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Thiophene derivatives have become integral to OLEDs, photovoltaics, and photodynamic therapy
research. A deeper understanding of their excited state dynamics and electronic relaxation mechanisms
is expected to provide important physical insights of direct relevance for these applications. In this study,
thianaphthene (TN), 2-methylbenzothiophene (2MBT), and 3-methylbenzothiophene (3MBT) are
investigated using femtosecond broadband transient absorption and steady-state spectroscopy
techniques along with time-dependent density functional calculations in cyclohexane and acetonitrile.
The photophysical properties and electronic relaxation mechanisms of these derivatives are elucidated.
Small fluorescence quantum yields ranging from 0.4 to 1.1% are measured. It is demonstrated that
excitation of TN at 290 nm leads primarily to intersystem crossing to the triplet manifold with a lifetime
of 400 + 15 ps in either solvent, whereas four- to twofold shorter intersystem crossing lifetimes are
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measured for 2MBT and 3MBT depending on whether cyclohexane or acetonitrile is used. Linear
interpolation of internal coordinates evidence that elongation of the S—C bonds enables ultrafast inter-
DOI: 10.1039/d4cp02849j system crossing in these thiophene derivatives involving singlet and triplet states with nn* and no* char-
acters. Excitation at 266 nm results in an additional 5 £ 1 ps lifetime, which is assigned to intramolecular

rsc.li/pccp vibrational relaxation dynamics occurring in the excited singlet state.
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Introduction

Thiophene derivatives are widely employed as building blocks in
the design of various m-conjugated organic semiconductors,'”
such as organic light-emitting diodes (OLED) and organic solar
cells, in which they served as chromophores or light harvesting
agents. Thiophene derivatives are also gaining attention in the
field of photodynamic therapy due to their cytotoxic and photo-
toxic properties.>® Therefore, understanding the photophysical
properties and excited state dynamics of thiophene derivatives,
particularly, the intersystem crossing relaxation pathway and its
time scale, should offer critical physical insights for their pro-
spective use in these applications.'® Equally important, thiophene
derivatives have been identified as a significant source of sulfur
oxides released into the atmosphere during the consumption of
petroleum products.’’® Hence, understanding their photophy-
sics and electronic relaxation mechanisms would aid in evaluating
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their sunlight-induced fate in the environment and in designing
photocatalysts'” for their removal.

The electronic relaxation mechanism of the thiophene
monomer has been previously investigated by Salzmann
et al.'® and Weinkauf et al," using ab initio computations
and ultrafast spectroscopy, respectively. Upon photoexcitation
to the S; state, thiophene undergoes an ultrafast, three-step
internal conversion to the ground state on the femtosecond
timescale. Accordingly, the S1 population initially decay to a
nr* region of the S; adiabatic potential energy surface (PES),
which subsequently transitions into an S-C stretched ring-
opening nc* region, and finally decays back to the ground
state.'®?° In a nonadiabatic dynamic simulation study reported
by Schnappinger et al.,*! the authors proposed that in addition
to internal conversion, intersystem crossing is likely to occur
because of a small energy gap between singlet and triplet states
at the flat potential of the ring-opened mc* region. Interest-
ingly, however, the relaxation mechanism is different when the
n-conjugated system is extended from the thiophene monomer
to oligothiophenes.' According to the computational study by
Kolle et al.,>® conducted to explain the experimental work done
by Paa et al.,”® such n-conjugation stabilizes both no* and nn*
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states, thereby hindering access from the nr* state to the no*
state. Consequently, fluorescence and intersystem crossing are
observed more prominently in the oligothiophenes than in the
thiophene monomer, and it was proposed that intersystem
crossing primarily occurs from non-planar, ring puckered
'nn* structures in the oligothiophenes, which enhanced the
spin-orbit coupling between the S; and T; states.

Recently, the photophysical properties and excited state
dynamics of dibenzothiophene, 4-methyldibenzothiophene,
and 4,6-dimethyldibenzothiophene were investigated using
femtosecond broadband transient absorption, steady-state
absorption and emission spectroscopy, and time-dependent
density functional (TD-DFT) calculations.> It was found that
excitation of these dibenzothiophene derivatives at 320 nm
populates the S;(nn*) state directly. Surprisingly, most of the
S; population was shown to undergo efficient intersystem
crossing to the triplet manifold with lifetimes ranging from
820 £ 50 to 900 £ 30 ps, despite all accessible triplet states
below the S;(nn*) state also exhibiting mn* character in the
Franck Condon region. TD-DFT calculations, however, provided
evidence that C-S bond elongation and the mixing of ¢ and =
orbitals along the excited state reaction coordinate play a key
role in facilitating the near unity intersystem crossing to the
triplet manifold in these dibenzothiophene derivatives.>* While
it has been shown that ring puckering and ring opening
minima structures in the S; potential energy surface (PES) of
the oligothiophenes are populated almost simultaneously on
an ultrafast timescale, and play an important role in their
relaxation mechanisms,** a ring puckering minimum was not
located in the case of the dibenzothiophene derivatives.**

In this study, we investigate the photophysics and excited
state dynamics of thianaphthene and two of its methylated
derivatives at the C2 and C3 positions (Scheme 1), to better
understand the photophysical properties of monomeric thio-
phene derivatives of relevance to n-conjugated thiophene sys-
tems. Steady state absorption and emission spectroscopy,
femtosecond broadband pump-probe transient absorption,
and density functional theory calculations are used. The mea-
surements show small fluorescence quantum yields ranging
from 0.4 to 1.1%. When TN is excited at 290 nm, it primarily
undergoes intersystem crossing to the triplet manifold with a
lifetime of 400 + 15 ps in either solvent. Four- to twofold
shorter intersystem crossing lifetimes are measured for 2MBT
and 3MBT depending on whether cyclohexane or acetonitrile is
used. The TDDFT calculations indicate that the elongation of
the S-C bonds enables ultrafast intersystem crossing in these

6 7a_g 6‘ Ta 6 7a_g

Scheme 1 Structures with carbon atom numbering of thianaphthene
(green), 2-methylbenzothiophene (orange), and 3-methylthianaphthene
(pink).

23458 | Phys. Chem. Chem. Phys., 2024, 26, 23457-23467

View Article Online

PCCP

thiophene derivatives, involving singlet and triplet states of
nn* and mo* characters. Contrary to what was found in the
dibenzothiophene derivatives,> we show that methylation
significantly affects the intersystem crossing lifetime of these
thianaphthene derivatives. In addition, excitation of TN, 2MBT,
and 3MBT at 266 nm results in an additional lifetime of
5 + 1 ps, which is assigned to intramolecular vibrational
relaxation dynamics occurring in the S; state.

Experimental

Chemicals

Thianaphthene (TN) was obtained from Sigma-Aldrich (98%
purity). 2-Methylbenzothiophene (2MBT) and 3-methylbenzothio-
phene (3MBT) were obtained from Alfa Aesa with 98% purity.
Cyclohexane (CHX, 99% purity, Millipore Corporation) and acet-
onitrile (ACN, 99.8% purity, Fisher Scientific) were all used as
received.

Steady-state measurements

Steady-state absorption and emission spectra were taken using
Varian Cary 100 and Varian Cary Eclipse, respectively. Emission
spectra were collected using a PMT voltage of 540 V with 5 nm
slit widths and excitation at 280 nm. Molar absorption coefficients
were determined from five solutions of various concentrations
prepared from a known stock concentration. Fluorescence quan-
tum yields were measured using i-tryptophan as a standard.>®
Bathochromic shifts in fluorescence emission (Fig. S1, ESIT) at
concentrations above 7 x 10~° M in either solvent were observed,
as have been observed previously in other polycyclic aromatic
hydrocarbons.”®*” This observation evidence the formation of
aggregates at higher concentrations that 7 x 10~° M. Therefore,
all the spectroscopic experiments were done at lower concentra-
tions to avoid aggregate formation.

Femtosecond broadband transient absorption spectroscopy

The femtosecond broadband pump-probe transient absorption
used in this study is described in detail elsewhere.”®*" Briefly,
a 800 nm fundamental pulse (4.0 W, 100 fs pulse, Libra-HE
from Coherent, Inc.) is split into a pump and probe pulse. The
290 nm excitation pulse was generated from a fraction the
fundamental beam after being sent through an optical para-
metric amplifier where it was tuned. The remaining small
fraction of the fundamental pulse was sent to a delay stage
and focused on a translating CaF, crystal to generate a probe
white light continuum in a spectral range of ~320 to 700 nm.
An optical rail kit (FKE series, EKSMA optics) was used to
generate the excitation pulse at 266 nm.*** A 2 mm fused
silica cuvette with a stir bar was used to ensure homogeneity of
the solutions. Steady-state absorbance measurements were
taken before and after transient experiments to check for
photodegradation. No photodegradation of the samples were
observed under the experimental conditions used in this study.

The femtosecond transient absorption data were collected
using the SurfaceXplorer program and analyzed using global

This journal is © the Owner Societies 2024
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and target analysis®® in the Glotaran 1.5.1 graphical user
interfaced to the R-package TIMP software.*® A two-component
sequential model was required to model the transient data for
2MBT and 3MBT upon excitation at 290 nm, while a three-
sequential model was needed for the transient data of TN upon
excitation at 290 nm. A three-component sequential model was
required to model of the transient absorption data of the three TN
derivatives upon excitation at 266 nm. The evolution associated
decay spectra EADS were extracted from the global fitting of the
transient data sets. For the three TN derivatives in acetonitrile, the
transient data from 320 to 340 nm were excluded from the global
analysis due to the observation of stimulated Raman emission of
the solvent. The lifetimes of the longer-lived species persisting for
time delays longer than the 3 ns timescale used in this study are
reported as >3 ns because their decay lifetimes cannot be
accurately determined. All transient absorption measurements
were performed in duplicate on different days to ensure reprodu-
cibility. Time-zero was defined as the time of maximum overlap of
the pump and probe pulses, as judged from the stimulated
Raman emission signal of acetonitrile. Errors of the lifetimes
are reported as twice the standard deviation from repeating the
experiments in duplicate.

The effect of changing the concentration of the TN deriva-
tives on the transient absorption signals were also studied. The
global, target kinetic analysis of the data at different concentra-
tions showed no variation in the extracted lifetimes and only
minor spectral changes in the extracted evolution associated
difference spectra (EADS) (Fig. S2-S13, ESIt), while red shifts in
the fluorescence bands were observed in the steady state
emission spectra as a function of concentration (Fig. S1, ESIT).
Regardless, the transient absorption data, lifetimes, and EADS
reported in the main text where collected for concentrations
bellow 7 x 10> M for the TN derivatives in either solvent.

Computational method

All the density functional theory calculations were carried
out in the Orca 5.0.3 quantum chemistry program package.’”
Electronic ground state geometries were optimized at B3LYPG-
D3B]J/def2-TZVPD level of theory in vacuum.*®*™** Excited state
geometries were optimized at TDA-PBEO0-D3B]J/def2-TZVPD
level,***> while the triplet excited state geometries were opti-
mized using unrestricted DFT at UPBE0-D3B]J/def2-TZVPD level.
The RIJCOSX*® density fitting and the def2/]*” auxiliary
Coulomb fitting basis set were used throughout to accelerate
the computations. No symmetry constraints were employed
throughout. Harmonic vibrational frequencies*® were evaluated
to confirm no imaginary modes in all the optimized geome-
tries. Vertical excitation energies (VEE) and oscillator strengths
were obtained at TDA-PBEO/def2-TZVPD level of theory in
vacuum, acetonitrile, and cyclohexane. Dielectric effects of
acetonitrile and cyclohexane were described using the C-PCM
implicit solvation model,*® as implemented in Orca 5.0.3.
Linear interpolation of internal coordinates (LIIC) was performed
from the ground state minimum to the S;(nc*) minimum of the
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three thianaphthene derivatives. The spin-orbit mean-field
method®® was employed to obtain spin-orbit coupling con-
stants (SOCCs), and its magnitude is reported by the square
root of the sum of squares using the x, y, and z components of
the spin-orbit coupling matrix elements.

Results
Steady-state spectroscopy

Fig. 1 depicts the absorption and emission spectra of TN,
2MBT, and 3MBT in acetonitrile and cyclohexane. Vibronic
fine structures in the S; state can be observed in the spectral
region between 285 to 300 nm. The TN derivatives exhibit larger
absorption cross-sections (ca. 10> M~' em™") in cyclohexane
than in acetonitrile with negligible spectral shifts. A reduction
in vibronic fine structure is observed in going from cyclohexane to
acetonitrile indicative of stronger solvent-solute interactions in
acetonitrile, as observed previously for dibenzothiophene
derivatives.”* The fluorescence quantum yields slightly increase
in going from acetonitrile to cyclohexane, and decrease with
methylation of TN at the 2 and 3 positions, as is shown in Table 1.

For completeness, we also investigate how the concentration
of the TN derivatives affects their steady state photochemical
properties. No significant spectral changes were observed in the
steady-state absorption spectra (not shown). However, the
higher energy emission band of TN in the fluorescence spectra
in acetonitrile shows a small bathochromic shift of ca. 2 nm, a
decrease in intensity of the emission band at ca. 300 nm, an
increase in intensity of a shoulder band ca. 312 nm, and
extension of the emission tail to up to 400 nm with an increase
in concentration (Fig. S1, ESIY).

Ground state geometries and simulated ground state
absorption spectra

In this study, the nomenclature: Sy, Sy, . . ., Ty, Ty, . . ., represents
the adiabatic order of electronic states at a given geometry,
followed by the character of the electronic structure in par-
entheses. All the optimized ground state geometries for the TN
derivatives exhibit a planar ring system. VEEs, oscillator
strengths, and electronic structure of the low-lying singlet
and triplet excited states are presented in Table 2 for TN in
vacuum, and in Tables S1-S8 (ESI) for TN, 2MBT, and 3MBT in
vacuum, acetonitrile, and cyclohexane. The electron density of
the Kohn-Sham orbitals associated to the electronic states can
be found in Fig. 2 and Fig. S14, S15 (ESIt). The simulated
ground state absorption spectra for the TN derivatives are
depicted in Fig. 3 based on the Franck-Condon principle.
The simulated absorption spectra of 2MBT and 3MBT are
available in Fig. 2. Tables S1, S2, S4, S5, S7, and S8 (ESIY)
present the VEEs and oscillator strengths, obtained with the
C-PCM implicit solvation solvent model.

Excited state geometries

Harmonic frequency analyses were performed on all the opti-
mized geometries in vacuum, acetonitrile, and cyclohexane.

Phys. Chem. Chem. Phys., 2024, 26, 23457-23467 | 23459
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Fig. 1 (a) Molar absorption spectra of thianaphthene, 2-methylbenzothiophene, and 3-methylbenzothiophene in cyclohexane and acetonitrile.

(b) Normalized
3-methylbenzothiophene in cyclohexane and acetonitrile.

intensity of fluorescence at the high-energy emission band maximum of thianaphthene, 2-methylbenzothiophene, and

Table 1 Photophysical properties of TN, 2MBT, and 3MBT obtained from steady-state measurements. Values in parentheses indicate shoulders in the

absorption and fluorescence spectra

Compound  Solvent Aabs/MM e(lmad/M P em ! at 298 nm Je/nm Egolem™ £100 &g (x107?)
TN Acetonitrile 258, (264), 281, 288, 290, 298 2120 + 30¢ 299, 311, (323) 33600 0.9 + 0.1
Cyclohexane 258, 264, 281, 288, 291, 298 3810 + 30 300, 311, (323) 33500 1.1+ 0.2
2MBT Acetonitrile 258, 264, 281, 288, 291, 298 1322 + 30 300, 311, (324) 33500 0.4 + 0.1
Cyclohexane 260, 265, 281, 288, 291, 298 2180 + 30 300, 311, (324) 33400 0.6 = 0.1
3MBT Acetonitrile 264, (283), 291, 299 2060 + 30 303, 313, (327) 33300 0.5 £ 0.1
Cyclohexane 262, (270), (282), 290, 299 4210 =+ 30° 303, 313, (327) 33300 0.8 + 0.1

“ JmadM ' em™! is at 299 nm.

No imaginary frequencies were found, showing that the geo-
metries are local minima on the PES. A complete list containing
excited state energies and spin-orbit couplings at the S;(nn*)
minima for the three TN derivatives in vacuum, acetonitrile,
and cyclohexane can be found in Tables S9-S16 (ESIt).

For the three TN derivatives, the geometry at the S,(mn*)
minima conserves the C; symmetry. The calculated E,, align
well with the experimental results, as can be seen in Table 1.
The Ty(nn*) minima are ca. 1.3 eV lower in energy than
the optimized S;(nn*) minima counterparts. Additionally,
the C2-H bond shows a puckering of the H-C2-C3-C3a dihe-
dral; from 180° in the singlet minima to a 157° in the triplet
minima.

S;(mrc*) minima with planar geometries were found for the
TN derivatives. In comparison to the S;(nn*) minima, S;(nc*)

23460 | Phys. Chem. Chem. Phys., 2024, 26, 23457-23467

minima exhibited elongated S-C bonds due to occupation in
the S-C o* orbital. Stretching either the S-C2 or S-C7a bond
leads to different electronic configurations and corresponding
minima, as depicted in Fig. 4, while the minima resulting from
the S-C7a bond stretch are lower in energy than those from the
S—-C2 bond stretch. The SOCCs for TN were evaluated at the S;
and T; optimized minima in vacuum, as listed in Table 3. The
large energy gap and small SOCCs between the S;(nn*)
and Ty(nm*) states suggest that a direct intersystem crossing
from the S;(nn*) to the Ty(nn*) state is unlikely. Nevertheless, it
is reasonable to expect that the nm* states could intersect
with mo* states upon S-C elongation, creating conditions for
both a small energy gap difference and considerable SOCCs,
which could facilitate favorable intersystem crossing between
them.*">*

This journal is © the Owner Societies 2024
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Table 2 Vertical excitation energies, electronic structure, and oscillator strengths for TN in vacuum at the ground state minimum geometry.
Contribution of transitions are located to immediate right of the transition. Components of electronic structure with a contribution less than 0.10 are

omitted
State Electronic structure VEE/eV f
Sl(nn*) H — L 0.47; H-1 — L 0.23; H — L+1 0.14; 4.77 0.0474
S,(nm¥) H N L+1 0.47; H N L 0.32; H-1 N L+1 0.14; 4.99 0.0251
Ss(nc¥) H-1 - L+2 0.92; 5.25 0.0000
S4(11:Tt") H-1 — L 0.42; H — L+1 0.22; H-1 — L+5 0.13; 5.77 0.2455
T, (nn¥) H - L 0.82; 3.40
T,(nn*) H - L+1 0.68; H-1 - L 0.10; 411
T,(nn*) H-1 N L 0.74; H N L 0.11; 4.16
T,(nn*) H-1 - L+1 0.76; H - L+1 0.13; 4.55
Ts(nn*) H - L+5 0.47; H-2 - L 0.28; 4.94
Te(nc*) H-1 - L+2 0.82; 4.97
10F 035
Q
S o8 030 _
3 )
5 0.25 &
28 06 &
< 0.20
kS L
N Kl
g 04k 0.15 é
S 0.10 ©
Z 02
0.05
0.0 b i 0.00
200 220 240 260 280 300

H-1 H

Fig. 2 Electron density of TN frontier Kohn—Sham orbitals at the Sg
minimum in vacuum, contour value of the isosurfaces was set to 0.02,
visualized by the Multiwfn®! and VMD%? program.

Linear interpolation of internal coordinates

All the nn* and no* geometries in the S; and T, states feature a
planar ring system. The energy shift between nrn* and mo*
geometries is primarily contributed by the S-C stretch, as
minimal changes in all other bonds, angles, and dihedrals
are observed. Thus, it is reasonable to employ linear interpola-
tion of internal coordinates to connect the nn* region at the
Franck-Condon point and the nc* minima, to produce a two-
dimensional slice that depicts the potential energy hypersur-
face. Twenty-four geometries were interpolated with an aver-
aged step size between the ground state minima and the
S;(ro*) minima associated with each respective S-C ring-
opening, the calculated energy barriers are collected in
Table 4. In addition, extrapolated geometries were generated
beyond S-C stretched S; minima to search for an S;(nc*)/
So(nm*) avoided crossing (see, Fig. 5).

This journal is © the Owner Societies 2024

Wavelength (nm)

Fig. 3 Normalized absorption spectra of TN, 2MBT, and 3MBT calculated
in vacuum at TDA-PBEOQ/def2-TZVPD level of theory. The full width at
maximum (FWHM) of the Gaussian broadening function were setto 0.3 eV,
plotted with Multiwfn.>*

Fig. 4 Geometries and electronic structure of (a) TN S—C2 stretched and
(b) S—C7a stretched Sy(tc*) minima, optimized at TDA-PBEQ/def2-TZVPD
level of theory. Visualized by the Multiwfn® and VMD®2 programs.

Among the linear interpolated geometries, several energy
crossings between the S; and the triplet states were found. The
SOCCs of the singlet-triplet crossing geometries are reported in
Table 5. For the three TN derivatives, the energies and singlet-
triplet crossings in the linear interpolations follow a similar
pattern in vacuum and in both solvents. The LIIC of the TN
S-C7a stretch is presented in Fig. 5, while the analogous LIICs

Phys. Chem. Chem. Phys., 2024, 26, 23457-23467 | 23461
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Table 3 Vacuum vertical energies at TN Si(r*) minimum, S—C2 stretched and S—C7a stretched S;(rto™*) minima, respectively, relative to the ground state

minimum energy

S;(nn*) minimum

S-C2 stretched S;(rc*) minimum

S-C7a stretched S;(nc*) minimum

State EleV SOCC(S,-T,)/em ™ State EleV SOCC(S;-T,)/cm ™ State EleV SOCC(S;-T,,)/em ™
Si(nm*) 4.70 — Si(no*) 4.48 — S;(no*) 4.16 —
Ty (nn*) 3.12 0.0 Ty(nc*) 4.06 0.7 Ty(nc*) 3.80 0.2
Ty(nm*) 4.11 0.0 T,(c0*) 4.99 92.7 Ty(c0%) 4.92 75.1
Ts(nn¥) 4.31 0.0 Ts(nc*) 5.20 0.3 Ts(nn¥) 5.46 52.4
T,(nn*) 4.88 0.0 T,(nn*) 5.94 44.4 T,(nc*) 5.64 0.6
Ts(nn*) 4.93 0.0
Te(m0*) 5.22 22.5
Table 4 Energy barrier of S; along S—C stretching in TN derivatives in  Table 5 Energy gaps and SOCMEs at the S—T crossing geometries for TN
vacuum LIIC in vacuum
Bond S-C/A AEs _pcleV S-C/A T S AEs _pcleV SOCC/em ™
TN S-C2 1.96 0.32 1.80 Ts(nc*) Sy(nm¥) 0.07 33.4
S-C7a 1.91 0.21 1.94 Ts(mn¥) Si(mc*) 0.15 2.4
2MBT S-C2 1.96 0.26 1.97 Ty(nn*) Sy(nc*) 0.09 9.6
S-C7a 1.90 0.17 2.04 Ts(nn*) Sy(nc*) —0.05 18.6
3MBT S-C2 1.98 0.36 2.23 Ty(nn*) Sy(nc*) —0.40 39.0
S-C7a 1.90 0.19
low-lying singlet and triplet states in vacuum are collected in
55 = T T Table 6. The simulated absorption spectra of the TN derivatives
- & . S(mot¥Sy i in vacuum are presented in Fig. 6. The lower energy band is due
/-/ e, N to mn* transitions from T, to Ts, T, and T states. The 375 nm
a5 l"‘--./__/,',—#51(7t0'*)."‘T2(nn*) band is consistent with the triplet — triplet absorption from
s k- T T T the Ty(nn*) state to doubly excited triplet states.
40 -S1(nn*).«"T5(rtc*:)/ e, e ) // -
5 S o et /
L% 38 // T Femtosecond broadband transient absorption
e
£ ’ =z Femtosecond transient absorption measurements were obtained
v for the TN derivatives in acetonitrile and cyclohexane to unravel
0sF ] their electronic relaxation mechanisms (Fig. $21-S23, ESIY).
i e ; ; . . ; Representative contour plots (heat maps) of the transient absorp-
18 20 22 24 26 28 30

S-C7a Distance (A)

Fig. 5 Single point energy of linear interpolated geometries between TN
ground state minimum and the S—-C7a stretched Si(nc*) minimum. The
points between each step are connected with lines for visualization
purposes. Black lines represent singlet states and red lines represent triplet
states. The horizontal break is introduced to better highlight the excited
state topology.

and SOCMEs for the remaining systems are presented in
Fig. S16-S20 and Tables S9-S16 (ESIT), respectively.

Triplet excited state geometries and simulated transient
absorption spectra

The optimized structures of T,(nr*), S-C2 stretched T,(nc*),
and S-C7a stretched T,(nc*) for TN, 2MBT, and 3MBT were
obtained from unrestricted DFT calculations. Compared to
their singlet minima counterparts, the H-C2-C3-C3a dihedral
angle in Ty(n*) minima departs by 23°, 34°, and 25° from the
plane in TN, 2MBT (CH;-C2-C3-C3a angle in the case of
2MBT), and 3MBT, respectively, whereas the T;(rc*) minima
remain planar. The VEEs and the SOCMEs between the

23462 | Phys. Chem. Chem. Phys., 2024, 26, 23457-23467

tion data are shown in Fig. 7. No significant spectral changes
were observed in the transient absorption data as a function of
concentration for the three TN derivatives in both solvents
(Fig. S2-S13, ESIf). Fig. 8 displays the evolution associated
difference spectra (EADS) of TN, 2MBT, and 3MBT after excita-
tion at 266 and 290 nm in both acetonitrile and cyclohexane.
Fig. S2-S7 (ESIY) further display the EADS of the TN derivatives at
different concentrations, where these molecules are either present
as monomers or as aggregates according to the steady-state
emission spectra (Fig. S1, ESIT). Table S17 (ESIT) highlights the
band maxima and shoulders seen in the EADS of the TN
derivatives upon excitation at 266 nm and 290 nm. Representative
kinetic traces and best fits based on global analyses using two or
three component sequential models for excitation at wavelengths
of 290 or 266 nm, respectively, are shown in Fig. 9 and Fig. S7-513
(ESIf) for each TN derivative in both solvents. The lifetimes
extracted from these global and target analyses are presented in
Table 7.

Within experimental uncertainties, the first lifetime of ca.
5 ps is independent of the solvent and TN derivative under
investigation upon excitation at 266 nm. Interestingly, the first
lifetime is also independent of the solvent and TN derivative
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Table 6 Vacuum vertical energies for TN at Ty(nrt*) minimum, S—C2 stretched and S—C7a stretched T1(rc*) minima, respectively, relative to the ground

state minimum energy

Ty (nm*) minimum

S-C2 stretched Ty(ro*) minimum

S-C7a stretched T;(nc*) minimum

State EleV SOCC(S,-Ty)/em™* State EleV SOCC(S,-T;)/cm™* State EleV SOCC(S,~Ty)/em™"
Ty (nm*) 3.04 — T,(nc*) 4.11 — Ty(nc™) 3.84 —
So 0.61 2.2 So 3.34 142.8 So 3.33 124.3
S;(nm*) 4.94 4.3 S;(mo*) 4.52 0.5 S (mo*) 4.19 0.1
Sy(nm*) 5.21 1.9 Sy(nc*) 5.67 0.3 Sy(nc*) 6.17 0.5
Ss(nc¥) 5.52 27.5 Ss(nm*) 6.82 82.7 S5(nc*) 6.44 0.4
T T T T T T ITN 266 nm 290nm
§ 0.15
=
© =
g 2
[~ [
2 =
< 010 % Y
° 8 350 400 450 500 550 600 650 700 350 400 450 500 550 600 650 700
g g Wavelength (nm) Wavelength (nm)
5 005 © :
= z *
o
0.0 ey 000
300 350 400 450 500 550 600 650
am 4 30 400 450 500 550 600 650 700
Wavelength (nm) = wwi,ﬁ;‘sfmr o Wavelength (nm)
Fig. 6 Normalized absorption spectra of Ty(nn*) of TN, 2MBT, and 3MBT f) 1000
in vacuum at UTDA-PBEO/def2-TZVPD level of theory. The unrestricted i
density matrices of Ty(nn*) were used to calculate higher triplet excited g [ <
states at Ty(nn*) optimized geometry. The full width at maximum (FWHM) £ 2000
10
of the Gaussian broadening function was set to 0.5 eV, plotted with et
Multiwfn.* | o
350 400 450 500 550 600 650 700 350 400 450 500 550 600 650 700

but it is not observed in either solvent for 2MBT and 3MBT
upon excitation at 290 nm (Table 7). The second lifetime
depends on the solvent and excitation wavelength for 2MBT
and 3MBT, but not for TN within the experimental errors.
Table 7 shows that the third lifetime is longer than the time
window used in this study of 3 ns independent of the
TN derivative, solvent, or excitation wavelength. As shown in
Table S17 (ESIT) and Fig. 8, minor spectral shifts are observed
in the EADSs for each TN derivatives depending on the com-
pound, solvent, and excitation wavelength.

Discussion

Steady-state and computational studies

As shown in Fig. 1 and Table 1, the absorption and emission
spectra of the TN derivatives are only minimally perturbed by
methylation of TN at the C2 and C3 positions. The E, , energies
are the same within the experimental uncertainties, indepen-
dent of solvent, while the molar absorption coefficients are
ca. 1.6 to 2-fold larger in cyclohexane than in acetonitrile.
Similarly, the fluorescence quantum yields are slightly larger
in cyclohexane than in acetonitrile, varying from 0.4 to 1.1%
depending on the solvent and the TN derivative studied. On

This journal is © the Owner Societies 2024
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Fig. 7 Representative contour plots of the transient absorption data for
the TN (a) and (d), 2MBT (b) and (e), and 3MBT (c) and (f) following
excitation at 266 nm (a)—(c) and 290 nm (d)—(f) in acetonitrile.
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Fig. 8 Evolution associated difference spectra of TN, 2MBT, and 3MBT in

cyclohexane upon excitation at (a) 266 nm and (b) 290 nm.

average, methylation of TN reduces it fluorescence quantum
yield by ca. 2-fold in acetonitrile and 1.6-fold in cyclohexane.
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Fig. 9 Kinetic traces and global fits for TN, 2MBT, and 3MBT in cyclo-
hexane upon excitation at (a) 266 nm and (b) 290 nm. Note that the sub-2
ps spike AA signals observed in some of the decay traces are due to solvent
coherent signals.

Table 7 Lifetimes from sequential global fits of the femtosecond transient
absorption signals. Errors are reported as twice the standard deviations
obtained from the global fit analysis. 75 has a lifetime longer than the used
temporal window and it is, hence, reported as >3 ns

Compound  Solvent Ecx. A (nm) 1, (ps) 12 (ps) 73 (ns)
TN Acetonitrile 266 5+1 400 £10 >3
290 5+1 387 £10 >3
Cyclohexane 266 51 397+15 >3
290 5+1 397 £15 >3
2MBT Acetonitrile 266 6+1 205+£20 >3
290 — 170 £ 15 >3
Cyclohexane 266 6+1 275+15 >3
290 — 277 £15 >3
3MBT Acetonitrile 266 5+£1 186+15 >3
290 — 168 £ 10 >3
Cyclohexane 266 5+1 265+15 >3
290 — 260 £15 >3

The relatively small fluorescence quantum yields for the
three TN derivatives evidence that nonradiative relaxation
pathways play a primary role in the electronic relaxation
mechanisms of these molecules.

VEEs of the TN derivatives (Fig. 3, Table 2 and Fig. S1-S8,
ESIt) are in fair agreement with the experimental absorption
spectra reported in Fig. 1a. The simulated absorption spectra in
vacuum (Fig. 3) are blue-shifted by approximately 30 nm in
comparison with the experimental spectra (Fig. 1a), which is
expected given the reported +£0.2 to 0.3 eV error of these
calculations.”®>® A slight red shift of the VEEs and an increase
in oscillator strengths for the TN derivatives upon inclusion of
solvent effects using the CPCM model (Tables S1-S8, ESIT) are
in good agreement with the steady-state absorption spectra
shown in Fig. 1a. Based on the VEEs, the lower energy absorp-
tion band between 285 to 305 nm for the TN derivatives is due
to a combination of the electronic transition from the S, to the
S;(mm*) and S,(nm*) states. The higher energy absorption band
at 260 nm is assigned to be a combination of transitions to the
Sa(mm*), and Se(nm*) states, due to their high oscillator strengths
(Tables S1-S8, ESIt). The S; and S; states have no* character
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and negligible oscillator strength. Similarly, the experimental
and computational E, , energies, Tables 1, 2 and Tables S1-S8
(ESIt), are in good agreement and provide support that fluores-
cence emission occurs from the Sl(min)(nn*) state. The agree-
ment between the steady state results and the computations
lend support to the use of TD-DFT to describe the photophysics
of these TN derivatives in this study. Hence, based on the TD-
DFT calculations, excitation of the TN derivatives at 290 nm
directly populates the S;(nn*) state, while excitation at 266 nm
can directly populate both the S,(nn*) and Se(nm*) states
simultaneously.

Assignment of the transient absorption spectra and lifetimes
for the TN derivatives

According to the TD-DFT calculations, excitation of the TN
derivatives at 290 nm populates the vibrationally excited S;(nn*)
state, while excitation at 266 nm primarily populates the
vibrationally excited S,(nmmn*) and Se(nm*) states. Hence, the
EADS1 reported in Fig. 8a is due to the absorption spectrum
of the vibrationally excited S,(nm*) state upon excitation at
290 nm. Similarly, the EADS1 is assigned to a minor contribu-
tion from the absorption spectra of the S,(nn*) and Se(nn*)
states together with a significant contribution from the absorp-
tion spectrum of the vibrationally excited S;(nn*) state upon
excitation at 266 nm. In other words, we expect that most of
the initial population reaching the S,(nn*) and Se¢(nm*) states
would internally converge to the vibrationally excited S,(nm*)
state within the time resolution of the experimental setup of
ca. 250 fs. This is supported by the similarity of the spectral
shape of the EADS1 at both excitation wavelengths (Fig. 8).

The EADS2 is assigned to the absorption spectra of the
S;(mm*) minimum at both excitation wavelengths in the three
TN derivatives in both solvents (Fig. 8). Hence, the first lifetime
of ca. 5 ps reported in Table 7 represents a minor contribution
ultrafast internal conversion from the S,(nn*) and Se¢(nn*) states
to the vibrationally excited S,;(nn*) state and intramolecular
vibrational relaxation to the S;(nn*) minimum upon excita-
tion at 266 nm, while it represents intramolecular vibrational
relaxation to the S;(nmn*) minimum upon excitation at 290 nm.
For 2MBT and 3MBT, it seems that vibrational relaxation
occurs faster than our time resolution upon excitation at
290 nm independent of the solvent (Table 7). The inability to
observe the intramolecular vibrational relaxation lifetime to
the S;(min)(nm*) in 2MBT and 3MBT upon excitation at 290 nm
highlights the significance of the additional vibrational degrees
of freedom due to methylation, which allows for faster vibra-
tional relaxation.

The EADS3 is assigned to the absorption spectrum of the
Ty(nn*) minimum for each TN derivative. This is supported
by the agreement between the computed transient absorption
spectra for the Ty(nn*) minimum in Fig. 6 and the EADS3
reported in Fig. 8 independent of the excitation wavelength.
Seixas et al’” has previously observed the population of
the triplet state in TN with a triplet quantum yield of >98%
in ethanol, whose absorption spectrum is similar to those
reported for the EADS3 in Fig. 8. Therefore, the second lifetime
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is unequivocally assigned to intersystem crossing to the T;(nn*)
state in the three TN derivatives, independent of solvent or
excitation wavelength. The T,(nm*) state is populated with a
faster lifetime in 2MBT and 3MBT than in TN and significantly
faster in acetonitrile than in cyclohexane for 2MBT and 3MBT
(Table 7), in excellent agreement with the steady state observa-
tion that the fluorescence quantum yield of TN decreases by 2-
fold in acetonitrile and 1.6-fold in cyclohexane upon methyla-
tion. The observation that intersystem crossing occurs in a few
hundred of picoseconds also supports the idea of efficient and
near unity triplet yield in these TN derivatives.”” The triplet
state of these TN derivatives is long-lived (73 in Table 7) and for
TN, it decays with a lifetime of 3 ps in ethanol.>”

Electronic relaxation mechanism leading to the efficient
population of the triplet state

Analysis of the transient absorption data and comparison with
the excited state calculations evidence that the population of
the triplet state in these TN derivatives is highly efficient
independent of the excitation wavelength (i.e., 266 versus
290 nm) or solvent used (i.e., acetonitrile versus cyclohexane).
The observation that the fluorescence quantum yield of the TN
derivatives is less than or equal to 1.1% and that the inter-
system crossing lifetimes occur in less than or equal to 400 ps,
lend further support to the idea that intersystem crossing is the
primary relaxation pathway in these molecules. This is further
supported by the work of Seixas et al.,>” which reported a triplet
quantum yield of >98% for TN in ethanol. The proposal that
intersystem crossing is both efficient and the primary relaxa-
tion pathway is surprising given that the TD-DFT calculations
reported in Table 2 and Tables S1-S8 (ESIT) predict that the S;
and the triplet states below it all have nn* character in the
Franck-Condon region of the PESs.

Recently, the excited state dynamics of dibenzothiophene
(DBT) derivatives were investigated using femtosecond transi-
ent absorption and TD-DFT calculations.?** The authors demon-
strated that intersystem crossing in these DBT derivatives
occurs in a sub-1 ns timescale and with near unity triplet yield
despite a similar observation that the singlet and triplet states
all have nn* character in the Franck-Condon region. However,
LIIC at the TD-DFT level of theory revealed the chemical basis
for relaxing the spin-forbidden intersystem crossing in these
DBT derivatives.>* It was shown that C-S bond elongation and
the mixing of ¢ and =n orbitals along the reaction coordinate
relaxes the El-Sayed rules and enable the near unity triplet
yield.** Therefore, in this study, we have performed similar LIIC
at the TD-DFT level of theory to provide physical insights about
the electronic relaxation mechanism giving rise to ultrafast
intersystem crossing and near unity triplet yield in the TN
derivatives.

Based on the stationary points and LIIC reported in Fig. 5,
two favorable intersystem crossing pathways are identified with
a reasonably low energy barrier of ca. 0.19 and a reasonably
large SOCME of 33 cm™". The first intersystem crossing path-
way involves an energy crossing between the S;(nn*) and the
Ts(no*) states at the early stage of the S-C stretching, while the
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second involves an energy crossing between the S;(rc*) and the
T,(nm*) states, near the S;(mc*) minimum (Fig. 5). After inter-
system crossing occurs, the TN derivatives are expected to
populate one or both T;(nn*) and T4(nrc*) minima in the T,
PES. In the absence of nonadiabatic dynamics simulations, and
under the assumption that the nonradiative transition is pri-
marily dominated by the S-C elongation, we could use the
Landau-Zener formula®® as a first approximation to provide a
rationale for the intersystem crossing event. Accordingly, for an
efficient nonradiative transition to ensue, it requires not only
the crossing seam to be energetically accessible but also a
considerable nuclear velocity along the branching-plane. From
this perspective, the S;(nc*)/T,(nn*) crossing region should be
more favorable than the S;(nn*)/Ts(nc*) region because it is
lower in energy than the former, thus, having a larger kinetic
energy to aid in the intersystem crossing event.

Once the triplet state is populated, intersystem crossing to
the ground state should occur in a microsecond time scale, as
reported by Seixas et al. for TN in ethanol.”” From the LIIC, the
predicted S;(mc*)/Sy(nn*) avoided crossing is at a similar energy
than the S;(nc*)/Ty(nn*) crossing, and internal conversion is
usually considered to be much faster than intersystem crossing.
However, the dynamic study for thiophene by Schnappinger
et al.”* found that thiophene, which has a similar topological
landscape of PES at the S-C stretched region than TN, does not
effectively decay to the ground state minimum because it
requires the inversion of the velocity vector, which means
contraction of the C-S bond instead of stretching. In addition,
in the study of Schnappinger et al,*' the S;(nc*)/T,(rn*) is
partially active at the S-C stretched region, which further
supports the participation of a similar pathway in TN deriva-
tives. 2MBT and 3MBT have smaller energy barriers of 0.04 and
0.02 eV to access the S-C stretched S;(nc*) region, respectfully,
than the energy barrier of TN (0.21), which correlates with their
second lifetime being shorter than the intersystem crossing
lifetime of TN.

In the work on oligo-thiophene by Kélle et al.,>* the inter-
system crossing yield increases with the barrier to the S-C
stretched region as more thiophene units are introduced to the
system. Their dynamic study found that the El-Sayed forbidden
intersystem crossing between singlet nn* and triplet nn* occurs
at non-planar geometries, which results from either non-planar
character of the ground state geometries or thermal torsional
fluctuations. For the TN derivatives investigated in our study,
the SOCMEs between singlet nn* and triplet nn* at S;(nn*)
minima are minimal (<0.1 cm™'). However, at the slightly
puckered T;(nm*) minima, the SOCME increases to a range of
1-10 ecm ' This could be due to a small mixing of nc*
character into the nr* state at the non-planar geometry, which
correlates with the observation from oligo-thiophene. Although
a direct S;(nn*)/T;(nn*) is unlikely due to the large energy gap,
we cannot exclude the possibility of S;(nn*)/Ts(nn*) or S;(nn*)/
T,(nm*) occurring from a puckered structure, and then decaying
to the T; adiabatic PES. A systematic study of the vibronic effect
on the nonradiative transition in TN derivatives would require
non-adiabatic dynamics simulations, which are beyond the
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scope of this study. Regardless, of whether a puckered
S;(mm*)structure could also give rise to intersystem crossing,
the population of T;(nr*) in TN derivatives is supported by both
transient absorption spectra and simulated transient absorp-
tion signal in this study. The large energy gap and small SOCCs
indicating the nonradiative T,(n7m*)/S, transitions are ineffi-
cient, resulting in the T,(nm*) state having a long lifetime in
the microseconds.

Conclusions

The efficient intersystem crossing to the T, state in three TN
derivatives was demonstrated using time-resolved absorption
spectroscopy and steady-state absorption/emission. The elec-
tronic relaxation mechanism leading to the efficient population
of the Ty(nn*) state was further revealed using ground and
excited state TD-DFT calculations. Population of the S;(nn*)
state leads to roughly 1% of the population decaying by
fluorescence emission. The remaining 98-99% of the popula-
tion is proposed to follow the S; adiabatic PES that leads to
internal conversion between the S;(nn*) and S;(nc*) states due
to S-C bond elongation. The primary intersystem crossing is
proposed to occur between S;(nc*) and T,(nn*) states given the
significant SOCME, minimal energy barrier, and larger kinetic
energy than the pathways between S,(nn*) and Ts(nc*) states.
The smaller energy barriers of 0.04 and 0.02 eV to access the S-
C stretched S;(nc*) region seen in 2MBT and 3MBT supports
than the energy barrier of 0.21 in TN lend support to their
shorter intersystem crossing lifetimes compared to that of TN.
The decrease in the triplet state population lifetime upon
methylation in these TN derivatives contrasts with what was
observed recently for dibenzothiophene derivatives.”* In that
study, the addition of methyl groups to the dibenzothiophene
derivatives does not affect the intersystem crossing lifetime to
populate the T,(nn*) state. This observation suggests that the
addition of a benzene group at the C2-C3 bond of the TN
derivatives hinders the vibrational degrees of freedom neces-
sary to increase the intersystem crossing rate to the T;(nn*)
state in the TN derivatives. To further explore this hypothesis,
experiments are currently underway to investigate the excited
state dynamics and intersystem crossing rate on 2,3-dimethyl-
benzothiophene (a.k.a., benzo[b]thiophene, 2,3-dimethyl). Col-
lectively, this study lends further support to the proposal that
the S-C ring opening of thiophene®" and bond elongation of
dibenzothiophene®* is the primary relaxation pathway for inter-
system crossing, which relaxes the El-Sayed propensity rules for
intersystem crossing to the T,(nn*) state.
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