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On the existence of photoexcited breathers in conducting polymers
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Formation and decay mechanisms of photoinduced nonlinear vibronic excitétimeathersj) in several
conjugated polymers are studied using a quantum-chemical excited state molecular dynamics approach. We
identify specific coupled vibrational modes responsible for breather excitations and investigate their depen-
dence on chain length. In addition to intermolecular relaxation mechanisms, our calculations show that in-
tramolecular vibrational energy equilibration results in a decay of breathers on a timescale of hundreds of
femtoseconds.
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Conducting polymers have emerged as important techng3N-6) dimensional space\ being the total number of at-
logical materials in device applications based on organi®oms in the molecule. Her&)(q) is an electronic transition
electronics'? Compared to the semiconductor devices, thefrequency to the lowestR, (band-gap state of the photoex-
“soft” organic nature of these materials results in a strongcited molecule. The program uses numerical derivatives of
coupling of the electronic system to molecular geometriee(q) with respect to each nuclear coordingfeio calculate
and structuré?* Thus complex coupled electron-vibrational forces and subsequently to step along the excited state hy-
dynamics strongly affects optoelectronic functionalities ofpersurface using these gradients. A standard Verlet molecular
related organic devices. Ultrafast spectroscopies havélynamics algorithritf has been used for propagation of the
emerged as a major experimental tool to study short-timélewtonian equations of motion. All computations start from
electronic dynamic&:” In particular, the recent advent of the optimal molecular geometry where the potential energy
lasers with sub-10-fs time resolution has allowed investigaEg(Q) is minimal. The simulations can be performed along
tors to resolve real-time dynamics on a timescale of a singl@ll (i=1,...,3-6) or selected nuclear degrees of freedom
vibrational period-1°Signatures of nonlinear vibrational ex- ;. If no dissipative processes are included, the total molecu-
citations known as breathega spatially self-localized bound lar energyEg(q) is conserved. Subsequent analysis of the
state of phononspredicted theoretically in 19843 have  photoexcited trajectory d(q,t) in the Fourier space allows
been recently observed spectroscopically in polyacetyleneus to identify periods of participating vibrational motions. A
The breather excitation was found to have a period of 44 fsimilar approach has been used in the analysis of time-
and an extremely short lifetime ef50 fs. In another recent resolved transient absorption spectra in  recent
experiment, time-resolved investigation of vibrational photo-experiment$1° Inclusion of an artificial dissipative force
excited dynamics in poly-phenylenevinylene revealed parinto the ESMD equations of motion allows us to determine
ticipating nuclear motions similar to those observed in Rathe minimum of the excited state potential energy surface
man spectra; however, breather signatures were nd.(q) corresponding to the relaxed geometry.
observed. Our previous quantum-chemical study revealed To understand the formation of photoexcited breathers we
formation of a photoexcited self-localized breather vibronicstart with an analysis of the dynamics of the band-gap ex-
excitation in cis-polyacetylent. cited state in the cis-polyacetylene oligomer shown in Fig. 1.

Despite the wealth of experimental and theoretical studThis molecule is sufficiently long120 carbon atomsto
ies, there is no established agreement and understanding @$mic the infinite chain limitt” Displacements\ shown in
to whether breather excitons are the primary photogenerategig. 1 immediately enable us to identify several nearly de-
excitations and how much they affect ultrafast vibronicgenerate vibrational normal modes strongly coupled to the
dynamics>? In this article we use our recently developed electronic excitation with a period of 18 fs. These corre-
excited state molecular dynami¢ESMD) approach to (i)  spond to G=C stretching motions which self-localize to
identify specific features of molecular vibronic structure nec-form the breather excitatiosee below. The modeq, with
essary to produce the photoexcited breattierexplore dis-  the largest displacement has the lowest frequency and corre-
sipative processes affecting the breather lifetime; @ingl  sponds to a nearly uniform displacement of carbons along
investigate breather formation in several typical conjugatedhe chain as schematically shown in Fig.(tbp). Higher
polymers to provide a direct connection with the ongoinglying C=C vibrations have an increasing number of nodes
experimental studies. along the chair(e.g., modeg, has two nodes These states

We used the Austin Model {AM1) Hamiltoniat® and  can be interpreted as phonons with momektn/L (n
the ESMD computational packate follow photoexcitation being the number of nodes amdis the length of the mol-
adiabatic dynamics on ps timescales for all calculations preecule and form a band in the limit of the infinite chain
sented in this article. The ESMD approach calculates théength. Another vibrational band corresponding te—C
excited state potential energy d@&(q)=Ey(q)+€Q(q) in  single bond stretching motions has smaller displacement and
the space of nuclear coordinatgswhich span the entire does not lead to breather excitation.
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FIG. 2. Variation of the vibrational kinetic energy along the

photoexcited trajectory ir(cis—PA)go. Averaging over 20 fs has
been used to smooth fast oscillations.

\

All modes (t=0.2 ps)

breather period to 30 fs. Thus a set of quasidegenerate

nuclear modes strongly coupled to the electronic system al-

lows for breather formation. Finally, compleshort time

(200 fs trajectory dynamics along all R—6 vibrational de-

grees of freedom identifies a strong breather peak at 34 fs.
However, the power spectrum ofN36 mode dynamics

< of a long(2 p9 trajectory shows no breather signatu(Es.

R 4+ Displacements A 1). To illustrate this breather decay, in Fig. 2 we display the
AL N L SN S S S averaged kinetic energy along the photoexcited trajectory.

10 15 20 25 30 35 40 45 50 55 60 The total vibrational energy is approximately constant during

Period T(fs) the dynamics and corresponds to the excess of electronic

FIG. 1. Top panel: displacements of the backbone atoms energy due to vertical excitation. The variation of the kinetic

- o R ; energy indicates that the energy is exchanged between elec-
C=C stretching vubratl_onal modes fcirm'ng a phonon besftown tronic and vibrational degrees of freedom. Just after photo-
are modes corresponding k&0 andk=2 phonon momenjaBot-

tom panel: normalized Fourier spectra of the excited state transitioﬁxcnatlon’ only vibrational modes in the 18001900 &m

. i . . ; spectral region are activated. These correspond to the
energy{}() trajectoriesitop five ploty and amplitudes of dimen- “breather modes” strongly coupled to the electronic system
sionless displacements; (stick spectrum along normal modes ;

(bottom ploj in cis-polyacetylend(cis—PA)s, shown in the insat Gradually this energy transfers to other vibrational modes
- —PAgo o L ;
Amplitudes of A; reflect the difference between the excited statedue to vibrational anharmonicities and weak coupling to the

. . oo ?Iectronic excitation. A similar behavior is observed in other
and the ground state optimal geometries along the vibrationa

modes(with harmonic periodd;) and typically show the extent of conjugated polymergnot shown. Thus we observe equili-

coupling of the electronic degrees of freedom to specific nucleaEratlon of Vl_br_atlonal energy among all nuclear degrees of
motions(Ref. 18. reedom. This intramolecular relaxation leads to the decay of

breather excitation on a timescale less than 500 fs. Intermo-

When we artificially freeze all vibrational motion except a lecular dissipative processes might reduce breather lifetime
singleqgy normal mode, as expected the photoexcited dynameven further due to interchain interactions and scattering of
ics is completely harmonic with a single fundamental fre-phonons on the defects. This readily explains the very short
quency(with time period of 18 f§ appearing in the Fourier breather lifetime of 50 fs observed in the experinfent.
spectrum(10 ps trajectory has been used to obtain power Next we calculate photoexcited dynamics in several cis-
spectra in Fig. 1 The dynamics along two vibrational coor- polyacetylene oligomers with different sizes to explore the
dinatesqg and g, already shows, in addition to the funda- dependence of breather excitation on chain length. The re-
mental period at 18.3 fs, a second component at 24 fs whichpective Fourier spectra of photoexcited trajectories are
is not an overtone of the fundamental frequency. This peak ishown in Fig. 3. We observe a reduction in the amplitude and
a signature of the breather excitation appearing as a nonlira shorter period of the breather peak with a decrease in chain
ear mixing of vibrational modes due to anharmonicities andength. Subsequently this peak disappears in short chains
complex coupling to the electronic degrees of freedom(n<20 repeat unifs This trend can be rationalized by ex-
Compared to the harmonic single mode dynamics, the twoamining the band structure of the underlying breather vibra-
mode dynamical trajectorgnot shown samples most of the tional modes. As the splitting between states grows due to
energetically allowed phase space and shows signatures tife finite molecular sizéseeAw in Fig. 3), the vibrational
intermittent spatiotemporal chaos. Four-mode dynamicsnode mixing becomes less efficient resulting in the reduc-
(phonons with moment&=0, 2, 4, and § increases the tion of the breather amplitude.

Normalized FFT amplitudes

All modes (=2 ps)
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FIG. 3. Size dependence of the intensity of the breather peak in A “ N\ All modes (1=2 ps)
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Finally, we study the appearance of the breather excitation
in several technologically important polymers. To treat all

molecules on the same basis, we cons’gructed oligomers %ers. Structures of oligomers with100 A length are shown in the
the same length (~100 f&) for ~ cis-polyacetylene i qets. plotted are normalized Fourier spectra of photoexcited tra-
[(cis—=PA)4¢l, polyphenylenevinylenéPPV)y, polyfluorene jectories and displacements.
[(PPgl, and polythiophené¢(PT),4] shown in the insets of
Fig. 4. Computation of longer chains is not practical due to~100 fs timescale due to intramolecular vibrational energy
the increased computational effdet.g., (PPg has already redistribution in the dynamics including alN3-6 vibrational
more than 700 atomic basis functions in the valence §pacecoordinategthe breather peak can be barely identified in the
Compared to polyacetylene, the richer geometric structure ofespective Fourier spectrum of the short-time trajectories, not
the other polymers leads to the appearance of several vibr&hown). This has probably prevented an identification of the
tional bands in the displacement spedtfég. 4) which are  breather in PPV with ultrafast spectroscopic probes.
strongly coupled to the electronic system. For example, two We observe the breather excitation in PF to be weaker
displaced bands in PPV are attributed te<C stretch and than in cis-PA but stronger than in PPV. Similar to PPV, it
quinoidal motion of the aromatic rings. To investigate forms due to mixing of vibrations from three different bands
breather formation, we then ran constrained photoexcited dyand decays on af200 fs timescale if all normal coordinates
namics for 10 ps along normal modes strongly coupled to thare included in the dynamic§ig. 4). Substantial spectral
electronic systeniten modes from two vibrational bands in density of weakly coupled nuclear modes at the breather fre-
cis-PA and PPV, and 15 modes from four vibrational bands irfuency is another reason for a fast breather decay in PPV
PF and P7. and PHcompare displacements in Figs. 1 andWe cannot

As expected, a strong breather peak shows up in polyidentify breather signatures in PT since significant spectral
acetylene(Fig. 4). A weaker breather signature shifted to separation among participating vibrational bands prevents an
27 fs is observed in PPV. Here the=€C stretch couples to efficient mixing. Possible weak breather peak can be seen in
aromatic ring motion. Since £-C groups and rings do not the constrained dynamiadig. 4). As expected, long-time
couple directly to each other, neither produces the breathd? ps dynamics in all oligomers including all vibrational
by itself. Constrained dynamics along vibrations from thedegrees of freedom only reveals signatures of the dominant
only one of these bandsot shown does not show breather fundamental frequencig&ig. 4). To summarize, the excess
signatures. Therefore, compared to cis-PA, breather excitaf photoexcitation energyroughly the difference between
tion in PPV appears due to mixing of vibrations from the vertical and 0-0 transition energjas able to create a strong
different bands. This leads to a faster breather decay on dsreather exitation in cis-PA and weaker breathers in PPV and

FIG. 4. Analysis of photoexcited dynamics in conjugated poly-
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PF. We also note that an artificial increase of the vibrationaivith recent ultrafast spectroscopic d&&ag., breather decay
energy(heating of the relevant normal modes in the numeri- in polyacetylene within 50 fsand vibrational dephasing of
cal simulations leads to strong breather appearance in ahe excited states in PPV with a time constant-c00 f<).
polymers. ) ) ) Intermolecular interactions and phonon energy leakage
In conclusion, we have nur_nerlcally mve_stlgateq the apy rough the boundaries of conjugated segmepisfects
pearance of breathers by vertical photoexcitation in severa}.l:ay reduce breather lifetime even furth&Nonlinear vibra-

conducting polymers. Nonlinear mixing of severako or tional excitations such as breathers are thus an important
more) vibrational modes strongly coupled to the electronic P

degrees of freedom leads to the breather formation. A stronffature of short-timé~100—500 f$ photoexcited dynamics
breather mode is observed in cis-polyacetylene as a result 81 conjugated materials. A similar analysis can be applied to
interaction among vibrations within treamephonon band. other molecular systems to identify signatures of nonlinear
Weaker breathers in polyphenylenevinylene and polyfluorengibronic excitations.

appear due to coupling of vibrations among sevdifiérent ,

phonon bands. Polythiophene does not show any breather 'N€ research at LANL is supported by the Center for
signatures due to vertical photoexcitation. In every case, thlonlinear StudieCNLS) and the LDRD Program of the
breather excitation undergoes a fast de¢aB00 fs in cis- U-S. Department of Energy. This support is gratefully ac-
PA, ~100 fs in PPV, and-200 fs in PF due to intramolecu- knowledged. The authors thank A. P. Shreve for useful dis-
lar vibrational energy equilibration. Such fast decay agree§ussions.
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