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ABSTRACT: We present an extensive density functional theory (DFT) study on the neutral
and charged electronic excitations in oligophenylene vinylenes including lowest singlet (S,)
and triplet (T,) excitons and positive (P") and negative (P~ ) polarons. We investigated the
vibrational and electronic properties of molecules using five different DFT functionals from
pure GGA to long-range-corrected hybrids and found an explicit correlation between the
spatial extent of the state and the fraction of the orbital exchange. While solvent effects are
found to be negligible for neutral (S, and T)) excitons, they play an important role for
charged (P and P ™) species. S; states are observed to be spatially less localized compared to
the polaronic wave functions (P and P™). This is in contrast to the Ty states, which exhibit

more spatial confinement in comparison to P'and P states.
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harged excitations like polarons and neutral singlet and

triplet excitons are responsible for electronic transport in
7r-conjugated organic polymers. These polymers find a variety
of applications in optical devices such as field-effect tran-
sistors,” photovoltaic cells,” organic light-emitting diodes,” laser
materials,* and solar cells.’ Three kinds of excitation processes
play a vital role in the development of organic optoelectronics: 6
charge transfer by an electron or a hole (polaron) in the polymer
and excitonic energy transfer following the recombination of an
electron and a hole, producing singlet and triplet excitations.
Therefore, a detailed understanding of the role of neutral and
charged excitations in the mechanism of the intense electro-
luminescence and charge transport” is critical for improving the
efficiency of these polymer-based devices.® Among the organic
polymers, derivatives of PPV [poly(p-phenylene vinylene)] such
as MEH-PPV [poly{2-methoxy-5-(2-ethyl-hexyloxy)PPV}] are
the candidates of choice for potential use in these optical devices,
owing to the ease and small cost of processing, their electronic
and structural flexibility, and superior luminescent properties.’
The easy availability of the spectroscopic measurements and
experimental evidence'®™ ' of self-localization in these polymers
can be further exploited to explore the underlying physics of the
spin coupling and spintronics™ using computational quantum
chemistry.

Earlier investigations on charged excitations in polythiophenes
have shown that the unrestricted Hartree—Fock (UHF) method
is not suited for studying open-shell 77-conjugated systems due to
inherent spin contamination.'* The restricted open-shell HF
(ROHF) calculations performed on thiophene oligomer radical
cations exhibited localized character of the polaronic defects.'*'
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For comparison, a generalized gradient approximation (GGA)
functional, BLYP used within the unrestricted Kohn—Sham
(UKS) scheme, was unable to produce charge localization."* In
a study by Zuppiroli et al,'® pure DFT overestimated the charge
delocalization, whereas the semiempirical (AM1) calculations
were successful in describing the polaronic character of the
charged carriers. In contrast, hybrid DFT calculations with
50% of the orbital exchange component yielded a localized
polaron.'” Time-dependent DFT (TD-DFT) calculations of
PPV oligomers emphasized the importance of the hybrid com-
ponent in the functional model for correct description of
excitonic properties.'®'® Semiempirical calculations of singlet
excitons provided a detailed analysis of exciton dynamics and
self-trapping in PPV and polyfluorenes.”**'

Recent investigations2 23 of spin response in sT-conjugated
polymer films elucidated the role of hyperfine interactions (HFI)
in various organic magnetoelectronic devices and the influence of
hydrogen isotope exchange in MEH-PPV on the magnetic
response of spin-dependent processes. This allowed experimen-
tal evaluation of the polaronic spin density in MEH-PPV to be
spread over two to three repeat units (about 10 C—H bonds).
This motivated us to perform the present DFT study to bench-
mark the ability of current functional models to describe the
spatial extent of self-trapped neutral and charged electronic
excitations in these systems. We have investigated the vibrational
and electronic properties of the MEH-PPV oligomer (top panel

Received:  December 27, 2010
Accepted:  February 9, 2011
Published: February 24, 2011

dx.doi.org/10.1021/jz101740w |J. Phys. Chem. Lett. 2011, 2, 566-571



The Journal of Physical Chemistry Letters

A OMe OMe OMe OMe OMe OMe OMe OMe OMe OMe| o .. oo oo o) oo % 2 % %
MONONONO OO $L LIS I AL AL LI IS AT ALY
OADADADADADNCNON0ND LLTEPCLLTELCILTELTPLTVETILLL
OMe OMe OMe OMe OMe OMe OMe OMe OMe OMe R A A A A
S
NTO (Hole) NTO (Electron)
[ o' o o (¥ v.; c,. . .° u.' o' [ u.' u.' u.' u.' ;‘. -,.’ -,.' . ,.'
° @ ° ° J ST < S 2L ¢ 5 ¢S X ) ‘S’ B 2 %a” ¢ bd
il g é | ¥ 20 L P a0 0 a0 .
BsLYP o ‘-)' :‘ /"'."é.‘,'."?‘"‘.‘g o’ o &« b " :"‘q -Q’ ° ‘ oi‘ .QQ o.’ ¥ o Bl B s
R » R S A I . . R Rt B B |
LC-wPBE
B3LYP
LC-wPBE
B ook ol -,.' z u.' «° o u" " u.' " ~4.' - .l.' - '4.' K ,.- L J'- K P ,.' |,.‘ l,.' ¥ 8" k 84.' ; h. P 04:
B3LYP DTG i L e P T RV AR S N BN S S qi".ha" 2L AL IS,
bakPanosd nk ob gl el el ol Gllelep st o b o, alr aif sl g, L,
B o ] i o [ o ;4 il ..4. ,'4. _'4. .4. oo - P P 2 o
w® [¥d " ' ™ (¥ (" L% o' o ° 3° ° 5° . .° 5 ° ~ o
Y K ‘ . P e N o 3 I R T
LC-WPBE .2 2 i s b St LEIEARRN BABDARIT] + T + 2 + 1t LRSS
el ot ’"t o '.”:1" ol all “ . ?«’ SRR

Figure 1. (A) The top panels display the MEH-PPV oligomer consisting of 10 repeat units. Orbital plots show NTOs for the hole and electron for the
first singlet excited state (S;) calculated at BBLYP/6-31G* and LC-wPBE/6-31G* optimized levels. (B) Orbital plots show the Mulliken atomic spin
density distribution for the first triplet excited state (T,) calculated at B3LYP/6-31G* and LC-wPBE/6-31G* optimized levels. (C) Orbital plots show
the Mulliken atomic spin density distribution for positive polaronic (P*) and negative polaronic (P™) species calculated at B3LYP/6-31G* and

LC-wPBE/6-31G* optimized levels.

in Figure 1A) using several modern density functionals. In
addition to the ground state (charge = 0, spin = 0) denoted as

So, we considered four electronic excitations, namely, the first
singlet excited state S; (charge = 0, spin = 0), first triplet excited
state T, (charge = 0, spin = 1), and positive P (charge = +1,

spin = 1/2) and negative P~ (charge = —1, spin = 1/2) polarons.
Cationic P™ and anionic P~ species correspond to the presence
of a hole and an electron on the chain, respectively. Fully relaxed
geometries of all five states (S, S, T}, P", and P7) have been
obtained using five different DFT functionals without imposing
any symmetry constraints. In particular, we used DFT models
ranging from pure GGA to long-range-corrected hybrids,
20), BHandHLYP*
50), CAM-B3LYP*® (4 = 20—65), and LC-wPBE

namely, PBE** (a = 0), B3LYP> (a

(a

567

(a=0—100),”” where parameter a is the fraction of HF exchange
in the exchange-correlation (XC) functional given as

Exc = aEyf + (1 — a)EgS? + ESSA

(1)

The long-range-corrected functionals behave as typical hybrid or
GGA at short range. However, they have increasing HF compo-
nent at longer distances up to a maximum value, 65% for CAM-
B3LYP and 100% for LC-wPBE. To explore the effects of a
polymer’s highly polarizable dielectric environment, we use the
conductor-like polarizable continuum model (CPCM) and a
moderately polar solvent, acetonitrile (¢ = 37.5), as implemented
in Gaussian09 software package.”® Optimal geometries of S,
T,, PT, and P~ states have been obtained using the standard
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self-consistent force (SCF) scheme, whereas S; has been cal-
culated using TD-DFT methodology. All of the computations
were performed using the Gaussian09 suite”® and the 6-31G*
basis set.

The top panel in Figure 1A depicts the 10 repeat units of the
MEH-PPV oligomer in its trans-isomeric geometrical form
(alternate up and down dihedrals along the backbone of the
chain). Each repeat unit consists of a phenyl ring attached to a
vinylene linkage. The last two repeat units share the vinyl bridge.
In our model, the side-chain groups OCgH,, in MEH-PPV have
been replaced by OCHj to speed up the quantum calculations.
The other panels in Figure 1A show characteristic natural
transition orbitals (NTOs) for the hole and electron of the
photoexcited S; excitons. The NTO analysis allows for orbital
representation of the electronic transition density matrix.’
Figure 1B represents selected atomic spin density distributions
for T states, whereas Figure 1C includes these distributions for
P" and P~ species. NTOs and spin distributions are calculated
using two DFT models, one with a low fraction of HF exchange
(B3LYP) and the other one with full HF exchange at long range
(LC-wPBE).

The orbital and spin distributions clearly emphasize the
localization of electronic excitations at their fully relaxed ex-
cited-state geometries in the middle of the chain with the higher
fraction of orbital exchange in DFT functionals. Inclusion of the
dielectric environment also tends to increase the localization of
the charged species (Pt and P7). These observations will be
explained in much greater detail in the following sections.
Therefore, in this study, we emphasize the crucial role played
by the amount of long-range orbital exchange in the density
functional and the surrounding dielectric medium in studying the
spatial confinement of the wave functions in accordance with
experimental studies performed in these polymers. Interestingly,
unsubstituted PPV was found to behave very similarly to MEH-
PPV in its trans-isomeric form. Hence, we chose only to discuss
MEH-PPV hereafter. As expected, we found negligible effects of
the dielectric environment on the properties of neutral states Sy,
Sy, and T, and hereafter, we will discuss only gas-phase calcula-
tions of these excitations.

Neutral excitations and the injection of an excess charge or
spin into organic polymers relax the lattice geometry and
electronic orbitals over the limited section of the 7-conjugated
chain due to their strong electron—phonon coupling. To quan-
tify this phenomenon, we use one geometric parameter, namely,
the bond length alternation (BLA) defined as the difference
between carbon—carbon single and double bond lengths in the
vinyl linkage along the backbone of the polymer. BLA is a useful
parameter in predicting the de§ree of localization of distortion in
conjugated molecular chains.”’ Charge or spin density distribu-
tions are other helpful tools to estimate the spatial extent of the
excitation.

Figure 2 shows the calculated BLA along the chain for all states
in question (S, S3, T}, P, and P7). For the neutral ground state
geometry (Sp), we observe an overall increase in the BLA
corresponding to the increase in the fraction of HF exchange
uniform over all of the repeat units, which promotes Peierls
dimerization in the sr-electron systems. The BHandHLYP with
50% exchange is close to the CAM-B3LYP (20—65%). LC-
wPBE (0—100%) exhibits the highest overall BLA compared to
other XC functionals considered. For S; excitation, we find an
explicit correlation between the degree of localization and the
percent of HF component in the functionals. The rings at either
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end of the polymer chains are not perturbed with this exciton;
their BLA is almost identical to the one found in the correspond-
ing neutral polymer at its ground state S, optimized at the same
level of theory. As we proceed to the middle of the chain from
both ends, the C—C bond length of the vinylene linkage keeps
decreasing (intermediate to C—C and C=C), whereas the
C=C bond length keeps increasing, and the BLA reaches its
minimum exactly at the middle of the chain, signifying the self-
trapping of the exciton.”’ Pure GGA functional PBE fails to
exhibit the spatial confinement of the wave function. A small
fraction (20%) of the HF exchange starts to localize the excita-
tion. However, BHandHLYP, CAM-B3LYP, and LC-wPBE
exhibit clear structural localization, the sizes of the self-trapped
excitation ranging from three to four repeat units. This is in
agreement with a joint experimental and theoretical study,® in
which the lattice deformations for S; states are reported to extend
over alength of about 20 A (between three and four repeat units).
The T, states are much more spatially localized compared to S,
excitations. This is also observed in Karabunarliev et al.'s study®"
and argued due to the absence of repulsive spin-exchange
between the electron and hole. Localization in the B3LYP
geometry is much more pronounced than that for S;. However,
BHandHLYP, CAM-B3LYP, and LC-wPBE optimized struc-
tures lead to an inverted BLA (the C—C bond being shorter
than the C=C bond in the center), resulting in a much more
localized T, state compared to the B3LYP data (see Figures 2
and 1B). Here, T is found to be spatially confined between one
and two repeat units in the middle of the chain.

For the P" state, like for neutral excitations, we find an
enhancement in the phonon-induced self-trapping with increas-
ing orbital exchange fraction. Although, BHandHLYP and CAM-
B3LYP exhibit the structural localization (see Figures 2 and 1C),
these models are still inefficient in reproducing the experimen-
tally observed polaron size.”> However, PBE and B3LYP com-
pletely fail to predict the polaron formation. Long-range-
corrected LC-wPBE has the sharpest minimum at the middle
of the chain and extends over two to three repeat units, in
accordance with experimental observations.”” Hence, it is evi-
dent that the application of asymptotically corrected hybrid DFT
functionals is critical in order to predict the polaron formation.
Surprisingly, the P state is less localized than the T state. P
and P~ excitations display very similar trends (P~ is not shown in
Figure 2).

Thus, we can state that particle—hole symmetry is preserved
in the trans-isomeric form of the polymer. However, we have
noticed the differences for P* and P~ excitations after introduc-
tion of certain defects in the chain (to be published elsewhere),
which is consistent with experimental observation® indicating
the difference in the P™ and P~ polaron sizes.

We find no substantial change in the BLA of the neutral
oligomer (Sy) and neutral excitations (S; and T;) by the
inclusion of a polarizable medium through solvent calculations
as compared to the corresponding gas-phase results. This is
consistent with earlier DFT studies on the effect of the polariza-
tion function on large sglstems with relatively long and easily
polarizable ﬂ-bridges.32’ 3 However, as shown in Figure 2,
polar solvent tends to increase the geometric distortion for all
of the XC functionals used whether pure GGA, hybrid, or long-
range-corrected, in comparison to that in vacuum for charged
species (P" and P™). One of the major observations here is that
the polarization of the medium has an effect on the polymer
properties, similar to adding long-range corrections to hybrid
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Figure 2. BLA (A) of vinylene units (left) and Mulliken atomic spin densitites (au) per repeat unit (right) of the MEH-PPV oligomer computed using
PBE, B3LYP, BHandHLYP, CAM-B3LYP, and LC-wPBE functional models, and the 6-31G* basis set. Geometry optimization is carried out for five
different electronic states, the ground state (S,), the first singlet excited state (S,), the first triplet excited state (T), the positive polaron (P™), and
negative polaron (P~ ). The Mulliken atomic spin densities (spin per unit) are obtained by performing SCF calculations for Ty, P*, and P~ excitations in

their corresponding fully relaxed geometries.

DFT. It is clearly evident from the BLA pattern of P excitation
that a small fraction of HF exchange (20%) in the XC functional,
which was unable to predict the structural distortion in the
absence of a polarizing medium, begins to exhibit the localization
properties in its presence. BHandHLYP and CAM-B3LYP
manifest significant changes with respect to geometry localiza-
tion in the presence of the solvent compared to that for their
corresponding gas-phase geometries. It is interesting to note that
BHandHLYP results are almost similar to CAM-B3LYP results
and very close to LC-wPBE results. In the dielectric medium, LC-
wPBE is able to predict the polaron sizes correctly, in accordance
with the experiment extending around two repeat units. This
implies that inclusion of a polarizable dielectric medium has a
greater effect on the spatial confinement of the polaronic wave
functions, in addition to long-range corrections to DFT func-
tionals. The BLA patterns for P~ states in the presence of solvent
are the same as those of P*.
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We also examine the Mulliken atomic spin densities
(difference in the spin of electrons in alpha and beta molecular
orbitals) integrated over each repeat unit for T, P, and P~
excitations. These quantities shown in Figure 2 are complemen-
tary to BLA and show a similar order of localization in both the
gas phase and solvent. Comparison of these two quantities, BLA
signifying localization via geometric distortion and spin density
distribution probing localization of the electronic density, allows
one to distinguish between two distinct origins leading to
localization of electronic excitations, spatial localization of the
state wave function by itself on the undistorted geometry and
localization of the wave function assured by distortion of the
structure during geometry relaxation. We found (not shown)
that neutral excitations S; and T; localize primarily due to
geometric distortion (depicted in the BLA functional form in
Figure 2). In contrast, charged species P* and P~ mainly localize
due to electronic reasons. This is in agreement with the
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Figure 3. Characteristic size of the electronic excitations defined as the
full width at half-maximum (fwhm) in terms of repeat units of the BLA
extent in the MEH-PPV oligomer calculated for S;, T}, Pt and P~ states
from Figure 2 data.

observations elucidated in Geskin et al.** about the emphasis on

the choice of the method for electronic structure calculations
rather than geometrical optimization for charged species. This
suggests that, for charged excitations, localization is principally
produced by the electronic rearrangements and the character of
the functional rather than the structural distortions; however, the
opposite seems to be the case for neutral excitons. A detailed
analysis of these phenomena will be presented elsewhere.

Finally, we summarize the localization properties predicted by
different DFT functionals in terms of the characteristic size of the
electronic excitations under study in Figure 3. This size is defined
as the full width at half-maximum (fwhm) in terms of repeat units
of the optimized carbon—carbon BLA of vinylene bridges of the
polymer chain. For P™ and P~ states in solvent, LC-wPBE,
CAM-B3LYP, and BHandHLYP predict the localization in
agreement with experimental findings.”> Particle—hole symme-
try is clearly evident from this figure. The S, states of neutral
oligomers are spatially less localized compared to polaronic wave
functions, whereas T, excitations are more localized than them.

Poly(phenylene vinylene)-based materials are of substantial
theoretical interest for the extensive available experimental
data'**7” and significant technological promise. We investi-
gated theoretically the five electronic states (S, Sy, Ty, P, and
P7) in MEH-PPV oligomer playing the major role in the charge
and energy-transfer dynamics in the bulk polymeric materials. It
has been established that the long-range corrections to the XC
functional are crucial in order to predict the spatial localization of
all electronic excitations considered. Inclusion of dielectric
medium effects is also shown to be important for the polaron
formation. LC-wPBE (0—100%) predicts the polaron localiza-
tion in both vacuum and solvent agreeing with experimental data
for charged polymers, whereas BHandHLYP (50%) and CAM-
B3LYP (20—65%) produce significant localization only in the
presence of a polarizable solvent.
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