
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
/1

8/
20

26
 3

:2
4:

49
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Ultrafast symmet
aBionanotechnology Lab, Department of

Education and Research Bhopal, Bhopal

Pradesh 462066, India. E-mail: akoner@iise
bCondensed Phase Dynamics Group, Departm

of Science Education and Research Mohali

Punjab 140 306, India. E-mail: akde@iiserm
cSchool of Chemical Sciences, Indian Associa

2B Raja S. C. Mullick Road, Jadavpur, Kolk

spad@iacs.res.in
dDepartment of Physics, University of Michig

† Electronic supplementary information
theoretical calculations, steady-state spe
electrochemical study. See DOI: https://do

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2024, 15, 6363

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 9th October 2023
Accepted 20th March 2024

DOI: 10.1039/d3sc05325c

rsc.li/chemical-science

© 2024 The Author(s). Published by
ry-breaking charge separation in
Perylenemonoimide-embedded
multichromophores: impact of regioisomerism†

Rupam Roy,‡a Sakshi Chawla,‡b Vikas Sharma,‡a Arun K. Pal, c Yogita Silori,bd

Ayan Datta, *c Arijit K. De *b and Apurba Lal Koner *a

Symmetry-breaking charge separation (SB-CS) has recently evolved as an emerging concept offering its

potential to the latest generation of organic photovoltaics. However there are several concerns that need

to be addressed to reach the state-of-the-art in SB-CS chemistry, for instance, the desirable molecular

geometry, interchromophoric distance and extent of electronic coupling. To shed light on those features,

it is reported herein, that ortho-functionalized perylene monoimide (PMI) constituted regioisomeric dimer

and trimer derivatives with varied molecular twisting and electronic conjugation have been synthesized. In

steady-state photophysical studies, all the dimers and trimer derivatives exhibit a larger bathochromic shift

in the emission spectra and a significant reduction of fluorescence quantum yield in polar DMF. Among

the series of multichromophores, ortho- and self-coupled dimers display the strikingly different optical

feature of SB-CS with a very fast charge separation rate (sCS = 80.2 ps) upon photoexcitation in DMF,

which is unveiled by femtosecond transient absorption (fs-TA) studies. The SB-CS for two dimers is well-

supported by the formation of PMIc+ and PMIc− bands in the fs-TA spectra. Further analysis of fs-TA data

revealed that, among the other multichromophores the trimer also exhibits a clear charge separation,

whereas SB-CS signatures are less prominent, but can not be completely disregarded, for the meta- and

para-dimers. Additionally, the charge separation dynamics of those above-mentioned PMI derivatives are

devoid of a kinetically favorable excimer or triplet formation. The evidence of a profound charge transfer

phenomenon in the ortho-dimer is characterized by density functional theory (DFT) calculations on

excited state electronic structures. The excitonic communications in the excited state electronic

arrangements unravel the key role of dihedral twisting in SB-CS. The thermodynamic feasibility of CS

(DGCS) and activation barrier (DGs) of the derivatives in DMF are established from the Rehm–Weller

equation and Marcus's theory, respectively. This work is an in-depth study of the effect of mutual

orientation of PMIs and regioisomerism in determining sustainable guidelines for using SB-CS.
Introduction

The phenomenon of symmetry-breaking charge separation (SB-
CS) is a fundamental and sister concept for photoinduced
Chemistry, Indian Institute of Science

Bypass Road, Bhauri, Bhopal, Madhya

rb.ac.in

ent of Chemical Sciences, Indian Institute

, Knowledge City, Sector 81, SAS Nagar,

ohali.ac.in

tion for the Cultivation of Science, 2A and

ata, West Bengal 700032, India. E-mail:

an, Ann Arbor, Michigan 48109, USA

(ESI) available: Synthesis procedure,
ctroscopy, transient absorption study,
i.org/10.1039/d3sc05325c

is work.

the Royal Society of Chemistry
charge separation which has endowed a signicant contribu-
tion to organic photovoltaics, organic photonics, and articial
photosynthesis.1 The formation of multiple excitons (electron
hole pairs) at the donor–acceptor interfaces of the optoelec-
tronic devices via photoinduced SB-CS substantially improves
the charge carrier mobility of excitons, thus reecting on their
greater performances in photovoltaic devices.2,3 The SB-CS is
more advantageous than charge separation in conventional
donor (D)–acceptor (A) systems due to the occurrence of
a minimum energy loss (<100 mV for SB-CS and ∼500 mV for
a D–A chromophore).4 The SB-CS can be viewed as an electron
transfer-mediated transformation of the symmetrical lowest
excited states into an unsymmetrical stable charge-separated
state (electrons and holes are spatially separated) in the pres-
ence of the surrounding environments.1,4,5 Several factors such
as mutual orientation of chromophores, distances between
monomers created using variable spacer units, extent of elec-
tronic coupling, and more importantly, the surrounding
Chem. Sci., 2024, 15, 6363–6377 | 6363
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dielectric medium markedly inuence the rate of SB-CS.6–10

Depending upon the occurrence of SB-CS, it can be categorized
into two classes: intermolecular (a photosynthetic system in
purple bacteria)11 and an intramolecular SB-CS. Multi-
chromophoric systems constituted of two or more identical
chromophores are generally recognized as ideal scaffolds for
the manifestation of intramolecular SB-CS.3,12,13 By mimicking
the highlyefficient natural SB-CS system of the purple bacteria,
judicious design strategies for chromophores featuring the
desired photophysical properties have emerged as the rst and
foremost principle to create multichromophores for intra-
molecular SB-CS.14–16 Uptonow, the most investigated intra-
molecular bichromophoric systems exploited for SB-CS include
a variety of organic dyes such as 9,9-bianthryls,17,18 BODIPY,19,20

perylene,21,22 perylene diimide (PDI),16,23 terrylenediimide
(TDI),24 zinc dipyrrin,25,26 metalloporphyrin,27 phthalocya-
nine28,29 and so on.30–35 Extensive studies showed that weakly
electronically-coupled multichromophoric systems strongly
favor SB-CS by exhibiting a rapid charge separation (timescale:
100 fs–10 ps) in polar solvents.3,36

In the gallery of organic p-conjugated materials for SB-CS,
perylene imide (PI) embedded molecular dyads/triads have
captured increased attention from physical-organic chemists
due to the intriguing photophysical properties of PI's and the
desired synthetic modications on the perylene imide core.37–40

Besides the previously mentioned features, the extreme elec-
tronic conjugation along their large p-skeletons and high
electron affinity has bestowed on them an additional attribute
Fig. 1 Chemical structures of multichromophoric PMI derivatives invest

6364 | Chem. Sci., 2024, 15, 6363–6377
for better charge separation.41–43 By exploiting those advantages,
Wasielewski, Würthner and Kim, Xia, Hariharan and other
groups have developed perylene diimide (PDI)-based multi-
chromophoric systems exhibiting efficient charge separation
and accomplishing long-lived charge-separated state via
symmetry breaking.36,44–46 A myriad of the literature reveals that
the PDI chromophore has been extensively employed for SB-
CS,47–49 but such a phenomenon on its monoimide analog
(perylene monoimide, PMI) has barely been researched. A few
examples of PMI-based SB-CS have been reported, for instance,
Hariharan and co-workers revealed SB-CS by direct peri–peri
linked PMI dimer.50,51 The peri-positions of the PMIs create
a signicant change in p-conjugation when compared to that of
the PDIs, which can unfold distinct excited-state photophysical
properties.52–56 In this ourishing area, molecular engineering
approaches have become a subject of great demand to attain
a high CS rate. Also, the impact of regioisomerism on SB-CS
remain elusive in the past literature. Therefore, in the quest
to achieve fast SB-CS and to nd the role of regioisomerism, we
have developed a series of novel PMI-based multichromophoric
architectures comprised of ortho-functionalized PMI-acetylene
units (o-PMI-ac) connected via a phenyl (Ph) bridge at
different positions (ortho-, meta-, para-) as well as a self-coupled
PMI dimer and a 1,3,5-Ph-substituted PMI trimer (Fig. 1) which
are abbreviated as o-Ph(o-PMI-ac)2, m-Ph(o-PMI-ac)2, p-Ph(o-
PMI-ac)2, (o-PMI-ac)2 and 1,3,5-Ph(o-PMI-ac)3, respectively. We
have thoroughly investigated the effect of structural congura-
tion for those multichromophores on the SB-CS process using
igated in this work.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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steady-state absorption and emission, time-resolved uores-
cence measurements, femtosecond transient absorption spec-
troscopy, and rst-principles calculations. The study revealed
that the ortho- and self-coupled PMI dimers show prominent
SB-CS in a polar solvent, whereas it is prohibited in a weak-
lypolar solvent. The structural distortion between the PMI
monomers and the desired interchromophoric distance have
led them to be suitable candidates for SB-CS with a weak-
electronic coupling feature. Furthermore, the excited state CS
phenomenon of the aforementioned derivatives is well-
supported by in-depth theoretical calculations in addition to
electrochemical investigation.
Results and discussion
Synthesis of PMI-coupled derivatives

The PMI-based multichromophores were synthesized by
following the Sonogashira–Hagihara cross-coupling reaction
giving amoderate to high yield (see Schemes S1 and S2,† and the
detailed synthetic procedures for all compounds are provided in
the ESI†). Briey, o-PMI-ac was synthesized by a Ru-catalyzed
regioselective ortho-functionalization of PMI, followed by selec-
tive monobromination at the peri-position, introduction of
a TIPS-acetylene moiety in the presence of the Pd2(dba)3-P(o-
tolyl)3 catalytic system and nally, deprotection of the TIPS. Next,
the o-PMI-ac units were coupled at different positions of the
phenyl core to obtain the desired multichromophores. All the
intermediate and desired compounds were comprehensively
characterized by 1H-NMR spectroscopy, and high-resolution
mass spectrometry including ESI-MS and MALDI (Fig. S1–
S18†). The self-coupled dimer was obtained as a side product in
Fig. 2 Normalized (a) absorption and (b) emission spectra of all the inve
The normalized absorption and (d) normalized emission spectra of o-Ph(
of (e) o-PMI-ac monomer and (f) o-Ph(o-PMI-ac)2 in three solvents.

© 2024 The Author(s). Published by the Royal Society of Chemistry
the cross-coupling reactions. Here, the idea behind the intro-
duction of an alkyne linker between the PMI and phenylmoieties
was to extend the conjugation between the PMI units, thus
modulating the electronic coupling, which is a crucial factor for
the charge separation. In addition to that, bulky branched alkyl
chains were incorporated in both ortho-positions of the PMI core
that aided the signicant increase in their solubility by dis-
rupting the intense p–p interaction among the multi-
chromophores, which acts as a pre-requisite solubility factor for
carrying out the spectroscopic investigations.
Steady-state and time-resolved optical properties

The steady-state optical properties for all the synthesized
derivatives were measured in three weakly polar to highly polar
solvents namely toluene (Tol), chloroform (CHCl3), and N,N-
dimethylformamide (DMF) with dielectric constant values of
2.38, 4.81, and 38.25, respectively. The optical purity of all the
synthesized derivatives was validated from the superimposition
of the absorption and excitation spectra in CHCl3 (see Fig. S19–
S23 in the ESI†). Fig. 2a shows that the o-PMI-ac monomer (c =
2.0 mM) in toluene exhibited a well-resolved absorption spec-
trum consisting of vibronic features at 512 nm, 483 nm and
452 nm corresponding to 0–0, 0–1, and 0–2 transitions,
respectively. The molar extinction coefficient of the o-PMI-ac at
its labsmax = 512 nm was found to be 3max = 41 160 M−1 cm−1. The
ortho-PMI dimer, i.e., o-Ph(o-PMI-ac)2 showed an unusual
absorption prole possessing labsmax at 490 nm in comparison to
the parent PMI chromophore in toluene. Here, the 0–1 vibronic
band emerged as the predominant band rather than the 0–
0 band (A0–0/A0–1 = 0.84), as discussed in the next section. On
the other hand, in the normalized absorption spectra, m-Ph(o-
stigated compounds including the reference monomer in toluene. (c)
o-PMI-ac)2 in three different solvents. The fluorescence lifetime decay

Chem. Sci., 2024, 15, 6363–6377 | 6365
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PMI-ac)2, p-Ph(o-PMI-ac)2, 1,3,5-Ph(o-PMI-ac)3 and self-coupled
(o-PMI-ac)2 dimer restored the nature of the vibronic progres-
sions (A0–0/A0–1 > 1.0) at their characteristic bands in toluene
which were akin to those in the reference monomer o-PMI-ac.
The characterized vibronic features in the absorption spectrum
for the self-coupled derivative were less sharp (lAbsmax = 574 nm)
in comparison to those of the other dimers and trimer deriva-
tives. The evolution of strong vibronic progressions for all the
PMI dimers/trimer derivatives is a sign of the coupling between
the vinyl stretchingmode (∼1250 cm−1) of the perylene core and
the S0–S1 electronic transition of the PMIs.14,57 Notably, the
dimers and trimer except ortho-PMI dimer showed a consider-
able bathochromic shi (17–48 nm) in their absorption spectra
relative to the reference monomer because of the increased
electronic conjugation between the two PMI monomer units
through the phenyl linker. The UV-Vis. absorption spectra for all
the derivatives delineated a negligible shi in their respective
absorption maxima in weakly polar to highly polar solvents
(Table 1), showing the insensitivity of their ground state elec-
tronic property towards the solvent polarity. The results of
a concentration-dependent absorption study shown in Fig. S24
and S25† manifested no sign of aggregation of the multi-
chromophores at the working concentration (c = 1.0 mM). To
understand the excited-state optical properties, rstly, the
uorescence spectra of all the PMI derivatives in toluene were
measured. On photoexcitation at 500 nm, the emission spec-
trum of the o-PMI-ac monomer in toluene displayed well-
structured vibronic features mostly centered at 534 nm and
574 nm (lemmax = 534 nm) in conjunction with a weakly intense
band at 624 nm. The emission proles of the dimer and trimer
derivatives in the same solvent (toluene) also revealed the
appearance of a well-dened vibronic progression akin to o-
PMI-ac, which was indicative of their existence in the monomer
state, as shown in Fig. 2b. In stark contrast to the solvent
polarity-independent absorption proles, the emission spectra
of the monomer and other derivatives exhibited a bathochromic
Table 1 Photophysical properties of PMI derivatives in three solvents

Comp. Solvent labsmax
a/nm lemmax

b/nm
Stokes
shic/nm FFl

d/%

ortho-Dimer Tol 491 557 66 75 � 0.5
CHCl3 490 567 77 64 � 0.5
DMF 493 581 88 <1.0

meta-Dimer Tol 527 548 21 74 � 0.4
CHCl3 529 554 25 65 � 0.4
DMF 529 568 39 15 � 1.7

para-Dimer Tol 536 558 22 73 � 0.7
CHCl3 540 566 26 64 � 0.7
DMF 540 574 34 12 � 3.8

SC dimer Tol 560 574 14 48 � 1.4
CHCl3 560 580 20 64 � 2.5
DMF 558 588 30 <1.0

a Absorption maxima. b Emission maxima of four derivatives in the
mentioned solvents. c Represents the Stokes shis [lemmax − labsmax].

d The
absolute QY was measured in three solvents using an integrating
sphere. Quantum yield (±<5.0%).

6366 | Chem. Sci., 2024, 15, 6363–6377
shi in highly polar DMF when compared to toluene (Fig. 2c
and d for the ortho-PMI dimer, and Fig. S26–S30† for the other
derivatives). It was noted that the emission spectra of the
dimers and trimer became broad in DMF in comparison to
toluene, which might be possible due to polar solvent-assisted
charge separation via symmetry breaking. The SB-CS in
a polar medium leads to the generation of charge-separated
species which interact with the solvent's dipole, resulting in
a red shi and a broadening of the spectra.50,58 In addition,
a marginal change in labsmax and a relatively larger red shi in
lemmax ensured to attain a large Stokes shi in DMF but not in the
other two solvents (e.g., for ortho-PMI dimer, the Stokes shis
were 66 nm, 77 nm, and 88 nm in toluene, CHCl3 and DMF,
respectively). Subsequently, to gain further insights into the
excited-state CS characteristics of such multichromophores, we
measured the absolute uorescence quantum yield (FFl) and
the average uorescence lifetime (savg) in three solvents, as
shown in Table 1. The FFl values for the o-PMI-ac monomer in
toluene and CHCl3 were 79% and 71%, respectively, but were
decreased in DMF to give FFl of 54% (note that the decrease of
FFl accounts for an inherent dipolar feature of PMI which is
consistent with its asymmetric structure). Much to our delight,
the dimer and trimer molecules expressed appreciably high FFl

values (QY range – 75–84%) in toluene, which drastically
dropped in DMF (FFl < 15%), for example, for the ortho-PMI
dimer, FFl (Tol) = 75%, FFl (CHCl3) = 64% and FFl (DMF)
<1.0%. The reduction of FFl values for multichromophores in
polar DMF is ascribed to the activation of an additional non-
radiative decay pathway in DMF. Similarly, the uorescence
lifetime measurement showed that the reference (o-PMI-ac)
exhibited an increase in the uorescence lifetime values with an
increase in the solvent polarity (4.1 ns in Tol to 4.5 ns in DMF,
Fig. 2e, Tables S1 and S2†) which is indicative of intramolecular
charge transfer (ICT) characteristic present in o-PMI-ac. These
ICT characteristics are further supported by an observed red
shi in the steady state emission spectrum of the monomer
(Fig. S26†) and the Lippert–Mataga plot in Fig. S31.† We esti-
mate that a large change of dipole moment between the ground
and excited electronic states (Dm = 4.77 Debye), is indicative of
the presence of an ICT state. A similar behavior was observed for
other PMI derivatives59 and recently for terrylene monoimide.60

The impact of the solvent polarity on the CT and locally excited
(LE) states is widely recognized in the literature. As the solvent
polarity increases, the CT energy level undergoes a gradual
decrease because of the robust interaction between the solvent
and solute. In contrast, the LE energy level remains relatively
unaffected by the solvent polarity, and this is attributed to the
small dipole moment associated with the LE state. This
phenomenon implies that in high-polarity solvents, the CT state
is energetically lower than the LE state while it is reversed in
low-polarity solvents. A similar increase in the uorescence
lifetime with solvent polarity was observed for the PMI mono-
mer,50 aryl-substituted 9,90-bianthryl derivatives61 and
substituted N,N-diphenyl-amine dyads.62 The uorescence
decay of all the multichromophores in weakly and medium
polar solvents were properly tted with the mono-exponential
function. In DMF, all these derivatives displayed bi-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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exponential decay, indicating the evolution of a new excited-
state species in polar DMF (Fig. 2f, S32, Tables S1 and S2†). A
bi-exponential uorescence decay may result from two potential
reasons, the rst involves a radiative charge recombination as
observed in inorganic semiconductors. If this is the case, the
spectra of the delayed emission would shi to a lower energy,
reecting the magnitude of the driving force for the SB-CS, as
the emission would originate from the lower energy charge
transfer (CT) state. The second possibility is that, due to the
small driving force for SB-CS, the charges could recombine to
the S1 state rather than directly to the ground state and would
create a pseudo-equilibrium between the SB-CS state and the S1
state. This bi-exponential uorescence lifetime was also
observed for a spiro-conjugated perylenediimide dimer.36 Based
on the spectroscopic outcomes in DMF such as the bath-
ochromic shi together with the broadening in the emission
spectra, the profound reduction of absolute FFl values and the
prominent change in time-resolved decay, we anticipate the
possibility of charge separation in polar DMF. The charge
separation can facilitate the non-radiative decay channels
competitive to the radiative pathway, from the S1 to CS state,
and as a result, it diminishes the emission quantum efficiency
of these multichromophoric PMI derivatives in DMF, that were
not observed in toluene. Therefore, in the next section, we
discuss the investigation of the excitonic interactions in the
excited state together with their conformational studies by
using computational methodologies.
Fig. 3 The framework of the conventional Kashamodel (a) J-aggregate a
band. In the excitonic coupling limit (a) thte > 0 and (b) thte < 0. (c) The e
dimer (PMI–PMI dihedral angle, 4 = 44°) with a polarized continuum m
resonance excitons are the linear combination of the localized Frenkel (M
coupling between the delocalized states results in adiabatic excited state
from the Kasha-like aggregation in the ortho- and meta-dimer, respecti

© 2024 The Author(s). Published by the Royal Society of Chemistry
Electronic structure calculations

In this section, we discuss the molecular aggregation and
excitonic communication in the excited state electronic struc-
ture. The discussion of the calculated absorption and emission
spectrum have been provided in the ESI† together with the NTO
plot in Fig. S33.† A brief description of Fig. 3a–c is provided in
the ESI.† The long-range (Kasha-like) Coulomb exchange
coupling (JCoul) values are calculated by using the transition
charges from the electrostatic potential (TrESP) and the
following equation:36,63

JCoul ¼ 1

4p30

X
i

X
j

qM1
i qM2

j��rM1
i � rM2

j

�� (1)

where qMi refers to the transition charges on the ith atom of
monomer M and

���rM1
i � rM2

j

��� which refers to the displacement
vectors with respect to the centre of mass during an electronic
transition. The calculated values for the three dimers are listed
in Table 2. In the Kasha-like aggregation, the predominant
nature of the coulombic coupling arises due to the large S1) S0
transition electric dipole moment (TEDM).64 The TEDM values
of ortho-, meta- and para-PMI dimers are 5.61, 6.38 and 7.96 au,
respectively, (see Table S3†). Therefore, the order of the JCoul
values should be JCoul

para− > JCoul
meta− > JCoul

ortho−. However, the
order is reversed in the present case: JCoul

para− < JCoul
meta− <

JCoul
ortho−. Therefore, the aggregation behavior based on the

Kasha rule is unconventional here. This framework can be
explained by considering the hole (th) and the electron (te)
nd (b) H-aggregate, where S= symmetric band and AS= antisymmetric
xcited state energy diagram at the ground state optimized ortho-PMI
odel of the chloroform solvent. The delocalized Frenkel and charge
*M or MM*) and CT (M−M+ or M+M−) states of the monomers (M). The
s (S1–S4). The oscillator strengths are denoted by f. (d) and (e) deviation
vely (eqn (2)–(4)).
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Table 2 The hole (th) and electron (te) transfer integral together with the short-range CT coupling (JCT), long-range Coulomb electrostatic
coupling (JCoul) and energy shift of the antisymmetric band (DAS(k = 0)). Here, 4 denotes the PMI–PMI dihedral angle in the dimer

(cm−1) th te JCT DCT JCoul DAS(k = 0)

ortho-Dimer (4 = 20°) −2925 −165.7 −143.0 −2533 188.1 −543.5
ortho-Dimer (4 = 44°) −1296 −54.3 −20.5 −491.0 185.6 −112.6
ortho-Dimer (4 = 80°) −29.7 −13.8 0.12 −0.32 184.9 0.21
meta-Dimer −802.6 −25.1 −4.55 −145.0 79.4 −46.1
para-Dimer 694.1 16.9 — — 64.4 T0
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transfer integrals that allow the mixing of the Frenkel and CT
excitons as previously demonstrated by Hestand et al. with oli-
goacenes65 and later on by Zhong et al. with donor–acceptor
chromophores.66 In the excitonic coupling limit, the energy of
the symmetric (S) and antisymmetric (AS) band is calculated by:

ES(AS)(k) = E0–0 + DS(AS)(k) (2)

where k is the wave vector and k= 0 refers to the bright state. E0–
0 is the energy of the absorption maxima and DS(AS)(k) is the
energy shi due to the excitonic coupling, expressed as:

DSðkÞ ¼ ECT

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðth2 þ te2Þ þ 4thtecos

�
k

2

�
þ ECT

2

4

s
(3)

DASðkÞ ¼ ECT

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðth2 þ te2Þ � 4thtecos

�
k

2

�
þ ECT

2

4

s
(4)

In the case of th = te, DAS(k = 0) = 0, indicates no energy shi.
However, for th s te, DAS(k = 0) < 0, it clearly illustrates a red
shi in the EAS(k = 0) value in eqn (2). Hence, it generates a H-
like band which is completely unconventional with respect to
the Kashamechanism that relies on the Coulombic electrostatic
interaction. The calculated th, te andDAS(k= 0) values are shown
in Table 2. The th and te are not equal and are of same sign for
all the cases. Therefore, for all the present cases (thte > 0), the
lower band is symmetric (S) and the upper band is antisym-
metric (AS), as shown in Fig. 3a. For the ortho-PMI dimer, the
DAS(k= 0) is more negative (−112.6 cm−1) than that of themeta-
PMI dimer (−46 cm−1) as shown by (ECT)ortho− < (ECT)meta− and
(thte)ortho− > (thte)meta− in eqn (4). This results a more red-shied
(lower energy) value in EAS(k = 0) for the ortho-PMI dimer and
shows H-aggregation, as illustrated in Fig. 3d and e, respec-
tively. In the present scenario, the CT state is not detected
among the rst four singlet excited states of the para-PMI dimer
but the state may arise in the higher energy states which is not
considered here. Therefore, the ECT of the para-PMI dimer is
much larger than that of the others. Consequently, there is
a blue-shi in the EAS(k= 0) value, which results in a J-like band.
In a similar fashion, the interaction between the diabatic CS
states can split them into two delocalized charge resonance
states (DCR) with a splitting parameter of 2jJCTj (see Fig. 3c).6,67

The CT couplings (JCT) are calculated with the te and th values
and the energy differences between the virtual CT state (ECT)
and the S1 state (ES1):

68
6368 | Chem. Sci., 2024, 15, 6363–6377
JCT ¼ � 2teth

ECT � ES1

(5)

The sign of te and th is dependent on the relative orientation
of the nodal plane of HOMO and LUMO at an excitonic
communication limit.68,69 The JCTs of ortho-PMI and meta-PMI
dimers are calculated as −20.5 and −4.55 cm−1 (Table 2).
Hence, the possibility of the formation of the DCR state in the
meta-PMI dimer is less because the CT coupling is not dominant
when compared to the ortho-PMI dimer. The local electrostatic
symmetry of the charge resonance state in the ortho-PMI dimer
is broken by the solvent polarity and the hole/electron particu-
larly occupies one monomeric unit which provides spontaneity
to the generation of PMIc+–PMIc−. The charges then recombine
to produce a local exciton which is emitted to the ground state
via a radiative or a non-radiative pathway.13,68 In this process,
the charge recombination can also occur directly from the
initially created excited states which introduced a self-energy
correction (DCT) and this was determined by the expression:68

DCT ¼ �2ðte2 þ th
2Þ

ECT � ES1

(6)

A self-energy correction of – 491 cm−1 in the ortho-PMI dimer
indicates that there is a strong coupling between the local
exciton and charge-separated excitons which also agrees with
the non-Kasha aggregation behavior (DAS(k= 0) < 0) in the ortho-
PMI dimer. However, a better justication of the Frenkel-CT
mixing can be explained by considering the variations in
intermolecular orientation,58 see below.

The selected atoms in the dimer for a relaxed PES scan are
shown in the Fig. S34.† As shown in Fig. 4a, the orbital overlap
(J) between the HOMO(M1) and HOMO(M2) or LUMO(M1) and
LUMO(M2) is responsible for the SB-CS process whereas the J
between the HOMO(M1) and LUMO(M2) is responsible for the
charge recombination process to the ground state. Hence, it is
relevant to investigate JHH, JLL and JHL. For the ortho-PMI dimer,
JHH, JLL and JHL together with JH–1,H, JL,L+1, JH–1,L+1 and JH–1,L are
considered. The investigation is justied in Fig. S35,† where the
HOMO − 1 of the neutral PMI reassembles with the singly
occupied molecular orbital (SOMO) of the radical cation PMI
while the LUMO of the neutral PMI molecule is identical with
the SOMO of the radical anion PMI. Another reason is that the
absorption maxima and CT states of the ortho-PMI dimer
appeared mostly from the transitions between HOMO − 1,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Scheme for the locally excited (LE), symmetry-breaking charge transfer (SB-CT) and charge recombination (CR) phenomenon in
a dimer consisting of two monomeric units, M1 and M2 (H stands for HOMO and L stands for LUMO). (b) The variation of coupling strengths
between HOMO− 1 and HOMO, LUMO and LUMO+ 1, and HOMO− 1 and LUMO+ 1 of monomer 1 andmonomer 2, respectively, with dihedral
angles between the two PMI units in the ortho-PMI dimer. (c) The variation of coupling strengths between the HOMOs, LUMOs and HOMO and
LUMO of monomer 1 and monomer 2, respectively, with a dihedral angle between the two PMI units in ortho-PMI dimer. (d) and (e) The NTO
plots with an isosurface of ±0.0002 au corresponding to the first four singlet excited states in the ortho-PMI dimers with a dihedral angle
between two PMI units of 20° (higher coupling strength) and 80° (lower coupling strength), respectively. The energies are in eV and calculated at
the CAM-B3LYP/def2-SVP/PCM (chloroform) level of theory.
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HOMO, LUMO and LUMO + 1 FMOs (Table S4†). The variations
of J with the PMI–PMI dihedral angle (4) are shown in Fig. 4b
and c and Table S6†. For the ortho-PMI dimer, all types of
coupling strengths are increasing with the decrease in the
torsional angle. The geometry with 4z 20° and 40° showed the
maximum coupling strengths in JHH and JH−1,H. Comparatively
lower values of the JLL and JL,L+1 indicate that the electron
transfer is suppressed, and the SB-CS occurs mainly via hole
transfer between the monomeric units. The structure with 4 z
80° shows the minimal coupling in all cases. Therefore, the two
structures 4 z 20° (maximum J) and 4 z 80° (minimum J) are
considered for further studies. The NTO plots of the singlet
excited states are shown in Fig. 4d and e, and the FMOs are
shown in Fig. S36.† The characteristics of the Frenkel exciton in
the S1 and S2 state, and the CR exciton in the S3 and S4 state are
more prominent in 4 z 20° than in 4 z 80°. The absorption
wavelength for the PMI monomer at CAM-B3LYP/def2-SVP/PCM
(chloroform) level is 442 nm (f = 1.32) whereas for 4 z 20° and
4 z 80°, the lcalcabs are 453 nm (f = 2.25) and 451 nm (f = 2.29),
respectively, for the ortho-PMI dimer. The JCoul, JCT, DCT and
DAS(k = 0) are listed in Table 2. The 4 z 44° corresponds to the
full optimized structure. No signicant changes have been
observed in the JCoul values in the 4 z 20°, 44° and 80° struc-
tures. However, 4 z 20° carries a more negative JCT
(−143.0 cm−1) whereas 4 z 80° shows a minimal JCT
(0.12 cm−1). This shows that the structure with 4 z 20° it may
be possible for it to show a larger excitonic occurrence (thte >
© 2024 The Author(s). Published by the Royal Society of Chemistry
0).68 Consequently, a high negative DCT value corresponding to
that structure refers to a signicant Frenkel-CT mixing, which is
an indication of the formation of an unconventional Kasha H-
band. A large red-shi of the asymmetric band at k =

0 conrms the deviation. The lower values of JH–1,L with respect
to the JH–1,H shows that the rate of charge recombination is
relatively small, unlike that of SB-CS. The meta- and para-PMI
dimers are both rigid for the excited-state phenomenon and
hence, do not show any signicant variation in the orbital
overlap with the interchromophoric orientations, as shown in
Fig. S37.†

The energy of the rst excited singlet states of the ortho-PMI
dimer against the variation in the PMI–PMI dihedral angle is
plotted in Fig. S38,† which indicates the formation of an
excimer-like structure.70 The structure corresponding to the
minima of this plot nearly agrees with the optimized S1 struc-
ture (4 = 38.5°), as shown in Fig. S39.† The solvent polarity
simplies the Frenkel-CT mixing in the excited state which
introduces an amount of the CT characteristic to the S1 and
breaks down the adiabaticity of the state in the ortho-PMI
dimer, which is also evident from the larger Stokes shi and is
comparable to the others (Tables 1 and S5†). This results in
a decrease in uorescence lifetime, and hence, proceeds to an
ultrafast SB-CS, as recently discussed by Hong et al.14 and Qin
et al.71 with perylene bisimide dimer and perylene monoimide
dimer, respectively. Furthermore, Marcus's theory is appro-
priate here to explain the electron transfer process as the SB-CS
Chem. Sci., 2024, 15, 6363–6377 | 6369
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process relies on the nonadiabatic electron transfer (NAET).72 In
this context, the NAET is predominantly dependent onMarcus's
parameters: (i) driving force for the CS (DGCS), (ii) reorganiza-
tion energy (ltotal), and (iii) electronic coupling (JHL). For the
ortho-PMI dimer, the DGCS values in toluene, chloroform, and
DMF are 0.46, 0.11 and −0.19 eV, respectively, (calculated using
the Rehm–Weller equation as discussed later). The internal l
(li) is calculated by using the optimized ionic structures at both
their ground-state and excited-state. The contribution of solvent
in l (ls) is also calculated in different solvents as discussed in
the ESI.† Here, ltotal = li + ls. A schematic showing an expla-
nation of the Marcus parameters in SB-CS is captured in
Fig. S40† and the calculated values are provided in Table S7.†
The lower value of DGCS and the higher value of ltotal with the
increase of solvent polarity clearly signies that in DMF, the SB-
CS occurs spontaneously. This nding is conrmed by calcu-
lating the activation barrier for the NAET:

DG‡ = (DGCS + ltotal)
2/4ltotal (7)
Fig. 5 Plots for transient absorption spectral traces at various probe de
panel), and the self-coupled dimer (right panel) in toluene (a, b, c), CHCl3
corresponding to the radical species is done on the basis of the spectro

6370 | Chem. Sci., 2024, 15, 6363–6377
The DG‡ values are found to decrease with increase of the
polarity of the solvents (Table S7†). Hence, the present
computational study concludes that there is the presence of
delocalized charge resonance states as an intermediate in the
SB-CS and that the solvent polarity simplies the process.
Femtosecond transient absorption (TA) studies

To delve deeper into the solvent-modulated excited state
dynamics of various structural PMI-dimers/trimer, femtosecond
transient absorption (fs-TA) measurements73,74 were performed
in solvents of varying polarities. The 2D contour of fs-TA data for
each compound in CHCl3 together with the corresponding
steady-state and pump-probe laser spectra are shown in
Fig. S41.† The fs-TA spectra at different probe delays for the
monomer, ortho-PMI dimer and the self-coupled dimer are
shown in Fig. 5 and for the meta-PMI dimer and para-PMI
dimer, and those for the PMI-trimer are shown in Fig. S42.† The
monomeric o-PMI-ac shows a ground state bleach (GSB) signal
which corresponds to the S0 / S1 transition, i.e., re-absorption
lay times for the monomer (left panel), the ortho-PMI dimer (middle
(d, e, f), and DMF (g, h, i), respectively. The assignment of the ESA bands
electrochemistry data (Section VII in the ESI†).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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from the ground state bleach (GSB) containing three different
vibronic bands at 450 nm, 482 nm, and 520 nm, were quite
similar to what was observed in the steady-state absorption
spectrum. A stimulated emission (SE) band corresponds to the
S1 / S0 transition is observed at around 570 nm, which was
nearly comparable to the 0 / 1 vibronic band in the emission
spectrum; and the 0 / 0 band is spectrally indistinguishable
from that of the 0 ) 0 band of the GSB at 520 nm. The excited
singlet state absorption (ESA) corresponding to the Sn ) S1
transition is observed in the 620–750 nm region. A slightly blue-
shied (compared with toluene), ESA band in CHCl3 and DMF
exhibits a rise in intensity followed by decay, over longer probe
delays. An observable red shi in the steady state emission
spectrum of the monomer (Fig. S26†) and an increase in the
single-exponential uorescence lifetime with an increase in the
solvent polarity (4.1 ns in Tol to 4.5 ns in DMF, Table S2†) is
indicative of the ICT characteristic present in the monomer o-
PMI-ac.

The fs-TA data of monomer o-PMI-ac in different polar
solvents were reproduced well by the global lifetime tting
analysis, where the two relaxation processes are assumed to be
taking place in a sequential pathway. Such global analysis of the
fs-TA data enables a holistic understanding of the excited state
dynamics by exploiting multiple spectrally overlapped signals
and by examining these signals simultaneously, a comprehen-
sive perspective of the behavior of the excited state can be ob-
tained.74 A two-step sequential model as shown in Fig. 6a, A /

B / GS was employed to t the excited-state photophysics of
the monomer. The corresponding evolution-associated differ-
ence spectra (EADS) together with the population dynamics and
time constants are shown in Fig. S43† and Table 3, respectively.
The rst relaxation process A / B is assigned to the relaxation
from the Franck–Condon (FC) region to a fully-relaxed (FR)
region of the initially populated LE singlet state (state A), and
eventually to an ICT state (state B) with a time constant (s1 or
sA/B h sVR+FR/ICT) of 3.8 ps in Tol. This time constant was
found to become faster on increasing the solvent polarity to 2.62
Fig. 6 Schematic potential energy diagram showing (a) solvent-depende
relaxation pathways for dimers after photoexcitation in lower polarity so
polar solvent DMF (d).

© 2024 The Author(s). Published by the Royal Society of Chemistry
ps and 2.25 ps in CHCl3 and DMF, respectively. The second time
constant (s2 or sB/GS) ranging from 3–4 ns was attributed to the
decay of the B state back to the ground state, and this time scale
matches well with the uorescence lifetime (Table S2†). To
show the quality of the tting results, the kinetics at a few
selected wavelengths are shown in Fig. S44.† The choice of this
kinetic model (A / B / GS) is justied by the progressive red-
shi in the uorescence spectra as well as the increase in
uorescence lifetime with increasing solvent polarity, as
mentioned earlier.

In a weakly polar solvent Tol and a medium polar solvent
CHCl3, the fs-TA spectra of the monomer of all the dimers and
trimer resemble the steady-state absorption features in the GSB
signal and a far red-shied ESA signal occurs at around 745 nm,
as shown in Fig. 5 and S42.† A red-shied GSB, and ESA signals
of different (o-PMI-ac)2 dimers and trimer, when compared to
the monomer, is indicative of the difference in the electronic
couplings between the monomeric PMI moiety present at
various molecular conformational constraints within the
dimer44,45 as discussed in the previous section.

Contrary to the steady-state absorption spectrum, the ortho-
dimer shows a maximum intensity at the 0 ) 0 band in the TA
spectrum. This is primarily because this band results from the
overlap of the GSB and the SE signal, as shown in Fig. 5 (middle
panel). For, the ortho-PMI dimer in toluene and CHCl3, the
spectral features resembled the monomer, however, the kinetics
varied signicantly. To extract the excited-state deactivation
process of the ortho-dimer in Tol and CHCl3, the best-tting
results were obtained when a two-step sequential model A / B
/ GS (Fig. 6a) was employed. The EADS for the ortho-PMI dimer
in Tol and CHCl3 are shown in Fig. 7a and b, respectively, and the
corresponding population kinetics are shown in Fig. 7d–f. The
rst relaxation process A / B is assigned to the relaxation from
the Franck-Condon region to a fully-relaxed region of the initially
populated mixed state (state A) of the Frenkel and CT excitons
with a shorter lifetime component (s1 or sA/B). This time
component becomes faster in CHCl3 (s1 or sA/B = 0.62 ps) when
nt stabilization of charge transfer state in monomer and (b–d) different
lvent toluene (b), in medium polarity solvents CHCl3 (c) and in highly
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Table 3 Time constants obtained from the global target analysis of the fs-TA data for toluene, CHCl3, and DMF

Compound Solvent s1 or sA/B h sVR+FR/ICT (ps) s2 or sB/GS h sFl(ps) s3 or sB/C h sSB-CS (ps) s4 or sC/GS h sCR (ps)

Monomer Tol 3.80 � 0.02 3628 � 1 — —
CHCl3 2.62 � 0.01 4260 � 6 — —
DMF 2.15 � 0.006 3670 � 2 — —

ortho-Dimer Tol 2.13 � 0.01 4053 � 2 — —
CHCl3 0.62 � 0.004 3824 � 1 — —
DMF 0.21 � 0.005 1730a 80.2 � 0.01 901 � 2

meta-Dimer Tol 1.13 � 0.004 3148 � 7 — —
CHCl3 53.7 � 0.1 3004 � 2 — —
DMF 4.1 � 0.04 900a 2913 � 115 4545 � 10

para-Dimer Tol 2.58 � 0.006 1788 � 0.3 — —
CHCl3 1.81 � 0.05 2129 � 0.9 — —
DMF 0.63 � 0.002 3600a 90.8 � 0.38 851.2 � 3

Self-coupled dimer Tol 17.6 � 0.02 1351 � 0.27 — —
CHCl3 1.64 � 0.009 1481 � 0.6 — —
DMF 0.16 � 0.006 3380a 83.1 � 0.01 1012 � 5

Trimer Tol 2.01 � 0.008 2322 � 0.5 — —
CHCl3 0.27 � 0.001 2332 � 7.1 — —
DMF 0.23 � 0.004 800a 3.92 � 0.003 1268 � 0.6

a Fixed lifetime values derived from TCSPC.

Fig. 7 Plots of EADS and population kinetics of the ortho-PMI dimer
(lex = 530 nm) in toluene (a, d), CHCl3 (b, e), and DMF (c, f), respec-
tively. Black for LE, blue for CT and cyan for SB-CS.
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compared to toluene (s1 or sA/B = 2.13 ps). The FR state (B state)
further decays to the ground state (B / GS) with a lifetime
component (s2 or s~B/GS) of 4.2 ns or 3.6 ns in toluene or CHCl3,
6372 | Chem. Sci., 2024, 15, 6363–6377
respectively, which is in agreement with the uorescence life-
times (see Table S2†). A progressive red shi in the stimulated
emission signal in the second EADS (blue) (Fig. 7e) indicated the
emergence of a novel transient species characterized by dipolar
character (state B), represented as the relaxed S1 state or as the
charge transfer (CT) state in a previous report.46 However, in the
present case, this state can be labelled as the fully relaxed mixed
state of the Frenkel and CT excitons (FR state). The comparison of
the time constants obtained from the global analysis in Tol,
CHCl3, is summarized in Table 3. Clearly, the charge separated
state is not energetically accessible via symmetry-breaking charge
separation (SB-CS) in Tol or CHCl3, which is further evident from
the absence of any spectral signature of PMIc+ in these three
solvents, and the Gibbs free energy calculations (DGCS= +0.46 eV
and +0.11 eV in Tol and CHCl3, respectively). This also correlates
well with the large uorescence quantum yields in toluene (FFl =

75%) and CHCl3 (FFl= 64%). The absence of any distinct charge-
separated radical cation and anion absorption bands for PMI in
Tol and CHCl3 indicates that the SB-CS state lies energetically
higher than the FR state in these solvents as shown in Fig. 6b and
c. Interestingly, in the highly polar solvent DMF, the ESA band
near 700 nm decays promptly at a longer delay time which was
accompanied by a concomitant growth of a new band near
600 nm with a positive DOD. The evolution of a 590 nm band
associated with an isosbestic point of 650 nm nearby indicates
the formation of new transient species (PMI radical cation and
anion, PMIc+ and PMIc−). The spectral evidence of the PMIc+

species centred on one PMI monomer in the TA spectra
substantiated the generation of the PMIc− also in another iden-
tical PMI unit which showed a spectral signature at 640 nm.75,76

The formation of a radical cation/anion is corroborated by the
chemical oxidation and spectroelectrochemistry studies (see the
ESI†). However, due to the close-lying absorptions of PMIc+ and
PMIc−, we observed a single broad ESA band. The presence of
such a radical species is a clear indication of solvent-mediated SB-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Plots of EADS and population kinetics of the self-coupled dimer
(lex = 550 nm) in toluene (a, d), CHCl3 (b, e), and DMF (c, f),
respectively.
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CS between the two PMI moieties in DMF.36,46 In DMF the energy
level of the SB-CS state can be effectively stabilized by solvation,
bringing it below the mixed FR state, from where the charge
separation is energetically favorable. Because the FR state can
relax via both radiative (uorescence) and non-radiative (to the
SB-CS state) relaxation pathways, a branching of the population of
the FR state is expected. Additionally, the existence of an equi-
librium mechanism allowing both forward and backward charge
transfer processes would typically lead to an enhanced uores-
cence lifetime and quantum yield of the FR state.46,72,77However, it
is important to note that such enhancements were not observed
in the case of DMF because the SB-CS state is energetically much
lower than the FR state, allowing for no back-transfer of the
population. Therefore, based on the energetics, we infer that both
the FR and SB-CS states are emissive and the emission from the
SB-CS state results from radiative charge recombination. This
justies our choice of a kinetic model for SB-CS in DMF involving
population branching leading to a dual uorescence which, due
to spectral overlap, exhibits a biexponential lifetime in the TCSPC
measurements. To explain this, a global target analysis of the fs-
TA data was performed. The species-associated difference spectra
(SADS) obtained from the target analysis employing the kinetic
scheme considered a branching of the population (Fig. 6d) using
a kinetic model A/ BbGS

aC⃑GS where state C is the SB-CS state. The
corresponding SADS and population dynamics obtained from
global tting of the TA data in DMF are shown in Fig. 7c and f,
respectively. Selected kinetic traces were superimposed on tted
curves at different wavelengths obtained from the global and
target analysis, and these were chosen to display the tting
qualities shown in Fig. S45.† SADS 1 is ascribed to the FC state
(state A), which evolves into a FR state (state B) as shown by SADS
2 in s1 or sA/B = 0.21 ps. This state B further evolves into a fully
charge-separated state or SB-CS state (state C) (PMIc+–PMIc−) via
symmetry breaking as shown by SADS 3 with a time constant (s2
or sB/C) of 80.2 ps. This SB-CS state (state C) obtained in a highly
polar solvent undergoes radiative charge recombination to the GS
with a lifetime component (s3 or sC/GS) of 901 ps (the long life-
time of 901 ps of the SB-CS state is indicative of radiative decay
which also explains the biexponential nature of the uorescence
lifetime of the dimer in DMF). The uctuations in density
observed in polar solvents are always accompanied by stochastic
variations in the orientation of the solvent dipoles which may
effectively disrupt the symmetrical nature of the dimeric system
and lead to the emergence of a larger net dipole moment, thereby
decreasing the energy level of the charge separation state. This
phenomenon drives the relaxation of the FR towards the SB-CS
state.78 The CT in the ortho-PMI dimer is governed predomi-
nantly by through-space coupling between the PMI chromo-
phores and to some extent by through-bond coupling which is
also evident from a negative (−0.004 Å) bond-length alternation
(BLA) of a covalent phenyl linker (see the Computational section
of the ESI†).

For the self-coupled dimer, which forms a J-type dimer,
photoexcitation at 550 nm directly excites the molecule to the
hot vibrational energy levels of the singlet state, S1. The fs-TA
spectral traces at the indicated probe wavelengths of different
polarities are shown in Fig. 5c, f, and 5i, and a simplied kinetic
© 2024 The Author(s). Published by the Royal Society of Chemistry
scheme is proposed to explain the observed results (Fig. 8). A
two-step sequential model, A / B / GS (similar to that used
for the ortho-dimer in Tol, and CHCl3 as shown in Fig. 6b and c
is used to extract the time constants of the corresponding
excited-state processes that are shown in Table 3, and the cor-
responding EADS time-dependent concentration kinetics are
shown in Fig. 8. Kinetics traces at several selected typical
wavelengths are depicted in Fig. S46† and show the good quality
of the tting results. For Tol and CHCl3, the rst time constant
(s1 or sA/B) corresponds to relaxation of the FC state (state A) to
the FR state (state B) and a longer time scale corresponds to the
decay of the FR state to the GS (s2 or sB/GS), which is in
agreement with the uorescence lifetime from the FR state. The
formation of the FR state (s1 or sA/B) is found to be dependent
on the polarity of the solvent (Table 3) and is signicantly slower
in the case of the self-coupled dimer (16.1 ps/1.64 ps) when
compared to the ortho-dimer (2.13 ps/0.62 ps) in Tol/CHCl3,
respectively. In the formation of the SB-CS state in toluene, and
CHCl3 it is not evident which is also supported by the high
uorescence quantum yield of these dimers in these solvents
(Tables 2 and 1) and these results are consistent with the fs-TA
data.

For the self-coupled dimer in DMF, a kinetic model
including the population branching (similar to ortho-PMI dimer
in DMF, Fig. 6d) is considered. A clear appearance of a new ESA
Chem. Sci., 2024, 15, 6363–6377 | 6373
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band at 590 nm corresponded to the formation of PMIc+ and the
spectral signature of PMIc− showed a positive absorption at
640 nm which overlapped with the ESA of the FC state (state A),
and indicated SB-CS, as shown in Fig. 5i. The results for the
obtained SADS are shown in Fig. 8c together with the pop-
ulation kinetics (Fig. 8f). The SB-CS formation rate in DMF, is
found to be comparable for both the ortho-dimer kSB-CS = 0.0124
ps−1 and for the self-coupled dimer kSB-CS = 0.012 ps−1.

In the case of the meta-, para-PMI dimers and trimer, the
excited state relaxation process varies differently with the
change in the solvent polarity as shown in Fig. S42.† Fig. S47–
S49† (ESI) shows the results of the global target analysis
employing a similar kinetic model (Fig. 6) as used for the ortho-
dimer and the self-coupled dimer, and for themeta-dimer, para-
dimer and trimer in various solvents, and the corresponding
relaxation time constants are summarized in Table 3. Kinetic
traces at selected wavelengths are shown in Fig. S50–S52† and
show the quality of t. In toluene and CHCl3, the results can be
rationalized in a similar way as for the ortho- and self-coupled
dimers. The two major processes participating in excited state
relaxation in Tol, CHCl3 are relaxation of the FC (state A) to the
FR (state B) followed by the decay of the FR state to the GS. A
comparison of solvent-dependent relaxation kinetics of these
dimers shows a slower relaxation of the equilibrated state to the
GS for the meta-PMI dimer when compared to para-PMI dimer
and trimer in Tol and CHCl3, which is also in agreement with
the observed uorescence lifetimes (Table S2†). In a higher
polarity solvent, DMF, it was clear that for the trimer, the initial
SADS 1 is dominated by a strong artifact which is ascribed to the
FC state (state A) as shown in Fig. S49c (ESI).† This state further
evolves to a FR state (state B) as shown by SADS 2 and nally into
a SB-CS state (state C) as shown by SADS 3 with a time constant
(s2 or sB/C) of 3.92 ps. This is further evident from the dimin-
ished negative SE band and a positive ESA band in the region
from 590 nm to 630 nm. However, the SADS obtained for the
meta-dimer and para-dimer (Fig. S47c and 48c†) did not show
any such switching of DOD (SE to ESA). These ndings suggest
the presence of a different predominant non-radiative relaxa-
tion mechanism in these two dimers (which may be attributed
to solvent uctuations, and conformational relaxation77),
effectively decreasing the degree of coupling between the FC
and CT states necessary for SB-CS78 and also leading to
a decrease in the uorescence lifetime.

However, it should be noted that the absence of a charac-
teristic spectrum for PMIc− or PMIc+ in SADS for the meta- and
para-dimers may arise due to the masking of this band because
of the overlapping spectral features. To verify this, we analyzed
the kinetic traces at 590 nm (where the characteristic spectral
feature of PMIc+ for the ortho-dimer, self-coupled dimer and
trimer appears) (Fig. S53†); the corresponding tting parame-
ters are summarized in Table S8†. A somewhat similar analysis
was employed recently in a different context, where the kinetics
of the ESA bands' intensity ratios were compared to verify the
formation of a TIPS-pentacene cation in the TIPS-pentacene/
MAPbI3 perovskite bilayer lm.79 A comparison between the
kinetics in toluene and DMF shows that a negative (GSB/SE) to
a positive (ESA) DOD upon changing the solvent from Tol to
6374 | Chem. Sci., 2024, 15, 6363–6377
DMF is present only for ortho-, self-coupled dimers and trimer
but not for themeta or para dimers, which is suggestive of a less
efficient SB-CS in these two dimers. This observation is also
consistent with the theoretical prediction of a relatively less
(when compared with the ortho dimer) extent of coupling
between the Frenkel and CT states in these two dimers.
However, the observation of uorescence quenching and biex-
ponential uorescence kinetics in DMF for the meta and para
dimers and the fast rate of relaxation of the FR state (90 ps) for
para-dimer (comparable with that for the ortho- and self-
coupled dimers, which is about 80 ps), hints that the presence
of SB-CS in these two dimers cannot be completely ruled out.
Thermodynamic feasibility of charge separation

The fs-TAS studies unravel a symmetry-breaking charge sepa-
ration for the ortho- and self-coupled dimer in DMF which is
less prominent for the trimer derivative. The formation of
radical pairs via SB-CS is established by chemical oxidation
using SbCl5 and spectroelectrochemical reduction, as given in
Fig. S54 and S55.† The thermodynamic feasibility of such
charge separation process can be explicated from the Gibbs free
energy change (DGCS) during the charge separation which can
be determined from the well-known Rehm–Weller equation
(eqn (8)):

DGCS ¼ eðEOX � EREDÞ � E0;0 � e2

4p303sdDA

� e2

8p30

�
1

rD
þ 1

rA

�

�
�

1

3Ref

� 1

3s

�
(8)

where, EOX and ERED denote the rst oxidation and reduction
potential of the donor PMI and acceptor PMI units, respectively,
in dimers/trimer; E0,0 is the energy of the rst excited state of
the compound which can be estimated from the intercrossing
point of the normalized absorption and emission spectra. The
parameters dDA, rA, and rD are calculated from the ground state
geometry of the dimer derivatives optimized by DFT at the
B3LYP/6-31+g(d,p) level of theory. The rD and rA illustrate the
effective radius of the donor radical cation and acceptor radical
anion, respectively. The 3Ref and 3S are the dielectric constant of
the reference solvent used in the electrochemical measurement
and the particular solvent used for the determination of the CS.
Here, the electrochemical measurements were performed in
anhydrous dichloromethane (DCM).

We have estimated the DGCS for two dimers showing SB-CS
in DMF by considering the EOX and ERED values from the
cyclic voltammetry plots (Fig. S56†) and the previously
mentioned parameters in eqn (8). The data in Table 4 shows
that DGCS is negative (DGCS < 0) in polar DMF but it is expressed
as DGCS > 0 in weakly-polar and medium-polar solvents. These
values show that the charge separation is thermodynamically
favorable in a polar solvent but is not feasible in weakly-polar
solvents. For other dimers, a negative DGCS in DMF is also ob-
tained (−0.14 eV and −0.09 eV for meta- and para-PMI dimers
respectively) as shown in Table S9†, indicating the possibility of
a partial charge transfer in DMF. Furthermore, the self-energy
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The Gibbs free energies determined for the charge separation of two dimers in three different solvents

Compound Solvent Eox/V ERed/V E0,0/eV rD or rA/Å dDA/Å DGCS (eV)

ortho-Dimer Tol 1.43 −0.92 2.28 4.75 11.1 +0.46
CHCl3 1.43 −0.92 2.26 4.75 11.1 +0.11
DMF 1.43 −0.92 2.25 4.75 11.1 −0.19

Self-coupled dimer Tol 1.36 −1.02 2.18 4.75 14.1 +0.70
CHCl3 1.36 −1.02 2.18 4.75 14.1 +0.28
DMF 1.36 −1.02 2.17 4.75 14.1 −0.08

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
/1

8/
20

26
 3

:2
4:

49
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
correction (DCT) for the meta-dimer cannot be neglected. The
DCT = −145 cm−1 indicates that there is an existing coupling
between the local and charge-separated excitons (Table 2).
Therefore, it is feasible that a partial charge transfer will be
manifested in the meta-dimer. In certain circumstances,
however, a decrease in CT-mediated coupling is made possible
by an increase in spatial separation and is largely reliant on the
monomer's LUMO and HOMO nodal patterns. Additionally, the
CT integrals show no change in the monomer's orientation,
which is a crucial solvent-related feature (Fig. S37†). A sche-
matic illustration of SB-CS occurring here is shown in Fig. S57.†
Further discussion

In summary, the excited state relaxation mechanism for the
ortho-dimer and the self-coupled dimer, when considered
alongside the previously mentioned outcomes, can be described
as illustrated in Fig. 6. In a weakly polar solvent like Tol and the
medium polar solvent CHCl3, the relaxation occurs via an initial
relaxation of the FC state to the FR state followed by decay to the
GS. In contrast, in the highly polar DMF, the solvent uctuation
leads to stabilization of the SB-CS state with a clear observation
of a radical cation and the anion peaks, which were not so
prominent for the meta-, para-dimer and trimer. The distinctly
different excited-state dynamics of all the dimers are mainly
attributed to the different molecular geometries. In both the
ortho- and self-coupled dimer, the rate of charge recombination
is obtained much slower than the rate of charge separation [for
the ortho-dimer, kCR= (901 ps)−1 whereas kSB-CS= (80.2 ps)−1] in
DMF which is quite an exothermic process due to the prevailing
Marcus inverted region,16 and is also evident from the negative
DGCS in DMF (Tables 3 and 4). The branching ratio for the FR
state population decayed into the radiative channel and the SB-
CS state can be attained by considering the relative rates:

k3
k2 þ k3

¼ 1=s3
1=s2 þ 1=s3

. This estimate shows that ∼95% of the

population branches into the SB-CS channel in the ortho-dimer
whereas it is ∼80% for the self-coupled dimer. It should be
noted that the SB-CS state may undergo a further additional
deactivation pathway, which involves the recombination of the
charge-separated state to populate the triplet state, thus
lowering the possibility of the crucially important long-lived
charge separation, essential for the photovoltaic applica-
tion.3,80 However, in the present study, the lack of any long-lived
component and any distinctive features for the 3PMI state in the
TA spectra of dimers and trimer suggests the absence of any
© 2024 The Author(s). Published by the Royal Society of Chemistry
triplet state formation.44,47 A summary of charge separation and
charge recombination time constants (s) of PDI and PMI-based
multichromophoric systems has been provided in Table S10†.
Conclusions

To summarize, we have presented here a design strategy to
construct a series of covalently linked alkyne-bridged PMI-based
multichromophores and thoroughly investigated the impact of
positional isomerism on the SB-CS phenomenon. Steady-state
spectroscopic measurements showed a considerable red shi
in the emission spectra when the solvent polarity was increased.
In highly polar DMF, a huge decrease in uorescence QY and
alteration of uorescence lifetime indicates the possibility of
charge separation and further stabilization of the charge-sepa-
rated state. Ultrafast charge separation and charge recombina-
tion in DMF for the ortho- and self-coupled dimers in this series
were established using a femtosecond transient absorption
study. For other dimers, the relaxation of the excited state occurs
via structural relaxation and the trimer was found to show some
reminiscent of SB-CS. The underlying difference in the relaxation
mechanism was evident from the femtosecond transient studies,
which arose principally from the difference in the inter-
chromophore coupling among the PMI units in different
regioisomers. The twisted conformation is responsible for
making a weakly coupled system which becomes favorable for
SB-CS. Additionally, the theoretical studies provide strong
evidence for predominant charge transfer characteristics
between two identical chromophores in the ortho-PMI dimer
rather than the meta- and para-congeners which is attributed
mostly to the through-space coupling and some extent to the
through-bond coupling between two PMI units. The two isomers
exhibiting high thermal and chemical stability, large synthetic
scalability and more importantly, notable charge separation
characteristics can be exploited as potential candidates for their
application in modern organic photovoltaics.
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