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Tuning interchain and intrachain interactions in polyfluorene copolymers
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We study how intermolecular interactions, conformational changes, and polarization effects control the nature
of the electronic excitations in conjugated polymer blends. Quantum-chemical calculations and high-pressure
photoluminescence experiments are used to assess these effects in polyfluorene-based donor—acceptor systems.
The redshift of charge-transfer—like excitations usually observed under pressure is found to arise primarily from
the reduced interchain distance; the corresponding shift of bulk excitons is equally sensitive to the interchain
spacing and planarization alterations. Intermolecular charge-transfer states are shown to have shorter radiative
lifetimes and higher oscillator strengths at high pressure. In contrast, intramolecular bulk excitons build up
interchain charge-transfer character and lose oscillator strength and radiative efficiency with increasing pressure.
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I. INTRODUCTION

Conjugated polymers have been widely investigated for
their advantages of flexibility and ease of solution processing,
which make them promising candidates for both large-area
and low-cost optoelectronic applications.!™ Their electronic
and photophysical characteristics are closely related to the
chemical structure of the monomer units and the conforma-
tional space the polymer chains can explore, as well as their
packing in the solid. In contrast to the limiting situation of iso-
lated single chains supporting only intrachain excitations,>”’
interchain interactions impact the electronic and optical prop-
erties of multichromophoric systems and subsequently govern
the operation of optoelectronic devices based on organic
semiconductors.®~'% Organic light-emitting diodes and photo-
voltaic cells typically consist of an electron donor component
and an electron acceptor component for the purpose of tuning
optical and electrical properties, and their interfaces play
an important role in the device performance. We previously
established a model, showing that a variety of interchain
excitations form at the polymeric heterojunction, depending
on the precise interfacial alignment of polymer chains, and are
accompanied by the occurrence of intrachain bulk excitons.!!

There have been several approaches developed to probe
intramolecular versus intermolecular interactions. Applying
hydrostatic pressure has been demonstrated as a clean method
to vary interchain interactions and to change molecular con-
formations of several conjugated polymers without chemical
modifications.'>"'® Work by Schmidtke et al. on polyfluorene
donor—acceptor (D-A) systems in solid-state solution and
film has ascribed the photoluminescence (PL) redshift under
hydrostatic pressure in the solid-state solution to planarization
of the polymer backbones, and the additional PL redshift
observed in films was attributed to interchain interactions
and refractive index change under pressure.'®!” A recently
published report on pressure studies of similar systems probed
not only the emissive but also the nonemissive excited states
and highlighted the important impact of changes in the
dielectric medium under pressure.'® More specifically, the
applied pressure was found to yield an increased dielectric
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constant, which resulted in an enhanced charge-transfer (CT)
character of the excitons.!® Although we can likely trace the
observed pressure effects to reduction of interchain separation,
planarization of the polymer chains, and increase in density
and dielectric constant, these contributions have not been
systematically investigated thus far.

Such disentanglement might be not only important to
elucidate the pressure experiments but also crucial to charac-
terize the solid-state optical spectra of conjugated compounds.
To study pressure effects at a theoretical level, density
functional theory (DFT) has been implemented to study the
band structure, dielectric tensors, and optical properties of
some molecular crystals at varying intermolecular distances,
which led to a qualitative picture of the pressure-induced
bathochromic shifts.>® Thin film polymers are, however,
disordered systems with rather weak coupling between the
chains, such that a model relying on the use of individual
conjugated segments as building blocks for the bulk material
might be more appropriate. Atomistic quantum-chemical
methods have proved a powerful tool for the understanding
of intrachain and interchain contributions to the solid-state
electronic and optical properties, particularly by assessing
the magnitude of excitonic/electronic couplings®!*> and the
influence of dimensionality,®> as well as the intermolecular
CT character in the lowest excited states’* and the resulting
impact on PL bandshapes.?

Thus, we establish here a theoretical treatment for the
excited states in a polyfluorene D-A system as a function
of the two primary parameters affected at high pressure,
i.e., the intermolecular distance and the intramolecular
torsion angle. In addition, we estimate the magnitude
of the polarizability effect that can lead to an additional
bathochromic shift by means of classical reaction field
theory. The model systems investigated here are blends with
the  poly(9,9’-dioctylfluorene-alt-bis-N,N'-(4-butylphenyl)-
bis-N,N’-phenyl-1,4-phenylenediamine) (PFB) poly(9,9'-
dioctylfluorene-alt-N-(4-butylphenyl)diphenylamine) (TFB)
as the donor and poly(9,9’-dioctylfluorene-alt-
benzothiadiazole) (F8BT) as the acceptor [Fig. 1(a)].
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The 1:1 blend of PFB:F8BT under pressure was recently
investigated experimentally, which allows for a comparison
with our calculations.!” While the steady-state PL spectrum
at ambient pressure is vibronically resolved with a maximum
at 2.3 eV, the spectrum at 70 kbar is redshifted by 0.4 eV and
lacks well-defined vibronic features.

II. THEORETICAL METHODS

Single PFB, TFB, and F8BT chains with two, two, and
five repeat units, respectively, were first optimized at B3LYP
DFT level using the 6-31 basis set.’®?” Their alkyl side
chains were omitted to reduce computational time without
significantly affecting the electronic excited-state properties.”
PFB (or TFB) and F8BT chains were arranged in cofacial
arrangements as model systems for PFB (or TFB):F§BT
blends. Intermolecular arrangements with varying relative
positions of the two molecules were optimized using the
polymer consistent force field (PCFF) based on a 9-6 Lennard-
Jones potential?® with the conjugated backbones frozen to the
DFT results. Such optimizations only adjust intermolecular
parameters while keeping intramolecular constraints such as
torsion angles fixed. The optimized intermolecular distance
between PFB/TFB and F8BT was found to be ~4.5 A, and
the torsion angles between poly(9,9’-dioctylfluorene) (F8) and
benzothiadiazole (BT) in the F8BT chain were ~35°. Based
on these ground-state geometries, a semiempirical Zerner’s
intermediate neglect of differential overlap (INDO)*® with a
screened Mataga-Nishimoto potential*!*? was coupled with
single configuration interaction (SCI) scheme to characterize
the excited-state properties of the two-chain system in terms of
transition energies, charge redistributions, oscillator strengths,
and transition dipole moments.

To assess in an approximated way, the spectral shift
associated with the increased polarizability upon increasing
pressure was studied using the Onsager equation, which relates
the spectral shift AE./, to the refractive index n of the
environment’3:

AEggp = A-(n* —1)/(2n* + 1), (1)

where the slope A contains information about cavity size,
oscillator strength, and energy of the transition considered. The
density p dependence of the refractive index can be obtained
via the molar refraction, which should be constant for a given
material:

R=(M/p)-(n* = 1)/(n*+2) =V, - (n* — 1)/(n* +2),

@

where M is the molar weight and V,, is the molar volume.
R can be expressed by the atomic refractions, R = > N;-R;,
where N; is the number of each atom; R; values for the atoms
in F8BT were taken from literature.>*

Earlier INDO/SCI calculations came to the conclusion
that, depending on the mutual orientation of the copolymer
repetition units, PFB/TFB:F8BT blends support interchain
CT excitons and intrachain F8BT bulk excitons as the lowest
electronic excitations.'! Figure 1(b) summarizes the electronic
properties of these excited states. CT excitons include polaron
pairs and exciplexes, in which the excited electrons are on
the BT unit of FSBT and holes are on the triarylamines of
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FIG. 1. (Color online) (a) Chemical structures of model com-
pounds. (b) Illustration of the excited-state characteristics formed
at D-A heterojunctions. Representative DFT and PCFF-optimized
ground-state structures supporting (c) exciplexes, (d) polaron pairs,
and (e) excitons in PFB:F8BT and (f) exciplexes in TFB:F8BT. The
investigated systems contain two and five repeat units of PFB/TFB
and F8BT, respectively. Dashed (red) circles indicate where the
primary interaction occurs.

PFB/TFB. While exciplexes are a hybrid excited state with
strong CT character (>90%) mixed with a small fraction
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of local excitation, polaron pairs are nearly ionic (~99%).
Furthermore, PFB:F8BT polaron pairs are found to have
lifetimes of thousands of nanoseconds as a result of very small
oscillator strengths associated with the strong CT character and
may recombine into F8BT triplet excitons within 40 ns.*> On
the other hand, exciplexes show lifetimes of tens to hundreds of
nanoseconds with redshifted emissions. The transition dipole
moments of CT states have considerable contributions from
the stacking direction that is perpendicular to the excitonic
(along the chain) axis. Unlike these CT states, F§BT excitons
are formed as a result of intrachain interactions and show both
short radiative lifetimes and high oscillator strengths.

We selected several DFT/PCFF-optimized ground-state
geometries that yield these species as the lowest excited
states for the investigations of the interchain separation
and planarization effects [Fig. 1(c)-1(f)]. The ground-state
geometries where the triarylamine units of PFB are right and
nearly on top of the BT units of F8BT lead to polaron pairs
and exciplexes, respectively, as the lowest excited state; the
geometries with the F8 units of PFB on top of the BT units
of F8BT instead stabilize F8BT excitons. Although there are
only slight differences between the ground-state geometries
that give rise to polaron pairs and exciplexes, the impact on the
radiative lifetime, as well as oscillator strength, is significant.
The oscillator strength of the polaron pairs is found to be at
least one order of magnitude smaller than that of the exciplexes.

To assess the influence of planarization, we reduced the
torsion angles between F8 and adjacent BT units of the
F8BT chain for different D-A arrangements, from 35°, to 30°,
27°, and 25°. Minimization of the intermolecular geometric
parameters at the DFT/PCFF level yields an equilibrium
interchain separation of ~0.45 nm. For the study of the
intermolecular separation dependence, the distance between
the chains was decreased in the range 0.01-0.05 nm. X-ray
diffraction studies of polythiophenes have shown a 5%-15%
reduction in intermolecular distance at pressures of 80 kbar;°
modeling with a (0.5/4.5) = 0.11 = 11% reduction in the
stacking separation thus appears to be reasonable for this
study. The resulting ground-state geometries with varying
orientations, interchain distance, and torsion angles were
then used as input for INDO/SCI excited-state calculations.
The resulting excitation energies and corresponding transition
dipole moments were converted into radiative lifetimes using
the Einstein coefficient for spontaneous emission, in which the
radiative lifetime 7.4 for an emitter in vacuum with negligible
reorganization energy can be expressed as

3hc3
64m4v3u?’
where v denotes the frequency of the electronic excitation and
W is the corresponding transition dipole moment.

High-pressure experimental setup has been described
elsewhere.!”

Trad =

III. RESULTS AND DISCUSSIONS

A. Molecular orbital picture

In Fig. 2, we present the calculated energies of frontier
molecular orbitals of PFB:F8BT from three energy levels
lower than the highest occupied molecular orbital (HOMO)
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FIG. 2. (Color online) (a) Illustration of HOMO and LUMO
topologies of F8BT. The size and color of each circle describe
the amplitude and sign, respectively, of the linear combination of
atomic orbitals coefficients associated with the 7 atomic orbitals.
(b) Calculated frontier orbital energies of PFB:F8BT for a range of
torsion angles. Black and red lines refer to molecular orbitals that are
mostly confined on F8BT and PFB, respectively.

to three energy levels higher than the lowest unoccupied
orbital (LUMO) for a range of torsion angles. The major
consequence of planarization is observed in the shifting of
the HOMO-2 level, while the other levels do not change
significantly. This is expected, since the HOMO—2 orbital in
the physical dimers corresponds to the HOMO of the FSBT
chain, whose conformation is changed by tweaking the F8BT
torsion angles (while, e.g., the HOMO and HOMO—1 orbitals
are localized on the PFB segment). It has been established
that the overall transition dipole moment of the lowest excited
state in the complex can be approximated by the first-order
perturbation theory, neglecting ground-state interactions, and
higher-lying donor excited states as

(Hprs |h| HrspT)
Egx — Ecr
x (Hrgpr|i|LFsBT), 3)

(Solu|XP) ~ Ccr{Hprp|u|LrspT) +

where Egx and Ect denote the energies of pure local and
CT electronic configurations, respectively;( Hrgpr|it|LrspT) 18
the transition dipole moment of F8BT; (Hprp|h|Hrspt) is the
(one-electron) matrix element mixing of HOMOs of PFB and
F8BT; and Ccr & 1. The resultant adiabatic states depend
on the tradeoff of the transfer matrix element ( Hprg|i|HrspT)
and the energy mismatch AE between pure local and CT
electronic excitations. The rising HOMO—2 orbital confined
on the F8BT chain with increasing planarization results in a
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smaller energy mismatch A E = Egx — Ect between local and
CT configurations and thus brings about an increased excitonic
character in the lowest CT-like excited state.

B. Transition energies

Figure 3(b) shows the interchain distance and torsion angle
dependence of calculated transition energies in PFB:F8BT.
A remarkable decline in the computed transition energies
is always observed with decreasing interchain distances in
all geometric configurations. Our results agree quantitatively
with the PL redshift probed in the high-pressure experiments
[Fig. 3(a)], albeit the calculations were based on ground-state
geometries. Moreover, the theoretical results suggest that the
excitation energies calculated for ground-state structures that
give rise to CT-like excited states are susceptible to the
variation of interchain distance but not to planarization. This
is correlated with the energy of such excited species being
primarily controlled by interchain interactions. On the other

PFB:F8BT
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FIG. 3. (Color online) (a) Steady-state PL spectra (solid lines)
of 1:1 PFB:F8BT-blended thin films at the indicated pressures. For
comparison, steady-state spectra of a FSBT thin film (symbols) are
shown for the same pressures. The delayed emission spectra (dashed
line) of the blends were integrated 50-100 ns after excitation. (b)
INDO/SCI excitation energies and (c) calculated radiative lifetimes of
the lowest excited states for representative polaron-pair, exciplex, and
excitonic geometries in PFB:F8BT blends as a function of interchain
distance and torsion angle.
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hand, the excitation energy of the covalent excitons is sensitive
to the alteration of both the intermolecular distance and the
torsion angle. High-pressure PL experiments have revealed
that the redshift of exciplexes (370 & 50 meV over 0.1 MPa
to 9.1 GPa for PFB:F8BT blends)!” is smaller than that of
F8BT bulk excitons (530 meV over 0.1 MPa to 8.5 GPa),'°
even though the intermolecular compressibility was found
to be greater than the intramolecular one.*® Our results are
able to shed some light on this. While reducing the interchain
distance results in a similar decrease in transition energies for
the excitonic and CT-like excitations, planarization reduces
the energy of excitons more substantially than it does to CT
states. As a combined effect of reducing interchain separation
and planarization, the pressure application is thus expected to
resultin a larger reduction of the excitation energy for excitonic
states than for CT states.!”

The shift of ~0.15-0.20 eV calculated for exciplexes by
accounting solely for the conformational and packing effects
is underestimated compared to the PL data (~0.4 eV).'®!
The difference is partly due to compressibility of the thin films
and associated change in dielectric shielding. In this respect,
the 0.05-nm reduction in the stacking distance would mean
an anisotropic 11% reduction in volume, which is somewhat
lower than the 20% at 75 kbar estimated in the pressure study
of F8BT.'® We can estimate the polarizability effect by con-
sidering the known compressibility of poly(octylthiophene)
(which carries alkyl chains like in F8BT), where a volume
reduction by 20% is found when going from 1 bar to 50 kbar,
and the density at ambient pressure is 1.1 g/ml.>® The slope
A of the Onsager relation in Eq. (1) amounts to ~1 eV,
valid for a range of oligothiophenes.?’ Inserting all values
in Eq. (1), the spectral shift induced by dielectric screening is
estimated to be 0.05 eV going from 1 bar to 50 kbar. This is an
isotropic model and thus does not account for specific excitonic
interactions. Furthermore, when bringing two chains in a
m-stacked arrangement closer, the specific excimeric/exciplex
effects give rise to additional low-frequency intermolecular
vibronic coupling associated with larger CT character.>* This
may introduce large Huang-Rhys factors and an additional
PL redshift (that can be as large as 0.2 eV) together with the
loss of vibronic structure, as shown previously for a -stacked
molecular nanocrystals®* and for a modeled dimer.?

C. Radiative lifetimes

Figure 3(c) presents calculated radiative lifetimes from the
lowest excited states for a range of intermolecular distances
and torsion angles in various PFB:F8BT ground-state geome-
tries. For structures supporting polaron-pair states as the lowest
excitations, the radiative lifetimes decrease with reducing in-
terchain separation and increase with increasing planarization.
When reducing the intermolecular distance by only 0.03 nm,
the radiative lifetimes of polaron pairs drop to 1/2 or even to
1/3, reducing from a few thousands (characteristics of polaron
pairs) to tens of nanoseconds (characteristics of exciplexes),
due to the increase in oscillator strength.

As for PFB:F8BT exciplex excitations, calculated radiative
lifetimes t;,4 are shortened upon decreasing both the interchain
distance and the torsion angles in the ground-state geometries,
which is consistent with the trend observed from the PL
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lifetimes 7 measured in high-pressure experiments!”-3

[Fig. 4(a)]. The experimental decay rates k = 1/t are the sum
of radiative and nonradiative pathways v = (ky,q + knonrad) ™Y,
where kp,q and kyonrag are the radiative and nonradiative rates,
respectively. Thus, we should be cautious when comparing
the experimental lifetime data t to the calculated radiative
lifetimes, T.,q = 1/kiq. However, it has been shown that the
reduced PL quantum yield observed in F8BT and F8 systems
under pressure is due primarily to the reduced radiative decay
rate of the excitons, while the nonradiative decay channels
seem to be less affected.'® The radiative lifetimes 7.4 thus
serve as an important indicator for the trend of the overall life-
times 7. Calculated radiative lifetimes for geometries resulting
in exciplexes reduce with increasing planarization [middle
panel of Fig. 3(c)]. However, their behavior as a function
of interchain distance is more complex, and two patterns are
identified. For the larger torsion angles of 35° and 30° (case
1), the radiative lifetimes decline with reducing interchain
distance. However, for the smaller torsion angles of 27° and 25°
(case 2), we observe an initial increase followed by a reduction
of radiative lifetimes upon decreasing interchain distance. A
similar trend as for case 2 is predicted for TFB:F8BT exci-
plexes [Fig. 4(b)] and is consistent with the pressure-dependent
lifetimes measured for TFB:F8BT blends [Fig. 4(a)].

The two behavior patterns can be rationalized by analysis of
Eq. (3). Spatial overlap between the wavefunctions increases
upon decreasing the interchain distance, which results in
stronger electronic couplings ( Hprs|h|Hrgpr) in Eq. (3). This
in turn yields an enhanced contribution from the localized
excitonic excitation into the lowest CT state. On the other
hand, reducing the intermolecular distance may increase AE
because the CT diabatic state is shifted down in energy by
the coulomb energy between the bound charges. According
to Eq. (3), the increase in AE acts in the opposite direction
compared to the increased electronic coupling and tends to
reduce the covalent-ionic mixing. In case 1, the decreasing

Exciplexes

- ) 10° o
£ 5l5e @b 35 w
= 1 . 1 =
e " PFBF8BT 3, - 5
5 = L B *10°2
e . B > 7 2?:'._ t —
= L) & Ao @
Q =2 2
1R EPUDRPSISR ) PRSI SO T, 1

0 20 40 60 80 0 -1 -2 3 4 -5 —

Pressure (kbar) Decrease of interchain
distance (102 nm)

FIG. 4. (Color online) (a) Experimentally observed lifetimes of
the exciplexes in PFB:F8BT- and TFB:F8BT-blended thin films as a
function of pressure. The lifetimes are determined by fitting the PL
decay of the intensity /(¢) at 50-80 and 35-80 ns after excitation
for PFB:F8BT and TFB:F8BT blends, respectively, at the energy
of the exciplex by the geometric function I1(r) = 1(0)/(1 + ¢/ 7.)P,
where 8 = 2.75. (b) Calculated excited-state radiative lifetimes of
representative TFB:F8BT exciplexes geometries as a function of
interchain distance and torsion angle. The gray arrow indicates the
trend of the calculated t,,q with increasing pressure, which decreases
the intermolecular distance and planarizes the molecular backbone.
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radiative lifetimes imply that the overall evolution is driven by
the energy mismatch AE. In case 2, the calculated radiative
lifetimes first increase considerably when the interchain
distance is compressed. In this range of torsion angles, the
CT character thus mostly scales with AE: reduced D-A
spacing implies larger A E, more prominent CT character, and
longer radiative lifetimes. This is because AFE is smaller for
less twisted conformers, so a slight change in intermolecular
separation strongly perturbs the system and results in large
changes in the mixing coefficients. When the interchain
distance is decreased further to a critical point (0.03 nm, in this
case), the CT diabatic state is strongly stabilized so that AE
takes a substantial value; in this regime, the electronic matrix
element is large enough to counterbalance or even exceed the
AFE effect. Thus, reduced intermolecular separation translates
into larger couplings, increases mixing in the lowest excited
state (i.e., reduced CT character), and results in a shortening
radiative lifetime.

The lowest panel of Fig. 3(c) shows radiative lifetimes
calculated in PFB:F8BT configurations where excitons are
the lowest electronic excitations. It is striking to see that the
exciton radiative lifetimes are drastically increased when the
interchain distance is reduced. This increase (up to a few
hundred nanoseconds) indicates admixture of CT character
into the covalent states, which is also supported by the
excited-state charge distribution. Our finding suggests that by
compressing interchain distance by only 0.03 nm, intrachain
bulk excitonic excited states may convert into dominant
interchain CT excited states. We consider that this is due to
an adjustment of the surrounding environment, in which elec-
tronic intermolecular interactions and dielectric polarization
per unit volume strengthen at a reducing interchain distance.
We recall that in the ground-state geometries supporting
excitons as the lowest excited states, F8 units of PFB are on
top of BT units of F8BT, which locally resembles F8BT-only
copolymers. A significantly increased CT character is thus
anticipated and has indeed been observed in a pure F8BT film
under pressure.'® Planarization of ground-state geometries
also contributes to an increased interchain CT character, yet to
a smaller extent than interchain separation.

The calculated polarization of the transition dipole moment
with respect to the chain axis, which can be expressed through
the angle ¢, is consistent with our findings in the radiative
lifetimes. The ground-state geometries that lead to excitonic
excitations have transition dipole moments primarily polarized
along the chain axis. In contrast, the transition dipole moments

TABLE I. INDO/SCI rotational angles ¢ between the transition
dipole moment and the chain axis direction calculated for the
lowest excited states of representative (a) exciplex and (b) excitonic
geometries in PFB:F8BT blends as a function of the decreased
interchain distance (Ad) and the torsion angle ().

6 Ad (—0.00 nm) Ad (—0.04 nm)
(a) Exciplexes 35° 24.5° 36.4°

25° 0.6° 23.2°
(b) Excitons 35° 0.4° 3.7°

25° 0.6° 15.0°
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of the ground-state geometries that give rise to CT excitations
have a substantial contribution from the stacking direction.
Table I shows that for exciplex excitations, ¢ increases with
decreasing interchain distance but decreases with planariza-
tion. On the other hand, for ground-state geometries that lead
to excitonic excitations, decreasing the interchain distance
or planarizing the backbone may significantly enhance the
polarizations along the stacking axis.

IV. CONCLUSIONS

We have modeled the electronic structure in the lowest
excited states of model systems for polyfluorene-based D-A
blends and have disentangled the different intramolecular
and intermolecular contributions to the pressure-induced PL
spectra shifts and changes in lifetimes. These contributions
stem from decreased intermolecular distances, increased pla-
narization of the polymers chains, and (to a smaller extent)
increased density and dielectric screening. The results of
our quantum-chemical calculations are consistent with PL
experimental data and point to the following effects:

(1) Redshift of interchain CT-like (ionic) excitations ob-
served under pressure is primarily ascribed to the reduction
of the interchain distance, whereas that of intrachain excitonic
(covalent) excitations is due to a combined effect of interchain
compressibility and planarization. The loss of the structure in
the PL spectra is attributed to an increase of vibronic coupling
under pressure, which contributes as well to the observed PL
shift.

(2) Enhanced exciplex emission may be expected at high
pressure because the reducing interchain separation tends to
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attenuate the CT character of the polaron pairs and magnify
that of the excitons.

(3) The intramolecular excitons may transform into inter-
molecular CT states under high pressure.

Our work illuminates the important interplay between local
geometric configuration, chain conformation, and dielectric
environment in shaping the nature of the electronic excited
states at D-A polymer interfaces. The use of hydrostatic
pressure appears as an elegant way to tune the relative contri-
butions from intermolecular and intramolecular interactions
and reveals the rich photophysics of conjugated polymers
heterojunctions, which should be useful in designing materials
for light-emitting and photovoltaic applications.
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