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New Concepts Statement

We present the first experimental quantification of intra- and intermolecular polarized absorption
components for polarons in a polymer organic semiconductor (OSC). Mid-IR polaron absorption in OSCs
serves as a sensitive probe of material disorder at sub-nanometer length scales, and the correct interpretation
of absorption features is critical for development of structure-property relations. Conventional adiabatic
interpretations based on the Born-Oppenheimer approximation predict two mid-IR transitions arising from
mid-gap electronic states: 1) an intramolecular-polarized peak (P;) corresponding to a transition to the
lowest energy mid-gap state and 2) a lower energy intermolecular-polarized peak (A) arising from charge-
transfer between neighboring chains. However, these predictions had never been experimentally resolved
until this work. Here, we unambiguously resolve the intra- and intermolecular polarized absorption
components through sensitive polarized IR spectroscopy alongside structural characterization to quantify
molecular orientation. The experimental results are discrepant with the conventional, adiabatic treatments,
as we find the peak A band has a substantial intramolecular component. Instead, the results are consistent
with the predictions of a nonadiabatic treatment that incorporates nuclear kinetic energy effects in charge-
phonon coupling within a Holstein-style Hamiltonian. This work shows that a nonadiabatic treatment is

necessary to interpret IR absorption spectrum and probe material disorder and polaron coherence lengths.
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This study provides the first experimental polarized intermolecular and intramolecular optical absorp-
DOI:00.0000/000000000x tion components of field-induced polarons in regioregular poly(3-hexylthiophene-2,5-diyl), rr-P3HT,
a polymer semiconductor. Highly aligned rr-P3HT thin films were prepared by a high temperature
shear-alignment process that orients polymer backbones along the shearing direction. rr-P3HT in-
plane molecular orientation was measured by electron diffraction, and out-of-plane orientation was
measured through series of synchrotron X-ray scattering techniques. Then, with molecular orientation
quantified, polarized charge modulation spectroscopy was used to probe mid-IR polaron absorption
in the i = 0.075 - 0.75 eV range and unambiguously assign intermolecular and intramolecular op-
tical absorption components of hole polarons in rr-P3HT. This data represents the first experimental
quantification of these polarized components and allowed long-standing theoretical predictions to be
compared to experimental results. The experimental data is discrepant with predictions of polaron
absorption based on an adiabatic framework that works under the Born-Oppenheimer approxima-
tion, but the data is entirely consistent with a more recent nonadiabatic treatment of absorption
based on a modified Holstein Hamiltonian. This nonadiabatic treatment was used to show that
both intermolecular and intramolecular polaron coherence break down at lengths scales significantly
smaller than estimated structural coherence in either direction. This strongly suggests that polaron
delocalization is fundamentally limited by energetic disorder in rr-P3HT.

1 Introduction
dressed with lattice nuclear displacements. The resulting quasi-

particle, a polaron, can have significant spatial localization and
typically moves via thermally activated hopping transportm. Po-
laron interactions with OSC lattices yield a rich variety of photo-
physical properties that manifest as sub-band gap absorption fea-
tures. Numerous theoretical methods including semi-empirical
Hartree-Fock methodsm@, Holstein-style Hamiltoniansm, and
Density-Functional-Theory (DFT)?"M have been used to interpret
these absorption features.

Electronic charge carriers in organic semiconductors (OSCs)
display strong electron-phonon coupling that result in carriers
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The picture presented by the semi-empirical methods has been
influential across a wide variety of systems[m'@]. In this interpre-
tation, the adiabatic treatment of a single, nondegenerate ground
state polaron on a one-dimensional z-conjugated polymeric OSC

Okinawa 904-0495, Japan ] ) ) yields two mid-gap states: one slightly above the valance band
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the “mid-gap” state model, and these new states appear in the
material band-gap due to nuclear relaxation associated with the
aromatic-quinoidal stretching mode of 7 @, ~ 0.17 eV Two di-
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mensional interactions, such as polymer interchain rz-orbital over-
lap, create level splitting of these mid-gap features® 171821 and
this splitting gives rise to a low energy optical transition (i <0.2
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eV) historically termed the charge-transfer (CT) or delocalized-
polaron (DP1) peakdiZ1221l The low energy peak is interpreted
to arise purely from interchain interactions that result in a transi-
tion dipole moment (TDM) polarized along the interchain pack-
ing axis®1Z, The mechanism for mid-gap state polaron absorp-
tion is depicted schematically in Figure [1} where the interchain
polarized nature of CT/DP1 is shown.

However, more recent DFT work questions the assignment and
physical origin of polaron mid-gap states even under an adiabatic
approximation2“. Particularly, DFT methodologies that incor-
porate a mean-field level of Coulombic interaction between hole
polarons and electrons suggest a strikingly different occupation
scheme of mid-gap states compared to previous literature?22,
Furthermore, adiabatic treatments tacitly work under the Born-
Oppenheimer approximation, but the kinetic energies of vibra-
tional modes responsible for charge-phonon coupling in OSCs are
not negligible, as has been demonstrated for Frenkel excitons in
n-conjugated systems where electronic degrees of freedom are
strongly linked to select phonon modes23-28. Significant nuclear
vibrational energies necessitate nonadiabatic treatments. Indeed,
incorporating nonadiabatic effects into polaron absorption and
transport can explain some ultrafast dynamics in charge-transfer
blends and neat polythiophenes, where charge-transfer dynam-
ics are mediated by time scales associated with the aromatic-
quinoidal stretch (~ 23 fs)223U Furthermore, nonadiabatic the-
oretical treatments based on a modified version of the Holstein
Hamiltonian predict a different interpretation of the low energy
absorption peak (i.e. the formerly assigned CT or DP1 peak)®31,
These treatments suggest this low energy peak (assigned peak
"A", and referred to as such in this manuscript), arises from in-
terchain transitions, in agreement with the interpretation from
adiabatic approaches, and intrachain transitions, a stark depar-
ture from previous adiabatic calculations®32. This discrepancy
necessitates experimental confirmation of intrachain and inter-
chain polaron TDMs (| and p | respectively).

The correct interpretation of the origin of this low energy ab-
sorption feature bears fundamental consequences on the valid-
ity of the Born-Oppenheimer approximation in treating the op-
tical excitations of polarons in polymeric OSCs. Furthermore,
the mid-IR absorption spectra of polarons on polymers can pro-
vide crucial information connecting local (sub-nanometer) ener-
getic and structural order to polaron delocalization and charge
transport®73234 and the low energy peak A has been used pre-
viously as an indirect measure of polaron interchain interaction
strength1#17°21 The validity of using peak A to probe interchain
polaron interactions is entirely dependent on understanding the
polarized TDM contributions to this peak. Thus, in addition to
expanding fundamental understanding of nonadiabatic effects on
polaron photophysics in polymeric OSCs, the correct assignment
of polaron absorption features is vital for structure-property in-
vestigations.

A significant experimental challenge in validating any treat-
ment of polaron absorption is the ability to isolate interchain
and intrachain absorption contributions. In this work, intra-
chain and interchain mid-IR polaron absorption components are
unambiguously determined in shear-aligned regioregular poly(3-
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Fig. 1 Schematic showing the mid-gap polaron electronic states based on
adiabatic treatments®lLZU812L - A polaron confined to a single chain (left
panel) creates two mid-gap states, one empty and one singly occupied,
with a low energy intrachain transition P1 in the mid-IR and a higher
energy transition P2 in the near-IR. Central panel depicts the splitting of
mid-gap states induced by interchain interactions. Splitting within the
lower mid-gap state gives rise to an interchain polarized, low-energy tran-
sition DP1 or CT. It should be noted that the peak assignment presented
in this schematic is questioned by more current DFT work@11 but this
picture has remained important for experimental interpretation2720,

hexylthiophene-2,5-diyl), P3HT,=2 by polarized charge modula-
tion spectroscopy (CMS). We show that the polarized absorp-
tion spectra are entirely consistent with a nonadiabatic theoret-
ical framework of polaron absorption based on a modified Hol-
stein Hamiltonian®Z, Furthermore, we show that the low energy
polaron absorption feature of peak A comprises substantial inter-
chain and intrachain polarized absorption components, where the
contribution of the intrachain TDM cannot be ignored. This last
observation makes it impossible to reconcile these experiments
with the traditionally-used adiabatic treatment of polaron absorp-
tion and indicates that nonadiabatic treatments are necessary.

2  Results and discussion

2.1 Quantifying molecular orientation

The P3HT (Fig. [2h) employed in this work had perfect regioreg-
ularity (>99%, within measurement error) and a high enough
molecular weight (M, = 37 kg mol~!) to be relevant for elec-
tronic device applications (Section S1.1 ESIT). P3HT thin films
have a semicrystalline microstructure with three relevant crystal
stacking axes shown in Fig. [2p: the a-axis lamellar stacking arises
from ordering along polymer side-chains, the c-axis backbone
stacking arises from coherence of monomer repeat units, and the
b-axis n-stacking arises from ordering induced by m-molecular
orbital overlap. The crystalline regions comprise 2-dimensional
sheets of polymers with ordering in the c- and b-directions, and
these sheets stack in the lamellar direction to form 3-dimensional
crystals.

Polymer chains were shear-aligned to produce highly in-plane
anisotropic films with chains largely aligned along the shearing
direction according to methods previously reported by Hamidi-
Sakr et al.3Z38 polymer backbone (c-axis) orientations then have
a narrow distribution about a single direction, and this alignment
is shown schematically in Fig. for two limiting cases of poly-
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Fig. 2 Polymer structure and definitions of polymer orientation. a)
Chemical structure of regioregular P3HT. b) Schematic of approximate
polymer crystalline packing38 shows the lamellar stacking (a-axis), back-
bone stacking (c-axis), and m-stacking (b-axis) directions. The intrachain
TDM, Ky, is oriented along the backbone c-axis, and the interchain TDM,
W, is oriented along the z-stacking b-axis. ¢) View along the incident
light wavevector, k, as seen in optical absorption measurements of poly-
mer films. The incident light electric field vector, E, is defined by the
angle 0 to the polymer c-axis. Two limiting cases of P3HT orientation
with respect to the substrate are shown where the a-axis is normal to
the substrate in the edge-on configuration and the a-axis is parallel to
the substrate in the face-on configuration. The actual orientation dis-
tribution comprises a range of out-of-plane crystallite orientations. d)
View along the polymer c-axis of aligned polymer films. Out-of-plane
crystallite orientation is defined by polar angle y between the substrate
normal and crystallite a-axis.

mer orientation with respect to the substrate. The polymer crys-
talline texture thus exhibits a defined in-plane orientation with
T oriented along a single direction, but a possible range of out-
of-plane orientations such that u | has an orientation distribution
that is not necessarily limited to the two extremes of out-of-plane
orientation shown in Fig. [2k.

Fig. shows the definition of out-of-plane crystallite orienta-
tion used in this work, where the polar angle y defines the a-axis
orientation relative to the substrate normal. Crystallite orienta-
tions form a distribution, /(y), that ranges from fully face-on,
x =90°, to fully edge-on, xy = 0°, as shown by X-ray pole fig-
ure analysis of the lamellar (100) peak in Fig. [Bh. The pole
figure was constructed quantitatively according to existing meth-
ods (Section $2.2 ESIT)3Y. Briefly, the (100) peak intensity as a
function of polar angle was measured by grazing incidence X-ray
scattering and then stitched with a specular diffraction rocking
curve. The latter measurement is necessary to capture the highly
oriented edge-on crystallite fraction present at the substrate in-
terface (y < 0.01°)4%, where charges probed by CMS reside. The
sharp peak at y ~ 90° is caused by the highly oriented face-on
crystallite population. We assume that, except for the highly-
oriented fractions located at the substrate interface, the remain-
der of the crystallite distribution is uniform throughout the film,
and thus the pole figure is representative of the interfacial distri-

bution probed by CMS.

Fig. shows electron diffraction data used to assess back-
bone (c-axis) alignment and in-plane orientation. Sharp diffrac-
tion peaks associated with polymer backbone (002) and (h02)
planes are present in the alignment direction. Additionally, sharp
equatorial lamellar (h0O) peaks appear alongside the m-stacking
(020) peak, showing films comprise edge-on and face-on domains
with the polymer chain axis oriented in the alignment direction‘L.
Fig. shows electron diffraction data of the (002) backbone
peak as a function of azimuthal angle, ¢. The intensity of this
diffraction peak as a function of ¢ is representative of the polymer
in-plane orientation distribution, F(¢). There is some misorienta-
tion of polymer chains about the alignment axis as evidenced by
the breadth in the (002) diffraction peak, though this breadth is
small at ~ £+7° about the nominal alignment direction.

Polymer chain alignment was additionally verified with polar-
ized FT-IR absorbance shown in Fig. S7 ESIf. Polarized FT-IR
absorbance measured TDMs oriented along the polymer back-
bone, namely a C=C stretching mode at v, c=¢=1510 em~! and
a thiophene =C-H stretching mode at v_c.;;=3050 cm~'4244,
The amplitudes of these modes show large dichroic ratios (Table
S3 ESIT) and a cos?(6) dependence on incident light orientation,
where 0 is described in Fig. [2k. This is the expected functional
dependence of absorption for highly oriented polymer backbones
(see Equation S27 ESIt). Absorbance peaks between 1400 cm™!
and 1480 cm~! also have a strong polarization dependence (Fig.
S7 ESIT). These modes were not used for orientation analysis in
this work since this region comprises overlapping modes of both
lower energy C=C vibrations (1449 cm~!) and CH, and CHj

bending modes of the alkyl side chains (1455 cm~! and 1465
cm—1)A243045|

2.2 Polarized CMS and absorption modeling

2.2.1 Quantifying absorption components

Polarized CMS was performed to measure polaron absorption
components, taking advantage of the polymer backbone orien-
tation. CMS probes absorption of field-induced charge carriers
by measuring changes in thin-film transmission, AT, associated
with modulations in film charge density, Ap, in charge density
regimes where charge carrier interaction is expected to be low
(Pvolume~ 10'° em ™3, ~1 charge per 100 monomers), and avoids
introduction of dopant bands or dopant-polaron interactions (for
estimates of charge density, see Section S2.5 ESIT). If the poly-
mer were purely edge-on, the intrachain and interchain polarized
CMS spectra would be directly related to the intrachain and in-
terchain TDMs respectively (Section S2.3 ESIt).

Because the films employed in this study comprise crystal-
lites with a range of out-of-plane orientations, additional care is
needed to quantify interchain and intrachain polarized absorption
components. The measured intrachain and interchain polaron ab-
sorption (¢ and a, respectively) can be quantitatively linked to
crystallite orientation, /()), incident light electric field orienta-
tion, 0, and the relevant TDM components, I and p |, as shown
in Equations[I]and [2] (derivations in Section S2.3 ESI{).

Journal Name, [year], [vol.], 1@ |3
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While the intrachain polarized absorption component has no de-
pendency on out-of-plane crystallite orientation (Equation[I]and
S$23 ESIT), the interchain polarized absorption component has a
cos?(x) type dependence (Equation [2| and Equation S24 ESIY).
For a perfectly face-on crystallite, u, is orthogonal to the inci-
dent light electric field vector, E, and the associated absorption
is dark in CMS. This means that, unless a thin film is perfectly
edge-on orientated such that /() is a delta function centered at
x = 0°, the measured interchain polaron absorption component
is necessarily weakened purely due to geometric effects of crys-
tallite orientation. Since a key goal of this work was to quantify
interchain and intrachain absorption components, we make an
adjustment based on the measured /() distribution to the mea-
sured interchain polaron absorption component that accounts for
the relative weakening due to crystallite orientation. Full details
of this adjustment and derivation of relevant equations are given
in Section S2.3 ESIj.

a) — 10" 4
:' § . " .
_Q' 4
8,107 3
> ]
2 10° -
8
£ UL ALY T Lk
0.001 0.01 0.1 o 1 10
x [°]
b e
) ) 5o
|- Fit

Intensity [arb. u.]

20 -10 60 10 20

Fig. 3 In-plane and out-of-plane polymer crystallite orientation analy-
sis. a) Pole figure of the (100) lamellar peak used to define polymer
out-of-plane orientation distribution I()) . Inset shows data near y =0°
on a linear x-scale. b) Electron diffraction data with labelled diffraction
peaks. Arrow shows shearing and nominal polymer alignment direction.
Coordinate axes as defined in Fig. [2| shown, along with the definition
of polymer backbone azimuthal angle, ¢. ¢) Polymer backbone (002)
diffraction intensity as a function of azimuthal angle used to define poly-
mer in-plane orientation distribution F(¢). A Gaussian fit is shown that
was used to estimate misorientation of polymer chains.
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2.2.2 CMS and model fitting of polaron spectra

After making the adjustments necessary to account for crystallite
out-of-plane orientation effects, the measured charge modulation
spectrum for the interchain absorption component is scaled up
by a factor of 2.45. This scaling gives the absorption that would
be expected for a perfectly edge-on film where none of the in-
terchain absorption component is weakened due to out-of-plane
crystallite orientation effects. Combining the experimental intra-
chain and adjusted interchain spectra allows quantification of the
relative intensities of the polarized absorption components for po-
larons in P3HT and allows for simultaneous absorption model fit-
ting to both components without separate scaling. To the best of
our knowledge, this is the first time a quantitative comparison of
these absorption components has been reported.

Model fits were performed using a Holstein-style Hamiltonian
and basis set described previously®7i33,
actions are not considered in this work, as these energies are ex-
pected to be negligible due to the low charge densities accessed in
CMS devices (~1 polaron per 100 monomers, Section S2.5 ESIt).
For an MxN aggregate consisting of N polymer chains each con-
taining M thiophene units, the resulting Hamiltonian, H, com-
prises two main components: 1) Hy, which captures hole polaron
hopping, vibrational excitation, and charge-phonon coupling, and
2) Hyg;s, which captures energetic disorder. The Hamiltonian is
shown in Equation (3)"°.

Polaron-polaron inter-

H=H, +Hdis 3
where,

Hy =

T

Z%;ll Zﬁ:l tintra (dm+1"ndm,n + h.C.) +
Z}r‘n/lzl Zg:_]l tinter (djn,nJrldm,n + h.C.) +
T 0y, Z%:l Z;V:I b;‘;unbm’n +

hoy XM YN (A(Bhn + by y) + A2 iy (D)

and

M N

Hys = Z Z gmdjn,ndmﬁn )

m=1n=1

In equations (E) and , djnn and d,, , represent the raising and
lowering Fermion operators respectively for a single hole on the
m™ monomer of the n chain. Here, a hole represents a half-
filled local thiophene HOMO, and h.c. represents the Hermitian
conjugate. bjn,,, and b,, , represent the raising and lowering Boson
operators for vibrational quanta. The first two terms in Equation
account for local hole energy and electronic coupling, with
the intrachain (interchain) transfer integrals of tiya (tinger)- Vi-
brational excitation involving the aromatic-quinoidal stretch with
hoyp = 0.17 €V is accounted for in the third term. The fourth
term represents local charge-phonon coupling, quantified by the
Huang-Rhys factor, A2, which is approximately one for molecu-
lar thiophene®. hw,;,A2 is the nuclear relaxation associated with
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polaron formation on a given site®. Disorder is incorporated as
diagonal disorder in Equation by adding a random energetic
offset, &,, to each site determined from a Gaussian distribution,
P(&n), with breadth, oy, of site energy offsets given in Equation

@.

Pen) = (2102) 7 exp(—¢2/(203)) ©)

In this work, a 10 thiophene by 4 chain P3HT z-stack (M =
10, N = 4) was used as a model aggregate, with tj,;q = -0.4
eV and tjper = -0.11 eV, in line with previous applications of
the Hamiltonian in Equation (3)°224. Energetic disorder was
modeled as short-range in the intrachain direction, where each
monomer along a single chain could have a different site energy,
and long-range in the interchain z-stacking direction, where the
m™ monomer site energy is identical across the 4 chains. This
leads the energetic offset term, g, in Equations |[5|and E] to only
have a dependence on the monomer position, m. A Gaussian
breadth of o4 = 0.3 eV was used for the energetic offset dis-
tribution in Equation (). Limiting the stack to four chains is a
way of incorporating shorter-range interchain disorder. Including
more than (fewer than) four chains would red-shift (blue-shift)
the b-axis interchain polarized component of peak A away from
the measured peak. Details on the calculation of absorption spec-
tra are presented in Section S2.4 ESI.

Fig. ,b show, on the same scale, the intrachain and ad-
justed interchain polarized CMS components respectively, along
with model fits to the spectra. Once we correct for the crys-
tallite out-of-plane orientation distribution, both spectra are fit
simultaneously without any scaling factor needed. Absorption
cross sections, ¢, are comparable to those in similar molecular
weight P3HT processed from 1,2,4-trichlorobenzene that forms
structurally ordered films4®, and higher than those of lower
molecular weight P3HT and some high mobility donor-acceptor
polymers1847 suggesting that polarons occupy structurally or-
dered environments. The intermolecular polarized spectrum has
a residual background at w >0.25 eV which is likely from the dis-
ordered film fraction and slight misorientation of crystallites=Z.,

Our coarse-grained theoretical treatment of polaron absorption
captures the broad, electronic polaron transitions. The model
does not account for the very sharp infrared active transitions
that appear in the spectrum for 7w < 0.2 eV (insets in Fig. [4h,b).
Such Fano-resonances arise from antiresonance interference be-
tween narrow linewidth vibrational transitions and broad polaron
electronic transitions4®. Nevertheless, our treatment captures the
general envelope of the polaron electronic transitions. We verify
the reliability of our spectral geometric adjustments by using the
model fits for the pure intra- and interchain components (Fig.
[h,b) and adjusting model fits according to Equations S27 and
S28 ESITt, for intermediate polarization angles to verify the ex-
perimental results. Fig. |4c shows the adjusted model fits for two
additional polarization angles (additional CMS sample shown in
Fig. S8 ESIt). The model fits capture the relative intensities and
spectral shapes qualitatively well.

2.2.3 Interpreting polaron absorption

The spectral region of iw < 0.20 eV comprises peak A (high-
lighted in Fig. [4p,b). This spectral region represents the formerly
assigned DP1 or CT peaks as shown in Fig. The experimen-
tal results show that this peak has a significant interchain spec-
tral weight component (Table S2 ESI{). However, the intrachain
component in this spectral region is also significant, representing
nearly half the spectral weight of this peak, and this is discrepant
with predictions of the adiabatic mid-gap state picture shown in
Figure [1]®#16"I8 The spectra in Fig. [4h,b matches closely with
previous theoretical predictions of Ghosh et al.33 and display
qualitatively similar interchain and intrachain absorption com-
ponents as estimated by Chew et al.
of P3HT=%. However, we emphasize that previous experimental
work and modeling was based on data acquired from spin-coated
thin films, which have in-plane cylindrical symmetry, and thus
do not allow for quantification or unambiguous measurement of
the polarized absorption components. Therefore, this work rep-
resents the first time that these absorption components have been
experimentally resolved.

on CMS measurements

The experimental and simulated spectra highlight other sub-
tle points of polaron absorption in P3HT. The large oscillator
strength of peak A in both the intra- and interchain components
can be interpreted as arising from an interplay between charge
transfer and vibronic coupling. The red-shift of 37 meV (~300
cm~!) of the interchain component of peak A (Fig. ) compared
to the intrachain component (Fig. [4p) reflects the much weaker
inter- vs intra-chain electronic coupling (|tintra| > |tinter|) match-
ing well with previous predictions using the same Holstein-style
Hamiltonian employed here®3. As shown in Figure $9 ESIt, with
increasing polaron localization the energy of peak A tends to-
wards the aromatic-quinoidal vibration (Aw=0.17 e€V) which can
be understood as a form of Herzberg-Teller coupling®23342, The
intensity of peak A is directly linked to the nonadiabatic charge-
phonon coupling introduced in the third and fourth terms of
Equation Indeed, removal of these terms (i.e. removing vi-
bronic coupling effects) destroys the separation of peak A and
peak B as is shown in Figure S9 ESI.

Fig. shows the coherence function (Equation S35 ESIT) of
the ground state polaron wavefunction as found from the model
fits shown in Fig. [4p,b. Coherence is greater in the intrachain di-
rection at 5.2 monomer sites (~1.62 nm), which is smaller than
the polymer persistence length (I, ~3 nm in solution) 20 The in-
terchain coherence is smaller at 3.5 monomer sites (~0.96 nm).
This yields a polaron “size” of ~1.55 nm?. Compared to sizes
extracted from CMS measurements on a similar dielectric inter-
face, the size here is significantly larger than that of spin-coated
P3HT, where an effective polaron size of ~0.44 nm? was found=4.
However, passivation of oxide dielectric interfaces is known to re-
duce energetic disorder in OSC thin films. The films employed in
this study do not have any dielectric surface modifications due to
the polymer aligning process used, and the polaron size is smaller
than that of spin-coated P3HT on a silane modified SiO, interface,
where an intrachain (interchain) coherence of 5.2 (5.0) monomer
sites was found for a polaron size of ~2.98 nm?24. This suggests

Journal Name, [year], [vol.], 1@ |5
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Fig. 4 Polarized CMS experimental results and model fits. On the ordinate same scale, a) Intrachain (E at 6 =0°) and b) Interchain (E at 6 =90°)
CMS spectra (symbols) and model fits (solid lines). The peak A region is highlighted, and the interchain component has been multiplied by 2.45 to
adjust for crystallite out-of-plane orientation effects on absorption (Equation S30 ESIt). Data is shown in units of both AT /T and absorption cross
section, o, as calculated from Equation S2 ESI{. Insets show spectral region of fiw < 0.20 €V and sharp anti-resonance dips in the absorption spectra.
Dashed vertical lines in insets show center of Peak A absorption with labels. ¢) CMS data (symbols) at various E orientations relative to polymer
chain alignment (see Fig. [2)) with combinations (solid lines) of intrachain and interchain fits according to Equations S27 and S28 ESIt. Component
fits are shown in Fig. S8 ESI{. d) Two-dimensional ground state polaron coherence function, Cy(r), defined in Equation S35 ESI{, as found from fits
of the polarized CMS data. Cy(r) is shown as a function of intrachain and interchain position for a P3HT n-stack. One-dimensional intrachain and
interchain coherence shown on the sides of the two-dimensional data, along with estimated polaron coherence lengths of 0.96 nm interchain and 1.62

nm intrachain based on the sum shown in Equation S36 ESI{.

that, while mesoscale polymer alignment can certainly increase
polaron delocalization, particularly in the interchain direction, re-
ducing energetic disorder may be a more important contributor to
increasing polaron delocalization.

2.3 Discussion of polaron coherence limits

We have shown here that a nonadiabatic Holstein-style model ac-
counts for both the interchain and intrachain mid-IR absorption
spectrum of polarons in aligned P3HT films. Models based on
an adiabatic treatment of the aromatic-quinoidal vibration have
attributed the low-energy absorption peak (DP1, CT, or A ) en-
tirely to interchain charge-transfer involving a low-energy mid-
gap state®10l17  While this understanding has underpinned a
number of experimental interpretations1®1221 this treatment
cannot account for the substantial intrachain absorption compo-
nent measured here. Moreover, the nonadiabatic Holstein model
employed here emphasizes the importance of vibronic coupling
in polaron transitions which is absent in adiabatic treatments of
interchain absorption. For both inter- and intrachain components
the amplitude of the peak A diminishes and tends towards the fre-
quency, @,;,, of the aromatic-quinoidal mode (hw,;, = 0.17 €V)
as the polaron localizes (Figure S9 ESI1)2233 which is corrobo-
rated by numerous studies of chemically doped P3HT where the
peak A lies close to wy;, 21", Nonadiabatic vibronic coupling ap-

6| Journal Name, [year], [vol.], 1@

pears essential to capturing the appropriate physics of charge mo-
tion and optical absorption in 7-conjugated systems as has been
shown for exciton absorption and ultra-fast dynamics of polarons
in charge-transfer blend systems23124126127129130,

Having verified that the nonadiabatic Holstein model we use
to interpret mid-IR polaron absorption spectra is consistent with
our polarized absorption measurements, we are able to gain in-
sights on limits of polaron coherence in P3HT. In similar aligned
films as used in this study, crystallites have been measured
with structural coherence lengths along the chain direction of
Io. chain ~14 nm, 74154 and the X-ray scattering of this work gives
a m-stacking coherence length of /. ; ~6.5 nm (Fig. S6 ESI{).
Comparing these experimentally measured structural coherence
lengths to the calculated polaron coherence lengths based on
CMS results (1.62 nm intrachain and 0.96 nm interchain, Fig. |4)
reveals that polarons are much smaller than the structural co-
herence in both the intrachain and interchain directions at less
than ~15% of the structural coherence in either direction. The
significant localization of the polaron in P3HT when compared
to both crystallite structural coherence and polymer solution per-
sistence length (/, ~3 nm) 20 matches well with previous inter-
pretations of relatively large nanoscale disorder present in P3HT
crystallites=4,

This is also apparent from comparison of estimated polaron
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delocalization lengths on structurally disorder-free chains where
coherence extends up to 10 monomer sites®, Despite having
films with ordered microstructures in this work, the polaron co-
herence length along the polymer backbone is no greater than
that found for spin-coated P3HT films, regardless of dielectric
surface modification®#. Furthermore, comparing the interchain
polaron coherence lengths found in this work with that of spin-
coated P3HT on a silane-modified oxide shows that the interchain
polaron coherence is lower in the aligned P3HT films of this work
(~3.5 compared to ~5 monomer units)24, despite the improved
mesoscale ordering of the aligned films. Some care should be
used in interpreting interchain structural order, as, despite the
relatively large interchain structural coherence found in aligned
P3HT films, there is still significant structural disorder in this di-
rection, as even room-temperature thermal fluctuations of OSC
lattices can induce paracrystallinity on the order of 5%=2°, and
we estimate a paracrystallinity of 9.2% (Fig. S6 ESIY), in line
with other higher molecular weight P3HTR258 Nevertheless, the
decreased interchain polaron coherence length in this work com-
pared with that of P3HT with less energetic disorder®# further
shows that structural coherence is not the key limiting factor to
polaron coherence.

Shear-alignment results in P3HT films with relatively long
interacting conjugation segments as evidenced by a low H-
aggregate interchain exciton bandwidth (~36 meV Fig. S4 ESIT),
but this value remains similar to values of P3HT spin-coated from
high boiling point solvents!>2?. This again suggests that, de-
spite the remarkable macroscopic and mesoscopic ordering of our
shear-aligned P3HT films, factors outside of structural coherence
disrupt polymer conjugation and polaron/exciton coherence.

Indeed, these results strongly suggest that, at least in the back-
bone direction of P3HT, local energetic disorder and dynamic dis-
order associated with thermal fluctuations of polymer lattice sites
govern charge localization, rather than static structural disorder.
We base this conclusion on the observation that intrachain po-
laron delocalization in P3HT films with a lower degree of intra-
chain structural coherence is similar to the delocalization of the
ordered shear-aligned films in this work>%, Energetic disorder has
been shown to be a limiting factor in delocalization of polarons
in m-conjugated systems via Anderson-like localization832160/61]
We note that this differs from some interpretations of exciton lo-
calization in m-conjugated systems where the localization is at-
tributed to strong coupling between the excited states and in-
tramolecular phonon modes2ZI28162163| hyt this is likely not sur-
prising as the exciton excited state is not equivalent to the pola-
ronic ground state, so different localization mechanisms could be
at play. Furthermore, P3HT is known to have relatively large in-
tramolecular disorder due to subtle conformational changes along
the polymer backbone®® and thus the relatively small ratio of po-
laron coherence to structural coherence found in this work agrees
well with the known energetic disorder present in P3HT. Based
on this, we conclude that the polaron size estimated in the shear
aligned films of this work and in optimized spin-coated P3HT
films is near the upper limit of polaron delocalization in room
temperature P3HT. Indeed, the shear aligned-films represent one
of the most ordered form of P3HT observed to-date. Thus, further

intrachain polaron delocalization in a semiflexible polymer such
as P3HT is limited by the inevitable energetic and likely dynamic
disorder associated with the polymer backbone. Furthermore, in-
terchain delocalization is limited due to reduction of interchain
order from both static and dynamic paracrystallinity effects=0/02,
Inducing further intrachain delocalization, which may be benefi-
cial to transport, would have to involve changes to the structure
of the backbone to make it more rigid, such as the introduction of
fused rings as is seen in more recent high-mobility organic semi-

conductors©®.

3 Conclusion

Using shear-aligned P3HT films and polarized CMS, we unam-
biguously measure for the first time the interchain and intrachain
polarized absorption components of polarons in P3HT. We show
that optical excitation of polaronic charges in conjugated poly-
mers is discrepant with predictions of an adiabatic mid-gap state
model that has been widely adopted to interpret polaron absorp-
tion in polymeric n-conjugated systems272Y, Furthermore, this
study adds further evidence that polaron dynamics and transport
operate outside the Born-Oppenheimer approximation due to the
strong coupling between electronic motion and nuclear vibra-
tional motion23:24:26728130/ - A ponadiabatic treatment based on
a Holstein-style Hamiltonian®” was shown to correctly interpret
the low-energy features of the absorption spectra. Fitting polar-
ized absorption spectra with this nonadiabatic treatment allows
us to discuss fundamental limits of polaron delocalization both
along chains and in the z-stacking direction for P3HT. We con-
clude that delocalization is fundamentally limited by nanoscale
energetic and dynamic disorder in P3HT, independent of process-
ing. This shows the importance of optical spectroscopies and ap-
propriate modeling to understand such nanoscale disorder that
may not be apparent or measurable by other structural charac-
terization. Furthermore, we can now make use of a validated
nonadiabatic interpretation of mid-IR polaron absorption to un-
derstand limits of polaron delocalization and effects of nanoscale
disorder in wider classes of polymeric OSCs in future work.
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