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Abstract

In order to clarify the photo-induced solid-state reactions of a series of dialkyl Z,Z-muconates, the time-resolved FT-IR measurements
were performed. From the observations of the IR spectral changes in these reactions, the following three types of reactions were found: (1)
the polymerization reaction to give the stereoregular polymer; (2) the isomerization reaction from Z,Z to E,E-form followed by the
polymerization; and (3) the polymerization to give the amorphous polymer. By the quantitative analysis of the FT-IR data, the reaction
rates were evaluated for these three types of reaction. The reactivity was compared among the various kinds of muconate diesters on the basis

of the packing mode of the monomers in the crystal lattice. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Photo-induced solid-state reactions of organic substances
have attracted much attentions owing to their unique beha-
vior. For example, highly stereoregular polymers can be
produced without any complex catalyst. In some cases a
reaction from single crystal to single crystal is observed
without any loss of lattice symmetry. In some other cases,
however, a product is not always a single crystal but an
aggregation of crystalline domains with different orienta-
tions or amorphous materials. These reactions are said to
be controlled by the packing geometry of the reacting mole-
cules in the crystal lattice, and are often described as the
topochemical reaction [1-3].

Schmidt et al. found that certain cinnamic acids dimerize
in the solid state by photo irradiation [4-6]. The reactivity
was found to depend on the distance between the reactive
double bonds of the adjacent molecules. They also observed
that Z-cinnamic acids undergo Z—FE isomerization reaction
instead of dimerization. From these studies, the packing
geometry of the molecules in the crystal lattice was found
to be critical to the nature of the reaction as well as the
chemical structure of the product. The photo-induced poly-
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merization reactions were reported in many investigations.
Trioxane and tetraoxane crystals, for example, change to
polyoxymethylene crystal by y-ray irradiation at an elevated
temperature [7,8]. The 2,5-distyrylpyrazine was found also
to experience the topochemical polymerization to yield the
polymer product with the lattice symmetry kept unchanged
before and after the reaction [9—11]. Another example is the
solid-state polymerization of diacetylene derivatives
induced by X-ray irradiation or thermal treatment [12—
14]. In this case also, the symmetry of the crystal is
preserved before and after the reaction. These two cases
may be assumed as the examples of topotactic reactions, a
special case of topochemical reactions. As a result,
polymers with high stereoregularity are obtained, establish-
ing the new field of controlled polymerization. Similar poly-
merization reaction was reported to occur for S,N, [15] and
NiX, [P(CH,CH,CN);], [16].

Recently another topotactic polymerization reaction was
found by Matsumoto et al. for diethyl Z,Z-muconate [diethyl
(Z,2)-2,4-hexadienedioate, EMU] [17]. Alkylammonium
(Z,Z2)-muconate also shows a polymerization reaction in
the crystalline state under photoirradiation [18—20]. Upon
irradiation using +y-rays, X-ray beam and even ultraviolet
light, monomer crystals undergo rapid polymerization
reaction to give highly stereoregular polymer crystals of
ultra-high molecular weight [21-23]. The structural change
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Fig. 1. Crystal structure of diethyl Z,Z-muconate compared between the
monomer and the polymer [25].

in the single crystal-to-single crystal reaction of EMU was
investigated by the time-resolved measurements of X-ray
diffraction, IR and Raman spectra, and by thermal analysis,
giving valuable information on the reaction Kkinetics,
changes in the lattice parameter in the reaction process,
etc. [24]. After this preliminary study, the time-resolved
X-ray structural analysis was made successfully for a single
crystal by utilizing the rapid-scan-type X-ray CCD camera
system [25]. By this technique, the structure of the initial
monomer crystal and its change with time were revealed at
the atomic level. Fig. 1 shows the structural relation
between the monomer and polymer. The monomer
molecules form the columnar structure along the b axis.
The distance between the butadiene carbon atoms of the
neighboring molecules along this columnar axis is about
3.8 A. We may speculate that the polymerization occurs
smoothly and rapidly by making covalent bonds between
these butadiene carbon atoms without any loss of space
group symmetry. The space group of the monomer and
the polymer crystals is commonly P2,/c. That is to say,
EMU is also an example of a topotactic polymerization
reaction.

Matsumoto et al. synthesized a series of Z,Z-dialkyl
muconates with various types of side groups and investi-

gated their reaction behavior in the solid state [26,27].
Depending on the type of the side group, the reaction
mode was found to be quite different, although the details
are not yet revealed very well. In order to clarify the
relationship between the reactivity and the packing structure
of the monomer crystals, we carried out the crystal structure
analysis of the initial monomers by the X-ray method
[25,28]. Fig. 2 shows some examples of the packing
structure of muconate molecules with the various side
groups. Roughly speaking, the structure is similar to that
of EMU, but the reaction behavior is appreciably different.
We were challenged to carry out the time-resolved measure-
ments for the single crystals of these samples, but the
diffraction patterns changed only slightly. Except for
the case of above-mentioned Z,Z-EMU single crystal, the
reactions appeared to occur only at the surfaces of the single
crystals, making it difficult to trace the structural changes in
the photo-induced reactions. In contrast, the fine powder
samples were found to react quite smoothly. Therefore,
we utilized infrared spectroscopic techniques to learn the
details of the reaction modes for the various types of muco-
nate samples as will be described in the present paper. In
particular, the time-resolved infrared spectral measurements
were carried out and the reaction kinetics were analyzed
through the quantitative analysis of the spectral data.
Based on the thus-revealed information, the relation
between the reactivity and the packing of the initial
monomer molecules will be discussed.

2. Experimental section
2.1. Samples

The Z,Z-muconates used in this study are listed in Table
1. They were synthesized from (Z,Z)-2,4-hexadienedioic
acid by methods described in Ref. [19]. The single crystals
were grown by the evaporation method from the solutions.
The solvents used are listed in Table 1. The thus obtained
single crystals were used for the X-ray diffraction measure-
ments and also for the IR measurements in the form of KBr
disks.

Table 1

Series of muconic acid ester derivatives ROCO-CH=CH-CH=CH-
COOR used in the present study and the solvents used for preparation of
single crystals

Side group R Butadiene configuration Solvent
-CH,CH; z7 hexane
EE methanol
-cyclohexyl ZZ hexane
-benzyl ZZ hexane
E.E hexane
-n-CgHy; 7,7 acetone
-CH,CF; Z7 benzene
-CH,CCl, Y4 toluene
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(a) Diethyl Z,Z-Muconate

(b) Bis (2,2,2-trichloroethyl) Z, Z-Muconate
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Fig. 2. Comparison of the columnar structure between the various muconate compounds. (a) diethyl Z,Z-muconate, (b) bis-2,2,2-trichloroethyl Z,Z-muconate,

and (c) biscyclohexyl Z,Z-muconate.

2.2. Measurements

In order to analyze the IR data quantitatively with a
purpose to compare the reaction rates among the various
samples, the experimental conditions were adjusted exactly.
The preparation condition of the KBr disk was unified by
adding 3 pmol of the sample into the 250 mg of KBr
powder. The infrared spectra were measured with a Bio-
Rad FTS-60A/896 FT-IR spectrophotometer. The KBr
disk was irradiated by a UV light repeatedly for the prede-
termined constant time, and then the IR measurement was
performed at each time. Unfiltered medium-pressured Hg
lamp was used as UV light source, where the emission
power was kept constant during the measurement. The
setting position of the sample was fixed tightly in front of
the Hg lamp. All the procedures including the sample
preparation and the spectral measurement were made in a
dark room under a weak red lamp at room temperature.

3. Results and discussion
3.1. Infrared spectral changes

The infrared spectral changes are shown in Fig. 3 for the
diethyl Z,Z-muconates in the frequency region of 1800—
400 cm™~'. The intensity of the C=O stretching band
[»(C=0)] of the monomer at 1710 cm~ ! decreased and
the v(C=0) band of the polymer at 1730 cm ! increased
in intensity as the irradiation time increased. The band at
1580 cm ', assigned to the stretching of the C=C bond [v
(C=0)] of the butadiene groups, also reduced in intensity
upon irradiation by UV light and disappeared finally in the
polymer spectra.

In the case of dicyclohexyl Z,Z-muconate, the change is
more complicated as shown in Fig. 4. As the irradiation time
was increased, the 1711 cm™! v(C=0) band of the
Z,Z-monomer decreased in intensity. At the same time the



6750 K. Tashiro et al. / Polymer 42 (2001) 6747—-6757

-CH:CH;
zz \\
0 min
3 0.5
=
© 1
Qo
S
@ 3
< 10
‘Polymer )
R SO s +.1 Polymer

4 . ey,

PURTUE S T (U SO0 WO VA U T T T W S S Y S S A I S SV S VI

1800 1700 1600 1500 1400 1300 1200 1100

yv4
[0
2 )
g 0 min
5 0.5
n 1
Q
< Pol 3
olymer

A , Y 10

- \\’/‘~~~" ‘\_’\'l“ A .

NP EPETETETE RIS PR A iuiris it “S~mr% =77 Polymer

P L
1100 1000 900 800 700 600 500 400
Wavenumber/cm™

Fig. 3. UV irradiation time dependence of infrared spectra measured for
diethyl Z,Z-muconate sample at room temperature. The spectrum shown at
the bottom of each figure is of the stereoregular polymer produced from the
monomer by irradiation of y-ray for a long time.

new band appeared at 1705 cm ' and increased in intensity.
The spectrum was found to be similar to that of the sepa-
rately synthesized E,E-monomer as shown at the bottom of
this figure. The intensity of the FE,E-monomer bands
increased and the original Z,Z-monomer bands disappeared.
With further irradiation, the E,E-species decreased in
intensity and the new bands began to be observed to
increase in intensity. The newly observed bands were
found to correspond to those of atactic polymer as
shown in Fig. 5, except for the bands at 1200 and
660 cm ™' which are not identified at this point. There-
fore, in the case of dicyclohexyl muconate, the following
reactions are considered to occur mainly: ZZ-
monomer — E,E-monomer — atactic  polymer. Similar
behavior was also observed in dibenzyl Z,Z-muconate
and bis(2,2,2-trifluoroethyl) Z,Z-muconate.

In the case of bis-n-octyl Z,Z-muconate, as shown in
Fig. 6, the bands of Z,Z-species disappeared upon photo-
irradiation and the bands of atactic polymer appeared
instead. That is, the following reaction was found to
occur: Z,Z-monomer — atactic polymer. The same behavior
was observed for bis(2,2,2-trichloroethyl) Z,Z-muconate.

In this way the solid-state reactions of Z,Z-muconates
may be classified into three types as summarized in
Table 2.

Table 2
The solid-state reaction paths of various muconate esters by UV irradiation

Side group R Reaction path
-CH,CH; Z,Z-isomer — tritactic polymer
cyclohexyl Z,Z-isomer — E,E-

isomer — atactic polymer
benzyl Z,Z-isomer — EE-
isomer — atactic polymer

-CH,CF; Z,Z-isomer — EE-

isomer — atactic polymer
-n-CgHy; Z,Z-isomer — atactic polymer
-CH,CCl; Z,Z-isomer — atactic polymer

3.2. Quantitative analysis of FTIR data

3.2.1. Z,Z-monomer — tritactic polymer

Diethyl Z,Z-muconate undergoes a polymerization reac-
tion upon an irradiation of light. In a series of time-depen-
dent infrared spectra, isobestic points were observed,
indicating that the reaction system may be described as a
two-component system. According to Lambert—Beer’s law,
the infrared absorbance and molar fraction of monomer and
polymer are related by the following equations.

1 100n0="€monoCmonod (D
Ipolyzepolycpolyd ()
Cmono + Cpoly= 1 3)

where I, €; and ¢; are, respectively, the absorbance, the
molar extinction coefficient and the molar fraction of the
i-th species (i = monomer or polymer) and d is the sample
thickness. From Egs. (1)—(3), we have the following
equation.

Imono = _(Emonolepoly)lpoly + dEmnno (4)

This equation indicates that the plot of /., against Iy
should give a straight line whose slope corresponds to
€ mono/ €poty- Combining Eqgs. (1)—(3), the molar fraction of
the monomer ¢, can be evaluated as follows:

Cmono = 1/[1 + (Ipoly/lmono)(emonO/Epoly)] (5)

The intensity I, of the EMU monomer band at 1594 cm”!

and I,,, of the polymer band at 861 cm ! were plotted
against time as shown in Fig. 7(a). A plot of I,,,,, versus
L0y is shown in Fig. 7(b). From the slope of this straight line
the ratio of €mono/€poly in Eq. (4) is obtained. By using this
ratio, the time dependence of the molar fractions of
monomer and polymer are evaluated as shown in Fig. 7(c).

3.2.2. Z,Z-monomer — atactic polymer

In the case of bis-n-octyl and bis(2,2,2-trichloroethyl)
Z,Z-muconates, the initial monomer changes almost directly
to the atactic polymer by photo-irradiation. Therefore the
reaction may be treated as a two-component system. The
analytical process is essentially the same as the case (1)
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Fig. 4. UV irradiation time dependence of infrared spectra measured for
dicyclohexyl Z,Z-muconate sample at room temperature. The spectrum
shown at the bottom of each figure is of E,E-species synthesized separately.

mentioned above. The time dependence of the molar frac-
tions of monomer and atactic polymer of bis-n-octyl Z,Z-
muconate is shown in Fig. 8.

3.2.3. Z,Z-isomer — E,E-isomer — atactic polymer

In the case of dibenzyl, dicyclohexyl and bis(2,2,2-
trifluoroethyl) Z,Z-muconates, the reaction consists of two
steps: isomerization and polymerization processes. There-
fore three components coexist during the reaction, making
the quantitative analysis difficult. We divided the reaction
processes into the following several stages.

3.3. Initial stage of reaction

The first stage can be assumed to be the reaction system
from the Z,Z- to E,E-isomer. This is acceptable as seen in
Figs. 4 and 9(a), where only the bands of Z,Z- and E,E-
monomer species can be observed in an early stage of reac-
tion. The molar fraction of each monomer species can be
evaluated by the method mentioned above. For the pair of
the bands at 1710 cm ™! (Z,Z) and 1702 cm ™! (E,E), the ratio
€77/ €xp was 1.31, where the integrated intensities were used
after these overlapping bands were deconvoluted by curve
separation method.
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Fig. 5. Comparison of the infrared spectra of dicyclohexyl Z,Z-muconate
between the polymer obtained after long time irradiation of UV light onto
the Z,Z-monomer and the atactic polymer synthesized by radical reaction in
the solution.

3.4. Middle and later stages of reaction

In the time region later than 10 min, the system consists
of three components: Z,Z-monomer, E,E-monomer and
atactic polymer.

Czz T Cep t Cpoty = 1 (6)

where ¢z, cgg, and cpqy are the molar fractions of Z,Z-
monomer, E,E-monomer and atactic polymer, respectively.
Combining ¢z and cgg as Cpeno OF the concentration of the
monomer, we have

Cmono + cpoly =1 (7)

Cmono=Czz + CEE (8)

By using the Lambert—Beer’s law in Eq. (8), we have the
following relation.

Imonolemono = IZZ/€ZZ + IEE/EEE (9)

By Slletitlltil’lg €mono A4S €mono = €77, the absorbance Imono
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Fig. 6. UV irradiation time dependence of infrared spectra measured for
bis-n-octyl Z,Z-muconate sample at room temperature.

may be expressed as follows
Tinono = (€mono/ €z2)Uzz + (€zz7/€pp)lpE]

= qllz; + (€zz/€gp)lEE] (10

The value 1.31, as evaluated from the infrared data for the
initial stage of the reaction, is used for €,/€gz in Eq. (10).
Therefore, by combining the contribution from the Z,Z- and
E.E-species as the monomer, the whole system may be
assumed as a two-component system consisting of the
monomer and the polymer species. Thus the above-
mentioned analysis can be applied to this case also.
Similarly to Eq. (4), we have

Imono = _(emonolepoly)lpoly + demono (1 1)
By using Eq. (10),
Iz; + (€77l €ep)lpr = _(emonolqepoly)lpoly + d€mono

= (6ZZ/Ep01y)Ipoly + dquZ (12)

That is to say, a plot of I; + (€z/€pp)lpp against Iy
gives a slope of —(€z/€py), from which the cpeno can be
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Fig. 7. Quantitative analysis of the infrared spectra of Z,Z-diethyl muco-
nate. (a) Time dependence of the infrared absorbance evaluated for the
monomer and the polymer, (b) a plot of the band intensity between the
monomer (1594 cm™") and the polymer (861 cm 1, and (c) the time depen-
dence of the molar fractions estimated for the monomer and the polymer.

evaluated as follows
Cmono = V{1 + (€zz/ €pory)Upory/[1zz + (€z7/€pp)lEell} (13)

The ¢yon thus obtained is a sum of the fraction of Z,Z- and
E.E-isomers. The ¢, and cgg can be evaluated as the follow-
ing equations.

€72=Cmono! [1 + Uge/lz7) €77/ €gE)] (14)

CEE = Cmono — €zz (15)
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Fig. 8. Time dependence of the molar fractions estimated for the monomer
and the polymer of bis-n-octyl Z,Z-muconate.

The actual application of these equations was made for the
photo-reaction of dicyclohexyl Z,Z-muconate. Fig. 9(a)
shows the intensity changes evaluated for the three types
of the bands of Z,Z-monomer, E,E-monomer, and polymer.
Fig. 9(b) shows the plot of I, + (€27 /€gp)lpr against Iy,
where the intensities of the bands at 1710 cm ™! (Z,Z) and
1702 cm ™! (E.E) were used for the I, and the intensity of
1730 cm ™" band for Ly~ The plot is fitted with a straight
line, indicating the reasonableness of the treatment. The
slope €z//€,,y Was evaluated as 1.77. From Egs. (14) and
(15) the time dependence of each component is evaluated as
shown in Fig. 9(c).

4. Evaluation of relative reactivity

The reaction order is estimated from the time dependence
of the molar fraction. For all the reactions shown in Table 2,
the logarithm of the fraction was found to be proportional to
the first order of time as shown in Fig. 10, where the two
examples of the diethyl and dicyclohexyl cases are
illustrated. This result indicates these reactions to be the
first-order reaction

Inc, = —kt (16)

Table 3

<01 @
Q
[S]
c polymer
Q0
[
@]
(%]
Q
<
NS (N SR SN T N N SN SO S S NN
0 50 100 150 200 250
Time/min
1.2
, O\ ®
w
~ 0.8
N
N{td 0.6
wijw
p
T 0.4
N
0.2
0L...I...‘I....I..-.I...nlull.
0.1 0.2 0.3 0.4 05 06 0.7
Ipoly

E,E -isomer
A’

Molar Fraction

100 150 200 250
Time/min

Fig. 9. Quantitative analysis of the infrared spectra of dicyclohexyl
Z,Z-muconate. (a) Time dependence of the infrared absorbances evaluated
for the Z,Z- and E,E-isomers and the polymer, (b) a plot of the band
intensity between the monomer (sum of Z,Z- and E,E-species) and the
polymer, and (c) the time dependence of the molar fractions estimated
for the Z,Z- and E,E-monomers and the polymer.

Rate constants k (min ") of the photo-induced solid-state reactions of various dialkyl Z,Z-muconates. (The list is made only for the reaction of Z,Z-monomer —
tritactic polymer and the 2-step reaction of Z,Z-monomer — E,E-monome — atactic polymer. The reaction rate of E,E-monomer — atactic polymer starting

from the original E,E-monomer is referred to in Table 4)

Side group R Z,7 — tritactic polymer Z,Z— E.E isomer E,E — atactic polymer
-CH,CH; 0.703 - -

Cyclohexyl - 0.021 0.014

Benzyl - 0.110 0.008

-CH,CF; - 0.420 0.041
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muconate and (b) dicyclohexyl Z,Z-muconate.

where k is the rate constant. The thus estimated k values are
listed in Table 3.

In the three-component reaction system, we need to
obtain the rate constants of the individual reaction path.
The possible reaction paths are illustrated in Fig. 11. Here
we assume the two reaction paths. One is the reaction of
Z,Z-isomer — E,E-isomer — atactic polymer. Another reac-
tion path is Z,Z-monomer — atactic polymer. The reaction
equations are developed in the following way

dCEE/dt = kICZZ - k2CEE (17)
COOR
k, ROCO N (o0R
NF —_—>
E,E- isomer
COOR
Z,Z- isomer ky ky
00R
\ n
ROCO

atactic polymer

Fig. 11. Possible reaction paths expected for the dibenzyl and dicyclohexyl
Z,Z-muconates.

Z,Z-dicyclohexyl muconate

06 at-Polymer

04

Molar Fraction

E,E-monomer
0.2

0 40 80 120 160 200 240
Time / min

Fig. 12. Time dependence of the molar fractions evaluated for dicyclohexyl
Z,Z-muconate. The open circles indicate the experimental data and the solid
curves are the results of the curve fitting based on the equations developed
for the three-component system (refer to the text).

dCZz/dt = _kICZZ - k3CZZ (18)

dc /dt = kZCEE + k3cZZ (19)

poly

Eq. (18) can be solved as shown below, where the initial
condition of ‘czz =1 at t =0’ was used.

czz = expl—(k; + k3)t] (20)
From Egs. (17) and (20), the cgr can be obtained as follows.

cge = [ki/(ky — ky + k3)l{exp(—ky1) — exp[—(k; + k3)t]}
21

Fig. 12 shows an example of the curve fittings made for the
time dependencies of the molar fractions evaluated for
Z,Z-dicyclohexyl muconate. The fittings are quite well and
the rate constants ki, k,, and k; were evaluated as follows.

k, = 0.021,k, = 0.014, and k3 = 0.000

The constant k3, which corresponds to the reaction of Z,Z-
monomer — atactic polymer, is almost zero and can be
neglected. In Table 3 are listed the values of k; and k,
thus obtained. On the other hand, by plotting the logarithm
of molar fractions against time, the rate constants of the
7,7 — E.E isomerization and the E,E-monomer — polymer
reaction can be evaluated as 0.021 and 0.011 (Fig. 10)
respectively. These values are in good agreement with k;
and k,, respectively, within the experimental errors, because
the contribution of k3 can be neglected as stated above. The
rate constants were also evaluated by using the data in the
early stage of the reaction, where the system could be trea-
ted as the two-component system (Z,Z— E.E isomeriza-
tion). The rate constant was 0.021, almost the same with
the above k;. As stated above, the later stage of the reaction
was treated by assuming the two-components system
consisting of the monomer (ZZ + EE) and polymer. The
corresponding rate constant was evaluated to be 0.011.
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Fig. 13. UV irradiation time dependence of infrared spectra measured for
dibenzyl E,E-muconate sample at room temperature.

Since the contribution of the reaction path of Z,Z-
monomer — atactic polymer could be neglected because
of k3 = 0, the evaluated rate constant can be assumed as k,
and a good agreement can be seen.

The similar data treatment was made also for the case of
dibenzyl Z,Z-muconate. The results of the curve fittings
were as follows

k, = 0.110,k, = 0.008, and k; = 0.000

The k; is zero similarly to the case of dicyclohexyl Z,Z-
muconate, meaning essentially the same reaction path
with that of dicyclohexyl Z,Z-muconate.

As one method to check the reasonableness of these rate
constants, we investigated the reaction of E,E-monomer to
atactic polymer by starting from the separately synthesized
E,E-monomer. Fig. 13 shows the infrared spectral change of
dibenzyl E,E-muconate. The intensity of C=O stretching
band at 1705 cm ' decreased and the band of atactic poly-
mer at 1730 cm ™' increased the intensity. No Z,Z-isomer
band (1710 cm_l) was observed during the reaction. The
final product after UV irradiation for 900 min was found
to give the same IR spectra to those of the atactic polymer
obtained from the photo-irradiated Z,Z-isomer. The reaction
rate of this polymerization process was evaluated with an
assumption of the two-component analysis. The obtained
rate constant 0.009 was found to be essentially the same
as the k, value 0.008 evaluated from the corresponding
reaction stage in the above-mentioned three-component
system starting from the Z,Z-monomer. In this way the
reaction of E,E-monomer — atactic polymer was found to
be essentially identical in either case, starting from Z,Z-
monomer and E,E-monomer.

The rate constant of E,E-monomer — atactic polymer
reaction was investigated also for the other type of muco-
nate with side group of ethyl. The obtained rate constant is
compared with those of the corresponding Z,Z-monomer —
polymer reaction as listed in Table 4. In the case of diethyl
muconate, the Z,Z-monomer reacts to stereoregular polymer

Table 4
Rate constants of the polymerization reactions of Z,Z and E,E-muconates

Side group R Configuration Reaction k (min™")
-CH,CH3; zZ — tritactic polymer 0.703*
EE — atactic polymer 0.068*
Benzyl zZ — atactic polymer 0.000°
EE — atactic polymer 0.009°
Cyclohexyl zZ — atactic polymer 0.000°
EE — atactic polymer 0.014¢
-n-CgHy; zZZ — atactic polymer 0.112%
-CH,CCl; Z,Z — atactic polymer 0.009*

* Obtained from the infrared date taken for the E,E- or Z,Z-monomer.

® The evaluated rate constant was quoted from k; (refer to the text).

¢ Obtained from the infrared date taken for the E,E-monomer. This value
is in good agreement with k, (0.008) estimated in the text.

4 The evaluated rate constant was quoted from k, (refer to the text).

with quite high rate constant but the E,E-monomer reacts to
atactic polymer at a rate an order of magnitude lower. In the
case of dibenzyl muconate, the reaction from the Z,Z-mono-
mer to atactic polymer does not occur actually, while the
E.E-monomer changes to atactic polymer at a relatively
high rate, although this rate is overwhelmingly lower than
that of E,E-diethyl muconate. A similar situation can be
seen also for dicyclohexyl muconate. In this way the
reaction rate is quite different depending on the type of
muconate compound.

5. Reactivity of monomers with different side groups

As seen in Tables 3 and 4, the topochemical reaction of
Z,Z- and E,E-muconates is dependent on the type of the side
group. The topotactic polymerization of Z,Z-EMU occurs at
the rate 10—100 times faster than the Z,Z — E E isomeriza-
tion reaction and the monomer — atactic polymer reaction.
In order to understand these processes, we need to know the
packing of the initial monomer molecules and to relate them
to solid-state reactivity. We carried out the X-ray structure
analysis of these compounds by using the rapid-scan-type
CCD camera system, which was used because the incident
X-ray beams induced the photochemical reaction during the
collection of X-ray reflection data. The details of the struc-
tural analysis procedure were reported in a separate paper
[28]. The structural information obtained for a series of Z,Z-
muconate compounds listed in Table 5 will be used for
the discussion. As shown in Fig. 2, all of these compounds
form a columnar structure. The carbon-to-carbon distance
between the butadiene groups of the neighboring monomer
molecules is almost the same for the compounds as listed in
Table 5. The tilting angle of the molecular axis from the
columnar axis is another important parameter. But, as seen
in Table 5, it does not also serve effectively as a good
measure of the reactivity.

In the polymerization reaction of these butadiene
compounds the degree of overlap of the m-electron orbitals
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Fig. 14. Comparison of the molecular shape and the packing structure between the Z,Z- and E,E-dibenzyl muconate crystals. (a) Packing structure and

(b) molecular conformation.

between the neighboring butadiene groups is considered to
be one of the most important factors. This overlap was
calculated as seen in Table 5. In this calculation the m-elec-
tron cloud was approximated as a box of a proper size and
the volume of the overlapping part between the two adjacent
boxes was calculated. The details of the calculation proce-
dure will be reported elsewhere. Of course this overlap
volume is only a rough and qualitative measure to know

Table 5
Reaction rates and structural parameters of Z,Z-muconate

the tendency of overlap of the m-electron orbitals. That is,
the value is only relative but does not have any absolute
physical meaning. As shown in Table 5, the m-electron
overlap is the largest for the topotactic polymerization
reaction of Z,Z-EMU, about 21 A>. The compound with
the overlapping volume of about 16 A’ (R = CH,CCly)
shows the polymerization reaction to give the atactic
polymer product. The compounds undergoing the Z,Z- to

Side group R Reaction k (min~ Y d (A) ¢ (°) Overlap (A3)
-CH,CH; Z,Z isomer — tritactic polymer 0.703 3.76 48.1 20.7
-CH,CCl; Z.Z isomer — atactic polymer 0.0084 4.02 38.4 16.5
Cyclohexyl 77— E.E 0.021 3.63 42.6 14.3

(E,E — atactic polymer) (0.014)
Benzyl 77— E.E 0.11 6.42 78.2 6.2

(E,E — atactic polymer) (0.0078)
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E,E-isomerization reaction show overlap smaller than 14 A3
(R =cyclohexyl and benzyl). The small overlap of the
orbitals might correspond to such a situation that the
monomer molecule reacts in an isolated manner without
any interference from the surrounding molecules. However,
as for the reaction of Z,Z-monomer — atactic polymer, we
can not give any explanation to the reason why the inter-
mediate value of m-electron orbitals is related with this
reaction. Further study is needed for this problem.

The step-wise reactions of Z,Z-dibenzyl muconate crystal
are now considered. X-ray beam irradiation of Z,Z-species
changes it into the E, E-species by an isomerization reaction.
We analyzed the crystal structures of both the monomers of
Z,Z- and E,E-species by the X-ray diffraction method [28].
The molecular shape is quite different between these two
species. As seen in Fig. 14, the Z,Z-species takes a fully-
extended conformation, while the E,E-species takes a
conformation with one benzyl group bent from the mol-
ecular plane. When the X-ray beam irradiates the Z,Z-mono-
mer, one benzyl group protrudes from the molecular plane
by the change in the butadiene part from Z,Z to E,E-config-
uration. This configurational change and the rotation of the
benzyl group are considered to be possible owing to the
small overlap of the m-electrons between the neighboring
molecules along the column axis.

6. Conclusions

By carrying out the time-resolved FT—IR measurements,
a series of dialkyl Z,Z-muconate crystals were found to
show the various types of photo-induced reactions depend-
ing on the kinds of the side groups. These reactions are
classified into the following three types.

1. Z,Z-monomer — tritactic polymer
2. Z,Z-monomer — E,E-monomer — atactic polymer
3. Z,Z-monomer — atactic polymer

The rate constants of these reactions were evaluated through
the quantitative analysis of the infrared band intensities. The
topotactic polymerization reaction of Z,Z-EMU [case (1)]
has a very high rate constant compared with those of the
isomerization reaction [case (2)] and the polymerization
reaction [case (3)]. These differences in reaction behavior
were interpreted qualitatively on the basis of the structures
analyzed for the starting monomer crystals. A simple calcu-
lation was made for the evaluation of the degree of overlap
between the m-electron orbitals of the neighboring buta-
diene groups along the columnar axis in order to learn the

relation between the packing structure of monomer
molecules and the reactivity. Some tendency can be
obtained between the reactivity and the m-electron overlap:
the largest overlap gives the rapid polymerization reaction
of Z,Z-EMU crystal. Unfortunately, however, at the present
stage we can not understand the mechanism of the photo-
induced solid-state reactions of a series of muconates in a
systematic way. The molecular orbital calculation of the
crystal, for example, might provide an answer to this
problem.
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