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ABSTRACT: The thermochromic, solvatochromic, and photoconductive properties of 3-, 4-, 6-, and 9-BCMU
(BCMU = poly(butoxycarbonylmethylurethane)-diacetylenes) resulting from changes from rod (red or
blue) to coil (yellow) conformations of the polymer backbone have been studied. Photoexcitation of solutions
of BCMU s in the rod state results in a large transient photoconductivity as monitored using the time-
resolved microwave conductivity (TRMC) technique, while only very small conductivity signals are observed
in the coil state. The thermochromic shift in going from the rod state at room temperature to the coil
state at 65 °C is accompanied by a decrease in the photoconductivity. The large conductivity signal in
the rod state is attributed to the formation of mobile charge carriers possibly via interchain charge transfer
within aggregates. Values from 0.8 x 107 to 3 x 107% cm? V! s71 are found for the lower limit to the
product of the quantum efficiency for charge carrier formation, ¢, and the sum of the charge carrier
mobilities, Zu. The decay of the photoconductivity is nonexponential and extends to microseconds.

Introduction

Since the first publication by Wegner,! a large number
of polydiacetylenes have been synthesized and their
physical properties measured. Polydiacetylenes (PDAS)
have been extensively studied for their unique optoelec-
tronic properties, such as dramatic thermochromic and
solvatochromic changes?=® and large nonlinear optical
susceptibilities’™® with ultrafast response times.2 The
one-dimensional conjugated backbone combined with
the structures of the side groups is responsible for these
unique characteristics, which make PDAs potential
candidates for photonic” and electronic applications.0:11

Since most of the early polydiacetylene derivatives
were quite insoluble, the properties of their solutions
received very little attention until a new class of PDAs
was synthesized which showed relatively high solubility
in both aqueous!®13 and nonaqueous solvents:1*~17 the
n-butoxycarbonylmethylurethane-PDAs or n-BCMU de-
rivatives (see Figure 1). BCMU solutions are found to
exhibit dramatic color changes, from red to yellow or
from blue to yellow, when the solvent/nonsolvent ratio
or the temperature is increased.1618 In the majority of
cases, formation of the blue or red solutions (or suspen-
sions) is followed by precipitation or gel formation.18-20
These solvatochromic!”1921-26 and thermochromic6.2”
transitions have been extensively studied. Additional
information on the chromatic properties in conjugated
polymers can be found in ref 28.

The origin of the color change of BCMUSs has been a
point of considerable debate. At the heart of the debate
is the fundamental question, is the chromatic transition
a purely intramolecular effect or is it an intermolecular
effect induced by aggregation of the PDA chains? In the
former case, it has been argued that the color change is
a result of a backbone conformational change: either a
rod-to-coil 1921 or planar-to-nonplanar transition.l” Ad-
vocates of the intermolecular process, such as Wegner
et al.22 and Hsu et al.,?® suggested that the solvatochro-
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mic shift was the consequence of aggregation of the
wormlike coils present in the yellow solution. Kim et
al.?® claimed that the chromatic transitions are prima-
rily a result of changes in the conformational ordering
of the polymer backbone and that aggregation only
occurs as a secondary consequence of the conformational
change. Baughman et al.2° have proposed a different
explanation in which the polydiacetylene backbone can
adopt an acetylenic or a butatrienic structure, shifting
toward the former as the backbone becomes more planar
and ordered and the level of electron delocalization
increases. However, this model was based on observa-
tions of the thermochromic transitions of solid materials,
not solutions. It was subsequently applied to solutions
but shown to be incorrect by the NMR study of Babbit
and Patel,3! who saw no evidence for a cumulenic
structure in yellow solutions. This was confirmed later
by others.24:32

The exact nature of the structure and conformation
of the backbone and side groups in the yellow, blue, and
red solutions and what drives the transition between
them still remains unknown. However, evidence exists
that the structure and packing of the side groups play
an important role in inducing the chromic change. For
example, most solutions of n-BCMUSs having an odd
number of methylene groups adjacent to the polymer
backbone undergo a change from blue to yellow, while
those having an even number of methylenes undergo
red to yellow transitions.16-18.233334 1.BCMU is an
exception to this odd—even relationship, since it exhibits
a red phase at low temperatures.l” n-BCMUs with an
odd number of methylene groups can readily adopt a
strain-free planar conformation with intramolecular
hydrogen bonds between adjacent side groups in the
blue phase. In contrast, n-BCMUs having an even
number of methylene groups can form intramolecular
hydrogen bonds only in a slightly twisted, nonplanar
conformation.®435 This results in a shorter effective
conjugation length than in the planar conformation of
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Figure 1. Molecular structure of poly(n-butoxycarbonylmethylurethane)-diacetylene. The number of methylenes in the inner
alkyl chain of the pendent groups is denoted by n (in this work, n = 3, 4, 6, or 9). The dashed lines between the carbonyl of one
pendent group and the amide group of the other indicate hydrogen bonds.

the blue form. It has been suggested that in the yellow
solutions the intramolecular hydrogen bonds are com-
pletely broken.1#16.18 However, alternative explanations
have been presented,3%:37 and the rupture of hydrogen
bonds in the yellow solutions should be considered to
be unproven. There is little doubt that the effective
conjugation length is substantially smaller in the yellow
solutions as a result of static and/or dynamic disorder
in the polymer backbone.

The effective average conjugation length of the blue
compounds, having the lowest-energy optical transition
with a wavelength maximum, Amax, between 600 and 700
nm, has been estimated to be larger than 30 repeat
units. The red compounds (500 nm < Amax< 600 nm)
have an effective conjugation length between 10 and 20
repeat units, while the yellow structures (400 nm <
Amax< 500 nm) have a conjugation length shorter than
six repeat units.”

Recently, Donovan et al.3® have observed ultrafast
intramolecular photocurrents on isolated rodlike
4-BCMU chains in toluene at room temperature, while
no photocurrent was observed in the coil state at higher
temperatures. In the present work, flash-photolysis
time-resolved microwave conductivity (FP-TRMC) mea-
surements were performed on n-BCMU solutions. The
thermotropic behavior of the n-BCMU solutions could
be followed both optically and by the photoconductivity
measurements. The results provide new insights into
the optoelectronic properties of these PDAs in the rod
and the coil states.

Experimental Section

In Figure 1 the general structure of n-butoxycarbonylm-
ethylurethane-PDAs is shown. These polydiacetylene deriva-
tives are commonly called n-BCMUs with n indicating the
number of methylene groups in the intervening alkyl chain.
The monomers were synthesized by reacting an isocyanate
with a diacetylene diol. The detailed procedure has been
described elsewhere.** All monomers were recrystallized twice
from acetone—hexane mixtures. They were polymerized in the
crystalline solid state by %°Co v irradiation at room tempera-
ture with dose levels up to 50 Mrad. The molecular weights of
the polymers were determined in an earlier study®® and were
found to correspond to 1000, 2400, and 4700 monomer units
for the 3-BCMU, 4-BCMU, and 9-BCMU, respectively. The
molecular weight of the 6BCMU is unknown but is expected

to be between the values for 4-BCMU and 9-BCMU, i.e.,,
approximately 3000 monomer units. Polymer solutions were
prepared by adding several milligrams to the UV spectroscopic
grade solvents (Fluka) in a 20 mL vessel and placing the vessel
in an oven at 70 °C for several hours. The solutions were
always stored in the dark to avoid photodegradation.*°

All n-BCMU polydiacetylenes studied were found to be
readily soluble in dioxane, resulting in clear, yellow solutions
which did not change color on cooling to room temperature.
On standing for several days in a refrigerator at ca. 5 °C the
4-BCMU and the 6-BCMU solutions remained clear and
yellow. In contrast, the 3-BCMU and 9-BCMU solutions
changed to blue and aggregates consisting of small rectangular
grains started to form. After several days these aggregates
separated from the solution. In the case of 3-BCMU the liquid
phase became clear and colorless, while for 9-BCMU it
remained blue. After filtering off the aggregates in the latter
case, the optical density at 308 nm was less than 0.03, which
was too low to carry out quantitative TRMC measurements.

In benzene 4-, 6-, and 9-BCMU could be dissolved at 70 °C
to give clear yellow solutions. 3-BCMU could however not be
readily dissolved in benzene even at 70 °C. During cooling to
room temperature the 4- and 6-BCMU solutions became red.
On standing for several days these solutions changed to a red
gel phase, which eventually separated from an upper layer of
colorless solvent. The 9BCMU solution remained clear and
yellow on cooling to room temperature. However, after stand-
ing at 5 °C it changed to purple and started to form clearly
visible aggregates.

When the solutions, which formed a red gel or blue solid
phase on standing at 5 °C for several days, were shaken, they
formed suspensions which were optically clear and appeared
to be homogeneous to the eye. These red and blue suspensions
were relatively stable at room temperature; i.e., they did not
revert to yellow solutions, and they showed no signs of phase
separation for several hours. These suspensions were the room
temperature starting points for the heating and cooling
trajectories in the optical absorption and FP-TRMC studies.
While their method of preparation clearly indicates that a
certain degree of aggregation of the polymer chains almost
certainly occurs in the suspensions, they will be loosely
referred to as red and blue solutions in the remainder of the
text.

Absorption spectra were recorded using a Uvikon 940 UV/
vis spectrophotometer. The concentrations were determined,
using an extinction coefficient of 17 500 L mol~* cm~* found
for yellow solutions of both 3- and 4-BCMU in chloroform at
468 nm.*! In the present work concentrations between 1 and
50 M monomer units were used. Absorption spectra were
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subsequently measured on heating and cooling the solutions
in a thermostated cuvette.

For flash-photolysis time-resolved microwave conductivity
(FP-TRMC) measurements, the solutions were purged with
CO; to remove air and scavenge any mobile electrons that
might be formed in low-yield multiphoton ionization events.
The solutions were flash-photolyzed using 7 ns fwhm pulses
of 308 nm light from a Lumonics HyperEX 400 excimer laser.
A solution of (dimethylamino)nitrostilbene, DMANS, in ben-
zene was used as an internal actinometer.*> The maximum
power flux per pulse in the cell was approximately 8 mJ cm=2.
This corresponds to approximately 1 absorbed photon per 25
monomer units for the concentrations used.

Any transient change in the photoconductivity of the solu-
tion, Ao, was monitored as a change in the microwave power
reflected by a microwave resonant cavity containing the
solution. The time response of detection was controlled mainly
be the ca. 7 ns time constant of the resonant cavity which had
a loaded quality fact, Q., of approximately 200. The microwave
source was a Gunn diode generating approximately 100 mwW
at 9 GHz and tunable over the range 8.2—12.4 GHz. The
maximum electric field strength within the microwave cavity
is related to the loaded quality factor, Q., and the incident
power level, P, by

4Q. P
Eo= ab

[V/m] (1)

In eq 1, a and b are the lengths of the long and short wall
sides of the waveguide (2.3 and 1.0 cm, respectivity), and 7 is
the impedance of the medium within the cavity, which is given
for a TE1x mode by

= 377 [©] @

Gr[l i (ZafC er)z]

with ¢ the velocity of light in vacuo, f the frequency of the
microwaves, and ¢, the relative dielectric constant of the
medium. For a frequency of 9 GHz and ¢, = 2, = 311 Q.
Substituting in eq 1 results in

E, = 2.33 x 10°,/Q,P, [V/Im] €)

As an example, for typical microwave power levels of 100 mW
and a loaded Q of 200, the maximum field strength within the
cell is 1.04 x 10* V/m. We have investigated the effect of
varying the microwave power from ca. 1 to ca. 40 mW (field
strengths from ca. 10 to ca. 70 V cm™?) for solutions of 4-BCMU
and 6-BCMU in benzene. No effect was found on the value of
the magnitude or the decay kinetics of the conductivity
transients.

At the resonance frequency of the cavity the change in the
reflected microwave power is related only to changes in the
real, or dielectric loss, component of the conductivity of the
solution. The transient change in the photoconductivity can
be expressed as Ao = eN(t)Y u(t), with e the elementary charge,
N(t) the charge carrier pair concentration at time t, and Zu(t)
the sum of the hole and electron mobilities. The charge carrier
concentration can decrease in time due to recombination, while
the mobility can decay in time by relaxation of charge carriers
in shallow and/or deep traps. The microwave circuitry, its
operation, and the procedure of data analysis have been fully
described elsewhere.*?

Results

Before discussing the results of the photoconductivity
measurements, we present information on the optical
properties of the n-BCMU solutions.

Optical Absorption. In dioxane the odd and even
BCMUs have very different optical absorption spectra
initially; see Figure 2. The spectra of the 4- and 6-BCMU
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Figure 2. Thermochromic behavior of different n-BCMU
PDAs in dioxane. The arrows indicate the direction in which
the spectra shift on heating from room temperature (thick solid
line). The temperatures used were as follows. 3-BCMU: 20,
26, 33, 39, 45, 50, 57, 63, and 70 °C. 4-BCMU: 20, 30, 41, 47,
55, and 65 °C. 6BCMU: 20, 26, 33, 39, 45, 54, 60, and 66 °C.
9-BCMU: 20, 25, 29, 34, 39, 42, 47, 54, 64, and 73 °C.

solutions are characterized by a single unstructured
absorption band with a maximum at 465 nm (yellow).
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Figure 3. Equilibrium constant, K, plotted logarithmically
versus the inverse of the temperature for 3-BCMU (circles)
and 9-BCMU (squares) in dioxane. The dashed lines are best
linear fits through the data points.

Table 1. Enthalpy and Entropy Differences between the
Coil and Rod States

AHheating ASheating
solvent (eV) (103eVK™
3-BCMU dioxane (Y/B) 2.1 6.6
9-BCMU dioxane (Y/B) 2.3 7.4
4-BCMU benzene (Y/R) 1.8 5.7
6-BCMU benzene (Y/R) 1.7 5.3

The slight shift to shorter wavelengths with increasing
temperature can be attributed to the decrease of the
dielectric constant of the solvent. The spectra for the 3-
and 9-BCMU solutions are characterized by two absorp-
tion bands: one at high temperatures, which is very
similar to the 465 nm band found for the even BCMUs,
and a broad structured band at low temperatures, which
extends to ca. 680 nm. An important observation is the
well-defined isosbestic points at ca. 500 nm. This
indicates that the two bands correspond to two distinctly
separate structures of the polymer chains, which are
in thermal equilibrium. These are simply denoted as B
(for blue) and Y (for yellow).

From the heights of the long-wavelength spectra, the
equilibrium constant, K = [Y]/[B], can be determined.
In Figure 3 these values are plotted as In K against 1/T
for 3- and 9-BCMU. From the slopes the values of the
enthalpy difference between the two structures, AH, can
be determined, and these values are listed in Table 1.
The values of ca. 2.2 eV are in good agreement with the
previous estimate made by Lim et al.1®

For the benzene solutions, the results are somewhat
more complicated in that the even BCMUs also display
a strong thermochromic effect. The optical absorption
spectra of the even BCMUs show two absorption
bands: one at high temperatures with a maximum at
465 nm (yellow) very similar to that observed in dioxane
solutions and one at 540 nm (red); see Figure 4. Similar
to the absorption spectra for 3- and 9-BCMU in dioxane,
the shortest wavelength band increases with increasing
temperature at the expense of the longer wavelength
band. Also, a well-defined isosbestic point is observed,
indicating the presence of rodlike and coillike states in
thermal equilibrium. The enthalpy differences obtained
as for 3- and 9-BCMU in dioxane are listed in Table 1.

The thermochromic behavior of the 9-BCMU solution
in benzene is seen to be more complex than that for the
even BCMUSs presented above. Thus, the initial room
temperature spectrum appears to consist of two sepa-
rate components: one with a sharp maximum at 540
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Figure 4. Thermochromic behavior of different n-BCMU
PDAs in benzene. The arrows indicate the direction in which
the spectra shift on heating from room temperature (thick solid
line). The temperatures used were as follows. 4-BCMU: 20,
26, 31, 39, 43, 48, 52, 61, and 66 °C. 6-BCMU: 20, 26, 30, 34,
39, 43, 48, 52, 58, and 66 °C. 9-BCMU: 20, 26, 32, 35, 39, 44,
49, 58, 63, 68, and 72 °C.

nm very similar to that for 4- and 6-BCMU and a much
broader band extending to approximately 670 nm, i.e.,
similar to 9-BCMU at room temperature in dioxane. The
former, red band is seen to decrease more rapidly with
increasing temperature than the latter. We conclude
that two different structures contribute to the initial
absorption of the 9-BCMU. Because of this, the transi-
tion to the ultimate high-temperature yellow form does
not display a well-defined isosbestic point. The initial
room-temperature spectrum of 9-BCMU in benzene is
identical with that obtained in a 60:40 hexane:chloro-
form mixture by Bloor et al.*

Figure 5 shows the optical density at 550 nm for the
different BCMUSs in benzene as a function of tempera-
ture. As can be seen, a considerable hysteresis is
observed.
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Figure 5. Thermochromic behavior of 4-, 6-, and 9-BCMU in
benzene. The filled circles indicate the absorption at 550 nm
for a heating cycle and the open circles for a cooling cycle.

Photoconductivity. In Figure 6 photoconductivity
transients are shown for the n-BCMU solutions in
dioxane at room temperature. A marked difference can
be seen between the odd and even BCMU solutions.
Photoexcitation of the blue solutions of 3- and 9-BCMU
yields readily measurable, long-lived conductivity tran-
sients, while flash photolysis of the yellow solutions of
4- and 6-BCMU results in a very small short-lived
change in the photoconductivity. Yellow solutions of 3-
and 9-BCMU could be prepared at room temperature
by cooling an initially hot solution. These solutions also
displayed no significant photoinduced conductivity tran-
sients as was also found for the yellow 4- and 6-BCMU
solutions. The results obtained for the 4-, 6-, and
9-BCMU solutions at room temperature in benzene are
presented in Figure 7. All three solutions are seen to
yield readily measurable long-lived photoconductivity
transients.

In Figure 8 the temperature dependence of the
photoconductivity is presented for a solution of 4-BCMU
in benzene. The measured conductivity decreases upon
heating, and at approximately 60 °C it has practically
vanished. In Figure 9 the maxima of the conductivity
transients from Figure 8 are shown at different tem-
peratures together with the optical absorption of the
same solution at 545 nm. The decrease in photoconduc-
tivity on heating and increase on cooling are seen to
closely follow the changes in the 545 nm absorption
corresponding to the red form of the polymer. Similar
results were found for the 6- and 9-BCMU in benzene
and the 3- and 9-BCMU in dioxane.

As mentioned in the Experimental Section, the tran-
sient change in the conductivity is given by Ao =
eN(t)Y u(t). The charge carrier concentration is equal to
N(t) = Naps¢pS(t), with Naps the number of absorbed
photons per unit volume, ¢, the quantum efficiency for
charge carrier generation, and S(t) the fraction of charge
carriers that has survived recombination at time t. Since
S(t) = 1 and Zu(t) < Zu(t=0), the value of Ao/eNgps at
the end of the laser pulse provides a lower limit of ¢,2u
at zero time. In Table 2 the values of ¢,>u obtained from
the conductivity in Figures 6 and 7 at the end of the
laser pulse are given for the different BCMUSs in dioxane
and benzene at room temperature.

To obtain detailed insight into the decay kinetics of
the photoconductivity, the measurements on 4-BCMU
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Figure 6. Transient changes in the photoconductivity on flash
photolysis of n-BCMU solutions in dioxane at room tempera-
ture.

solutions in benzene were extended to longer time scales
and lower light intensities. The light intensity normal-
ized photoconductivity transients are plotted double
logarithmically in Figure 10. The decay of the conduc-
tivity transients after the initial growth during the pulse
is seen to be approximately linear on this double-
logarithmic representation, indicating an inverse power-
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Figure 7. Transient changes in the photoconductivity on flash
photolysis of n-BCMU solutions in benzene.

law time dependence, i.e., Ao [0 1/t*. The dashed straight
line in Figure 10 corresponds to o = 0.34.

Discussion

Optical Absorption. The thermochromic behavior
of n-BCMUs in dioxane and benzene shown in Figures
2 and 3 is similar to results obtained in other sol-
vents16.1922 and solvent mixtures.?3 Three states can be
distinguished, characterized by yellow, red, and blue
colors. The enthalpies of formation of the blue and red
forms from the yellow form of —2.2 and —1.8 eV,
respectively, indicate that the blue form is energetically
the most stable of the three. The broad structureless
spectrum of the yellow form is attributed to a coillike
configuration of the polymer backbones with relatively
short conjugation lengths. The red and blue forms are
considered to result from the adoption of a more planar
backbone structure with a higher degree of conjugation.
Both long-wavelength forms display well-defined struc-
ture in their absorption bands indicative of coupling
between the electrons and the vibrational modes of the
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Figure 9. Temperature dependence of the photoconductivity
on heating (a) and cooling (v) starting with 4-BCMU in
benzene. The dashed and dotted curves represent the optical
absorption at 545 nm on heating and cooling, respectively
(analogous to data in Figure 4).

Table 2. ¢pZp (Product of the Quantum Yield for Charge
Carrier Generation and the Sum of the Charge Carrier
Mobilities) Determined at the End of the Laser Pulse for
Different BCMU Dioxane or Benzene Solutions at Room

Temperature
dioxane benzene
PDA dpZu (x 1074 PpZu (x 1074

derivatives color cm2V-1s7) color cm2V-1s1)
3-BCMU B 3.0£05

Y 0.05 £ 0.02
4-BCMU Y 0.07 + 0.03 R 1.44+0.2
6-BCMU Y 0.07 + 0.03 R 1.14+0.2
9-BCMU B 0.8+0.2 B/R 0.8+0.2

Y 0.05 + 0.02

polymer backbone and only a narrow distribution of
conjugation lengths.

In the case of the yellow forms there is little doubt
that true solutions are formed with the polymer chains
isolated from each other. The blue and red forms
however form solid precipitates and gels, respectively,
on standing, and their method of preparation in the
present work makes it almost certain that these are
suspensions of at least partially aggregated polymer
chains rather than solutions of isolated polymer chains.
The overall spectral characteristics, thermodynamics,
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Figure 10. Light intensity normalized photoconductivity
transients for a 4-BCMU solution in benzene plotted double
logarithmically for five different excitation energy fluxes (given
in mJ cm™2). The initial rise below 10 ns is due simply to the

increase in conductivity occurring during the laser pulse. The
dashed line corresponds to an inverse power law dependence.

and type of aggregation (i.e., solid versus gel) indicate
that the planarity of the backbone and the conjugation
length are greater in the blue form. Both red and blue
forms do however appear to have a very regular, rodlike
backbone structure as evidenced by the sharpness of the
vibrational bands in both cases. The appearance of both
blue and red states together in 9-BCMU?" has been
found previously in a 60:40 hexane:chloroform mixture
by Bloor et al.** The latter work also shows solutions
with the “pure” blue and red forms and discussed the
dependence of the polymer structure on solvent. The
blue form shows distinct Raman spectra close to those
of the initial crystalline materials,*>46 which agrees with
the observation of crystallites in the blue BCMU solu-
tions. The red form has been found to have Raman
spectra with very similar frequencies for the double and
triple stretching modes for a variety of polydiacety-
lenes.*>46 Thus, the backbone structures would appear
to be very similar despite differences in side group
structure.

Photoconductivity. The most prominent character-
istic of the photoconductivity of the BCMU solutions
studied is the complete contrast between the yellow
solutions, which display an extremely small, short-lived
conductivity, and the red and blue solutions for which
large, long-lived conductivity transients are observed.
The differences observed could be ascribed to the
influence of the backbone conformation on the mobility
of the charge carriers formed. Thus, the static and
dynamic backbone disorder of the yellow form, as
evidenced by its broad structureless absorption spec-
trum, would be expected to result in a considerably
lower mobility than the more extended backbone con-
jugation and rigidity associated with the red and blue
forms.

However, the possibility cannot be completely dis-
missed that the difference is a result of aggregation
which undoubtedly (eventually) occurs in the case of the
longer wavelength forms but is definitely absent in the
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case of the yellow solutions. The readily observable
transients observed in the former “solutions” could then
be ascribed to the occurrence of interchain exciton
dissociation within aggregated chain segments, result-
ing in an electron and hole on separate polymer chains.
This could retard the rapid geminate recombination of
charges that would take place on isolated chains.

Donovan et al. purported that in their experiments
the chains were isolated even for the red solutions of
4-BCMU. In our case it is quite certain that aggregation
must be present in the initial red and blue solutions
investigated because of the method of preparation.
However, in the temperature study of 4-BCMU shown
in Figure 9, the conductivity signal was found to return
precisely to the level found for the initial solution when
it was cooled. Since the cooling took place over a period
of minutes while visual evidence of gel formation, even
on standing at 5 °C, takes several hours, it is presumed
that much less chain aggregation was present in the
freshly cooled solution while the photoconductivity was
unchanged. This would therefore suggest that the large
conductivity transients observed for the red form are
in fact mainly due to the higher mobility of the charge
carriers rather than to an interchain mechanism of
formation. It has however been clearly demonstrated,
in identical TRMC experiments on a benzene solution
of a phenylene—vinylene polymer, that chain aggrega-
tion can result in an order of magnitude larger photo-
conductivity transients as a result of interchain exciton
dissociation.4748

Differentiation between the red and the blue forms
of the present BCMUs is more difficult since the values
of ¢p=u all lie within the range 0.8 x 1074-3 x 1074
cm?/(V s) for ¢pZu with the two blue solutions of
9-BCMU lying at the bottom of the range and the blue
solution of 3-BCMU in dioxane at the top. On comparing
the optical spectra, it is apparent that the vibrational
fine structure for 9-BCMU is substantially broader than
for 3-BCMU. This is taken to indicate that the polymer
backbone in the latter case has a more uniform struc-
ture. Therefore, the higher value of 3 x 1074 cm?/(V s)
for ¢p>u is associated with a well-defined planar, all-
trans configuration. The vibrational bands in the red
solution spectra of 4-BCMU and 6-BCMU in benzene
are very similar to each other and also similar in width
to that for the blue 3-BCMU solution in dioxane. The
somewhat lower values of ¢pZu for the “red” compounds,
i.e,, 1.4 x 107%and 1.1 x 10~* cm?/(V s), are therefore
considered to be a result of the shorter conjugation
length resulting from a lack of perfect coplanarity in
what is otherwise a well-defined, all-trans backbone
structure. In agreement with this, the photoconductivity
is found to be lower in red as opposed to blue forms of
diacetylenes also in thin films which can be converted
from blue to red in the solid state by high-temperature
annealing. Similar results on a film of another polydi-
acetylene derivative were reported recently by Savenije
et al.*

Decay Kinetics. As can be seen from Figure 7, a
substantial decay of the photoconductivity transients
occurs over a time scale of tens of nanoseconds following
the laser pulse. This is still much longer however than
the very rapid, nanosecond decay time found in the
recent DC flash photoconductivity study of 4-BCMU in
toluene by Donovan et al.3® However, the laser pulse
width in our measurements was 7 ns, i.e., much longer
than the 25 ps used in ref 38. In addition, the rise time
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of detection was an order of magnitude longer than the
700 ps of the previous work. These two facts combined
help to explain, at least in part, why we were unable to
observe the very rapid decay process observed in that
work. Another factor that might contribute to a differ-
ence between the decay kinetics is the much higher
intensity (in photons/cm?/s) used in the work of Donovan
et al.®® In Figure 10 the gradual decrease in the
magnitude of the transients and increase in the decay
rate with increasing laser pulse intensity indicates that
charge recombination becomes more important as the
initial charge carrier concentration increases. However,
for the two lowest intensities used, the difference in the
decay is not very large, and therefore at these intensities
it can be assumed that charge recombination does not
play a dominant role.

The decay kinetics at long times can be well described
by at~*law (with a = 0.34 £ 0.04). Note that this value
of a is much lower than the value close to unity found
by Movaghar et al.5® in PTS crystals. Alternatively,
Hunt et al.5! and Rughooputh et al.52 found that the
charge carrier decay in PDA-10H crystals could well be
described by an exp(—bt3) law, which is characteristic
of deep trapping in a one-dimensional system.

A power-law dependence of the decay of the mobility
is characteristic for a thermally activated hopping
motion in a disordered energy landscape with shallow
traps with an exponential distribution of their
depths.53756 |n such an energy landscape each localiza-
tion site of the charge carrier can act as a temporary
trap. The dwell time in a trap increases with the depth.
As time proceeeds, it becomes more likely that a charge
carrier has encountered a deeper trap, and consequently
the mobility of the charge carrier deceases with time.

For times exceeding the inverse of the average
frequency for hopping between adjacent traps and for
a sufficiently small external electric field, the relaxation
of the charge carrier mobility in an energy landscape
with an exponential trap distribution can be described
by the inverse power law (see eq 22 in ref 56)

" ew,a’A =)
=— a
T wgh®
with
T, T )
ST T (4b)

In eq 4 e is the electronic charge, wy is the attempt
frequency for hopping, a is the jump distance between
adjacent traps, T is the temperature, and kgTg is
the average trap depth with kg the Boltzmann con-
stant. The factor A in eq 4a depends on the average trap
depth and the temperature; see ref 56. Note that eq 4
is only valid for an electric field strength E < kgT/(ea).
As discussed in the Experimental Section, the maxi-
mum electric field strength in the experiments is E =
10* V/m. This field strength is sufficiently low for eq 4
to be applicable for jump distances less than 2.5 um,
which corresponds to 5000 monomer units. According
to eq 4, the slope of the decay of the conductivity in
Figure 10 (i.e., the value of o) is entirely determined
by the average trap depth kgTy. As discussed above,
the experimental results yield oo = 0.34 + 0.04,
which corresponds to an average trap depth of 0.05 +
0.005 eV.
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Conclusions

n-Butoxycarbonylmethylurethane-polydiacetylenes,
n-BCMU-PDAs, undergo thermochromic and solvato-
chromic transitions in solution. Odd BCMUs exhibit a
rod-to-coil transition visualized by blue to yellow color
changes, while the even BCMUSs change from red to
yellow. The rod state (blue and red) is metastable and
reverts to a gellike form in the case of the red state,
while the blue state forms crystallites, which eventually
precipitate. These rod-to-coil transitions can be followed
by optical absorption of the solutions. The observation
of the coexistence of both a blue and a red form for
9-BCMU in benzene is exceptional.

Photoexcitation of BCMU solutions in the rod state
results in a large transient change in the photoconduc-
tivity as monitored using the time-resolved microwave
conductivity (TRMC) technique, while hardly any signal
can be observed in the coil state (in dioxane). The
thermochromic shift going from the rod state at room
temperature to the coil state at 65 °C could be followed
by measuring the conductivity, which showed a gradual
decrease with temperature close to that found for the
long-wavelength optical absorption. The large conduc-
tivity signal in the rod state is attributed to the
formation of mobile charge carriers via interchain
charge transfer in the aggregate, resulting in the
predominant formation of charge carriers located on
different chains. The lower limit of the product of the
quantum efficiency for charge carrier formation, ¢p, and
the sum of the charge carrier mobilities, Zu, is found to
be ¢pZu = (1.2 £ 0.2) x 1074 cm? V! s71 for the red
state, while a slightly larger value of (3.0 + 0.5) x 107
cm? V1 s71 was found for the blue state.

The conductivity signal eventually decays during time
according to a power law with a power o = 0.34 + 0.04.
This observation suggests a decay of the charge carrier
mobility as a consequence of their motion in a disordered
energy landscape with shallow traps. The experimental
decay could be described assuming an exponential
distribution of trap depths with an average depth of 0.05
+ 0.005 eV.
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