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’ INTRODUCTION

Many kinds of conjugated polymers have been designed and
synthesized due to their eminent properties,1 such as use in
organic light-emitting diodes,2 third-order nonlinear optical
properties,3 and chemical or biochemical sensing.4 Polydiacety-
lenes (PDAs) as one of the conjugated polymers have been
investigated as the key materials changing their intrinsic blue-to-
red color and fluorescence properties in response to external
stimuli or environmental perturbations.5�7 The repeated color
change of PDAs is expected to be used for various applications,
but in most of the actual cases, their chromatic transition
reversibly occurs under limited conditions. For example, poly-
(10,12-pentacosadiynoic acid) [poly(12,8-DA-CO2H)] exhib-
ited a partially reversible color change between the initial
blue and the intermediate purple in the temperature range
below 50 �C, followed by an irreversible change to the final red
one upon further heating.8 When any strong interaction is
introduced into the side chain of the PDAs, the PDAs exhibit
a reversible color change over a wider temperature range.9

Recently, we investigated the molecular packing structure and
the solid-state polymerization behavior of diacetylene com-
pounds containing a naphthylmethylammonium carboxylate in
the side chain.10 The PDAs with robust two-dimensional (2D)
hydrogen bond networks directly bound to the main chain
exhibited a reversible color change over a wide temperature
range upon heating.

We previously reported an intercalation system using organic
layered host materials, which were obtained by the topochemical
polymerization of alkylammonium muconates and sorbates.11�14

For example, the ammonium muconate polymer crystals are

converted into poly(muconic acid) (PMA) crystals by hydrolysis
with HCl in an aqueous methanol or by thermolysis in the solid
state, and the process is reversible. Some alkylaminemolecules as the
guests are intercalated into thePMAcrystals dispersed in amethanol
solution of the amine with stirring at room temperature. During the
intercalation and its reverse reaction (i.e., deintercalation), the guest
amines are inserted into the polymer crystals and reversibly removed
from them. The transformation heterogeneously occurs because
both the polymer crystals as the acid and the ammonium salts are
insoluble in methanol as the dispersant. Nevertheless, intercalation
proceeds with a high efficiency to achieve a high conversion.
The PDAs are also one of the promising candidates as the
polymer host compound for organic intercalation because they
have a lamellar structure similar to the polymers obtained from
1,3-diene monomers.15

In the present study, we synthesized three kinds of PDAs contain-
ing a carboxylic acid in the side chain with or without a phenylene or
methylene spacer between themain chain and the carboxylic acid, i.e.,
poly(1,3-hexadecadiynyl-4-benzoic acid) [poly(12,Ph-DA-CO2H)],
poly(2,4-heptadecadiynoic acid) [poly(12,0-DA-CO2H)], and poly-
(12,8-DA-CO2H), as shown in Figure 1. We investigated the
intercalation behavior of the PDAs as the host polymers using various
amines as the guests and the structural changes of the layered polymer
crystals during the intercalation. We also succeeded in the visualiza-
tion of an intercalation reaction using large-size PDA crystals.
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ABSTRACT: We report a new type of intercalation system using
the host polydiacetylene (PDA) crystals including a carboxylic acid
in the side chain in combination with various guest alkylamines.
The role of the phenylene or methylene spacer between the
conjugated main chain and the carboxylic acid on the intercalation
property was investigated using three kinds of PDAs, i.e., poly(1,3-
hexadecadiynyl-4-benzoic acid), poly(2,4-heptadecadiynoic acid),
and poly(10,12-pentacosadiynoic acid), as the host polymer crys-
tals. The color of the PDA crystals changed from blue to red by the
addition of the amines. A change in the interlayer distance of the
host polymer crystals according to the size of the guest amines was determined, and the inclined structure of the alkyl groups was
discussed based on the powder X-ray diffraction data. We further succeeded in the direct observation of the intercalation reaction
process by monitoring the color change in a large PDA crystal using optical microscopy.
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’EXPERIMENTAL SECTION

General Procedure. The NMR spectra were recorded using a
JEOL JMN A400 spectrometer or a Bruker AV300 spectrometer in
CD3OD, CDCl3, or DMSO-d6 as the solvents. The FT-IR spectra were
recorded using a JASCO FT/IR 430 spectrometer equipped with a
JASCO Intron IRT-30 infrared microscope. The wide-angle X-ray
diffraction data were collected using a Rigaku X-ray diffractometer
RINT-Ultima 2100 with Cu KR radiation (λ = 1.5418 Å). The UV�vis
spectra were recorded using a JASCO V-550 spectrophotometer at
ambient temperature for the PDA dispersions. The intercalation beha-
vior of the large-size PDA crystals was directly monitored using a Nikon
ECLIPSE E600 POL optical microscope equipped with a Hamamatsu
PMA-11 detector.
Preparation of PDAs. The 12,Ph-DA-CO2H and 12,0-DA-CO2H

were prepared by the Cadiot�Chodkiewicz coupling reaction.16 The
photopolymerization of 12,Ph-DA-CO2H was carried out in the solid
state under γ-radiation, which was carried out at a radiation dose of 200
or 1000 kGy (a dose rate of 9.7 kGy/h) and 400 kGy (a dose rate of 16.7
kGy/h) using 60Co at an Osaka Prefecture University facility. The blue
or bluish green poly(12,Ph-DA-CO2H)was isolated as the insoluble part
in methanol, and the polymer yield was gravimetrically determined.

Poly(12,0-DA-CO2H) was prepared by the solid-state polymerization
with a low-pressure mercury lamp (As-One SLUV-4, 9 W, 254 nm) at a
distance of 5 cm. The resulting poly(12,0-DA-CO2H) was filtered,
washed with methanol, and then dried. The poly(12,0-DA-CO2H) was
isolated as a purple metallic solid. Commercially available 12,8-DA-
CO2H (Alfa) was polymerized in the solid state under UV irradiation
with a high-pressure mercury lamp (Toshiba SHL-100-2, 100 W) or a
low-pressure mercury lamp (As-One SLUV-4, 9 W, 254 nm) at a
distance of 10 or 5 cm, respectively. The resulting polymers were stirred
in methanol, filtered, and then dried. Poly(12,8-DA-CO2H) was isolated
as a purple powdery solid.
Intercalation and Deintercalation Reactions. A typical proce-

dure for the intercalation is as follows. The PDA powder (fine crystals) or
large-size crystals, typically 20 mg, were dispersed in a solution (15 mL)
of the desired amount of amine and stirred at room temperature. The
polymer crystals were isolated with a filter, washed with a small amount of
fresh solvent, and dried in vacuo. The conversion was determined by a
gravimetric method or a change in the peak intensity in the IR spectrum
using the intensity of the peak observed at 1469 cm�1 as the internal
standard. The deintercalation of the crystals intercalated with an amine
(i.e., ammonium crystals) was carried out by the addition of a concen-
trated HCl aqueous solution. A color change during the reactions was
monitored using an optical microscope.

’RESULTS AND DISCUSSION

Intercalation Behavior. We investigated the intercalation
using three types of PDAs and various alkylamines with a
different alkyl chain length as the host and guest, respectively.
The conversion of the acid to the ammonium was determined by
an increase in the polymer weight or an increase in the peak
intensity of the absorption band due to the ammonium carbox-
ylate and a decrease in that of the carboxylic acid in the IR
spectrum. Figure 2 shows the time�conversion relationships for
the intercalation using various guest alkylamines under the
equimolar conditions for an amine concentration versus the
carboxylic acid. The intercalation of the octadecylamine readily
proceeded and achieved a high and constant conversion to the
corresponding ammonium polymers when the poly(12,Ph-DA-
CO2H) was used as the host. The conversion was dependent on
the carbon number of the guest alkylamines but independent of
the reaction time. The greater the carbon number of the
alkylamine, the higher the conversion. The color of the polymer
was immediately changed from an original blue or purple to red
when the amine was added. This indicates the rapid intercalation
reaction process. Poly(12,0-DA-CO2H) showed a reaction be-
havior similar to that of poly(12,Ph-DA-CO2H). The average

Figure 1. (a) PDAs containing a carboxylic acid in the side chain used as
the host materials for intercalation. (b) Schematic illustration for a
structural change expected during the intercalation of a guest amine to
the host PDA.

Figure 2. Time�conversion relationships for the intercalation using (a) poly(12,Ph-DA-CO2H), (b) poly(12,0-DA-CO2H), and (c) poly(12,8,DA-CO2H)
as the host in methanol. Guest: (9) octylamine, (0) dodecylamine, (b) tetradecylamine, and (O) octadecylamine. [�NH2]/[�CO2H] = 1.
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conversions were slightly lower than those for the intercalation
using poly(12,Ph-DA-CO2H) (Figure 2 and Table 1). In con-
trast, the intercalation using poly(12,8-DA-CO2H) slowly pro-
ceeded, and a color change was confirmed after stirring for
several hours. The maximum conversions achieved 81�95%
after a 24 h reaction, similar to those for the reaction with
poly(12,Ph-DA-CO2H). A difference in the initial reaction rates
is due to the presence or absence of a flexible alkyl chain between
the main chain and the carboxy group. Poly(12,0-DA-CO2H)
and poly(12,Ph-DA-CO2H) have a carboxylic acid, which can
conjugate to the main chain, whereas poly(12,8-DA-CO2H)
involves an octamethylene spacer between the main chain and
the carboxy group. The schematic illustration of the intercalation
reactions is shown in Figure 3. When the carboxylic acid is
located near the main chain, the insertion of some guest amine

molecules expands the interlayer space, which can further accel-
erate the insertion of guest amine molecules. On the other hand,
no cooperating effect of the guest insertion is expected during the
initial stage of the intercalation using the poly(12,8-DA-CO2H)
host due to the presence of a flexible methylene spacer. The
rearrangement of the flexible side alkyl chains of the host polymer
and the guest amines finally resulted in a complete intercalated
structure at the high conversions.
Layer Structure of the Intercalated PDAs. The XRD mea-

surement was carried out in order to investigate the layer
structures of the poly(12,0-DA-CO2H) and poly(12,8-DA-
CO2H) intercalated with various alkylamines (Figure 4). The
characteristic diffractions were observed in a small angle region
(2θ = 2��3�). The diffraction lines are assigned to the (100) and
(200) planes for poly(12,0-DA-CO2H) and poly(12,8-DA-
CO2H), respectively. The interlayer distances depended on the
length of the guest amines, as shown in Figure 5. The d-value
linearly increased as the function of the alkyl carbon number (n)
of the used amines, and the slope of the line was 1.85 and 1.0 Å for
the intercalations using poly(12,0-DA-CO2H) and poly(12,8-DA-
CO2H), respectively.

10 This result indicated that the guest
alkylamines are intercalated with 43� and 38� inclined angles
against the polymer sheet. The latter value was similar to that for
the previously reported PMA.13,14 The angle 38� is the best fit to
the alkyl chain stacking with a lattice of 4.5 and 7.4 Å lengths,
which is a typical unit cell structure for n-alkanes and
polyethylene.17 For poly(12,0-DA-CO2H) with no spacer, the
guest amines incline at a larger angle to the polymer sheet. It was
previously revealed that the corresponding monomer molecules
were packed with a double-layer structure because a carboxy
group formed dimer and a side alkyl chain inclined at 44� to the
polymer sheet in the crystals.10 Similar inclined angles were also
reported for the other systems, such as organic�inorganic layer
composites.18 These results indicate that the distance between
the PDA chains in the sheets is longer than that for PMA and that

Table 1. Maximum Conversion for the Intercalation Using Various PDA Host and Guest Alkylamines with Different Carbon
Lengths

conversion (%)

carbon length of alkylamine poly(12,Ph-DA-CO2H) poly(12,0-DA-CO2H) poly(12,8-DA-CO2H)

8 71.7( 5.8 60.5( 7.0 80.7( 9.6

12 79.1( 5.7 74.6 ( 6.2 81.4( 9.9

14 84.5( 5.5 76.9( 5.0 85.3( 4.4

18 93.9 ( 1.8 80.0( 10.4 94.5( 3.6

Figure 3. Schematic illustration for intercalation behavior using (a)
poly(12,Ph-DA-CO2H) or poly(12,0-DA-CO2H) and (b) poly(12,8-DA-
CO2H) as the host.

Figure 4. XRD profiles for (a) poly(12,0-DA-CO2H) and (b) poly-
(12,8-DA-CO2H) intercalated with alkylamines. [�NH2]/[�CO2H] =
1; the reaction time, 24 h. n is the carbon number of the used
alkylamines.

Figure 5. Plots of the d value versus the carbon number of alkylamines
for (O) poly(12,0-DA-CO2H) and (0) poly(12,8-DA-CO2H) as the host.
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the packing structure of the guest amines changes depended on
the presence or absence of an alkyl spacer between the main
chain and carboxylic acid of the host PDAs.
In the case of poly(12,8-DA-CO2H) with an alkyl spacer, the

ammonium polymer crystals have 2D hydrogen-bond networks
similar to that of PMA,19 in which the guest amines are inter-
calated between the polymer sheets with a 38� inclined angle.
The polymer crystals are expanded along the direction perpen-
dicular to the plane of the 2D hydrogen-bond networks.10 On the
other hand, the carboxy groups of poly(12,0-DA-CO2H) exist in
the layer of the polymer conjugating plane. As a result, the
ammonium polymers produced by the intercalation using poly-
(12,0-DA-CO2H) include a different network structure. The
guest amines form a packing structure with the side alkyl chain
and inclined with the same angle as the side alkyl chain, as shown
in Figure 6.
Visualization of Intercalation. Figure 7 shows the changes in

the UV�vis absorption spectra during the intercalation using
poly(12,Ph-DA-CO2H) as the host and various alkylamines as

the guest in a chloroform dispersion. When an amine as the guest
was added to the PDA dispersed solution, the dispersed solution
changed from blue or purple to red. In the literature,7 many
experimental approaches and discussions on the chromatic
change of the PDA have been reported, but a mechanism for
the color change is not fully clarified yet. The color change of
PDA is induced by a change in the polymer backbone structure
and the intermolecular interaction between the π-conjugated
systems as well as conformational changes in the side chain and
the mechanical strains of the conjugated main chains. We are
now trying to determine the change in the single crystal
structures of the PDAs during the thermochromism. In this
study, when the amine was added to the PDA dispersion, the
intensity of the absorption band at 550 nm increased indepen-
dent of the guest alkyl chain length. Similarly, the intensity of the
peak at 500�550 nm increased after the intercalation using not
only alkylamines but also amines, implying a polar group. The
absorption peak shifted to 480 nm, and its intensity became
weaker in the case using an amine with a bulky substituent, such
as tert-butylamine. We also tested the intercalation of secondary
amines, but the spectrum change was small due to a low
conversion. Oshita et al.13 reported that the secondary and
tertiary amines were hardly intercalated into the PMA due to
the formation of hydrogen bond networks different from those
formed with a primary amine.
We further succeeded in the in situ observation of the intercala-

tion reactions by the color change in the PDA crystals. Figure 8
shows the optical microscopic images of the poly(12,Ph-DA-
CO2H) during the intercalation using 1-cyclohexylethylamine as
the guest. The blue-to-red color change gradually occurred from a
position in which the amine molecules diffuse into the crystal and
form the ammonium carboxylate polymer. Because the guest
amines were favorably intercalated along the direction parallel to
the polymer chain, the migration rate of the front line of the
reaction was faster in the direction along the polymer chain. We
also attempted deintercalation to investigate the reversibility of the
color change. The deintercalation reaction was caused by the
addition of a concentratedHCl solution.During the deintercalation
reaction of a PDA crystal, the color change indicates the reversible
intercalation of the PDAs. The results of the intercalation and
deintercalation using the three PDAs are summarized in Table 2.
For the PDAs with a rigid main-chain structure, poly(12,Ph-DA-
CO2H) and poly(12,0-DA-CO2H), the color change was rever-
sible. The reversibility of the color change is related to the

Figure 6. Schematic illustration of the host poly(12,0-DA-CO2H) and
the polymer intercalated with an alkylamine.

Figure 7. UV�vis absorption spectra of (a) poly(12,Ph-DA-CO2H)
and after intercalation with (b) octadecylamine, (c) tert-butylamine, and
(d) 3-methoxypropylamine.

Figure 8. Optical microscopic observation of the intercalation of
1-cyclohexylethylamine into the poly(12,Ph-DA-CO2H) crystal dis-
persed in ethanol. The amine was added to ethanol as the dispersant
at the right and bottom position in the image. Themovies are available as
Supporting Information.
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thermochromism of the 1-naphthylmethylammonium carboxylate
of these polymers in a previous paper.10b

’CONCLUSIONS

We investigated the intercalation behavior using three types of
PDAs as the host polymer material. The interlayer distance
depended on the length of the guest amines, but the alignment of
the guest is dependent on the host PDA structure. The color of the
PDA dispersion changed from blue to red by the addition of an
amine during the intercalations. Using the color change of a large
PDA crystal, we succeeded in observing the intercalation behavior.
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Table 2. Change in the Color of the Polymers and the Reversibility of Reactions during Intercalation and Deintercalation
Processes Using PDA

PDA original color of PDA after intercalation after deintercalation reversibility

poly(12,Ph-DA-CO2H) blue red bluish purple reversible

poly(12,0-DA-CO2H) bluish purple red bluish purple reversible

poly(12,8-DA-CO2H) bluish purple red red irreversible


