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We report the photoinduced absorption spectra of an oriented form of [1p®ly
di(N-carbazoly}-2,4-hexadiyné (polyDCHD) grown by molecular epitaxy. The polarized absorption spectra
of the polyDCHD point out the high quality of the sample and the very high degree of alignment of the
polydiacetylene chains. The millisecond photoinduced absorption spectrum shows the same features already
observed in polycrystalline samples assigned to triplet excitons in addition to bipolarons. The study of the
dependence of the photoinduced absorptions on the polarization of the laser beam confirms this assignment.
After correction for the same number of absorbed photons in both polarizations, the photoinduced signal
assigned to bipolarons is stronger by pumping with the electric field of the radiation perpendicular to the chain
axis direction. This fact is indicative of the interchain nature of the generation process of these photoexcited
species. On the other hand, such an effect is not observed for the photoinduced triplet-triplet transition accord-
ing to its intramolecular natur¢S0163-182606)06924-X]

[. INTRODUCTION obtained by vacuum growth on suitable substrates of thin
epitaxially ordered films of monomer that, after topochemi-
The electronic, transport, and nonlinear optical propertiesal polymerization, retains the oriented structlre.
of «r-conjugated polymers have been intensively investigated The availability of oriented polymeric samples could al-
for their applications in both electroluminescent flat disptays low us to gain a deeper insight into the nature of the photo-
and photonic devicesThese properties are mainly due to excited states responsible for the high nonlinear optical re-
the one-dimensional nature of the macromolecules that akponse of the material. In a pump-and-probe experiment, the
lows the delocalization ofr electrons along the polymeric dependence of the photoinduced signal on the polarization of
skeleton. However, the complete exploitation of the monodithe pumping beam can provide information on the generation
mensional character is usually prevented by the low degreprocess of the excited states, while the dependence on the
of orientation of the polymer chains. polarization of the probe beam can provide information on
Several methods have been used to obtain oriented conjtie orientation of the dipole moment of the photogenerated
gated polymers such as mechanical stretching of either urquasiparticles. Results reported in the literature for poly-
oriented films or polymers embedded in a suitable maftx, acetylene and polyparaphenylenevinyfrave shown that
and deposition of polymers on oriented substritdsiong  the response with a pump beam polarized perpendicularly to
conjugated polymers, the polydiacetyledP®As) represent the chain direction is weaker than that with polarization par-
unigue systems since polymer single crystals can be obtaineallel to the chain direction. However, after correcting for the
by topochemical polymerization of the monomer singlesame number of absorbed photons, the response with pump
crystals’ PDA single crystals show very large anisotropy of beam perpendicularly polarized results higher than that ob-
the linear and nonlinear optical propertfes. is, however, served with parallel polarization. This effect is due to the
usually difficult to obtain large, defect-free single crystals. Inintrinsic nature of the generation process of the photoexcita-
addition, the processability of these materials is low. An im-tions. Similar results are also observed in the photoconduc-
provement in the processability of PDAs, without losing thetive response of oriented samplésThe following simple
highly ordered structure typical of the crystalline form, is qualitative explanation has been offered for these results:
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when the pump is polarized perpendicularly to the chainwith lock-in detection(exciting wavelength of the 488-nm
axis, the interchain separation of some electron-hole pair&2.54-e\j line of an argon-ion las@r The details of the ex-
takes place and the interchain self-trapped electron-hole paierimental setup are given elsewh&t@he low-temperature
so formed cannot recombine. Instead, for pump polarizatiooneasurements have been performed with a hydrogen-helium
parallel to the chain axis, the intrachain self-trapped electronexpansion cryostat.
hole pairs easily recombine. As a consequence, interchain
self-trapped pairs exhibit longer lifetimes than the intrachain IIl. THEORETICAL MODEL
ones and give rise to anisotropy of the photoinduced spectra.
On this basis a quantitative model has been worked out to The directly observed quantity in PA experiments is
account for the observed anisotropy of the photoconductive- AT/T, the fractional change in sample transmission
response in oriented trans-polyacetylene where other factogaused by absorption due to photoexcitation. This quantity is
like chain misalignment, sample heating effects, and bimo¥elated to the total number of photoexcitatioré) (created
lecular recombination have also been considéfeld.has by a beam of sectioA through the energy-dependence op-
been established that a relatively small interchain couplindical absorption cross sectian of the photoexcited states:
combined with laser heating effects accounts for the ob-
served anisotropy if bimolecular recombination does not (AT)j . Ny
occurt? A

Another way that is commonly used for the investigation
of the long-lived excited states in these systems is the neaBYy using a pump beam polarized either parallel or perpen-
steady-state photoinduced absorptidhd) technique. Re- dicular to the chain axis and an unpolarized probe light, the
cently, we have applied this technique to the study of photoanisotropy of the PA signals is given by the rabg /N;
excitations in several microcrystalline polycarbazolyldi- derived as follows. The time dependence of the concentra-
acetylenes diluted in KBY~!® Different types of photo- tion of long-lived photoexcitations created with the polariza-
excited states have been detected, depending on the type tign parallel f) and perpendicularn( ) to the chain on a
PDA and on the sample morphology. A common plane ata distancefrom the illuminated surface is given by
feature of all our experiments was, however, the presencte following rate equationt:*°
of bipolarons. Polyl,6-di(N-carbazoly)-2,4-hexadiyng

(polyDCHD) was the only polymer for which, in addition, to dmy(x) _ e M)
bipolarons, another photogenerated band has been found dt =gje(1=Ryple T Anj(x), (13
which has been tentatively assigned to photogenerated triplet

excitons®® dn, (

X

In the present paper we present the results of a study ofT):{gn[anSinz( 8)+ai’1+g,aPH1-Ry)le”
the photoinduced spectrum of a film of polyDCHD oriented
by molecular epitaxy carried out by using pump beam polar- n, (x)
ized parallel and perpendicular to the chain direction and -
unpolarized probe light. The anisotropy of the photoinduced
bands allows us to gain a better understanding of the naturehere g, and g, are the efficiencies of the generation of
of the long-lived nonlinear excitations responsible for the PAlong-lived photoexcitations with parallel and perpendicular
spectrum. pump polarizationst is the laser intensitye is the absorp-
tion coefficient along the chain axisq‘sinz(a) is the perpen-
dicular absorption coefficient due to chain misalignnfént;
a P and o are the perpendicular intrachain and interchain

The oriented thin films of polyDCHD have been obtainedabsorption coefficients, respectivelyt, = a;siné(8)+ ;™
by thermal polymerization of monomer films evaporated un-+ a>P is the overall perpendicular coefficient: and 1D and
der a vacuum on a crystal of potassium acid phthalat8D denote one-dimensional and three-dimensional, respec-
(KAP). The details of the growth technique are described irtively. R is the absolute reflectivity of the filmy, represents
Ref. 9. The DCHD molecules are characterized by the largghe lifetime of the photoexcitations under monomolecular de-
carbazolyl side groups bonded to the conjugated backbongay, andg is the bimolecular recombination constant.
by a methylene spacer. The orientation of the monomer mol- In the steady-state conditiord(/dt=0), Egs.(1a and
ecules is driven by the molecular insertion of the carbazoly(1b) can be integrated to yield the total numidgrandN, of
side groups between the KAP phenyl rings. The moleculatong-lived photoexcitations for the two limiting cases of low
matching is stabilized throughr interactions between the photoexcitation densitflinear recombination regimend of
aromatic groups of the monomer and those of the KAP subhigh photoexcitation densityquadratic bimolecular recom-
strate. The thickness of the polymeric film studied in thebination regim¢ For the linear regimen(x)<1/(87),

—pnZ(x), (1b)

Il. EXPERIMENT

present work is of about 0.Lm. N, /N is given by
The polarized electronic absorption spectra have been re-
corded on a Cary B spectrophotometer operating in the N, afD gLaED (1-R,)(1—e :9)

@

range 300—2200 nm and equipped with Polaroid-type sheets; N_H
the resolution was~1 nm. The photoinduced absorption
spectra have been measured in the spectral range 0.6—2.4 a¥ered is the sample thickness. For the quadratic bimolecu-
every 0.01 eV with a homemade cw-photomodulation setugar recombination regimey(x)>1/(87), the result is

@, gja, [ (1-Rp(1—e 19"
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the very high degree of alignment of the polymeric chains.
As previously observed, the intensity of the corrected per-
pendicular absorption coefficient, could be due to three
effects whose relative contributions can be evaluated in
terms of chain orientation, zigzag structure of the backbone,
and electronic interchain coupling. In oriented polyDCHD,
chain misalignment turned out to be around®8dnd the
electronic interchain coupling was estimated to be of the or-
der of 10 meV in PDA crystal$ We believe that in the
oriented film this coupling should be even smaller on the
basis of the following reasoning. The excitonic peak in Fig. 1
does not show any band splitting caused by interchain inter-
actions which are then negligible relative to the exciton
broadening parameter. From a fit of the absorption spectrum
FIG. 1. Absorption spectrum of oriented polyDCHD at 4 K. of Fig. 1 with an inverse square root line Shéﬁm_e broad-
Electric field of the radiation parall€full line) and perpendicular e”'_”g pgrameter turned (ZUt to EéZ.z 20 meV. Since _band
(dashed lingto the chain axis. splitting is given by 2t, ,” wherez is the number of inter-
acting moleculesZ=2) (Ref. 295 andt, is the interchain
D D Cw di2 hopping integralt, should be smaller than 5 meV. On the
N _ R /M‘ [1_% gar (1-e ™) basis of these values, we believe that in polyDCHD the in-
N a, (1-Ry) a, g, (1-e %) terchain interactions should not substantially affect the per-
() pendicular absorption spectrum. The perpendicular absorp-
If we define the intrinsic anisotropy of the photoexcitation 10N spectrum is then mainly originated by the chain
as misalignment and by the real structure of the backbone.
Note, however, that:°® may instead play a relevant role in
a® g,a’P the generation of photoexcited states and, in particular, in
) their intrinsic anisotrop¥f [see Eqs(2) and (3)].
g The absorption spectrum of oriented polyDCHD at 77 K
a value greater than one is obtained for those photoexcitdRef. 26 is not so well resolved as the spectrum in Fig. 1 and
tions for whichg, /g;>1 since, in generalaf’D/aL<1. The the excitonic peak is shifted to 1.89 eV. Also, microcrystal-
different efficiencies of the generation of long-lived photo- line samples in KBr pellets show a similar absorption spec-
excitations in the two polarizations are evidence of the roldrum with the exciton at 1.86 e¥Ref. 26 with what may be
played by the interchain interactions. When the pump bearonsidered as evidence of a high degree of order.
is polarized perpendicularly to the chain direction some The PA spectrum of the oriented polyDCHD with unpo-
electron-hole pairs are directly generated on different chainkfized light at 77 K is reported in Fig.(@. In the same
and then, after the ultrafast self-trapping process, chargelgure, the PA spectrum from the microcrystalline polymer in
photoexcitations can be created. These photoexcitations dfe KBr pellet is shown for comparison. Notice that photo-
not easily recombine because they are located on differediiduced bands are observed at the same ene(@is, 0.96,
chains, thus giving rise with high efficiency to long-lived and 1.26 eV in both spectra. Furthermore the same spectral
carriers. Instead, those photoexcitations created on the sarRghavior is observed with both in-phase and out-of-phase
chain quickly recombine and the generation efficiency ofdetectior?’” The small difference in the bleaching energies is
long-lived carriers in this case is very low. consistent with the different energies of the excitonic transi-
tions. We believe that the assignment of the PA spectrum
previously performed on polyDCHD in KBr pelléfs® still
holds for the oriented film. This is particularly true for the
Figure 1 shows the electronic absorption spectralé of  PA bands at 0.81 and 0.96 eV, which were previously as-
epitaxially grown polyDCHD for the electric vector of the signed to long-lived bipolaronic excitations and their vibra-
radiation parallel and perpendicular to the chain directiontional modes because both exhibit temperafliig. 2(b)],
The low-energy side of the parallel component is dominatedaser intensity{Fig. 3@], and chopper frequentydepen-
by the excitonic peak at 1.86 eV and by its well-resolveddences similar to those previously observed in pellets. More
vibronic progression. The high-energy side shows the chamguestionable is the interpretation of the 1.26-eV peak which,
acteristic absorption bands of the carbazolyl group at 3.5%om its behavior upon changing the experimental param-
and 3.75 eV. The lack of any absorption in the intermediateeters, was tentatively assigned in the pellets to a triplet-triplet
spectral region, where short conjugated length defects areansition™® In the oriented sample this band shows a laser
usually found’ is indicative of the high conjugation length intensity dependenciFig. 3(b)] similar to that observed in
of the polymer. the microcrystalline form. In particular, at 20 K, a change-
The apparent peak-to-peak anisotropy of the excitoni@ver from al®"2to al®®law is found around 100 mW. This
transition is about ten and that at 2.54 ¢dhergy of the s indicative of the presence of both monomolecular and bi-
exciting radiation used for PA measuremerissabout five, molecular recombination kinetics of the excitations. At 77 K,
but both become larger~(20) after subtracting the back- the bimolecular recombination process®{d is always
ground of the substrafé. This high anisotropy ratio shows dominant, probably because of a faster exciton diffusion. Fi-

Absorbance

1.5 2.0 2.5 3.0 3.5 4.0
Energy (eV)

IV. RESULTS
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FIG. 2. (a) Photoinduced absorption spectra of polyDCHD at 10 100 1000
T=77 K, \eyc=488 nm, laser power 200 mW, and chopper fre- (b) Laser power (mW)
quency 13 Hz. Full line, oriented sample with unpolarized exciting
radiation; dashed line, microcrystalline sample in KBr pell(é. ' ' '
The same a$a) but T=20 K.

nally, a lifetime lower than 10° s is inferred at 20 K from
the chopper frequency dependence of this pdag. 3(c)].
This result is again similar to that previously found in micro-
crystalline polyDCHD. The only noticeable difference be-
tween the oriented and microcrystalline samples may be
found in the temperature effect on the peak intensity. In fact,
more than a threefold increase is observed for the pellet but
only a 50% increase is observed in the oriented sample on . . ,
going from 77 to 20 K[Fig. 2(b)]. 10° 10' 107 10° 10*

The photoinduced absorption spectra of oriented () Chopper frequency (Hz)
polyDCHD at 20 K obtained with pump polarization both
parallel and perpendicular to the chain axis are reported in FIG. 3. (a) Laser power dependence of the 0.81- and 0.96-eV
Fig. 4. The experimental anisotropy evaluated for eaclpeaks of the oriented sample with unpolarized exciting radiation.
photoinduced signal is reported in Table I. In order to deriveOpen squares, 0.96-eV band Bt77 K; open circles, 0.81-eV
the values for the intrinsic anisotropy for the photoexcitationband atT=77 K; closed circles, 0.81-eV band at=20 K. (b)
responsible for each peak, the experimental data must beaser power dependence of the 1.26-eV peak of the oriented sample
corrected according to E(:B) Indeed, as shown in F|g5(58 with unpolarized radiation. Open diamonds, 1.26-eV band at
and 3b) bipolarons decay bimolecularly and triplet excitons T=77 K; closed diamonds, 1.26-eV bandTat 20 K. The lines are
at the laser power of 200 m\&Flg ab)] decay nearly SO. pOWer'IaW f|tt|ng (C) Choppel’ frequenpy depenqence Of the
The measured reflectivity components at 2.54 eV are indel'zﬁ'?v peak of the oriented sample with unpolarized excitation
pendent of the pump polarizat®hand measured absor- 'adiation, T=20 K laser power 200 mWhe,=488 nm for all
bancesA| andA, are 0.43 and 0.021, respectively. By intro- SPectra:
ducing these parameters into E@®) one obtains for the
intrinsic anisotropy of each band the values reported in thef the bipolaronic signals does not change by varying the
third column of Table I. It is interesting to note that the laser power in the range 50—200 mW as shown in Fig. 5 for
intrinsic response for bipolaronic peaks obtained with pumpghe more intense 0.81-eV peak. An anisotropy of this order
polarization perpendicular to the chain axis is stronger thamf magnitude has been observed both in pump and probe
that obtained with pump polarization parallel to the chainphotoinduced absorption and in photoconductivity in other
axis. One can deduce for these excitatigngg;>1 as ex- oriented conjugated polymet:120On the contrary, no an-
pected for the intermolecular generation of bipolaronicisotropy is practically observed for the 1.26-eV peak, in
states. In agreement with the present model, the anisotropgreement with the expectations for intramolecular triplet ex-

MRS LT PPN

AT (arb. units)




53 PHOTOINDUCED ABSORPTION OF ORIENTED polyDCHD ... 15 657

6 T L T T T T T T T
1.0 .
- 'l‘\ N
AN 0.8 | ]
47 R ]
H ]
g TN 06 ]
[ P 1 g
i=} ' M ' " ! ¢ b
S ; . :‘I [2 04 .....00... . °
L , Y B E AT ]
2 U "\"/\ / ‘\
L an J_ [ ‘\\ 1 0.2 ]
NS
0 1 1 1 1 1 1 1 L =
: . . 1 1. 1.5 0.0 . :
0.5 0.7 0E9 \1/ 3 50 100 150 200
nergy (eV) Laser power (mW)

FIG. 4. Photoinduced absorption spectrum of oriented ) )
FIG. 5. Anisotropy of the 0.81-eV peak of oriented polyDCHD

polyDCHD at 20 K\ ¢,.=488 nm, laser power 200 mW, and chop- !
per frequency 13 Hz. Dashed line, parallel pump polarization; fulldt different laser powersT =20 K, A =488 nm, and chopper

line, perpendicular pump polarization. frequency 13 Hz.

citons (@, =0). Note indeed that, being the triplet excitons as PDAs, tn_pIeF exlt?étzons are expected to be the main product
L ) . . of photoexcitatiort'*2 Experimental studies on other PDAs
formed via either intersystem crossifigr fusion and/or fis- seem to confirm this poiff3 However recent theoretical
sion of intrachain singlet excitorf$;*°they are intramolecu- leulations based ph - ol del bined
larly generated calcu ations ased on the Pariser-Par-Pople model combine
S . _with the Su, Schrieffer, and Heegé8SH Hamiltonian for
We are not considering here the effects of thermal activa- ! . L
. . o S electron-lattice coupling and a Brazovskii-Kirova—type sym-
tion and of different recombination kinetics in the two polar- . T " . )
" o : metry breaking enerdy predict, in addition to triplet exci-
ization conditions on the observed anisotropy of the photo;[Ons stable charged polarofispolarons at low (high) dop-
induced signals. Thermal effects are due to the heating of thl%g I,evels gedp P 9 P
sample for intense laser pumping. When the pump-= "y, o origin of the interchain coupling in polyDCHD is, at
modulated thermal energy becomes larger than the activation . ; : 52
27 ' . . resent, unknown. The large interchain separation,A |
energy of the photoexcitations, an increase in hopping cont
; i . ~~_Wwith respect to that of trans-polyacetylefie4 A) where
duction may occur with the consequence of a higher anisot- ; . . : Z12
: . strong evidence of interchaie-h pairs are reportetf
ropy of the PA signal. However, the heating of the sample eems to rule out a large interchain coupling between poly-
can be revealed by the modulation of the bleaching. Sincg eric backbones. The gi ole-dipole intergctigns betweel?l tr{e
the photoinduced absorption spectra of polyDCHD record(:"(ﬁc]:qarbazoI | side r.ou S ofpdiffererr)n olymeric chains could be
at different pump powerg50-200 mW show only a slight [es onsi>tl)le forgthe Fz)bserved effeF():t yOnce the photoexcita-
modulation effect which has the same shape of the therme,[de P . C pn :

. og : lons are created, they can migrate on different chains via the
modulated absorptioff,it seems reasonable to disregard the hotoconductive side arouns and then bimolecularly recom.-
thermal origin of the PA signals and their anisotropy. Eine Evidence of excit%tionpmi ration from the side yrou to

Another possible but not intrinsic origin of the anisotropy the .oI DCHD backbone is in?act report&iThis osgsiblep
of the PA spectra is that different recombination kineticsimerp rgtation could ex Iai,n wh ’in F())ther PDAps charged
could occur with different pump polarization. We have ac- hotginduced states arepnot oszrved In our opinion theg ar-
curately checked the intensity dependence of the PA signa ; ; o P pe
. icular side group which characterizes the polycarbazolyldi-
and found for each peak the same behavior regardless of t%%et lenes plays an active role in the photoexcitation mecha-
polarization conditions. This indicates that recombination ki- Y piay P

; L nisms.
netics do not depend on pump polarization. The observation of intrinsic anisotropy for the 0.81- and
0.96-eV photoinduced bands in oriented polyDCHD suggests
V. DISCUSSION an interchain nature of the photogeneration process for these

The presence of charaed photoinduced states seems to Excitations. On the contrary, the 1.26-eV band does not show
tvoical F:)f olvearbazol gldiacr:)et lend&-1826 This fact is ﬁy intrinsic anisotropy and this is indicative of the intra-
ylﬁte sur riginy becausgin Stl‘O)I{I | cc')rrelated svstems sud hain nature of its photogeneration process. These conclu-
q prising gy y ons are in agreement with our previous assignment of the

. N _ 0.81- and 0.96-eV bands as due to charged bipolarons and of

TABLE |. Experlmental and intrinsic _anlsotropy for the three the 1.26-eV band as due to neutral triplet excitons.
peaks observed in the PA spectrum of oriented polyDCHD at 20 K. . . . . .

It is also interesting to compare the millisecond polarized
PA data presented here with those relative to the femtosec-

Photoinduced X .
eak(eV) (—AT), /[(—AT) I ond transient bleaching decay for the same sariiplie.the
P - I case of ultrafast relaxation with excitation at 627 (98
0.81 0.5 3.2 eV) no difference was observed in the transient bleaching

decay(monomolecular for the two polarizations. This fact
indicates that the dynamics is the same for both polariza-
tions. It is difficult to believe that direct interchain separation

0.96 0.5 3
1.26 0.3 11
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takes place a long time after the photogeneration process. We In conclusion, the photoinduced absorption spectra of an
suppose instead that the different behavior of the intrinsioriented form of polyDCHD show nonlinear excitations
anisotropy in the two experiments is due to the differentsimilar to those previously observed in polycrystalline
energy of the pumping photons. In cw experimentssamples, that is bipolarons and triplet excitons. The study of
polyDCHD was excited at 488 nif2.54 eV), that is with an  the polarization dependence of the PA spectrum points out
energy greater than the interband energy [gap5 eV(Ref.  the interchain nature of the photogeneration processes asso-
38)]. In this case the creation of charged states via interbangiated with bipolarons and the intrachain generation of the
transitions due to interchain coupling is reasonable. The femyiplet excitons. Different results for the pump polarization
tosecond transient bleaching decay measurements are p@fisotropy at different excitation energies have been related

formed with excitation at the main excitonic peak. Due to theyg the different photophysics of the excited states of this
intrachain nature of excitons in polyconjugated materals, conjugated polymer.

the interchain charge separation does not take place and no
intrinsic anisotropy is observed because only intrachain per-
pendicular absorptions are activated with perpendicularly po-
larized beam. If this interpretation were correct, the measure-
ments of the intrinsic anisotropy at different excitation
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