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The two-photon fluorescence excitation and optoacoustic spectra of red polyDCHD-HS in benzene solution
at room temperature have been investigated in the 1600-750 nm exciting wavelength region (effective two-
photon energy∼1.55-3.31 eV). The spectra obtained by the two detection techniques are of comparable
accuracy, and the observed band profiles are in good agreement. Two electronic band systems have been
observed and assigned to two-photon allowed Ag f Ag transitions. Both Ag states are at energies higher than
that of the strongly one-photon allowed 1Bu state. An estimate of the absolute two-photon absorptivity of
polyDCHD-HS at 406.0 nm (∼3.05 eV) is given by means of the optoacoustic method. Our results are discussed
on the basis of the current theories on electronic states ofπ-conjugated polymers and compared with reported
data on these systems.

I. Introduction

Organicπ-conjugated polymers have received considerable
attention in the past years, and several studies have been re-
ported on linear and nonlinear optical properties of these sys-
tems and on theoretical models for their interpretation.1-9 Re-
cent interest has grown for application in material science as
potential candidates for photonic devices since the optical
response may be varied through the insertion of appropriate
substituents along the polymer units.10-14 This opens attractive
perspectives for controlling material properties by molecular
engineering.

Assuming aC2h symmetry for the polymer backbone, the
energy ordering of the two lowestππ* excited states has been
shown to be 2Ag/1Bu or, alternatively, 1Bu/2Ag as a function
of several factors, including the bond alternation parameter and
on-site and nearest-neighbors Coulomb interaction terms.3,6-8,15,16

From a chemical point of view these quantities may be tuned
acting on the polymer chemical nature, chain length and
conformation, and sample morphology.3,4 In polydiacetylenes
(PDAs) for which two forms, blue and red, occur, the relative
location of the two states depends, among other things, on the
effective conjugation length, larger for the blue than for the
red form. For instance, blue poly[1,6-bis(N-carbazolyl)-2,4-
hexadiyne] (polyDCHD) shows a two-photon resonance below
the onset of the strong one-photon absorption.17 Similarly, the
lowest ππ* state of blue poly 5,7-dodecadiyne-1,12-diyl-bis-
ethyluretane (PDA-4U2) as a thin film on a glass substrate has
been observed at 1.9 eV and assigned to the 2Ag state.18 On
the other hand, the situation is less definite for red polymers,
probably due to the reduced conjugation length. While in poly-

(4-BCMU) the 2Ag state is still found at energies lower than
1Bu,19,20 in red PDA-4U2 1Bu and 2Ag are almost degenerate,
around 2.33 eV.18

Gerade excited states have been probed by means of several
spectroscopic techniques including two-photon,2,21-26 transient
absorption,15,16,27 third harmonic generation,17,18 and z-scan
spectroscopy.28 Two-photon absorption has the advantage with
respect to other techniques of a direct detection of upper Ag

states since the purely electronic transition from the ground state
to 2Ag (and to all other Ag states, as well) is two-photon
active.29,30 In fact, two-photon spectroscopy has been instru-
mental in giving evidence of an Ag state below the strongly
one-photon allowed 1Bu in linear polyenes31-37 and in related
systems such as retinal38 and iso-tachysterol.39

Recently, poly[1,6-bis(3,6-dihexadecyl-N-carbazolyl)-2,4-
hexadiyne] (polyDCHD-HS, see Figure 1), a polymer with high
solubility in common organic solvents due to the insertion of
long alkyl chains on the carbazolyl substituents, was obtained.
The solid-state structure of this polymer is of the columnar type,
with the columns formed by the polycarbazolyldiacetylene
chains assembled in a hexagonal bidimensional lattice.40 Previ-
ous reports on this polymer were concerned with photoinduced
absorptions,41-44 luminescence,45 time-resolved studies,46 guided
propagation of light,47,48UV-vis absorption, fluorescence, and
FT-Raman solution studies.49

In the present paper we will report the results of a two-photon
spectroscopic investigation on the red form of polyDCHD-HS
in benzene solution at room temperature in the spectral range
375-800 nm (∼3.31-1.55 eV) using both fluorescence and
optoacoustic detection. The first detection system has been used
because of the sizable fluorescence emission of the polymer in
benzene49 (η = 10-2). The second method relies instead on the
shock wave generated in the sample by non radiative relaxation
processes following light absorption.50,51

* To whom correspondence should be addressed. E-mail: cris@chim.
unifi.it.

† INFM.
‡ Dipartimento di Chimica e Chimica Industriale.

7759J. Phys. Chem. A2001,105,7759-7764

10.1021/jp010677o CCC: $20.00 © 2001 American Chemical Society
Published on Web 07/17/2001



II. Experimental Section

PolyDCHD-HS has been synthesized according to the pro-
cedure described in ref 40 and stored in a small flask at room
temperature in the dark. Solutions of polyDCHD-HS in the
concentration range 10-3-10-5 M were prepared using benzene-
h6 and -d6 (both spectroscopic grade) as solvents, following
considerations on improved quality and resolution of the one-
photon spectrum with respect to other solvents.49

The exciting radiation for two-photon measurements comes
from the idler beam of an optical parametric oscillator (OPO)
pumped by the third harmonic (355 nm) of a∼10 ns pulsed
Nd:YAG laser with 10 Hz repetition rate. Two different
experimental arrangements were used according to the method
chosen to probe the two-photon process. In the first, the incident
beam, with a constant energy of∼280µJ through all the spectral
range of interest, is focused by means of af ) 150 mm lens on
a 10 mm thick cell. The fluorescence induced by the two-photon
transition is collected at 90° with respect to the incidence
direction onto a photomultiplier placed behind an optical filter
with a transmittance window between 500 and 600 nm, the
region of the fluorescence emission (see Figure 2). A second
filter, an infrared cutoff blocking the radiation in the range 730-
2000 nm while transmitting in the visible, ensures a high
straylight rejection. Despite these precautions it was not possible
to prevent completely the detection of excitation light at
wavelength below 800 nm. The upper scan limit of our
fluorescence excitation spectrum was∼830 nm, while the lower
1600 nm.

In the second type of experiment (optoacoustic detection),
the incident energy is smaller,∼160 µJ, and the focusing lens
tighter than before (f ) 50 mm) in order to match typical values

of two-photon optoacoustic experiments.51 An ultrasonic trans-
ducer (Panametrics V103-RM), in contact with the sample cell
through a thin grease film, detects the pressure wave due to
volume expansion of the small absorption region. An acoustic
wave with amplitudeP is generated because of heat conversion
of the non radiatively relaxed part of the absorbed energy. In
the linear absorption regime,P depends on several factors
according to the expression50

whereE0 is the laser energy,â the thermal expansion coefficient,
Cp the specific heat at constant pressure,Va the acoustic velocity,
and R the linear absorption coefficient of the medium. If the
laser beam is tightly focused as in our case, the power density
in the focal region increases and may give rise to nonlinear
processes such as two-photon absorption.50 The experimental
conditions were optimized detecting first the two-photon op-
toacoustic signal of pure benzene-h6

51 exciting at 497.4 nm
(∼2.49 eV). Being the method free from straylight detection, it
was possible to study the polyDCHD-HS spectrum up to 750
nm. In addition, the linear optoacoustic spectra of the pure
solvents (benzene-h6 and -d6) were measured between 750 and
1300 nm and used as reference to identify vibrational overtone
bands of the solvent52 in the solution spectra.

The one-photon absorption spectrum of polyDCHD-HS
∼10-5 M measured with a Cary 5 spectrophotometer at room
temperature in the range 280-700 nm in benzene-h6 and up to
200 nm in cyclohexane of spectroscopic grade is shown in
Figure 2. In the same Figure is reported the fluorescence
spectrum of the benzene solution taken exciting at 476 nm with
a conventional spectrofluorimeter (JASCO FP-750,∆λexc ) 10
nm,∆λem ) 10 nm). The spectrum was found to be substantially
similar to that obtained by exciting with laser radiation at 476
nm (∆λexc) 0.2 nm,∆λem) 0.3 nm) apart from a better spectral
resolution in the last case. The fluorescence spectrum of
polyDCHD-HS in cyclohexane has lower intensity and higher
diffuseness than in benzene.

Finally, an attempt was made to estimate the contribution of
the carbazolyl residue to the one- and two-photon absorption
of polyDCHD-HS. To this purpose carbazole (from Aldrich)
was purified several times by recrystallization from ethanol and
benzene. The one-photon spectrum of carbazole∼10-4 M in
benzene and cyclohexane was taken on the Cary 5 spectropho-
tometer. Comparing these results with those from Figure 2, it
is evident that the high energy parts of the polyDCHD-HS
spectrum, from 360 to 200 nm, with the strongest bands at 354,
301, and 233 nm, have to be assigned to electronic transitions
of the carbazolyl substituent. The fluorescence excitation
spectrum of carbazole∼10-3 M in benzene solution was
measured in the 830-1300 nm range with the same optical
arrangement used for polyDCHD-HS.

The two-photon spectra of polyDCHD-HS and carbazole were
acquired point by point, i.e., measuring at each wavelength the
sample and incident signal and then switching to the next
wavelength, 2.5 nm away, for a new measurement. Given the
large number of points, the actual profile has been easily
interpolated and replaced by continuous lines.

III. Results

The fluorescence excitation spectrum of polyDCHD-HS
∼10-3 M in benzene solution at room temperature in the range
830-1300 nm (∼1.49-0.95 eV) is shown in Figure 3. No

Figure 1. The molecular structure of poly[1,6-bis(3,6-dihexadecyl-
N-carbazolyl)-2,4-hexadiyne] (polyDCHD-HS).

Figure 2. Absorption (solid line, absorbance units on the left) and
fluorescence (dashed line;λexc ) 476 nm;I f, arbitrary units) spectra of
a ∼10-5 M polyDCHD-HS solution in benzene. The intensity of the
origin band in the fluorescence spectrum is normalized to that of the
corresponding absorption band. The absorption spectrum below 300
nm has been measured using cyclohexane as solvent.

P ∝
âVa

Cp
RE0
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substantial difference is found in the spectral profile varying
the concentration between 10-3 and 10-5 M. The spectrum
shows two absorption regions: a first band, very weak and with
maximum around 1190 nm (∼ 1.04 eV, with reference to the
exciting wavelength), and a structured absorption extending from
∼1070 nm (∼1.16 eV) to∼830 nm (∼1.49 eV) with a first
band around 1030 nm (∼1.20 eV) and increasing intensity
toward lower wavelengths. No absorption is observed above
1300 until 1600 nm (∼0.95-0.77 eV).

The order of the absorption process is different in the two
regions. Accurate measurements were carried out about the
dependence of the induced fluorescence signalI on the incident
intensity I0 to establish the number of photonsn involved in
the nonlinear process. The results are shown in Figure 4, where
it may be seen that by exciting at both 1030 and 950 nm wave-
lengths, the fluorescence signal follows a quadratic dependence
on the incident intensity. This result means that a two-photon
transition occurs at these wavelengths. The same dependence
is found for other excitation wavelengths included in the second
region so that all the observed absorption below 1070 nm up to
830 nm is attributed to two-photon processes. On the contrary,
the 1190 nm band depends on a number of photons higher than

2. An average value of∼5.4 is estimated from Figure 4, and
therefore, the band has been assigned to a five-photon process.
Since the same band with equal dependence on incident intensity
is observed in pure carbazole (∼10-3 M in benzene, room
temperature; see Figure 3) while no signal is detected from the
solvent alone, it was concluded that the 1190 nm band
corresponds to an excitation localized on the carbazolyl residue.

The 1070-830 nm two-photon absorption region is due to
ππ* transitions of the polymer chain given that the lowest
absorption of the carbazolyl residues occurs around 350 nm.
The comparison with one-photon data on polyDCHD-HS in the
appropriate energy range (see Figure 3) shows the pronounced
difference between the two spectra, as expected for a cen-
trosymmetric system. The origins fall at 534.0 nm (∼2.32 eV,
one-photon) and at 515.0 nm (∼2.41 eV, two-photon). The one-
photon vibronic structure, observed at 1512, 2072, 3595,∼4280
cm-1 from (0-0) and reasonably assigned to double and triple
C-C stretching modes and their combinations,45 has no two-
photon counterpart. In addition, the two spectra show intensity
profiles opposite one to the other as a function of decreasing
wavelength. These points may be taken as evidence of two-
photon activity for states, electronic and/or vibronic, one-photon
silent.

The optoacoustic spectra of polyDCHD-HS have been
measured both in benzene-h6 and -d6 solutions (c = 10-3 M)
between 1200 and 750 nm (∼1.03-1.70 eV) at room temper-
ature. Two contributions to the optoacoustic signal are consid-
ered in this work, one linear as a function of the incident
intensity and due to solvent C-H (or C-D) overtones and a
second quadratic, related to two-photon processes of the solute.
In the spectral region under investigation the second and third
C-H overtone are found at 1190 and 880 nm, in agreement
with reported data,52 while the third and fourth C-D overtones
are at 1150 and 930 nm. Being, however, the overtone intensities
of benzene-d6 weaker than those of -h6, the two-photon spectrum
of polyDCHD-HS in benzene-d6 results in being less distorted
because there are less overlapping linear signals in its spec-
trum than there are in that of benzene-h6. The two-photon
spectrum of polyDCHD-HS in benzene-d6 is presented in Figure
5. There is consistency between fluorescence excitation and
optoacoustic sets of data because radiative and nonradiative
relaxation processes of comparable yield are probes for detection
of the two-photon transitions. Band maxima are, however, better

Figure 3. The two-photon fluorescence excitation spectrum of
polyDCHD-HS∼10-3 M in benzene. Lower abscissa scale: exciting
wavelength. Upper abscissa scale: effective two-photon energy (eV).
On the right: fluorescence excitation spectra of pure carbazole (C) and
of polyDCHD-HS (both∼10-3 M in benzene; equal incident intensities;
1150-1300 nm spectral range;×100 scaled) due to five-photon
processes (see text for details). The one-photon spectrum of polyDCHD-
HS ∼ 10-5 M in benzene is reported as a dashed line in the figure for
the sake of comparison.

Figure 4. Dependence of the fluorescence signal on the incident
intensity (expressed as logI ∝ n log I0) by exciting at 950, 1030, and
1190 nm. The slopen of the linear relation defines the number of
photons involved in the absorption process at the indicated wavelength.

Figure 5. Upper: the optoacoustic spectrum of polyDCHD-HS∼ 10-3

M in benzene-d6 by exciting in the spectral range 750-1200 nm. The
upper abscissa scale (eV) indicates the effective two-photon energy.
Origin bands and main vibronic intervals (cm-1) are also indicated in
the figure. Lower: the optoacoustic spectrum of pure benzene-d6

between 900 and 1200 nm showing the third and fourth C-D overtone.
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appreciated from the optoacoustic spectrum as it shows on the
whole higher resolution. The spectrum may be split into two
regions of quite different intensity, below and above 900 nm
(∼1.38 eV), according to the proposed assignment of the next
section.

IV. Discussion

The lowestππ* states of polyDCHD-HS have been classified
as belonging to Ag and Bu symmetry species on the basis of an
all-trans (C2h) geometry of the polymer backbone.4,53,54 As a
result, in the dipole moment approximation, one- and two-photon
selection rules concerning electronic transitions starting from
the ground state (1Ag) are mutually exclusive: 1Ag f nAg (n
g 2) are two-photon allowed though one-photon forbidden,
while the opposite is valid for 1Ag f nBu (n g 1) transitions.
However, Bu states may be two-photon active when vibronic
coupling with Ag or Bg states is considered. In the first case
this leads to a vibronic Bu × bu ) Ag excitation and in the
second to a Bu × au ) Bg excitation. In a first approximation,
the second route, i.e., 1Ag f Bu × au, may be excluded from
our analysis as Bg states are expected to have predominantπσ*
(or σπ*) character and therefore energy much higher than that
of ππ* A g states, thus not favoring the vibronic mixing.

Our experimental results indicate that the origin of the two-
photon absorption spectrum occurs at 514.0 nm (∼2.41 eV,
average between optoacoustic and fluorescence excitation
values),∼730 cm-1 above the origin of the 1Bu state. Following
previous considerations the two alternatives for band assignment,
i.e., (i) as a Ag f Bu × bu vibronically induced transition due
to a bu mode (730 cm-1, excited-state frequency) or (ii) as an
allowed transition, either to the origin, Ag f Ag, or to a higher
lying vibronic state, Ag f Ag × ag, should be discussed.

In aromatic molecules two-photon activity of the lowestππ*
excited states, generally of u symmetry, has vibronic character,
mostly due to false origins built on u vibrational modes
(“Kekule modes”) coupling efficiently the ground with the
final ππ* state.29,30,55-57 This does not occur in the two-photon
spectra of linear polyenes.1 While there is a strong evidence
about the 2Ag origin being at an energy lower than that of 1Bu

and much information concerning the associated Franck-
Condon 2Ag × ag structure, no experimental observation has
been reported nor suggestion advanced on two-photon active
1Bu × bu transitions in these systems.1,58 On this basis, the
second choice should be preferred and accordingly the 514.0
nm band is assigned as an allowed transition. We note also that
the fluorescence quantum yield of polyDCHD-HS is relatively
high,49 η = 10-2, and that the fluorescence and one-photon
absorption spectra have clear mirror symmetry and a small
energy gap,∼ 0.03 eV, between origin bands (see Figure 2).
Since these spectral properties depend sensibly on the 2Ag/1Bu

relative location,15,18,27these data suggest that the origin of the
1Bu state lies below that of the 2Ag state in polyDCHD-HS. As
a consequence, the observed origin of the two-photon spectrum
at 514.0 nm should correspond to the (0-0) 1Ag f 2Ag

transition. The Franck-Condon structure built on this band is
weakly visible: three bands,∼1130, 1750, and 2110 cm-1 from
the spectral origin, are sufficiently defined. The first and the
third have been assigned to C-C single and triple bond
stretchings, respectively, in agreement with ground-state re-
sults.45 The second is in good agreement with the frequencies
of C-C double bond stretching of linear polyenes in the 2Ag

state,37 which increase to 1740-1800 cm-1 from ground-state
frequencies in the range 1550-1610 cm-1.

It has been already noted the strong intensity increase of the
optoacoustic spectrum exciting below 900 nm. It is unlikely

that the well-developed band structure could be interpreted as
a progression on the lower lying Ag × ag vibronic bands. On
the contrary, a second excited Ag state with origin at 448.5 nm
(∼2.76 eV) and vibronic additions 615, 1755, 2335, 2335+
620 cm-1 is a more plausible attribution. Our assignment
matches closely that recently proposed for a sequence of two
Ag bands observed by second harmonic generation spectroscopy
in PDA-4U2.18 The reported energy gap between the two Ag

states, 0.33 eV, is compatible with the 0.35 eV gap found in
the present paper. Further, two or more Ag states were already
identified by two-photon spectroscopy in other PDAs.19,24,28

High third-order nonlinearities have been measured for
π-conjugated polymers.3 As an example, the cubic susceptibility
ø(3)(-3ω;ω,ω,ω) responsible for third harmonic generation is
up to 4 orders of magnitude larger in polyDCHD than in silica
and its spectral behavior has given evidence of the 2Ag state
below the strong one-photon allowed 1Bu.17 These systems may
be also characterized by the two-photon absorptivityδ59 or by
the two-photon absorption coefficientâ. The absolute two-
photon absorptivity in GM units (1 GM) 10-50 cm4 sec
molecule-1 photon-1) of polyDCHD-HS= 10-3 M in benzene
has been evaluated with optoacoustic detection by exciting
around 812 nm (∼ 1.53 eV). As a reference value,δ of the Ag

f B2u × b2u vibronic transition of pure benzene at 2ν̃ ) 40 212
cm-1 was used. This value, equal to 0.1 GM, is usually taken
as prototype value of vibronically induced two-photon inten-
sity.51 The average result of several measurements using in the
two cases equal incident intensities and the same optical
arrangement and, in addition, checking each time the quadratic
dependence of the signal onI0 is δ = 104 GM (2ν̃ ) 24 630
cm-1, ∼ 3.05 eV). This value corresponds to a two-photon
absorption coefficientâ = 0.2 cm/GW, considering the rela-
tion25,59 â(2ν̃) ) δ(2ν̃)‚n2N/(πchν̃), wheren is the refractive
index, N the number density of absorbing species (molecules
cm-3), and ν̃ the exciting frequency (cm-1). Two-photon
coefficientsâ have been already reported for crystalline systems,
such as a film of poly(3-BCMU)24 and a single crystal of PDA
paratoluenesulfonate,28 and are found to be 170 and 700 cm/
GW, respectively, at their band maxima. Our result compares
well with these data, considering thatâ depends onN and for
our ∼ 10-3 M solution N is approximately 3-4 orders of
magnitude smaller than for crystalline systems.

Experimentally, no evidence of Ag bands below the origin
of 1Bu comes from our study. The result should be related in
our opinion to the short average conjugation length of red PDAs
and to substituents whose overall effect is to shift 2Ag to energies
higher than 1Bu.5 As to this point, however, particular attention
was paid to the weak 1190 nm band of the fluorescence
excitation spectrum (see Figure 3), naıvely attributed in a first
moment to a two-photon band of polyDCHD-HS and then, by
comparison with the spectrum of pure carbazole in the same
experimental conditions, more properly to an electronic excita-
tion of the carbazolyl residue. It is worth noting that in pure
carbazole the band is part of a weakly structured five-photon
absorption up to∼830 nm (∼1.49 eV), not reported in this work,
with an intensity∼10-2-10-3 times that of polyDCHD-HS.
The analysis of the carbazole spectrum is not object of the
present work. Here we only advance two experimental consid-
erations which favor the observation of a transition otherwise
too weak to be detected. First, a strong absorption band with
maximum around 230 nm (∼0.39 eV) is observed in the one-
photon spectrum of pure carbazole indicating the occurrence
of an excited state at an energy approximatively 5 times that of
the 1190 nm excitation photons. Second, virtual intermediate
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levels of the five-photon process closely approach the real
S1 and S2 levels of carbazole60,61,62so that the whole transition
should be better viewed as a three-step, 3+1+1, process.

Finally, it is helpful to discuss briefly our results in the context
of current theories on nonlinear optical effects inπ-conjugated
polymers considered as one-dimensional periodic systems.5,6,8

In this approach a limited number of excitonππ* states is taken
into account: (i) the lowest one-photon active 1Bu; (ii) a unique
charge-transfer Ag state, usually denoted asmAg, having an
extremely large dipolar coupling with 1Bu; and (iii) a second
Bu state,nBu, which marks the conduction band onset and is
strongly coupled tomAg.6,8 Within this theoretical framework
three- and four-state models were assumed to calculate third-
order susceptibilities and two-photon absorption.9,19,63In addi-
tion, it was found that for medium/large bond alternation values
a more localized excitonic state, 2Ag, has a high transition dipole
with 1Bu.8 Despite this, the contribution to the two-photon
spectrum of 2Ag was estimated much smaller than that ofmAg,
due to cancellation effects between dipole products involving
close lying Bu states, i.e.,〈1Ag|µ|1Bu〉 〈1Bu|µ|2Ag〉 and
〈1Ag|µ|2Bu〉 〈2Bu|µ|2Ag〉.9 Qualitatively, our data fit satisfac-
torily the model once the second Ag band system starting at
448.5 nm (∼2.76 eV) is assigned to themAg state.

V. Conclusions

In this work two-photon absorption spectroscopy has been
employed to reveal electronic states of gerade symmetry in
polyDCHD-HS in solution. Both fluorescence excitation and
optoacoustic detection methods give two-photon results of
comparable accuracy which have been discussed in terms of
two allowed Ag f Ag ππ* transitions. A schematic representa-
tion of the various energy levels of red polyDCHD-HS resulting
from this and previous work40,49is summarized in Figure 6. As
it may be seen in this figure, a major result of our study is the
location of the lowest excited Ag state at about 90 meV above
the strongly one-photon allowed 1Bu state in red polyDCHD-
HS. This clearly shows the wide range of opportunities offered
by molecular engineering to chemically modulate the electronic
properties of PDAs. Moreover, the different location of the 2Ag

with respect to the 1Bu state found in red PDAs provides
evidence of the important role played by the nature of the
substituents and by the conjugation length on the electronic
properties of these polymers. Further two-photon studies on the
polymer as a function of solvent and temperature are in progress
to investigate on this point.
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