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Elucidating the Enhancement in Optical Properties of Low Band Gap Polymers by
Tuning the Structure of Alkyl Side Chains

Jing Lu', Yao Yao?, Prathamesh M. Shenai', Lipeng Chen', and Yang Zhao' *
! Division of Materials Science, Nanyang Technological University, 50 Nanyang Avenue, Singapore 639798
2State Key Laboratory of Surface Physics and Department of Physics, Fudan University, Shanghai 200438, China

We carry out a computational study of optical properties of two novel 5,6-difluorobenzo|c|[1,2,5]-
thiadiazole-based polymers, PFBT-T20TT and PFBT-T12TT to elucidate the surprisingly superior
performance of polymer solar cells based on the former, when it differs from the latter only in the
alkyl side-chains. Density Functional Theory (DFT) based geometry optimization at B3LYP/6-
31G(d) level reveals differences in internal coordinates, which are important in tuning the electronic
and optical properties. We further calculate the electronic structure at room temperature by em-
ploying molecular dynamics (MD) simulations in combination with DFT techniques. The energies
of the highest occupied molecular orbital (HOMO) are found to be in reasonable agreement with
the available experimental data and the HOMO-lowest unoccupied MO energy gap is found to be
similar for both the molecules. The electronic density of HOMO in PFBT-T20TT is, however,
found to be significantly more delocalized along the backbone, which is proposed to be conducive
to formation of charge separated states and lead to improved device performance. Furthermore, via
fitting the absorption spectra calculated with the multi-mode Brownian Oscillator model, we have
also extracted a weaker exciton-phonon coupling parameter in PFBT-T20TT, consistent with the

trends revealed via the DFT-MD results.

I. INTRODUCTION

Polymer solar cells (PSCs) have been widely studied in
the past two decades owing to their promising advantages
offered in terms of low cost, versatility of functionaliza-
tion, thin film flexibility, and ease of processing.™* The
bulk-heterojunction PSCs, in which the donor and ac-
ceptor form a blend of interpenetrating domains, exhibit
a significantly improved performance compared to those
based on small molecules.® 7 Furthermore, the polymers
with a relatively low band gap can more efficiently har-
vest solar energy and convert it to the free charge carri-
ers. For example, with benzothiadiazole-based low band
gap polymers as donor materials, the power conversion
efficiency of the respective solar cells has doubled from
5% to slightly more than 10%.%? The low band gap poly-
mers are thus recognized to be the third generation semi-
conducting polymers, and a common design principle for
their application in the PSCs involves utilization of al-
ternating electron donor and acceptor (D-A) structure
so that the energy levels of the polymers can be easily
tuned.'?

Recently, Wang et al have synthesized 5,6-
difluorobenzolc|[1,2,5]-thiadiazole-based D-A polymers,
PFBT-T20TT and PFBT-T12TT, (see Fig. 1)!! which
exhibit potential as donor materials in low band gap
PSCs.'! The molecular structures of these two mate-
rials differ only in terms of the long alkyl chain side-
groups, which are in the pendant straight and branched
conformations in PFBT-T12TT and PFBT-T20TT, re-
spectively. It was, however, found surprisingly that the
devices based on the latter exhibit a remarkably superior
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performance. In the solar cells with polymer/PCr1BM
blend structure, the short-circuit current (Iy.) is greatly
enhanced by nearly an order of magnitude for PFBT-
T20TT as compared to PFBT-T12TT. The open-circuit
voltage (Vo) and the fill factors, on the other hand, were
found to be nearly the same in both the devices. This
effect implies that the introduction of branched chains
in PFBT-T20TT exerts little influence on the band gap,
evident from the nearly identical V.., but may lead to
much greater mobility of electrons, causing I to get en-
hanced. Organic materials under identical extrinsic con-
ditions such as the temperature and the electric field,
exhibit an enhancement in their mobility mainly due to
a decrease in the degree of disorder and thereby delo-
calization of the electronic wave function.'? While the
branched side chains in PFBT-T20TT may influence the
electronic wavefunction in an analogous manner leading
to an enhancement of the mobility, the underlying physics
is poorly understood. This hypothesis is corroborated by
the optical experiments on thin-film PFBT-T20TT de-
vices, which show strong broad absorption and enhanced
inter-chain interactions. It thus warrants a detailed theo-
retical study on the inter-relationship between the molec-
ular structures, the electronic wavefunction and the re-
sulting device performance in these two materials in order
to explain how the influence of branched alkyl chain in
tuning the optical properties leads to a superior device
performance in PFBT-T20TT.

Recent advances in the optical characterization tech-
niques have helped reveal a crucial role played by the
delocalization of electronic wave functions in PSCs.!'3"17
There is thus a growing need, from the theoretical point
of view, to be able to accurately predict the energetic
structures and the optical properties of polymeric mate-
rials. In particular, how such properties are affected by
molecular vibrations is a common question of consider-
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able importance in designing and optimizing a material’s
performance for application in organic electronic devices.
In the past decade, significant efforts with this kind of
method have been devoted to the theoretical investiga-
tion of the processes of light absorption and the sub-
sequent exciton and charge carrier transport in organic
solar cells.>'8722 One of the most commonly used meth-
ods to characterize the ground state and excited state
electronic structures in various polymeric materials in-
volves calculations based on the Density Functional The-
ory (DFT). Such DFT based calculations have proved
fruitful in a wide range of studies such as determina-
tion of band structure in conjugated polymers,?® deter-
mination of crystal structure,2* localization of electronic
excitations®® as well as orbital energy modeling.?® Fur-
thermore, DFT calculations have also been used in con-
junction with molecular dynamics (MD) simulations, al-
lowing one to probe the effect of temperature as well
as intra- and inter-molecular vibrational modes on elec-
tronic properties of polymeric systems.?” An alterna-
tive technique that can empirically take into account
the interactions between an electronic excitation and the
molecular vibrations is the multimode Brownian oscil-
lator (MBO) model.?* 31 The MBO model describes a
two-(electronic)level system coupled to a small number
of primary oscillators which are, in turn, coupled lin-
early to a bath of secondary harmonic oscillators. This
model has been successfully applied to interpret opti-
cal spectra of chromophores in liquid solutions,3273° as
well as the absorption and emission spectra of a conju-
gated polymer.?® The ever evolving spectrum of theo-
retical methods notwithstanding, the problem of under-
standing the transport properties in organic semiconduc-
tor materials still remains challenging, primarily due to
the multiscale nature of the problem?®’ as well as strong
electron-phonon coupling.!®38:39

In this paper, we investigate the electronic and optical
properties of PFBT-T20TT and PFBT-T12TT, aimed
at explaining why the former exhibits a remarkably high
performance in PSC devices than the latter. We adopt
a dual-faceted approach of utilizing combined quantum
chemical and MD simulations to probe the molecular
properties, and using the MBO analysis to gain under-
lying physical insights via fitting of absorption spectra.
These two complimentary approaches provide different
perspective for understanding the intrinsic physics of
the performance of devices based on PFBT-T20TT and
PEFBT-T12TT. The rest of the paper is organized as fol-
lows. The details of computational methodologies em-
ployed are provided in Section IT A, whereas an overview
of the MBO model is presented in Section IT B. Results on
optical properties calculated via quantum chemical and
MD simulations along with those on MBO-derived fitting
of the absorption spectra are presented and discussed in
detail in Section III. Finally, we draw conclusions in Sec-
tion IV.

2

II. THEORY AND COMPUTATIONAL DETAILS

A. Quantum Chemical Calculations and Molecular
Dynamics Simulations

fragment 1

fragment 2
R=CH; PFBT-TI12TT

= CH,CH,(CH;)(CH,CH,)  PFBT-T20TT

PFBT-T20TT,

Figure 1: (a) The chemical structures of PFBT-T12TT
and PFBT-T20TT as distinguished by the alkyl chain
substitutions. (b) The calculated optimized geometry of
PFBT-T20TT, oligomer with the number of repeat
units n = 4.

We have studied the two recently synthesized
novel donor-acceptor polymeric materials abbreviated
as PFBT-T12TT and PFBT-T20TT.!! The molecu-
lar structures for these two materials are presented in
Fig. 1(a). The two molecules have exactly the same back-
bone structure but differ only in terms of the long alkyl-
chain side groups (R). In PFBT-T12TT R is CioHos
group which has a long chained structure. In PFBT-
T12TT, on the other hand R is a much bulkier alkyl
group CH3CH(C19Ha1)(CgHy7) which has a pendant-like
branched configuration. To improve the computational
efficiency in our calculations, long alkyl chains have been
replaced by the methyl and methylbutyl groups in PFBT-
T12TT and PFBT-T20TT, respectively, which represent
smallest possible linear or branched groups. Such re-
placement of large side-groups with smaller analogous
groups is a commonly employed approach in computa-
tional studies of polymers, as in general, their influence
on the electronic and optical properties is negligible.%?
Furthermore, as the optoelectronic properties of the
conjugated oligomers converge with an increase in the
chain length, we have considered the PFBT-T12TT,
and PFBT-T20TT,, oligomers comprising one to five
(n = 1 — 5) repeating units. We first optimized the
ground state structures of the molecules by using DFT
calculations with the BSLYP hybrid exchange-correlation
functional at the level of 6-31G (d) split valence polar-
ized basis set. This functional uses the non-local corre-
lation provided by the LYP expression, and VWN func-
tional IIT for local correlation.*! Fig. 1(b) shows, as an
example, the optimized geometry of PFBT-T20TT4. On
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the basis of the optimized ground state (Sy) configura-
tions, absorption spectra of the molecules solvated in
chlorobenzene were then obtained by using the time-
dependent density functional theory (TD-DFT) method
at the B3LYP/6-31G(d) level. In calculating the spectra
in solutions, the polarized continuum model (PCM) was
adopted to model solvent effects. All the quantum chem-
istry based calculations in this work have been carried
out using the Gaussian 09 package.*?

In order to examine the properties at room temper-
ature, we further adopt an approach combining DFT
calculations with MD simulations for a specific case of
n = 4 for each of the molecules. The initial geometry was
subjected to an energy minimization procedure by step-
wise use of steepest-descent, conjugate-gradient methods.
The optimized structure was then subjected to MD sim-
ulations under the NVT ensemble (constant number of
moles, volume and temperature) during which tempera-
ture is maintained constant at 298 K by the Berendsen
thermostat*?® with a decay constant of 0.1 ps. The in-
teratomic forces are derived from the all-atom general
purpose Universal Force Field** (UFF) and the equa-
tions of motion are integrated with a time step of 1
fs. UFF has been employed by a number of studies
on organic systems.*>*6 It is worthwhile to note that
the appropriate forcefield had been chosen via a judi-
cious comparison of the configuration obtained via DFT-
optimization and those obtained via geometry optimiza-
tion with different classical forcefields. It was found that
that the structures of PFBT-T20TT and PFBT-T12TT
optimized with COMPASS and PCFF forcefields, the
two common forcefields for MD simulations of polymers,
deviate much more strongly from the respective DFT-
optimized conformations (in terms of dihedral distortions
and symmetry of bond-lengths in five-membered rings)
as compared to that optimized with UFF. Following the
initial 50 ps period during which the system is slowly
heated to 300 K, MD simulations are continued yielding
the production run trajectory of 1 ns. The geometry op-
timization and the MD simulations are carried out with
the Forcite module available in Materials Studio. We
have then extracted the atomic coordinates at an interval
of 50 ps, yielding an ensemble of 20 conformations. By
subjecting each of these conformations as an input to the
DFT calculations at BSLYP/6-31G(d) level for calcula-
tion of average energy of the HOMO. As MD simulations
are computationally efficient, these combined DFT-MD
calculations have been carried out on molecules with the
large alkyl substituent groups.

B. The multi-mode Brownian oscillator model

The influence of molecular vibrations on the electronic
structure of organic molecules can be studied by employ-
ing the multimode Brownian oscillator (MBO) model. In
a previous work,3¢ we have successfully demonstrated the
viability of the MBO model for modeling the absorption
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and emission spectra of conjugated polymers, in which
the electron-phonon coupling is recognized to be an es-
sential consideration. In this model, the electronic degree
of freedom is abstracted as a two-level system with the
ground state being |g) and one of the most important
excited states being |e). The two-level system is coupled
to a set of primary oscillators, which are in turn cou-
pled linearly to a bath of secondary phonons. The model

Hamiltonian for the MBO model is written as?®
= |g)Hy(g| + [e) He(e| + H', (1)
where
2
p; 1
H, = Z l%i] + Qmjw?q?] , (2)
J
He = hwl, + Z o mj 2(g+d;)?|, (3)
and
pz 1 CniQi \2
r_ n 2 njdj

In the equations above, p;(P,), ¢;(Qn), m;(m,), and
w;(wy) represent the momentum, the coordinate, the
mass, and the angular frequency of the j-th (n-th) nu-
clear mode of the primary (secondary) oscillators, re-
spectively; d; denotes the displacement of the j-th nu-
clear vibrational mode for the electronic excited state;
hwl, stands for the energy gap (E.g) of the two-level sys-
tem and H'’ describes the secondary phonons which lin-
early couple to the primary oscillators with the respective
strengths c,;.

Based upon the Hamiltonian (1), calculation of the lin-
ear absorption spectrum can be carried out in a straight-
forward manner. We can obtain an expression for the
absorption intensity as,?®

I(w):iRe/OocdteXp((w—w )+ ANt—g(t) (5)

where A\ = Zj A; with ); being half of the Stokes shift
for the j-th mode. The lineshape function denoted vy
g(t), in the equation above is defined as

o) = = [ =S [1com (/][ iwt1).

2T
(6)
where B is the inverse temperature and the function
C (w) is the summation of C (w) defined with
” 2)jwiwy;

- oﬂ’y? + (cuj2 —w?)?’

(7)

Important parameters introduced herein include A; as
the reorganization energy and v; as a damping coefficient,
the physical significance of which will be discussed in a
latter section. For convenience, we employ the Huang-
Rhys factor S; = hw] to denote the coupling strength

between electron and the primary oscillators.
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Table I: The calculated average bond length (R)
between atoms C2 and C3 and the angular difference

between fragment 1 and fragment 2 defined by the
dihedral angle («) for S1-C2-C3-S4 atoms.

PFBT-T12TT PFBT-T20TT
R @ R «@
n=1 1.449 152.45 1.456 -134.86
n=2 1.448 157.77 1.455  -134.09
n=3 1.447 159.37 1.455  -135.37
n=4 1.446 162.67 1.455 -135.83
n=>5 1.446 160.55 1.455 -136.69

Table II: The calculated energy level of HOMO, LUMO,
and energy gap for PFBT-T20TT and PFBT-T12TT.
The corresponding experimentally measured!' HOMO

energies are listed for comparison (in €V) along with the

band gaps and LUMO energies estimated from
UV-spectra which are denoted in brackets.

PFBT-T20TT PFBT-T12TT
DFT DFT-MD Exp |DFT DFT-MD Exp
Enomo|-4.90 -4.96  -5.05 |-4.63 -4.98  -5.33
Erumo|-2.94  -2.98  (-3.46)|-3.05 -3.00 (-3.78)
AE,_p|196 198 (1.59)|1.58 1.98  (1.55)

III. RESULTS AND DISCUSSION

A. DMolecular geometry and orbital energy
structure

We have first optimized the ground state (Sp) confor-
mations of PFBT-T12TT and PFBT-T20TT molecules
with n = 1 — 5 at the B3LYP/6-31G (d) level of
theory. Important structural parameters of the opti-
mized geometries such as the dihedral angle o (S1-C2-
(C3-S4) between the thiophene in the 5,6-difluoro-4,7-
di(thiophen-2-yl)benzo|c|[1,2,5|thiadiazole (fragment 1)
and thieno[3,2-b|thiophene (fragment 2) and the aver-
age bond length between the C-atoms connecting them
are listed in Table I. These average bond lengths are
between 1.45 A and 1.46 A. Compared with the pen-
dant straight alkyl chain substituted PFBT-T12TT, the
branched alkyl chain substituted PFBT-T20TT exhibits
a more distorted structure.*® The absolute values of the
dihedral angles between the two fragments are smaller
in PFBT-T20TT oligomers. The angle of distortion be-
tween two fragments in PFBT-T20TT, is thus 44.17°,
which is larger than the value of 17.33° in PFBT-
T12TTy. Such differences in the conformations brought
about by the difference in the straight and branched sub-
stituting alkyl chains may thus have significant implica-
tions in extracting high performance in the photovoltaic
devices.

To analyze the characteristics of frontier molecular

4

orbitals obtained via DFT method, we have calcu-
lated the energies of the highest occupied molecular
orbital Fyomo, the lowest unoccupied molecular or-
bital Erumo, and the energy difference between them
AEr,_u(= ErLumo — Enomo). Each of these properties
is found to exhibit a linear dependence on n~! implying
convergence with an increase in n, using which we can
calculate extrapolated values for infinitely long polymer
chains. Such values for both types of oligomers are listed
in Table IT under the columns labeled DFT. The corre-
sponding values measured or estimated experimentally!!
are also listed for comparison. While the calculated value
of Eyomo agrees well with the experimental data for
PFBT-T20TT, that for PFBT-T12TT is deviates from
experimental value by nearly 0.7 eV. The calculated val-
ues of Erumo for both materials, on the other hand,
are quite different from the experimental data. In conse-
quence, the purely DFT-based calculations yield AE;, g
which reproduces experimental values well for PFBT-
T12TT but not for PFBT-T20TT.

It is well known that the molecular distortions in the
organic systems impact both the energy level structures
as well as the optical and electronic properties. In or-
der to take into account the structural changes due to
molecular vibrations at room temperature (298 K), we
examine both the oligomers with n = 4 and employ a
methodology combining DFT calculations with MD sim-
ulations (DFT-MD) as discussed at the end of section II
A. The subsequently calculated average values of differ-
ent properties are listed in Table IT under the columns la-
beled DFT-MD. Interestingly, Egomo for PFBT-T12TT
yielded by this approach is nearly 0.35 eV lower than
that obtained via DFT calculations, and in better agree-
ment with the measured value. Similar, albeit marginal,
improvement in comparison of experimental Fyono iS
achieved for PFBT-T20TT as well. The discrepancy be-
tween the calculated and experimental values, especially
for PFBT-T12TT, may originate partly from the lack of
explicit solvent effects in the calculations or influence of
inter-chain interactions in thin-film state, which may lead
to entangled conformations of long polymer chains. The
values of Ej,ymo remain relatively similar in the results
obtained with both the approaches. Quite importantly, it
is found that the average Fyomo and Erymo from DFT-
MD approach are each nearly the same between both the
polymers. This finding is likely to be of great significance
for assessing device performance, as the open circuit volt-
age (Vo) in the solar cells fabricated with these two ma-
terials have been measured to be nearly identical.!! To
emphasize that the conformational sampling in the DFT-
MD approach was reliable, we show in Fig.2 the scatter
plots of Egomo, Frumo and the difference between the
two in which all the values can be observed to fluctuate
about their average values. Furthermore, in the linear
response approximation, we assume the same parabolic
shape of the potential energy surfaces for the ground and
excited states and accordingly, the reorganization energy
can be estimated to be 0.201 eV and 0.502 eV for PFBT-
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Table III: The vertical excitation energies(Ey ),
absorption wavelength(\), the ratio of the oscillator
strength to the number of monomer units (f/n)
corresponding to different excited states (ES) along
with the percentage contributions from transitions
between different orbitals as calculated for
PFBT — T20TT, (n =1-5) at the TD-B3LYP/6-31G
(d) level in chlorobenzene solution.

n ES E, A f/n
(eV) (nm)

Transition Nature

1 1 2.1181 585.37 0.6543 H—-L 99% ICT
4 3.3095 374.63 09135 H — L+1 93% 7 — «*

2 1 1.8821 658.76 0.8218 H—-L 95% ICT
7 29426 421.35 0.7196 H — L+2 94% 7 — 7"

3 1 1.8033 687.55 0.8612 H—-L 8% ICT

H-1 — L+1 7%
13 2.8768 430.98 0.6799 H — L-+3 83% 7w — =~
H-1 — L+4 10%

4 1 1.7757 698.25 0.88916 H —L 78% ICT

(700) H-1 — L+1 13%
22 2.8571 433.95 0.6400 H — L+4 68% 7w — 7*
(440) H-1 — L+5 14%

5 1 1.7636 703.01 0.9191 H—-L 68% ICT
H-1 - L+1 17%
34 2.8504 434.97 0.6533 H — L+5 60% 7 — 7*

H-1 — L+6 18%

T20TT, and PFBT-T12TT,,, respectively.

15 ] @PFBT-T2TT * " ] (o) PFBT-T20TT ' ]
1 4 4 A anta A
-2.0 -A A‘AA‘A Agaa AAAAAA B AAAA A A AAAA A‘A
-2.5 1 4 i
% -3.0 -'.'o°..o 000, 00000 - .°0.....o..o.o.00.oo i
= ] o
> -3.5 4 4 i
2 1" Buomo * Eiomo
40 1 ° E umo 1 * Ewmo T
454 * 2EomoLumo 4 ABowoiumo
| - .
5.0 1= ..........l.l.l... 7] ..l...l ...l.....lll 4

0O 5 10 15 20 0 5 10 15 2
Conformation index Conformation index

Figure 2: The scatter plots of Egomo, FLumo and the
difference between the two (AEgomo-rumo) for (a)
PFBT-T12TT and (b) PFBT-T20TT.
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B. Optical properties using quantum chemical
calculations

The two materials investigated in this paper are known
to be low-band gap polymers, yet, the calculations of
Er,_y have yielded a value of nearly 2 eV for both the
materials, starkly different from measured values. Con-
sidering the relatively well-reproduced Eromo, this dis-
crepancy partly arises due to the relatively large differ-
ences in the values of calculated and measured values of
Evumo. While the experimental value of HOMO energy
is measured straightforwardly from oxidative peaks in the
cyclic voltammetry measurements, that of LUMO is es-
timated from the value of the optical band gap rendering
it difficult to be compared with theoretical calculations.

In order to characterize the features of the band gap
for both the polymers, in the following two subsections,
we discuss the optical properties in detail. Firstly, we
have carried out TD-DFT calculations on the optimized
So structures of PFBT-T20TT,, (n = 1 — 5). The verti-
cal excitation energies (E,), absorption wavelengths (\),
oscillator strengths (f), and the contributions to differ-
ent excited states by the frontier orbital energy levels are
obtained and presented in Table III. PFBT-T20TT ex-
hibits two important absorption bands in chlorobenzene
solution and the wavelengths of absorption peaks of both
the bands increase with the extension of the oligomeric
chain. For PFBT-T20TTys), the calculated A for the
two bands are 698 nm (703 nm) and 434 nm (435 nm),
which are in excellent agreement with the experimentally
measured values of 700 nm and 440 nm shown in paren-
thesis in Table ITI. Convergence of the vertical excitation
energies and the scaled oscillator strengths with respect
to number of monomeric units is readily evident. The
PFBT-T20TT, structure thus provides a good choice of
system to predict the optical properties of this polymer
by quantum chemical calculations, allowing for a balance
between accuracy of results and the computational ex-
pense. More importantly, the vertical excitation energy
is found to be 1.78 eV for PFBT-T20TT,4 and 1.48 eV
for PFBT-T12TT, (not shown here). In contrast to the
calculated values presented in Table II, we can observe
that the values of energy gap presented here are much
closer to those found in experiments. It is thus impera-
tive to examine in further details the molecular orbitals
participating in the respective transitions.

To this end, the calculated electronic density distri-
bution plots for the primary participating transition or-
bitals are depicted in Fig. 3 for PFBT-T20TT, and
PFBT-T20TT5. Firstly, it can be noted that the elec-
tron density for all the transition orbitals resides in the
backbone chains of the polymer and not on the alkyl
side groups. This lends support to the reliability of
our calculated results which are obtained by substitut-
ing larger alkyl groups with the smaller counterparts for
computational efficiency. Secondly, we can find for the
PFBT-T20TTy, the HOMO is almost delocalized on the
central m-conjugated segments, and the LUMO+4 ex-
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hibits the anti-m bonding characteristics. The transi-
tion from HOMO to LUMO-+4 can then be attributed
to m — " transition, which dominates the smaller wave-
length band. For the long wavelength band in PFBT-
T20TTy, the electronic transition corresponds mainly to
HOMO — LUMO transition that is found to carry char-
acteristics of intramolecular charge transfer (ICT). We
note that even though these calculations do not take
into account possible localization effects induced by the
molecular distortions in the room temperature MD sim-
ulations, the conclusions about the nature of excited
states remain valid since the molecular distortions do not
change the m and 7* features of the orbitals. As a result,
the values of vertical energy gap presented in this sub-
section compare reasonably well with the experimental
data and allows to predict the characteristics of HOMO
— LUMO transition observed in the experiments to be
of ICT nature. Calculations on PFBT-T12TT, have also
been carried out (not shown) and they are found to ex-
hibit similar characteristics with respect to localization
of electron density and nature of excited states.
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Figure 3: The electronic density plots of HOMO and
LUMOs in PFBT — T20TT,, (n =4 —5).
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C. Analyzing the absorption spectra using the
MBO model

Results presented in the previous subsections indicate
the electronic transitions characteristics are similar in
PFBT-T12TT and PFBT-T20TT. With the combined
DFT-MD approach, we also find that it is important to
take into account the molecular distortions via configura-
tions sampling of an MD trajectory to obtain improved
results, especially for PFBT-T12TT. Thus, in order to
further elucidate the influence of molecular vibrations on
the optical properties of these high performance donor
materials in PSCs, we have employed the MBO model to
calculate their absorption spectra at room temperature.
This model is useful to investigate an electronic-two-level
system embedded in a phonon environment. The key
parameters of the model are the frequencies of the pri-
mary oscillators w;, the Huang-Rhys factors S(= 3~ 5j),
and the damping coefficients (= Zj ~;); while other pa-
rameters include the temperature and the 0 — 0 transi-
tion energy. The frequency of a primary oscillator domi-
nates the energy separation between the zero phonon line
(ZPL) and the one-phonon peak while the correspond-
ing Huang-Rhys factor reflects the respective coupling
strength. The parameter + is responsible for the coupling
strength of the primary oscillator and the bath modes,
thereby determining the broadening of the ZPL and its
phonon side bands. The absorption spectra calculated
with this model are found to exhibit excellent fitting of
the experimental data as shown in Fig. 4 for both PFBT-
T12TT and PFBT-T20TT, in chlorobenzene solution as
well as in thin-film state at room temperature. All the
main features of the experimentally obtained spectra in-
cluding the shoulder-peaks have been fitted satisfacto-
rily by using a set of parameters enlisted in Table IV.
The coupling of the high-frequency modes with the two-
level system determines the overall line shape whereas
the low-frequency modes provide additional broadening
of the peaks. During the fitting procedure, the value of
E,g is taken from the corresponding peaks in the absorp-
tion spectra measured experimentally. The initial value
of w in the high frequency region is usually taken as the
spacing between the highest and the next highest peak.
The initial value of v is determined by the overall line
shape of the spectrum, usually taken as one third of cor-
responding w.

The absorption spectrum of PFBT-T12TT in thin-film
state is found to be red shifted from that in solution, re-
flecting an enhancement of interchain interactions in the
solid state, and thus a higher degree of ordering. The
extracted values of Huang-Rhys factors (Ss, S3) for the
high-frequency modes are found to be larger in PFBT-
T12TT than in PFBT-T20TT for both solution and
solid state, pointing to a higher exciton-phonon coupling
strength in the former. Consequently, relatively large re-
organization energy is expected for this material, which
may be attributed to its linear side chains, which are rel-
atively more flexible than the bulky side chains of PFBT-
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Figure 4: The absorption spectrum calcluated from the MBO model (solid curves) for (a)-(b) PFBT-T20TT and
(c)-(d) PFBT-T12TT as fitted to their measured experimental spectra (hollow symbols) in thin-film state (left
panels) and in chlorobenzene solution (right panels). All the fitting parameters employed are lilsted in Table IV.

Table IV: Parameters (the frequencies of the primary oscillators w , the damping coefficients 7, and the Huang-Rhys
factors S) of the MBO model employed for fitting the absorption spectra of PFBT-T20TT and PFBT-T12TT in
thin film and solution.

In thin film y1(em™) v2/3(em™") wi(em™) w2 /3(em™") S1 Sa/3 Ecg(eV)
PFBT-T20TT(1) 200 850 (300) 100 1900 (1400) 4.0 0.66 (0.37) 1.86
PFBT-T20TT(2)! 260 250 400 1700 4.7 0.74 2.54
PFBT-T12TT(1) 300 500 (200) 180 2100 (900) 3.8 0.92 (0.75) 1.89
PFBT-T12TT(2)? 260 250 500 2100 7.5 0.7 2.34

In solution i
PFBT-T20TT(1) 200 850 (300) 100 1900 (1400) 4.8 0.65 (0.44) 1.85
PFBT-T20TT(2)3 260 250 400 2300 8.9 0.74 2.32
PFBT-T12TT(1) 300 500 (200) 180 2100 (900) 8.0 0.80 (0.75) 2.23
PFBT-T12TT(2)* 260 250 500 2400 8.0 0.98 2.61

L A weighting factor of 0.36 was applied to the spectrum of PFBT-T20TT (2) before being added to PFBT-T20TT (1) to obtain the finu

2 X):;;;}E.ng factor of 0.615 was applied to the spectrum of PFBT-T12TT (2) before being added to PFBT-T12TT (1) to obtain the fiaal

3 Zpiszgl?tlmg factor of 0.46 was applied to the spectrum PFBT-T20TT (2) before being added to PFBT-T20TT (1) to obtain the fi...l
spectrum.

4 A weighting factor of 0.645 was applied to the spectrum PFBT-T12TT (2) before being added to PFBT-T12TT (1) to obtain the fin-l
spectrum.
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Figure 5: The electronic density distribution plots for
the HOMO in three conformations sampled from the
MD simulations trajectory of PEBT-T20TTy.

T20TT. Correspondingly, the higher Huang-Rhys factor
for PFBT-T12TT in the solid state as compared to that
in the solution may imply a decrease in the localization
length of the electronic wavefunction. Furthermore, the
measured shape of absorption spectrum of PFBT-T20TT
in thin film state was found to be nearly identical to that
in the solution.!! In contrast with the trend for PFBT-
T12TT, such spectral similarity in PFBT-T20TT is sig-
nificant as it suggests the ordering of the excited states
in PFBT-T20TT to remain unchanged between the thin-
film state and the solution state, leading to a better de-
vice performance. This similarity was argued to have
been originated from the presence of the bulky branched
alkyl chain substituted groups that inhibit PFBT-T20TT
from attaining any significantly higher degree of ordering
in the thin-film state than in solution.

8

Figure 6: The electronic density distribution plot for
the HOMO in one randomly sampled conformation
from the MD simulations trajectory of PFBT-T12TTy.

D. Localization of wave functions

In this subsection, we discuss on the implications of
the revealed features of the energy level structure on
the device performance. It has been observed, in the
comparison PSCs based on PFBT-T20TT and PFBT-
T12TT,'! that the open circuit voltages V. for the two
cases are almost identical. The short-circuit current I
for the device with PFBT-T20TT/PC7;BM heterojunc-
tion is, hoewever, nearly two orders of magnitude larger
than that with PFBT-T12TT/PC7;1BM, indicating the
greater charge-carrier mobility in the PFBT-T20TT. The
nearly identical V,. is well supported by our calcula-
tions based on DFT-MD approach, which yield values
of HOMO and LUMO energies that are fairly similar in
both the oligomers.

Our results further suggest that the conformational
distortions such as bending and twisting result in a
greater influence on the molecular orbital energy struc-
ture for the PFBT-T12TT than PFBT-T20TT. For fur-
ther insight into such effects, we have calculated the elec-
tronic density plots corresponding to the HOMO for sam-
ple molecular geometries extracted from the MD sim-
ulation trajectories at 298 K. Fig. 5 shows such plots
for three randomly sampled conformations of PFBT-
T20TT,, and Fig. 6 for one geometry of PFBT-T12TT},.
It can be noted that the electron density distributions
span nearly two monomeric units in the former and
slightly less in the latter. However, compared to sim-
ilar plots shown in Fig. 3 for ground state optimized
geometries, one may expect the electronic wave func-
tions more likely to be spatially localized in the room-
temperature samplings owing to the conformational dis-
tortions of the oligomer backbone chains. This effect is
stronger for PFBT-T12TT}, as the localization length of
PFBT-T12TT (~ 1.8nm) is much smaller than that of
PFBT-T20TT (~ 2.4nm). This difference may point to-
wards a lower intra- and intermolecular charge transfer
rates in the former than the latter, which implies a rela-
tively lower mobility, leading consequently to the smaller
I, in the devices based on it.4” A recent study employed
the pump-push-probe technique to elucidate the impor-
tance of delocalized CT state in the polymers (PFB,
P3HT, MDMOPPV and PCPDTBT) which are usually
used in PSCs.? In their work, they highlighted that due
to the heterojunction configurations with acceptor mate-
rials like C60, the delocalization of HOMO (see Fig. 2b
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therein Ref.13) across the donor polymeric materials acts
as gateways for the subsequent charge separation. Fol-
lowing this view-changing proposition, increasingly more
understanding of the role of delocalization in donor ma-
terials in governing performance of PSCs has emerged.
Our work thus employs the identical core idea as the two
donor materials we have studied had been used in the
original experimental study in conjunction with PC7; BM
as active layer to fabricate and subsequently character-
ize heterojunction PSC devices.!! We thus propose that
the greater HOMO delocalization in PFBT-T20TT as
compared to PFBT-T12TT facilitates easier formation of
charge separated states thereby leading to improved mo-
bility and device performance. Our argument is also in
agreement with the most recent study on PFBT-T20TT
based devices,*® wherein it was found that the more effi-
cient hole transport results in PEBT-T20TT intercalated
with C60 as compared to pure polymer.

In order to lend more support towards the intuitive
picture presented here on the relationship between mo-
bility and the wavefunction localization, we have further
ventured to calculate the exciton wavefunction diffusion
fully quantum mechanically, by modeling the two poly-
mer materials as infinitely long one-dimensional chains.
Details of the methodology employed and key results
are described in the Appendix, in order to retain the
focus of this paper on the dual approach of quantum-
chemistry calculations and the MBO model calculations.
From Fig. 7, one can observe that the exciton diffusion is
much faster in PFBT-T20TT than in PFBT-T12TT, in
qualitative agreement with the properties inferred from
the DFT-MD results.

IV. CONCLUSIONS

In summary, we have have carried out theoretical and
computational investigation of the optical properties of
two novel low band gap polymers PFBT-T20TT and
PFBT-T12TT, which exhibit promising applications as
donor materials in polymer solar cells. The molecular
structures of the two polymers differ from each other only
in terms of substituent alkyl groups, yet, such difference
leads to significant changes in the electronic properties
with the former showing much greater short-circuit cur-
rent. In this work, we have adopted a dual-faceted the-
oretical approach to study the molecular properties of
materials via combined quantum chemistry and molec-
ular dynamics based calculations as well as calculating
their absorption spectrum with the MBO model. Our
results demonstrate that the calculated HOMO energy is
well in agreement with the experimental measurements in
both the materials. Especially for PEBT-T12TT, signifi-
cant improvement in the calculated values of HOMO en-
ergy is obtained with the DFT-MD approach over purely
DFT approach, indicating the essential role of molecular
vibrations. The straying of calculated energy gap be-
tween HOMO and LUMO from the experimental values,
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has been attributed to the estimations employed in the
experiments, which yields the optical band gap, rather
than HOMO to LUMO gap. Nevertheless, nearly identi-
cal values of the HOMO to LUMO energy gaps are found
from the DFT-MD approach in both the molecules, well
in agreement with the similar values of Vpc measured
in the devices based on them. Calculations of the elec-
tronic excited states with TD-DFT methods for both the
molecules have further helped reveal the nature of elec-
tronic transitions to be of intramolecular charge transfer
for the low-energy excitations and of 7 — 7* transition
for high-energy excitation. We further employ the MBO
model in order to calculate the absorption spectrum of
these materials in both the thin-film state as well as in so-
lution state. The MBO model is a well established model
for probing the influence of coupling of an electronic
two-level system with a primary bath of high frequency
phonon modes coupled in turn to a secondary bath. Ex-
cellent fitting with the experimentally measured spectra
has been obtained and the fitting parameters thereby ex-
tracted help generate insights into the properties of these
materials. Higher values of Huang-Rhys factors extracted
for PFBT-T12TT in comparison to PFBT-T20TT point
to the stronger exciton-phonon coupling in the former.
This finding finds support through the DFT-MD calcu-
lations, which are shown to be important in calculation
of more accurate HOMO energy in PFBT-T20TT. The
role of conformational distortions in influencing the lo-
calization of the electronic wave functions has also been
identified.

The performance of polymer solar cells is typically as-
sessed with key characteristics such as short-circuit cur-
rent, the open-circuit voltage and the fill factor. In the
devices based on the the two polymers studied in this
work show that the Igc is greatly enhanced in PFBT-
T20TT than PFBT-T12TT, yet Voc and the fill factor
remain nearly the same. Combined the above two as-
pects of the present work, we are then able to under-
stand the novel device performance of the two materi-
als. Our results show that as the electrons mainly reside
on the backbone of the polymers, the branched versus
straight configuration of the side chains does not lead
to any appreciable difference in the energetic structure
of PFBT-T20TT and PFBT-T12TT. The nearly identi-
cal HOMO-LUMO gap of the two molecules found from
DFT-MD simulations implies the Vo to also remain rel-
atively similar. Furthermore, the electronic wavefunction
is more delocalized on the backbone structure of PFBT-
T20TT than PFBT-T12TT due to the molecular distor-
tions. Accordingly, the mobility of electrons and thus the
Igc is largely enhanced in the former. Synergetic appli-
cation of different molecular simulations and theoretical
techniques is thus demonstrated to be a viable strategy
yielding insightful results on the electronic properties of
the semiconducting polymeric materials and the devices
based on them. Tracing the origins of disparate electronic
properties of two seemingly similar novel low band gap
polymers via studying the optical properties, our work is
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hoped to open a fresh research outlook.
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Appendix

Transport properties of organic materials are usually
studied via modeling of a quasiparticle called polaron,
which comprises of an electronic excitation interacting
with lattice vibrations. The process of polaron formation
is well described by the celebrated Holstein model. In or-
der to show an intuitive picture of the influence of elec-
tronic localization in the polymeric materials, we employ
the Frenkel-Dirac time-dependent variational method,
with the so-called Davydov D1 ansatz to qualitatively
investigate the real time dynamics of 1D Holstein po-
laron. The two polymer systems are modeled as one-
dimensional chains of molecules by imposing a periodic
boundary condition. We the use the aforementioned
method, which has been proved to be applicable in the
studies of various organic systems, to calculate the diffu-
sion of the wave functions in the one-dimensional chains.
We refer to our earlier work?:59 for the details and formu-
lation of this well-established method, and list here the
most important parameters, including the transfer inte-
gral J, the Huang-Rhys factor S, and the characteristic
phonon frequency wy. While values of J employed here
correspond to the typical range of values encountered in
organic systems, we have adopted the values of the other
two parameters, directly from the quantum chemical cal-
culations and the MBO-derived spectral fitting described
in this paper for the two materials.

In Fig. 7, we show the time evolution of the exciton res-
idence probability for each system modeled as a chain of
32 units or ‘sites’. The excitonic wave function is initially
localized at the center of the chain, and starts to propa-
gate along the two branches in opposite directions, which
is analogous to conduction electron with a short lifetime.

10

At the same time, the presence of a component of the ex-
citon wavefunction localized around the initially excited
unit can also be noted, which is manifested as the self-
trapping effect induced by phonons, implying polaron as
a stable excitation that could be regarded as the charge
carrier. More importantly, it can be readily noticed by
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Figure 7: Time evolution of the exciton probability for
(a) one dimensional PFBT-T12TT chain with
J =10.1919, 5 = 0.92,wp = 2100cm~!, W = 0.8 and (b)
one dimensional PFBT-T20TT chain with
J =0.3395, S = 0.66,w = 1900cm~1, W = 0.8.

comparing Fig. 7 (a) with Fig. 7 (b) that the motion
of the exciton is much faster in the model PFBT-T20TT
polymer than in PFBT-T12TT. These results are in qual-
itative agreement with our contention of higher charge-
carrier mobility in PFBT-T20TT as compared to PFBT-
T12TT resulting from the larger localization length in
the former.
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