion, have also been tested although
none of them gave satisfactory results. The significant difference
between the solubilities of DABzNH2 and H2og complicates
all of these alternate crystallization methods.

Polymerization. Once the crystallographic work was finished
it was found that there were two candidate crystals for the SCSC
polymerization study. The designed solvent free structure,
(DABzNH3)2og, and the unexpected hydrate, (DABzNH3)2og•
2H2O.

The hydrate crystals formed as red plates suggesting that some
degree of polymerization was taking place at room temperature.
The crystal structure showed that the monomers were aligned
along a glide plane with good structural parameters for a
topochemical polymerization (Figure 10). Heating the crystals
turned their color from the original red to a much darker
essentially black color. Such color changes are usually indicative
of further polymerization. The single crystal used for the original
structure determination was heated in a controlled manner to
80 °C for 12 h. A visual examination of the crystal showed a
darker color, but numerous cracks had developed and major
portions of the crystal simply crumbled away. The crystal was
returned to the diffractometer and reexamined. No further
diffraction could be observed. Other crystals of the hydrate
showed similar changes upon heating. It seems most likely that
these changes are due to loss of water from the crystal lattice.
Since the anhydrous crystals were giving us better results we
abandoned our studies of the hydrate.

The crystal structure of the anhydrous crystals, (DABz-
NH3)2og, revealed a near perfect packing of the diacetylene
monomers. The crystallographic repeat distance of 4.93 Å is
very close to the targeted 4.9 Å spacing. The C1-C4 contact
distance between neighboring monomers was 3.57 Å, well set
up for an intramolecular reaction. With such promising structural
parameters we anticipated that the polymerization would occur
readily. In previous work with a terminal diacetylene, the
hydrated compound shown in Figure 3b, polymerization took
place at a temperature of only 50 °C despite the fact that
structural parameters were seemingly less satisfactory than those
found in this structure. Initial experiments showed us that the
(DABzNH3)2og crystals turned dark at temperatures well above
100 °C. For example a crystal heated at 150 °C for 16 h
appeared to be polymerized, but unfortunately diffraction studies
indicated an amorphous structure. The polymerization was
further confirmed by DSC analysis (Figure S7, Supporting
Information), FT-IR (Figure S9, Supporting Information) and
Raman spectroscopy (Figure S10, Supporting Information), but
the goal of our work was a SCSC polymerization. This was
achieved by a carefully controlled series of annealing experiments.

Single-Crystal-to-Single-Crystal Polymerization Study. Sev-
eral different crystalline samples were examined, but this report
will focus on the structural results for one single crystal study
that was carried out over a period of about three months. Initial
experiments with other crystals indicated that a slow polymer-
ization was the only way that we could maintain the crystal
integrity of the sample.

The monomer crystal selected had a pale pink color. It was glued
to a glass fiber for the X-ray experiment and a structure determi-
nation was carried out. The refinement was normal and there was
no sign of polymerization. The initial monomer structure is shown
in Figures 14 and 15. This single crystal was then placed in a

(30) Reddy, G. V. S.; Rao, G. V.; Subramanyam, R. V. K.; Iyengar, D. S.
Synth. Commun. 2000, 30, 2233–2237.

(31) Hearn, W. R.; Hendry, R. A. J. Am. Chem. Soc. 1957, 79, 5213–
5217.

Figure 13. Top view of two of the layers shown in Figure 9. (a)
(benzylNH3)2og. (b) (DABzNH3)2og. The layers form an inverse bilayer
with the hydrophobic tails of the ammonium salts filling the space between
the hydrogen bonded anions.

Table 1. Summary of the Structural Characteristics in
(RNH2)x(H2og)y Salts

R stoichiometry (x:y)

desired
H-bond R-networks

among hosts

repeat
distance

H, CH3, ethyl n-
propyl, n-butyl

1:1 or
2:1 (w H2O)

Not found -

n-pentyl 1:1 found 4.97 Å
n-hexyl 1:1 found 4.99 Å
cyclohexyl 2:1 found 5.06 Å
benzyl 2:1 found 4.92 Å
4-ethynylbenzyl 2:1 found 4.94 Å
4-diacetynylbenzyl 2:1 found 4.93 Å
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vacuum oven at 100 °C for a day, the crystal was observed to be
darker in color and its structure was redetermined. The structure
was refined and a new set of peaks appeared in the electron density
maps. These peaks corresponded to the emerging polymer and had
an occupancy of 11%. As shown in Table 2, additional heat
treatments at 100 °C were carried out over a period of a month.
The occupancies of the atoms corresponding to the polymer reached
45%. The temperature was then raised for subsequent experiments.
After 66 days of heating, with a final temperature of 145 °C the
polymerization was observed to be 78% meaning that the polymer
atoms were now the major atoms present and the monomer atoms
made up the minor set. At this point the temperature was increased
to 160 °C to speed up the transition. Unfortunately, the crystal no
longer gave a useful diffraction pattern. Raman spectrum of such
fully annealed crystals gave no definitive evidence of the monomer
and the final polymerization seems to be essentially 100%.

The polymer structure shown in Figure 14 and Figure 15 is
the result obtained from the 78% structure, corresponding to
experiment entry 12 in Table 2. An examination of the
crystallographic parameters shows that the unit cell steadily
contracts along the short a-axis as the polymerization proceeds
from 4.93 to 4.89 Å. The a-axis corresponds to the orientation
of the polymer backbone. The overall volume change leads to
a two percent decrease in the crystal density.

As discussed in the introduction we chose to study an terminal
aryldiacetylene working on the assumption that the major
movement during the polymerization would involve the hydro-
gen end of the diacetylene and the phenyl end would not need
to move much or at all. An examination illustrated in Figure
15 shows that the opposite has occurred. The terminal C1 carbon
has moved the least, 1.7 Å, while C4 next to the phenyl ring
has moved the most, 3.0 Å, a very large movement when
compared to previous topochemical polymerizations. The entire
phenyl group has pivoted on its axis roughly along the C8-C9
bond and moved “downward” and to the side following the C4
atom. A similar phenomenon has been noticed in the Nakanishi’s
work, where the authors achieved only a 20% conversion to
polymer in their bisphenyldiacetylene crystals.17

In the monomer structure the phenyl ring has a dihedral angle
of 89.9° with respect to the short crystallographic axis of 4.93
Å. In the polymer the phenyl pivot has brought this dihedral
angle down to 38.7°. This is essentially as small as this dihedral
angle can go since the nonbonded contacts between atoms of
neighboring phenyl rings are in van der Waals contact of 3.3 Å
(Figure 16).

Conclusion

We set as our goal, the design and realization of a single-
crystal-to-single-crystal polymerization of a terminal aryldi-

acetylene. This goal was achieved and along the way we have
learned some lessons that should be useful in future supramo-
lecular syntheses.

For many years we have relied upon cocrystallization as the
basis of our host-guest strategy. This was our first attempt to
use an anion host to organize a cationic guest. An examination
of the literature told us this might be difficult. Consistent with
this pessimistic view model compounds with small cations
followed no general pattern, but larger and “greasier” cations
worked just fine. There appeared to be a hydrophobic like
dominated segregation that separated the highly charged salt
functionalities from the rest of the structure. This segregation
allowed the amide-amide hydrogen bonds to form in the normal

Figure 14. On the left is a view of the crystal structure of the
(DABzNH3)og salt. The right-hand side shows a similar view of the
polymerized structure. The same crystal was used for both experiments.

Figure 15. Detailed structural analysis of the monomeric and polymeric
forms of (DABzNH3)2og. The monomer atoms are colored normally; the
polymer is in all green.32 The top of the figure shows a side view of the
monomers and the corresponding polymer. The bottom of the figure shows
a top view of the same structure and includes the host molecule. The host
molecule changes little during the polymerization reaction. The monomers
move downward bending at the middle C4 carbon. There is also a sideways
movement as seen in the top view. Carbon C4 moves the most, 2.97 Å.
The initial monomer spacing of 4.93 Å is very close to the ideal value. The
corresponding polymer value is slightly shorter at 4.89 Å. Upon polymer-
ization the phenyl ring turns on its axis by about 50°.
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manner establishing the required spacing for the designed
diacetylene polymerization.

Previous reports on disubstituted aryldiacetylenes all failed
to produce single-crystal-to-single-crystal polymerizations. This
was likely due to the major disruption caused by required
movement of the aryl groups. It was our hypothesis that a
terminal aryldiacetylene would require less movement of the
aryl group. Surprisingly our design worked, but the single aryl
group still undergoes a major movement in the solid state. The
phenyl groups pivot by about 50° as the reaction proceeds. The
major driving force for this movement seems to be the need
for neighboring phenyls to maintain their van der Waals contact,
Figure 16. The polymerization reaction trajectory is closer to
that of the “swinging gate” than the “turnstile”, Figure 2, but
the “gate” is swinging in a manner we did not anticipate.

An important aspect of this study is the slow annealing of
the single crystal used in the X-ray diffraction study. A three
month long series of slow heating experiments allowed us to
follow the crystal to a polymerization of 78%. All evidence
tells us that an even slower study would have given us a 100%
SCSC polymerization.

Although the polymerization of the terminal aryldiacetylene
has taken place in a centrosymmetric crystal, the resulting
conjugated polymer is acentric and polar. This might serve as
an interesting basis for future applications in nonlinear optics.

Experiments such as these tell us that we have made major
progress in our understanding of supramolecular chemistry and
crystal design. We can choose a synthetic target and design a
synthesis to reach our goal, but along the way there are still
plenty of surprises.
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(32) The two structures were superimposed by using closest carbonyl carbon
atom of the nearest oxalamide host molecule to establish a common
origin. The z axis of a common orthogonal coordinate system was
defined by the shorta axes of the two superimposed unit cells. The
plane of the two central carbonyl groups was used to establish the xz
coordinate plane; the y axis was normal to this plane.

Table 2. Single Crystal Annealing History and Resulting Unit Cell Constants

heating
temp. (° C)

heating interval
(days)

cumulative time
(days) a (Å) b (Å) c (Å) R (deg) � (deg) γ (deg) volume (Å3)

percent
polymerc

1a - - - 4.931(3) 10.017(7) 13.738(9) 85.899(14) 84.56(2) 85.141(16) 671.7(8) 0
2 100 1 1 4.913(2) 10.032(3) 13.752(4) 85.437(6) 84.967(7) 85.201(6) 671.0(4) 11
3 100 2 3 4.908(1) 10.029(3) 13.741(4) 85.123(7) 85.141(6) 85.225(5) 669.5(3) 14
4 100 3 6 4.914(1) 10.048(2) 13.754(3) 84.784(6) 85.293(4) 85.220(6) 672.1(3) 25
5 100 4 10 4.909(2) 10.046(4) 13.738(5) 84.172(7) 85.592(6) 85.255(7) 670.1(4) 30
6 100 7 17 4.912(2) 10.061(5) 13.740(6) 83.478(7) 85.857(10) 85.221(8) 671.0(5) 34
7 100 7 24 4.917(3) 10.075(7) 13.744(9) 82.745(8) 86.223(13) 85.270(10) 672.1(7) 38
8 100 7 31 4.910(2) 10.066(4) 13.723(5) 82.422(6) 86.377(8) 85.273(7) 669.1(5) 45
9 120 7 38 4.901(1) 10.071(3) 13.693(4) 81.027(5) 87.160(8) 85.367(7) 665.0(3) 50
10 130 7 45 4.899(1) 10.075(3) 13.680(4) 80.483(6) 87.538(5) 85.453(6) 663.5(3) 55
11 130 7 52 4.899(2) 10.083(3) 13.690(4) 79.831(7) 88.034(6) 85.553(7) 663.4(3) 57
12 145 14 66 4.886(2) 10.072(4) 13.670(5) 79.154(6) 88.615(9) 85.662(8) 658.8(4) 78
13b 160 17 83 - - - - - - -

a Experiment 1 gives the cell constants of the monomer crystal before any heat treatment. b Experiment 13 destroyed the crystal integrity; no unit cell
could be obtained. c Percentage of polymerization is a qualitative estimate based upon fractional atom occupations in the least squares refinement.

Figure 16. Illustration of the relative positions of neighboring phenyl rings
along the backbone in the polymer crystals.
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