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The absorption and emission spectra of most lumineseeognjugated, organic molecules are the

mirror image of each other. In some cases, however, this symmetry is severely broken. In the present
work, the asymmetry between the absorption and fluorescence spectra in molecular systems
consisting ofparalinked phenyl rings is studied. The vibronic structure of the emission and
absorption bands is calculated frah initio quantum chemical methods and a subsequent, rigorous
Franck-Condon treatment. Good agreement with experiment is achieved. A clear relation can be
established between the strongly anharmonic double-well potential for the phenylene ring librations
around the long molecular axis and the observed deviation from the mirror image symmetry.
Consequences for related compounds and temperature dependent optical measurements are also
discussed. ©€2005 American Institute of Physic§DOI: 10.1063/1.1839574

I. INTRODUCTION excited stat€ES) lead to a reorganization of the molecular
geometry in the ES in conjunction with an energetic stabili-
The polypara-phenylengs and their planarized deriva- zation. This strong electron-vibration coupling dramatically
tives are of particular interest in the field afconjugated jnfluences the band shapes of the electronic transitions in
materials due to their use in optoelectronic applications. absorption and emission, leading to a pronounced vibronic
The coupling between electronic and vibrational degrees oty cture in the optical spectra. Usually, the major distortion
freedom strongly affects the nature of the photoexcitations irllJpon photoexcitation can be attributed to a change in the
these materials. Thus, a good understanding of this coupling_c pond alternation along the backbone. The related
me_chanism is_highly desirable to tune the fundamental mac__c stretch vibrations lie in the energy range between
terials properties. 1200-1600 cm® and can be clearly resolved {resonant

Because of strong electron-phonon coupling, organiqRaman spectr&:? The optical spectra exhibit an extended
m-conjugated molecules are subject to structural distortiong;y onic progression associated with these modes.

upon photoexcita.tion. Different Born-Oppenheimer potential In a simple Franck-CondofFC) picture, the absorption
energy surfaces in the ground sta@S) and electronically 54 emission spectra are expected to be the mirror images of
each other. Experimentally, one observes mirror imaged ab-
dElectronic mail: georg.heimel@chemistry.gatech.edu sorption and emission spectra with a sharply resolved vi-

0021-9606/2005/122(5)/054501/11/$22.50 122, 054501-1 © 2005 American Institute of Physics

Downloaded 08 Sep 2005 to 130.207.165.29. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


http://dx.doi.org/10.1063/1.1839574

054501-2 Heimel et al. J. Chem. Phys. 122, 054501 (2005)

bronic progression in moleculés.g., oligoacenggRef. 13
and polymersle.g., ladder-type polpara-phenyleng|*4~16
that have a rigid backbone. For species that comprise tor-
sional degrees of freedom in their conjugated backbone,
varying degrees of deviation from the mirror image behavior
can be observed. At room temperature, odra
phenylenevinylene(PPV) and its oligomers exhibit a strong
deviation from mirror image symmetry with the vibronic
structure in the absorption spectrum being rather blurred and
smeared out while the vibronic progression in the emission
spectrum is relatively well resolvéd %At low temperature,
however, the absorption spectrum gradually becomes more
structured and mirror symmetry is recover@d! Poly(para-
phenyleng (PPP and its oligomer¥? as well as
poly(fluoreng?*~28 exhibit a broad, completely featureless
and unstructured absorption band while in emission a clearly
resolved vibronic progression appears. It is the purpose of
this work to investigate this strong deviation from the mirror (b)indenofluorene
image symmetry for systems constitutedpafalinked phe- FIG. 1. Chemical structures of the model compoupesrphenyl(a) and
nylene rings, addressing also the influence of temperature.indenofluorendb) investigated in this study.

For PPV-type polymers and PPP, the broadening of the

absorption has been explained by the presence of a distribu- )
tion of site energies associated with different conjugatiorP€nomena can be expected to play a minor role for the

lengths?®~3*As a consequence, one would observe a supeﬁhape_ of the optical spectra in oligomers. In additiqn, the
position of vibronically structured absorption spectra with €XPeriments reported here have been conducted in dilute so-
different electronic origins, resulting in a featureless absorplution where energy transfer is slow compared to radiative
tion band. Since exciton migration towards the lowest energ{€cay: _ _ _

sites (longest conjugated segmentsan take place prior to The aim of this study is to show that a rigorous FC
emission, fluorescence would then come mainly from dréatment of both high-energy=€C stretching vibrations
single speciegthe longest conjugated segmentsith well- and low-energy ring I|br§t|ons in B can apcount for the
defined electronic transition energy. Thus, in emission, on@réakdown of the mirror image symmetry in the case Bf 3

would observe the sharply resolved vibronic progression of*S oppqsed toB, where the mir_ror symmetry is re‘?“?‘ed-
that species only. All required parameters are obtained from high-leaielini-

tio calculations. The strongly anharmonic torsional potential

Although this effect is very likely to occur in polymers, . : ; . ) .
it might not necessarily be the dominant one for PPV and itd" 3P is treated by numerically evaluating the librational

oligomers®® In this case, the room-temperature blurring of energy levels, wave functions, and FC overlap integrals in

the absorption spectra can be associated with the therm Frv_ilinear internal (_:oordinates. Furthermor_e, we underline
activation of low-frequency librational modé%.The ap- the n_nportance Of this proc_edur_e by comparing the_ results to
proach pursued in the present study indicates that this explg— st.r|ctly harmanic approximation for the GS torsional po-

nation does not hold for PPP-related systems. In the Iatte}?nt'al well.

the strongly anharmonic potential for the ring librations can

be held responsible for the dramatic breakdown of the mirrm“' THEORY

image symmetry in the absorption and emission spectra, as Within the Born-Oppenheimer and Franck-Condon ap-
suggested in Ref. 36. proximation, the probability ;(E) for absorption of a pho-

In order to shed light on the influence of the low-energyton with energyE that promotes the molecule from the GS
torsional vibrations of the phenylene rings on the asymmetrynto its first ES can be split into an electronic part and a
between absorption and emission spectra, we investigatedbrational part:
p-terphenyl () and indenofluorene @) (Ref. 37 (see 0.2
Fig. 1). These systems are related to the more technologi- PoelE)>(pre)"Pyrir(B), @)
cally relevant polymeric species, ladder-type pgp8ra=  where the electric transition dipole matrix elemqr@, is
phenyleng and polyfluoreng.!® The electronic structure evaluated at the ground-state equilibrium conformation of
arising from the conjugated backbone is nearly identical foithe molecule. The oscillator strength of the electronic transi-
the two compounds. The important difference is that the phetion is redistributed among all the transitions between the
nylene rings are able to liberate around the long moleculavibrational manifold of the ground and excited state. Assum-
axis in 3P, while the additional methyl bridges inF3keep  ing that the vibrational Hamiltonian of a molecule Nfnu-
the backbone rigidly planar and thus effectively block anyclei can be separated intdN3- 6 internal normal coordinates
torsional motiort® The conjugation length is well defined in Q;, the total vibrational wave function can be written as
oligomers, thereby leading to a narrower density of state$v')=|v1)|vs)...[vsn_e) and [V'y=|v])|v5)...|van_6) fOr
with respect to polymers. Consequently, exciton migratiorthe ground and excited state, respectively. Thendv; are

(a)p-terphenyl
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the vibrational quantum numbers of the individual oscilla-In order to take partly into account the changes in inter-
tors, the total set of quantum numbers is denotedt’asnd  atomic force constants upon photoexcitation, two strategies
V". The vibrational part of the transition probability,,,~, are pursued(i) The first is to project the geometry distortion
depends on the incoming photon enerBy Assuming a between the GS and ES equilibrium geometdé€ onto the
Gaussian broadening for all individual transitions, it can benormal modes of the accepting electronic si@®" for ab-

written as sorption andAQ’ for emission. (ii) Given that the Cartesian
" . " atomic displacementX; are related to the normal coordi-

U nates viaQ;=+/m.X,, with m; being the effective m f

PV,V,,(E)ocE DD B(T)|F§,|2 ates viaQ, = mX;, i being the effective mass o

theith mode, the FC overlap matrix elements of Eg). can
be rewritten as

3N-6
) 3N—-6

’ ’ n n
U1 UsN-6 Y1 U3N-6

XG| E;',Eg+ Zl [l (v)— € (vi)]

Fo= T /@=aQ)l(mX), (7a)
@ 3N-6
Here,B(T) is a Boltzmann weighting factor that determines v ' NN~V
the population of the vibrational states within the manifold of Fv= .Hl (0] (QF+AQN o (VM XD), (7b)
the initial electronic statéGS for absorption, ES for emis- ) ]
sion) at finite temperature: where Eq.(7a) holds for absorption and Ed7b) for emis-
sion. For parabolic potentials, the vibronic wave functions
1 33N6el (v])— € (0) |v;) are known(harmonic oscillator wave functionand the
zex N KgT abs FC factors in Eqs(7) can be readily evaluated, allowing for
B(T)= SEN-6 1 _ (3)  different frequencies and different effective masses of GS
lexp( _Zi=t S ()~ &i'( )) m, and ES vibrational states. For general potentials, one needs
z kT to resort to numerical procedurégde infra).

whereZ is a normalization factor When calculating absorption spectra from H4), it
The G term on the far right:hand side of E€) de- needs to be taken into account that the absorption coefficient

scribes a normalized, Gaussian line shape, which is a funé)—‘(E) is related to the transition probabili§lge(E) via

tion of E, has a width(standard deviationl’, and is centered a(E)=EPy(E) (8)
around the energy given by the third argumeény,. stands for

the energy of the electronic origitransition energy between using the first lines of Eq€3) and(7) for the calculation of
the minima of the ground and excited state parabalade, Py (E) [Eq. (2)].

is the energy eigenvalue of tlith oscillator alongQ; con- The transition probabélity for spontaneous emission
tainingv; quanta. Peg(E) relates toPy(E) as’
V. .

The termF, in Eq. (2 descnbe; the FC ov_erlgp be- Peg(E)*E*P(E) 9)
tween the total vibronic wave functions of the initial and
final states: using the second lines of Eq®) and(7) for the calculation

, of Py(E) [EQ. (2)].
Fu=(01(Q)...v5 6(Qin_s)l Finally, if one detects fluorescence intendity(E) per
o , ) energy interval rather than the number of emitted particles,
X[v1(Q1)---v3n—6(Qin-p))- (4 the measured signal is given by

In the general case, thg; in the GS differ from the set of leg(E) =EPey(E)xE*Pye(E). (10)

! in the ES. They are related by
Q'=DQ"+AQ", (5) . METHODOLOGY

whereQ’ andQ” abbreviate the complete set oN3-6 in- A Experiment

ternal normal coordinates) and Q) in the GS and ES, Absorption spectra of indenofluoretiehave been re-
respectively.AQ" is the displacement between the equilib- corded with a Perkin-EImex-9 UV/VIS/NIR spectrometer.
rium geometries in the electronic GS and ES expressed in thEIuorescence spectra have been taken with a Shimadzu
basis of theQ;’ and the rotation between the GS and ESRF5301 spectrophotofluorometer that has been calibrated for
normal coordinateQ’ andQ") is given byD, theDuschin-  spectral sensitivity with an Ocean Optics LS-1-CAL calibra-
sky matrix. If D~1 (which will be assumed in the present tion light source. Measurements have been conducted at am-
study), the multicenter integral in E¢4) can be factorized as bjent temperature in diluté<1 ug/ml) CH,Cl, solution.

3N-6 Room-temperature absorption and fluorescence spectra of
Fl = H (I(QN|v! (QI+AQ!)) p-terphenyl have been taken from Ref. 23.
i=1 For low temperature fluorescence measurements on

3N—-6 p-terphenyl, it was dissolved in-decane to obtain a solution
_ 7O — A0 o! (O, 6 with absorbancé&e=0.05. The sample was placed in a 0.5
iﬂl (Ui (QF=AQDwi (@) © cm cylindrical quartz cell of Suprasil quality in a closed

Downloaded 08 Sep 2005 to 130.207.165.29. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



054501-4 Heimel et al. J. Chem. Phys. 122, 054501 (2005)

HF-potential Correction True potential
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5" S‘ FIG. 2. Sketch of the process by whi¢m order to
o 03 03 correct for methodological deficiencies and the influ-
- '; ence of the solventa single-well potential(middle
3 0.2 + — 02 pane) has been added to the Hartree-Fock potential
q“, — Ty (left pane) in order to give the actual ground-state tor-
c 01 01 < sional potential forp-terphenyl(right pane). The en-
w w ergy scale is the same for all three graphs.
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cycle He cryostatKryogenics Technology, model 501And  be included for ® in order to reproduce the experimentally
measured on a Spex Fluorolog 222 spectrofluorimeter imbserved band shapes in absorption and emission. To that

backscattering configuration. end, the diabatic torsional potentials in the electronic GS and
ES of 3P have been computed on a 5° grid in the interval
B. Computational [—90°,909 assuming alternating signs for the interring tilt

angle. For the GS, we find\W-shaped, double-well potential

| q biai liable d L fth _ with its minima at~45° in accordance with results for bi-
n order to obtain a reliable description of the geometric | jn gaseous phade*® However, the experimental ob-
deformation taking place upon exciting the molecules from,

. . servations we seek to explain in this work have been ob-
the GS into the ES, both electronic states have to be treate-L ined in solution, where the interring tilt angle irP3is

at a comparable level of theory. Therefore, GS e”ergiesexperimentally found to be-30° due to the hindrance im-
equilibrium geometries, normal coordinates, and vibrationabosed by the solvent molecuf@&in the form of an addi-

frequencies were calculated within the Hartree-FORIE) o051 shaped potential well. Furthermore, the rotational
approximation. ES energies, equilibrium geometries, normal_ ' 2+ 0° in solution is lower than that at 8%°In order

coor;jlngtes, andf.wbrat.lona}l frequgnmeshwerescomputed byo account for the influence of the solvent and the notorious
employing a configuration interaction scher@sS) on top overestimation of the central rotational barrier in ¥ran

of the ',_”: Ca'g“'a“on conside'ring only singly excited Slateradditional single-well potential needs to be added to the shal-
det_err_nlnanté. The core orbitals were e_xempt f_rom the low HF double-well potentialsee Fig. 2 This additional,

yarlatlonal Clprocedure, all va_lence f‘ﬂd virtual orbitals WEry-shaped potential cannot be derived from first principles in
included. A 6-313G(d,p) basis séf~*'was used. For the straightforward manner. As a tentative approximation, we

subsequent calculation of absorption and emission ban hose to add 20% of the torsional potential in the ES to 80%
shapes, the vibrational frequencies were scaled with a COM5¢ the original HF potential well of the GS

5 . .
mon factor of 0.9 Al calculations were performed with The resulting double-well potential for the GS features a
GAUSSIAN9S (Ref. 46 using tight convergence criteria. The lower energy barrier at 0° tilt angle~0.19 eV} than at 90°

symmetry of both & .and P was canFrglned tCon (~0.36 eV} and the energy minima are pushed closer to-
throughout thg calculations, forcing the individual phenylenegether(~350) towards the experimentally determined values.
rings to be strictly planar. We would like to point out that the main results of the
present work are not affected by the exact shape of this ad-
ditional, U-shaped torsional potential. Although quantitative
For the high-energy, in-plane=€C stretching vibrations agreement with experimerte.g., Stokes shiftslightly de-
of 3F and 3P, harmonic potentials and thus harmonic pends on the specific choice for the correcting potential, any
oscillator-type wave functions were assumed. The masssS double well deep enough to sustain librational states with
weighted interstate distortion was projected onto the normaan energy lower than the central rotational barrier leads to
modes of the accepting electronic state in order to determinghe same qualitative picture for the observed phenomena.
AQ; [see Egs.(5—(7)]. The five most important modes The ES torsional potential ig shaped and almost para-
(largestAQ;) were taken into account, covering more thanpolic. It exhibits much higher flanks than the GS potential,
95% of the total interstate distortion. The first five vibrational rendering it less susceptible to influences from the surround-
states ¢;=0...4) of each mode were included in the calcu-ings. Therefore, the ES torsional potential has been taken as
lation, yielding sufficiently converged results. All transitions produced by the CIS calculations.
with a FC weight of greater than 16 of the maximum
weight transition have been evaluated. The width of the
Gaussian band shapds[see Eq.(4)], was set to 0.1 eV in 4. Numerical treatment of the libration

1. Quantum chemical approach

2. Franck-Condon treatment

both molecules for better comparison with experiment. In order to treat low-energy vibrations with an unusually
) ) large displacemeniAQ along the internal coordinatélt
3. Torsional potentials angle ¢, one has to resort to curvilinear coordinates as op-

As will be shown in the present study, the librational posed to linear Cartesian displacements in the case of the
motion of the rings around the long molecular axis needs tdigh-energy in-plane £C stretch vibrations of the back-

Downloaded 08 Sep 2005 to 130.207.165.29. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



054501-5 Spectra of oligo(para-phenylene)s

bone. Failing to do so would result in strong but unphysical
mode mixing of the torsion with in-plane stretch motions
perpendicular to the long molecular axfs? Furthermore,
the GS torsional double-well potential irfP3is strongly an-
harmonic. It has been shown°°that anharmonic multiple-
well potentials can lead to unconventional and strongly
asymmetric vibronic progressions Boft conjugated mol-
ecules. Moreover, these authors suggested that a numerical
evaluation of the vibrational wave functions and the FC
overlap integrals leads to a better description of the experi-

J. Chem. Phys. 122,

Wavelength [nm]

054501 (2005)

mental spectra.

The angularg part of the librational Hamiltoniai can
be written (in cylindrical coordinates and adopting atomic
units) as

2

W( o). (11

HZE?#,Z_‘_

The respective moments of inertiaare extracted from the

GS and ES equilibrium geometries. In order to solve the

Schralinger equation,

Hlv)=€lv), (12)
the angleg is discretized:
Pp—di=idy,
i=1.2,..n, (13
d’max
%0~ n

440 420 400 380 360 340 320 —

p— T T T T T T T :
5 1.0} {10 3
. -

g 0.8 0.8 .S
9, 2
206 06
= c
24 (7]
g 0.4 0.4 o
ol —
£ 02 02 8
o 2
098 30 32 34 36 38 a4°O

Transition Energy [eV]

FIG. 3. Experimental absorptidicircles and emissionisquaresspectra of
indenofluorene in CkLCl, solution at ambient temperature.

IV. RESULTS AND DISCUSSION
A. Experimental spectra

The room-temperature experimental absorption and
emission spectra of B and 3P are shown in Figs. 3 and 4.
For 3F, the mirror symmetry between absorption and emis-
sion is largely conserved. The deviations on the high-energy
side of the absorption spectrum are due to superimposed
transitions to higher lying electronic states. Both emission
and absorption exhibit a sharply resolved vibronic structure.
In contrast, P features an entirely unstructured, broad ab-
sorption band as opposed to a much better resolved vibronic
structure in emission. Moreover, the Stokes shift between the

where ¢na,=90° in the particular case treated in the presenimaxima of absorption and emission spectra B 3~0.83

work andn= 200 was found to yield fully converged results.
Subsequently, the librational wave functipr) and the po-
tential need also to be defined on a discrete grid:

v(¢)—vi=v(dhi),
W(p)—Wi=W(;).

(143
(14b

The derivative in Eq(11) is then expressed through finite
differences

(92 (¢) vi,1—20i+vi+l (15)
() —— L TIF
Ig? &

Eventually, the Schidinger equation can be written in a dis-
crete manner:

1vi1—2vitvis
%

o +Wv;=
Taking into account periodic boundary conditiomf,, {
1

(16)

€V; .

= ¢, the resulting matrix can be diagonalized by standard

algebraic methodéwith eigenvalues).

In the present work, the lowest 30 energies and wave
functions were calculated for both the GS and ES torsional

potentials of 3. Subsequently, the FC overlap integrals

eV) is substantially larger than inF3(~0.04 eV}, suggesting
a much larger reorganization energy in the ES.

B. Calculated band shapes
1. Indenofluorene

Following the procedure outlined in Secs. Il and lll, the
major five contributing vibrational modes have been identi-
fied for 3F. The respectivéunscaledd GS and ES frequen-

Wavelength [nm]

400 350 300 250 -
— - - - . S
5 1.0} {10 5
. [
g 0.8} 0.8 ©
— 2
> 06} 06 g
2 [
S 04f {04 &
L d "% —
£ o2} % {02 8
i v 3 ® “a

ool® . . . s - Jo.0
30 35 40 45 50 o

Transition Energy [eV]

FIG. 4. Experimental absorptio(tircles and emissionsquarep spectra

have been evaluated by numerical integration of the respegz p-terphenyl in cyclohexane solution at ambient temperature taken from

tive librational wave functions.

Ref. 23.
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TABLE I. Unscaled vibrational frequencias; (in cm™%), effective masses  TABLE Il. Unscaled vibrational frequencias; (in cm™?), effective masses
m; (in atomic mass unilsand mass-weighted projectioA®); of the ground m; (in atomic mass unilsand mass-weighted projectiod®); of the ground

to excited state distortiofin yamu A) of the five most important vibrations to excited state distortiofin Jamu A) on the five most important, high-
for indenofluorene. The respective Duschinsky matrix eleménts are energy, harmonic backbone vibrations fprterphenyl. The respective

also listed. Duschinsky matrix elemen;,;» are also listed.
Ground state Excited state Ground state Excited state

Mode No. o/ my AQ/ o] m AQ! Dy Mode No. o/ m/ AQ/ ol m' AQ] Dy
1 221 549 0.43 217 551 -0.42 0.99 1 224 6.72 -0.13 243  6.93 0.13  1.00
2 555 429 -0.11 542 461 0.13  0.98 2 838 5.99 0.04 811 6.15 -0.11 0.83
3 821 6.09 0.17 784 6.11 —-0.18 0.99 3 1301 1.14 0.16 1359 1.16 —0.20 0.90
4 1455 2.02 -0.10 1473 2.77 0.12 0.65 4 1391 443 0.16 1460 4.47 —-0.15 0.98
5 1807 6.93 0.12 1786 6.66 —0.15 0.81 5 1804 5.62 0.18 1795 517 —-0.17 0.97

cies and reduced masses are listed in Table I. Overall, the _1h€ MOst important result is that both absorption and
normal coordinates of GS and ES are found to coincidémission spectra exhibit a sharply resolved vibronic progres-

(D;/»~1). The GS to ES Duschinsky rotation of mode no. 4sion. In accordance with experiment, the two spectra obey

does not dramatically influence the outcome of the calculaMIror image symmetry to a large extent.

tion since it has the smallest GS to ES distortiahQ(,)
associated with it. Inserting these results into &y.allows 2. “Planar” p-terphenyl

us to evaluate the FC Weights of all transitions between the App|y|ng the same Computationa| procedure ®,Dne
vibrational manifolds of the GS and the ES. The resultingcan again identify the five in-plane high-frequency modes
calculated band shapg&g. (2)] for absorption and emission that couple most strongly to the optical transition. Their re-
at 295 K are shown in Fig. 5. The electronic origin has bee%pective (unscaledd GS and ES frequencies and reduced
set to the experimental value of 3.62 eV. The Stokes shiffnasses are listed in Table II.

between the maxima of the two spect@lculated to be In this first approach, the ring torsional vibrations are
~0.04 eV} is a direct result of the calculation. We find good completely neglected. The respective calculated band shapes
overall agreement with the measured spectra shown in Fig. $or absorption and emission are presented in Fig. 6 for 295 K
Comparison with experiment indicates that the inhomogewith the electronic origin set to the experimentally deter-
neous line broadening is smaller irF3than it is in 3P. mined value of 3.99 eV.

Reducing the damping factor in the calculated spectraFof 3~ The spectra in Fig. 6 nicely obey the mirror image rule
reveals more details in the vibronic structdeeg., the shoul-  and show a clearly resolved vibronic structure both in emis-
ders at~3.5 and~3.7 eV in Fig. 3, all of which are fully  sjon and in absorption. They do not, however, reproduce the
consistent with the experimental results. However, a broadexperimental findings shown in Fig. 4.

ening of 0.1 eV has been assumed in the calculations in order

to stay consistent with the results presented fé. Jhe 3. P-terphenyl in the harmonic approximation

slight overestimation of the intensity of the 0—1 transition in
absorption can be attributed to thgartia) neglect of
Duschinsky rotation and/or the inaccuracy10%) of CIS
force constants.

As opposed to B, which features a rigid backbone, the
individual phenylene rings of B are free to liberate around
the long molecular axis. In the electronic GS, the competi-

Wavelength [nm]

Wavelength [nm]

440 420 400 380 360 340 320 _ 400 350 300 250 3
—10f o f10 3 S 1.0f “ 110
3 g g itn =

3 = - R 1U.0 =
£ 08} 08 S, 5 08 i 0.8 >
S, 2 > o6l Pod los G
> 06} 06 g 20 PHERY . g
@ o c 04} ) 0.4
g 04 04 O g A Y o
E 2 02 8 = o2 ; o {02 8

0. o . : \\ .;
_| 2 ; .
i a B 00 —i A oo §
0.0 — N\ 00 O 30 35 40 45 50
28 30 32 34 36 38 40 Transition Energy [eV]

Transition Energy [eV]
FIG. 6. Calculated spectral band shapes for absorftiashed ling and

FIG. 5. Calculated spectral band shapes for absorftiashed ling and emission(solid ling) in p-terphenyl (). The phenyl ring librations are not
emission(solid line) of indenofluorene (B). taken into account.
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0.0- FIG. 8. Vibronic progression associated with the phenyl ring librations in
3P within the harmonic approximation for the torsional potential of the

_90 ) _6'0 ) -3'0 ) 6 ) 3'0 ) 6'0 ’ 90 electronic ground state at 0 K.
Tllt Angle [deg] total band shapes coming from the ring torsional vibration

FIG. 7. The potential energy curves associated with the libration of theWIthln the harmonic approximation to the GS potentlal well,

phenyl rings in the electronic grout@®S) and excited state of 3. The true the aS_SOQ'ated \_/lbrqnlc progression 1S plot_ted n Flg. 8 for 0
GS potential is represented by the dashed curve, the harmonic approximé. As indicated in Figs. 7 and 8, the most important accept-

tion is solid. Probability amplitudes are plotted for the initidlin solid line ing librational states have high quantum numbersvoéf
anq most impo_rtant final'sta('mick solid ling for apsorption and emission =11 for emission and”=14 for absorption. The latter
(within harmonic approximation to the GS poterjial value is close to the” =11 reported for biphenyl in super-
sonic jet expansion spectroscapy.
_ o The energetic splitting of 100-170 cth(see Ref. 55
tion between steric hindrance of thetho-hydrogens and  petween the individual transitions within the subset of the
conjugation which tends to planarize the molecule leads 10 gy ational levels is too small to be resolved experimentally
double-well, W-shaped potential for the ring torsional i, gojytion. Because each of the well-resolved peaks stem-
motion>® Due to changes in the electronic structure & 3 ming from the five high-energy harmonic backbone modes
upon photoexcitation, the interring bonds are strengthened i(bee Fig. 6is replaced by the respective librational progres-
the electronic ES, thus overcoming the steric hindrance imgjg, (Fig. 8), this results in additional, almost Gaussian
posed by thertho-hydrogens. Overall, this leads to a planar proadening. Due to the higher curvature of the approximate
structure in the ES stabilized by aflmos) parabolic,  (harmonig GS torsional potentiafwider spacing of levels
U-shaped torsional potential. As a consequence of the SUl&'ompared to the ES potential, this broadening affects the
stantial change of the interring tilt angle between the equizmission spectrum even more severely than the absorption.
librium conformations in the GS and the ES, the librational  The calculated band shapes that take into account both
mode strongly couples to the optical transition. the five high-energy mode3able 1l) and the interring libra-

In order to demonstrate the importance of a proper congion, in jts harmonic approximation are shown in Fig. 9. In
sideration of the actual shape of the torsional potential, wep;g case, both the emission and absorption spectra are
first report the results obtained when adopting the commonl)équa”y smeared out to featureless bands, exhibiting a large
applied harmonic approximation for the GS torsional potengigkes shift, as has been predicted in Ref. 35. They do, how-

tial well.*® To this end, one branch of the torsional doublegyer obey mirror image symmetry which is in clear contra-
well is approximated by a parabola centered at one of thgction to the experimental observatioffg. 4).
double-well's minima(see Fig. J. For reasons of consis-

tency, the ES potential has been taken as calculated. Subse- ] o

quently, the numerically procedure outlined in Sec. Il B has? Anharmonic torsion in p-terphenyl

been applied in order to evaluate the transition energies and Only the inclusion of the actual, strongly anharmonic

FC overlap matrix elements. double-well potential for the GS torsion can account for the
The situation sketched in Fig. 7 {almos) symmetrical breakdown of the mirror image symmetry in oligara-

for absorption and emission. Given the large GS to ES disphenylengs in general and in B in particular, as pointed out

placement A Q= \/IA ¢) associated with the torsional vibra- in Ref. 36. The massive deviation of the GS potential from

tion, one would expect a far extended vibronic progressiorthe harmonic approximation introduces the necessary asym-

of finely separated lines witflalmos) Poisson distributed metry between the accepting librational states in GS and ES.

intensities?**>38In order to illustrate the contribution to the The nearly harmonic ES potential features harmonic oscilla-
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emission(solid ling) in 3P. The phenyl ring librations have been taken into Transition Energy [eV]
account using the harmonic approximation for the torsional potential in the

electronic ground state. FIG. 11. Vibronic progression associated with the phenyl ring librations in
3P for the actual, librational double-well potential in the electronic ground
state at 0 K.

FIG. 9. Calculated spectral band shapes for absorgtiashed ling and

torlike vibrational wave functionésee Figs. 10 and)/which
results in a wide vibronic progression associated with the
ring torsion that smears out the absorption spectrum to agnd emission at 0 K, taking full account of the actual GS
unstructured, broad band. In contrast, the Strong|y anhamrSional pOtential. The librational prOgreSSion for abSOI’ption
monic potential in the GS leads to wave functions that devifrom the actual GS potential equals that from the harmonic
ate significantly from harmonic oscillator wave functions @pproximation. The dominant accepting state is also that
(compare Figs. 10 and).7This leads to a massive deviation With v”=14. For emission, the most important accepting li-
of the associated vibronic progression from the Poisson-typBronic state in the GS has a quantum numbes ‘of 9 and
envelop for emission. energetically lies just above the central potential barrier, thus
To illustrate this feature, the progressions related to thé&xhibiting a probability maximum at 0°. Despite its high
phenyl ring librations are plotted in Fig. 11 for absorption duantum number, the functional form of the associated wave
function is somehow reminiscent of that of a harmonic os-
cillator ground-state function for éharmonig potential cen-
L tered around 0°. This explains also why the overlap with the

4.6- 4 v"=0 librational wave function in the E$also shown in
— . Fig. 10 is largest. Effectively, the situation for emission re-
> 4.4- A sembles a system in which the libration does not couple at all
&, ) to the optical transition(i.e., one in which the GS to ES
> 4.2. interstate distortion along the associated normal coordinate is
o J
| - <
a:’ 4.0- - Wavelength [nm]
Ll A A 400 350 300 250 —
. — L L 1 i :
c 0.6 P E 4 . 5 1.0} 11.0 g
O 1 <| W < o ©
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FIG. 12. Calculated absorptiqdashed lingand emissiorfsolid line) band
FIG. 10. The actual potential energy curves associated with the libration o§hapes fop-terphenyl taking into account the anharmonic double-well po-
the phenyl rings in the electronic GS and excited state Rf Brobability tential for the phenyl ring librations in the electronic GS. The experimental
amplitudes are plotted for the initidthin solid line and most important ~ absorption and emission spectra are represented by circles and squares, re-
final state(thick solid line for absorption and emission. spectively.
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In contrast to PPV oligomer&ride infra), the observed

Wavelength [nm]
asymmetry between the absorption and emission spectra in

400 350 300 250
1ol ' '.‘_ " o 5 3P is conserved also at low temperatutese Fig. 1% This
=5 A o further supports our conclusion that the breakdown of the
o osl PN Jo.s i mirror image symmetry in B is indeed anintrinsic effect
§, : \ > that is only related to the particular combination of the GS
> 06 ; S 0.6 g (W-shaped and ES(U-shaped torsional potentials and not
g : 5 7] to different thermal broadening of absorption and emission
o 04} ! 5 104 9 (we have not included calculated spectra for low temperature
k= ! 5 51 since the torsional potential wells used to calculate the spec-
n—'_ 0.2 : "._ 10-2 B tral band shapes in solution cannot be expected to correctly

, R O describe the rather complex situatiérat low temperatures

00 30 35 40 45 50 0.0 in solidified solution/matrix
As mentioned in the Introduction, PRIRef. 22 and

ition Ener. o
Transitio ergy [eV] poly(fluoreng (Refs. 24—28also exhibit one broad unstruc-
tured absorption band and a well-resolved vibronic progres-
sion in emission, both in solution and in the solid state.
Given the similarity of the chemical structur¢shenylene
o . . rings pararlinked by a C—C single bondthe double-well
z_ero).fThls IS r_eflectedt by(;he ver3(/j rtlr?rr(()jw Il_bnr;)rr:tlccoprog,res- potential in the GS for the ring libration can be expected to
i%n g;;mlssmn centered around the dom v prevail here. The same reasoning as f& &n then be ap-

'IF')o déscribe the optical spectra. aaain each of the WeII_plied to these polymeric systems. Of course, effects related
resolved peaks stempm'n fr%m th’e ? e hiah-ener har:[O excitation energy migration also play a role in polymeric
moni\c/ bagkbone mod e(;ege Fig. 6 is reivlacé?j b thgyre- samples with a broad distribution of effective conjugation

A r9. plac y lengths, as discussed in the Introduction.
spective librational progressiaffrig. 11). Taking the actual Temperature dependent ontical studies on thin films of
GS torsional potential into account, the sharp transitions getoly[9 9Edi—n n-oct Ig)ﬂuorend F:evealed that in the so-
smeared out in absorption a lot more than in emission. Thi ’ ’ yol i . - o
) . o called B phase, the side chains crystallize, rigidly confining
is a direct consequence of the combination of thehar- the polymer backbone to a planar conformafidi-52Li-
monic) GS double well with thgharmonig ES single well, ! e . ' .
reqardless of their exact shape brations of the individual repeat units are thus effectively

g Combining the results shr:)vxlln in Fig. 11 with those pre_hindered. As a consequence, the absorption spectrum associ-
sented in Fig. 6 yields the total band shapes for absorptio ted with the/s .phase gxh|p|ts a well-pronounced vibronic
and emission in B. These are plotted in Fig. 12 together structure _as_souated with h|gh-er_1ergy,_|n-,12%I§12r83&C stretch
with the experimental data from Fig. 4. Here again, only themOd:S’ sm;llar t? tthat obS(terveddln em(;sst i tical
electronic origin has been shifted to the experimentally de- number of temperature dependent optical measure-
termined value of 3.99 eV, whereas the Stokes gb#icu- ments hgve also been.performed(ups()ljz?setzltléte)dPPV oli-
lated to be~0.83 eV is a direct result of our calculations. gomers in(frozen) solut|on_ and matrix>*-%2"%*The overall

Comparing the optical spectra oF3and 3 shows that fmdmg \.Na's.that broadening of the backbong mode progres-
the Stokes shift is substantially larger in the latter. This im-SIOnS Significantly decreases upon decreasing temperature.
plies that the reorganization energy in the excited state an he ablsorptt;on dspectrucrjn er\]/olve_s f“".“ a bro?d,h relahtlvelly
thus the additional stabilization of the exciton is strongly eatureless and towards the mirror Image o the s arply
increased by the presence of strongly coupled IOW-energ§trUCt“rEd emlssmn..Th.e strong brgadenlng of the absorption
conformational degrees of freedom. This is fully consisten®> _compared to emission a_t ambient _temperature has been
with the results of our calculations, which yield a reorgani-2ttriouted to thermal population of the I|brat|ogal leveis-
zation energy of 0.34 eV inB and 2.5 times as much, 0.84 €9y spacing wider in the ES than in the B8 The PPV
oligomers can be distinguished from the oligara

FIG. 13. Experimental absorptiof@ashed ling and emission(solid line)
spectra ofp-terphenyl inn-decane solution recorded at 15 K.

eV, for 3P. X e
phenylengs in that the former show alanar equilibrium
geometry in the GS together with a high torsional

V. RELATED SYSTEMS AND LOW-TEMPERATURE flexibility, 2 whereas the latter exhibit@onplanarGS equi-

OPTICAL SPECTRA L . o .
librium geometry. Due to this qualitatively different form of

In solution, not only ® but also all other oligpara=  the torsional potential wells in PPV oligomefboth har-
phenylengs (from biphenyl to p-sexiphenyl exhibit the  monicsingle wells centered at 0°, only different curvature in
same broad, featureless absorption band as opposed to a @S and E§ the slightly more involved approach pursued in
bronically well-structured emissidii. Apart from the fact this work is not necessarthough applicableto satisfacto-
that starting withp-quaterphenyl there are more than onerily model their optical spectracompare Ref. 20 Experi-
symmetric ring torsional vibration present in the system, wementally, the difference between these two types of mol-
suggest that the mechanism outlined in the present work cagcules [PPV and olig@para-phenylengs] cannot be told
account for the observed breakdown of the mirror imagegrom the room-temperature optical spectra; it shows very

symmetry in all oliggpara-phenylengs. clearly, however, at low temperature.
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VI. CONCLUSION
By comparing thesoft backbonep-terphenyl with the
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