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Understanding excited-state reorganization energies, exciton diffu-
sion lengths and non-radiative (NR) recombination, and the overall
optoelectronic responses of nonfullerene small molecule acceptors
(NF-SMAs) is important in order to rationally design new materials
with controlled properties. While the effects of structural modifica-
tions on the optical gaps and electron affinities of NF-SMAs have
been studied extensively, analyses of their absorption spectra that
carefully characterize electronic and vibrational contributions that
allow comparisons of reorganization energies and their implica-
tions for exciton diffusion lengths and NR recombination have yet
to be reported. Here, we study the room temperature absorption
spectra of three structural classes of NF-SMAs in dilute solutions
through multiparameter Franck Condon (MFC) analyses and density
functional theory (DFT) calculations. We show that the absorption
spectra of these NF-SMAs can be categorized based on molecular
structure—spectra correlation. The absorption spectra of curved,
Y6-like structures can be described using an MFC model with two
electronic transitions and two effective vibrational modes. The
results of MFC/DFT analyses reveal that Y6 exhibits the smallest
intra-molecular reorganization energy among the materials stu-
died. Linear ITIC-like molecular structures reveal larger reorganiza-
tion energies and reduced conformational uniformity compared to
Y6. Meanwhile structures such as IDTBR and IEICO, which have an
extra n-conjugated moiety between the donor and acceptor moi-
eties, have large excited-state reorganization energies and low
degrees of conformational uniformity. Since the intra-molecular
reorganization energy is correlated with exciton diffusion length
and nonradiative voltage losses (AV,,), our results highlight
the power of RT absorption spectroscopy and DFT calculations as
simple tools to designing improved OSCs materials with
small reorganization energies, small AV,,, large exciton diffusion
length and low energetic disorder (due to a strongly dominant
conformation).
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Relating reorganization energies, exciton diffusion
length and non-radiative recombination to the
room temperature UV-vis absorption spectra of
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New concepts

We systematically analyze the room temperature (RT) UV-vis absorption
spectra for electron-accepting molecules envisioned to replace fullerenes
as electron transport materials in organic solar cells, and categorize them
based on their molecular structures, intramolecular reorganization
energies, and conformational uniformities as determined by
multiparameter Franck Condon analyses of their RT absorption spectra.
We show that MFC fitting allows accurate determination of the
reorganization energies, which can be utilized as a predictive measure
for exciton diffusion length and non-radiative voltage losses of the
organic semiconductor in a solar cell. The MFC results show that Y6
and like-derivatives exhibit very small intramolecular relaxation energies
and high conformational uniformity in solution. We also demonstrate
that RT UV-vis analyses are experimentally much simpler than
complementary measurements of reorganization energies, and thus a
tool of great utility. Moreover, the good agreement between experiment
and density functional theory (DFT) calculations show that the latter can
be used to design molecules in silico with low relaxation energies and
single conformations with the aim of limiting energetic disorder.

1. Introduction

State-of-the-art organic solar cells (OSCs) rely on bulk-hetero-
junction (BHJ) active layers utilizing non-fullerene small mole-
cule acceptors (NF-SMAs) and polymer donors. Since the initial
report of ITIC by Zhan et al. in 2015," the efficiencies of single-
junction OSCs have reached over 19% thanks in part to the
rapid development of ladder-type, fused-ring cores with promising
properties that can be tuned through molecular engineering.”” A
wide range of NF-SMAs have been developed by using different
acceptor (A) or donor (D) building blocks in the core, introducing
different types of n-bridges between the A end-group and the D
core. Side-chain modifications are also used to manipulate the
electronic and optical properties of these materials and their thin
film manifestations, which are impacted by molecular packing
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that controls optical and electronic molecular coupling.®*> The
device-relevant thin film properties are generally correlated to the
intrinsic molecular properties. Among these properties, small
reorganization energies and electronic disorder due to struc-
tural/conformational disorder are of great importance to achiev-
ing high performance through small voltage losses.'®™® Thus,
understanding the intrinsic molecular reorganization energy and
conformation populations is of great importance in order to
provide molecular design guidelines that can lead to desirable
bulk properties with large exciton diffusion length and low
nonradiative voltage losses (AV;,,).

Measurements of reorganization energies and energic dis-
order are often performed through specialized high sensitivity
photocurrent measurements or assessed through simulations
and modeling."*” Optical absorption spectroscopy is a com-
plementary method that is often a convenient and common
probe to study the opto-electronic properties of materials,”® and can
provide information about structure-related properties such as the
reorganization energies,>?° conformational diversity®** in thin
films or solutions, order-disorder ratios and aggregation.'>**
Absorption and emission spectra of organic molecules and
polymers can feature vibrational progressions due to the elec-
tron-phonon coupling that can be described by Franck-Con-
don (FC) models.*®*!* However, the shape (peak ratios, peak to
peak spacing and broadening) of absorption and emission
spectra of an ensemble of molecules in dilute solution can also
be influenced by other parameters including conformational
uniformity, multiple electronic transitions, as well as possible
aggregate states. Hence, simple FC models often fail to describe
the absorption spectra of a solution, even in very low concen-
trations. Thus, detailed temperature-dependent spectroscopy
in both the absorption and emission channels are often utilized
to disentangle various contributions, particularly aggregation.
Low temperature studies often probe aggregates that are not
present at reduced concentrations at higher temperatures but
related to spectra in a solid thin film. Frequently, spectral
features in absorption or photoluminescence spectra of
solutions or solid films acquired at room temperature (RT)
are modeled as single electronic transition and a dominant
FC vibrational progression with 0-0, 0-1, and 0-2 labels for
the transitions. However, the use of single FC models are not
always correct due to the presence of multiple FC or even non-
FC contributing parameters. Different scenarios are conceptua-
lized in Fig. 1. In the simplest case, the absorption spectrum is
a vibrational progression of a single electronic transition with
one dominant vibrational mode (Fig. 1a). In contrast, the
presence of more than one dominant vibrational mode
(Fig. 1b), or contribution from higher electronic transitions,
leads to more complex absorption spectra (Fig. 1c). Also, the
coexistence of different conformation populations results in
even more complex contributions and broadened, apparently
simpler absorption spectrum due to the superposition of all the
contributing species (Fig. 1d). Without properly disentangling
contributions to RT UV-vis spectra, their utility to measure
reorganization energies /A, and conformation distribution in
NFAs and to infer the related consequences such exciton
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Fig. 1 Potential energy diagram as a function of configuration coordinate
Q, which is related to the reorganization energies e aps, Are.em. illustrating
possible contributions in absorption spectra in the single molecule regime
for: (a) simple model with one electronic transition from ground state: So
(blue) to first singlet excited state: S; (red), and one effective vibrational
mode (hwyip). lo—m are the probability of transitions from Oth vibrational level
of ground state to the mth overtone in the excited state. The most probable
transitions in the absorption or emission processes, i.e., with the largest
wavefunction-overlaps, are shown with ticker arrows. The absorption
spectrum corresponding to this model is shown on the top right corner.
(b) One electronic transition (So — S1) and two effective vibrational modes:
hayip1 With dark blue (red) solid lines and hawy, » With purple (orange) dashed
lines in Sq (Sy) state. (c) A single molecule with two electronic contributions
So — Si(red) and Sp — Sx(green) and one dominant vibrational mode (hwyp).
(d) A system with two coexisting conformations that have different electro-
nic states (solid and dashed lines) and one effective vibrational mode (hawyp).

diffusion length and low AV, and electronic disorder, respec-
tively, is limited.

Here, utilizing multi-parameter FC (MFC) analyses of
absorption spectra of NF-SMAs in dilute solutions in combi-
nation with density functional theory (DFT)/time-dependent
DFT (TD-DFT) calculations, we unravel correlations between
the absorption spectra of SM-NFAs, their molecular structures,
reorganization energy, and conformation populations. We spe-
cifically endeavor to use only RT spectra to delineate the utility
of FC analysis when supported by DFT calculations in the most
common, ie., at RT, use of UV-vis spectroscopy. We show that
incorporating an MFC model that considers all the contribu-
tions to an RT absorption spectrum provides information about
the reorganization energy and conformational diversity for NF-
SMAs and reveals a molecular structure-property relation.
Specifically, for the case of Y6, the result of the MFC analysis
confirms the reported small reorganization energy compared to
the other NF-SMAs and a single conformation which should
lead to small energetic disorder. The success of Y6 in state-of-
the-art OSCs can be attributed at least partially to these two
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important characteristics as they result in larger exciton diffusion
length and smaller non radiative (NR) voltage losses in OSCs.

2. Methods

2.1 Material selections

To study the absorption spectra of NF-SMAs and address the
effect of different molecular structures on their reorganization
energy and degree of conformation uniformity, we examined
NF-SMAs with different chemical structures that could be
grouped into three different sets based on their molecular
structures (Fig. 2). The first group, representing ITIC-like
molecules, have acceptor-donor-acceptor (A-D-A) structures
with indacenodithiophene (IDT) as the donor core unit with a
rigid and coplanar geometry (Fig. 2a). IDT-based NF-SMA in this
group are capped with indanone end group for ITIC or chemically
modified indanone for ITIC-4F and IT-M as shown in Fig. 2a.*>*
The second class are Y6-like SMAs with curved shapes (Fig. 2b),
used in many state-of-the-art, high performance 0SCs.”**™® Y6,
N3 and BTP-eC9 belong to this group. These molecules have
acceptor-donor-acceptor-donor-acceptor (A-DA'D-A) structures
where the electron-deficient benzothiadiazole (BT) capped with
more extended m-conjugated thieno[3,2-b] thiophene (TT) consti-
tutes a DA'D “push-pull” fused core, endowing it with good
planarity and narrow bandgap. The conformation of Yé6-like
structures are considered locked into the curved shape.”’ ™ In
the third group of SMAs, a conjugated m-bridge is inserted
between the D unit and A units to form A-n-D-n-A structure SMAs
(Fig. 2c). IEICO-4F, IEICO-4Cl, O-IDTBR and EH-IDTRB are in this
group. The bridge incorporated between D and A units results in
extended conjugation length and a red shift in the absorption
spectra; however, this extra moiety decreases the rigidity of the
molecule and affects the conformational diversity, optoelectronic,
electrochemical, and packing properties.®>* The full chemical
names of the molecules are provided in ESI} SI1.
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2.2 Experiments

Solutions of different NF-SMA were prepared in chloroform
(CF) at 0.02 mg mL™" concentration. The UV-vis absorption
spectra of different samples were recorded using a Cary 50
spectrophotometer. The photoluminescence (PL) spectra were
carried out with a Fluorometer FLS 980.

2.3 Simulations

The electronic and optical properties of the NF-SMAs were
determined through density functional theory (DFT) and time-
dependent DFT (TD-DFT), respectively. Vertical absorption calcu-
lation was performed by TD-DFT energy calculation on the ground
state geometry for different functional. The vertical emission
calculation was performed by TD-DFT optimization of first excited
state geometry following with a TD-DFT energy calculation.
The side chains are replaced by methyl groups to reduce the
computational time unless stated otherwise. Solvent effects were
taken into account using the Polarizable Continuum Model (PCM)
model’*™ for CF. Three different functionals were used in the
study - B3LYP, PBEO, ®B97X-D - in combination with the 6-
31G(d,p) basis set. B3LYP/6-31G(d,p) and ®B97X-D/6-31G(d,p)
achieve better agreement than PBE0/6-31G(d,p) with the experi-
mental values for g5 _,s, and & s, derived from FC analysis. In
the main manuscript, we only report DFT/TDDFT results at the
B3LYP/6-31G(d,p) level since its prediction of Stokes shift and
reorganization energy is closer to the values derived from FC
analyses. Comparison between calculation results using different
functionals are provided in the ESIt in SI3.

3. Results

Fig. 3a-c show the optimized geometry of a representative
molecule of each group, ie., ITIC, Y6 and EH-IDTBR, in their
ground states, as well as the transition dipole moments (TDMs)
of the three lowest transitions, while Fig. 3d-f show calculated
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Fig. 2 Molecular structure of different type of NA-SMAs studied in this study. (a) ITIC-like structures, (b) curved Y6-like structures and (c) EH-IDTBR-like

SMAs with A-tt-D-n-A structure.
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relaxed dihedral potential energy surface (PES) scans for ITIC,
Y6 and EH-IDTBR, all at the B3LYP/6-31G(d,p) level of theory.
Energy scans were performed by constraining the dihedral
angle at a given angle and allowing the rest of the structure
to relax. The horizontal axes are normalized with respect to the
dihedral angle of the optimized geometry (¢op). The PES of Y6
(Fig. 3e) features with one global minimum (GM) at ¢ope =
179.8° and a local minimum (LM) at ¢ — ¢ope = 150° with a
250 meV potential energy difference with respect to the GM.
Using Boltzmann distribution (ESIt SI2) at room temperature,
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the population ratio corresponding to these angles is 0.005%,
suggesting that only the global minimum of Y6 is thermody-
namically preferred, as previously discussed by Wu et al.>® The
potential barriers (Eparier) iS another determining factor as it
controls the rate of interconversion process between two con-
formational states in the solution. This rate can be changed by
%)). But, when
the system is in equilibrium at a fixed temperature (here RT),
Boltzmann distributions the probability that
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Fig. 3 Optimized geometry of (a) ITIC, (b) Y6 and (c) EH-IDTBR. Transition Dipole Moments (TDM) for the first three electronic transitions are shown
below each of the molecular structures and are accurately portrait relative to the x- and y-axis. The calculated Potential energy scan as a function of
dihedral angles for ITIC (d), Y6 (e) and EH-IDTBR (f). Simulated Raman Spectra of ITIC (g), Y6 (h) and EH-IDTBR (i). Calculation were performed in gas
phase using DFT at the B3LYP level of theory with a basis set of 6-31G(d,p). The dashed gray lines indicate the effective vibrational mode derived from FC

analyses of experimental data.
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molecules in the solution will be in a certain conformational
state. ITIC and Y6 both have similar Ep . ier & 600 mevV,
and indeed similar transition rates between conformations.
However, the energy difference between GM and LM is 250 meV
for the case of Y6, and 50 meV for ITIC (Fig. 3d and e). This
indicates that in equilibrium condition in solution at RT, ITIC
has less conformation uniformity with two conformers coexist
with a population of 85% and 15%, for GM and LM respectively.

The presence of the additional m-moieties in EH-IDTBR
leads to two torsion angles, ¥, and @,, for consideration,
and, hence, more degrees of freedom. The Ep,uier for both
dihedral angles are smaller compared to the ITIC and Y6
(Fig. 3f), which means higher interconversion rate between
conformational at elevated temperatures. The energy difference
between GM (&¥;, @, = 0°) and LM (&,, ¢, = 180°) for both PES
dihedral scans is comparable to the thermal energy at RT of
26 meV, resulting in a population ratio of 20% and 25% based
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on Boltzmann distribution. Thus, EH-IDTBR has the lowest
degree of conformational rigidity with nearly equal probability
of all four possible conformations for each n-bridge.

We determined the first three singlet excited states using
DFT/TD-DFT calculations with 6-31G(d,p) basis set considering
CF as the solvent. In Fig. 3a-c, TDMs for the first three singlet
excited states are shown along with the optimized geometry of
the molecule. The first electronic transition (determined at
the B3LYP/6-31G(d,p) level of theory) for ITIC occurs at energy
&s,—s, = 1.77 eV with the TDM, vector aligned along the long
axis of the n-conjugated backbone, while the TDM, is zero. The
third electronic excitation of ITIC is at &g s, = 2.53 eV with
TDM; having components along the long and short axes of the
backbone. For the case of Y6, the first and second electronic
transitions are allowed with energies equal to &5 s, = 1.71 eV
and & .5, = 2.05 eV, and with TDM vectors along the long and
short axis of the molecular structure, respectively. The third
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Fig. 4 Normalized Jacobian corrected absorption spectra of (a) ITIC-like, (b) curved Y6-like and (c) EH-IDTBR-like NF-SMAs in CF solution (0.02 mg mL™Y). The
best FC model fitted (dashed black lines) to the Normalized absorption spectra after both Jacobian and photon DOS corrections (gray open circles) for (d) ITIC,
(e) Y6 and (f) EH-IDTBR. The fitting line is sum of Gaussian peaks corresponding to the different /o_, transitions from ground state Sp to S; (red, orange) or S; (light
and dark green). (b) Schematic potential energy diagram derived from FC analysis for (g) ITIC, (h) Y6 and (i) EH-IDTBR.
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electronic transition is also allowed with energy g5 s, =2.75 eV
and TDM; along the backbone. The calculated energy for the
€s,—s, transition for EH-IDTBR is at 1.58 eV while the second
electronic transition is not allowed (zero TDM). The third
electronic transition is also allowed with energy e s =
2.42 eV and TDM; along the backbone. More details about
the excited state properties determined with different func-
tionals are provided in ESI{ SI3.

We also simulate the NF-SMA vibrational modes in CF to
understand the possible impact of vibrations on the RT spectra.
Due to the dipole moment selection rules, during photon
absorption a dipole change due to the vibrational mode is not
allowed and thus only Raman modes can couple to the absorp-
tion. Fig. 3g-i show the simulated Raman spectra of ITIC, Y6 and
EH-IDTBR in the CF in blue solid line. The effective vibrational
energy derived from FC analysis of experimental data are also
shown in gray dashed lines. Simulated Raman spectra for ITIC
feature five strong lines, Y6 has eight strong lines and EH-IDTBR
has two well-resolved features at 1651 cm™ ' (205 meV), 1568 cm ™"
(194 meV) and multiple peaks at ~1400 cm ™" (174 meV). If the
measured spectra are sufficiently well resolved, all these normal
modes and their overtones could be identified separately, however
due to heterogeneous broadening effects, only one or a few
effective modes and their mean energies can be observed.*" As
we will discuss later, FC analysis can be used to investigate the
number of contributing effective modes and how it is correlated
with the structure properties and conformation uniformity.

Fig. 4a—c show the normalized Jacobian- and photon density
of state (DOS) corrected absorption spectra of the NF-SMAs in
CF at low concentrations (0.02 mg mL™"). The experimental
details on solution preparation and measurement are dis-
cussed in the experimental methods (ESIt SI1). The simple
FC model and all the required spectral corrections, including
Jacobian and DOS, are explained in ESIf SI4. As shown in
Fig. 4a, the absorption of ITIC-like SMAs in solution features
three successive peaks. For the case of ITIC, the absorption
spectrum in solution exhibits its first peak at 1.82 eV and
further vibronic replicas at 1.98 eV and 2.15 eV. The energy of
the first peak is comparable to the &5 s, = 1.77 eV determined
using DFT/TD-DFT at the B3LYP 6-31(d,p) level of theory. The
energy difference between two successive peaks for this group
is approximately 160 meV (equally ‘“distanced” from each
other), which is very close to reported values for the vibrational
quanta of the effective (dominant) vibrational mode in most
organic oligomers/polymers.*" Fig. 4b shows the absorption
spectra for Y6-like structures in solution. In contrast to the
ITIC-like NF-SMAs, the absorption spectra of curved structures
feature three apparent main peaks/shoulders that are not
equally spaced from each other, located at 1.69, 1.84 and
2.08 eV. DFT/TDFT computations for electronic transitions
yield es, s, =1.71 eV and & _, s, = 2.05 eV which are comparable
to the first and third peak in the absorption. The energy
difference between the first two peaks is 150 meV, while the
difference between the second and third peak is 240 meV.
These observations indicate that a simple FC model with only
one electronic transition and one dominant vibration mode is

Mater. Horiz.
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not able to predict the absorption spectra of this group. As
shown in Fig. 4c, the absorption spectra of the third group of
molecular structures feature a broad, asymmetric peak with no
obvious vibrational replica; EH-IDTBR in solution, for instance,
has one broad peak at 1.89 eV, with a small shoulder at 2.04 eV.
As we discuss below, applying FC analysis for the case of
EH-IDTBR is quite challenging due to the lack of obvious
vibrational replica in the absorption spectra.

Fig. 4d-f show the normalized absorption spectra of ITIC, Y6
and EH-IDTBR in CF after both Jacobian and photon DOS
corrections (gray open circles) and the best model fit to the
experimental data (dashed black lines). It should be noted that
the refractive index of CF can be considered as a constant
within the visible range of the spectrum®’ for the purpose of
photon DOS corrections. In Fig. 4g-i, schematic energy dia-
grams derived from FC analyses for each group are illustrated.
A simple FC model for a population undergoing an electronic
transition (S, — S ) with one effective vibrational mode and
4 overtones (red arrows) can satisfactorily describe the absorp-
tion spectra of ITIC in a dilute solution. Different 0-m overtones,
with m = 0, 1, 2, 3 are shown with red Gaussian line-shapes in
Fig. 4d. The mathematical model used for fitting ITIC molecule
is described in ESIt SI5. The 0-0 transition energy for the first
electronic excited state and the vibrational energy for the effec-
tive mode derived from fitting are &5 s = 1.82 €V and &, =
0.170 eV (1371 em ™), respectively. These values are compatible
with the DFT/TD-DFT simulated absorption (Table 1) and
Raman spectra of ITIC (shown with dashed gray line in
Fig. 3g). Table S6 (ESI{) contains all the fitting parameters used
to model ITIC absorption.

Since the successive peaks in the absorption spectrum of Y6
are not equi-energetic from each other, it is impossible to
describe the spectrum utilizing a simple FC model with single
vibronic progression. The TD-DFT results for Y6 in CF suggest
that both S, — S; and S, — S, transitions contribute to the
absorption spectra. These transitions are predominantly
HOMO — LUMO and HOMO — LUMO+1 for the first and
second transition, respectively. The curved structure of Y6
allows for the nonzero TDM for the second electronic transi-
tion. Considering these results, the best FC model fit to the Y6
absorption spectra in CF is derived by superposition of two FC
progressions (S — S; and S, — S,) for a single conformation

Table 1 Comparison between experimental values of excitation energies
derived from MFC analyses and TD-DFT results for ITIC, Y6 and EH-IDTBR
molecules in CF calculated at the B3LYP/6-31G(d,p) level of theory

DFT calculations

Experiment (FC analysis) B3LYP G(d,p)

Molecule Energy (eV) Energy (eV) SE“ (eV)
ITIC 1.82 (So_.51) 1.77 (So—51) 0.05
Y6 1.69 (So_.S1) 1.71 (S0 S1) —0.02
2.08 (So-S2) 2.05 (SpS) 0.03
EH-IDTBR  1.89 (So_5) 1.58 (So_.51) 0.31

“ SE is the difference between calculated and experimentally measured
(MFC analyses) of excitation energies.
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population, with two dominant vibrational modes (Fig. 4e, red
solid lines and orange dashed lines) and three overtones (m = 0,
1, 2) for each mode. Fig. 4h is the schematic of the FC model
used to describe Y6 absorption spectrum in dilute solution. The
model used for modeling Y6 molecule is described in ESIf SI6.
The excitation energies for the first and second electronic
transitions derived from FC analyses are 1.69 and 2.08 eV,
which are in agreement with the TD-DFT results (Table 1). The
mean energy of effective vibrational modes derived from fitting
are 154 meV (1242 cm™ ') and 180 meV (1451 cm™ '), respec-
tively. These two modes are shown with two dashed gray lines
in Fig. 3h which indicate a good relative agreement between FC
analysis and simulated Raman spectrum (blue line) if an offset
is considered between calculations and experiments. Table S7
(ESIt) contains all the fitting parameters used to model Y6
absorption spectra.

The absorption spectrum of EH-IDTBR in CF consists of a
broad peak at 1.89 eV with a shoulder at around 2.04 eV, which
makes the FC modeling for this molecule quite challenging.
The calculated dihedral PES scan of EH-IDTBR suggests a small
potential barrier for rotation of the two dihedral angles at RT
energies and indeed coexistence of multiple conformers of EH-
IDTBR in the solution. Considering two different conformation
populations with different energies (solid and dashed red lines
in Fig. 4i), we could fit the absorption spectra of EH-IDTBR by
an FC model with one effective vibrational mode. The fitting
parameters for ¢s s are 1.87 and 2.03 eV for population 1 and
2, respectively. Here, we consider different broadening for the
two populations. The full-width-at-half-maximum (FWHM) for
the first population is 0.178 eV and 0.379 eV for the second
population. The mean vibrational energy derived from FC
analysis is 154 meV (1242 cm™ ') shown in dashed gray line in
Fig. 3i which is fairly in agreement with simulated Raman
spectrum (blue line). All other fitting parameters are listed in
Table S8 (ESIt). It is noteworthy to mention that due to the
broadening effects of these diverse vibrations, one can find
multiple MFC-based models that can describe the absorption
spectra of EH-IDTBT. For instance, in ESI{ S7, we show that
considering only one population, but two different vibrational
modes can also yield a fit that agrees with the experimental
data. However, the large difference in broadening (0.178 eV
versus 0.379 eV) would not be expected. Furthermore, the
vibrational energies derived from this model are 135 meV
(1088 cm™") and 220 meV (1774 ecm™ '), which do not agree
with the simulated Raman spectra and this particular model
and fit has to be discarded. The combination of fitting and
calculations allows to disentangle the electronic, conformation,
and vibronic contributions even in the case when spectra are
devoid of rich spectral features.

4. Discussion

The NF-SMA absorption spectra in this study feature different
peak positions and/or broadening and cannot always be
described by a simple FC model. The observed differences in
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the absorption spectra are indeed rooted in the structure-
function properties and possible conformational disorder as
discussed in the following. Our results show that the linear
ITIC-like molecules with A-D-A structures mainly form one
conformation in the solution, but due to heterogeneous broad-
ening effects only one effective vibrational mode can be
observed. The second group of SMAs, ie., Y6-like structures,
are locked into one confirmation, as it is shown by PES scans,
Boltzmann analysis, and the presence of two effective vibra-
tional modes. Details discussing the reasons why Y6-like mole-
cules have one conformation population can be found in the
ESIt SI8. Moreover, the curved shape, i.e., the symmetry point
group of these structures allows a second electronic transition
that contributes to the spectra. In centrosymmetric systems like
ITIC, with C,;, point group symmetry (centrosymmetric), the
second electronic transition has a gerade symmetry that can
only be excited with two photons from the symmetric ground
state. However, in Y6 with C,, symmetry point group (non-
centrosymmetric), lack of an inversion center leads to second
electronic excitation accessible via one-photon absorption.*® In
order to deconvolute the contribution of alkyl group sidechain
and symmetry into the conformational uniformity, we consider
two works done by Zhuohan Zhang et al,>®®® in which the
conformation locking effects on ITC6-IC and ITC6-4F are
studied by introducing alkyl sidechain onto ITIC and IT-4F,
respectively. For the case of ITIC like structures, we can use the
estimate s ~ 2;; in dilute solution (s is Huang Rhys factor, and
will be discussed in more details in the following part). Based
on such an estimate from the reported absorption spectra of
these structures in solution, we can conclude that by incorpor-
ating alkyl sidechains the HR factor (s) is slightly decreased.
Assuming that the effective vibrational mode is similar for
these structures, one can conclude that the reorganization
energy of the structure with alkyl sidechain is reduced partially
by introducing alkyl sidechains, however the symmetry of Y6
might have the largest contribution to its small reorganization
energy. Moreover, smaller broadening effects in the absorption
spectra of ITC6-IC and ITC6-4F indicate a higher conforma-
tional uniformity compared to the ITIC and IT-4F.

In the third group of SMAs, the presence of the extra
n-bridge unit between the D unit and A units in the backbone,
gives the molecule more degree of freedom to rotate around
dihedral angles and adopt different conformations. A small PES
energy difference between GM and LMs and smaller m-electron
delocalization along the bridge results in higher conforma-
tional diversity in this group. The FC analysis of EH-IDTBR
absorption spectra also confirms presence of two different
confirmation populations with &g9_s; equal to 1.87 and
2.03 eV for the first and second population, respectively.

For EH-IDTBR the experimental value of ¢go_,5; is signifi-
cantly larger than the TD-DFT results calculated for the opti-
mized geometry at the B3LYP//6-31G(d,p) level of theory
(Table 1, and Table S5, ESIt for other functional). The large
difference between the measured (1.89 eV) and simulated
values (1.58 eV) for EH-IDTBR can be due to the presence of

Mater. Horiz.



Published on 09 December 2022. Downloaded by North Carolina State University on 1/4/2023 8:51:11 PM.

Communication

different conformations with different excitation energies. The
twisting effects in different conformations could shorten the
effective conjugation length and reduce the exciton delocaliza-
tion/localization (Fig. S4, ESIt). Comparing these values with
simulated values for ¢gy_,5; at different dihedral angles, it is
evident that the EH-IDTBR molecules can be twisted in solution
(Fig. S5, ESIt). For example, the calculated &gy, 5; for a twisted
geometry with ¢, = 90° is 1.87 eV with a 39% reduction in
oscillator strength compared to 1.58 eV for the optimized
extended geometry. This higher degree of conformation dis-
order generally increases the energetic disorder of a thin film, a
critical parameter that controls tail states (DOS), non-radiative
recombination, and V,. losses.®* %3

In addition to revealing the number of contributing electro-
nic and vibrational transitions, their corresponding energies,
and conformation diversity, fitting an MFC model to the
absorption spectra can give information about the Huang Rhys
(HR) parameter, which describes the electron-phonon coupling
in the molecule® HR parameter s is defined as:

1 2
V(@) A
" howis haip

1)

where V(Q) is the matrix element for exciton-phonon inter-
action and can be approximated by potential energy associated
with a single harmonic oscillator with force constant £ and
displacement AQ.*"** Based on eqn (1), the HR parameter gives
the number of vibrational quanta involved in the excitation.
Therefore, the intra-molecular reorganization energy during
absorption of a photon can be given by:*!

)Lre,abs = Shwvib (2)

Assuming similar HR parameter for the emissions, we can
approximate the intra-molecular contribution to the Stokes
shift by:

;virgtra = ;“re,abs + ;~re,em ~ ZSh(DVib (3)
Table 2 summarizes the HR parameter and Aintra derived
from the MFC analysis of the absorption spectra of each
molecule. For a complex MFC model with multiple electronic
transitions (/) and vibrational modes () with energy wyp, , the
HR parameter for each electronic transition is:

Si = Z Sij (4)

where s;; is the HR parameters for jth vibrational mode in the
ith electronic transition. The total intra-molecular contribution
to the Stokes shift for the ith electronic transition is:

sintra __ i
A= " si v, (5)
J

Based on these definitions, our results indicate that Y6 has the
smallest total HR parameter (0.311) for the first electronic excita-
tion compared to ITIC and EH-IDTBR (HR = 0.380 and 0.500,
respectively), leading to smaller intra-molecular reorganization
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Table 2 ‘ HR parameters (s) and intra-molecular contribution to the Stokes
Shift (AE!2™) derived from the FC analysis of absorption spectra

Molecule Definition of HR parameter: s s Jintra (mev)
ITIC For Sy — Sy: S1 0.380 128
Y6 For So — Si: 81 = S1,6, + S1,0, 0.311 103

For So — S3: 85 =83, t 52,0, 0.376 119
EH-IDTBR For population 1: sp, 0.500 154

For population 2: sp, 0.818 252
@ jintra 3 sijhoyiv, where hioyip,; = 154 meV and o, = 180 meV.

j

energy of infra — 103 meV, compared to 128 and 158 meV for ITIC
and EH-IDTBR, respectively. We also performed DFT/TD-DFT
simulation to calculate the Stokes shift of NF-SMAs using
B3LYP/6-31G(d,p) (and wB97XD/6-31G(d,p) in ESIf SI11). As
shown in Fig. 5a, both FC analyses of experimental data and
DFT/TD-DFT calculations predict similar trend for the molecular
structure-reorganization energy correlation, indicating that Y6 has
the smallest and EH-IDTBE the largest intra-molecular Stokes
shift. The small intra-molecular reorganization energy confirms
higher rigidity of Y6 upon photoexcitation.

The intramolecular reorganization energy plays an impor-
tant role in nonradiative recombination (NR) both in the
exciton diffusion toward donor-acceptor interface and charge
generation. In the case of exciton diffusion, the diffusion length
of the exciton is:

L=+ZDrt (6)

where D and Z are diffusion coefficient and dimensionality of
diffusion process. The diffusion time () is determined by:

1
1= (7)
kr,ex + knr.ex
where k; ox and ky; e« are the rate of radiative and non-radiative
decays for the exciton. In the framework of Marcus electron-
transfer theory, the ke is expressed by:'>?7%°

V2 T ;Lirr;tra
knrAcx = 7 j,irglrakBT eXp |: 4kB T:| (8]

where V denotes the electronic coupling element. Based on
eqn (8), reducing the reorganization energy is a promising

a b
220 I Experiment (FC analysis) _ x10%
Calculation (B3LYP) »
180 o
= A oS E %]
B 140] o € 4
= @‘3’\09 B
g 100 2 3
=< o )
60 c 2
S
20 g !
- | ||
Y6 ITIC EH-IDTBR Y6  ITIC EH-IDTBR

Fig. 5 (a) Intra-molecular reorganization energy for NF-SMAs in this study
derived from FC analysis of absorption spectra and DFT/TD-DFT calcula-
tion. (b) Exciton diffusion rate calculated based on Intra-molecular reor-
ganization derived from FC analysis of absorption spectra.
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approach to improve the exciton diffusion length. Indeed, T. D.
Anthopoulos et al., showed that experimentally measured diffu-
sion lengths for NF-SMA are related to the calculated reorgani-
zation energies.'’® Using eqn (8), we calculated the exciton
transfer rate based on the reorganization energies derived from
MFC analyses (Fig. 5b). We assumed a constant electronic
element (40 meV) for all NF-SMA in this study, which is a good
estimate based on the calculated values reported in literature.®
Fig. 5b illustrates that the reduced reorganization energy of Y6
results in improvement of theoretical exciton diffusion rate by
43% and 100% compared to ITIC an EH-IDTBR, respectively.
This underlines the importance of intramolecular reorganization
energy on exciton diffusion length. In the solid state, the electronic
coupling and diffusion might depend on the molecular packing.

In charge generation processes, the non-radiative recombi-
nation from the charge transfer (CT) state to ground state in an
organic solar cell is related to the CT intramolecular reorgani-
zation energy (Acr). In this case, Acr is equal to the sum of the
reorganization energies upon reduction of the donor cation and
oxidation of the acceptor anion back to their neutral states.>*°”
Vandewal et al. showed that there exists an intrinsic link
between nonradiative voltage losses (AVy,) and electron-vibra-
tion couplings in CT states.”” Also, Jenny Nelson et al., by
exploring the effect of the different parameters on V., showed
that reducing Acr presents the best opportunity to increase Vo
and, therefore, the PCE of the cells.®® Lingyun Zhu et al.,
underlines the importance of the reorganization energy for
achieving small energy loss in organic active materials. Their
results also indicate that the calculated different reorganization
energies during the photoelectric conversions have a similar
trend as a function of molecular structure.>! Therefore, the
small A% of Y6 is indicating a larger exciton diffusion length
and AV,, compared to other NF-SMA in this study. Together
these two factors contribute to the Y6 success in high perfor-
mance OSCs with low voltage losses.

Interestingly, while the absorption spectra probe all the
species in the system and provide information about popula-
tion distributions, the emission spectra may not be a good
probe for this purpose due to other contributing parameters
like the migration of initial excitonic states to a lower state in
polymers or aggregates in the film, reorganization of solvent
due to dipole moment interactions or formation of excited state
dimers (excimer). For example, despite their absorption spec-
tra, the emission spectra of all the NF-SMA solutions in this
study (concentration of 0.02 mg mL " in CF) are broad sym-
metric featureless spectra. Furthermore, increasing the concen-
tration of the solutions from 0.02 mg mL ' to 0.1 mg mL "
doesn’t change the shape (peak position and peaks ratio) of the
absorption spectra of, but it introduces a drop in the photo-
luminescence (PL) intensity and a shift toward smaller energies
(Fig. S6, ESIt). This is due to the formation of excimers in the
excited states since the absorption spectra don’t change, while
the emission is broadened, redshifted and quenched by
increasing the concentration of NF-SMAs.®® As a result, FC
analysis of emission spectra without further complementary
studies like time resolved PL, temperatures-dependent PL or
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transient measurements does not provide reliable information
about confirmation distributions.

5. Conclusion and summary

We studied the absorption spectra of 10 high-performing NF-
SMAs in dilute solution. Utilizing MFC analyses and DFT/TD-
DFT simulations, we classified these NF-SMAs into three
groups based on the molecular structure- absorption spectra
correlations and the different requirements to fit the spectra.
We observed that absorption spectrum of a linear ITIC-like
molecular structure can be described by simple vibrational
progression with one effective vibrational mode and one con-
tributing electronic transition. We also show that structures
like IDTBR and IEICO with n-bridges between the core and end
groups have broader absorption spectra due to the coexistence
of different conformations. The absorption spectra of curved,
Yé6-like structures are more complicated to model due a non-
zero TDM for the second electronic transition. The result of FC
analysis and DFT/TD-DFT simulation of Y6 indicate a high
conformation uniformity. The presence of two effective vibra-
tional modes is also an indication of a high degree of con-
formation uniformity. Also, the result of MFC analysis of Y6
reveals that it has the smallest intra-molecular reorganization
energy among the NF-SMAs in this study. This is due to the
higher rigidity of Y6 upon photoexcitation. Small reorganiza-
tion energy and low electronic disorder lead to larger exciton
diffusion length and also smaller AV;,, which contribute to the
success of Y6 in high performance OSCs with low voltage
losses.

Our results indicate that that MFC analyses of RT absorption
spectra alongside DFT/TD-DFT simulations can be an effective
method to unravel the absorption spectra of SMAs and
investigate the reorganization energy and the conformational
and energetic diversity. This method avoids the complexity
and challenges of other common optical method like Single
Molecule Spectroscopy,”””" in situ Raman Spectroscopy and Tran-
sient Absorption Spectroscopy,”” and Temperature-Dependent
and Time-Resolved Photoluminescence Spectroscopy.”® Impor-
tantly, proper fitting allows accurate determination of the HR
factor and reorganization energies that can be incorporated as a
predictive measure for exciton diffusion length and AV, of the
OSC materials in the OPV devices. RT UV-vis analysis is experi-
mentally much simpler than complementary measurements of
reorganization energy. Also, the agreement between experiment
and DFT calculations suggests that the latter can be used to
design molecules in silico with low reorganization energy and
single conformations with low energetic disorder. Such molecular
design can be extended to the materials use for organic devices
other than OPV.
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