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ABSTRACT: We have investigated the intercalation of several unsaturated amines using poly(muconic acid) crystals
as the layered organic polymer host. Allyl- and oleylamines are intercalated into the polymer crystals in order to introduce
an olefin moiety in the side chain of poly(muconic acid). The oleylammonium polymer crystals are alternatively obtained
by the topochemical polymerization of oleylammonium muconate as the corresponding ammonium monomer crystals
under photoirradiation in the crystalline state, while the photoirradiation of the allylammonium muconate crystals results
in the formation of isomers. The inner double bond of the intercalated oleyl group has a low reactivity under UV
irradiation, and the allyl group has no reactions. In contrast, diene and diyne moieties introduced into the side chain
by the intercalation using 2,4-hexadienyl-, 2,4-tetradecyldienyl-, and 10,12-pentacosadiynylamines as the guest amines
readily react to give a new type of the polymer crystal consisting of alternately stacked polymer nano-sheets. We have
revealed that the intercalation of long-chain unsaturated amines proceeds in a high conversion, and the photoreactivity
of the unsaturated functional groups in the side chain is determined by the kind of unsaturated groups and the stacking
distance of the amine molecules in the layers.

KEY WORDS Layered Polymer Crystals / Intercalation / Poly(muconic acid) / Solid-State
Photoreaction / Polydiacetylene /

Organic/inorganic nano-composites with an orga-
nized structure have attracted interests in the fundamen-
tal and applied fields of polymer chemistry and nano-
material science.1–3 A large number of inorganic solids
with a two-dimensional structure such as clays, metal
phosphonates or phosphites, graphite, and metal oxides
have been reported,4, 5 and the properties and functions
of these layered materials are modified by combination
with organic molecules as the guest compounds.6–11

The combination of materials with a different nature
efficiently induces a new property and function, which
cannot be attained from an organic or inorganic com-
pound alone. The structure and properties of the com-
posites consisting of various types of clays and poly-
mers have also been investigated.12–15 In contrast to a
large number of studies on intercalation systems made
of inorganic compounds or inorganic–organic hybrids,
very few examples are known as an intercalation sys-
tem consisting of organic compounds as both the host
and guest.16–21

We have previously demonstrated the fundamental
features and mechanism of the intercalation of various
alkylamines into poly(muconic acid) (PMA) as the
organic host compound21–24 (Scheme 1). Long-chain
alkylamines are suitable as the guest molecules and the
intercalation provides a new layered polymer crystal
with an interlayer spacing different from that of the

Scheme 1.

original PMA crystals. The organic intercalation sys-
tem consisting of layered organic polymers and organic
guest amines has some characteristics different from a
large number of known intercalation compounds using
the inorganic hosts. For example, carboxylic groups
orderly arrange along the polymer chains in a high den-
sity in a stacking distance of 5 Å in the polymer crystals
as the organic intercalation host.23, 25, 26 This structural
feature is potentially used as a new kind of intercalation
material for reactions; namely, the interlayer space of
the layered crystals may function as the specific reac-
tion vessel to give a stereospecific reaction product due
to a reactivity different from that in isotropic medium.
Especially, photochemical properties are of great inter-
ests because photoactive species are immobilized and
restricted in a constrained interlayer space when they
are intercalated into organic polymer crystals as the
host.27 In this paper, we describe the synthesis and pho-
toreactivity of polymer crystals intercalated with unsat-
urated amines including olefin, diene, and diyne moi-

†To whom correspondence should be addressed(Phone/Fax: +81-6-6605-2981, E-mail: matsumoto@a-chem.eng.osaka-cu.ac.jp).

652



Intercalation with Layered Polymer Crystals

eties as a functional group (Scheme 2).

EXPERIMENTAL

Materials
(Z, Z)-Muconates were prepared by the reaction of

(Z, Z)-muconic acid with the corresponding amine in
methanol at room temperature and quantitatively iso-
lated by precipitation with a large amount of diethyl
ether, followed by recrystallization from methanol.

Allylammonium (Z, Z)-muconate M-1. Colorless
needles (CH3OH); mp 111 ◦C (decomp); 1H NMR
(400 MHz, CD3OD) δ 7.36 (m, CH=CHCO2, 2H), 5.79
(m, CH=CHCO2 and NCH2CH=CH2, 4 H), 5.26 (m,
NCH2CH=CH2, 4H), 3.44 (m, NCH2CH=CH2, 4H); IR
(KBr) 1581 (νC=C), 1512 (νC=O), 939 (δCH=CH) cm−1.

Oleylammonium (Z, Z)-muconate M-2. Colorless
powder (CH3OH); mp 126 ◦C (decomp); 1H NMR
(400 MHz, CD3OD) δ 7.37 (m, CH=CHCO2, 2H),
5.90 (m, CH=CHCO2, 2H), 5.34 (m, CH2CH=CHCH2,
4H), 2.88 (t, J = 7.5 Hz, NCH2, 4 H), 2.03 (m,
CH2CH=CHCH2, 8 H), 1.63 (m, CH2, 4 H), 1.1–1.4
(m, CH2, 44 H), 0.90 (t, J = 6.8 Hz, CH3, 6 H); 13C
NMR (100 MHz, CD3OD) δ 162.15 (C=O), 132.88 and
130.74 (CH=CHCH=CH), 130.06 (CH2CH=CHCH2),
40.78, 33.63, 33.07, 30.78, 30.47, 30.27, 28.87, 28.13,
27.51, and 23.74 (CH2), 14.46 (CH3); IR (KBr) 1592
(νC=C), 1503 (νC=O) cm−1.

10,12-Pentacosadiynylammonium (Z, Z)-muconate
M-5. Colorless powder (CH3OH); mp 114 ◦C (de-
comp); 1H NMR (400 MHz, CD3OD) δ 7.41 (m,
CH=CHCO2, 2 H), 5.91 (m, CH=CHCO2, 2 H),
2.88 (t, J = 7.6 Hz, NCH2, 4 H), 2.24 (t, J = 6.8 Hz,
CH2C≡CCH2, 8 H), 1.64 (m, CH2, 4 H), 1.3–1.5
(m, CH2, 64 H), 0.90 (t, J = 6.8 Hz, CH3, 6 H);
13C NMR (100 MHz, CD3OD) δ 162.32 (C=O),
133.20 and 130.51 (CH=CHCH=CH), 77.86 and 66.38

Scheme 2.

Scheme 3.

(C≡CC≡C), 40.89, 33.11, 30.70, 30.62, 30.49, 30.36,
30.16, 30.06, 29.85, 29.52, 29.03, 27.48, 23.76, and
19.68 (CH2), 14.46 (CH3); IR (KBr) 1591 (νC=C), 1504
(νC=O) cm−1; UV(CH3OH) λ 258 nm (ε= 16100).

Synthesis of Unsaturated Amines
(2E,4E)-2,4-Hexadienylamine A-3 was synthesized

from sorbic acid according to the reactions in
Scheme 3.

Sorbamide. Sorbic acid (4.0 g) and thionyl chlo-
ride (3 mL) were refluxed for 1 h. The obtained sor-
bic chloride was added dropwise to 28% aqueous am-
monia (20 mL) with stirring below 0◦C. The reac-
tion mixture was concentrated under reduced pressure,
and the solid residue, a mixture of ammonium chlo-
ride and sorbamide, was washed with hot ethyl ac-
etate (100 mL). When the ethyl acetate solution was
collected and cooled to −30◦C, the crystalline amide
was obtained. Yield 1.81 g (46%). Colorless pow-
der; mp 160–162 ◦C; 1H NMR (400 MHz, CDCl3)
δ 7.52 (m, CH=CHCH=CHCONH2, 1H), 6.67 (m,
CH3CH=CHCH=CHCONH2, 2 H), 6.36 (d, J = 15 Hz,
CH=CHCH=CHCONH2, 1 H), 2.23 (t, J = 5 Hz, CH3,
3 H).

A-3. In a three-necked round-bottom flask
equipped with a dropping funnel and a reflux con-
denser with a drying tube, sorbamide, 0.69 g in
anhydrous ether (10 mL), was added dropwise under
stirring over 1 h to the suspension of lithium aluminum
hydride (0.56 g) in anhydrous ether (10 mL). The mix-
ture was refluxed for 10 h. Excess lithium aluminum
hydride was carefully removed by after-treatment
with water (10 mL) at 0 ◦C. The reaction mixture was
filtered, and the solid was washed with anhydrous
ether (several 100 mL portions). The ether solution
was carefully concentrated at atmospheric pressure,
because the product is also volatile. A-3 was obtained
as a concentrated solution of diethyl ether, and the
yield was determined by 1H NMR spectroscopy. Yield
0.137 g (25%). Colorless liquid: 1H NMR (400 MHz,
CDCl3) δ 6.07 (m, CH=CHCH=CH, 2H), 5.69 (m,
CH=CHCH2NH2, 1H), 5.42 (m, CH3CH=CH, 1H),
3.31 (m, CH2, 2H), 1.74 (t, J = 6.8 Hz, CH3, 3H); 13C
NMR (100 MHz, CDCl3) δ 131.92, 130.95, 129.85,
and 128.43 (CH=CHCH=CH), 43.81 (CH2), 17.89
(CH3).

(2E,4E)-2,4-Tetradecyldienylamine A-4 was synthe-
sized according to the reactions in Scheme 4.
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Scheme 4.

Scheme 5.

(2E,4E)-2,4-Tetradecadienoic Acid Ethyl Ester. To
a three-necked flask equipped with a dropping fun-
nel and a condenser, a 60% dispersion of sodium hy-
dride in mineral oil (0.802 g) and dry tetrahydrofu-
ran (THF) were charged in a dry nitrogen stream. To
this suspension, triethyl phosphonoacetate (4.64 g) was
added dropwise over 1 h; the mixture was further stirred
for 1 h at room temperature. The solution became
clear. Then was added dropwise trans-2-dodecene-1-
al (4.05 g). The mixture was heated once at 60–65◦C,
and then cooled to 15–20◦C. From a gummy precipi-
tate, the product was extracted with a large amount of
THF. The evaporation of the THF provided (2E,4E)-
2,4-tetradecadienoic acid ethyl ester as a yellow liquid.
Yield 3.68 g (66%).

(2E,4E)-2,4-Tetradecadienoic Acid. A solution of
(2E,4E)-2,4-tetradecadienoic acid ethyl ester (4.82 g)
in methanol containing potassium hydroxide (1.35 g)
and water (about 10 mL) was heated under reflux for
1 h. The cooled solution was diluted with water
and acidified by addition of concentrated hydrochlo-
ric acid. The organic acid was extracted with ethyl
acetate, and the extract was washed with a satu-
rated sodium chloride solution. After the removal of
the solvent, (2E,4E)-2,4-tetradecadienoic acid was ob-
tained. Yield 3.52 g (82%); yellow solid; 1H NMR
(400 MHz, CDCl3) δ 7.35 (m, CH=CHCO2H, 1H), 6.19
(m, CH=CHCH=CHCO2H, 2H), 5.78 (d, J = 15 Hz,
CH=CHCO2, 1H), 2.17 (m, CH2CH=CH, 2H), 1.26–
1.34 (m, CH2, 14H), 0.88 (t, J = 6.9 Hz, CH3, 3H).

(2E,4E)-2,4-Tetradecadienamide. (2E,4E)-2,4-
Tetradecadienoic acid (3.52 g) was reacted with thionyl
chloride (1.5 mL), and then added dropwise to 28%
aqueous ammonia (20 mL) below 0◦C. (2E,4E)-2,4-
Tetradecadienamide was extracted with chloroform,
followed by recrystallization. Yield 2.85 g (89%).
Light brown solid; 1H NMR (400 MHz, CDCl3) δ 7.20
(m, CH=CHCO, 1 H), 6.13 (m, CH=CHCH=CHCO,
2H), 5.79 (d, J = 15 Hz, CH=CHCH=CHCO, 1 H),
5.33 (broad, NH2, 2H), 2.15 (m, CH2CH=CH, 2H),

1.26–1.41 (m, CH2, 14H), 0.87 (t, J = 6.3 Hz, CH3,
3H); 13C NMR (100 MHz, CDCl3) δ 168.32 (C=O),
144.33, 142.89, 128.00, and 120.34 (CH=CHCH=CH),
32.96, 31.85, 29.49, 29.41, 29.28, 29.16, 28.07, and
22.65 (CH2), 14.09 (CH3).

A-4. To a suspension of lithium aluminum hy-
dride (0.43 g) in anhydrous ether (10 mL), (2E,4E)-
2,4-tetradecadienamide (0.87 g) in anhydrous ether
(10 mL) was added dropwise under stirring over 1 h.
The mixture was refluxed for 10 h. After treat-
ment similar to the synthesis of A-3, the reac-
tion mixture was filtered, and a solid was washed
with anhydrous ether (several 100 mL portions).
The ether was evaporated under reduced pressure.
Yield 0.39 g (49%). Light yellow liquid; 1H NMR
(400 MHz, CDCl3) δ 6.07 (m, CH=CHCH=CH,
2H), 5.66 (m, CH=CHCH2NH2, 1H), 5.46 (m,
CH=CHCH=CHCH2NH2, 1H), 3.32 (m, CH2NH2,
2H), 1.98 (m, CH2CH=CHCH=CHCH2NH2, 2 H),
1.21–1.48 (m, CH2, 14 H), 0.88 (t, J = 6.8 Hz, CH3,
3 H); 13C NMR (100 MHz, CDCl3) δ 134.42, 132.07,
130.14, and 129.55 (CH=CHCH=CH), 43.87, 32.57,
31.86, 29.53, 29.28, 25.28, and 22.63 (CH2), 14.07
(CH3).

10,12-Pentacosadiynylamine A-5 was synthesized
according to the reactions in Scheme 5.

10,12-Pentacosadiynamide. Commercially avail-
able 10,12-pentacosadiynoic acid (4.0 g) was reacted
with thionyl chloride (1 mL), and the obtained acid
chloride was added dropwise to 28% aqueous ammonia
(20 mL). 10,12-Pentacosadiynamide was extracted and
recrystallized with chloroform. Yield 3.04 g (76%).
Colorless powder; mp 99–102◦C (CHCl3); 1H NMR
(400 MHz, CDCl3) δ 5.37 (broad, NH2, 2 H), 2.20–
2.26 (m, CH2CONH2, CH2C≡C, 6 H), 1.48 (m, CH2,
4 H), 1.25–1.37 (m, CH2, 28 H), 0.88 (t, J = 7.3 Hz,
CH3, 3H).

A-5 was synthesized by the reduction of the amide
according to a procedure similar to that for A-3
or A-4, followed by recrystallization from methanol.
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Yield 0.42 g (77%). Colorless powder; mp 71–
73 ◦C (CH3OH); 1H NMR (400 MHz, CDCl3) δ 2.67
(t, J = 7 Hz, CH2NH2, 2H), 2.24 (t, J = 7 Hz,
CH2C≡CC≡CCH2, 4 H), 1.51 (m, CH2, 4 H), 1.25–
1.36 (m, CH2, 30H), 0.88 (t, J = 7.3 Hz, CH3,
3H); 13C NMR (100 MHz, CDCl3) δ 77.51 and 65.18
(C≡CC≡C), 41.95, 33.31, 31.88, 29.59, 29.39, 29.06,
28.80, 28.31, 26.81, 22.65, and 19.16 (CH2), 14.09
(CH3).

Synthesis of PMA
The photopolymerization of dodecylammonium

(Z, Z)-muconate was carried out in the crystalline state
under UV irradiation with a high-pressure mercury
lamp (Toshiba SHL-100-2, 100 W) at a distance of
10 cm through a Pyrex filter.21 The resulting polymer
was isolated by removing the unreacted monomer with
methanol. The hydrolysis of poly(dodecylammonium
muconate) was carried out in HCl methanol solution
(1 mol L−1) with stirring at room temperature for 1 h.
IR spectroscopy confirmed the quantitative transforma-
tion. PMA: IR (KBr) 1712 (νC=O) cm−1.

Intercalation
A typical procedure for the intercalation is as fol-

lows.23 The PMA crystals, 50 mg, were dispersed in
methanol solution (20 mL) of a desired amount of
amine and stirred at room temperature for 1 h. The
polymer crystals were isolated with a glass filter,
washed with a small amount of fresh methanol (ca.
10 mL), and dried in vacuo. The conversion was gravi-
metrically determined. The fraction of the ammonium
carboxylate in the polymer crystals was also confirmed
by IR spectroscopy.

Polymer prepared by intercalation of A-1 into PMA:
IR (KBr) 1567 (νC=O), 995 (δtrans−CH=CH) cm−1.

Polymer prepared by intercalation of A-2 into PMA:
IR (KBr) 1567 (νC=O), 994 (δtrans−CH=CH) cm−1.

Polymer prepared by intercalation of A-5 into PMA:
IR (KBr) 1566 (νC=O), 998 (δtrans−CH=CH) cm−1.

Photoreactions of M-1, M-2, and M-5
The monomers were photoirradiated with a UV lamp

in the crystalline state. The isomerization of M-1 was
examined by 1H NMR spectroscopy. The polymers
from M-2 and M-5 were isolated by removing the un-
reacted monomers with chloroform.

Polymer prepared by the topochemical polymeriza-
tion of M-2: IR (KBr) 1569 (νC=O), 996 (δtrans−CH=CH)
cm−1.

Polymer prepared by the topochemical polymer-
ization of M-5: IR (KBr) 1566 (νC=O), 1001
(δtrans−CH=CH)cm−1.

Isolation of Photoproducts from Polymer Side Chains
Polymer was prepared by the intercalation of A-

2 into PMA or by the polymerization of M-2. The
polymer was photoirradiated in the crystalline state for
100 h at room temperature. After the irradiation, the
polymer was immersed into a methanol solution of HCl
(1 mol L−1). The insoluble PMA was recovered, and
the filtrate was extracted with diethyl ether under the
condition of pH> 12. The photoproduct isolated as
an oily compound was reacted with acetyl chloride to
give the corresponding acetamide derivative. The prod-
ucts were precipitated with a large amount of diethyl
ether and isolated as a powdery compound, and then
provided for gel permeation chromatography (GPC)
measurement. The number-average molecular weights
(Mn) were 963 and 626 for the photoproducts isolated
from the polymers obtained by the topochemical poly-
merization of M-2 and by the intercalation of A-2, re-
spectively.

Measurements
NMR spectra were recorded on a JOEL JMN A400

spectrometer in CDCl3 or CD3OD at an ambient tem-
perature. IR spectra were taken with a JASCO FT/IR
430 spectrometer. Wide-angle X-ray diffraction pro-
file was measured on a RIGAKU X-ray diffractome-
ter RINT-Ultima 2100 with Cu-Kα radiation. γ-Ray
irradiation was carried out with 60Co at the Research
Institute for Advanced Science and Technology, Os-
aka Prefecture University. GPC was performed with
a Tosoh GPC-8000 series system at 38◦C in THF as an
eluent and calibrated with standard polystyrenes. UV-
vis spectroscopy was taken with a JASCO V-550 spec-
trophotometer.

RESULTS AND DISCUSSION

The intercalation of several unsaturated amines A-1
to A-5 (Scheme 2) was carried out with PMA as the
host polymer crystals. The corresponding saturated n-
alkylamines possessing an identical number of carbons
in the alkyl chain were also used as the guest amines for
comparison.23 The results are summarized in Table I.

Figure 1 shows the effects of the molar ratio of
the used amine against the carboxylic acid ([–NH2]/
[–CO2H]) in the host polymer on the conversion from
the acid to the ammonium form during the intercalation
of the saturated and unsaturated amines. When long-
chain amines were reacted, both of the saturated and
unsaturated amines showed a similar reaction behavior.
For example, the intercalation of A-2 and A-9 as the
long-chain guest molecules (m = 18) easily provided
the ammonium polymer crystals in a high conversion
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Table I. Intercalation of unsaturated and saturated amines using poly(muconic acid) crystals as the host

RNH2
[–NH2]/[–CO2H] Time Conv. d-valuea

(mol/mol) (h) (%) (Å)
CH2=CHCH2NH2 (A-1) 1 1 20.2 7.0

10 1 83.5 8.4
(9Z)-CH3(CH2)7CH=CH(CH2)8NH2 (A-2) 1 1 93.7 42.4

10 1 93.1 42.4
(2E,4E)-CH3CH=CHCH=CHCH2NH2 (A-3) 5 8 85.9 12.5
(2E,4E)-CH3(CH2)8CH=CHCH=CHCH2NH2 (A-4) 1 8 86.9 23.4
CH3(CH2)11C≡CC≡C(CH2)9NH2 (A-5) 1 2 76.8 56.5
CH3(CH2)2NH2(A-6)b 1 1 49.6 –

10 1 92.2 9.5
CH3(CH2)5NH2(A-7)b 1 1 71.4 20.5

10 1 89.3 20.5
CH3(CH2)13NH2(A-8)b 1 1 79.6 36.1

10 1 95.1 36.1
CH3(CH2)17NH2(A-9)b 1 1 91.6 45.0

10 1 96.4 45.0
aInterlayer spacing value of the obtained ammonium polymer crystals. bFrom ref 23.

Figure 1. Effect of the amount of the used amines on the con-
version during the intercalation. (∆)A-1, (©) A-2, (•) A-9, (�)
n-butylamine, and (�) ethylamine. Reaction time, 1 h; stirred in
methanol dispersion at room temperature.

over 90%, irrespective of the amount of the used amine.
Here, m is the carbon number of the used amines. The
reaction proceeded within a short time independent of
the presence or absence of the unsaturated group in the
amine, as shown in a time-conversion relationship (Fig-
ure 2). This result indicates that the existence of a cis-
double bond gives no effect on the intercalation reac-
tivity due to the high reactivity of the long-chain guest
molecules. In contrast to the facile intercalation of the
long-chain saturated and unsaturated amines, the con-
version of A-1 to the ammonium polymer was depen-
dent on the amount of the used amine. The intercala-
tion ability of A-1 was lower than those of the saturated
amines with a similar short carbon chain (m = 2–4), as
shown in the results in Figure 1 and Table I. It is pos-
sibly due to a difference in molecular packing in the

Figure 2. Effect of the reaction time on the conversion during
the intercalation of (©) A-2 and (•) A-9. [–NH2]/[–CO2H] = 1;
stirred in methanol dispersion at room temperature.

interlayer space; a decrease in the flexibility of the un-
saturated amine molecule due to the presence of a rigid
double bond.

During the intercalation of A-3, A-4, and A-5 as
the diene and diyne compounds as the guests, all the
amines were incorporated into PMA in a high conver-
sion (77–87%) under appropriate conditions, namely,
the amount of the amine and the reaction time. The in-
tercalation yield increased according to the chain length
of the amine; that is, the reactivity was in the order
of A-3<A-4<A-5. As a result of it, A-5 was readily
intercalated with a smaller amount of the used amine
within a shorter reaction time (Table I).

The interlayer spacing values (d-values) were deter-
mined by the powder X-ray diffraction measurement
of the intercalated polymer crystals. The d-values are
shown in Table I. As previously reported,23 the d-value
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Figure 3. Interlayer spacing (d) values for the polymer crystals
intercalated with various amines. (©) Unsaturated amines in this
work, (•) n-alkylamines including A-6 to A-9 (ref 23).

is dependent on the size of the intercalated amines for
a series of n-alkylamines. The d-value increased lin-
early with the carbon number of the amine and the
thickness of the ammonium layer increases by 1.0 Å for
each carbon in the N-alkyl substituent. Furthermore,
we concluded that the alkyl chains of the amines are
stacked in the layer with a similar tilt structure. In this
work, a smaller d-value was always observed for the
unsaturated ammonium polymer crystals than that for
the corresponding saturated one, as shown in Figure 3.
This is interpreted by the different structure of the car-
bon chains of the saturated and unsaturated amines.
Namely, the unsaturated amines favor a stacking struc-
ture with a greater tilt angle, compared with that of the
saturated amines.

The photoreaction of the polymer crystals interca-
lated with A-2 as the unsaturated amine was carried
out under UV irradiation with a high-pressure mercury
lamp at room temperature. A change in the IR spectrum
was observed during UV irradiation, indicating the pro-
cess of the reaction of an oleyl group in the side chain.
On the other hand, the polymer crystals intercalated
with A-1 was inert under similar photoirradiation con-
ditions, although a terminal C=C bond was expected to
be more reactive than the internal olefin bond of A-2.
The γ-ray radiation of the polymer crystals intercalated
with A-1 was also carried out, but the allyl group again
had no reaction.

To further investigate a difference in the photoreac-
tivity of the polymer crystals intercalated with A-1 and
A-2, we tried to prepare similar ammonium polymer
crystals through the topochemical polymerization of
the corresponding ammonium monomer crystals. The
ammonium monomers M-1 and M-2 (Scheme 6) were
readily prepared by mixing the muconic acid and A-1

Scheme 6.

Figure 4. IR spectra of poly(oleylammonium muconate) ob-
tained by (a) intercalation of A-2 with PMA crystals, (b) topochem-
ical polymerization of M-2 under UV-irradiation without a Pyrex
filter (λ < 280 nm), and (c) topochemical polymerization of M-2
under UV-irradiation with a Pyrex filter (λ > 280 nm).

or A-2. Recrystallization from methanol provided pow-
dery and needle crystals for M-1 and M-2, respectively.

A change in the IR spectrum of M-1 was observed
during the photoirradiation, but the spectrum of the
photoproduct was different from that of the intercalated
polymers. 1H NMR spectrosopy confirmed the isomer-
ization of M-1, but not polymerization. This is in good
agreement with the fact that short-chain alkylammo-
nium (Z, Z)-muconates (m < 9) isomerize to the cor-
responding isomers under photoirradiation in the crys-
talline state, while long-chain alkylammonium (Z, Z)-
muconates (10 > m) polymerize topochemically under
similar conditions in our previous results.21, 28 Differ-
ing from the isomerization of M-1, the oleylammonium
monomer M-2 topochemically polymerized to give an
insoluble product under UV-irradiation in the crys-
talline state as expected. Figure 4 shows the IR spec-
tra of the poly(oleylammonium muconate)s obtained by
the intercalation and the polymerization. After the pho-
toirradiation of M-2, the peak based on stretching of the
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Scheme 7.

conjugated double bond of the monomer at 1592 cm−1

disappeared, and a new peak due to the out-of-plain
deformation vibration of a trans double bond was ob-
served at 996 cm−1. The shift of the peak of the car-
bonyl stretching was observed from 1503 cm−1 of the
monomer to 1569 cm−1 of the polymer. In order to pre-
vent the simultaneous reaction of the inner double bond
in the side chain during photoirradiation, photoirradia-
tion was carried out by an incident light with a limited
wavelength (λ > 280 nm) using a Pyrex filter. The lim-
ited irradiation (λ > 280 nm) was expected to give a
polymer with a structure similar to the polymer inter-
calated with A-2 into the PMA crystals. The photoirra-
diation at a higher wavelength cannot induce the poly-
merization of an oleyl group, which is a non-conjugated
olefin.29 Contrary to expectation, however, the spectra
shown in Figures 4b and 4c are similar to each other.
The spectra of the polymers obtained by photopoly-
merization are also similar to that of the polymer ob-
tained by the intercalation (Figure 4a). We have con-
sequently concluded that the polymer crystals having
unsaturated groups in the countercation are produced
by not only the intercalation of A-2 into PMA but also
the topochemical polymerization of M-2 irrespective of
the photoirradiation conditions. When γ-rays were ir-
radiated the crystals of M-2, the polymerization pro-
ceeded and gave a polymer in 86% yield, similar to
the photoreaction. We expected that γ-ray radiation in-
duced the polymerizations of the muconate groups to
make the muconate polymer chain and also of the oleyl
groups in the side chain, due to the high potential en-
ergy of the γ-radiation for the chemical reactions, but
with low selectivity. Nevertheless, it has been revealed
that a large amount of unreacted oleyl groups still re-
mained in the side chain of the isolated polymer after
the radiation. This result indicates that the consider-
ably low reactivity of the oleyl group in the constrained
interlayer space even under γ-ray irradiation with high
energy.

To quantitatively evaluate the reactivity of the oleyl
moiety incorporated between the polymer sheets in the
PMA crystals, the photoproduct was isolated from the
host polymers after photoirradiation. The 1H NMR and
IR spectra of the isolated reaction products suggested
the reaction of the inner double bond in the side chain of

the polymer crystals during the UV irradiation, judging
from a change in the peak intensity of the unsaturated
group. The molecular weight of the isolated products
was determined by GPC after they were reacted with
acetyl chloride to avoid the absorption of the amine to
gels in a GPC column, according to the procedures as
shown in Scheme 7 (See also experimental). The elu-
tion curves consisted of peaks due to N-oleylacetamide
and its oligomers, indicating that the countercation was
partly oligomerized during the UV irradiation. The Mn

value of the oligomeric photoproduct (Mn = 963) ob-
tained by the topochemical polymerization was higher
than that obtained via the intercalation process (Mn =
626). It suggests that the oleyl groups are more regu-
larly arranged in the polymer crystals obtained by the
direct polymerization of M-2. Thus, the oleyl moiety
of the guest amine provided oligomers but not a high
molecular weight polymer, indicating that an inner dou-
ble bond in the side chain slowly reacts in the inter-
layer constrained reaction locus. The less reactivity is
considered to be because the stacking distance of the
amines along the muconate polymer chains is greater
than the ideal one for the reaction between the olefin
compounds. Figure 5 shows the summary of the reac-
tion pathways of the ammonium crystals using unsat-
urated amines as the countercations. The allyl groups
introduced in the polymer are irregularly packed in the
interlayer space, resulting in no reaction during the later
photoirradiation. The oleyl groups as the long-chain
substituent are regularly stacked in a style similar to a
bimolecular membrane structure, but the repeating dis-
tance is too long to produce a high molecular weight
polymer.

Next, the photoreaction of the polymer crystal inter-
calated with A-3 as the diene-containing amine was
carried out. In the IR spectrum, the peak based on
stretching of the conjugated double bond at 1610 and
1649 cm−1 disappeared and a new peak of the out-
of-plain deformation vibration based on a trans dou-
ble bond was observed at 972 cm−1 after the irradia-
tion. Similar photoreaction behavior was also observed
for the polymer crystal intercalated with A-4. These
changes in the IR spectra suggest the polymerization of
the unsaturated functional groups in the side chain of
the polymer crystals. The diene moieties are probably
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Figure 5. Schematic reaction pathways for the photoreactions of the ammonium crystals with an unsaturated moiety in the side chain as
the ammonium cations.

stacked in the layers along with the polymer chains with
a stacking distance of 4.9 Å appropriate for the poly-
merization of diene monomers.25, 26 We tried to eval-
uate the conversion and the molecular weight of the
polymers produced from the reaction of countercation
parts in the side chain, but the isolation of the side-chain
photoproducts failed. The produced polymers may be
of high molecular weight and include strong polymer–
polymer interactions, which show high resistance to hy-
drolysis. Judging from the change in the IR spectrum,
the side-chain diene groups are converted into the poly-
mer in a high yield.

It is well known that a diacetylene polymerizes in
the solid state under irradiation by γ-rays or upon heat-
ing when monomer molecules stack with a distance of
5 Å, similar to the diene polymerizations.30, 31 The re-
action of the diacetylene-containing polymer crystals,
obtained by intercalation with A-5, was carried out un-
der UV, γ-, and X-ray irradiation, or upon heating.
The color of the polymer crystals changed from col-
orless to blue or red after irradiation or heating. This
color change is one piece of evidence for topochem-
ical polymerization of diyne compounds, as has been
reported in literature.32–35 In addition to coloring, a
small change in the X-ray powder diffraction profile
was also observed; the d-value changed from 56.5 Å
before γ-radiation to 55.8 Å after the reaction. A sim-
ilar but slightly smaller d-value of the polymer crystal
after γ-ray irradiation supports the topochemical poly-
merization, being the same as the behavior of other
diene and diyne polymerizations. To confirm the re-

Figure 6. UV-vis diffusion reflectance spectra of the polymer
crystals intercalated with A-5 into PMA crystals. (a) After γ-
radiation (200 kGy), (b) after UV-irradiation (8 h), and (c) before
irradiation.

action, UV-vis diffusion reflectance measurement was
carried out. The absorption spectra are shown in Fig-
ure 6. To compare the spectra of the polymer before
and after the UV and γ-ray irradiations, the intensity of
the absorption at 550 and 620 nm increased due to the
formation of a conjugated chain structure. Moreover,
the thermochromism of polydiynes was observed dur-
ing the polymerization; the absorption band shifted to
a shorter wavelength region during the process of the
γ- and UV-polymerization. A color also changed from
blue to red when the isolated polymer at a low conver-
sion was heated at 150 ◦C. We conclude that the ther-
mochromic transition is associated with a conforma-
tional change of the polydiyne backbone from planar
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Figure 7. Change in (a) IR spectrum and (b) UV-vis diffusion reflectance spectrum during the polymerization of M-5 in the crystalline
state. Photoirradiation time, 0–480 min.

Figure 8. Reaction profiles for the UV and γ-irradiation of the dienyl and diynyl amines (A-3∼A-5) introduced into PMA crystals as the
countercations. The arrangement of the counter ammonium including diene and diyne moieties at a stacking distance of 5 Å results in the
interlayer polymerization between the polymuconate layers in the crystals.

to non-planar, induced by the change in the alkyl chain
conformation.

We also examined the UV-polymerization of the
monomer M-5 (Scheme 6). IR and UV-vis spectra
(Figure 7) have evidenced that the polymerization of
M-5 proceeds to give the polymer consisting of poly-
muconate and polydiacetylene sheets which are alter-
natingly stacked in the crystals during the irradiation.
Namely, in the IR spectrum of M-5, a peak due to
conjugating C=C bond at 1591 cm−1 disappeared and
a peak due to the carbonyl stretching shifted from 1504

to 1561 cm−1 during the UV irradiation. The diene
moieties completely polymerized during the 2-h irradi-
ation. Any change in the diyne moiety cannot be moni-
tored during the polymerization by the IR spectroscopy,
due to the symmetric structure of the diyne and result-
ing polydiyne groups. From the change in the UV-vis
absorption spectrum during photoirradiation, it was re-
vealed that the polymerization of the diyne groups pro-
ceeded slowly compared to the polymerization of diene
groups. On the other hand, the γ-radiation resulted in
the alternatingly stacked polymer crystals in a quan-
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titative yield. We are further investigating the poly-
merization kinetics of ammonium derivatives includ-
ing diyne and diene moieties and the crystal structure
and some properties characterization of the resulting
layered polymer crystals with an alternatingly stacked
polymer sheet structure. More detailed results of al-
ternatingly stacked polymer crystals will be separately
reported in future.

In conclusion, we have demonstrated that 1,3-dienyl-
and 1,3-diynylamines are intercalated into the interlay-
ers of the host polymers, and that the guest molecules
are stacked to make a columnar structure in a stack-
ing distance of 5 Å in the interlayer constrained space.
The stacking distance of 5 Å is equal to a fiber period
of the diene and diyne polymers. Therefore, the lay-
ered polymer crystals act as the template for the poly-
merization of 1,3-dienyl- and 1,3-diynylamines in the
interlayer space. Consequently, the photopolymeriza-
tion occurs in the side chain to give a new type of poly-
mer crystals consisting of alternately stacked polymer
nano-sheets, as shown in the supposed reaction profile
for the polymerization of the dienyl and diynyl amines
intercalated into PMA crystals (Figure 8). Similar alter-
natingly stacked polymer crystals have also been pre-
pared from the corresponding monomer crystals con-
taining both the diene and diyne moieties by simultane-
ous or stepwise topochemical polymerizations. Even-
tually, the photoreactivity of the unsaturated functional
groups in the side chain is determined by the kind of un-
saturated groups and the stacking distance of the amine
molecules in the layers.
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