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We report pressure-dependent transient picosecond and continuous wave photomodulation stud-
ies of disordered and ordered films of 2-methoxy-5-(2-ethylhexyloxy) poly(para-phenylenevinylene)
(MEH-PPV). Photoinduced absorption (PA) bands in the disordered film exhibit very weak pressure-
dependence and are assigned to intrachain excitons and polarons. In contrast, the ordered film
exhibits two additional transient PA bands in the mid-infrared that blueshift dramatically with
pressure. Based on high-order configuration interaction calculations we ascribe the PA bands in the
ordered film to excimers. Our work brings new insight to the exciton binding energy in ordered
films versus disordered films and solutions. The reduced exciton binding energy in ordered films is
due to new energy states appearing below the continuum band threshold of the single strand.

PACS numbers:

I. INTRODUCTION

Ordered 7-conjugated polymer (PCP) films exhibit
photophysics remarkably different from dilute solutions
or disordered films'#. Explanations given for these dif-
ferences include photoexcitation branching into intra-
chain excitons and polarons in the ordered films®, as well
as formation of a variety of intermolecular species such
as polaron-pairs' 3, aggregates’*% and excimers” 0. Al-
though our understanding of the photophysics due to
these interchain species is incomplete, it is generally
agreed that the distinctive behavior of the ordered films
are due to strong interchain interaction absent in dilute
solutions or disordered films. It follows therefore that
the ability to vary interchain interactions in a controlled
manner should provide an ideal tool for understanding
the role of morphology on the photophysics in these ma-
terials.

In the present paper we report such a study: we probe
pressure effects on the transient picosecond (ps) and con-
tinuous wave (cw) photomodulation (PM) spectra of dis-
ordered and ordered MEH-PPV films up to 119 kbar.
The ordered film exhibits two correlated PA bands ab-
sent in the disordered films, which dramatically blue-shift
with pressure. We present correlated-electron calcula-
tions of excited state absorptions from interacting chains
that establish that such blue-shift of PA bands is not
expected from aggregates or polaron-pairs. Our calcula-
tions establish unambiguously that the primary photoex-
citated species in ordered MEH-PPYV films are excimers,
whose PA bands are expected to show pressure-induced
blueshift. Specifically, the blueshift indicates pressure-
induced changes in the wavefunctions of the initial and fi-
nal states of these PA bands. We show that such changes
in turn indicate nonzero but incomplete intermolecular
charge-transfer in the initial state of the excited state
absorption, as occurs only in the excimer.

In section IT we describe our experimental details and

results. Following this, in sections III and IV we discuss
our theoretical approach and computational results. Fi-
nally in section V we present our conclusions. Although
we are primarily interested in determining the nature of
the interchain species in ordered MEH-PPV films, our
work also has implications for the exciton binding energy
in PCP films. The magnitude of the exciton binding en-
ergy in PCPs is a controversial quantity. Our work brings
new insight to this subject.

II. EXPERIMENT

We used thin films of polymer samples drop-cast
from powder as received from ADS. Transient PM spec-
troscopy was utilized to resolve the primary photoexci-
tations. Specifically, we used femtosecond (fs) two-color
pump-probe correlation technique with a low-power (en-
ergy/pulse ~ 0.1 nJ), high repetition rate (~ 80 MHz)
laser system based on a Ti:sapphire (Tsunami, Spectra-
Physics) laser having a temporal pulse resolution of 150
fs'2. The pump Aw was frequency doubled to Aiw = 3.1
eV and we used the output beam of an optical parametric
oscillator as probe fiw from 0.24 to 1.1 eV'2. The pump
and probe beams were focused on the film surface inside
the pressure cell to a spot ~ 100 pm in diameter.The
transient PM signal was measured using a phase sensi-
tive lock-in technique at modulation frequency of 30 kHz
provided by an acousto-optic modulator. In the mid-IR
spectral range we only obtained photoinduced absorption
(PA), which is given as the fractional change in trans-
mission AT/T(t). Both T and AT were measured using
solid state photodetectors, namely Ge, InSb and MCT
depending on the spectral range of interest. We carefully
aligned the pump and probe beams to reduce the beam
walk in the experiment. For the steady-state PM spectra
we employed a cw laser for pump excitation (Ar+ laser)
and an incandescent light (Tungsten Halogen lamp) as a
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FIG. 1: (Color online) (a) Transient ps PM spectra at ¢ = 0 of
MEH-PPV(T) (red) and MEH-PPV(C) (blue) films. The ex-

citon PA;, and excimer PA" and PA” bands are assigned. (b)
Transient (red) and cw (blue) PM spectra of MEH-PPV(T)
at hydrostatic pressure of 77 kbar. PA; and PA’ are as in (a);
P, is a polaron band.

probe'3, using a standard PM set-up based on a I met
monochromator or FTIR spectrometer. The pump beam
intensity was 100 mW/cm2 and the probe beam was
prefiltered to eliminate excitation above the films optical
gap. We used modulation frequency of 350 Hz having
peak sensitivity for photoexcitations with about 1 ms
lifetime. Solid state detectors such as Si, Ge and InSb

spanned the probe photon energy from .25 to 2.2 eV.

Fig. 1a shows the transient PM spectra at time ¢ = 0
of two MEH-PPV(T) and MEH-PPV(C) films cast from
toluene and chloroform solutions, respectively. Since
toluene is a poor solvent for MEH-PPV'4 MEH-PPV(T)
films contain coexisting ordered and disordered phases®.
MEH-PPV(C) contains predominantly the disordered
phasel*. The transient PM of the MEH-PPV(C) con-
tains a single PA band, PA; peaked at ~ 0.95 eV, very
similar to PA; of MEH-PPYV in solution, and is correlated
to the stimulated emission band in the visible spectral
range'2. We therefore identify it as due to intrachain
excitons. The MEH-PPV(T) shows two additional PA
bands, PA" at ~ 0.35 eV and a shoulder PA” at ~ 0.85
eV. We assign these bands to interchain species.

The band PA" in MEH-PPV was identified previously
as due to polarons'2, since the cw polaron band P; also
peaks at about the same fiw(probe) = 0.4 eV*. To con-

firm the assignment of PA’ to interchain species we ap-

plied high hydrostatic pressure P to the MEH-PPV(T)
film in a pressure cell. The MEH-PPV film was peeled
off the substrate under a microscope, and placed in a
diamond-anvil cell equipped with IR-transmitting win-
dows, that was filled with a pressure-transmitting lig-
uid, perfluoro-tri-butylamine to ensure hydrostatic pres-
sure. The pressure inside the cell was measured via the
pressure-induced blue-shift in the polymer IR-active C-
H frequency at ~ 3000 cm™', which was pre-calibrated
against the pressure-induced change of the well known PL
lines of a ruby chip. Fig. 1b shows the transient and cw
PM spectra under pressure P = 77 kbar. PA’ blue-shifts
substantially to ~ 0.65 eV, in contrast to the polaron P,
band in the cw PM spectrum, which does not shift with
pressure (Fig. 2b). PA’ is therefore not due to polarons.

Fig. 2a shows the MEH-PPV transient PM spectrum
for various increasing P-values. PA" and PA” both grow
in intensity relative to PA;, and also blue shift together,
whereas PA; remains at ~ 0.95 eV. The energy shifts of
PA;, PA" and cw P; due to polarons are plotted vs. P
up to 120 kbar in Fig. 2b. PA’ shifts by about 0.35 eV
up to P = 77 kbar, and peaks at the same fiw(probe) at
still higher P; in contrast, P; and PA; do not shift much
with pressure. Fig. 2c shows the decay dynamics of PA’
and PA” at P = 119 kbar. The dynamics are clearly
identical, coming from the same photoexcitation species.

III. THEORETICAL MODEL AND
PARAMETRIZATION

We model the ordered phase as two interacting, cofa-
cially stacked, planar PPV oligomers of equal length!%:16.
Previously we have shown that high-order configura-
tion interaction (CI) calculations inclusive of all quadru-
ple excitations are essential for finding the PA’ band'®.
This necessitates the use of the semiempirical m-electron
Hamiltonian and also limits the lengths of our oligomers
to 3 units. Even with such small system size for the two-
chain system our basis size is 1.8 million. For compu-
tational simplicity we chose a symmetric arrangement,
where each carbon atom of one oligomer lies directly
on top of the equivalent carbon atom of the second
oligomer. Our calculations are based on the Hamiltonian
H=3% _,,H,+H,,, where H, is the single-chain
Pariser-Parr-Pople Hamiltonian'”,

Hy=~ 3 tij(c] i Cuso + HC) +
()0

Y Unpignuiy + Y Vig(npi = Dng; —1). (1)

1<j

Here CL .. creates a m-electron of spin o on carbon
iy
; , = .
atom ¢ of the pth molecule, n;,o = ¢,; ,Cuio and

Nyui = Yo Nuie. We chose the nearest neighbor hop-
ping matrix element ¢;; = t = 2.4 eV for phenyl C-C
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FIG. 2: (Color online) (a) ps transient (¢ = 0) PM spectra of MEH-PPV(T) at ambient pressure, and P = 25, 77, and 119
kbar; the PA bands are assigned as in Fig. 1. (b) Summary of the peak positions for the transient PA’ (red) and PA; (black)
at t = 0; and cw P1 (blue) vs. P. (c) The decay dynamics of the transient PA" and PA” bands at P = 119 kbar.

bonds, and 2.2 (2.6) eV for the intrachain single (double)
C-C bonds!'®. U is the repulsion between two electrons
occupying the same p, orbital of a C atom, and V;; are in-
trachain intersite Coulomb interactions parametrized as

Vij = U/(rk\/1 4 0.6117R?;), where R;; is the distance

between C atoms i and j in Angstroms. We chose U = 8.0
eV and k = 218,

The intermolecular Hamiltonian is written as'®,
Hyw=-— Z tf_j(CL,i,ocuhj,a + H.C.) +
(ij),0
Z Vij'_(”mi = Dy —1). (2)
i<j

where tilj = t* is restricted to nearest neighbors. For
Vlj we chose the same functional form as V;;, with a

screening parameter k- < x'9. We report calculations
for K+ = k = 2. Our basis set consists of Hartree-Fock
(HF) orbitals localized on individual molecules, allowing
calculation of the total charge on the individual oligomers
(hereafter ionicity p), for each eigenstate.

Both the interaction and the hopping terms in H, -
change with pressure. There is no ab initio approach to
determine these changes. On the other hand, our goal is
to understand the effects of enhanced pressure at a qual-
itative level only, that would allow comparisons between
the PA bands expected from the different kinds of inter-
molecular species. We modeled the effects of increasing
pressure by decreasing the intermolecular distance from
0.41 nm at ambient pressure to 0.37 nm at the high-
est pressures, while increasing ¢+ from 0.07 eV to 0.15
eV. Besides reducing intermolecular distances, pressure
also causes planarizarion of individual chains?® which
can have two different consequences. First, planariza-
tion can increase the effective conjugation length, which
in turn will primarily decrease intramolecular transition
energies. This is not of interest here, as our focus is on
intermolecular interactions. A second consequence of in-
creased planarization is enhanced t*, an effect that we

have included.

IV. COMPUTATIONAL RESULTS

The intermolecular species we investigated are: (i) the
delocalized covalent (p = 0) optical exciton ’ewcl> +
’ex02>, where ‘excj> implies excitation on the jth
molecule; (ii) the completely ionic (p = 1) Coulombi-
cally bound polaron-pair, |PI PJ>, where PF(P ;) is a
positively (negatively) charged oligomer!?; and (iii) the
excimer or charge-transfer exciton” #0152 |CT X'),

‘CTX> = cc(‘excl> - ’ewcz>) + ci(’PfP2_> -
|PPr)) +- (3)

where --- denotes higher-order terms; for the |C’TX >,
0 < p < 1. In all our calculations with the parameters
as stated above we have found ‘CTX> to be the lowest
excited state, with the polaron-pair ‘Pj P, > occurring
above the optical exciton.

With completely equivalent PPV oligomers, the
polaron-pair is thus never the lowest state at the optical
edge and occurs above the optical exciton'®. Since we
are interested only in PA from the polaron-pair, which in
turn depends only on its wavefunction and not how it is
created, we create the polaron-pair by making the PPV
oligomers inequivalent. This is done by lowering all HF
molecular orbital energies of one oligomer with respect
to the other by a fixed energy 2¢ (in effect creating a het-
erostructure). For € = 0.185 eV and xk* = 1.3 the lowest
excited state of the two-chain system is the polaron-pair
with p = 0.919.

Fig. 3a shows our calculated PA; band of the optical
exciton for the two-chain system, as a function of de-
creasing interchain distance and increasing interactions.
Here and in Figs. 3b and ¢ we scaled all excitation en-
ergies by the energy E;p, of the single chain exciton for
comparison to experiments. PA; exhibits a weak red-
shift at the highest ¢, in contrast to the blueshift of the
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FIG. 3: (Color online) (a) Calculated dependence of PA bands from (a) the two-chain exciton, (b) the polaron-pair, and (c)
the excimer, on intermolecular interactions. Red thin curves represent t = 0.07 eV, intermolecular separation d = 0.41 nm;
green dotted t+ = 0.1 eV, d = 0.4 nm; blue dashed ¢+ = 0.12 eV, d = 0.38 nm; and black thick t* = 0.15 eV, d = 0.37 nm.

PA” band. Our calculated PA bands from the polaron-
pair state (see Fig. 3b) are not affected at all by the
increased intermolecular interaction. Thus, the PA" and
PA” bands in the ps transient PM spectra of the ordered
films cannot be ascribed to excitons or polaron-pairs.

In Fig. 3¢ we show the calculated PA bands from
’CTX >, which is the lowest excited state of our Hamilto-
nian, for several different H, . The lowest energy PAy
lies outside our experimental spectral range!®, whereas
PA" and PA” are both seen in the experiment. PA" (PA")
originates predominantly from the polaron-pair (exciton)
component of ‘CTX > The pressure-induced blueshifts of

the experimental PA" and PA” energies shown in Fig. 2a
are replicated in Fig. 3c. Although quantitative compar-
isons are difficult, with Eyp, ~ 2.2 eV for MEH-PPYV the
scaled energy shift of the PA’ band at the largest H,,  is
about 0.25 eV, which is close to the maximum measured
blueshift of this band shown in Fig. 2a (~ 0.3 eV).

The weak pressure effect on the optical exciton and
polaron-pair PA is due to their extreme ionicities, p = 0
and 1, respectively, that do not change with pressure.
In Figs 4a and b we give a mechanistic explanation for
the observed blueshifts of the excimer PA bands under
pressure. Increased H,,  leads to significant decrease

in the energy of |CTX ) (see Fig. 4a) as a consequence
of its increased ionicity (see Fig. 4b). Our calculated
p for the final state of PA’ is considerably larger than
p for ’C’TX ) (see Fig. 4b), indicating that the PA" ab-
sorption, over and above intramolecular polaronlike exci-
tations has also strong contribution from intermolecular
charge-transfer excitation. Furthermore, even as the en-
ergy of the excimer decreases and its ionicity increases,
the energy of the final state of PA” increases (see Fig. 4a)
while its ionicity decreases (see Fig. 4b). This indicates
that the charge-transfer component of PA' increases with
increasing H,,  (and hence with increasing pressure). In

contrast to the final state of PA/7 the final state of PA”
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FIG. 4: (Color online) (a) Energies (E) of the excimer (black
circles), the final state of PA’ (red squares) and the final state
of PA” (green diamonds) as a function of t+, normalized by
the energies Eo of the same states at t= = 0.07 eV (ambient
pressure). The interchain distances d corresponding to each
t+ are the same as in Fig. 3. (b) Ionicities of the states in (a).

has a very small ionicity (see Fig. 4b), indicating that
PA" excitation is from the neutral exciton component of
|CTX > Hence the increase in PA” peak energy comes
mostly from the decrease in ‘C’TX > energy with P. As

seen in Fig. 4a, the energy of the final state of PA" is
nearly independent of t+ and actually decreases weakly
with increasing t+.

Our analyses in Fig. 3c gives insight to smaller exci-
ton binding energies in ordered films than in solutions
of PCPs!l. The experimentally measured exciton bind-
ing energy is the energy difference between the lowest
state with free electron and hole and the bound optical
exciton. In solutions and disordered films these states
are eigenstates of H,, alone. The threshold of the con-
tinuum band in the single chain, referred to as the nB,,
occurs slightly above a two-photon mA, exciton in which
intrachain charge-separation is much larger than in the
optical 1B, exciton (see Fig. 12 in reference 23.) The
PA band PA; corresponds to the excited state absorp-
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FIG. 5: (Color online) SCI continuum band threshold energy
(black circles) and the exciton energy (red squares) versus N
and 1/N in panels (a) and (b) respectively, where N is the
number of interacting 8-unit PPV oligomers. The distance
between the chains is 0.4 nm and the interchain hopping t; =
0.1 eV. The inset (green diamonds) in panel (b) shows the
exciton binding energy as a function of 1/N, with 0.4 eV as
the N — oo extrapolated value.

tion from the 1B, to the mA,, while the nB, is reached
upon further intrachain charge separation®?. In contrast,
excited states in ordered films are eigenstates of the com-
plete Hamiltonian H,, + H,, ,». Our wavefunction analy-

sis shows that PA" from the excimer is to a two-photon
exciton state with much larger interchain charge-transfer
than the excimer. The final state of PA” is thus the exact
many-chain equivalent of the mA, in single chains. For
interacting chains therefore interchain charge-separation
is energetically less costly, and it is very likely that fur-
ther charge-separation is also interchain; hence the ob-
served smaller exciton binding energy in ordered films'!
is most probably due to the appearance of new low lying
states with greater charge separation below the single-
chain continuum, and not because the mA, or the nB,,
comes down in energy due to screening in interacting
chains. A complete proof will require quadruples CI cal-
culations of very high energy excited states for multiple
(greater than two) chains, which is beyond current com-
putational capability. We present below results of ap-
proximate calculations that support this conjecture.
Unlike the even parity two-photon state that is the
final state of PA’, the optical exciton as well as the con-
tinuum band threshold state are odd parity one-photon
states. It is known that they can therefore be deter-
mined semiquantitatively from approximate singles-CI
(SCI) calculations!®. This remains true independent of
the number of chains. The threshold of the continuum
band within the SCI is the Hartree-Fock (HF) gap'®.
We have calculated the HF gap and the SCI optical
exciton energy within our Hamiltonian for 8-unit PPV
oligomers, for up to 5 chains. We show these quanti-
ties plotted against N in Fig. 5(a), and against 1/N in
Fig. 5(b), where N is the number of oligomers. The con-
vergence with increasing number of oligomers is obvious
from Fig. 5(a) (the small increase in the energy of the
optical exciton is expected and is due to nonzero exci-

ton bandwidth, with the optical exciton occurring at the
top of the band, as in a H-aggregate!®.) In the inset
of Fig. 5(b) we have shown the exciton binding energy
versus 1/N. The N — oo extrapolated exciton binding
energy is nearly half of that in the single-chain limit.
Importantly, this decrease in exciton binding energy of
the many-chain system occurs in spite of PA;, which
gives the lower limit of the exciton binding energy in the
single-chain limit'®, continuing to occur at much higher
energy (see Figs. 2(a) and 3(a)). Thus the reduction
in the exciton binding energy is due to the appearance
of new states that are absent in the single-chain limit.
Excitonic states derived from the single-chain continue
to occur above the many-chain continuum band thresh-
old. We have previously reproduced the observed ab-
sorption spectrum of PPV'® and the energies of the mA,
and the lowest spin triplet nearly quantitatively with our
Coulomb parameters?2. It is interesting that our extrap-
olated many-chain exciton binding energy in Fig. 5(b) is
very close to the experimental value for PPV films''.

V. CONCLUSIONS

In summary, the significant pressure induced blueshifts
exhibited by the transient PA bands in ordered MEH-
PPV films indicate intermediate ionicity for the primary
photoexcitation, i.e., an excimer. PA bands of the opti-
cal exciton with ionicity 0, and of the polaron-pair with
ionicity nearly 1 are unaffected by pressure. Understand-
ing the role of morphology in the photophysical behav-
ior of PCP films is crucial for their applications in the
next generation optoelectronic devices. Our joint theory-
experiment work provides a new diagnostic tool for the
investigation of the nature of the primary photoexcita-
tions in polymer films, with potentially wide applications
in other polymer physics areas.
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