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A photofunctional organic solid was fabricated by the inter-
calation of azobenzene derivatives containing an amino group
into poly(muconic acid) as the layered polymer crystals. The or-
ganic intercalation and photoisomerization behaviors depended
on the structure of the spacer between the azobenzene and ami-
no groups of the guest.

Supramolecular materials including the photochromic moi-
ety imply a possibility of application to novel photoresponsive
materials and optical devices.1 The intercalation of photoactive
species into layered inorganic solids has been investigated in or-
der to construct photofunctional intercalation compounds; for
examples, the photochromic reactions of viologens, fulgide,
spiropyrans, diarylethene, and azobenzene in the interlayer
space of host materials.2 In contrast, there is no example of con-
structing photoactive materials using layered organic materials
coupled with any photochromic organic compounds.

Recently, we reported that poly(muconic acid) (PMA) func-
tioned as a unique organic host compound for intercalation with
various amines (Scheme 1).3,4 The organic intercalation system
consisting of layered organic polymers and guest amines has
characteristics different from known intercalation compounds
with an inorganic host. The former has a crystalline structure,
in which carboxylic acids are orderly arranged along the poly-
mer chain in a high density. A combination of the organic host
crystal with organic guest molecules can induce any specific
feature through not only host–guest but also guest–guest inter-
actions. In this study, we carried out the intercalation of four
kinds of azobenzene derivatives (1-4) containing different
spacer groups between the azobenzene and amino groups
(Scheme 2) to investigate the structure of the layers, the assem-
bly of guest molecules, and the photochemical bahavior of the
dyes intercalated into the PMA.

Table 1 shows the conversion of the intercalation with var-

ious azobenzene derivatives. We first attempted the intercala-
tion of 1 as a commercially available azobenzene by both dis-
persion and solid-state methods.5 However, 1 was not
incorporated into PMA due to the low basicity of the guest ani-
line (pKa = 4.6 for unsubstituted aniline). The intercalation of
aniline derivatives with an electron-donating substituent such as
methoxy and hydroxy groups was also attempted, but failed.
Therefore, three azobenzene derivatives with a suitable spacer
group were synthesized (2-4).6

From the diffraction peak at a low angle in powder XRD
profiles for PMA intercalated with the azobenzene derivatives
(X-PMAs) shown in Figure 1, the interlayer spacing (d) was
evaluated. The d-value increased with an increase in the size
of the guest, although the d-value for 4-PMA could not be de-
termined due to the diffraction at a lower angle. Considering the
d-values and the size of the guest molecules, it is postulated that
the azobenzene ammoniums are arranged in the interlayer space
with a structure inclined to the PMA sheets, but not interdigitat-
ed (Figure 2). A similar inclined structure of the guests has also
been formed for the intercalation with n-alkylamines, as previ-
ously reported.4 The guest amines are regularly aligned along

Table 1. Intercalation of azobenzene derivatives containing an ami-
no group with PMA

Guest
Methoda Time/h

[-NH2]/ Conversion
d/ �Aamine [-CO2H] /%

1 A 2 10 0 —
1 B 0.5 10 0 —
2 A 36 3 81 26.5
2 B 0.5 1 48 —
3 A 48 4 93 36.0
4 B 0.5 >1 89 >44

a A: stirred in methanol as dispersant. B: ground in a mortar in the
solid state.

Figure 1. XRD diffraction profiles of PMA and X-PMAs. (a)
PMA (before intercalation), (b) 2-PMA, and (c) 3-PMA.
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the polymer chain at a stacking distance of 5 �A, and no interdi-
gitated structure is observed. Tilt angles (�) are estimated to be
57 � and 71 � for 2 and 3, respectively. According to the McRae
and Kasha theory,7 a blue shift is observed when an angle be-
tween the dipole direction of a dye molecule and the line which
connects the center of an aggregating dye is greater than 54.7 �

(H aggregate). In fact, the absorption band due to the trans-azo-
benzene chromophore was observed at 314 and 316 nm for the
2- and 3-PMAs, respectively, which are shifted toward a shorter
wavelength relative to that of a monomeric azobenzene in a di-
lute solution of the corresponding guests. These results suggest
that the H-like aggregates of the azobenzene molecules are
quite consistent with a tilt guest structure of the 2- and 3-PMAs.

The photochemical behavior of the X-PMAs was investi-
gated under UV irradiation using a high-pressure Hg lamp. Fig-
ure 3 shows the change in the diffusion reflectance spectra of
the 2- and 4-PMAs in the solid state. For both cases, an absorp-
tion intensity at around 450 nm due to the cis-isomer of the azo-
benzene moiety increased according to the photoirradiation
time. It strongly indicates that the azobenzenes isomerize in
the constrained interlayer spacing of the polymer crystals. How-
ever, the isomerization rate and the reversibility of the 2- and 4-
PMAs were different from each other. In the case of 2-PMA, the
isomerization proceeded at a lower rate and the equilibrium was
not yet achieved after a 1020-min irradiation. Furthermore, the
original adsorption band due to the trans isomer was not recov-
ered even after heating at 80 �C for 10 h or visible ray irradia-
tion for 2 days. Thus, the E=Z isomerization of 2-PMA pro-
ceeds very slowly and is apparently irreversible under these
conditions. 3-PMA also showed a photoreaction behavior simi-
lar to that of 2-PMA. On the other hand, the isomerization of 4-

PMA was completed within 1-min of UV irradiation accompa-
nying a slight change in the absorbance, and the photoreaction
was reversible. The length of the spacer between the azoben-
zene and amino groups causes different behaviors of the azo
group in the X-PMAs. 2 and 3 are strongly fixed near the car-
boxylate of the PMA sheets, while azobenzene as the photo-
reaction part is more flexible in 4-PMA. As a result, the photo-
isomerization feature of 4-PMA is similar to those observed for
the azobenzene-containing polymer8 and an azobenzene inter-
calated into inorganic layered materials.2g,2h No significant
change in the interlayer spacing was observed for the X-PMAs
upon photoirradiation under the conditions in this work. Further
investigation is now continued.

In conclusion, we succeeded in the design of azobenzene
derivatives as the guest suitable for organic intercalation with
layered polymer crystals as the host. The intercalation of three
kinds of azobenzene derivatives with an amino group through a
spacer group into the interlayer space of poly(muconic acid)
crystals occurs. It has been revealed that the azobenzene mole-
cules form H-like aggregates in the interlayer space of the 2-
and 3-PMAs. We also confirmed the different isomerization be-
haviors depending on the position of the azobenzene guest inter-
calated into the polymer sheets.
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Figure 2. Models of stacking structure. (a) Interdigitated
and (b) inclined structures.

Figure 3. Changes in absorption spectra of X-PMAs in the solid
state. (a) 2-PMA during UV irradiation for 1020min and (b) 4-
PMA during UV irradiation for 1min.
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