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In this investigation, the excited-state evolution in a series of all-trans stilbenoid compounds, displaying a
low-lying dark singlet state of 2Ag-like symmetry nearly degenerate with the bright 1Bu state, was unveiled
by employing advanced ultrafast spectroscopies while probing the effect of solvent polarizability. Together
with the dual emission, femtosecond transient absorption and broadband fluorescence up-conversion disclosed
the double nature of the 2Ag-like state showing both singlet features, a lifetime typical of a singlet and the
ability to emit, and a triplet character, exhibiting a triplet-like absorption spectrum. The ultrafast formation (in
hundreds of femtoseconds) from the non-relaxed upper singlet state led to the identification of 2Ag as the
correlated triplet pair of singlet fission. The spectral difference obtained by comparison of transient absorption
peaks of the 2Ag (*TT) and the triplet states was found to be in remarkable agreement with the observed triplet
yield and the Y(TT) separation rate constant. Indeed, this spectral shift provided an experimental method to gain
qualitative insight into the ease of separation of the ¥(TT) and the relative SF efficiency. The highly conjugated
polyene-like structures enable the ultrafast formation of the double triplet, but then the large binding energy
Even though

Received 16th June 2023, prevents the triplet separation and thus the effective completion of singlet fission.

Accepted 14th July 2023 thermodynamically feasible for all the investigated stilbenoids according to TD-DFT calculations, singlet fission
DOI: 10.1039/d3cp02805d resulted to occur efficiently in the case of 1-(pyridyl-4-ylethenyl)-4-(p-nitrostyryllbenzene and nitro-styrylfuran
with the triplet yield reaching 120% and 140%, respectively, triggered by their greatly enhanced intramolecular

rsc.li/pccp charge transfer character relative to the other compounds in the series.
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Introduction

Singlet fission (SF), the down-conversion of a singlet excited state
in two independent triplet excitons, has aroused great interest as
it promises to boost the solar cell efficiency beyond the Shockley-
Queisser limit."”* Despite the tremendous research effort, the
number of SF-capable materials is still limited to a few classes of
chromophores, namely acenes,®® perylene/terrylenedimides,’
diphenylisobenzofurans,® and diketopyrrole-pyrroles.” More
recently, much of this effort has been directed to homo or
hetero-dimers of the prototypical SF systems'®'! and donor-
acceptor (DA)-type conjugated oligomers/polymers.'>™® This is
because the intramolecular SF is more attractive as it allows for
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better control of its efficiency, being insensitive to the inter-
molecular packing, and facilitates the processing techniques
when dealing with photovoltaic applications.

Particularly, the most important intermediate species in the SF
process is a transient multiexciton (ME) state, having a triplet
nature but overall singlet spin multiplicity. Thus, it is usually
called the “correlated triplet pair state” (*TT) or the biexciton state
and is able to split into two independent triplets."”” In former
studies concerning some carotenoids,"® polymers,'*** and small
molecules, such as quinoidal thiophenes,*?* the lowest singlet
excited state with Ag symmetry, similar to that present in
Con-symmetry molecules such as a,o-diphenylpolyenes,® has been
found to coincide with the '(TT) state.’”*”*® The 2Ag state in fact is
a biexciton state which can be described by various configurations,
including a pair of interacting triplet states. The electronic struc-
ture of the polyene-like molecules then shows the upper singlet
state, the bright mono-excited S, state of 1Bu symmetry, as the one
reached by photoexcitation according to the selection rules. How-
ever, the role of the intermediate 2Ag state in intramolecular SF
has sometimes proven to be controversial.>® In fact, when dealing
with short-chain polymers, the triplets in the 2Ag state are so
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strongly coupled (such that it is possible to define a binding
energy) that they undergo fast geminate recombination or annihi-
lation making 2Ag behave like an ordinary singlet state. In this
case, the S, —» S;— S, decay is better represented by ordinary
internal conversion processes.’® For larger polyenes instead, the
possibility of the two triplet excitons residing far away in the
molecular structure reduces the coupling, favouring the separation
and thus opening the second step of the singlet fission process (S,
or '(TT)— 2T). However, Campos et al.*' have demonstrated that
lengthening the polymer chain is not sufficient to open SF,
suggesting that the chromophores should be separated by appro-
priate covalent bridges.* Zhu et al.*® pointed out that an “ideal”
mechanism for efficient SF would be the strong S,/CT/'(TT)
coupling, in order to promote the ultrafast intramolecular for-
mation of the ME state, and thanks to properly tuned intermole-
cular electronic interactions, ensuring the separation of the triplet
pair between neighbouring molecules in this manner. The media-
tion of the CT was already proven to favour the SF phenomenon®?
aiding the triplet pair decorrelation.”® Nevertheless, as already
observed for other push-pull SF candidates,”*** the intra-
molecular SF process is highly sensitive to the degree of charge
transfer character."**>>” Even if in polymers with too little charge
transfer character, the biexciton singlet state decays without form-
ing triplets, it is also known that the much-stabilized CT state
becomes a trap state being detrimental to SF.>***3%

In light of expanding the pool of SF capable materials, the
interest in the photobehavior of a series of poorly-fluorescent,
highly-polarizable conjugated all-trans geometrical isomers of
stilbenoid compounds (Chart 1) was re-awaken as they show a
low-lying dark singlet state of 2Ag-like symmetry, nearly degen-
erate with the bright upper 1Bu-like state. The synthesis and
photophysical characterization of the investigated stilbenoid
compounds have been previously addressed.>*™** Both steady-
state absorption and fluorimetric analysis jointly with the tem-
perature effect revealed for the thiophene and the naphthyl
containing compounds a low emission capability due to the
presence of a low-lying singlet state of Ag symmetry. The reactive
decay was also carefully studied pointing out almost negligible
photoisomerization yield. Therefore, the main excited state deac-
tivation pathways are expected to be non-radiative and non-
reactive. The push-pull PN and DF compounds, characterized
by the highly dipolar structure due to the presence of the
electron-deficient NO, unit, have also been included in the series
as showing similar experimental evidence (negligible emission
and photoreaction) in non-polar solvents.**™°

Herein, steady-state, fast and ultrafast spectroscopic techni-
ques have been applied to the compounds in Chart 1 aiming at
verifying the possible involvement of singlet fission, among the
other competitive deactivation pathways, in their excited-state
deactivation dynamics. The impact of different solvent polariz-
ability, which allows tuning the energy gap between the two
singlet excited states of different nature, was carefully evaluated
through femtosecond transient absorption and broad-band
fluorescence upconversion techniques. In fact, polarizability
is expected to affect the ionic Bu state much better than the
covalent 2Ag state, resulting in a progressive stabilization of the
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INPH all-trans-a-(1-naphthyl),m-phenyl-hexatriene

2,5-(PhBu),T all-trans-(2,5-di(phenylbutadienyl)thiophene)

N/\//Noz

PN 1-(pyridyl-4-ylethenyl)-4-(p-nitrostyryl)benzene

/ \
/ o

ON
DF 2-[(E)-2-(4-nitrophenyl)ethenyl]furan
Chart 1 Investigated molecules.

former upon increasing the refractive index of the medium. The
controversial role of the dark 2Ag state in triggering SF for this
series of stilbenoid compounds will be finally discussed.

Results
Spectral and fluorescence properties

The effect of solvent polarizability was studied to probe the
changes in the evolution of the excited state with varying relative
positions of the upper S, (1Bu) and S; (2Ag) states by spanning
the refractive index () from 1.3030 (Hx/PFHx) to 1.7410 (DIM).
Fig. 1 depicts the polarizability effect on the absorption and
emission spectra in the representative case of 2,5-(2TE),T. The
structured absorption profile (vibronic progression ~1280 cm™")
red-shifts ca. 30 nm when going from the lowest polarizable
medium (Hx/PFHX, 5/5 v/v, mixture) to the highest polarizable
solvent, DIM. The bathochromic shift of the spectrum is attrib-
uted to the progressive stabilization of the allowed 1Bu state with
increasing n. When it comes to the steady-state fluorescence
spectra, they are clearly due to the superimposition of two

This journal is © the Owner Societies 2023
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Fig. 1 Normalized absorption (left) and emission (right) spectra of 2,5-(2TE),T in solvents of different polarizabilities.

emissions and the effect of polarizability better resides on different
spectral shapes. In fact, the position and relative intensity of the
structured emission bands (vibrational progression, Av = 1370
em ™' in Hx/PFHX) are clearly modified by the polarizability, with
the simultaneous narrowing of the emission spectrum when
approaching a more polarizable environment (FWHM = 4900
and 3350 cm ' in Hx/PFHx and DIM, respectively). In the less
polarizable media two distinct contributions to the fluorescence of
2,5-(2TE),T can be distinguished (Fig. 1): the hypsochromic 1Bu
state, thermally populated by the lowest 2Ag, having the 0-0
vibronic peak as a shoulder at 446 nm in Hx/PFHx which shifts
to 460 nm in Tol and 471 nm in DMSO, upon increasing the
solvent polarizability; and the bathochromic 2Ag state, centred
below 500 nm, less sensitive to the solvent. Particularly, the
emission spectrum recorded in DIM appears to be the most
diverse in the series. In fact, the high refractive index is responsible
for the inversion of the states in this medium and, thus, the
emission profile can be entirely assigned to the stabilized 1Bu state
in line with previous findings."” Similar spectral features were
highlighted in other naphthyl and thiophene containing com-
pounds (Fig. S1-S4, ESIt), whereas PN and DF show bell-shaped
emission spectra due to the ICT nature of its singlet excited state
(Fig. S4, ESI$).*°

Additional evidence for the presence of the low-lying for-
bidden Ag-like state for all the investigated compounds arouses
when taking into account the fluorescence quantum yields and
relative kinetic constants which both reveal a trend to increase with
n (see Table 1 and Table S5, ESIf). As for 2,5-(2TE),T, the 107 s~
radiative rate constant values measured in solvents of low polariz-
ability are ascribed to the forbidden nature of the lowest excited
singlet state (2Ag), whereas ki gains almost one order of magnitude
when passing from IP to BN (ky = 1.1 x 10® s™'). This trend
reproduces the progressive mix of the fully-allowed, emissive 1Bu
and the dark, forbidden 2Ag due to the stabilization of the former.
The closer the two singlet excited states, the stronger the vibronic
coupling,*® resulting in the increased oscillator strength of the 2Ag
(S1) — 1Ag (So) transition, leading to larger emission capability (¢x)
and probability (kg). Analogous outcomes were found for the other

This journal is © the Owner Societies 2023

Table 1 Fluorescence properties in solvents of different polarizabilities.
¢r = fluorescence quantum yield; t¢ = triplet lifetime from ns TC-SPC; and
ke = fluorescence kinetic constant = ¢¢/t¢

n ¢r Tp/NS Fp/s !
1NPH
P 1.3540 0.13% 11.3¢ 1.2 x 10’
MeCH/3-MP 9:1 1.4184 0.18¢ 11.0¢ 1.6 x 107
Tol 1.49693 0.34% 9.8% 3.5 x 107
CS, 1.6277 0.02¢ 0.4° 5.2 x 107
2,5-(2TE),T
Hx/PFHXx (5/5) 1.3030 0.060 2.1 2.9 x 107
P 1.3540 0.025 1.8 1.4 x 107
Tol 1.49693 0.071 1.8 3.9 x 107
BIN 1.6570 0.16 1.5 1.1 x 10°
PN
Tol 1.49693  0.0022° 0.365> 6.0 x 10°
Tol/An 7:3 1.50293 0.009° 0.38° 2.4 x 107
Tol/An 5:5 1.50695 0.015° 0.40° 3.8 x 107
Tol/An 3:7 1.51098 0.030° 0.20” 1.5 x 10°
An 1.5170 0.067° 0.36° 1.9 x 10°
DF
MeCH/3-MP 9:1 1.4184 4x107° 0.033” 1.3 x 10°
DHN 1.474 5% 10" 0.058” 8.3 x 10°
Tol 1.49693 6 x 10" 0.089” 6.7 x 10°
Tol/An 9:1 1.49894 2.5 x 1073 0.049” 5.1 x 107
Tol/An 7:3 1.50293 5.2 x 1073 0.068” 8.1 x 10’
Tol/An 5:5 1.50695 0.011 0.080” 1.4 x 10°
An 1.5170 0.090 0.32° 2.8 x 108
BrN 1.6570 0.23 0.25° 9.2 x 10°

@ From ref. 40. * From fs-TA measurements. ¢ From ref. 46.

stilbenoid compounds under study, with the most remarkable
solvent effect observed in the case of DF. In fact, as for the
highly-dipolar furan derivative, the ¢y resulted to be negligible
in solvents of low polarizability (¢r ~ 107°, kg ~ 10° 571
while being sizable in BIN (¢p = 0.23, kg = 9.2 x 10® s™") and An
(¢p = 0.09, kp = 2.8 x 10 s71).

Triplet properties

The low fluorescence efficiency measured for the investigated
compounds implies the involvement of non-radiative deactiva-
tion pathways in their excited-state dynamics. Nanosecond
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laser flash photolysis was thus applied to investigate and
quantify the contribution of the triplet excited state formation.
The triplet properties (triplet absorption spectrum, triplet quan-
tum yield and lifetime) were investigated in air-equilibrated and
nitrogen-purged Tol solutions (see Fig. 2 and Table 2) as well as
in various solvents of different polarizabilities (see Fig. S6, S7
and Tables S6, S7, ESIT). The triplet transient absorption spectra
were found to reproduce those previously published,?*2°747:49
obtained through sensitization experiments.

Looking at Fig. 2, it is apparent that the triplet quantum
yields for the four reported compounds 1NPH, 2,5-(2TE),T, PN
and DF are substantially different, considering the signal-to-
noise ratio of the spectra. In the case of 2,5-(2TE),T, the triplet
formation efficiency (¢+) was found to be 14% in Tol. Interest-
ingly, the solvent refractive index influenced the triplet yield:
for 2,5-(2TE),T ¢ is measured to be 9% in the Hx/PFHx mixture
and doubled in BrN (see Table S6, ESIT). A slight increase of the
relative kinetic constants (ky = ¢p/tr ~107 s™') was also
observed upon increasing the solvent polarizability. As for
the noisy ns-TA spectra of 1INPH, a lower triplet yield of ca.
2% was obtained in Tol, together with a slower triplet
formation time (kr ~10° s™') with respect to 2,5-(2TE),T. The
concentration effect in the limited investigated range (from 2 x
107" to 1 x 10~* M) did not produce any impact on the triplet
production of 2,5-(2TE),T and 1NPH, in any of the investigated
solvents.
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Table 2 Triplet properties of INPH, 2,5-(2TE),T, PN and DF in nitrogen-
purged Tol and as a function of concentration obtained by ns-laser flash
photolysis (exce = 355 nm). A+ = maximum triplet absorption; 1 = triplet
lifetime at Ar; ¢t = triplet quantum yield; kt = triplet formation kinetic
constant = ¢/t

Sample C/10°M  Jpnm  t/us  ¢p kr/107 s
1NPH 2.0 490 14.5 0.02 £+ 0.01 0.20
2,5-(2TE)2T 2.0 540 6.29 0.14 £+ 0.02 7.8
PN 0.9 515 0.84 0.80 &+ 0.10 220

3.0 1.04 £+ 0.15

5.0 1.16 £+ 0.17
DF 2.0 570 1.30 0.97 + 0.15 1090

7.0 1.27 £ 0.19

10 1.4 £ 0.2

In neat contrast, for DF a triplet yield approaching unity in
dilute solution (97% at 2 x 10~> M), and surprisingly reaching
140% in the most concentrated solution under study (1 x 10~*
M), was measured in Tol (see Table 2). Analogously, a sizable
triplet yield was measured for PN in dilute solution (80% at 9 x
10~° M) that increases to 120% at 5 x 10> M. The ultrafast
formation of their triplet state (ky ~10°/10'° s7"), together with
the exceptionally high triplet production efficiency exceeding
100%, suggest that a peculiar multiple exciton generation
process might be operative for these nitro-derivatives. Similarly
to fluorescence, the triplet properties of DF and PN were proven
to be drastically affected by the solvent polarity: a sharp drop in

2,5-2TE)2T

0.006

0.003

AOD

0.000 \ . =7 .
450 500 550 600 650
A/ nm
DF
0.1
@)
O 0.0
3
0.0 ns
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A/ nm

Fig. 2 Triplet transient absorption spectra obtained in nitrogen-purged Tol solutions of INPH, 2,5-(2TE),T, PN and DF*® (Jex = 355 nm).
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the ¢r values was observed in the polar solvent due to the
competition with both fluorescence and internal conversion
from the lowest ICT singlet state.*>*°

Ultrafast dynamics

In order to trace down the excited-states evolution, femtosecond
transient absorption measurements were carried out by exciting
each sample at 400 nm in solvents of different polarizabilities.
Femtosecond transient absorption (fs-TA) results obtained for
2,5-(2TE),T, PN and DF in Tol are shown as representative cases
in Fig. 3.

The temporal evolution of the TA spectra for 2,5-(2TE),T in
Tol is shown in panel B of Fig. 3 (left). At first, the representative
spectra observed at early delays after excitation were character-
ized by two positive excited state absorption (ESA) bands at ca.
550 and 720 nm. The global fit of the data revealed the presence
of five exponential components whose evolution associated spec-
tra (EAS), obtained by global analysis, are reported in panel C of
Fig. 3 (left). The following transient species were unveiled: (i) the
first ultrafast transient with ca. 250 fs lifetime (red spectrum) was
assigned to S,, 1Bu state; probably mixed with 2Ag, (ii) the grey
and black transients were interpreted as the solvation dynamic/
vibrational cooling (6.9 ps) and structural relaxation (72 ps)
processes, respectively; (iii) the blue profile, peaking at 550 nm,
with a lifetime of 1800 ps, perfectly matching the 7y obtained by
TC-SPC, was identified as the dark S;, the relaxed 2Ag state; (iv)
the longer-lived transient, with the maximum ESA at 540 nm, was
referred to the first triplet excited state (T;) considering the
infinite (Inf) lifetime and the perfect overlap to the ns-TA triplet
spectrum. A deeper analysis of fs-TA results also disclosed some
unconventional kinetics in the photobehavior of 2,5-(2TE),T in
Tol. In fact, the 2Ag state is likely populated after photoexcitation
from the non-relaxed 1Bu state within the first 250 fs. This could
be inferred by the presence of the ESA band of the 2Ag state
(540 nm) in the 1Bu red spectrum (540 nm and 725 nm) already

View Article Online
Paper
Table 3 Fs-TA (lexc = 400 nm) results for all the investigated compounds

obtained in Tol (transient lifetimes provided by the global fit and given
in ps)

1NPH 2,5-(2TE),T PN DF Assignment

0.25 0.24 0.36 0.86 Solv/1Bu
6.9 1.3 9.2 Solv

70 72 12 VC/SR

9800 1800 365 89 2Ag

Inf Inf Inf Inf T,

at 700 fs after photoexcitation. Between 700 fs (red profile) and
5 ps (grey profile) after photoexcitation, the decrease of the
720 nm-ESA signal is concomitant with the growth of the 550 nm-
band. Thereafter, the TA signal slowly decays evolving firstly into the
blue spectrum and later toward the slightly blue-shifted green ESA
band. Analogous excited-state evolution was detected for the
other stilbenoid compounds under investigation (see Table 3
and Fig. S8-S10 and Tables S8-S13, ESIT). The solvent polariz-
ability slightly affects the photobehavior with small changes in
the transient lifetimes and the relative intensity of the T; signal.

As for compounds PN and DF, the assignment of the
transient species previously reported*>*® was reconsidered here.
EAS spectra of DF in Tol are shown in panel C of Fig. 3 (right).
The ultrafast red profile (z = 0.87 ps) peaking at 560 nm, with a
broad shoulder at 680-700 nm, was proven to be the bright
upper singlet state of 1Bu symmetry. The latter, after vibrational
cooling (t = 9.2 ps), evolves toward the blue profile, having a
lifetime of 89 ps. The blue spectrum decays leading to signifi-
cant population of the green T, excited state, which then slowly
decays far beyond the time windows of 3.2 ns of the experi-
mental set up. A faster and more efficient production of T; was
thus observed for DF relative to the other stilbenoids in the

series. The blue transient, previously interpreted as an upper
peculiar Ty’ state,”® has now been assigned to the doubly-excited
singlet state of 2Ag-like symmetry.
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Fig. 3 Fs-TA measurements of compounds 2,5-(2TE),T (left), PN (central) and DF (right) in Tol (Agump = 400 nm). Panel A: experimental 3D matrix; Panel
B: representative spectra at different delay times and representative kinetics (inset) at different wavelengths; and Panel C: EAS (evolution associated

spectra) obtained by global analysis.
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The 2Ag lifetime for DF showed a trend of increasing upon
enhancing the solvent polarizability when solvents of very low
polarity (dielectric constant ca. 2) are considered (e.g.: Toag =
33 ps in MeCH/3-MP; 155, = 58 ps in DHN; 754, = 89 ps in Tol;
see Table S13, ESIt). However, the ultrafast dynamics for
compounds PN and DF substantially differs when a slightly
more polar environment is taken into account. In this respect,
the highly dipolar PN and DF showed a unique behavior among
the investigated stilbenoid compounds. In fact, an ICT singlet
state appears mixed with the 2Ag already in Tol/An mixtures
(Fig. 4). The ICT then becomes a distinct transient species in
more polar solvents (An, dielectric constant ca. 4), thus opening
a new decay pathway competitive to 1Bu — 2Ag conversion and
leading to the disappearance of 2Ag (see Fig. 4 and Tables S12,
S13, ESIY).

Fluorescence upconversion experiments with femtosecond
temporal resolution (fs-FUC) were performed to gain a deeper
insight into the emissive excited-state evolution as a function of
solvent polarizability. Fig. 5 portrays the normalized decay asso-
ciated spectra (DAS) obtained by the best fit of the results for
compound 2,5-(2TE),T. In agreement with the results of the
complementary pump-probe investigation, four emissive transi-
ents were identified with the missing transient being the dark T;.
The red profile (t < 700 fs) is representative of the 1Bu excited
state, followed by the grey and black profiles related to the
solvation/structural relaxation processes, whereas the red-shifted,
long-lived (1-2 ns) emission was assigned to the relaxed forbidden
2Ag state. In line with the steady-state fluorimetric results dis-
cussed above, the fs-FUC measurements clearly unveiled the dual
fluorescence from both the bright 1Bu and the dark 2Ag state,
particularly in less polarizable media. As a result, the wide red
spectra in Hx/PFHx and IP, spanning from 450 to 700 nm, in Fig. 5
consists actually of the combined emission contributions from
both 1Bu (Ayax = 495 nm) and 2Ag (Avax = 575 nm), confirming

|—B

Tol .

Solv

Il
T —
Tol/An 5:5 .

mixed with ICT
TI

Normalized EAS

|——n,

Solv
[=ICT
—T,

500 550 600 650 700 750
A/ nm

Fig. 4 Fs-TAresults for DF in solvents of different polarizabilities: normal-
ized evolution associated spectra (EAS) obtained by global analysis.
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Fig. 5 Fs-FUC results of 2,5-(2TE),T in solvents of different polarizabil-
ities: decay associated spectra (DAS) obtained by global analysis.

the ultrafast formation of 2Ag within the laser pulse. When moving
toward more polarizable media, the 1Bu emission undergoes a
marked red-shift (Avax = 520 nm in BrN), simultaneously leading
to the increase in the 2Ag emission intensity, that roughly remains
in the same spectral position (575 nm). In the higher refractive
index regime, the two contributions to the fluorescence are more
challenging to separate due to the progressive mixing of the two
states. The reduced energy gap between the two singlets enables
their stronger vibronic coupling.*® As a consequence, the oscillator
strength of 2Ag increases, borrowed by the closer 1Bu, and this
justifies the gain of one order of magnitude in the emission
quantum yields and the kinetic constants when passing from IP
to BrN, discussed so far. In conclusion, the double emission
present in the ultrafast red transient shown in Fig. 5 highlights
the 2Ag state to be populated immediately after photoexcitation
possibly by a coherent process from the non-relaxed Bu state, in
agreement with the ultrafast S, — S; conversion observed through
the fs"TA measurements (Fig. 3).>° The fluorescence upconversion
results also show the emitting capability of the 2Ag transient for all
other investigated compounds (as detailed in the ESI}), including
PN and DF for which this species is clearly characterized by a
triplet-like ESA.

Discussion

Taking into consideration the comparison of the normalized
ESA spectra obtained in the femtosecond and nanosecond
regime reported in Fig. 6 and Fig. S14, ESI, a certain similarity
between the 2Ag and the T; ESA was noticed. In particular, the
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Fig. 6 Comparison between T, ESA spectra as obtained by ns-TA (black, scattered-line) and by fs-TA (green line) experiments and 2Ag ESA spectra as
obtained by fs-TA experiments (blue) for compounds 1INPH, 2,5-(2TE),T, PN and DF in Tol.

2Ag absorption band perfectly matches the spectrum referred
to the first triplet excited state in the case of DF and closely
resembles those of PN and 2,5-(2TE),T. Therefore, the low-lying
2Ag state, populated in less than 1 ps, emits with a lifetime
which ranges from tens of picoseconds to a few nanoseconds
according to the stilbenoid structure, but simultaneously man-
ifests a triplet-like absorption profile. The double (singlet-
triplet) nature of this peculiar transient, already observed in
other conjugated polyenes, well correlates with the intermediate
species in singlet fission: the correlated triplet pair *(TT)."”*"

Before the SF phenomenon could be invoked to explain the
1Bu — 2Ag evolution, the relative energies of the first excited
states need to be considered so that the thermodynamic
feasibility of the process can be discussed. Table 4 summarizes
the predicted vertical energies as obtained by TD-DFT calcula-
tions at the optimized S, geometry. The chosen level of theory
intrinsically limits the predictive power of the quantum
mechanical calculations employed herein as DFT only refers
to monoelectronic excitations. Hence, any prediction of the 2Ag
state fails as it should be described by multireference

Table 4 Predicted vertical energies as obtained by TD-DFT calculations in
Tol and thermodynamic feasibility of the SF process. Energy values are
given in eV

Sample E(1Bu) E(T,) 2 x E(Ty) 2 x E(Ty) — E(1Bu)
1NPH 3.39 1.49 2.98 —-0.41
2,5-(2TE),T 3.00 1.36 2.72 —0.28
PN“ 3.40 1.85 3.70 +0.30
DF 3.36 1.86 3.72 +0.36

“ From ref. 46.

This journal is © the Owner Societies 2023

configurations. However, the TD-DFT results fairly reproduce
the experimental absorption band of bright 1Bu, which corre-
sponds to the first accessible excited state via one-photon
absorption. Additionally, taking into account that the 2Ag state
(likely *(TT)) is populated by the possible vibrationally-hot,
non-relaxed S, (1Bu) state, the latter should be considered to
verify the strict energy level matching conditions of SF: E(S,) >
2 X E(T;). The last column of Table 4 suggests that the SF
process in the case of the naphthyl and thiophene containing
compounds would be exothermic (see also the ESIt), while in
the case of PN and DF energy barriers of ca. 0.30 and 0.36 eV,
respectively, should be overcome. When performing the ultra-
fast spectroscopic experiments, we employ a femtosecond
pump laser peaked at 400 nm and characterized by a FWHM
of about 50 nm. Considering the energetics of the Bu — Ag
transition for PN and DF, as predicted by the calculations
(Table 4), it is possible that the small activation energy required
to populate the correlated triplet pair is provided by the thermal
energy, also considering the eventual heating effect resulting
from the laser irradiation of the sample, or that the Ag
formation occurs from a vibrationally-hot non-relaxed S, state
(see Fig. 7).

A further experimental attempt to determine the triplet
energy in order to verify the possible involvement of SF was
devoted to the study of the luminescence spectra of the samples
in a glass matrix (MCH/3MP 9/1 v/v) at 77 K. Unfortunately, no
phosphorescence signal was detected for the naphthyl and thio-
phene containing compounds, likely due to either the low triplet
quantum yields or to the low sensitivity of the InGaAs detector for
their phosphorescence expected in the near-infrared spectral range.
On the other hand, phosphorescence was revealed in the visible for

Phys. Chem. Chem. Phys., 2023, 25, 21089-21099 | 21095
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Fig. 7 Sketch of the crossing of Bu and Ag potential curves, showing the
ultrafast formation of Ag in INPH (left) and DF (right) facilitating the SF
process. Transient absorption signals in Tol are also shown: the Ag (*TT) —
S, transition (blue arrow) differs from the T; — T, transition (green arrow)
in the case of INPH, where the Ag state is highly stabilized, while a
YT,Ty) - NT,T,) transition very similar to the T; — T, transition (green)
better describes the transient absorption signal of Ag for compound DF.

DF, peaked at 670 nm (1.85 eV) in excellent agreement with the
computationally predicted triplet energy (Table 4) and showing a
2.9 ms decay lifetime (Fig. S16 and S17, ESIY).

Quantum mechanical calculation also allowed to discard the
hypothesis of an ultrafast ISC taking place in these stilbenoid
systems. As a matter of fact, for the thienyl derivatives
2,5-(2TE),T, D2TO and 2,5-(PhBu),T, (n,n*) states are expected
to lie at high energy and thus they do not play a role in their
excited state deactivation (see ref. 43 and Tables S15-S17, ESIT).
Actually, as for PN and DF, the quantum-mechanical calcula-
tions predicted triplet states of an n,n* character, energetically
close to the m,m* 1Bu*>*® that might justify fast intersystem
crossing rates in agreement with the El-Sayed rules.>® However,
this interpretation would not explain the totality of our experi-
mental results. In contrast to the conventional scenario (ultra-
fast ISC), the proposed mechanism (ultrafast SF) seems to take
into account all our experimental evidence.

Even though the ultrafast formation of the 2Ag state is
occurring in all the stilbenoid compounds under study, the
behaviour of the molecules in the series is found to be different:
either the 2Ag state shows a pure singlet character (as proposed
in the case of the naphthyl-derivative) or leads to the independent
triplet separation with small (for the thienyl derivatives) or great
efficiency (PN and DF). The reason for the ineffective triplet
production might rely on the fact that the 2Ag triplet pair is so
strongly coupled that the separation would require overcoming a
huge energy barrier; hence, the independent triplets are trapped
in the tightly bound '(TT). As stated above, the estimation of the
binding energy of the correlated triplet pair requires higher levels
of theory that are, for instance, CASPT2 or RAS-SF methods.”
In the absence of more sophisticated quantum mechanical
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calculations, we searched for an experimental strategy to gain
qualitative insight into the strength of inter-triplet interactions
within the biexciton. Interesting experimental information on the
'(TT) coupling strength has surprisingly come from the com-
parison of the T; and 2Ag ESA bands (Fig. 6 and Fig. S14, ESIY). As
a matter of fact, a direct correlation could be drawn: the more
their spectral profiles overlap, the more triplet character the
2Ag state retains, the higher the triplet yield that was measured
(see Table 5 where the comparison was quantified as AEr g, the
difference between the T; and 2Ag spectral maxima). In contrast,
the worse the overlapping, the more 2Ag behaves as a pure singlet
excited state, and the lower the triplet production, rendering the
discrimination between the intramolecular SF and the ordinary
ultrafast internal conversion non-trivial. For example, the almost
perfect overlap between the 2Ag ESA band to the green T; in the
case of DF (Fig. 6, right panel), for which AE ~ 0.0037 eV, leads
to ¢r = 0.97 in dilute solution. For PN, a slightly higher AE value
of 0.013 eV implies a lower but still substantial ¢ value of 80%.
As for the case of 2,5-(2TE),T, the spectral superimposition
resulted in a AE =& 0.046 eV, ca. 20 times larger than DF, with
an overall triplet quantum yield of 14%. Nicely, the AE in
the case of 2,5-(2TE),T matches the estimated energy barrier
(3.8 keal mol™) for a thermally activated, non-radiative and
non-reactive relaxation process previously observed.** When it
comes to 1INPH, the energy difference between the ESA maxima
is enlarged by another order of magnitude (AE ~ 0.243 eV), with
a consequent reduction of the ¢ value, down to 2%. This may
be either due to a pure singlet character of the 2Ag state in the
case of INPH or to the fact that the two triplets are highly
interacting and unable to separate into independent triplets.
The intermediate behaviors of 2,5-(2TE),T and PN give strength
to the new experimental methodology proposed here, which
provides qualitative insight into the inter-triplet binding energy.
For these compounds, the similarity between the two spectra is
pronounced, even though the small shift between their relative
peaks (11 and 3 nm, respectively) suggests a stronger inter-
triplet interaction relative to DF in agreement with their lower
triplet yield. Furthermore, an additional interrelation can be
inferred between the spectral overlay (AE) and the deactivation
rate constant of the double triplet (krr calculated as 1/7,5, and
reported in Table 5): the larger the AE value, the more strongly
the triplets interact, the smaller the krr value. Moreover, a good
linear correlation has been found for the plot of krr against the
reciprocal of AE (R* = 0.998), see Fig. S15 ESL Strong triplet-
triplet interaction within *(TT) may imply the stabilization of the
2Ag state compared to S,, *(TT) and °(TT), leading to smaller
kinetic constants, like those typical of the decay of a forbidden

Table 5 Comparison between T; and 2Ag ESA bands for the investigated stilbenoid compounds in Tol. AZ and AE+;_aq €nergy differences relate to the
T, and 2Ag spectral maxima as obtained by fs-TA experiments. The decay time of the 2Ag state (t244) and its related deactivation rate constant (k) are
also shown, together with the triplet quantum yield, for the sake of completeness

Jpa/nmM Joaginm Al/nm AE/cm™" AE/eV Toag/PS /108 571 o
1NPH 490 540 50 1890 0.234 9800 + 900 1.01 0.02 £+ 0.01
2,5-(2TE)2T 539 550 11 371 0.046 1800 + 200 5.56 0.14 £+ 0.02
PN 523 526 3 109 0.013 365 £+ 35 27.4 0.80 £+ 0.10
DF 575 576 1 30 0.0037 890 +9 112 0.97 + 0.15
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singlet excited state. In contrast, weaker T-T interactions, which
do not cause further stabilization of 2Ag, would allow for a close
proximity of the latter to the *(TT) and above all to the *(TT) state
(crucial for the triplet separation step),>>”>> thus opening new
pathways to fast independent triplet population. These results
are illustrated in Fig. 7 where the two-limiting cases of 1NPH
(2Ag constituted by tightly-bound triplets behaving as an ordin-
ary singlet) and DF (2Ag constituted by weakly-bound triplets
behaving as the correlated triplet pair, leading to efficient SF)
are shown. Fig. 7 also depicts in the case of 1NPH that only the
v =0 and v = 1 states can be likely reached by photoexcitation with
the spectrally broad femtosecond pump pulse (375-425 nm).
However, as 2Ag is much stabilized relative to 1Bu, the popula-
tion of the former by 1Bu is still possible. On the other hand, in
the case of DF, for which a more bathochromic absorption
spectrum was observed, the broad laser excitation is able to
access hot vibrational states of 1Bu allowing for the coherent
population of the 2Ag state, even if located at higher energy,
overcoming the predicted energetic barrier.

Our time resolved spectroscopic results show that the com-
pounds bearing the longest polyene chain undergo internal
conversion as the only efficient relaxation pathway,’® indicating
that the lengthening of the structure is not always a winning
strategy for achieving SF.*' On the other hand, not only ultra-
fast, possibly coherent, 1Bu — 2Ag conversion but also efficient
independent triplet separation from the double triplet state of
2Ag nature is enabled in highly dipolar 1-(pyridyl-4-ylethenyl)-4-
(p-nitrostyryl)benzene and nitro-styrylfuran. These findings
prove that the mediation of virtual ICT is crucial to activating
complete and efficient SF in the case of conjugated stilbenoid
compounds.®’

The SF rate (Bu — Ag conversion) evaluated through the
ultrafast spectroscopic data is found to be higher than the diffu-
sional rate governing intermolecular interactions between distinct
molecules in solution. Hence, the ultrafast triplet formation
kinetics may be related to intramolecular processes occurring at
short time delays after excitation, rather than slower diffusion-
controlled bimolecular encounters. An intramolecular production
of the correlated triplet pair would also be consistent with the
absence of significant concentration effects on the steady-state
absorption spectra (see Fig. S5, ESIt for the representative case of
DF), implying the formation of aggregates to be excluded. How-
ever, concentration effects were observed on ¢ measured via ns-
TA for DF and PN. The presence of a second nearby chromophore
may indeed favor the independent triplet separation, accomplish-
ing the second step of SF and leading to the observed increase of
the triplet yield with concentration. Therefore, taken together, our
experimental results would be in line with ultrafast INTRA-
molecular double triplet formation followed by an INTERmolecu-
lar independent triplet separation,>*?%3+58

Conclusions

In this study, the nature of the S, (1Bu) — S, (2Ag) conversion in
a series of six conjugated stilbenoid compounds was unveiled,

This journal is © the Owner Societies 2023
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by employing state-of-the-art ultrafast spectroscopy techniques
while probing the effect of solvent polarizability. Steady-state
and time-resolved emission measurements revealed dual emis-
sion in less polarizable media and progressive mixing of the
bright S, (1Bu) and dark S; (2Ag) states as the refractive index of
the medium increases, due to the preferential stabilization of
the ionic 1Bu state. The closer the two states, the higher the 2Ag
emission probability thanks to the stronger vibronic coupling.
Femtosecond transient absorption and fluorescence up-conversion
disclosed the double nature of the 2Ag state showing not only
singlet features that are the lifetime typical of a singlet state
(hundreds of ps up to few nanoseconds) and ability to emit, but
also a triplet character, indicated by its triplet-like absorption
spectrum. These spectroscopic results provided deeper insight
into the formation mechanism of the peculiar 2Ag state, likely
occurring from a non-relaxed singlet with 1Bu symmetry. The
ultrafast appearance time of this triplet-like species hinted at the
S, — S; decay as the first step of SF, that is, the formation of the
correlated triplet pair. TD-DFT calculations revealed that SF would
be thermodynamically feasible in these molecules, occurring from
the non-relaxed S, state, possibly according to the coherent
mechanism.”®®? Moreover, the difference between the T, and
2Ag spectral maxima, AEr_a; was found to be in remarkable
agreement with the observed triplet yield and 2Ag deactivation rate
constant. Hence, this work succeeded in providing a simple
experimental method, based only on the spectral comparison, to
gain qualitative insight into the ease of separation of the '(TT),
which then enables efficient SF. In fact, when dealing with the
thiophene and naphthyl containing compounds low triplet quan-
tum yields were obtained, possibly due to the large binding energy
between the coupled triplets which traps the triplet excitons within
the 2Ag state (large energy differences between the T; and 2Ag
spectral maxima, AEr_a,). Hence, even though the highly con-
jugated polyene-like structures enable the ultrafast formation of
the correlated triplet pair, the large binding energy prevents the
efficient completion of SF. Surprisingly, in the presence of small
AEr_ag, a triplet yield of 140% and 120% was found in concen-
trated solutions of the nitro-styrylfuran (DF) and nitro-pyridine
derivative (PN), respectively, pointing to the involvement of a
multiple exciton generation phenomenon as SF in the excited-
state evolution. Different from all the other molecules of the series,
DF and PN show a remarkable ICT character provided by the
highly dipolar structure, thanks to the presence of the nitro group,
being one of the strongest electron-acceptors and the electron-rich
furan or pyridine units at opposite sites. The mediation of a virtual
CT state in the case of DF and PN may favour the coherent SF
phenomenon aiding also the triplet pair decorrelation®****” and
allowing for the efficient achievement of the second step of the
process. Ultimately, this study constitutes a step forward in under-
standing the role of the Ag state in the excited-state evolution of
highly conjugated stilbenoid compounds, and aims at guiding the
design of new small polyene-like molecules capable of SF. A
successful strategy to implement efficient SF could be based on
tuning the charge-transfer character, by functionalising the mole-
cular structure with appropriate substituents, in order to achieve
the best trade-off between conjugation (ultrafast population of
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2Ag) and decorrelation of triplet pairs (separation of independent
triplets with high yield).
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