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Long-lived photoexcited states in polydiacetylenes with different molecular
and supramolecular organization
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With the aim of determining the importance of the molecular and supramolecular organization on the excited
states of polydiacetylenes, we have studied the photoinduced absorption spectra of the red form of poly@1,6-
bis~3,6-didodecyl-N-carbazolyl!-2,4-hexadiyne# ~polyDCHD-S! and the results compared with those of the
blue form of the same polymer. An interpretation of the data is given in terms of both the conjugation length
and the interbackbone separation also in relation to the photoinduced absorption spectra of both blue and red
forms of poly@1,6-bis~N-carbazolyl!-2,4-hexadiyne# ~polyDCHD!, which does not carry the alkyl substituents
on the carbazolyl side groups. Information on the above properties is derived from the analysis of the absorp-
tion and Raman spectra of this class of polydiacetylenes.@S0163-1829~97!03039-7#
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INTRODUCTION

The use of semiconducting conjugated polymers in diff
ent fields of application requires the preparation of no
systems that combine processability to outstanding electr
properties. Among these polymers, the polydiacetyle
~PDA’s! have enjoyed a period of renaissance1–14 and the
synthesis of novel PDA’s has enlarged our knowledge
their properties, in particular, on the values of their nonlin
susceptibilities.15,16

In the last five years we have been interested in the st
of a class of attractive PDA’s, the polycarb
zolyldiacetylenes,5,17–22 in particular, of poly@1,6-di
~ N-carbazolyl!-2,4-hexadiyne# ~polyDCHD!,5,19–26which is,
however, insoluble. With the aim of improving its proces
ability we have prepared a modified polyDCHD by inserti
long aliphatic chains on the carbazolyl side groups27

The novel polymer poly@1,6-bis~3,6-didodecyl-
N-carbazolyl!-2,4-hexadiyne# ~polyDCHD-S! ~Fig. 1! exhib-
its both a blue and a red form, the former unsoluble while
latter can be dissolved in the most common organic solve
Its solubility is, however, somewhat lower than that of PD
nBCMU @R5R852(CH2)nOCONHCH2COO~CH2!3CH3,
n53,4].28 The two forms have been completely charact
ized with spectroscopic techniques.

The blue form of polyDCHD-S exhibits electronic and
Raman spectra very similar to those of polyDCHD~Ref. 27!
but its photoinduced spectrum reveals very differe
features.29 This different behavior has been interpreted
terms of different relaxation processes taking place in
two polymers and mainly related to their different intercha
separations.

The red form, studied in solution, as a cast film or a
stable blend in polyethylene~PE!, shows a lower conjugation
length relative to the blue form as revealed by its electro
560163-1829/97/56~16!/10264~7!/$10.00
-
l
ic
s

n
r

dy

-

e
ts.

-

t

e

a

c

and Raman spectra here discussed. The photoinduced
sorption spectrum of the red polyDCHD-S is instead quite
similar to that of the blue form.

In this paper we are mainly concerned with the discuss
of the photoinduced spectra of both the cast film and the
blend of the red form of polyDCHD-S in relation to those of
the blue form. This comparison should shed further light
the dynamics of the long-lived photogenerated states in p
diacetylenes, also in relation to their molecular and supram
lecular organization.

EXPERIMENT

Blends of red polyDCHD-S and PE have been prepare
by mixing the polymer in chlorobenzene with low-densi

FIG. 1. Chemical structure of polyDCHD-S polymer.
10 264 © 1997 The American Physical Society
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56 10 265LONG-LIVED PHOTOEXCITED STATES IN . . .
polyethylene. After heating the mixture to 120 °C, the o
tained blend was cooled to room temperature. The m
sandwiched between two microscope cover glasses
transferred into a SPECAC film maker where it was ag
heated up to 140 °C and then cooled to room temperatu

The electronic absorption spectra have been recorded
ing a Cary 5E spectrophotometer operating in the range 3
2200 nm equipped with a liquid-nitrogen cryostat; the sp
tral resolution of all spectra was;1 nm.

The Raman spectra have been recorded with a Fou
transform Raman spectrometer Bruker FRS100 working w
a Nd-YAG ~yttrium aluminum garnet! laser~1064 nm!.

The photoinduced absorption~PA! spectra have been re
corded using a homemade experimental setup. A continu
wave ~cw! Ar1 laser, mechanically chopped, has been u
as pump and a tungsten-halogen lamp as probe. The ex
tion wavelengths were the 488, 514, and 457 nm lines of
laser. The differential changes of sample transmission (DT)
due to pump excitation were dispersed by a McPherson
monochromator and collected by a cooled PbS detecto
the 0.6–1.4 eV range and with a photomultiplier tube in
1.4–2.3 eV range. A Stanford SR850 DSP lock-in amplifi
allowed a phase-sensitive detection. The PA spe
(2DT/T) have been obtained by normalizingDT to the
transmission (T) of the sample. All the low-temperatur
measurements have been performed with an hydrog
helium expansion cryostat.

RESULTS AND DISCUSSION

Figure 2~a! shows the room-temperature absorption sp
tra of the solution, of the solution cast film, and of th
0.015% blend of red polyDCHD-S and PE. In addition to the
main excitonic peak~;541 nm;;2.29 eV!, all the spectra
exhibit a shoulder around 2.4 eV presumably due to un
solved vibronic structures and the spectral features aro
3.5 eV originated by the transitions of the carbazolyl su
stituents. Unlike the case of polyarylenevinylenes,30,31whose
absorption spectra shift in the blend toward lower ene
relative to cast film, in our case no appreciable variation
observed in the excitonic absorption region. However, a s
toward lower energies is observed in the carbazolyl tra
tions when the polymer is blended in PE, probably due to
interactions of the long aliphatic chains with the PE matr
Moreover, it is evident that the excitonic bands of the so
tion are sharper and then more resolved than those of
cast film and blend. This observation is more clearly sho
in Fig. 2~b! where the first derivative of the absorption spe
trum is displayed. When the polymer is in the solid state
addition to the broadening effect due to the large distribut
of conjugation lengths, it is also evident the presence o
rather weak transition around 2 eV due to a very sm
amount of aggregates of the blue form.

Upon lowering the temperature of the red films to 77
only a very small redshift~7 nm! of the excitonic absorption
spectrum is observed without evidence of sharpening effe
in contrast with the absorption of the blue phase where b
these effects are present.5,22,27 This comparison is reporte
for the red blend and the blue pellet in Fig. 3. All the
results indicate that the excitonic absorption spectrum of
red polyDCHD-S is practically not affected by the environ
-
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ment, probably because the rigid polydiacetylenic skelet
coupled in our case with massive side groups, inhibits
possibility of conformational variation.

When compared with the blue form in the KBr pellet, th
spectra of the red form are indicative of a shorter effect
conjugation length accompanied by a broadening of its d
tribution. In the inset of Fig. 3 the luminescence spectrum
the red films is reported and compared with that of the b
form. Besides some band-shape differences due to the di
ent self-absorption in the two samples, a large Stokes shi

FIG. 2. ~a! Room-temperature absorption spectra of the red fo
of polyDCHD-S: full line, blended in PE matrix; dot-dashed line
cast film; dotted line, chlorobenzene solution.~b! First derivative of
the same spectra reported in~a!.

FIG. 3. Liquid-nitrogen absorption spectra of polyDCHD-S as
red blend in PE~full line! and blue KBr pellet~dashed line!. In the
inset the luminescence spectra of the same polymers are als
ported~T577 K, lexc5488 nm!.
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10 266 56D. COMORETTOet al.
the red form relative to the blue one is observed. This fac
attributed to a relaxation before emission towards states
are more displaced with respect to the singlet excitonic le

The reduction of the effective conjugation length of t
red form is also confirmed by the values of the Raman
quencies, which are at higher wave numbers with respec
those of the blue form. Indeed, as shown in Fig. 4, the
man lines assigned to the CwC and CvC stretchings of the
blue form appear at 2091 and 1457 cm21, respectively~note
the multiline structure in the double bond region previou
assigned to a Fermi resonance27,32,33!. The Raman lines of
the same vibrational modes in the red form appear at 2
and 1504 cm21 ~cast film! and at 2117 and 1513 cm21

~blend!. Note the complex structure around 1450 cm21 due
to the vibrations of the PE matrix. The low concentration
the red solution does not allow to evidence the Raman s
trum out of resonance. Preliminary measurements
resonance34 show Raman shifts at 2118 and 1515 cm21, that
is, without appreciable variation with respect to those o
served in the solid state.

The PA spectrum of the red blend at 77 K, obtained w
the 488-nm excitation line, is reported for both the in-pha
and out-phase detections in Figs. 5~a! and 5~b!, respectively,
and there compared with the PA spectrum of the blue fo
measured under the same experimental conditions.29 The PA
spectrum of the red cast film~not reported here! is practically
identical to that of the blend. Notice first of all that only a P
signal of considerable intensity (2DT/T;331022) is ob-
served at 1.4 eV. This band appears at about the same en
of the PA peak of the blue form but its shape is more asy
metrical, with no evident shoulder in its low-energy side.
its out-of-phase detection it reveals a decrease of inten
similar to that experienced by the blue form. But, unlike t
latter case, no signals due to long-lived charged excitati
could be detected here.35

The spectral region where the bleaching occurs sh
very different features for the two forms. For the red for
the bleaching is observed in both the in-phase and out
phase detections while for the blue form it becomes relev
only in the out-of-phase spectrum. In addition, in this lat
case, the bleaching effect is much stronger than the PA
nal. The contribution of the luminescence emission does

FIG. 4. Raman spectra~lexc51064 nm! of polyDCHD-S as red
blend in PE~full line!, red cast film~dot-dashed line!, and blue KBr
pellet ~dashed line!. The stars indicate the Raman bands of the
matrix.
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seem large enough to justify these different data. Notice a
the lack of oscillations in the bleaching region of the r
blend, which could be related with the absence of photo
cited charged states in this polymer. The same behavior
been previously observed in other conjugated systems.19,36–38

Unfortunately we cannot discuss in detail the relation b
tween photoexcited charged states and oscillations in
bleaching region because no electromodulated spectra o
polymers are so far reported. The PA spectra of the bl
obtained with both the 457- and 514-nm exciting lines sh
features identical to those obtained with the 488-nm exc
tion.

These results suggest that for both the red blend and
film the formation of charged states is inhibited. This fa
could be explained in the case of the red blend in terms
quenching of the interchain decay routes due to dilution
the polymer in the PE matrix. However, the lack of signa
associated with charged excitations also in the red cast
suggests the existence of another mechanism responsibl
the decrease of the interchain coupling essential for th
formation. In fact, charged photoexcited states can be cre
only if an electron is transferred from one chain to anoth
one. It is well known indeed that this process, mediated
the interchain coupling, is strictly related to the overlap
the pz orbitals of adjacent chains. Because the chain con
mation of PDA’s in the red phase is somewhat twisted fro
the planar conformation typical of the blue form~presumably
due to the nonperfect alignment of the side groups that
duces the long-range interchain ordering39,40!, only a relative

FIG. 5. Liquid-nitrogen photoinduced absorption spectra
polyDCHD-S both as red blend in PE~full line! and blue KBr pellet
~dashed line! for in-phase ~a! and out-of-phase~b! detections
(T577 K, lexc5488 nm, modulation frequency 20 Hz!.
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56 10 267LONG-LIVED PHOTOEXCITED STATES IN . . .
small overlap develops between the backbone orbitals of
ferent chains.

In order to determine the nature of the nonlinear exc
tions responsible for the PA spectrum, we have studied
dependence of the 1.4-eV signal on the temperature, l
power, and modulation frequency.

Practically no changes of the intensity of the PA spectr
with the temperature have been observed in the 20–30
range. This result, illustrated in Fig. 6~a!, indicates that deep
trapped long-lived nonlinear excitations are associated w
the 1.4-eV signal. The slight blueshift of the peak position
300 K is comparable with the shift of the excitonic abso
tion reported above. Note that also the bleaching exhibits
same shift. A similar temperature dependence has been
served also for the 1.45 PA peak of the blue form of the sa
polymer as shown in Fig. 6~b!. Further information on the
nature of these quasiparticles has been obtained by me
ing the dependence of the PA band on the chopper
quency. The results obtained for two different laser pow
and for T577 K are reported in Figs. 7~a! and 7~b! for the
red and blue forms of polyDCHD-S, respectively. In both
cases the band intensity corresponding to different la
powers is independent on the chopper frequency up to
Hz and then begins to roll off for higher frequencies. T
fact that for both forms the knee position is practically ind
pendent on the laser power is unambiguously indicative o
monomolecular decay kinetics described by the equation19

FIG. 6. In-phase photoinduced absorption spectra of~a!
polyDCHD-S red blend in PE. Full squares,T520 K and lexc

5488 nm; open diamonds,T577 K and lexc5488 nm; open
circles,T5300 K andlexc5514 nm, modulation frequency 20 Hz
~b! polyDCHD-S blue form. Open diamonds,T577 K and lexc

5488 nm; full squares,T520 K andlexc5488 nm.
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Heredn/dt is the change in the photoexcitations density p
unit time, t is the lifetime of the carrier, andG(t) is the

FIG. 7. Modulation frequency dependence of the photoindu
absorption peak in~a! red polyDCHD-S blend in PE.T577 K,
lexc5488 nm,I 570 mW ~open diamonds!, andI 5140 mW~open
circles!. ~b! Blue polyDCHD-S, T577 K, lexc5488 nm; full dia-
monds,I 570 mW; full circles,I 5200 mW.~c! T520 K, lexc5488
nm; open squares, red polyDCHD-S blend in PE~I 5100 mW!; full
squares, blue polyDCHD-S ~I 5200 mW!. Full and dashed lines are
fittings with monomolecular kinetic law~see text!.
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10 268 56D. COMORETTOet al.
pumping term with angular frequencyv, which is usually
modeled asgI@11cos(vt)#. I is the pump intensity andg the
efficiency of the photoexcitations generation. This equat
has been solved and its solution for the steady-state ca
given by

n~ t !5gItF 1

A11v2t2
cos~vt2f!11G , ~2!

tan~f!5vt, ~3!

wheref is the phase of the outcoming radiation. From th
equation, the amplitude of the photoexcitation density tha
proportional toDT can be easily derived:

DT'
gIt

A11v2t2
. ~4!

This well-known equation predicts anI dependence of the
PA signal. Moreover, forvt@1 a v21 law is predicted,
while for vt!1 the signal is independent on the chopp
frequency. Note also thatf approaches 0 for very small va
ues of the lifetime andf approachesp/2 for very large val-
ues of t. The in-phase~f50! and out-of-phase~f5p/2!
photoinduced spectra can then be used to detect states
different lifetimes.

By least-square fitting of the experimental data at 77
with Eq. ~4! the lifetimes of the nonlinear excitations turn o
to be practically identical for different laser powers either
the red~t5150 ms for 70 mW andt5145 ms for 140 mW!
and for the blue form~t5210 ms for 70 mW andt5195 ms
for 200 mW!. On the other hand, lifetime ratios ofA2 and
A3 are predicted for a bimolecular recombination kinet
since in this case the lifetime should vary as the inve
square root of the laser intensity.17,19 At 20 K, the lifetime
for either the red~135ms! and the blue~320ms! forms turns
out to be very similar to those at 77 K, giving further supp
to the deep trapping of the nonlinear excitations in this po
mer @Fig. 7~c!#.

An additional proof of the monomolecular decay of t
excitations for the red form of polyDCHD-S is provided by
the experimental data on the signal phaseF ~relative to that
of the pumping laser!, which show no variation with the lase
power@Fig. 8~a!#. In fact, in a bimolecular decay process t
signal phase, being related to the lifetime, should depend
the laser intensity. A further test of the monomolecular b
havior of the decay process is provided by the linear dep
dence exhibited by the tangent of the signal phase,F ~accu-
rately corrected for instrumental dephasing! versus the
modulation frequency. The plots based on Eq.~3! ~Refs. 19
and 41! are reported in Fig. 8~b! for the same experimenta
conditions of Figs. 7~a! and 7~c!. The values so obtained
t5125ms at 70 mW/77 K,t5155ms at 140 mW/77 K, and
t5115 ms at 100 mW/20 K, are quite similar to those d
rived from the dependence ofDT on the modulation fre-
quency. A calculation ofDT versus modulation frequenc
with the monomolecular law using these lifetimes is a
reported in Figs. 7~a! and 7~c!. Unfortunately, this kind of
measurement was not carried out for the blue form pre
ously studied.29
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In disagreement with the monomolecular decay kinet
inferred from these data, the PA signal does not follow
linear laser intensity~I ! dependence expected in this cas
The experimental data could in fact be fitted only with aI 0.73

law. In contrast with previous results on other PDA’s,19 no
linear relationship could here be found even taking into
count only the measurements carried out in the low la
intensity range. This sublinear intensity dependence has b
detected also for other polymers whoseDT versusv depen-
dence was fitted by a monomolecular decay law.29,42,43 A
possible explanation for this discrepancy may be given
terms of the saturation of either the excited-state populati
as proposed for a polydiacetylene44 or of the sites available
for the trapping of the photogenerated excitations.45,46

We would like to stress at this point the similarity in th
behavior of the 1.4-eV signal of the red form and t
1.45-eV peak of the blue form29 upon changing the param
eters associated with the PA experiments. For this reaso
seems reasonable to assign the 1.4-eV signal of the red
to a triplet-to-triplet transition, as already proposed for t
1.45-eV peak of the blue form.29 The fact that the energy o
the triplet-triplet transition does not vary in the two forms
polyDCHD-S is puzzling since they present different conj
gation lengths as previously discussed in the present pa
On the other hand, in other systems, the energy position
the photoinduced absorption spectra has been shown to
pend on their conjugation length. In particular, the PA e
ergy of a series of well-characterized oligomers of thiophe

FIG. 8. Intensity dependence of the 1.4-eV photoinduced sig
phase atT577 K, lexc5488 nm, modulation frequency 20 Hz.~b!
Frequency dependence of the phase of the photoinduced si
Open circles,T577 K, lexc5488 nm,I 5140 mW; open diamonds
T577 K, lexc5488 nm, I 570 mW; open squares,T520 K,
lexc5488 nm,I 5100 mW. Full lines are fittings with monomolecu
lar decay law.



ex
e
rr
r
rm
e

th
e
d

lu

te
ct
D

n
i

e
-
rs
he
la
ci
ck
tru
s
n

a

re
th

th
en
te
ph
its

e
e

nd

ped.
nal
ce-
he
of

the
the
its

se
e
tra.

d
gy

ex-
n-
ed
al
his

of
ong

s.
s in
f
ted

l-
for
are
are

rger

ry
ch

56 10 269LONG-LIVED PHOTOEXCITED STATES IN . . .
depends on the inverse of their length.41 This result has been
explained in terms of the different extension of the photo
cited triplet state. Also, in PDA-4BCMU, the PA band of th
red form appears at lower energy with respect to the co
sponding peak of the yellow form.47 An analogous behavio
has been found also in the PA band of the blue and red fo
of polyDCHD, where the 1.27-eV PA peak of the blu
form19 is attributed to a shallow-trapped triplet exciton wi
a lifetime of 230ms at 20 K and much less at 77 K while th
1.5-eV peak of the red form21 is assigned to a deep-trappe
triplet with a very long lifetime.

The similarity of the PA data here presented for the b
and the red forms of polyDCHD-S clearly indicates that the
conjugation length is not the unique parameter that de
mines the spectral features and properties of the PA spe
The main difference between the PA spectra of polyDCH
and polyDCHD-S is that in the former the blue form ca
accommodate an almost-free triplet photoexcitation, while
the latter the blue form~although with the same effectiv
conjugation length! gives rise to a trapped exciton. The trip
let excitons of the red forms are trapped for both polyme
The cause for the different behavior of the blue form of t
two polymers is most likely related to the supramolecu
organization that controls the extension of the triplet ex
tons, their dynamics, and their interactions. The interba
bone separation expected on the basis of the chemical s
ture of polyDCHD-S with fully extended alkyl substituent
~30 Å! is also substantiated by preliminary x-ray-diffractio
measurements carried out on polyDCHD-S microcrystalline
powder in the blue form. The more intense diffraction pe
corresponds to a value for thec axis of 29.5 Å,48 much larger
than that for polyDCHD~17 Å!.49

The photoexcited triplets observed in the time-scale
gion of the PA experiments are most likely trapped on
conformational defects. The depth of the traps depends
the difference between the configurational structure of
defect and the structure of the regular chain. The differ
depths of the traps in the two polymers could then be rela
to more relevant changes required to accommodate the
toexcitation in the backbone of the polymer that exhib
larger substituents.50,51

In the case of polyDCHD-S, the lack of the interbackbon
decay routes forces the triplets to be deep trapped, whil
blue polyDCHD, the possibility of interchain hopping52 al-
low the photoexcitations to decay with intrinsic routes a
ri,
ys
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then to behave as almost free excitons before being trap
This interpretation accounts also for the very weak sig
observed in this polymer at 77 K and for the peak enhan
ment at 20 K. We would like to note here again that t
absence of charged photoexcitations in the red form
polyDCHD-S as well as in the red form of other PDA’s~Ref.
43! may be ascribed to a different mechanism based on
loss of long-range order. The chain disorder reduces
overlap of the wave functions of different chains and inhib
the formation of charged states.

Very different is instead the situation for the yellow pha
of PDA’s in solution where the conjugation length is th
main mechanism governing the properties of the PA spec
In fact, this form has a strongly reduced~6–8 repeat units!
~Refs. 39, 51, and 53! conjugation length relative to the re
form and its PA spectrum is correspondingly high-ener
shifted.

We believe that the present interpretation of the photo
citations in polycarbazolyldiacetylenes in terms of both co
jugation length and interchain coupling should be extend
to other novel properly designed PDA’s. Also, theoretic
models including these effects could be of great help in t
analysis.

We would like to stress at this point that the presence
different photoexcited triplet states due to interactions am
molecules is not a novelty in conjugated system
Absorption-detected magnetic-resonance measurement
C60 ~Refs. 54 and 55! show the presence of two kinds o
triplets states assigned to molecular and aggrega
fullerenes.

PolyDCHD-S samples, in particular, in the high-optica
quality red form blended in PE, seem to be appealing
nonlinear optics. In fact, the charged deexcitation routes
completely suppressed relative to the neutral ones, which
responsible for the nonlinear optical response.56–58 In
polyDCHD a very high value ofx (3) was observed along
with charged photogenerated states; in polyDCHD-S the lack
of charged photoexcited states suggests that an even la
nonlinear optical response could be observed.
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