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ABSTRACT: Diethyl (Z,Z)-muconate (EMU) shows the topotactic polymerization reaction in the solid-state by an ir-
radiation of light. This reaction occurs quite rapidly at room temperature but reduces its rate gradually at lower tem-
perature and does not occur at all below —45°C, where the 1st-order phase transition occurs. In order to clarify the rea-
sons why the reaction is ceased in the low-temperature phase, the X-Ray structural analysis was made at —80°C by us-
ing an imaging plate system. The molecular packing structure was found to be slightly different from that at room tem-
perature. If the reactivity is affected quite sensitively by such a slight difference in packing structure, we have to say
that the solid-state polymerization of EMU can be induced for the first time when the molecular packing mode satisfies
the quite narrow and limited geometrical condition. But, this idea is difficult to be accepted at the present stage judging
from the small structural difference between the two phases. As seen typically for the case of polydiacetylenes, the solid-
state polymerization or in more general the topochemical reactions had been discussed so far in terms of such packing
geometry as the inter-atomic distance, the molecular orientation in the crystal lattice, etc. But this rule is considered to
be too simple to interpret the remarkable difference in the polymerization reactivity at high- and low-temperatures of
EMU. In other words, this example of EMU brings up a very important warning about the conventionally-made discus-
sion on the factors governing the solid-state polymerization reaction.
KEY WORDS Diethyl (Z,Z)-muconate / Topotactic Polymerization / Phase Transition / X-Ray Struc-
ture Analysis / Packing Geometry / Reactivity /

In the previous papers we have investigated the light-
induced solid-state polymerization reaction of a series of
(Z,Z)-muconate with the various side groups. Diethyl (Z,
Z)-muconate (EMU: diethyl (Z,Z)-2,4-hexadienedioate)
is one of the special cases in which the so-called topotac-
tic polymerization reaction occurs in the solid-state with
the single crystal morphology kept unchanged during
the reaction.! ™4
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We carried out the X-Ray structure analysis of the
starting monomers by using a rapid-scan-type CCD cam-
era system.’ The CCD camera system was used there be-
cause the polymerization reaction occurred too fast to be
traced by the conventional X-Ray diffraction machine
such as AFC (automatic four-circle X-Ray diffractome-
ter) and Imaging Plate. As shown in Figure 1, the EMU
molecules form the columnar structure and the polym-
erization reaction occurs along this columnar axis. The
polymerization reaction occurs by forming the covalent
CC bonds between the butadiene carbon atoms of the
neighboring monomer molecules. The space group sym-
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metry of the polymer crystal is the same with that of the
monomer crystal, giving a strong evidence that this
EMU exhibits the typical but very rare topotactic polym-
erization reaction.

The EMU monomer crystal shows the very rapid po-
lymerization reaction at room temperature but the reac-
tion rate decreases gradually as the temperature is de-
creased.?? In the DSC thermogram measured in a wide
temperature region, a small endothermic peak is ob-
served around —45C.* The X-Ray diffraction profile
measured for the powdered sample changes remarkably
at this transition point. The loss of the polymerization
reactivity might be related with this remarkable change
in the crystal lattice structure.

So far the relation between the crystal structure and
the polymerization reactivity had been investigated by
comparing the packing structures of the compounds of
different chemical formulae, but the comparison be-
tween the different crystal modifications of the same
chemical compound is the most useful and direct for this
discussion. EMU might be one of the best candidates for
this purpose. Therefore, in order to clarify the key fac-
tors governing the reaction mechanism of the solid-state
polymerization of EMU, we need absolutely necessarily
to analyze the crystal structure of the EMU monomer at
the low temperature (the low-temperature phase) and to
compare it with the structure at room temperature (the
high-temperature phase).

Generally speaking the structure analysis of the crys-
tal showing the phase transition at low temperature is
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Figure 1. Comparison of packing structure of monomers and
polymer in the crystal lattices analyzed before and after the polym-
erization reaction.’ By making a connection between the butadiene
carbon atoms of the adjacent monomers (white thin lines), the new
covalent bond is created to give the polymer chain.

difficult to make, because the crystal is cracked into the
smaller mosaics by cooling. This cracking may occur
even when the cooling rate is quite low so that the sys-
tem experiences the transition almost quasi-statically.
The case of EMU is not also an exception. After many
times of failure, we could get an idea for this problem
and carried out the X-Ray diffraction measurement suc-
cessfully with almost no reduction of the quality of the
reflection data.

In the present paper the result of the thus carried out
structure analysis is reported and the comparison of the
packing modes is made between the two crystal phases
in order to get the useful factors governing the light-
induced solid-state polymerization reaction.

EXPERIMENTAL

Samples

EMU molecules were synthesized starting from the (Z,
Z)-2,4-hexadienedioic acid ((Z,Z)-muconic acid) supplied
by Mitsubishi Chemicals Co. Ltd., Japan, by the method
described in previous paper.? Single crystals were grown
from the hexane solution by the solvent evaporation
method at room temperature. Most of the thus prepared
single crystals of needle shape were cracked easily by
cooling below the phase transition temperature even
when the cooling rate was quite slow. We thought that
this cracking was caused by the heterogeneous shrink-
age of the large single crystal due to the low thermal
conductivity and the inhomogeneous blowing of the
cooled nitrogen gas onto the sample. Therefore, it might
be possible to keep the crystal from being cracked if the
sample is cracked thoroughly and beforehand by cooling
down to very low temperature and only one tiny single
crystal is picked up and is supplied to the X-Ray diffrac-
tion measurement at low temperature. This small single
crystal is expected not to be broken any more at low tem-
perature because the sample may not be strained hetero-
geneously. Actually we could collect the sufficient num-
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ber of X-Ray reflections of relatively high quality, which
were necessary for the structure analysis, by using this
type of crystal although the reflection intensities were
much lower than the case of the sample of normal size.
In order to avoid an occurrence of the light-induced reac-
tion during the preparation of the samples, all the proc-
esses were made under a weak red lamp in the dark
room.

X-Ray Measurement

The X-Ray diffraction data were collected by using an
X-Ray imaging plate system DIP3000 (MAC Science Co.
Ltd., Japan). As an incident X-Ray source the graphite-
monochromatized Mo-K,, line (41 =0.71073 A) was used,
which was generated from the SRA-M18XHF rotating
anode X-Ray generator (50 kV and 200 mA). The data
collection was performed by a commercial software XDIP
(MAC Science Co. Ltd., Japan). The sample was oscil-
lated in a range of 2° over a rotation angle of 0—180°
around the @ axis. The exposure time was 30 min for
one frame of diffraction image. It took about 30 h to col-
lect the 60 images in total. Measurements were carried
out at —807C using a Cryostream cooler (Oxford Cryo-
system, UK) with liquid nitrogen as a coolant, where the
temperature-controlled nitrogen gas was blown to the
sample directly. Temperature fluctuation was about =
0.5C. Temperature was monitored by a thermocouple
set at a position as close to the sample as possible.

Structural Analysis

The thus measured 2-dimensional diffraction images
were analyzed by using the software DENZO and
SCALEPACK.®" The DENZO indexed the observed re-
flections, and refined the lattice parameters and the geo-
metrical parameters of the measurement system such as
the rotational axis of the sample, the center position of
the oscillation, etc. The SCALEPACK refined the lattice
parameters and adjusted the intensity scale between the
successive images, from which the exact structure fac-
tors were obtained. The crystal structure was solved by
using the software maXus (Nonius BV, Delft, the Neth-
erlands), which consisted of a set of software necessary
for the determination of the space group symmetry and
initial models, the least-squares refinement of these
models, etc. The direct method was used to find out the
initial models, where the software SIR 92 developed by
Altmare et al. was used.® Least squares refinement was
made on the basis of the full matrix method by using the
quantity Zw(|F,|2—|F.|%? as a minimized function with
the weight w =exp[FA Xsin?6/A%]/[c%(F,)+FB XF2,
where o%(F,) was the square standard deviation of the
observed structure factor F, and the coefficients FA and
FB were set to the values 0.0 and 0.03, respectively. The
reflections satisfying the cut-off condition of |F,| > 3 o(
|F,|) were used in the least squares refinement. Because
no detectable effect was found actually, the absorption
correction for the observed intensity was not included in
the structural refinement. Finally obtained reliability
factors, R and R, were defined by the following equa-
tions; R=2 ||FZ|—|FZ|| /L |F2?| and Ry,=[Zw(|FZ|—
IF2 DY sw|FZ2|3Y2,
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TableI. Crystallographic data of
the low- and high-temperature phases of EMU

Low-temp phase High-temp phase

Crystal system Monoclinic Monoclinic
Space group P21/c-Cy° P2i/c-Cy°
Unit cell” a=10.41217) A a=10.232(2) A

5=4.931(D)A
c=11.497(3) A
B =107.146(10)°

b=4.253(3) A
c=12.172(22) A
=103.821(80)°

Distance dc” 3.88A 3.79A
Tilting angle ¢" 57° 49°
Distance d,,,° 4.25A 493A

? The intermolecular distance between the butadiene carbon at-
oms of the neighboring molecules along the b-axis. ° The tilting
angle of the molecular axis from the columnar axis. ° The dis-
tance between the centers of mass of the neighboring molecules
along the b-axis. ° The standard errors are indicated by paren-
theses behind the corresponding cell parameters. For example,
10.412 (17) means 10.412+0.017 A.

RESULTS AND DISCUSSION

Table I shows the crystallographic data of the low- and
high-temperature phases of EMU. The reflections ob-
served at —80°C for the low temperature phase of EMU
crystal were indexed by a monoclinic unit cell with ¢ =
10.412+0.017 A, 5=4.253+0.003 A, ¢=12.172+0.022
A, and =103.821+0.080". The space group is P2;/c
-C5,° and the two molecules are included in this unit
cell. Final reliability factors were R =0.129 and R,=
0.145. These values were not so small as the generally
accepted ones (R and R,=0.05) because of the rela-
tively low signal-to-noise ratio of the reflection data,
coming from the appreciably severe measurement condi-
tions. At the present stage it is actually the limitation
because the sample was too small and had to be kept at
low temperature for a long time and the X-Ray beam
could not be increased much in order to keep the sample
from being polymerized by the strong X-Ray beam. Be-
sides, as described below, the obtained crystal structure
is not unreasonable and can be considered to be used for
the qualitative discussion, at least, of the structural
difference between the high-temperature and low-
temperature phases. The obtained packing structure of
monomer molecules is shown in Figure 2. The fractional
coordinates of the atoms are listed in Table II. The geo-
metrical parameters of the molecule and the intermo-
lecular nonbonded interatomic distances are listed in
Table III, where the parameters are compared between
the low- and high-temperature phases.

As seen in Table I, when the cell parameters are com-
pared between these two phases, the b axial length par-
allel to the direction of the polymerization reaction is
contracted by about 14% from the room temperature
value. The a axial length is not changed so much. The ¢
axial length is increased by ca. 6%, and the angle
changes by about 3°. The space group symmetry is not
changed between these two phases. The molecular ge-
ometry of the low-temperature phase is also essentially
the same with that of the high-temperature phase. In
Figure 3 the packing structure of the monomer mole-
cules in the low-temperature phase is compared with
that of the high-temperature phase. The high-
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Figure 2. Crystal structure of the low-temperature phase of
EMU. (upper) b-axis projection, and (lower) a-axis projection. El-
lipsoid represents the anisotropic thermal parameter of each atom.

Table II. Fractional atomic coordinates and equivalent isotropic
displacement parameters for diethyl (Z,Z)-muconate at —80C

x y z UE‘](K‘))El
or 0.2857(7) 0.0010(3) 0.2527(7) 0.0503(5)
0(2) 0.2428(1) —0.2157(4) 0.4072(9) 0.0667(6)
C(3) 0.5260(1) —0.4422(5) 0.4540(1) 0.0489(7)
C(4) 0.4590(1) —0.2702(6) 0.3677(1) 0.0479(8)
C(5) 0.3194(1) —0.1626(5) 0.3498(1) 0.0465(7)
C(6) 0.1490(1) 0.1150(5) 0.2235(1) 0.0528(7)
C(7) 0.1272(2) 0.2685(7) 0.1115(1) 0.0610(10)
H(3) 0.618(1) —0.539(4) 0.451(1) 0.056(3)
H(4) 0.499(2) —0.235(8) 0.311(1) 0.022(6)
H(6A) 0.091(2) —0.085(8) 0.213(2) 0.076(6)
H(6B) 0.133(2) 0.222(6) 0.280(1) 0.073(5)
H(7A) 0.044(2) 0.331(5) 0.088(1) 0.046(4)
H(7B) 0.146(2) 0.133(7) 0.042(2) 0.064(5)
H(7C) 0.188(2) 0.407(6) 0.106(1) 0.048(5)

* Uy =B L Uj00a:a;. ® The standard errors are indicated
by parentheses behind the corresponding coordinates. The num-
bering of the atoms is shown below.
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Figure 3. Comparison of packing structure of monomer molecules in (a) the low- and (b) the high-temperature phases of EMU (the a-axial
projection). Both of the phases consist of the columns extending along the b-axis. Tilting angle of the molecular axis from the columnar axis

is smaller in the low-temperature phase.

Table III. Selected geometric parameters (A, deg) for
diethyl(Z,Z)-muconate at the low- and high-temperature phases

(A) Intramolecular bond length®

Low High
0(1) - C(5) 1.344(2) 1.335(3)
O(1)-C(6) 1.465(2) 1.458(3)
0(2) - C(5) 1.201(2) 1.196(3)
C(3)-C(@3" 1.442(3) 1.428(3)
C(3)-C4) 1.332(3) 1.330(3)
C(4) - C(5) 1.489(3) 1.461(3)
C(6) - C(7) 1.479(3) 1.453(6)

(B) Intramolecular bond angles

Low High
C(5)-0(1) - C(6) 114.8(1) 116.3(2)
C(8")-C(3)-C(4) 125.2(2) 127.1(2)
C(3)- C4) - C(5) 126.4(2) 126.3(2)
0(1) - C(5) - 0(2) 122.6(2) 122.6(2)
0(1)-C(5)-C4) 109.2(2) 109.9(2)
0(2) - C(5) - C(4) 128.2(2) 127.4(2)
0(1) - C(6) - C(7) 107.2(2) 107.7(3)

(C) Intramolecular torsional angles

Low High
C(6) - O(1) - C(5) - O(2) —1.2(2) —0.8(2)
C(6) - O(1) - C(5) - C(4) —178.7(2) —178.7(3)
C(5)-0(1)-C(6)- C(7) 176.1(2) 172.9(4)
C(3")-C(3)-C(4) - C(5) —0.5(2) 0.0(2)
C(@3)-C(4)-C(5)-0(1) 179.0(3) 179.1(3)
C(3)- C(4) - C(5) - O(2) 1.7(2) 1.3(3)

(D) Intermolecular non-bonded distances

Low High
C(3)-C4") 3.693(3) 3.930(3)
C(3)-C(5) 3.616(3) 3.709(3)
C4)-CH4") 3.882(3) 3.791(3)
C(4)-C(5") 4.051(3) 3.871(3)
C(5)- C(6") 3.694(3) 3.994(4)
C5)-C(7) 3.937(3) 3.959(5)

* The numbering of the atoms is referred to in Tabel II. The
standard errors are indicated by parentheses behind the corre-
sponding internal coordinates.
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temperature phase of EMU crystal can be polymerized
quite rapidly and smoothly along the b axis or the col-
umn axis. As listed in Table I, the intermolecular dis-
tance (dqc) between the butadiene carbon atoms of the
neighboring molecules along the b axis is about 3.79 A
and the tilting angle (¢) of the molecular axis from the
columnar axis is about 49°. The distance between the
centers of mass (d,,,,) of the neighboring molecules along
the b axis is 4.93 A. These structural situations may sat-
isfy the conditions needed for inducing the effective and
smooth polymerization reaction in the structurally-
confined solid state. In the low-temperature phase, too,
the molecules are packed in a column developed along
the b axis as shown in Figure 2. As seen in Table I, the
packing geometries such as ¢, dcc, and dp,, defined
above are only slightly different from those of the high-
temperature phase. In the previous paper,* we reported
the observation of small endothermic peak at ca. —45C
in the DSC thermogram of EMU crystal. Small differ-
ence in the packing mode of molecules in the high- and
low-temperature phases may cause this small enthalpy
change. It is a future problem to clarify what kinds of
factor govern this thermal property or the phase transi-
tion behavior of EMU from the energetical point of view.
We have to remember here that the polymerization re-
action does not occur at all below —45C or the phase
transition temperature. Therefore it is surprising for us
to notice that only slightly different packing geometry of
the molecules of almost the same shape gives the quite
different behavior in the polymerization reaction. We
have now the two different viewpoints. One is to accept
this slight structural difference as the positive reasons
for the large difference in the polymerization reaction.
As discussed in a separate paper,’ the overlap of 7-
electron orbitals of the carbon atoms between the neigh-
boring butadiene groups along the b axis seems impor-
tant in the discussion of smooth propagation of the gen-
erated radicals along the columnar axis. The slight
structural change might cause the change in the effec-
tive overlap of m-electron orbitals, resulting in the low
reactivity in the low temperature region. Another view-
point is to assume that the above-mentioned structural
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difference is too small to cause the remarkable differ-
ence in the polymerization reaction. In fact, we investi-
gated the crystal structure of a series of Z,Z-muconates
diesters and compared the packing geometry between
them.® Some compounds show the ZZ to EE (or cis,cis to
trans,trans) isomerization, and some other compounds
give the polymers with irregular configuration. Is spite
of the large difference in the reaction behavior, they
show the structural difference of the order comparable to
that found for the two crystal phases of EMU as long as
the above-mentioned three kinds of geometrical parame-
ters (¢, dcc, and dp,,) are concerned. In this way, if the
geometrical difference between the low- and high-
temperature phases of EMU can be assumed to be too
small to give the reasonable explanation for the remark-
able difference in the polymerization reactivity, we have
to find the other factors which should control this differ-
ence.

As an important factor we must consider the thermal
effect of the molecules. If the reaction is assumed to pro-
ceed kinetically by crossing some energy barrier from
the starting monomer state to the reacted polymer (or
oligomer) state, the polymerization reaction is specu-
lated to become less active at low temperature, because
the molecules may not very frequently cross this activa-
tion barrier. But this possibility cannot be adopted here,
because we know one exceptional case of bis-p-
bromobenzyl Z,Z-muconate which can be polymerized
quite rapidly even at such a low temperature as
—80C.10

It is now very difficult to clarify the reasons for this re-
activity difference on the basis of the simple comparison
of the packing geometry. Some idea was proposed to in-
terpret the difference in the polymerization reactivity of
a series of polydiacetylene.!! That is, only the monomer
species, the geometry of which satisfies the very narrow
range of the tilting angle ¢ and the distance d, be-
tween the adjacent monomers along the columnar axis,
give the solid-state polymerization reaction. But, in this
case of polydiacetylene, also, there are several excep-
tions, in which the packing geometry does not satisfy the
above-mentioned conditions but gives very fast polym-
erization reaction. Therefore, it might be dangerous and
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too early to give the conclusions about the factors gov-
erning the solid-state polymerization reaction of the pre-
sent cases of muconates diester (and polydiacetylenes).
We must emphasize here that the importance of the pre-
sent study is in such a point that the comparison of
the crystal structure between the low- and high-
temperature phases of EMU could bring up one very im-
portant question about the discussion on the factors gov-
erning the polymerization reaction behavior of the
monomer single crystals. In order to understand the real
factors, it might be necessary to carry out the molecular
orbital calculation of the excited molecular species and
its reaction with the neighboring molecules in the crys-
tal lattice, because the actual reaction should always be
related with the excitation of the chemical species in the
irradiation of light.
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