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ABSTRACT: The aggregation of polymer chains directly
influences the morphology of thin films used in optoelectronic
devices. Therefore, understanding the relationship between the
backbone conformation and aggregation of conjugated polymers is
essential for ensuring optimal electronic performance. In this work,
we study the effect of the backbone conformation on the
aggregation photophysics of isoindigo-based copolymers, namely,
bithiophene-isoindigo (P2TI) and thienothiophene-spaced bithio-
phene-isoindigo (P2TITT). The latter was systematically tuned by
inserting thieno[3,2-b]thiophene (TT) into the former. Modifica-
tion of the backbone by inserting TT was found to affect the
planarity due to reduced steric hindrance between the donor and
acceptor units. This reduced steric hindrance was further evidenced
by the difference in the oscillator strength of the first excited-state transition, identified as an intramolecular charge transfer transition
in time-dependent density functional theory (TD/DFT) calculations. Temperature-dependent photoluminescence (PL) of the two
polymers was well reproduced using two Franck−Condon progressions, indicating the formation of both H- and J-type aggregates.
This was supported by the presence of two emission lifetimes obtained from time-resolved fluorescence measurements. The
evolution of the first two vibronic peaks with temperature clearly showed a stronger interchain interaction in P2TITT.

■ INTRODUCTION
Improving the performance of organic solar cells (OSCs) has
been an active area of research for over three decades. Today,
devices with power conversion efficiencies (PCEs) exceeding
19% are regularly reported, for both single-junction and
multijunction devices.1−3 This significant progress can be
attributed primarily to the development of novel electron-
donating and -accepting materials coupled with advancements
in fabrication processes. The introduction of nonfullerene
acceptors such as Y6 has also played a crucial role in driving
these efficiency advancements.4

Extending the absorption spectrum of the active-layer
materials into the near-infrared (NIR) region enables
enhanced current generation, provided the morphology of
the active layer is optimized to facilitate both efficient exciton
dissociation and effective charge percolation. The aggregation
behavior of polymers in solution has recently gained attention
in determining the formation of favorable morphologies in
OSC active layers.1,5,6 The morphology of the active layer of
OSCs is determined by a combination of factors, including
solvent−polymer interaction,7 the conformation of the

polymer chains,8 and the thin film casting processes. Therefore,
developing a comprehensive understanding of the relationship
between the backbone conformation and aggregation behavior
of conjugated polymers is essential for controlling the active-
layer morphology during thin-film deposition. This, in turn, is
crucial for ensuring optimal electronic performance of OSC
devices.9

When polymer chains assemble to form aggregates, the
lowest excited-state energy level can split into a doublet
structure due to the π−π interactions between the polymer
backbones, resulting in a unique form of aggregation. In ideal
H-type and J-type aggregation, the higher energy and lower
energy exciton bands, respectively, correspond to the allowed
electronic transitions, thereby rendering their aggregation

Received: July 18, 2024
Revised: September 17, 2024
Accepted: September 18, 2024
Published: September 26, 2024

Articlepubs.acs.org/JPCC

© 2024 American Chemical Society
16904

https://doi.org/10.1021/acs.jpcc.4c04825
J. Phys. Chem. C 2024, 128, 16904−16914

https://pubs.acs.org/curated-content?journal=jpccck&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eninges+Asmare"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nika+Bekri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leonato+Tambua+Nchinda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fekadu+G.+Hone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wendimagegn+Mammo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tjaart+P.+J.+Kru%CC%88ger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tjaart+P.+J.+Kru%CC%88ger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Newayemedhin+A.+Tegegne"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.4c04825&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04825?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04825?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04825?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04825?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04825?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jpccck/128/40?ref=pdf
https://pubs.acs.org/toc/jpccck/128/40?ref=pdf
https://pubs.acs.org/toc/jpccck/128/40?ref=pdf
https://pubs.acs.org/toc/jpccck/128/40?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c04825?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf


photophysics notably distinct. Few studies have demonstrated
a direct correlation between the specific type of polymer
aggregation and the resulting active-layer morphology, which,
in turn, determines the performance of OSC devices. An
interesting study by Zhao et al. revealed that the formation of
H-aggregates could favor the achievement of a high open-
circuit voltage, VOC, while J-aggregation tends to enhance the
short-circuit current, JSC.

10 Another study showed that J-
aggregation would be favorable for generating more excitons,
as a lower energy is required to excite the J-aggregated system.
In contrast, H-aggregation would tend to favor exciton
dissociation by providing excitons with longer lifetimes and a
stronger driving force.11 Optimizing the solvent to control the
formation of H-type and J-type aggregates in the device’s active
layer improved the PCE from 13.37 to 16.36%. Molecular
engineering of the backbone conformation of polymers and
dyes was indicated as one of the successful approaches to
control the type of aggregation, whether H-type, J-type or
both, within the thin films. Techniques such as modifying the
side chains, molecular weight, and transition temperatures have
been employed to tailor the aggregation type of polymers.12,13

Furthermore, even minor modifications to the polymer
backbone have been found to significantly impact the
interchain and intrachain excitonic couplings, leading to a
transition from H-like to HJ-like aggregation.14 While
structural modification of polymers has been widely used to
enhance performance in OSCs, there has been little emphasis
on understanding its impact on the molecular aggregation
behavior. Donor−acceptor copolymers offer a unique oppor-
tunity to tailor the optical and electrical properties of polymers,
especially in the context of their application in OSCs. Isoindigo
has been successfully introduced as an acceptor unit in well-
performing polymers. Evidently, the conformation of iso-
indigo-based copolymers can be controlled by the selection of
the donor unit, through donor−acceptor intramolecular
coupling.15 However, to the best of our knowledge, the effect
of the backbone conformation on the aggregation photo-
physics of isoindigo-based copolymers has not yet been
reported.

In this work, we studied the effect of conformation on the
aggregation photophysics of the two isoindigo-based copoly-
mers shown in Scheme 1. The conformation of the two
copolymers was systematically tuned by inserting a thieno[3,2-
b]thiophene (TT) spacer in the bithiophene donor unit. This

produced two copolymers, namely bithiophene-isoindigo
(P2TI) and thienothiophene-spaced-bithiophene-isoindigo
(P2TITT). The backbone of P2TITT was found to be more
planar compared to P2TI due to reduced steric hindrance
between the donor and acceptor units. Additionally, the
inclusion of the TT unit in the donor moiety shifted the
HOMO level higher owing to the stronger electron-donating
ability of the TT-spaced donor. Franck−Condon analysis,
combined with time-resolved PL, was employed to determine
the aggregation type. The results indicate that the TT-spaced
copolymer exhibits more H-type aggregation characteristics.
This was further supported by temperature-dependent PL
measurements showing stronger interchain interaction in
P2TITT.

■ METHODS
Experimental Methods. Optical Spectral Measurement.

The UV−vis absorption spectra of P2TI and P2TITT were
measured in 1,2-dichlorobenzene (o-DCB) solution and as
thin films using a PerkinElmer Lambda 19 UV−vis/NIR
spectrophotometer. The thin films were prepared by spin-
coating the polymer solutions on glass substrates at 1000 rpm,
followed by annealing at 80 °C for 10 min to dry out the
solvent. The PL spectra of the polymer solutions were
recorded at the absorption maxima in the lower energy region
using a HORIBA Jobin Yvon Fluoromax-4 spectrofluorometer.
To control the temperature during the PL measurements, a
Thermo Scientific NESLAB RTE-7 circulating bath was used,
allowing the temperature to be varied from −5 to 85 °C.

Emission Lifetime Measurements. The emission lifetimes
of the two polymers were measured in solution (0.02 mg/mL)
and as thin film (15 mg/mL) using a home-built time-
correlated single-photon counting (TCSPC) experimental
setup, as described by Kyeyune et al.16 The TCSPC setup
was equipped with a supercontinuum picosecond pulsed laser
source (SuperK EVO, NKT Photonics). An optically narrow
excitation beam at 633 nm was produced by sending the laser
beam through a 632.8 nm band-pass filter (FLH633-1,
Thorlabs). The excitation beam was reflected by a dichroic
mirror (FF649-Di01-2536 Semrock Brightline) into a water-
immersion objective (Nikon CFI NIR Apochromat 60, NA
1.0). Fluorescence from the sample was measured by a single-
photon avalanche diode (COUNT-T100, Laser Components)
coupled to a Becker & Hickl GmbH TCSPC module (SPC-
130 EM) by focusing through a 75-μm pinhole and
fluorescence filter (FELH0650, Thorlabs) to block scattered
excitation light. Each sample was measured for 60 s.
Computational Methods. Density functional theory

(DFT) calculations were employed in the gas phase to
optimize the backbone geometry and calculate the frontier
molecular orbitals (FMOs) on three units of P2TI and
P2TITT using Gaussian 16/C01.17 The geometry optimiza-
tion calculations were carried out using the B3LYP hybrid
functional and 6-31g(d) basis set, after reducing the alkyl side
chain lengths to single methyl units, as their contribution to
the electron density of the polymer is negligible.18 For the
density of states (total/partial density-of-state (TDOS/
PDOS)) calculations, the CAM-B3LYP functional was used
instead. Geometry optimization and frequency calculations
were performed until a stationary point was found for both
calculations. The excited-state properties and the UV−vis
absorption spectra of the oligomers were analyzed using time-

Scheme 1. Chemical Structures of the Copolymers
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dependent density functional theory (TD-DFT) with the
CAM-B3LYP functional and 6-31g(d) basis set.

■ RESULTS AND DISCUSSION
Backbone Conformation and Electrochemistry. The

degree of conjugation and planarity of copolymers are key
factors that determine their potential applications as well as
their charge-transfer and self-aggregation characteristics.19,20

The planarity of the copolymers P2TI and P2TITT was
evaluated using the DFT-optimized backbone geometries,
which were obtained using the B3LYP functional and 6-31g(d)
basis set as displayed in Figure 1.

To quantitatively characterize the planarity of the polymers,
two metrics were employed: the molecular planarity parameter
(MPP) and the span of deviation from the plane (SDP).21 The
MPP reflects the overall deviation of the molecular structure
from a fitting plane, while the SDP represents the deviation
span of the structure relative to the fitting plane. Generally, a
more planar molecular structure is expected to exhibit lower
values for both the MPP and the SDP.22−24 The introduction
of a thieno[3,2-b]thiophene (TT) spacer between the two
thiophene rings of the donor unit was found to significantly
affect the MPP and SDP values resulting in MPP and SDP
values, respectively, of 0.91 and 5.25 Å in P2TI, and 0.73 and
4.07 Å in P2TITT. Notably, the incorporation of a TT spacer
between the thiophene rings of the donor unit was found to
planarize the copolymer by minimizing intramolecular steric
hindrance between the acceptor and the donor units. To
understand the origin of the backbone twist in P2TI the
dihedral angles Dij (where i and j represent the labels of the
donor and acceptor units, respectively, denoted in Figure 1),
were measured from the optimized geometries and summar-
ized in Table 1. The results indicate that the dihedral angles
between the donor and acceptor units of the copolymers were
not significantly affected by the spacer. However, the

introduction of the TT spacer notably enhanced the overall
planarity, as evident from the side views of the optimized
trimers of each polymer shown in Figure S1.

In addition to the backbone conformation, π-spacers are also
known to affect the electrical and optical properties of
polymers. Thus, the frontier molecular orbitals (FMOs) of
P2TI and P2TITT were computed using the B3LYP
functional and 6-31g(d) basis set, and the results are shown
in Figure S2 along with the experimentally obtained values.25,26

The experimental highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels were investigated using squarewave
voltammetry (SWV) with their values calculated from the
onsets of their oxidation and reduction potentials, respectively,
using eq 1 as reported by Bekri et al. and Desalegn et al.25,26

= ±E E( 4.4) eVHOMO/LUMO ox
red (1)

In addition to determining the energy levels of FMOs, the
spatial distribution of the electron density in these FMOs plays
a major role in the electron-transfer processes in donor−
acceptor copolymer systems. This is because intramolecular
charge transfer occurs through the transfer of electron density
from the donor to the acceptor moieties.27 The incorporation
of TT between the two thiophene rings in the donor unit was
found to raise the HOMO energy level of the copolymer
compared to P2TI, indicating an enhanced electron-donating
capability, corroborating previous studies.28,29 In contrast, the
introduction of the electron-rich TT bridge had only a slight
influence on the LUMO energy level, confirming that the
LUMO level is primarily determined by the electron-deficient
acceptor unit.30,31 Similar findings were reported by Tao et
al.30 who observed that the DFT-calculated LUMO levels of
isoindigo-based copolymers were quite comparable. Notably,
the DFT-calculated FMO energies closely followed the trend
observed in the experimental data, as shown in Figure S2.

Furthermore, the electron cloud distributions in the FMO
surfaces of P2TI and P2TITT, depicted in Figures S3 and S4,
reveals that the HOMOs of the two copolymers are delocalized
along the π-conjugated backbone. In contrast, their LUMOs
are primarily concentrated on the isoindigo-based acceptor
unit, indicating efficient intramolecular charge transfer in these
D−A copolymers. To further evaluate the contributions of the
donor and acceptor units to the electron cloud distribution in
the FMOs, we calculated the partial and total density of states
(PDOS and TDOS, red in Figure 2) for each copolymer using

Figure 1. Optimized geometries and dihedral angles Dij between the donor and acceptor units for 3-unit oligomers of the two polymers, where i
and j represent the donor and acceptor units, respectively; red (O), blue (N), yellow (S) and gray (C).

Table 1. Dihedral Angles (o) between the Thiophene and
Isoindigo Units in the Trimer Units as Denoted in Figure 1

dihedral angle (o) P2TI P2TITT

D11 158.73 158.94
D21 158.82 158.50
D22 159.04 159.31
D32 159.18 158.38
D33 158.95 158.78
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the CAM-B3LYP/6-31g(d) functional by fragmenting the
polymer into donor (blue) and acceptor (green) components,
as shown in Figure 2. The density distribution of the valence
band (HOMO) and the conduction band (LUMO) are
represented by the negative and positive x-axes, respectively.
Both in P2TI and P2TITT, the TDOS occupies more space
on the valence band than the conduction band, which supports
the donating property of the copolymers. Comparing the
TDOS of the two copolymers further reveals P2TITT has a
stronger donating capacity, as evidenced by a higher TDOS
amplitude in the valence band. This finding is analogous to
previous studies on acceptors in which the density of state
rather occupies more space on the conduction band.32,33 The
analysis reveals that the contribution of the donor unit to the
electron density in the HOMO level increased from 47.8% in
P2TI to 58.4% in P2TITT confirming a more localized
HOMO in the TT-spaced copolymer P2TITT. The local-
ization of the HOMO level in P2TITT is expected to enhance
the intramolecular charge transfer in this material. In contrast,
the contribution of the acceptor unit to the LUMO level

decreased from 87.3% to 77.5% due to the inclusion of the TT
spacer.

The energy levels of the copolymers are a direct result of the
electron distribution at each atomic site within the polymer
structure. Therefore, calculating the electrostatic potential
(ESP) is an important tool to quantify the differences between
the two polymers.34,35 The ESP surface for three repeat units
of P2TI and P2TITT, calculated at the B3LYP/6-31g(d) level
of theory, are shown in Figure S5. Interestingly, the ESP values
of the donor units were found to be less negative in the P2TI
copolymer compared to P2TITT. This indicates a stronger
electron-donating affinity of the P2TITT copolymer as a result
of incorporating the TT spacer units. Consequently, the
HOMO level of the P2TITT copolymer was found to shift
upward as observed in Figure S2.28,36 Intriguingly, the
isoindigo units in the two copolymers displayed different
ESP values, suggesting that the intramolecular charge-transfer
process has modulated the electron distribution along the
polymer backbone. This agrees with the electron cloud
distribution in the FMO surfaces shown in Figures S3 and S4.

Figure 2. Total density of states in trimeric units of P2TI and P2TITT along with partial density of states of the donor and acceptor moieties,
calculated using CAM-B3LYP/6-31g(d).

Figure 3. (A) Experimental absorption spectra in solution (dotted lines) and thin films (solid lines), and PL spectra (dashed lines) in solution of
P2TI (blue) and P2TITT (red) and (B) TD/DFT-calculated absorption of the copolymers in 3 units.
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In summary, the analysis indicates that the TT bridges play
an important role in imparting increased planarity to the
bithiophene-isoindigo-based copolymer P2TITT. Moreover,
the incorporation of the TT spacer enhances the electron-
donating strength of the donor units, which increased the
energy of the HOMO level compared to the P2TI copolymer.
This is also supported by a higher density of states in P2TITT
compared to P2TI in the valence band. The more planar
molecular geometry facilitated by the TT-bridge is anticipated
to improve the charge mobility in the P2TITT copolymer.
Absorption. To further investigate the optoelectronic

properties, TD-DFT calculations were performed on trimer
units of P2TI and P2TITT using the CAM-B3LYP/6-31g(d)
functional in the gaseous state. The results are plotted in
Figure 3B. The TT-spaced copolymer P2TITT was found to
exhibit a higher oscillator strength than P2TI. The S0 → S1
transition occurred at 2.56 eV for P2TI and 2.55 eV for
P2TITT indicating that the TT spacer has a negligible effect
on the optical band gap. In contrast, there are clear differences
in the electrochemical band gap calculated from Egap

EC = ELUMO
− EHOMO, where in the case of P2TI, the transition to the first
excited state consists of H(OMO) → L(UMO) and H − 1 →
L+1 transitions with contributions of 52.5 and 18.2%,
respectively, and in P2TITT, the H → L, H − 1 → L+1,
and H − 3 → L+1 transitions comprise the first excited state
with respective contributions of 40.7, 14.7, and 10.8%. As
depicted in Figures S3 and S4, while the HOMO orbitals are
delocalized over the backbone and HOMO−1 is slightly
shifted toward the donor units, the LUMO orbital is highly
localized on the isoindigo acceptor unit. This confirms that the
first excited state in both polymers is predominantly an
intramolecular charge-transfer (ICT) state.

The absorption spectra of P2TI and P2TITT were
measured in both solution and thin film, while the PL spectra
of the two copolymers were obtained in solution, as shown in
Figure 3A. Both copolymers display the common two-band

absorption features that originate from ICT and local π−π*
transitions. The ICT double-band of the thin film is
particularly evident for P2TI and indicates the formation of
aggregates in the thin films. In solution, the absorption
spectrum of P2TI is red-shifted compared to P2TITT.
Conversely, P2TI’s thin film absorption spectrum is blue-
shifted relative to that of P2TITT. Because thin films usually
give rise to strong interchain π−π interaction,15 the opposite
trend between the solution- and thin-film-based absorption
spectra can be attributed to the following potential reasons: (i)
P2TI in solution already exhibits strong π−π stacking, which is
negligibly enhanced in the thin film, leading to a negligible
additional red shift, whereas in P2TITT, the thin film produces
stronger aggregation, resulting in a more pronounced red shift.
(ii) The trend observed in thin films agrees with the DFT-
calculated results, confirming that the TT spacer narrows the
band gap in P2TITT. The opposite trend in solution could be
related to solvation effects.

The PL spectra of the two copolymers in solution (Figure
3A) reveal broader and more red-shifted emission for P2TITT
compared to P2TI. This may arise from additional vibrational
modes introduced by the TT spacer.

Furthermore, the Stokes shifts were calculated to be 0.38 eV
for P2TI and 0.47 eV for P2TITT. The larger Stokes shift of
P2TITT suggests that it undergoes more intraband relaxation
prior to emission compared to P2TI. According to Kasha’s
model, emission occurs from the band minimum, where the
band necessarily has positive curvature.37,38 To distinguish
between J- and H-type aggregation, the free-exciton band
curvature at the band minimum can be evaluated from the
second derivative of the energy using eq 2,39

=

d E
dk

1
2

k

k k
c

2

2

min (2)

Figure 4. Temperature-dependent PL spectra over a temperature range of −5 to 85 °C (top panels) and two-peak Gaussian fit (bottom panels) at
−5 (red) and 80 °C (blue) of P2TI (left) and P2TITT (right). The dashed, solid, and dotted lines represent the measured data, the cumulative fit,
and the two distinct bands, respectively.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c04825
J. Phys. Chem. C 2024, 128, 16904−16914

16908

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c04825/suppl_file/jp4c04825_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04825?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04825?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04825?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04825?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c04825?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


where ωc is the band curvature, k is the wavenumber, and Ek
the energy at the kth exciton.

In J-aggregates, since the k = 0 exciton defines the band
minimum, the free-exciton curvature is positive at the band
bottom. Hence, emission occurs directly from the k = 0 exciton
with negligible Stokes shift. In contrast, for H-aggregates, the k
= 0 state resides at the top of the band giving a negative
curvature. Therefore, in H-aggregates, emission will be possible
only in the presence of symmetry-breaking disorder or vibronic
coupling due to intraband relaxation that populates excitons
from the k = 0 to the k = π band. In this regard, the
chromophores in both P2TI and P2TITT might assemble
preferably in an H-type aggregate form, with the symmetry-
breaking disorder potentially being greater in P2TI. Alter-
natively, the shift in the potential wells between the ground
state and excited states could be more substantial in P2TITT
than P2TI leading to the observed larger Stokes shift for
P2TITT.
Temperature-Dependent Photoluminescence. The

aggregation type of polymers can be determined by analyzing
the evolution of the 0−0 and 0−1 emission peaks (I00 and
(I01), respectively) as a function of temperature. To this end,
the temperature-dependent PL spectra of the two copolymers
were recorded in solution over the temperature range of −5 to
85 °C in steps of 10 °C as depicted in Figure 4. To assess the
effect of temperature on the vibronic peak energy and
intensity, a two-peak Gaussian fit was carried out at the end
temperatures, T = −5 and 80 °C, as shown in the bottom
panels of Figure 4. As the temperature increased from −5 to 85
°C, the main emission peak (I00) of both P2TI and P2TITT
exhibited a blue-shift by 51.54 and 49.15 meV, respectively,
accompanied by spectral broadening and increased intensity.
The blue-shift of the emission peak can be attributed to a
decrease in the effective conjugation length due to thermally
induced dissociation of interchain couplings, while the
broadening and intensity increase are likely due to the
liberation of new emissive states facilitated by the elevated
temperature.40−42

A cursory examination of the PL spectra reveals that the I00
peak intensity dominates over the I01 peak intensity, character-

istic of J-aggregate formation. However, the observation that
the I00 intensity increases with rising temperature also suggests
H-aggregate characteristics, because the 0−0 transition is
optically forbidden in an ideal H-aggregate, but as temperature
increases, the amount of disorder increases and the transition
becomes more likely. To gain deeper insight into the
aggregation behavior, a Franck−Condon analysis was
employed to curve-fit the temperature-dependent PL spectra.
This analysis utilized two Franck−Condon progressions to
account for the potential coexistence of both J- and H-type
aggregates in the copolymers, as given by eqs 3 and 4.43−45
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where n is the real part of the refractive index at photon
energy ℏω, m denotes the vibrational level, S is the HR factor,
which gives a measure of the coupling between the electronic
transition and a phonon mode, E0 is the 0−0 transition energy,
Ep is the phonon energy, and Γ is a Gaussian line shape with
constant width. The parameter α is the exciton coherence
number, which appears only in the modified Franck−Condon
model and denotes the competition between intra- and
interchain exciton coupling. It is a function of disorder and
dictates the intensity of I00, which is absent for a perfectly
ordered H-aggregate at 0 K. The common phonon mode
available in almost all conjugated polymers (ω = 1400 cm−1)
was used in the fitting.

As shown in Figure 5, the PL spectra of P2TI and P2TITT
were successfully fitted with H-type and J-type Franck−
Condon progressions at some representative temperatures.

Figure 5. Franck−Condon curve fits at selected temperatures of P2TI (top) and P2TITT (bottom).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c04825
J. Phys. Chem. C 2024, 128, 16904−16914

16909

https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04825?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04825?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04825?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04825?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c04825?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


This suggests that both H- and J-type aggregates are present in
the polymers. Upon increasing temperature, an enhancement
in the 0−0 peak emission intensity occurred, particularly for
the H-type spectral component. This is likely due to thermal
disorder-induced relaxation of the selection rules, which makes
the 0−0 transition more allowed. In other words, an enhanced
I00 intensity can be attributed to a decrease in interchain
interaction.46 The PL peak ratio (I00/I01) calculated from the
curve fits is plotted in Figure 6. This ratio is higher for
P2TITT than for P2TI, indicating higher temperatures are
required to break the symmetry in P2TITT, consistent with
the greater Stokes shift of P2TITT in Figure 3A. A similar
study on anthracene-containing statistical poly(phenylene

ethynylene)-alt-(phenylenevinylene) (AnE-PVstat) copoly-
mers in solution revealed an increase in the I00/I01 ratio
which the authors attributed to a reduction in the interchain
interaction potentially leading to a breakdown of H-
aggregates.46

Figure 6 also indicates a more gradual increase in the PL
peak ratio with temperature for P2TITT than for P2TI, from
which it can be inferred that the TT-spaced copolymer
P2TITT exhibits stronger interchain interactions than P2TI.
This could be due to the more planar geometry of P2TITT,
which would suppress molecular torsion upon increasing
temperature.46

Figure 6. Temperature-dependent PL peak ratios calculated after Franck−Condon curve fits.

Figure 7. Emission decay curves fitted with two exponential functions.
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As pointed out in the work of Kanemoto et al. on 16-mer
oligothiophene (16 T),42 the full width at half-maximum
(fwhm) of the emission spectra can be used to assess
conformational changes induced by temperature. In this
regard, the fwhm values were extracted from the Franck−
Condon fits of the PL spectra. The results show that P2TITT
exhibits higher fwhm values than P2TI, supporting the broader
PL spectra of P2TITT due to the presence of additional
phonon modes. Moreover, the fwhm increases with rising
temperature for both P2TI and P2TITT, as higher temper-
atures lead to increased conformational disorder. Specifically,
the fwhm of P2TI increased from 40.80 to 45.90 meV (a
12.50% increase), while for P2TITT it increased from 42.60 to
46.10 meV (an 8.22% increase), over the measured temper-
ature range. These results suggest that the temperature-
induced conformational changes are more pronounced in
P2TI than in P2TITT.

Another parameter used to compare the exciton interchain
coupling in the copolymers is α, which dictates the intensity of
the I00 peak as described in eq 4. The value of α can range from
0 to 1, with 0 indicating complete dominance of interchain
interaction and perfect H-aggregate formation, while 1 would
suggest the dominance of intrachain interaction. Over the
measured temperature range, the value of α increased from
0.46 to 0.98 for P2TI and from 0.35 to 0.87 for P2TITT.
Smaller values of α for P2TITT than P2TI at any temperature
further supports the notion that interchain exciton coupling is
stronger in P2TITT than in P2TI.44

Emission Lifetimes. Time-resolved PL measurements
were performed on diluted solutions and films of P2TI and
P2TITT. The emission decay profiles were best fitted using
biexponential functions convolved with a simulated instrument
response function (IRF) using the software described in ref 47.
The fitted function is of the form

+A e A eIRF ( )t t
1

/
2

/1 2 (5)

where A and τ are fitting parameters representing the
fraction of molecules decaying and the corresponding PL
lifetime, respectively.

The experimental PL decay curves along with their
corresponding biexponential fits are presented in Figure 7.
Small values of χ2 close to unity and lack of structure in the
residuals were used to confirm the goodness of the fits. The
extracted lifetime values are also summarized in Table 2. Since,

we are considering donor copolymers, not blends, factors such
as bimolecular recombination and carrier traps may not have
significant effects because we do not expect free charge carriers
and carrier traps, especially in solution. Hence, the presence of
two distinct lifetimes in the decay profile may suggest the
coexistence of two different types of aggregation species,
namely H- and J-aggregates, within the polymers. However, as

mentioned in the experimental section, the polymer solutions
were prepared at a relatively low concentration of approx-
imately 0.02 mg/mL, which is unlikely to promote significant
aggregation. Therefore, the two observed lifetime components
in the solution-phase measurement can be more appropriately
assigned to isolated (non-aggregated) polymer chains for fast
decaying and H-aggregated polymer chains for long-lived
components.

A closer examination of the relative amplitudes of the two
lifetime components revealed that the faster decays tend to
dominate over the longer lifetimes in the solution state as
evidenced by the higher pre-exponential factors (A1 > A2)
associated with the shorter lifetime species. Attributing the
longer lifetimes to H-aggregated species11 and the shorter
lifetimes to isolated chain segments, the increase in the
amplitude of the longer lifetime component in the thin films
compared to solution suggests that the proportion of
aggregated species increases in the solid state.

Similar assignments of longer lifetimes to aggregated species
and shorter lifetimes to non-aggregated chain segments have
been reported in the literature for other polymer systems.48−50

For example, in poly(p-pyridyl vinylene) (PPyV), the solution-
phase PL decay was found to be nearly monoexponential while
the film emission consisted of both very fast and long-lived
species.48 Likewise, in PPE−PPV copolymers, the emission
lifetimes in solution were well-described by single-exponential
decays assigned to H-aggregated species, whereas the lifetimes
in the film were better fitted using a bi-exponential function,
with the longer lifetime component attributed to H-aggregate
and the shorter lifetime to J-aggregated chain segments.49,50

The need to employ a bi-exponential function to fit the PL
decay profiles of the P2TI and P2TITT copolymers further
supports the presence of two distinct emissive species, likely
corresponding to H-aggregated and isolated chain segments in
the solution state or H-aggregated and J-aggregated (isolated
chain) segments in the thin film as the photophysical
properties of single conjugated polymer chains and J-
aggregates are similar.51 The notion of two distinct emissive
species is consistent with the Franck−Condon analysis of the
temperature-dependent PL spectra.

■ CONCLUSIONS
In this work, we have studied the effect of backbone
conformation on aggregation-induced photophysics of two
isoindigo-based bithiophene-isoindigo copolymers with
(P2TITT) and without (P2TI) TT spacer. The introduction
of a TT spacer in P2TITT improved the planarity of the
copolymer backbone and shifted the HOMO energy level
upward due to the stronger electron-donating nature of the TT
moiety. These structural and electronic changes also affected
the extent of HOMO−LUMO delocalization in the two
copolymers. To probe the aggregation behavior of these
materials, temperature-dependent photoluminescence meas-
urements were conducted. The temperature-dependent
evolution of the key parameters such as the intensity ratio of
the first two vibronic peaks, the peak positions, and spectral
broadening provided insights into the temperature-induced
changes in the effective conjugation length and the activation
of more emissive conformational species due to the
dissociation of interchain couplings. Interestingly, a compar-
ison of the temperature-dependent PL peak ratios between the
two copolymers revealed stronger interchain interaction in the
TT-containing P2TITT. Furthermore, the PL spectra were

Table 2. Lifetimes and Corresponding Amplitudes of the
Copolymers

τ1
(ns)

A1
(%)

τ2
(ns)

A2
(%)

average τ
(ns)

P2TI solution 0.34 66 1.01 34 0.57
film 0.30 50 1.10 50 0.70

P2TITT solution 0.46 80 1.01 20 0.57
film 0.26 47 1.09 53 0.70
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best fitted using two Franck−Condon progressions suggesting
the coexistence of two distinct aggregation types, which was
further supported by the observation of two emission lifetime
components in the time-resolved PL measurements. The
longer lifetime component was attributed to H-aggregate
species, while the shorter lifetime was assigned to J-aggregate
(isolated) chain segments. The relative contributions of these
lifetime components, as reflected in the pre-exponential factors,
indicated that the proportion of aggregated species increases in
the thin films compared to the dilute solutions. These findings
provide valuable insights into the role of the backbone
conformation and interchain interaction in modulating the
aggregation-induced photophysical properties of conjugated
polymers, which is crucial for their optimization in
optoelectronic applications.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04825.

Side view of the optimized geometry, DFT-calculated
and experimental HOMO−LUMO levels, electron cloud
distribution and electrostatic potential surface for
trimeric units of the two polymers (PDF)

■ AUTHOR INFORMATION
Corresponding Author
Newayemedhin A. Tegegne − Department of Physics, Addis

Ababa University, 1176 Addis Ababa, Ethiopia;
orcid.org/0000-0002-5822-9145;

Email: newaye.medhin@aau.edu.et

Authors
Eninges Asmare − Department of Physics, Addis Ababa

University, 1176 Addis Ababa, Ethiopia; Department of
Physics, Wollo University, Dessie 1145, Ethiopia;
orcid.org/0000-0001-6126-3128

Nika Bekri − Department of Mathematics, Physics and
Statistics, Sustainable Energy Center of Excellence, and Nano
Technology Center of Excellence, Addis Ababa Science and
Technology University, 16417 Addis Ababa, Ethiopia

Leonato Tambua Nchinda − Department of Physics,
University of Pretoria, Pretoria 0083, South Africa

Fekadu G. Hone − Department of Physics, Addis Ababa
University, 1176 Addis Ababa, Ethiopia

Wendimagegn Mammo − Department of Chemistry, Addis
Ababa University, 33658 Addis Ababa, Ethiopia
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