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ABSTRACT: The influence of proaromaticity on the excited state
dynamics of near-infrared (NIR)-absorbing sensitizer dyes is
explored using a combination of ultrafast transient absorption
spectroscopy (TAS) and computational chemistry. The addition of
a proaromatic π-bridge was found to stabilize the excited state and
lead to lower excitation energies in solution and longer excited-
state lifetimes, contrary to what is expected by the energy gap law.
When studied under standard device conditions on TiO2, it was
found that the dye structure plays a significant role in determining
excited-state dynamics. Computational chemistry results confirm
the proaromatic nature of the dyes through both bond length
analyses and nucleus-independent chemical shift (NICS) calcu-
lations. Through incorporation of excited-state aromaticity, a 10×

increase in excited-state lifetime was observed for dyes with a near 0.5 V lower energy excited state.

■ INTRODUCTION

Increasing the excited-state lifetime of molecular materials is an
active area of research with wide-reaching applications such as
with photodetectors,1−3 dye-sensitized photoelectrochemical
cells (DS-PECs),4−6 organic photovoltaics,7,8 non-linear
optical materials,9 emissive materials,10 and with dye-sensitized
solar cells (DSCs).11 In particular, molecular optical materials
with narrow optical band gaps are intriguing to study due to
the energy gap law reducing excited-state lifetimes at longer
wavelengths.10,12−16 The energy gap law generally predicts that
as molecular systems absorb longer wavelengths of light, the
excited-state lifetimes tend to decrease due to increasing
nonradiative relaxation pathway rates. The rapid excited-state
decay of near-infrared (NIR) absorbing dyes competes with
photoinduced interfacial electron transfer reactions in solar
cells (such as with DSC and DS-PEC systems), which makes
high power conversion efficiencies at lower energy wavelengths
more difficult to achieve.11,17 Strategies that extend the excited-
state lifetime and charge separation duration across interfaces
with molecular systems are exceptionally important to a range
of technologies. Herein, we probe the effects of dyes
incorporating proaromaticity on excited-state kinetics in
solution and charge separation lifetimes on a metal oxide
semiconductor surface (TiO2).

Metal oxide-anchoring dyes are important to DS-PEC and
DSC systems.11 These systems typically operate through
photoexcitation of a dye followed by injection of electrons into
the conduction band of a semiconducting metal oxide such as

TiO2. One of the biggest challenges in designing dyes for
TiO2-based systems is incorporating chromophores that cover
not only the ultraviolet and visible spectrum but also the NIR
as well.17−20

Optimizing the optical and physical properties of organic
dyes has seen an explosion of activity since the report of the
modern form of DSCs in 1991. Organic dyes have emerged as
an attractive option that use non-precious metals and give the
highest performances in DSCs.21 An emerging trend is that
dyes, which incorporate donor (D), π-bridge, and acceptor (A)
components, have proven to be some of the more successful
organic dyes in recent years.11 Carefully engineered D−π−A
molecules that facilitate the efficient transfer of charge also
offer the added benefit of tunability into the NIR region of the
solar spectrum. This extension is accomplished through the
judicious selection of individual molecular building blocks for
the donor, the acceptor, and the π-bridge.11

One approach to optimizing the intramolecular charge
transfer (ICT) process in D−π−A sensitizer dye molecules has
been to incorporate proaromatic structures.22 Here, we
describe proaromaticity as the generation of a locally aromatic
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motif after photoexcitation and subsequent charge separation,
as shown in Figure 1. Proaromatic functionality provides
additional stability and a lower photoexcitation energy through
localized aromaticity in the excited state. This approach results
in narrower optical band gaps, thus allowing for capture of NIR
light. We previously introduced a sensitizing dye (PB1) using
3,4-thienothiophene (3,4-TT)23−25 as a proaromatic-conju-
gated π-bridge. Devices incorporating PB1 demonstrated
PCEs of up to 7.8% and longer wavelength absorption onset
in solution at ∼665 nm (compared to 5.9% PCE and a ∼590
nm onset for the non-proaromatic analogues C1 and
C213).26,27 Proaromaticity has also been implemented in
DSC dye studies utilizing thienopyrazine (TPz)-28−31 and
indolizine-22,32,33 based building blocks both experimentally
and computationally. In general, dyes incorporating 3,4-
TT-24,34,35 and TPz-36−40 based building blocks have shown
exceptional promise in a variety of DSC devices. However, to
the best of our knowledge, the effects of proaromaticity on
excited-state kinetics have not been systematically probed. To
better understand the influence of proaromaticity on the
performance of sensitizer dyes in general and to facilitate the
design of more efficient future molecular architectures, here we
selectively probe the contributions of proaromaticity on the

excited-state dynamics of a series of four ICT sensitizer dyes.
Among the four dyes (shown in Figure 1), C213 utilizes a
thiophene-based π-bridge that is not proaromatic, while PB1,
NL6, and JW1 incorporate proaromatic π-bridging units.

In the studies presented here, C213 serves as a control due
to the non-aromaticity of the traditional thiophene bridge in
the excited state. The remaining dyes (PB1, NL6, and JW1)
are expected to possess proaromatic π-bridging units, with the
3,4-TT moiety in PB1 exhibiting localized aromaticity in one
of the thiophene rings after CT. In both NL6 and JW1, TPz is
predicted to have localized aromaticity on the pyrazine ring
after CT, as shown in Figure 1. The optical band gap is
narrower in the proaromatic dyes than in C213, with the
excitation energy having the following order from highest to
lowest energy: C213 > PB1 > NL6/JW1. NL6 and JW1 have
very similar optical energy gaps due to the similarity in their
structures, but JW1 incorporates three triarylamine (TAA)
donor groups compared to just one in NL6. The additional
donor groups result in added higher energy transitions for a
panchromatic absorption profile and could delocalize the
cation after electron injection.30 Two NL6 derivatives are also
synthesized and investigated where the cyanoacrylic acid
moiety is replaced with either a dicyano (JW2) or diester

Figure 1. Dyes studied with ground-state aromatic π-bridges having blue ring colors and excited-state aromatic π-bridges having green color. The
anticipated relative kinetics based on aromaticity considerations are listed below the arrows.
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(JW3) group as the acceptor in order to rule out exciplex
formation via hydrogen bonding (Scheme 1). Here, we use a
combination of ultrafast transient absorption spectroscopy
(TAS) and computational chemistry to connect the dye
structure to excited-state dynamics in order to reveal the effects
of proaromaticity on the lifetime.

■ MATERIALS AND CHARACTERIZATION

General Information. All commercially obtained reagents
were used as received. Thin-layer chromatography (TLC) was
conducted with Sorbtech silica XHL TLC plates and visualized
with UV light. Column chromatography was performed using
Sorbent Tech P60, 40−63 μm (230 × 400 mesh). 1H NMR
spectra were recorded on Bruker Avance-300 (300 MHz) and
Bruker Avance-400 (400 MHz) spectrometers. Data were
reported as s = singlet, d = doublet, t = triplet, q = quartet, p =
pentet, m = multiplet, br = broad, ap = apparent, and dd =
doublet of doublets; coupling constant(s) in Hz; integration.
Absorbance spectra were measured with a Cary 5000 UV−

vis−NIR spectrophotometer with a chloroform solution. FT-
IR measurements were taken using a Bruker Alpha FT-IR
spectrometer with an ATR attachment. For high resolution
electrospray ionization (ESI) mass spectrometry, a TOF
analyzer was used to collect the data in positive mode with
the Waters Synapt HDMS instrument. Emission spectra were
acquired using a Horiba QuantaMaster 8075-21. Light from a
xenon lamp is monochromated in a dual diffraction grating
setup before irradiating the sample in a glass cuvette. Emission
is detected at a right angle from the excitation source by
focusing the emitted light into a scanning diffraction grating
and onto a photomultiplier tube. Spectroelectrochemistry data
were collected with a honeycomb spectroelectrochemical cell
system (Pine Research Instrumentation) using a 1 cm × 1 cm
quartz cuvette (Pine Research part RRPG094), a Pt honey-
comb electrode card (Pine Research part AB01STC1PT), an
Ag/AgCl reference electrode (Pine Research part
RRPEAGCL2), and a honeycomb cell cap (Pine Research
part AC01STCCAP3). A mini-USB-to-Banana generic cable
(Pine Research part RRPECBL2) connected the honeycomb

card to a potentiostat (CH Instruments Electrochemical
Analyzer CHI600E). The light source (UV/Vis/NIR Light
Source, Pine Research part RRAVSP) and spectrometer
(AvaSpec-ULS2048-USB2-50 Spectrometer; Pine Research
part RRAVSP3) were used in conjunction to the AvaSoft8
software program.

C213,27PB1,41NL6,28 and JW130 were prepared as
previously described. JW2 and JW3 were prepared via
Knoevenagel condensation as described below from aldehyde
(1), which is a common intermediate in the NL6 synthesis
(Scheme 1).28

2-(4-(7-(4-(Bis(4-(hexyloxy)phenyl)amino)phenyl)-
2,3-diphenylthieno[3,4-b]pyrazin-5-yl)benzylidene)-
malononitrile (JW2). Aldehyde 4-(7-(4-(bis(4-(hexyloxy)-
phenyl)amino)phenyl)-2,3-diphenylthieno[3,4-b]pyrazin-5-
yl)benzaldehyde (1)28 (52 mg, 62.0 μmol), malononitrile (5
mg, 68.0 μmol), and 4-aminophenol (17 mg, 0.16 mmol) were
dissolved in toluene (1.3 mL, 0.05 M) and acetic acid (10 μL,
7.0 M). The reaction was refluxed using a Dean−Stark
apparatus under N2 while stirring for 24 h. The product was
isolated by extraction with a 1:1 dichloromethane/water
mixture (40 mL) and the organics were rinsed three times.
The organic layer was then dried over Na2SO4 and the solvent
was removed by a rotary evaporator to give the crude material.
The crude mixture was filtered through a pad of silica gel with
a 65% dichloromethane/35% hexane mixture as the eluent for
purification. JW2 was isolated as a blue solid (32 mg, 58%
yield). 1H NMR (400 MHz, DMSO): δ 8.52 (d, J = 8.6 Hz,
2H), 8.47 (s, 1H), 8.14 (d, J = 9.0 Hz, 2H), 8.07 (d, J = 8.8
Hz, 2H), 7.54 (d, J = 6.0 Hz, 2 H), 7.49 (d, J = 6.4 Hz, 2H),
7.44−7.35 (m, 6H), 7.12 (d, J = 8.9 Hz, 4H), 6.96 (d, J = 9.0
Hz, 4H), 6.85 (d, J = 8.9 Hz, 2H), 3.98 (t, J = 6.5 Hz, 4H),
1.74−1.70 (m, 4H), 1.43−1.20 (m, 12H), 0.91−0.86 (ap m,
6H) ppm. IR (neat, cm−1): 2953, 2919, 2853, 1709, 1599,
1565, 1502, 1352, 1232 cm−1. HRMS ESI (positive mode) m/
z: calcd for C58H53N5O2S [M]+, 883.3926; found, 883.3920.
Diethyl 2-(4-(7-(4-(Bis(4-(hexyloxy)phenyl)amino)-

phenyl)-2,3-diphenylthieno[3,4-b]pyrazin-5-yl)-
benzylidene)malonate (JW3). Starting aldehyde 4-(7-(4-

Scheme 1. Synthetic Route to JW2 and JW3
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(bis(4-(hexyloxy)phenyl)amino)phenyl)-2,3-diphenylthieno-
[3,4-b]pyrazin-5-yl)benzaldehyde (1)28 (108 mg, 0.13 mmol)
and diethyl malonate (67 mg, 0.39 mmol) were dissolved in
CHCl3 (2.6 mL, 0.05 M) and piperidine (77 mg, 0.91 mmol)
under N2. The reaction was heated to 80 °C in a sealed vial
and stirred for 18 h. The product was extracted with a 1:1
dichloromethane/water mixture (40 mL) and the organics
were rinsed three times and the organic layer was dried over
Na2SO4. After the removal of solvent under reduced pressure,
the crude mixture was subjected to silica gel flash
chromatography for purification with a 70% dichloro-
methane/30% hexane mixture as the eluent. JW3 was isolated
as a green solid (44 mg, 35% yield). 1H NMR (300 MHz,
DMSO): δ 8.37 (d, J = 8.8 Hz, 2H), 8.13 (d, J = 9.0 Hz, 2H),
7.74 (s, 1H), 7.65 (d, J = 8.4 Hz, 2H), 7.52−7.35 (m, 10 H),
7.12 (d, J = 9.0 Hz, 4H), 6.96 (d, J = 9.1 Hz, 4H), 6.86 (d, J =
8.9 Hz, 2H), 4.38 (q, J = 7.1 Hz, 2H), 4.30 (q, J = 7.1 Hz, 2H),
3.98 (t, J = 6.3 Hz, 4H), 1.74−1.68 (m, 4H), 1.43−1.24 (m,
18H), 0.91−0.86 (ap m, 6H) ppm. IR (neat, cm−1): 2953,
2919, 2853, 1709, 1599, 1565, 1502, 1352, 1232 cm−1. HRMS
ESI (positive mode) m/z: calcd for C62H63N3O6S [M + H]+,
978.4516; found, 978.4530.
Transient Absorption Spectroscopy. Femtosecond

transient absorption spectra and kinetics were acquired using
a Helios fsTAS spectrometer from Ultrafast Systems. In order
to generate the excitation pulses for each of the four samples,
the 800 nm (<100 fs FWHM) fundamental output from a
femtosecond amplifier (Coherent Astrella) was routed into an
optical parametric oscillator (Light Conversion Topas). The
actinic beam wavelength was selected based on the ground-
state absorption of each dye in the series. By irradiating the
solutions and films with photons of energy matching the
maximum absorbance (λmax

abs) of each dye S0 to S1 state
transition energy, a high concentration of transient species is
generated allowing for a maximum possible signal to be
detected. Probe beams were generated by taking a portion of
the 800 nm fundamental and focusing them into CaF2 and
YAG crystals for the visible and NIR regions, respectively. By
generating the probe in this manner, the temporal character-
istics of the fundamental beam are preserved in the broadband
continua. Pump and probe beams are spatially overlapped in
the sample, while the time delay between the actinic and probe
beams is controlled by a mechanical optical delay line (0.02 ps

step size). Solutions were prepared at an approximate
concentration of 0.1 mM under an ambient atmosphere.

TAS film studies were conducted with sealed electrodes
similarly to previously described.42 The sensitizing solutions
were JW1 (0.3 mM dye, 3 mM CDCA, 7:3 EtOH/CHCl3),
PB1 (0.3 mM dye, 12 mM CDCA, 4:1 EtOH/THF), C213
(0.2 mM dye, 8 mM CDCA, 4:1 EtOH/THF), and NL6 (0.2
mM dye, 4:1 EtOH/THF) where each dye was sensitized for
18 h before use. The inert electrolyte used was composed of
1.0 M 1-butyl-3-methylimidazolium tetrafluoroborate, 0.5 M 4-
tert-butylpyridine (TBP), 0.1 M guanidinium thiocyanide
(GuNCS), and 1.0 M lithium bis(trifluoromethanesulfonyl)-
imide (LiTFSI) in acetonitrile:valeonitrile (85:15, v/v) solvent.
TAS data of the dyes adsorbed to the TiO2 surface under an
inert electrolyte were obtained in a very similar manner, but
due to the extended lifetime of the signal, the probe was
generated in a white fiber laser and the delay between the
pump and probe beams was controlled electronically. This
allows for measurements with similar IRF compared to the
method described previously while extending measurements
beyond the approximately 8 ns delay range afforded by the
physical length of the mechanical delay stage. To ensure that
no photobleaching occurred during acquisition, each individual
scan within an averaged spectrum was analyzed for any
decrease in signal intensity or change in wavelength or
temporal values (Figure S16).

Single wavelength kinetics were fit with the Kohlrausch−

Williams−Watts (KWW) function

=
=

( )tOD( ) OD e
t

t

0 KWW (1)

where ΔODt=0 represents the change in optical density at time
zero, τKWW is the stretched exponential lifetime, and β is the
stretch parameter, range in value from 0 to 1.43−46 The
observed lifetime is calculated from the fitting parameters using
a gamma function distribution of β−1 (eqs 2 and 3).

=x u u( ) e dx x

0

( 1)

(2)

=

i

k

jjjj

y

{

zzzz
1

obs

(3)

The use of a KWW fitting approach is commonly used in the
dye-sensitized surface literature; it assumes a Levy distribution

Figure 2. Absorption spectra (left) and emission spectra (right) for C213, PB1, NL6, and JW1. The emission data are plotted with both non-fitted
data (light color) and fitted with an LOESS function (2nd order 0.3 smoothing factor) as the darker color. The abrupt fall off of the emission curves
for NL6 and JW1 is due to the spectral limit of the photomultiplier tube in the fluorimeter. Spectra are collected in chloroform at room
temperature. Emission spectra are collected at a concentration of 1.1 × 10−5 M.
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of kinetics, adequately compensating for the multiple complex,
weighted processes competing within a DSC device.47,48

Computational Methodology. The B3LYP49,50 hybrid
density functional theory (DFT) method was used in
conjunction with the 6-311+G(d,p) basis set51 to compute
all DFT and time-dependent DFT (TD-DFT) data reported
herein using the Gaussian1652 software package with default
convergence criteria. The gauge-independent atomic orbital
(GIAO) method was used to compute the B3LYP/6-
311+G(d,p) magnetic shielding tensors.53,54 Harmonic vibra-
tional frequency computations were performed to verify each
ground-state structure as a minimum on the B3LYP/6-
311+G(d,p) potential energy surface.

■ RESULTS AND DISCUSSION

Steady-State Optical Properties. Absorbance spectra for
C213, PB1, NL6, and JW1 are compared, as shown in Figures
2 and S1−S4. Metrics for these spectra are tabulated in Table
1. C213 shows the highest energy absorption onset (λonset

abs)

of the series (580 nm; see Figure S1), which is expected from
the general trend of proaromatic structures absorbing longer
wavelength photons than non-proaromatic building blocks of a
similar conjugation length. The proaromatic 3,4-TT unit in
PB1 induces a bathochromic shift in the absorption to an onset

of 650 nm. Finally, TPz further red-shifts the absorption onset
in NL6 and JW1 to past 720 nm. The inclusion of two
additional donor groups in JW1 also broadens its absorption
spectrum with added high energy transitions compared to that
of NL6 and provides a modest increase in molar absorptivity.
The onsets of absorption are used for the comparisons
mentioned above since the absorption maximum (λmax

abs) for
the lowest energy transition of JW1 presents as a poorly
defined shoulder due to nearby higher energy transitions.

Emission spectra of all four dyes in chloroform are included
in Figure 2. As expected from their absorption profiles, NL6
and JW1 peaks emit at lower energies (∼780 nm) compared to
both C213 and PB1 (∼640 nm). The emission profile of both
JW1 and NL6 abruptly end near 850 nm due to the limitations
in the quantum efficiency of the photomultiplier tube-based
detector in this region of the spectrum. The E(0−0) values are
taken as the intercept of the absorption spectrum and
normalized emission spectrum (Figures S1−S4) range from
2.17 to 1.75 eV and follow the trend C213 > PB1 > JW1 ≅

NL6 with a 0.1 eV difference in C213 and PB1 and a 0.32 eV
difference between PB1 and NL6. The E(0−0) values of NL6
and JW1 are near identical. These E(0−0) values are used to
assess the changes in optical energy gaps in relation to excited-
state lifetimes below. A complete energy diagram for the
sensitizers and TiO2 can be found in Figure S7.
Ultrafast Excited-State Dynamics. Femtosecond tran-

sient absorption spectroscopy (fsTAS) experiments were
performed on the dyes in chloroform (Figures 3 and 4,
Table 2) after initial spectroelectrochemical (SEC) measure-
ments (Figures S1−S6). Solutions of acetonitrile/tetrahydro-
furan (70%/30% by volume since the dyes were not fully
soluble in pure acetonitrile) were also used to probe the effects
of different dielectric environments on the dye excited states
(Figures S10−S13, Table S1). Similar trends were observed in
acetonitrile/tetrahydrofuran, and so, only the chloroform
results are presented in the main text. Probe wavelengths for
each sample were selected at or near the maximum of excited-
state absorption. For JW1 in solution, this necessitated the use

Table 1. Summary of Steady-State Optical and
Electrochemical Properties of C213, PB1, NL6, and JW1a

dye
λmax

abs

(nm)
λonset

abs

(nm)
λmax

em

(nm)
E(0−0)
(eV) ε (M−1 cm−1)

C213 500 580 641 2.17 26,000

PB1 553 650 639 2.07 26,000

NL6 604 720 786 1.75 17,000

JW1 590 (sh) 720 776 1.76 21,000
aData are collected in chloroform. “sh” indicates shoulder. The E(0−0)

values are found by taking a line of best fit along the low energy side
of the absorption spectrum (Figures S1−S4).

Figure 3. Femtosecond transient absorption spectra of C213, PB1, NL6, and JW1 in chloroform.
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of the NIR probe region as the induced absorption was very
broad and extended beyond the limit of the visible probe.
C213 and PB1 show similar strong transient absorption
features near 650 nm with the ground-state bleach (GSB) of
PB1 being more easily distinguished. In both cases, the
transient absorption feature (and the GSB of PB1) returns to a
near 0 ΔA value at longer time lengths indicating the return of
the dye to the ground state. However, the excited-state lifetime
of PB1 was approximately twice as long as C213 (81 ps vs 48
ps in CHCl3). The transient absorption spectrum of NL6
shows a relatively strong feature near 740 nm, which has a
decay rate of 339 ps. The excited-state lifetime of NL6 was
found to be more than four times longer than that of PB1,
which suggests that the TPz group promotes longer excited-
state lifetimes than the 3,4-TT building block. The transient
absorption feature of JW1 that is the strongest in the spectrum
is near 1000 nm, which clearly returns to 0 ΔA at long time
scales. JW1 was found to have the longest excited-state lifetime
of 457 ps, which is similar to that of NL6 at about 1.3× longer
than the excited-state lifetime of NL6 at 339 ps. Contrary to
what would be expected by the energy gap law, it was observed
that the lower the energy gap in this series, the longer the
observed lifetime in solution (JW1 > NL6 > PB1 > C213).
Notably, the dyes incorporating presumably proaromatic
groups (TPz and 3,4-TT) have the longest excited-state
lifetimes despite absorbing lower energy light where excited-
state lifetimes would be predicted to be shorter. The following
trends are observed according to π-bridge functionality (Figure
5)

> >excited state lifetime trend: TPz 3, 4 TT thiophene

< <optical energy gap trend: TPz 3, 4 TT thiophene

(for spectra of JW2 and JW3; see Figures S8 and S9.)
Irregularities in the shape of early time-delay spectra arise from
coherent artifacts at or near time-zero. Negative dA values for
C213 beyond 650 nm are attributed to noise and were not
used for the kinetic analysis.

Given the observation of an unexpected trend relative to that
predicted by the energy gap law, several control experiments
were conducted to probe if the observed trend is due to
molecular design, aggregation, or hydrogen bonding. Since the
TPz building block has basic nitrogen functionality present not
on the thiophene or 3,4-TT building block, hydrogen-bonding
interactions are possible with the carboxylic acid group on JW1
or NL6. Thus, JW2 and JW3 were synthesized (Scheme 1) to
remove the carboxylic acid group. JW2 uses two cyano
acceptor groups, while JW3 uses two ester groups in place of
the cyanoacetic acid group of NL6. These dyes both absorb
near NL6 and JW1, with JW2 being notably shifted toward
longer wavelengths (Figures S5 and S6). Both JW2 and JW3
have similar transient absorption spectra to NL6, which is
expected from direct analogues (Figures S8 and S9,
respectively). The lifetime of JW2 (235 ps) is roughly half
that of NL6 (457 ps). However, E(0−0) is appreciably lower
than that of C213 and an excited-state lifetime 4.9× longer is
observed with JW2. JW3 has the longest lifetime of the dyes
examined at 721 ps or 15.2× longer than C213. Thus,
potential hydrogen bonding from the carboxylic acid of NL6 or
JW1 cannot be the reason for the longer lifetimes observed
relative to C213 and PB1 since analogues of NL6 with no
carboxylic acid group show comparable or longer lifetimes.

Emission spectra of NL6 and JW1 at two different
concentrations were also collected in chloroform (Figure
S17) to determine if the observed optical properties of these
two dyes are influenced by the formation of aggregates in the
excited state. Aggregates are well known to extend excited-state
lifetimes55 and their formation is likely to cause noticeable
changes in the emission profile. At both high (1.1 × 10−5 M)
and low (1.1 × 10−7 M) concentrations, both dyes showed
minimal changes in their emission. As such, the enhanced
excited-state lifetimes of JW1 and NL6 are attributed to a
molecular design principle rather than some type of
intermolecular interaction since no concentration effects on
spectra shape were observed.

Excited-state aromaticity has been previously examined for
dye PB1 via nucleus independent chemical shift (NICS)
analysis, with results revealing appreciable aromaticity in the

Figure 4. Femtosecond transient absorption kinetics of C213, PB1,
NL6, and JW1 in chloroform presented with the time axis in log scale.
Lifetime constants were extracted from stretched exponential decay
functions with an x-offset to only perform the regression on data from
the maxima onward.

Table 2. fsTAS Solution Kinetics in Chloroform

dye pump (nm) probe (nm) τobs (ps)

C213 505 610 47.5

PB1 550 610 81.4

NL6 605 735 338.8

JW1 610 999 456.5

JW2 610 725 234.6

JW3 610 745 720.8

Figure 5. Comparison of the expected trend of excited-state lifetime
vs optical energy gap via the energy gap law to the data points
observed in this study.
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excited state for the green colored ring in Figure 1.41 This
observation suggests that proaromatic functionality could be a
contributing factor toward the longer excited-state lifetime of
PB1 relative to C213 as discussed above. To probe this
correlation further, a similar NICS analysis was undertaken
with NL6 and JW1 to probe the aromaticity in the singlet
ground state (S0), the first excited singlet state (S1), and the
first excited triplet state (T1) of the TPz-based dyes. Valence
bond theory suggests that the pyrazine ring in the TPz building
block of NL6 and JW1 will exhibit excited-state aromatic
behavior after photoinduced ICT, as shown in Figure 1. Upon
a photoinduced ICT event, the bond lengths on the TPz π-
bridge would be expected to change, as listed in Table 3 and
Figure 6. The double bonds of the ground-state thiophene ring
(2,3 and 8,9) would be expected to shift toward longer bond
lengths, while the single bond (3,8) would be expected to
shorten in the excited state upon charge transfer. The pyrazine
ring would be expected to generate an aromatic structure in the
excited state with reduced bond length alternations relative to
the ground state causing the double bonds (4,5 and 6,7) to
lengthen and the single bonds to shorten (3,4; 5,6; and 7,8).

Comparing the S0 to the T1 geometry, all of these predictions
via valence bond theory agree with those observed via DFT. A
similar observation is made about the S0 and S1 geometries
with notable exceptions at the 2,3 and 3,8 bonds. Notably,
minimal change is expected (0.0068 Å or about an order of
magnitude less than the larger changes observed) for these
bonds via DFT. Additionally, in the excited state of the TPz-
based dyes, the bond lengths in the thiophene ring deviate
away from uniformity, while those of the pyrazine become
more homogenous as observed by bond length alternation
(BLA) values (see Tables S2−S6 for full summary and sample
calculations). For the thiophene ring of C213, NL6, and JW1,
the BLA value is 0.1507−0.1517 Å in the S0 state and increases
for the S1 (0.1518−0.1583 Å) and T1 (0.1519−0.1690 Å)
states, indicating that the structures have reduced aromaticity
with more alternation of bond lengths as anticipated by valence
bond theory. Importantly, the pyrazine ring of NL6 and JW1
shows the opposite trend with less BLA in the S1 (0.0660−

0.0668 Å) and T1 (0.0616−0.0625 Å) states than the S0

(0.0904−0.0908 Å) state, indicating that the pyrazine ring
shows an increase in aromaticity in the excited state. These

Table 3. Bond-Length Analysis of the TPz Bridge in NL6 and JW1 in the Ground-State Singlet (S0), the First Excited Singlet
(S1), and the First Excited Triplet State (T1)

bonda S0 (Å) S1 (Å) ΔRS1 (Å) T1 (Å) ΔRT1 (Å) valence bond theory prediction (calculated)

NL6

R(2,3) 1.4062 1.4007 −0.0055 1.4494 0.0432 lengthens (T1 agrees)*

R(3,8) 1.4392 1.4467 0.0075 1.4225 −0.0167 shortens (T1 agrees)*

R(3,4) 1.3561 1.3550 −0.0011 1.3222 −0.0339 shortens (S1 and T1 agree)

R(4,5) 1.3147 1.3359 0.0212 1.3784 0.0637 lengthens (S1 and T1 agree)

R(5,6) 1.4613 1.4271 −0.0342 1.3845 −0.0768 shortens (S1 and T1 agree)

R(6,7) 1.3146 1.3398 0.0252 1.3888 0.0742 lengthens (S1 and T1 agree)

R(7,8) 1.3591 1.3406 −0.0185 1.3016 −0.0575 shortens (S1 and T1 agree)

R(8,9) 1.4023 1.4206 0.0183 1.4942 0.0919 lengthens (S1 and T1 agree)

JW1

R(2,3) 1.4048 1.4020 −0.0028 1.4407 0.0359 lengthens (T1 agrees)*

R(3,8) 1.4385 1.4539 0.0154 1.4265 −0.0120 shortens (T1 agrees)

R(3,4) 1.3573 1.3560 −0.0013 1.3300 −0.0273 shortens (S1 & T1 agree)

R(4,5) 1.3157 1.3310 0.0153 1.3617 0.0460 lengthens (S1 and T1 agree)

R(5,6) 1.4665 1.4182 −0.0483 1.4083 −0.0582 shortens (S1 and T1 agree)

R(6,7) 1.3169 1.3409 0.0240 1.3632 0.0463 lengthens (S1 and T1 agree)

R(7,8) 1.3584 1.3407 −0.0177 1.3200 −0.0384 shortens (S1 and T1 agree)

R(8,9) 1.4032 1.4184 0.0152 1.4608 0.0576 lengthens (S1 and T1 agree)
aSee Figure 6 for bond numbering scheme. *S1 calculation suggests minimal change.

Figure 6. Valence bond theory suggested bond length changes upon intramolecular charge transfer if aromaticity increases in the excited state.
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results indicate that the thiophene ring loses its aromaticity
from the ground state after ICT occurs, but that the pyrazine
maintains aromatic nature and thus provides stability to the
excited-state species by gaining aromaticity.

As an additional means to probe the excited-state
aromaticity, NICS(R)zz values were computed for the two
rings of the TPz group without substitution, within the NL6
and JW1 dyes, and for the thiophene in C213 (Figures 7, S18
and S19). The T1 state is used in these calculations as
previously described because the computation of NMR
shielding tensors is not currently available in Gaussian 16 for
the TD-DFT methods used in this study to directly assess the
S1 state.41 The chemical shifts are computed from 5 Å above
the plane of the ring being examined to 5 Å below the plane of
the ring in 0.25 Å increments. As is typically observed with
aromatic structures via NICS(R)zz calculations, the chemical
shift becomes increasingly negative as the center of the ring is
approached until about ±1 Å above or below the plane of the
ring as is observed for the ground-state NICS(R)zz calculations
represented as full lines in Figure 7. In all cases, unsubstituted
TPz, NL6-TPz, JW1-TPz, and thiophene of C213, the
thiophene rings, and pyrazine rings (when present) show
aromaticity via NICS analysis in the S0 state. Analysis of the T1

state (dashed lines in Figure 7), no aromaticity is observed for
either the thiophene or pyrazine ring of TPz. Indeed,
significantly antiaromatic (+ppm) values near 30 ppm at ±1
Å from the center of the thiophene ring plane are observed,
which agrees with Baird’s rule, which predicts that aromatic
structures become antiaromatic in the excited state (Figures
S18 and S19).56−60 For the C213 dye, the thiophene ring is
observed to lose aromaticity in the T1 state, showing
approximately 0 ppm at ±1 Å from the center of the
thiophene ring plane. The same observations are made with
respect to the thiophene rings of the TPz groups in NL6 and
JW1. However, the pyrazine ring on the TPz groups of NL6
and JW1 shows retained aromaticity in the T1 state, which is
consistent with the proaromatic behavior suggested by valence
bond theory. Thus, the three dyes with groups, which show
appreciable proaromatic behavior via bond length and NICS
analyses (PB1, NL6, and JW1), all have substantially longer
excited-state lifetimes than the dye without proaromatic groups
(C213). This proaromatic property is correlated to both
longer excited-state lifetimes and longer wavelength absorption
in solution, both of which are important to many dye-
sensitized applications.

Surface Studies. To probe the effects of proaromaticity on
interfacial charge separation durations, nanosecond TAS
experiments were undertaken by anchoring C213, PB1, NL6,
and JW1 to a TiO2 surface. Upon photoexcitation of a dye
anchored to TiO2 (eq 4), an electron can be injected into the
TiO2 conduction band (eq 5). In the presence of an inert
electrolyte (no redox shuttle present), the back electron
transfer reaction from reduced TiO2 to the anchored dye
cation can be monitored via decay of the dye cation signal (eq
6). By monitoring the rate of back electron transfer, the effects
of proaromaticity can be indirectly probed on the cationic
state. Aromaticity could be expected to extend charge
separation duration across an interface by stabilizing the
cationic state at the surface similar to that observed via ICT
events where aromaticity stabilizes cationic and anionic
localized states.

+ *hDye TiO Dye TiO (excitation)2 2 (4)

* +Dye TiO Dye TiO (e ) (injection)2 2 (5)

+Dye TiO (e ) Dye TiO (back electron transfer)2 2

(6)

Table 4 summarizes the interfacial kinetics observed via
nsTAS (Figure S15). A back electron transfer reaction rate for

C213 is observed at 31.9 μs. Interestingly, all of the
proaromatic structure containing dyes lead to extended
photoinduced interfacial charge separation lifetimes (PB1:
257.9 μs, NL6: 40.2 μs, JW1: 152.7 μs). Among the
proaromatic structure containing dyes, 3,4-TT-derived PB1
has an appreciably longer charge separated state lifetime than
the TPz-based dyes JW1 and NL6. The large difference in
excited-state lifetimes between JW1 and NL6 suggests that
JW1 may be able to delocalize its excited-state cation across
the three triarylamine groups, compared to just one in NL6 to
extend the interfacial charge separated lifetime since the

Figure 7. NICS(R)zz vs distance from the center of the thiophene ring (left) of C213, NL6, and JW1 and the pyrazine ring (right) of NL6 and
JW1. The S0-state calculations are shown as solid lines with closed markers. The T1-state calculations are shown as dashed lines with open markers.
Note: the S0-state thiophene ring NICS calculation for C213 and NL6 nearly completely overlap.

Table 4. nsTAS Surface Kinetics

dye pump (nm) probe (nm) τobs (μs)

C213 505 765 31.9

PB1 550 700 257.9

NL6 605 830 40.2

JW1 610 780 152.7
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remaining components of the structures are identical. This
could provide additional stabilization of the cationic excited
state and prevent the approximately 4× more rapid back
electron transfer reaction observed in NL6. Interestingly, the
trend in excited-state lifetimes observed in solution (JW1 >
NL6 > PB1 > C213) is not observed on the film interface. We
stress that this is only an initial probing of the effects of
proaromaticity at a surface and that a number of factors also
contribute to the rate of back electron transfer including dye
orientation, dye−dye packing distances that can allow for hole
migration, and distance of the oxidized region of the dye from
the TiO2 surface. However, overall, these surface studies
provide an initial probe into the influence proaromaticity may
have on charge separation durations at semiconductor surfaces
in addition to the extended excited-state lifetimes observed in
solution with ICT-based dyes.

■ CONCLUSIONS

A series of dye analogues were studied with a non-proaromatic
thiophene π-bridge, a proaromatic thieno[3,4-b]thiophene π-
bridge, and a proaromatic thieno[3,4-b]pyrazine π-bridge. The
dyes with a proaromatic π-bridge were found to have lower
excitation energies from the S0 to S1 states in solution, while
dramatically increasing the excited-state lifetimes of the dyes as
observed via femtosecond transient absorption spectroscopy.
This is contradictory to the expected trend based on the
energy gap law, which indicates that the molecular structure of
these compounds plays a larger role in controlling dye excited-
state lifetimes than the energy gap between the S0 and S1

states. The increased excited-state lifetime is correlated to the
inclusion of proaromatic groups, and computational results
confirm the proaromatic nature of the series of dyes studied
here both by an analysis of their bond length and NICS(R)zz

calculations. At a TiO2 interface, the dyes with proaromatic
groups were observed to have prolonged photoinduced charge
separated states via nanosecond and femtosecond transient
absorption spectroscopies. This study provides early indicators
that proaromaticity may have significant effects on excited-state
lifetimes for intramolecular charge transfer dyes and may
prolong interfacial charge separation events. Future studies are
aimed at probing additional proaromatic structures and
attempting to quantify a correlation of aromaticity stabilization
energy to lifetime by identifying a suitable pool of dyes with
similar excitation energies to disentangle the effects of
proaromaticity from the energy gap law with respect to
excited-state lifetimes.
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