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ABSTRACT: Conformational and energetic disorder in organic semi- S T e
conductors reduces charge and exciton transport because of the structural 324 - i#-;“, 2
defects, thus reducing the efficiency in devices such as organic photovoltaics Sk I i e

and organic light-emitting diodes. The main structural heterogeneity is % 287 (

because of the twisting of the polymer backbone that occurs even in polymers 3 267, P e L
that are mostly crystalline. Here, we explore the relationship between polymer § 24z 7 |~ ﬁ’ """" ’
backbone twisting and exciton delocalization by means of transient absorption £ 1

spectroscopy and density functional theory calculations. We study the 5 061

PABT4T-2DT polymer which has exhibited even higher device efficiency with 2‘:'

nonfullerene acceptors than the current record breaking PCE11 polymer. We \/
determine the driving force for planarization of a polymer chain caused by 007 . — : :
excitation. The methodology is generally applicable and demonstrates a higher -90 -60 [‘)?:edral an(;le [degrioe] 60 9
penalty for nonplanar structures in the excited state than in the ground state.

This study highlights the morphological and electronic changes in conjugated

polymers that are brought about by excitation.

B INTRODUCTION excited state was monitored by observing the red shift of the
The primary photodynamics of organic semiconductors stimulated emission (SE) as a function of time after the
(OSCs) has been intensely studied over the last two decades excitation pulse in a transient absorption (TA) spectroscopy
in organic photovoltaics (OPV) and other opto-electronic experiment. Other groups have observed excited-state planari-
devices.' ° The efficiency of such devices depends on a strong zation in numerous other conjugated polymers using ultrafast
understanding of how material choice and design affect device spectroscopy.”'' ~*” We now quantify the driving force for the
function.””® Even though conjugated polymers in OSCs have planarization of a conjugated polymer chain in the presence of
been extensively investigated, the mechanism for efficient an exciton.

exciton transport which is crucial for high device efficiency is PABT4T-2DT (Figure la) was selected for our case study
still not properly understood. Conformational and energetic because of the large changes in the ground-state delocalization
disorder in conjugated polymers reduces charge-transport as a function of dihedral disorder along the polymer

efﬁc'iency by providing en'ergetic traps tbat 10caliz.e the charge backbone.”* PABT4T-2DT has the same backbone structure,
carriers because' of extensufe .heterogenelty. A main source of but longer alkyl chains and less crystallinity than poly[(5,6-
this heterogeneity is the twisting of polymer backbones around difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3-di(2-octyldo-
rotatable bonds between planar building blocks which occurs decyl)-22; §'2"; §"2"-quaterthiophen-5,5-diyl)] (PABT4T-
even in polymers that are mostly crystalline.”'® Thus, exploring 5 OC]}; ) t’he) OP’V r)ecor, d—brci Kin of or (iiscoir’ere d by Yan et
the relationship between exciton delocalization and the 2 § polymer s
. L al.”" PABT4T-2DT has been shown to deliver even higher OPV
behavior of the polymer backbone structure in picoseconds
efficiency with nonfullerene acceptors than PiBT4T-20D

after excitation of a polymer is of particular interest. 22 .
Previously,' we studied the photophysics of the conjugated (PCE11).”* Here, we demonstrate that the excited-state

polymer poly(3-hexylthiophene-2,5-diyl) (P3HT) in solution. dynamics of the polymer in solution gives a reasonably simple
We found that coiled P3HT planarizes rapidly (~2 ps) upon
excitation. The timescale for returning to a coiled state after Received: February 7, 2018
return to the ground state was an order of magnitude greater Revised:  February 22, 2018
(~20 ps). This planarization of the polymer backbone in the Published: February 23, 2018
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Figure 1. (a) Chemical structure of PABT4T-2DT and (b) static
spectra of PABT4T-2DT at 25 °C (blue) and 75 °C (red).

probe of the coupling between the exciton and structural order
in a conjugated polymer.

We present the first full TA spectroscopy data of pure
PABT4T-2DT in solution at two temperatures, 25 and 75 °C,
with an excitation wavelength of 400 nm and a broadband
probe that covers the visible and near IR spectrum. To interpret
these TA spectroscopy data, we use ab initio density functional
theory (DFT)**** to calculate the ground-state energy
manifold as a function of dihedral angle rotation along the
polymer backbone as well as time-dependent DFT (TD-
DFT)™ to calculate the excited-state energy as a function of the
polymer configuration for both coiled and relaxed (planar)
geometries of a PAABT4T-2DT dimer. Not many comparisons
between excited-state DFT and TD-DFT calculations on
conjugated polymers have been presented previously.”*”>*
Here, we calculate and discuss the accurate way of computing
the molecular geometries and electronic energies involved in a
vertical excitation under a rigid rotational scan and use these
calculations to develop structurally sensitive potential energy
landscapes for both ground and excited states.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Spectroscopy. The PABT4T-2DT sample was dissolved in
dichlorobenzene, and TA signals were collected in experiments
at 25 and 75 °C. The temperature measurements were
performed starting with low temperatures on the same day in
back-to-back measurements. For the temperature control, the
PAIBT4T-2DT sample was kept at 25 and 75 °C using a Fisher
Scientific Isotemp 1016D recirculating heat bath and a
homemade glass sample holder. Before the data were collected,
the sample was circulated at the set temperature for 15 min to
ensure equilibration. The PABT4T-2DT samples were excited
with 400 nm pulses created by doubling the fundamental
output of our Spectra-Physics Spitfire titanium sapphire laser.
The probe pulse was formed by focusing the 800 nm
fundamental pulses into a slowly moving 2 mm calcium
fluoride disk; the signals were collected with a 256 pixel silicon
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array. The evolution-associated difference spectra (EADS) were
calculated using CarpetView spectroscopy data analysis
software.

Computational Methods. DFT calculations were per-
formed on the PABT4T dimer in vacuum. Bulky alkyl chains
are mainly used as a solubilizing group in PABT4T-2DT"’
substituted with methyl groups for computational economy.
The optimized geometries and the energies were calculated
using the Gaussian 09 package.’® The structures were fully
optimized in the ground-state and first-excited-state energies at
the 6-311G(d,p) basis set level. The subsequent potential
energy calculations in ground-state calculations were performed
with the 6-31G/B3LYP functional (the Becke 3 and the Lee—
Yang—Parr hybrid functional) and the lowest excited singlet
state with the TD-DFT approach and 6-31G/CAM-B3LYP
functional (B3LYP with Coulomb attenuating method).”" This
particular basis set was chosen as a compromise between high
computational cost and quality of the theoretical calculation.
The long-range Coulomb-attenuated B3LYP functional, CAM-
B3LYP, has proven to be more accurate when predicting
excited-state energies.32 Furthermore, a rigid potential energy
surface (PES) around the dihedral angle with the lowest
torsional energy was calculated to get the vertical excitation
energy to the first-excited singlet state. We realize that even
though there are effects (e.g., polymer molecular weight, longer
alkyl chain substituent, level of theory, solvent effects, and
temperature effects) which tend to affect the exact energy levels
that are not considered in these theoretical calculations, it is
possible to obtain valuable information by comparing
calculations of the same or similar types.

B RESULTS AND DISCUSSION

Ground-State Spectra and Polymer Conformation.
Many thiophene-based conjugated systems exhibit large
solvochromic and thermochromic shifts associated with the
dihedral disorder along the polymer backbone.”” PABT4T-2DT
also shows strong thermochromism in solution; therefore,
varying the solution temperature affects the aggregation and
backbone structure. We use the solution temperature to control
the polymer configuration and then probe the ultrafast
photodynamics of aggregated and unaggregated morphologies.
The static absorption spectra of PABT4T-2DT at 25 °C (blue
curve) and 75 °C (red curve) are compared in Figure 1b. Both
of the static spectra match the temperature-dependent static
spectra reported previously for PABT4T-20D.*" The vibronic
peaks at 650 and 700 nm in the 25 °C spectrum show”* that
PABT4T-2DT forms aggregates of planar chains,” allowing
strong delocalization of the ground-state wave function along
the backbone. According to the Spano model,” the presence of
J-aggregate characteristics indicates that individual polymer
chains are highly planar with weak intermolecular coupling
between chains. This means that at 25 °C, the PABT4T-2DT
chain is constrained to be planar but that the ground-state wave
function is not delocalized across multiple chains. The polymer
can be treated as a single planar molecule. At 75 °C, the
absorption spectrum exhibits broad peaks centered at 410 and
560 nm, corresponding to high structural heterogeneity and
localized ground-state wave functions. This verifies that at
higher temperatures, the polymers in solution are single-coiled
chains which disrupts the conjugation along the polymer
backbone.”' Thus, the polymer strands are less constrained and
more mobile, which allows for the polymer strand to change its
conformation when excited and minimizing its free energy.

DOI: 10.1021/acs.jpcc.8b01356
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Figure 2. TA spectra at selected time points after 400 nm excitation for both (a) 25 °C (aggregated) and (b) 75 °C (coiled). Note the different
spectral windows between the two panels. Kinetics showing (c) ESA and (d) GSB of PABT4T-2DT at 25 °C (aggregated) and 75 °C (coiled). Note,
in the kinetic plots, the linear to logarithmic transition in the plots at 10 ps.

TA Spectroscopy and Excited-State Dynamics. Figure
2a,b shows TA spectra of PABT4T-2DT dissolved in
chlorobenzene at 25 and 75 °C, respectively. Both sets of
spectra are dominated by the ground-state bleach (GSB), the
large negative signal from ~525 to ~725 nm in the 25 °C
sample and from ~510 to ~650 nm in the 75 °C sample that
represent the depopulation of the ground state by the excitation
pulse. Positive excited-state absorption (ESA) bands are located
on the red side at >725 nm in the aggregated 25 °C sample and
at >650 nm in the coiled 75 °C sample. Furthermore, there are
additional ESA bands on the blue side of the spectra with peaks
at 510 nm in the 25 °C sample and at 475 nm in the 75 °C
sample. The 75 °C solution excited-state bands are blue-shifted
compared to the 25 °C solution (Figure 2), similar to their
respective spectral features in the ground-state spectra (Figure
1b). This blue-shifting can be attributed to polymer strands
being less aggregated in the 75 °C sample. In Figure 2a,b, the
blue and red ESA bands exhibit near identical decay kinetics
(Supporting Information Figure S1), which indicate that we
only have one visible, initially excited-state population at each
temperature. Given that there is no spectral evolution of either
ESA in the first few picoseconds, they must represent the
spectral signature of the singlet exciton in PABT4T-2DT." If
the excited polymer does form polarons, they occur faster than
our temporal resolution (%100 fs). In comparison with other
polymers in solution (e.g, P3HT),"" PABT4T-2DT does not
exhibit clear SE near its primary absorption band in either the
25 °C or the 75 °C solution.

The excited-state kinetics is strongly dependent on the
polymer configuration. For the solutions at both temperatures,
the excited-state kinetics (Figure 2c,d) was fit using multi-
wavelength global analysis.’® The kinetic data for each solution
were fit using a set of four EADS (Supporting Information
Figure S2): EADS are fixed spectra that evolve into each other
on certain time scales to fit the data, where each of the fixed
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EADS corresponds to the TA spectrum of the raw data in the
given time frame. Ignoring the early time (<1 ps) decay because
of exciton annihilation caused by the high-incident fluence of
the excitation pulse, the GSB (Figure 2d) is flat for ~100 ps
before the decay back to the ground state begins in the coiled
75 °C sample (red curve), whereas decay of the GSB to the
ground state begins immediately in the aggregated 25 °C
sample (blue curve). This is due to the difference in localization
effects as seen in other polymers:”*”** localized excitons move
by hopping and are slower than delocalized excitons that can
sample larger regions of the polymer and begin to decay almost
immediately. The longest decay constant in the 25 °C solution
is 3.6 ns (blue curve in Figure 2d), whereas the longest decay
constant in the 75 °C solution (red curve in Figure 2d) cannot
be determined because of the time range of our experimental
setup (>7.5 ns).

The two solutions differ in another important way: both ESA
and GSB for the aggregated 25 °C solution (blue curve in
Figure 2c,d, respectively) decay monotonically, whereas in the
coiled 75 °C solution (red curve in Figure 2c,d, respectively)
the absorption on the red side of Figure 2b (=630 to >700 nm)
shows an increase in the signal on a 30 ps time scale. This
secondary increase is attributed to a spectral blue shift of the
ESA peak in the 75 °C sample.

Previously, when we measured P3HT in methanol where the
SE red-shifts on a 2 ps timescale,'" it was attributed to the
planarization of the polymer backbone in the excited state.
Other thiophene-based polymers, such as oligothiophenes'*
and poly[3-(2,5-dioctylp-henyl)thiophene],* exhibit similar
behavior on comparable time scales, 46 and 15 ps, respectively.
Thus, we attribute this spectral shift to the planarization of the
PABT4T-2DT backbone in the excited state. Although SE
shifting is generally used to identify backbone planarization in
TA spectroscopy measurements,'’ we do not observe SE over
our measured wavelength because of an overlapping ESA band.

DOI: 10.1021/acs.jpcc.8b01356
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Figure 3. (a) Molecular geometry of the optimized structure of the PABT4T-2DT dimer. Labeled atoms in the red box denote the dihedral angle
around which the rigid rotational PES is calculated. Side views of the optimized geometry of the (b) ground state and (c) first excited state of the
PIBT4T-2DT dimer. Color scheme: gray C atoms, yellow S atoms, teal F atoms, blue N atoms, and white H atoms.

Instead, we utilize the blue-shifting of the peak of the red-side
ESA. This absorption band blue-shifts because the occupied
excited-state energy level relaxes, increasing the gap between
itself and the higher-lying unoccupied excited states. It is
possible for intersystem crossing (ISC) to occur in conjugated
polymers and for triplet excitons to form on this 30 ps time
scale.'® However, if singlet excitons were transitioning to triplet
excitons, there would be a decrease in the initially populated
ESA bands, which we do not observe.

Other options for describing the ~33 ps spectrum blue shift
in the 75 °C sample are triplet exciton formation or some form
of excited-state charge transfer. Generally, the charge transfer in
a polymer carries with it a signature in the NIR spectrum,
where multiple states with different decay rates will be
visible.*>*" In our data (Supporting Information Figure S3),
the NIR spectra do not show multiple populations as the entire
spectrum decays with the same time constants (Supporting
Information Figure S2). Therefore it seems that the charge
transfer is not a good explanation. As the sample was not
measured both with and without O,, we are not able to rule out
definitively that the spectral blue shift is caused by triplet
exciton formation. However, we do not believe this to be the
case because both the formation time (~33 ps) and the decay
time (nanosecond scale) are too fast in general to be ascribed
to triplet excitons. Triplet excitons that form through ISC in
polymers such as P3HT or PTB7 form on the nanosecond
timescale*”** and they decay on the microsecond timescale, not
the nanosecond timescale that we observe for the resulting
excited state after the blueshift.****

Simulating Excited-State Energies and Conforma-
tions. We performed a full geometry optimization on a
model PABT4T dimer (Figure 3a) in two different energy
configurations. We replaced the full C,,H, side chain in
PABT4T-2DT by a methyl group for the computational
efficiency. The ground-state geometry was optimized using
DFT/B3LYP* (Figure 3b) and the first excited-singlet-state
geometry (Figure 3c) using TD-DFT/CAM-B3LYP’' (see the
Supporting Information for computational details). All
simulations were performed with Gaussian 0930 using the 6-
311G(d,p) basis set. It can be seen from these optimized
structures that the lowest energy configuration for the ground
state exhibits variations of the dihedral angles (Table S1) along
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the backbone, whereas the lowest energy structure in the
excited state is planar (Figure 3a,b, respectively), similar to
P3HT in solution'' The fluorine atoms reduce the torsional
angle of the polymer backbone because of the high electron-
withdrawing capability of fluorine and strong attraction
between the fluorine and sulfur on the adjacent thiophene.*
We observe that the backbone is flat on either side of the
fluorine-substituted benzothiadiazole unit in, both, the ground
and the first excited states. The alkyl side chains, in contrast,
tend to cause an increase in the dihedral disorder of the
polymer backbone.”” A systematic study of side chain
branching shows that branching at the C, position combined
with long side chains leads to thin-film polymers with low
dihedral disorder and high charge mobilities as exhibited in
PABT4T-2DT.*** We can infer that if our PABT4T model
included longer alkyl chain substituents, then the dihedral
angles would be even more coiled in the ground state than that
found here. Additionally, from the bond-length analysis
(Supporting Information Table S2), we see that the PABT4T
dimer exhibits shorter single bonds and longer double bonds
along the conjugated backbone upon excitation, corresponding
to stronger conjugation than that in the ground state. This is a
strong indication for higher-charge delocalization in the first
excited state.

To identify which backbone dihedral has the lowest rotation
barrier in solution, we calculated the rotational potential energy
around each of the nine dihedral angles along the dimer
backbone (Supporting Information Figure S3). The calcu-
lations were performed by rotating each dihedral by a small
angle in both directions from the equilibrium ground-state
geometry and then computing the average energy for each
dihedral angle. The dihedral angle that is easiest to rotate
(lowest torsional potential) is between the two unsubstituted
thiophene rings depicted by a red box in Figure 3a. The
subsequent detailed rigid torsional potential calculations were,
for computational efficiency, performed exclusively around this
angle, using the 6-31G basis set at the level of theory
mentioned above.

We calculated the excitation energy (AE,,) for each ground-
state configuration as a function of the dihedral angle around
this easiest-to-rotate bond. We performed rigid rotational scans,
that is, calculated the single-point energies for every 15° of

DOI: 10.1021/acs.jpcc.8b01356
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Figure 4. Rotational PESs for PABT4T dimer. E(S0) and E(S1)/X0 depict the ground-state and excited-state energies, respectively, in the ground-
state optimized geometry, whereas E(S1)/X1 is the excited-state energy around the optimized excited-state geometry. The dashed line E(S1)
indicates the excited-state energy curve, after instantaneous vertical excitation from the ground-state optimized geometry (point 1 to point 2) and
fast relaxation to point 3 within the excited-state energy manifold. Contour plots of the molecular orbitals for the ground-state HOMO energy and
excited-state LUMO energy, respectively, in the optimized ground-state geometry (points 1 and 2) and optimized excited-state LUMO energy level

(point 3).

rotation around the dihedral angle covering the range of —90°
to +90° while maintaining all other bond lengths and angles at
the values of the equilibrium geometry. These vertical
transitions are depicted in Figure 4. Although this calculation
does not reproduce the full ground-state PES, it introduces
significant structural disorder and allows understanding of the
effect of dihedral disorder on the excited-state relaxation
dynamics.

The vertical transition represented by AE,, (point (1) to
(2) in Figure 4) corresponds to the instantaneous electronic
charge transfer while the nuclei are still in their ground-state
geometry. Thus

AE,_, = E(S1, X0) — E(S0)

vert

where E(S0) (Figure 4 black curve) is the ground-state energy
and E(S1,X0) (Figure 4 red curve) is the first singlet-excited-
state energy at the ground-state equilibrium geometry, XO.
After the vertical transition to the excited state, the molecule
will rapidly relax to the energy-minimized excited-state
geometry, X1, depicted as point (3) Figure 4. This excited-
state relaxation is driven by the reorganization energy (point
(2) to (3) in Figure 4)

Al = E(S1, X0) — E(S1, X1)

and follows the pathway shown by the potential energy curve
labeled E(S1) under harmonic approximation in Figure 4.

We calculated E(S1,X0) (Figure 4 red curve) and E(S1,X1)
(Figure 4 blue curve) by determining the excited-state energy at
the ground-state equilibrium geometry and excited-state
equilibrium geometry, respectively, as a function of the rigid
rotation around the easiest-to-rotate dihedral in Figure 3a
around the minimized geometry of the excited state. E(S1)
(Figure 4 dashed line) represents the excited-state energy
surface, which encompasses the electronic energy change and
nuclear rearrangement. This curve was obtained by coupling
the vertical transition point and excited state minimum after
structural relaxation. Naturally, a different E(S1) exists for each
ground-state configuration where each E(S1) relaxes to the
same X1 configuration.

Similarly, fluorescence from the excited state to the ground
state corresponds to

AE,,, = E(S1, X1) — E(S0, X1)

Finally, the molecule can relax back to the ground-state
minimized geometry with reorganization energy
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20 = E(S0, X1) — E(S0, X0)

The molecular orbital contour plots for E(S0), E(S1,X1), and
E(S1,X1) are depicted in Figure 4. The electron density
transfers from E(SO) highest occupied molecular orbital
(HOMO) to E(S1,X0) lowest unoccupied molecular orbital
(LUMO) in the E,,, transition. Clearly, the E(S1,X0) wave
function is strongly localized because of the dihedral disorder in
the polymer backbone. When E(S1,X0) relaxes to E(S1,X1)
LUMO, the dihedral disorder is removed and the wave function
delocalizes over more polymer subunits.

This series of calculations shows that A1 > A0 for all
molecular configurations, which is why the excited-state
relaxation is rapid and the ground-state relaxation is
comparatively slow. It can be observed that although the
excited-state PES (S1) shows a deep well (Figure 4 dashed
line), the ground-state energy profile (SO) is quite flat,
indicating that the molecule in its planar excited state is
significantly stiffer than in the coiled ground state. We posit
that A1 will be much larger than A0 for all conjugated polymers
in solution and that the experimental and theoretical method-
ology presented here constitutes a systematic way to compare
the effect of molecular geometry on the excited-state
reorganization energy in conjugated polymers.

Bl CONCLUSIONS

In conclusion, ultrafast TA spectroscopy was performed on
PAABT4T-2DT solutions at 25 and 75 °C corresponding to
planar and coiled backbone configurations. In addition, the
ground-state DFT and excited-state TD-DFT calculations were
carried out on the ground-state and first-singlet excited-state of
the PABT4T-2DT dimer. The TA spectroscopy data showed
that at 25 °C, the sample has a predominantly planar
aggregated polymer configuration even in the ground state.
The exciton is immediately delocalized without the need for
relaxation of the polymer chain to a planar configuration. Thus,
the decay back to the ground state starts right away. In
comparison, at 75 °C, the polymer is in a coiled unaggregated
state and has a localized exciton. To minimize the energy of the
exciton, the polymer chain quickly relaxes to a planar
configuration, which delocalizes the exciton causing its ESA
to blue shift. Once the polymer is locally planarized, the exciton
decays to the ground state. The kinetics of the coiled polymer
showed that they planarize in the excited state on the
picosecond timescale. This interpretation was supported by

DOI: 10.1021/acs.jpcc.8b01356
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the DFT and TD-DFT calculations where we found that the
PABT4T-2DT dimer is coiled in the ground state and becomes
planar and exhibits a higher degree of conjugation in its first-
singlet excited state. Within the Franck—Condon principle, we
have accurately calculated the excited state energy along with
the geometrical changes. In addition, we showed that the
excited-state relaxation energy is, in general, much higher than
the ground-state relaxation energy and thereby provides a
driving force for planarization in the excited state because of the
presence of the exciton. The calculation of this driving force
over a variety of configurations suggests that the energetic
driving force to planarize the polymer backbone in the excited
state is a general feature of the conjugated polymers.
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