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Abstract

We have investigated the solvent effects on charge-transfer excited states in a donor-acceptor type
luminescent material, phenothiazine-triphenyltriazine (PTZ-TRZ), which has characteristic two
conformers: quasi-axial and quasi-equatorial conformers. Solvent permittivity dependence of steady-
state photoluminescence spectra using mixture solvents of toluene and tetrahydrofuran (THF)
indicated that the two conformers have almost the same excited-state dipole moments. Time-resolved
photoluminescence and transient absorption spectra in toluene and THF showed a different solvent
dependence between the two conformers. From the detailed analysis of these time-resolved spectra,

we revealed the solvent-dependent emission processes in the two conformers.

Introduction

Charge-transfer (CT) excited state of an organic molecule is an excited state where a significant
charge distribution change occurs within or between molecules upon an electronic transition.
Molecules with CT excited states are characterized by spatially separated transition orbitals.
Characteristic properties of CT excited states have been utilized for many applications: near-infrared
bioimaging which utilizes a large Stokes shift in light emission originating from a CT excited state
[1,2], organic photovoltaic devices which utilize intermolecular charge transfer [3,4], and organic
light-emitting diodes which utilize characteristic emission from a CT excited state including thermally
activated fluorescence (TADF) [5-8].

There are two important properties of CT excited states from an application viewpoint: (1)
significant energy stabilization due to solvation and (2) a small energy gap between the lowest singlet
excited state (Si) and the lowest triplet excited state (T1) due to small overlap integral of frontier
molecular orbitals. The former is the phenomenon that energies of CT excited states in a solute
molecule are stabilized by reorientation of the surrounding solvent molecules. As the permittivity of
the solvent increases, the energy of the CT excited state is lowered, and the emission spectrum is red-
shifted [9,10]. The latter is the property that the spatial separation of transition orbitals reduces the

exchange interaction because the energy separation between the singlet and triplet states is determined
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by the exchange interaction between orbitals. When the energy gap becomes comparable to the thermal
energy of room temperature, reverse intersystem crossing (RISC) from T; to S; occurs and TADF is
observed [11-13]. Since the CT excited states have a significant influence on the optical functions of
molecules, elucidating the properties and dynamics of CT excited states is of great importance.
Phenothiazine-triphenyltriazine (PTZ-TRZ, inset in Figure 1a), composed of an electron-donor
PTZ and an electron-acceptor TRZ, has unique optical properties originating from the CT excited
states. PTZ-TRZ shows dual emission (Figure la) upon photoexcitation and the photophysical
properties of both the emission bands depend on the permittivity of a solvent, implying that the two
bands originate from two different CT excited states [14,15]. Quantum chemical calculations predicted
that PTZ-TRZ has two stable geometries, quasi-axial conformer (g-ax.) and quasi-equatorial
conformer (q-eq.) (Figure 1b), in both the ground and excited states [14,15]. The two emission bands
are expected to be assigned to the emissions from these two conformers. Most of dual emission in an
organic molecule were attributed to the transitions from a CT excited and a locally excited (LE) states
[16—19]; therefore, this dual emission from two CT excited states of two conformers is quite unusual.
To date, Tanaka et al. reported that only g-eq. exhibits TADF and g-ax. undergoes a structural
relaxation to g-eq.[14] and Chou et al. reported that the time constant of the relaxation is arpprox. 1.8
ps [15] (Figure 1c). Nevertheless, the previous studies carried out only in low-permittivity solvents
although solvent dependence of the optical properties of CT excited states are critical to the

microscopic understanding of CT excited states.
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Figure 1. (a) Emission spectrum of PTZ-TRZ in toluene upon 360 nm photoexcitation. Inset:
chemical structure of PTZ-TRZ. (b) Geometries of quasi-axial (q-ax.) and quasi-equatorial (q-eq.)

conformers. (c¢) Potential energy curves of PTZ-TRZ predicted from the previous studies.



To understand the mechanism of dual emission in the excited states, it is important to reveal
experimentally the properties and dynamics of the CT excited states in the two conformers. In this
study, since the solvation of the CT excited states are dependent on the permittivity of the solvent, we
used two solvents with different permittivity (¢), toluene (¢ = 2.38) and tetrahydrofuran (THF, ¢ =
7.58), and investigated the properties and dynamics of the CT excited states using spectroscopic
measurements. The steady-state photoluminescence (PL) spectra for the two solvents showed different
relative emission intensities between the two conformers whereas their absorption spectra are almost
the same. By analyzing the photoluminescence spectra in mixture solvents with different ratios
between toluene and THF, we found that the dipole moments of the CT excited states of g-ax. and g-
eq. are almost identical. The time-resolved PL (TR-PL) spectra in toluene and in THF showed a
different behavior: TADF from g-eq. is significantly suppressed in THF whereas the emission from g-
ax. showed little change. From the transient absorption (TA) spectra, we found that the time constants
of structural change from g-ax. to q-eq. are insensitive to the solvent. Based on these results, we

proposed a new energy diagram and emission mechanism in CT excited states of PTZ-TRZ.

Experimental
Steady-state PL spectroscopy

Steady-state PL spectra were measured by a CCD camera (Andor, Newton 920P BEX2-DD)
equipped with a polychromator (Andor, Kymera 193i-B2). The light source for optical excitation was
a Ti:sapphire regenerative amplifier (Spectra-Physics, Spitfire Ace, pulse duration = 120 fs, repetition
rate = 1 kHz, pulse energy = 4 mJ/pulse, central wavelength = 800 nm). The fourth harmonic (360 nm)
of the signal light (1440 nm) from an optical parametric amplifier (OPA, Light Conversion, TOPAS)
pumped by the regenerative amplifier was used for sample excitation. The concentration of the

solutions was 0.1 mM.

TR-PL spectroscopy

TR-PL spectra were measured by a polychromator and a streak camera system (Hamamatsu
C4780, time resolution: < 30 ps). The sample excitation pulse was the same as the steady-state PL
spectroscopy (360 nm). The polarizations of the excitation and detection lights was set to the magic
angle configuration (~54.7°). The concentration of the sample solutions was prepared to be 0.1 mM.

All measurements were conducted after one-hour bubbling using N> gas.

TA spectroscopy

TA spectra were measured by the pump-probe method [20-22]. For a probe pulse, we generated
a white light pulse by focusing the signal light (1200 nm) from another OPA (Light Conversion,
TOPAS-Prime) on a sapphire crystal (3 mm thickness). For the pump pulse, we employed one of the



two pulses below accordingly depending on the measurement time range. In the picosecond range, we
used the same excitation pulse as the steady-state PL spectroscopy (360 nm). In the nanosecond range,
we used the third-harmonic (355 nm) of the output from a Nd:YAG laser (EKSPLA NT242, central
wavelength: 1064 nm, pulse duration: 6 ns). The pump pulse fluences at the sample position were 0.34
mJ/cm? for picosecond measurements, 0.81 mJ/cm? (in toluene) and 1.63 mJ/cm? (in THF) for
nanosecond measurements. The polarizations of the pump and probe pulses was set to the magic angle
configulration (~54.7°). The probe pulse passed through the sample solution was dispersed by a
polychromator (JASCO, CT-10, 300 grooves / 500 nm), and the spectra were recorded by a
multichannel detection system with a CMOS sensor (UNISOKU, USP-PSMM-NP). The concentration
of the sample solutions was prepared to be 0.1 mM. All measurements were conducted with N, gas
bubbling.

Quantum Chemical Calculations

Quantum chemical calculations were performed using Gaussian 16 package [23]. The
geometries of the ground state (So) were optimized based on density functional theory (DFT), and the
properties of S and T were calculated using the optimized geometries of the ground state (So) based

on time-dependent (TD)-DFT. We employed the 6-31G(d,p) basis set and B3LYP functional.

Sample Preparation.
We synthesized PTZ-TRZ according to previous works [14]. We prepared solutions of the

purified molecules in toluene and THF purchased from Kanto Chemical Co..

Results and discussion

Figure 2a compares the UV-Vis absorption and steady-state PL spectra of PTZ-TRZ in toluene
and THF. The two bands at ~290 nm and 363 nm in the absorption spectra are located at almost the
same wavelengths both in toluene and in THF, indicating that the optical transitions from So are
independet of solvent or permittivity. In contrast, the PL spectra depend largely on the solvent. The PL
spectra in both solutions show dual emission and their bands are located at 422 nm and 576 nm in
toluene and at 453 nm and 675 nm in THF. According to the quantum chemical calculations, the
emission bands at 453 and 675 nm are assigned to the emissions from g-ax. and g-eq., respectively
[14]. Both the emission bands are red-shifted in the higher permittivity solvent (THF), indicating that
the excited-state energies of both the conformers are stabilized by the solvation. Thus, both the two
excited states showing these emissions are assigned to CT excited states. This result is consistent with
the previous reports [14,15].

The intensity ratio of the two emission bands also depends on the solvent, indicating that the

excited states in the two conformers are differently affected by the solvent. In order to quantitively



investigate the effect of solvent on the excited states in each conformer, we measured the steady-state
PL spectra in the mixed solvents of toluene and THF with varying the mixing ratio. This allows us to
continuously change the solvent permittivity between those of toluene (2.38) and THF (7.58) (Figure
2b). The intensities of the emission bands assigned to g-ax. with a peak ranging from 422 nm to 453
nm were almost independent of solvent permittivity. On the other hand, the intensities of the emission
bands assigned to g-eq. with a peak ranging from 576 nm to 675 nm decreased significantly with

increasing solvent permittivity.
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Figure 2. (a) Absorption (dashed lines) and steady-state PL (solid lines) spectra of PTZ-TRZ in
toluene and THF. The region 350 - 365 nm, 705 - 733 nm and 785 - 810 nm has been removed
because of strong scattered light from the laser. (b) Steady-state PL spectra of mixture solutions of
toluene and THF with varying mixing ratios. The concentration of the solutions was 0.1 mM and

the excitation wavelength of PL measurements was 360 nm.

It is known that the permittivity dependence of absorption and emission bands are expressed by

the Mataga-Lippert equation [24-26],
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where h is Planck’s constant, ¢ is the speed of light in a vacuum, p and p, are dipole moments
of excited- and ground-state, respectively, a is an Onsager cavity radius of solute, € is a permittivity
of solvent, n is a refractive index of solvent. This equation means that the Stokes shift from an
absorption band to an emission band is proportional to the square of the difference in dipole moments
between excited and ground states and varies on permittivity and refractive index of solvent. This
equation allows us to estimate the excited-state dipole moments of the two conformers shown in Figure
2b.

The parameters used for our estimations are summarized in Table 1. The dipole moments of the



ground state (ug = 2.95 D for g-ax. and ug; =3 .05 D for g-eq.) and the Onsager cavity radii (a =
6.41 A for g-ax., a = 6.44 A for g-eq.) were calculated by the quantum chemical calculations. For
the values of ¢ and n, we used the values reported by Loukova et al. [27] The values of the

permittivity of the mixture solvents &,;, were calculated by the following equation [28],

Emix = ¢toluene£toluene + ¢THF£THF (3)

where Eoluene and ergp are the permittivity of toluene and THF, respectively. ¢ioluene and @drar
are the weight fractions of toluene and THF in the mixture solutions, respectively. Also, the values of
the refractive index of the mixture solutions n.,;, were calculated by the following equation [29],
Nmix = Ptoluenetoluene + PTHFNTHE (4)
where Nyoene and nryp are the permittivity of toluene and THF, respectively. Figure 3a plots the
Stokes shift (cm™) as a function of the solvent parameter (Af) for the bands assigned to q-eq. (red
dots) and g-ax. (green dots). Both the plots were proportional to Af, indicating that the Mataga-
Lippert equation is well applicable to this system. Thus, the dipole moments of the excited states are
reasonably derived from the slopes of these plots. By the linear least squares fit (solid lines in Figure
3a), we determined the excited-state dipole moments of g-eq. and g-ax. to be 20.8 D and 23.2 D,
respectively. This result means that the excited states of both the conformers have almost the same

dipole moment though their conformations are largely different.

Table 1 . Parameters used for the Mataga-Lippert plot for each mixture solvent. Vaps — VEmi, €,
and n are the values of Stokes shift, permittivity of solvent, and refractive index of solvent,
respectively. The values of Af were calculated with the value of € and n in each mixture by

the equation (2).

Toluene : THF Vabs. 7 Vo Emix Nix Af
g-ax. g-€q.
10:0 3606 100887 2.382 1.496* 0.0135
9:1 3852 11190 2.90 1.485 0.0567
8:2 4226 11625 3.42 1.474 0.0892
7:3 4539 11927 3.94 1.464 0.1148
6:4 4759 12077 4.46 1.454 0.1356
5:5 4920 12287 4.98 1.446 0.1528
4:6 5202 12444 5.50 1.437 0.1674
3:7 5336 12499 6.02 1.429 0.1800
2:8 5621 12698 6.54 1.424 0.1911
1:9 5891 12769 7.06 1.414 0.2009
0:10 5964 12938 7.58% 1.407# 0.2094




To rationalize the little difference in the excited-state dipole moments between the two
conformers, we performed TD-DFT calculations and calculated natural transition orbital (NTO) [30].
Figure 3b shows the highest occupied NTO (HONTO) and lowest unoccupied NTO (LUNTO) of the
lowest singlet excited state, Si. In both the conformers, the transition orbitals are localized mainly at
the PTZ moiety in HONTO and mainly at the TRZ moiety in LUNTO, indicating that both are CT
excited states. The excited-state dipole moments for q-ax. and g-eq. were calculated to be 25.0 D and
22.6 D, respectively, which are in good agreement with the experimental values estimated from the
Mataga-Lippert plots, 23.2 D and 20.8 D, respectively. Thus, we concluded that the large solvent
dependence of emission spectra between the two conformers is not caused by the differences in their

dipole moment.
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Figure 3. (a) Plots of Stokes shift (Vaps. — VEmi) VS. Af on the basis of Mataga-Lippert equation
(details are described in the text). Orange and green dots represent the data of q-eq. and g-ax.,
respectively, and their linear lines are obtained by the linear least squares fit. (b) NTOs and

calculated dipole moments for S; of the two conformers .

To explore the causes of the different solvent dependence of emission spectra between the two
conformers, we investigated the dynamical processes in their excited states using time-resolved
spectroscopies. Figure 4a compares the TR-PL spectra of the g-ax. band at 0 and 2.5 ns after
photoexcitation. Figure 4b compares the spectra of the g-eq. band at 0 and 500 ns in toluene. Figure
4c compares the spectra of the g-ax band at 0 and 2.5 ns in THF. Figures 4d-4f show the decay profiles
of TR-PL spectra of the q-eq. band up to 15 ns (d) and 1000 ns (e) and of the g-ax. band up to 10 ns
(f) in toluene and in THF.

The decay profiles of the g-eq. band in toluene shown in Figures 4d and 4e clearly shows a double
exponential decay with lifetimes of 16 &+ 0.1ns and 544 + 12 ns, respectively. Because the band shape
is independent of the delay time as shown in Figure 4b, the shorter and longer lifetime decays are

assigned to the lifetimes of prompt fluorescence and TADF, respectively. In THF, the lifetime of



prompt fluorescence becomes much shorter, 0.97 + 0.01 ns and no TADF is observed. This result
indicates that the nonradiative decay from S; to Sy is accelerated in a higher permittivity solvent in g-
eq. This is presumably because the solvation by a higher permittivity solvent heavily stabilized the CT
excited S; state and the smaller energy gap between S; and So (Figure 2a) causes efficient nonradiative
decay, which is known as the energy gap law [31]. This nonradiative acceleration mechanism also
explains the experimental fact that the intensity of steady-state emission decreases with increasing the
permittivity of solvent as shown in Figure 2b.

The decay profiles of the g-ax. band shown in Figure 4f also show a double exponential decay
both in toluene and in THF but the peak position of the band is red-shifted at the longer delay time as
shown in Figures 4a, 4c. Because the shorter lifetime is estimated to be shorter than the instrument
response function (IRF ~ 1 ns), the faster process in the excited state occurs in less than 1 ns. Since
the structural change from g-ax. to g-eq. occurs in less than 1 ns [15], the shorter lifetime is at least

partially attributed to this structural change. In contrast to the g-eq. band, the longer lifetime is not
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Figure 4. (a-c) Normalized TR-PL spectra of prompt (dashed lines) and delayed (solid lines)
components of the g-ax. band in toluene (a), the g-eq. band in toluene (b), and the g-ax. band in
THF (c). (d-f) Time profiles of TR-PL spectra of the g-eq. band up to 15 ns (d) and 1000 ns (d)
and those of the g-ax. band up to 10 ns (f) in toluene (orange dots) and in THF (green dots). The

excitation wavelength was 360 nm.



assigned to TADF because the peak position is different from the shorter lifetime. One rational
explanation of this result is that a relaxation from a higher excited state, S, to S1 occurs in less than 1
ns along with the structural change and consequently the relaxed S; emits fluorescence with the longer

lifetime. Table 2 summarizes all the estimated values from the TR-PL measurements.

Table 2. Determined emission lifetimes of PTZ-TRZ in toluene and THF solution. A,_g, and

Ag—eq. are the peak positions of the emission bands of g-ax. and g-eq, respectively. 7q_,x is the

delayed

promt
d Tq—eq,

q—eq. are the first and second

first lifetime componet of the emission of g-ax. T

lifetime components of the emission of g-eq., respectively.

Solvent Ageax. (am) | Tq_ax (0S) | Ag_eq (M) ng(;l;t (ns) rgflfg °? (ns)
Toluene 442 3603 576 16=0.1 544 £12
THF 473 50+0.2 675 0.97 £0.01 -

To obtain further information on the dynamics, we measured TA spectra in toluene and in THF
shown in Figures 5a and 5b, respectively. A common feature of the TA spectra between the two
solvents is that a significant spectral change is observed up to 20 ps and no spectral change is observed
after 20 ps. Figures 5c and 5d compare the normalized TA spectra at 100 ps and 1000 ps in toluene
and in THF, respectively. To clarify this situation, we compared the temporal profiles ranging from -
1.0 ps to 30 ps at longer wavelengths (700 nm for toluene solution, 725 nm for THF solution) and at
shorter wavelengths (600 nm for toluene solution and 621 nm for THF solution) shown in Figures 5e
and 5f, respectively. At the longer wavelengths, both the profiles are quickly increased less than 1 ps
followed by a gradual increase over 20 ps. On the other hand, at the shorter wavelengths, both the
profiles are quickly increased less than 1 ps followed by a gradual decrease over 20 ps. Considering
that g-ax. partially undergoes a structural change into g-eq. as shown in Figure 1c, both the gradual
increase and decrease are assigned to the structural change from g-ax. to g-eq. in the excited states. By
the least squares fit using exponential functions, the time constants of structural changes are
determined to be 8.0 = 0.75 ps in toluene and 6.6 &+ 0.98 ps in THF. These values are consistent with
the time constant for the structural change of ~1.8 ps in the hexane solution reported in the literature
[15], considering that the difference in the observed signal between PL and TA.

The temporal profiles at the longer wavelength region in the nanosecond range are shown in Figure
5g. By the least squares fit using exponential functions, the time constants of signal decay were
determined to be 15 + 2.5 ns in toluene and <1 ns in THF. Because these values are close to those of
the prompt fluorescence of g-eq. in each solvent, 16 £ 0.1ns in toluene and 0.97 £+ 0.01 ns in THF, all
the TA spectra after 20 ps are assigned to the transient absorption from S; in g-eq. These assignments

indicate that only up to 20 ps a weak TA signal from g-ax. is overlaid on a major TA signal from g-eq.
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Figure 5. (a, b) Temporal evolutions of TA spectra in toluene (a) and in THF (b). (¢, d) Comparison
of TA spectra at 100 ps (solid line) and 1000 ps (dotted line) in toluene (c) and THF (d). (e, f) Time

profiles in the range of > 690 nm up to 100 ps (c) and up to 1000 ps (d). Orange and green dots

represent the data in toluene and THF, respectively. (g) Time profiles in the range of > 690 nm up

to 1000 ps. The excitation wavelength was 360 nm for picosecond measurements and 355 nm for

nanosecond

measurements.

Our proposed model based on these results is shown in Figure 6. In both the solvents, UV

irradiation excites both g-ax. and g-eq. to their high excited states (S,). In toluene, which has the low

permittivity solvent (¢=2.38), there are three relaxation processes from S, in g-ax.: fluorescence with

422 nm, structural change into q-eq with 8.0 £ 0.8 ps lifetime, and internal conversion to S;. The

fluorescence wavelength and lifetime from S; are 442 nm and 3.6 + 0.3 ns, respectively. In g-eq.,

relaxation from S, to S; occurs quickly in less than 1 ps and also S; is generated by the structural

change from g-ax. The fluorescence wavelength and lifetime from S; are 576 nm and 16 + 0.1 ns,

respectively. Furthermore, the intersystem crossing (ISC) to T followed by the thermal RISC from T}

occurs and delayed fluorescence is observed with a 544 + 12 nm lifetime. In THF, which has the high
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permittivity (¢ = 7.58), the same three processes occur in g-ax. The fluorescence wavelength and
lifetime from S; are similar to those in toluene, 473 nm and 5.0 = 0.7 ns, respectively. In contrast, the
processes in g-eq. are different from those in toluene. The fluorescence wavelength from S; is longer,
~675 nm, and its lifetime is shorter, 0.97 + 0.01 ns, and no delayed fluorescence is observed. This is
presumably because the reduced energy of S; in high permittivity solvent accelerates non-radiative

relaxation directly to Sp following the energy gap law.
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Figure 6. Energy diagram and emission processes in PTZ-TRZ in toluene (a) and in THF (b) after

excitation with a 360 nm light.

Conclusion

We investigated the solvent effects on the CT excited states in the quasi-axial (g-ax.) and quasi-
equatorial (g-eq.) conformers of PTZ-TRZ using steady-state PL, time-resolved PL, and TA
spectroscopies. We determined the dipole moments in the CT excited states from the solvent
permittivity dependence of steady-state PL spectra and the Mataga-Lippert equations to be 20.8 D and
23.2 D, respectively. The similarity of these dipole moments was consistent with the quantum chemical
calculations. The TR-PL spectra of the g-eq. band showed that the fluorescence wavelength is shorter
and the lifetime is longer in toluene (¢ = 2.38) than those in THF (¢ = 7.58). Moreover, TADF is
observed only in toluene. This result is reasonably explained by the model that the stabilization of the
S1 CT state in the higher permittivity solvent, THF, accelerates the non-radiative decay rate and
suppresses the ISC to Ti. On the other hand, the TR-PL spectra of the g-ax. band showed similar
temporal behavior in both the solvents: the emission band is red-shifted at the longer delay times and
there are two distinct lifetime components: less than 1 ns and a few nanoseconds. Judging from the
spectral shift and the lifetimes, the states with shorter and longer lifetimes are probably assigned to
the highly excited state, S,, and the lowest singlet state, Si, respectively. The TA spectra showed a
quick spectral change up to 20 ps and no change after 20 ps both in toluene and in THF. This quick

spectral change is attributed to the relaxation to S; and the structural change from e-ax. to e-eq. in the
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highly excited state. Because the time profiles in the nanosecond range are almost the same as those
of TR-PL of the g-eq. band, no TA from S; in g-ax. is observed probably due to its transition probability.
From these results, we elucidated the entire dynamics in the CT states in the two conformers in PTZ-
TRZ. The complicated but unique dynamics in CT excited states in a molecule having two conformers

would open the way to a new type of photofunctional materials.
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