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Abstract

Narrow bandgap donor-acceptor conjugated polymers offer new paradigms in photonics and
optoelectronics owing to their chemical tunability, correlated electronic structures, and tunable
open-shell electronic configurations. However, their extended electronic structures and
structural and energetic heterogeneities challenge the development of rational theoretical
approaches for predicting and describing emerging functionality. Here, we theoretically
investigated prototypical narrow bandgap donor-acceptor conjugated oligomers comprised of
alternating cyclopentadithiophene (CPDT) donors with benzothiadiazole (BT),
benzoselenadiazole (BSe), benzobisthiadiazole (BBT), and thiadiazoloquinoxaline (TQ)
acceptors. Density functional theory calculations of oligomers were carried out for up to ten
repeat units and the structures, relative energies, singlet-triplet gaps, and absorption spectra were
critically analyzed. For oligomers comprised of BT, BSe, and TQ acceptors, backbone curvature
resulted in spiral structures which were energetically favored over their linear analogs. Circular
dichroism spectra were calculated along with singlet-triplet splittings, indicating that this
macromolecular topology results in better agreement with experimental singlet-triplet splittings.
Oligomers with BBT-based acceptors preferred a linear geometry consistent with their open-
shell electronic structure. Based on the predicted low-energy conformations, one-photon
absorption spectra calculations employing time-dependent density functional theory and the
Tamm-Dancoff approximation, were shown to result in good agreement with the first absorption
maxima of our measured experimental spectra. Furthermore, two-photon absorption maxima of
the polymers could be correctly predicted, albeit the cross-sections were overestimated, which
could be attributed to the level of theory employed or complex dependencies on macromolecular

interactions and solution conformational changes.



1. Introduction

Although conjugated polymers have been studied for decades,! the development of donor-
acceptor (DA) conjugated polymers (CPs) with very narrow bandgaps and open-shell electronic
structures has only recently emerged.*’ These materials are of significant interest for photonics,
spanning the infrared region of the electromagnetic spectrum, and in having large third-order
nonlinear two-photon absorption responses, e.g., for open-shell systems.® Recent
demonstrations® '° ! have shown that donor-acceptor CPs with large nonlinear optical two-
photon absorption (TPA) cross-sections are promising for biomedical applications, including
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photodynamic therapy, drug delivery, and imaging. Linear one-photon absorption (OPA)

responses of these polymers find application for photodectectors!'* or organic solar cells.!>-16

Recently, donor-acceptor CPs comprised of alternating cyclopentadithiophene (CPDT) and
closely related bridgehead olefin (C=CPh) substituted donors, and acceptors based on 2,1,3-
benzothiadiazole (BT),° 2,1,3-benzoselenadiazole (BSe),® benzo[1,2-¢;4,5-
c¢’bis[1,2,5]thiadiazole (BBT)!” and 6,7-dimethyl[1,2,5]thiadiazolo[3,4-g]quinoxaline (TQ)
heterocycles, '® have demonstrated linear photoresponses spanning the near infrared (NIR) to
shortwave IR (SWIR). Previous density functional theory (DFT) studies on the corresponding
oligomers determined structures, singlet-triplet splittings, and other properties by assuming linear
chain conformations.® ¥ 1 To predict OPA responses, a computational time-dependent DFT
(TD-DFT) study reported TD-B3LYP spectra for six model systems using CPDT-BT dimer
model oligomers and derivatives, containing nitrogen and silicon in the bridgehead position of
CPDT and substituting N-alkylthienopyrroledione for BT. While these calculations
demonstrated good agreement with experimental measurements,?’ the success of the

computational results was attributed to cancellation of errors resulting from the exchange-



correlation functional used and the rather short oligomer models, which do not accurately
represent the long-chain.?® Subsequent calculations on oligomers of CPDT-BT containing seven
repeat units using TD-DFT/B3LYP-6-311G(d) reported errors < 0.08 eV for vertical singlet
excitation energies when compared to experimental values.?! However, understanding the
electronic and topological properties of donor-acceptor conjugated oligomers (DACOs) with
narrower bandgaps, extended conjugation, stronger electronic correlations and open-shell
electronic structures along with rational predictions of the electronic OPA and TPA responses

employing well-benchmarked methods are lacking.

In this study, we report on the optical responses of long-chain oligomeric variants of DA CPs
that comprise CPDT-based donors with 4,4-dimethyl-4H-cyclopenta[2,1-b:3,4-b"|dithiophene
(CPDT, Fig. 1a) and 4-(3,5-dimethylbenzylidene)-4H-cyclopenta[2,1-b:3,4-b"|dithiophene
(PhC=CPDT, Fig. 1b) donors and TQ, BT, BSe, BBT acceptors (Figure 1c-f). Solubilizing
substituents on the donor were truncated to methyl groups (R = -CH3). Although considerable
efforts have been devoted to benchmark DFT functionals for prediction of OPA and TPA
properties, studies addressing the accuracy and efficient computation for long-chain oligomers
remain nascent and are scant. Here, we benchmarked TD-DFT,?? the Tamm-Dancoff
approximation (TDA),?* and the efficient simplified TDA (sTDA)?* methods with different

functionals against experimental OPA and TPA spectra.

Simulations on oligomers with up to 10 repeat units demonstrate that elucidation of the
energetically favorable linear, curved, or twisted-chain macromolecular topologies can result in
better agreement with experimentally measured singlet-triplet splittings in some cases. Such
structures and their predicted electronic circular dichroism (ECD) spectra could motivate further

macromolecular design and experimental characterization. Our well-benchmarked level of



theory based on these low-energy conformations are in good agreement with experimental
absorption maxima (Amax), thereby paving the way for predictions of newly designed polymers.
Moreover, TPA results agree with the experimentally determined TPA maxima, but cross-
sections were overestimated. This could be attributed to the level of theory employed or complex

dependencies on macromolecular interactions and solution conformations.
II. Methods
A. Computational Details

Structural searches were carried out using Kohn-Sham (KS)?* DFT with the B3LYP

12628 and the long-range D3 dispersion energy of Grimme et al.? We applied the

functiona
6-31G(d,p) basis set for the atoms in the first three rows of the periodic table,**-3! while for the
Se atom, we used the Stuttgart/Dresden (SD) valence basis set and Effective Core Potential
(ECP)*? with two additional sets of d-functions ({ = 0.475412, 0.207776).>> DFT optimization,
OPA and ECD calculations were performed using the Gaussian 16 program.>* Quadratic
response TPA calculations using resolution of identity (RI)** were performed with the
TURBOMOLE program.*® The corresponding linear?* and quadratic®’ sTD and sTDA
calculations were done using the STDA program.’® All excited state TD-DFT, TDA, and sTDA
calculations were performed at the DFT structures using the same basis set as for the ground
state calculations, and employing the B3LYP and PBE0* hybrid functionals, as well as the
optimally tuned (OT)* range-separated hybrid (RSH) functional. OT-RSH functionals can

improve errors for charge transfer (CT) excitations in molecules*! and DACOs,*? tuned for

specific systems for more accurate results.

We consider the OT scheme*’ based on the CAMB3LYP* functional (OT-CAMB3LYP).

The two-electron operator is partitioned into short-range (SR, first term) and long-range (LR,



second term) terms as

r121 _ 1- [a+B-erf(ur12>] + a+ﬁ-erf(,ur12>. (1)

T12 T12

The SR and LR terms are evaluated at the DFT and Hartree-Fock (HF) levels, respectively. For
an asymptotically correct functional, the o full-range and S long-range parameters are set to 0.2
and 0.8 (o + =1 instead of the original value « of 0.19 and £ of 0.46), respectively. The range-
separation u parameter is tuned*® to minimize the sum of the absolute differences between the
highest occupied molecular orbital (HOMO) and the ionization potential (IP), and the lowest

unoccupied molecular orbital (LUMO) and the electron affinity (EA).

To compare the OPA oscillator strengths to corresponding experimental extinction
coefficients for ground (0) to excited state (e) transitions (f = (0|u|e), where u is the electric

dipole operator and fO](Qi) is the oscillator strength for structure Q;), and considering a

normalized Gaussian lineshape function, we use**
, for(@; ) v'-v/(g, )\*
e(v') = 432x10- 9\/_2 gi (Ql )Zf FwHM  XP —4In2 " FwHM ) | (2)

where g(0,), fOf(Qi)’ and v/ (Qi ) are the Boltzmann factor, oscillator strength, and transition
frequency for a given Q; isomer, respectively. FWHM is the full-width at half-maximum of the

Gaussian line shape. Similarly, using the rotational strength expression (R = Im((0|ule) -

(e|M|0)), M is the magnetic dipole operator) the ECD* spectral curve is obtained by as

! \/_ f i
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where R[Q;) is the rotational strength for structure Q;.



The degenerate TPA cross-section for linearly polarized photons with parallel polarization is

obtained as

5 (250 = 2 () g2y g, (0 )3, L oy [—am2 (3], @
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where c is the speed of light, 4 is Planck’s constant, £, is the photon energy, and Sp is the two-

photon matrix element for a two-photon transition between the ground- (0) and excited-state (f).
The two-photon matrix elements were computed with quadratic response TD-DFT*® and sTD.?’

TPA cross-sections are reported in GM*7 units (1 GM =1 x 10°° ¢cm* s photon 'molecule™).
B. Experimental Characterization

We synthesized poly(4-(4-(3,5-didodecylbenzylidene)-4H-cyclopenta[2,1-b:3,4-
b'ldithiophen-2-yl)benzo[c][1,2,5]thiadiazole, PhC=CPDT-BT) and poly(4-(4-(3,5-
didodecylbenzylidene)-4H-cyclopenta[2,1-b:3,4-b"|dithiophen-2-
yl)benzo[c][1,2,5]selenadiazole, PhC=CPDT-BSe) as previously reported.*® Solutions of the
polymers at concentrations of 5 mg/mL (7 mM) for Z-scan measurements were made by
dissolving the polymer in chlorobenze-ds (Sigma-Aldrich), sonicating, and stirring at 70 °C for
30 minutes. The solutions were then allowed to cool to room temperature before being filtered
through a 0.2 um PTFE syringe filter. A portion of these solutions were then diluted to a final
concentration of 1 mg/mL (1.4 mM). The molar concentrations of these solutions are calculated
from the molecular weight of the repeat unit. Chlorobenzene-ds was chosen to minimize solvent

absorption in the wavelength region of interest.

TPA cross-sections were measured using the open aperture Z-scan technique.*-° A

Yb:KGW regenerative amplifier (Pharos, Light Conversion) operating at 2 mJ and 10 kHz was

used to generate 1030 nm, 170 fs pulses. Approximately 1.3 mJ of this output was directed into



an optical parametric amplifier (OPA, Orpheus-HE, Light Conversion) to generate wavelengths
from 0.35 — 16 pum; in this study the idler interaction was used to provide wavelengths from 1400
— 1750 nm. Longpass filters were used to ensure no visible signal leakage was transmitted to the
sample. The experimental Z-scan setup is shown in Figure 1S. Briefly, an achromatic half-
waveplate and polarizer pair were used in conjunction with neutral density filters to adjust the
pump energy used for the experiment. The beam was then spatially filtered to produce a uniform
Gaussian beam by focusing through a diamond pinhole (Fort Wayne Wire Die) and
recollimating; an iris diaphragm was placed after this spatial filter and was used to remove any
weak diffraction rings still observed. The beam was then split using a wedged reflective neutral
density filter; the transmitted portion was used as a reference. The reflected portion was then
focused through the sample translation area using a focal length of 150 mm, and the incident
beam size on this lens was set using ID2 (Figure 1S) to ensure a free-space Rayleigh range that
satisfied the thin sample approximation.*-° The beam was then refocused and the signal was
measured using a photodetector. A variable neutral density filter was placed in front of both the
signal and reference photodetectors so that the signal intensities could be matched. The signal
from the photodetectors (PDAS5S0B2 amplified Ge photodetector, Thorlabs) was analyzed using a
50 MHz lock-in amplifier (HF2LI, Zurich Instruments) and custom LabVIEW software that also

controlled the sample translation stage (IMS100, Newport).

After spatial filtering, L4 was removed (Figure 1S) and the beam quality was verified using a
beam profiling camera. This lens was replaced, and the average power was measured
immediately after L4 (well before the focal plane) using an Ophir RM9 pyroelectric
sensor/RMCI1 chopper. The peak irradiance, Iy, was then calculated according to the following

equation:
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where FE is the pulse energy, wy is the beam radius at the waist, and w1 is the pulse width
(HW1/e). The beam waist and pulse width were determined through a combination of knife-
edge measurements and open- and closed-aperture z-scan experiments on the standards GaAs
and fused silica, respectively. Solutions of PhC=CPDT-BT and PhC=CPDT-BSe in
chlorobenzene-ds were measured in 1 mm pathlength NIR-grade quartz cuvettes; the response of
pure chlorobenzene-ds was also measured to ensure that there was no contribution to the overall
signal from the solvent. The open-aperture z-scan data were then fit according to the

methodology of Sheik-Bahae et al.**->°

T(Z,S — 1) — %) [_qO(Z,O)]m (6)
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where z is the sample position, and m is the number of terms in the Gaussian decomposition. The

term gy is defined as:

Blo(=5 )

qo(z,t) = 1—Zza (7
where £ is the two photon absorption coefficient, « is the linear absorption coefficient, L is the
sample pathlength, and zy is the Rayleigh length of the beam. After fitting the data for S, the two

photon absorption cross-section, d, can be calculated using:>!

Bhc
NoA

6= ®)

where 4 is the laser wavelength used, and Ny is the sample concentration expressed in units of

molecules/cm?.



III.  Results and Discussion
A. Structures and Relative Energies

For the CPDT-BT and PhC=CPDT-BT monomers, the CPDT and BT units can adopt a syn
or an anti-conformation, where the sulfur atoms in the BT and CPDT rings are located on the
same or opposite sides, respectively (Figure 2S). The BT and CPDT rings are coplanar for the
CPDT-BT isomers while the PhC=C substitution induces a small twist (~ 15° for the S-C-C-C
dihedral angle) between the adjacent donor and acceptor rings. For one monomer unit, the anti-
conformations are lower in energy compared to the syn-conformations by 1-2 kcal/mol. Because
of anti-syn cumulative effects, we consider the lower energy monomers in oligomer formation.
Linear-chain oligomers were generated with the CPDT units with Me or PhC=C substituents
pointing in opposite directions, while the corresponding substituents were located on the same

side for the curved conformations.

Figure 2 shows the optimized structures for curved and linear conformers of CPDT-BT (a),
PhC=CPDT-BT (b), and PhC=CPDT-BSe (c) with n = 10, where 7 is the number of repeat units.
Linear and curved short-chain CPDT-BT oligomers were found to have planar Cy structures,
while the curved structures were lower in energy, consistent with the arched shape reported for
the CPDT-BT tetramer.>2->* It is important to note that the presence of solubilizing groups that
are often necessary for solution processing can affect the conformation of the backbone. The
linear-curved (LC) gas-phase energy differences (AELc) was small (less than 1 kcal/mol) for n =
2, increased to about 6 kcal/mol for n = 10, but reduced to about 1-2 kcal/mol in solvents (Table
1S). With enough repeat units, the curved conformer might complete a circular structure through
coupling of the end groups, but to avoid steric clashes of the end groups further growth could

result in formation of a spiral.

10



In contrast, PhC=CPDT-BT structures (Figure 3S) and PhC=CPDT-BSe oligomers are
distorted in various shapes depending on the rotations of the Ph rings (Figures 4S-6S). For
example, parallel (opposite) alignments of Ph rings produced curved-spiral (linear-twisted)
structures (Figure 2b). The linear form was previously considered.® Notably, despite the large
structural changes among isomers with different Ph alignments for a given (curved or linear)
motif (Figures 3S-6S), the energy differences were negligible, of 0.0-0.5 kcal/mol. Bulkier
substituents on the phenyl or BT rings might stabilize a particular conformer. The linear-curved
energy gaps for PhC=CPDT-BT and PhC=CPDT-BSe oligomers are comparable to their CPDT-
BT counterparts, with values of ~ 8 and ~ 4 kcal/mol in the gas-phase for the decamers,
respectively (Table 1S). The gap reduces to about ~ 2-3 (-0.3-0.1) kcal/mol for the

PhC=CPDT-BT(PhC=CPDT-BSe) decamers in solvents.

For the CPDT-BBT and PhC=CPDT-BBT monomers, rotating the C-C single bond
connecting the BBT and CPDT groups does not lead to a new isomer. However, the BBT-based
copolymers (Figure 3) formed with all Me or PhC=C- groups on the same side resulted in curved
conformations similar to the BT-based copolymers discussed above. Interestingly, the linear and
curved configurations were found to be isoenergetic for the CPDT-BBT and PhC=CPDT-BBT
dimers for both the singlet and triplet states in the gas-phase and in solvents (Table 2S). In the
gas-phase, the linear configurations are less 1 kcal/mol lower in energy for the pentamers, which
increases to ca. 2-3 kcal/mol for the decamers compared to curved counterparts. Chloroform and
chlorobenzene solvents do not have a significant effect on the LC relative energies for the dimer

and the pentamer while slightly reducing the LC gaps to about 1 and 2 kcal/mol for the CPDT-

BBT and PhC=CPDT-BBT decamers, respectively.

Optimized structures for the curved and linear conformers of CPDT-TQ (a) and PhC=CPDT-
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TQ (b) for n =10 are shown in Figure 4. Linear and curved CPDT-TQ oligomers were found to
have planar C; structures while PAC=CPDT-TQ counterparts have distorted backbones due to the
PhC=C bridgehead substituent. Linear oligomers comprised of the CPDT and TQ units were found
to be much higher in energy compared to the curved isomers (Table 4S). The LC gap increases
with oligomer length, to about 20 and 18 kcal/mol for the CPDT-TQ and PhC=CPDT-TQ

decamers, respectively, in the gas-phase. Solvents reduce AELc by about 2-3 kcal/mol.

The curved/spiral oligomers comprised of Ph\C=CPDT (or CPDT) donors and BT, BSe, and
TQ acceptors, were found to be energetically more favorable compared to the corresponding
linear isomers and exhibited strong rotational strengths with markedly different ECD spectra
compared to the linear structures (Figure 7S). The ECD spectra for the Ph\C=CPDT-BT,
PhC=CPDT-BSe, and PhC=CPDT-TQ spiral structures are shown in Figure 5. For PhC=CPDT-
BT (PhC=CPDT-BSe), two ECD bands occur at 1.22 and 1.84 eV (1.24 and 1.76 eV), a red-shift
of about 0.3 eV (0.2 V) compared to the first linear absorption peak. A similar red-shift (0.2
eV) from the first linear absorption peak is obtained for the first ECD band (0.51 eV) for the

PhC=CPDT-TQ decamer; the intensity of the second band at 1.23 eV is weak.
B. Singlet-Triplet Gaps

Table 1 summarizes our calculated B3LYP singlet-triplet gaps (AEst = Es — Et) and available
experimental values. Figure 6 shows the computed AEsrt in the gas-phase. CPDT-BT oligomers
are predicted to have a closed shell singlet ground state, with AEst in the range of -18 to -19
kcal/mol for oligomers with » = 10. The gaps are not significantly different for the pentamer and
increased by about 3 kcal/mol for the dimer. The AEst gaps of about -31 and -32 kcal/mol

obtained for the Ph\C=CPDT-BT and CPDT-BT monomers, respectively, as well as those for the
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dimers and pentamers, were reduced by 2-3 kcal/mol for n = 1, 2, and 5 after including zero-

point energy corrections (Table 1).

The PhC=CPDT-BBT and CPDT-BBT monomers and dimers exhibit a singlet ground state
with classical AEst ~ -10 and -2 kcal/mol, respectively (Table 1, Figure 6). The singlet and
triplet states are degenerate for n = 5, which is shorter in oligomer length compared other DA
oligomers. Singlet-triplet gaps for the linear PhC=CPDT-BBT oligomers that were previously
reported!” 1 are similar to the values obtained in this work. Experimentally, AEst of 8.73 x 107

kcal/mol was obtained from EPR data for PhC=CPDT-BBT with -C1sH33 side chains.!”

The singlet and triplet states for the PhC=CPDT-TQ linear and curved oligomers (n = 10) are
predicted to be isoenergetic (Table 1, Figure 6). For the alkyl-bridging CPDT-TQ decamer, the
computed AEst values are in the range of 0.0 to -0.3 kcal/mol. The reported AEst values for the
linear models of PhC=CPDT-TQ® and CPDT-TQ'® are -0.6 and -0.4 kcal/mol, respectively, for n
= 8. Singlet ground states are predicted for the shorter pentamer oligomers and dimers of
PhC=CPDT-TQ and CPDT-TQ, with AEst gaps of 1-2 kcal/mol for n =5 and 8-9 kcal/mol for n
=2 (Table 1). Synthesized copolymers comprised of the CPDT donors with the hexadecyl (-
Ci6H33)!'® and 3,5-didodecylbenzylidene (PhC=CPDT, R = -Ci2H2s)® bridging groups and the TQ
acceptor were reported to have a triplet ground states through EPR spectroscopy, where AEst =

7.81 x 107 kcal/mol” and AEst = 9.30 x 1073 kcal/mol, respectively.®
C. Absorption Spectra

We first discuss the performance of different functionals using TD-DFT, TDA, and sTDA,
and then compare the computed spectra to corresponding experimental data for each system.

Table 2 summarizes the TD-B3LYP and TDA-(OT-CAMB3LYP) results and available
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experimental first OPA maxima (Amax) for the six oligomers. The computed results (summarized
in Table 4S for a range of functionals) were obtained using the decamer structures. The results
agree with experiment, but systematically underestimate the experimental values by 0.24 eV
using TD-B3LYP. TDA-B3LYP slightly improves the results with a mean error (ME) and mean
absolute error (MAE) of -0.19 and 0.19 eV, respectively. Applying the TDA-PBEO method
further reduces the MAE to 0.13 eV (ME =-0.10 eV), but sTDA increases the MAEs to 0.30 and
0.34 eV when using the PBEO and B3LYP functionals, respectively. sTDA-CAMB3LYP
overestimates Amax by an average of 0.33 eV. Notably, using TDA-OT-CAMB3LYP results in
the lowest MAE of 0.09 eV (ME =-0.04). The MAE (0.13 ¢V) and ME (-0.08 e¢V) are not
significantly changed using PCM-TDA-OT-CAMB3LYP to account for solvent effects. Thus,
although using the TDA method with the B3LYP or PBEO hybrid functionals provided
reasonable results, employing TDA-OT-CAMB3LYP resulted in an overall improved prediction
of Amax (Figure 7), and thus will be primarily used for the description of excited states for the

polymers considered.

We begin by discussing the OPA spectra for CPDT-BT oligomers. The first experimental
absorption peaks in o-dichlorobenzene at room temperature for R = C12Hzs and R = 2-ethylhexyl
were reported to occur at 1.55 and 1.68 eV, respectively.’> However, nearly identical absorption
spectra were observed for the two alkyl groups at elevated temperatures, which presumably
break up interchain aggregates. This is consistent with the spectral maximum of 1.73 eV in
Figure 7, as reported for the long alkyl chains (R = Ci¢H33) that inhibit t-stacking.’® For the
CPDT-BT decamer, TDA underestimates (overestimates) the first transition maximum by 0.16
(0.24) and 0.34 (0.04) eV using the OT-CAMB3LYP and the PBEO functionals, respectively.

The two lowest strong transitions, originating primarily from the HOMO to LUMO and HOMO

14



— 1 to the LUMO (Figure 8S) are predicted to represent major contributions to the first
absorption band. Electrons in the HOMO and HOMO — 1 are delocalized over almost the entire
chain length with some charge depletion in the periphery (central) region for the HOMO
(HOMO —1). The LUMO is also delocalized with increasing participation from the BT units.
Thus, the first two transitions do have some CT character, which is more appropriately described

by the long-range corrected functionals.

Experimentally, replacing the bridging alkyls in CPDT units with PhC=C groups (R = Ci2H>s
for solubility) produces a broad first absorption band that extends the band edge to the SWIR.*®
The Amax in chloroform (Figure 7) and S; (estimated from the absorption onset of a thin film)
decrease to 1.53 and ~ 1.1 eV, respectively.*® The absorption is predicted by

TDA-OT-CAMB3LYP to occur at about the same Amax value (1.55 eV), while the corresponding

S1(1.46 eV) is overestimated due to the effects of n-stacking in thin films. Compared to the
alkyl substituted CPDT-BT, small red-shifts are observed for Amax (0.20 ¢V) and S; (0.14 eV),
which might be attributed to the effects of different solvents and/or side chains. Replacing the
BTs with benzoselenadiazole (BSe) acceptors resulted in a small red-shift of absorption band to
1.47 eV using TDA-OT-CAMB3LYP calculations, in good agreement with the measured value
of 1.41 eV. Note that Boltzmann averaging for three curved/spiral structures does not change the
Avax values for PhAC=CPDT-BT and PhC=CPDT-BSe. The S; (1.08 eV) transition energy,
estimated from the absorption onset of the thin film, is similarly lower compared to the
TDA-OT-CAMB3LYP predicted value of 1.39 eV. Similar to the CPDT-BT decamer, the two
lowest transitions S1 and Sz involve predominantly HOMO to LUMO and HOMO — 1 to LUMO
excitations, respectively. These are predicted to underlie the first absorption band for the

PhC=CPDT-BSe and PhC=CPDT-BT decamers. The MOs for PhC=CPDT-BT and

15



PhC=CPDT-BSe decamers (Figures 9S and 10S) are delocalized over the nonplanar backbones.
As PhC=C groups are not strongly coupled to the backbones, these MOs, therefore, show a

similar degree of delocalization compared to the corresponding MOs for the CPDT-BT decamer.

Long-chain oligomers with PhC=CPDT donors and BBT acceptors, which were predicted'”
to have near zero AEst, have been synthesized and characterized recently.!” The absorption
spectrum of PhC=CPDT-BBT (R = CisH33) has a broad band that extends to the mid-infrared
region, with an estimate optical gap of 0.28 eV for a thin film and Amax of 1.01 €V in
chlorobenzene. The TDA predicted absorption maxima for PhC=CPDT-BBT and CPDT-BBT
oligomers are within 0.1 eV of experiment for the functionals OT-CAMB3LYP, B3LYP, and
PBEO. For OT-CAMB3LYP, the first 25 excited states within the 0.7-1.5 eV energy range are
predicted to contribute the first broad absorption band (Figure 11S). The large number of excited
states within a small energy range can be attributed to MOs that are closely spaced in energy
with two nearly degenerate singly occupied MOs (Figures 12S and 13S). The most intense
transition (T1 — Ti1), located at 1.06 eV ( f= 13.75), has major excitations from HOMO, HOMO
—2,and HOMO - 1 to LUMO, LUMO + 1, and LUMO + 2 (a-HOMO - 1 — o-LUMO, a-
HOMO -1 —» o-LUMO + 1, -HOMO - 1 — B-LUMO + 1, -HOMO — 1— B-LUMO + 2).
Excitations from the spatially separated unpaired electrons to the LUMO and higher-energy
virtual orbitals have CT-like character. However, there is significant overlap between the

electrons and holes, leading to large oscillator strengths.

Natural transition orbitals (NTOs) that are obtained through unitary transformation of the
transition density matrix often reduce the mixed transitions involved in multiple one-electron
excitations to a single (or a small number) pair of holes in the occupied space, and electrons

(excited to virtual space) with an associated eigenvalue A (contributing weight).>’ Interestingly,
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the NTOs representing the major contributions of one-electron excitations do not offer a
simplified description for the T1 — T transition (Figure 14S), as the dominant contributing
weights are small, L = 0.28 and 0.26 for the a-NTO and B-NTO pairs, respectively. Compared
to PhC=CPDT-BT, the large red-shift (0.4 eV) induced by the BBT groups can be attributed to
the larger and smaller stabilization of the virtual and occupied MOs, respectively (cf. Figures 9S,
128, and 13S). The optical gap is comprised of three nearly degenerate transitions is predicted to
be ~ 0.7 eV, much larger than the experimental value obtained from thin films of PhC=CPDT-

BBT (R = Ci6H33).

Donor-acceptor conjugated polymers comprised of TQ and CPDT with -Ci6H33 and the
PhC=C (R = Ci2H»s) groups have been reported to have open-shell high-spin ground states and
low absorption peaks/maxima? at 0.82 and 0.99 eV, respectively.®”- ¥ TDA maxima with

similar Amax values (0.8 — 0.9 eV) were calculated for the CPDT-TDQ and PhC=CPDT-TDQ

decamers. A large number of excited states contributed to the first absorption bands (Figure

15S), similar to the results obtained for the Ph\C=CPDT-BBT and CPDT-BBT oligomers. The
most intense transitions (T1 — Ts, 0.68 eV, f'=5.83 for Ph\C=CPDT-TDQ; 0.69 eV, f= 7.30 for
CPDT-TQ) involve predominantly HOMO — LUMO and HOMO — 1 — LUMO + 1 transitions
for the a- and B-orbitals (Figures 16S-19S). Two (a and ) sets of NTOs account for the major
contribution to the T — Ts transitions for CPDT-TQ decamer (Figures 20S) and
PhC=CPDT-TQ (Figures 21S), which reveal CT character attributed to the B-NTOs. The holes
and electrons o-NTOs are more delocalized. Compared to the alkyl-substituted CPDT-TQ, an
uncharacteristic observed blue shift of 0.17 eV exerted by the PhnC=C (R = Ci2H>s5) groups is not

reproduced by the computed results, which could be attributed to aggregation or more extended

conjugation.’
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The computed TPA spectra for the PhC=CPDT-BT and PhC=CPDT-BSe decamers are
shown in Figure 8, using the B3LYP and PBEO hybrid functionals, and the OT-CAMB3LYP
functional. For the PhC=CPDT-BT (PhC=CPDT-BSe) decamer, the first TPA maxima were
found to occur at slightly (~ 0.3 eV) higher energy relative to the first OPA maxima, of ~ 1.6
(1.5) and 1.8 (1.7) eV for the B3LYP and PBEO functionals, respectively. The predicted values
are consistent with experimental TPA maxima at about 1.6 eV (Figure 22S). However, the
predicted cross-sections (~ 10° GM for the B3LYP and PBEO functionals) severely overestimate
the experimental TPA maxima in the range of 1500-3500 GM for PhC=CPDT-BT (R = Ci2H>s)
and 1000-3000 GM for PhC=CPDT-BSe (R = Ci2Hzs). Employing the sSTD/B3LYP and
sTD/PBEO methods decreases the magnitude of the cross-sections by more than a factor of two
as compared to the corresponding TD and TDA values. The sTD-OT-CAMB3LYP cross-
sections are small below 2 eV (as calculated by including the first 9 excited states) but are very
large (~ 10° GM) at higher energy. The first TPA maximum cross-section of about 130 GM (~
1.8 eV) and 260 GM (~ 1.6 eV) were obtained for the PhC=CPDT-BT and the PhC=CPDT-BSe
decamers, respectively. These values are consistent with the TDA-OT-CAMB3LYP cross-
sections of about 260 GM (~ 1.9 eV) and 490 GM (~ 1.8 eV) obtained below 2 eV for the
PhC=CPDT-BT and PhC=CPDT-BSe decamers, respectively. Our results confirm recent TPA
benchmarking for 48 donor-acceptor molecules,>® where underestimation of the TPA cross-
sections were attributed to an underestimation of the excited state dipole moment’ that can be
obtained by quadratic response TD-DFT*® and its simplified form,>” which will be addressed in

future work.
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1Vv. Conclusions

We report on structures, relative energies, singlet-triplet gaps, and absorption spectra for long-
chain DACOs comprised of substituted CPDT donors with benzothiadiazole, benzoselenadiazole,
benzobisthiadiazole, and thiadiazoloquinoxaline acceptors, having up to ten repeating units.
Linear oligomers were found to be energetically less favorable compared to the curved/spiral
isomers. In contrast, oligomers with benzobisthiadiazole prefer linear geometry. Oligomers with
benzobisthiadiazole and thiadiazoloquinoxaline acceptors have narrow singlet-triplet gaps that
become degenerate for long-chain oligomers. Based on the computed DFT decamer structures,
we found good agreement between observed and calculated first absorption maxima, with MAEs
of 0.24 and 0.20 eV using TD-DFT and TDA, respectively, using the B3LYP functional. The
TDA errors are reduced using the PBEO (MAE = 0.13 eV) and optically tuned OT-CAMB3LYP
(MAE ~ 0.1 eV) functionals, but the efficient simplified TDA (sTDA) method for treating large
systems increases the MAEs to 0.30 and 0.34 eV using the PBEO and B3LYP functionals,
respectively. Our computed TPA spectra for the Ph\C=CPDT-BT and PhC=CPDT-BSe decamers
are consistent with our measured experimental TPA maxima at about 1.6 eV, yet the cross-sections
are overestimated employing the B3LYP and PBEO functionals but underestimated by OT-
CAMB3LYP. Limitations in predicting cross-sections by RSH functionals for donor-acceptor
molecules has been recently pointed out in a benchmarking study, where hybrid functionals were
shown to provide improved agreement compared to the single-reference CC2 method.® The
overestimation of the cross-section in comparison to experiment for the DACOs studied here could

potentially be attributed also to effects of concentration.
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Table 1. B3LYP-D3/6-31G(d,p) adiabatic singlet-triplet (S-T) gaps (Es — ET, in kcal/mol).
Values in parentheses include zero-point energy corrections.

PhC=CPDT-BT

Isomer/Solvent Dimer Pentamer Decamer
Curved?®

none -21.4 (-19.5) -18.6 (-15.8) -18.5
chloroform -21.6 -19.0 -19.0
chlorobenzene -21.6 -19.1 -19.0
Linear Twisted
none -20.8 (-18.9) -17.8 (-15.3) -17.6
chloroform -20.8 -18.0 -17.8
chlorobenzene -20.8 -18.0 -17.8
CPDT-BT

Curved?®

none -20.9 (-19.2) -18.7 (-16.3) -19.4
chloroform -21.5 -18.7 -19.5
chlorobenzene -21.5 -18.7 -19.5
Linear

none -22.0 (-20.2) -17.7 (-15.5) -17.9
chloroform -20.8 -17.6 -17.8
chlorobenzene -20.7 -17.6 -17.8
PhC=CPDT-BBT

Curved

none -1.8 (-1.9) 0.0 (-0.1) -0.4
chloroform -1.9 0.0 -0.4
chlorobenzene -1.9 0.0 -0.4
Linear® Bent
none -1.8 (-1.9) 0.0 (-0.1) 0.0
chloroform -1.9 0.0 0.0
chlorobenzene -1.9 0.0 0.0
CPDT-BBT

Curved

none -1.8 (-1.9) 0.0 (0.0) 0.0
chloroform -1.7 0.0 0.0
chlorobenzene -1.7 0.0 0.0
Linear®

none -1.8 (-1.8) 0.0 (0.0) 0.1
chloroform -1.7 0.0 -0.2
PhC=CPDT-TQ

Curved® (nonplanar)

none -8.0 (-6.6) -1.5(-1.6) 0.0
chloroform -8.8 -2.1 0.0




chlorobenzene -8.8 2.1 0.0
o-dichlorobenzene -9.0 -2.3 0.0
Linear (nonplanar)

none -7.9 (-6.5) -1.4 (-1.6) 0.0
chloroform -8.6 -1.9 0.0
chlorobenzene -8.7 -1.9 0.0
o-dichlorobenzene -8.8 -2.0 0.0
CPDT-TQ

Curved?®

none -7.8 (-6.5) -1.2 (-1.5) 0.0
chloroform -8.3 -1.6 -0.3
chlorobenzene -8.4 -1.6 -0.3
o-dichlorobenzene -8.5 -1.7 -0.3
Linear

none -7.7 (-6.4) -1.2 (-1.4) -0.2
chloroform -8.2 -14 -0.3
chlorobenzene -8.2 -1.5 -0.3
o-dichlorobenzene -8.3 -1.5 -0.3

2Lower energy structure. Monomer singlet-triplet gaps in the gas phase, chloroform,
chlorobenzene: -31.0 (-27.9), -31.1, -31.1 (PhC=CPDT-BT), -31.9 (-30.0), -31.0, -31.0 (CPDT-
BT), -9.5 (-8.6), -9.3, -9.3 (PhC=CPDT-BBT), -9.5 (-8.7), -9.2, -9.2 (CPDT-BBT), -18.0 (-16.6),

-18.0, -18.0 (Ph=CPDT-MeTDQ), -18.2 (-16.8), -18.2, -18.2 (CPDT-TQ), 16.5 (gas-phase
singlet-triplet gap for the PhnC=CPDT-BSe decamer).
UB3LYP/6-31G(d,p) singlet-triplet gaps reported by Sabuj et al.!® for the linear oligomers of

Ph=CPDT-BBT: 2.1 (dimer), 0.1 (tetramer), 0.0 (hexamer, octamer). Experimental
singlet-triplet gaps: 8.73 x 10~ kcal/mol for PhnC=CPDT-BBT polymer, measured in

chlorobenzene for R = CisHs3.!” 1.81 x 1073 keal/mol for CPDT-TQ polymer, measured in
1,2-dichlorobenzene for R = C12H2s5.6 9.30 x 1073 keal/mol for PhAC=CPDT-TQ polymer,
measured in 1,2 dichlorobenzene for R = C12Hjs.°
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Table 2. Summary OPA maxima (Amax, €V) for donor-acceptor decamers. Computed
TD-B3LYP and TDA-OT-CAMB3LYP (in parentheses) Amax values were obtained using
Gaussian line shape with FWHM of 0.4 eV.

Theory Experiment

System AMax AMax
CPDT-BT (S) 1.26 (1.57) 1.73%
PhC=CPDT-BT (S) 1.24 (1.55) 1.53b
PhC=CPDT-BSe (S) 1.17 (1.47) 1.41°
CPDT-BBT (T) 1.00 (1.11)

PhC=CPDT-BBT (S,T) 1.00 (1.08) 1.01¢
CPDT-TQ (S,T) 0.71 (0.79) 0.82¢
PhC=CPDT-TQ (T) 0.71 (0.76) 0.99¢
MAES 0.24 (0.10)

aMeasured in THF for R = C;¢H33.%¢

®Measured in chloroform for R = Cj2Hps.%8

‘Measured in chlorobenzene for R = Ci¢H33.!”

dMeasured in chloroform for R = Cj¢H33.7 18

*Measured in 1,2 dichlorobenzene for R = C12Hps.°

"Mean absolute error (MAE) and mean signed error (MSE): TD-B3LYP, 0.24 (-0.24) TDA-
B3LYP, 0.19 (-0.19); sTDA-B3LYP, 0.34 (-0.34); sSTDA-CAMB3LYP, 0.33 (0.33); TDA-(OT-
B3LYP), 0.09 (-0.05); PCM-TDA-OT-CAMB3LYP, 0.11 (-0.08); TDA-PBEO, 0.13 (-0.10);
sTDA-PBEQO, 0.30 (-0.30). PCM calculations were carried out with the same solvents used in
experimental measurements. See Table 4S for computed Amax values other functionals.
Boltzmann average of three curve/spiral structures for: PhC=CPDT-BT, 1.24 (TD-B3LYP ) and
1.55 (TDA-OT-CAMB3LYP). PhC=CPDT-BSe, 1.17 (TD-B3LYP ) and 1.47
(TDA-OT-CAMB3LYP).

27




R
R
a) Cyclopentadithiophene (CPDT) b) PhC=CPDT
N N N N
c¢) Benzothiadiazole (BT) d) Benzoselenadiazole (BSe)
CHs CHs
N - ~ N
\ VAR
N N N< >N
e) Benzobisthiadiazole (BBT) f) Thiadiazoloquinoxaline (TQ)

Figure 1. Donor (a,b) and acceptor (c-f) molecular building blocks of oligomers.






Figure 2. Curved and linear conformers for CPDT-BT (a), PhC=CPDT-BT (b), and PhC=CPDT-
BSe (c) with 10 repeating units. The singlet curved structures are lower in energy by 6.7, 7.8,
and 4.3 kcal/mol for CPDT-BT, PhC=CPDT-BT, and PhC=CPDT-BSe, respectively, compared
to the linear counterparts.



Figure 3. Curved and linear conformers for CPDT-BBT (a) and PhC=CPDT-BBT (b) with 10
repeating units. The triplet curved structures are higher in energy by 1.6 and 3.1 kcal/mol for
CPDT-BBT and PhC=CPDT-BBT, respectively, compared to the linear counterparts.



Figure 4. Curved and linear conformers for CPDT-TQ (a) and PhnC=CPDT-TQ (b) with 10
repeating units. The triplet curved structures are lower in energy by 20.2 and 17.9 kcal/mol for
CPDT-TQ and PhC=CPDT-TQ, respectively, compared to the linear counterparts.
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Figure 5. TDA-OT-CAMB3LYP ECD spectra for PhC=CPDT-BT, PhC=CPDT-BSe, and
PhC=CPDT-TQ.
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Figure 6. Gas-phase B3LYP-D3/6-31G(d,p) adiabatic singlet-triplet (AEst = Es — ET) gaps.
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Figure 7. TD-OT-CAMB3LYP/6-31G(d,p) OPA spectra (top, using FWHM of 0.4 eV)

compared to experiment (bottom).
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Figure 8. Computed TPA spectra (using FWHM of 0.4 eV) for the PhC=CPDT-BT (top) and

PhC=CPDT-BSe (bottom) decamers.



