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Abstract

Photoexcitation dynamics of a series of 2-aryl-3H-1,3-benzazaphosphole oxides (ABPO) were studied using ultrafast time-resolved
fluorescence spectroscopy and transient absorption spectroscopy. The fluorescence quantum vyields and lifetimes strongly depended on
the substituents on the phenyl ring at the 2-position, and generally fluorescence lifetimes were very short. Compound (1d) that has a
4-(N,N-diphenylamino)phenyl group at the 2-position showed intense fluorescence in nonpolar solvents, although the fluorescence was
quite weak in polar solvents. The time-resolved fluorescence spectrum of 1d showed a large dynamic shift, accompanied by a decrease
in fluorescence intensity. The transient absorption spectrum of 1d showed complex spectral dynamics. From the singular value
decomposition analysis of the time-resolved spectra, the spectral dynamics were assigned to the charge transfer formation
accompanying the rotation of the phenyl ring at 2-position predicted by the theoretical calculations (K. Sugiyama et al., J. Phys. Chem.
B, 2025, 129, 2701). A compound with an ortho-hydroxyphenyl at the 2-position (1e-OH) showed intramolecular proton transfer in
aprotic solvents, showing dual fluorescence from the normal and tautomer bands. In methanol, a new fluorescence band appeared
besides the bands from the normal and tautomer states, which was assigned to the hydrogen-bonding complex with the solvent by the
theoretical calculations.
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1. Introduction

Arene-fused phosphole derivatives are attractive compounds
for photoelectrochemical applications, such as organic light-
emitting diodes, fluorescence imaging, photochromic materi-
als, organic solar cells, and so on.'”'* Among these phosphole
derivatives, 2-arylbenzo[b]phosphole oxides (P1, Fig. 1) have
received significant attention because their photochemical
properties can be easily controlled by changing the substitu-
ents on the phenyl ring at the 2-position (-R in Fig. 1).
Notably, many P1 derivatives are highly fluorescent with large
fluorescence quantum yields due to the rigid P-bridged
stilbene-like skeleton, and their emission wavelengths are sen-
sitive to the substituents of the 2-aryl group.'®'* To dramat-
ically change the emissive properties of P1 without the
assistance of peripheral substituents, replacement of the
B-methine unit of the phosphole ring with a nitrogen atom is
a promising approach. Recently, we successfully synthesized
a new class of phosphole derivatives, 2-aryl-3H-1,3-benzaza-
phosphole oxides (ABPO), by replacing the B-methine unit
of the phosphole ring with a nitrogen atom.'* We synthesized
a series of ABPO by introducing various substituents at the
phenyl group attached to the 2-position (see Fig. 1) and eval-
uated their fundamental optical properties. It has been re-
vealed that most of the ABPO are less fluorescent and have
much lower fluorescence quantum yields than their phosphole
counterparts P1. One exception was a compound with a 4-(N,
N-diphenylamino)phenyl group at the 2-position (1d). In con-
trast to the other ABPO, 1d showed intense fluorescence in
nonpolar solvents. However, upon increasing the polarity of
solvents, the fluorescence spectra of 1d showed a large red
shift with a decrease in the quantum yield. Very recently,
Sugiyama et al.'® performed detailed electronic state calcula-
tions on this compound by explicitly considering the solvent
effect. They applied the quntaum chemical and molecular
mechanical (QM/MM) calculation to the electronic excited
state of 1d in various solvents and succeeded in reproducing
the solvent effect on the Stokes shift. Their calculations sug-
gested that the electronic excited state had a charge transfer
(CT) character, showing twisting of the phenyl ring at the
2-position. The calculation suggested the existence of a
twisted intramolecular CT (TICT) state upon further rotation
of the phenyl ring, which may be the reason for the low
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emission in polar solvents. However, the details of this process
remain unclear. Clarification of the excited-state dynamics of
1d is one of the aims of this study.

In our previous study,'® we demonstrated that a compound
with a 2-hydroxyphenyl group at the 2-position (1e-OH)
showed dual fluorescence owing to the excited-state intramo-
lecular proton transfer (ESIPT) reaction, as observed for com-
pounds with similar structures."” > The photoexcited
phenol-imine (OH) tautomer transfers a hydroxy proton to
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Fig. 1. Chemical structures of the molecules and ions used in this study.
R denotes various substituents. 1e-NH is a tautomeric form of 1e-OH,
which is unstable in the electronic ground state.
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the nitrogen atom to generate a more thermally stable keto-NH
(NH) tautomer in the excited state. The NH tautomer (1e-NH)
undergoes relaxation via radiative and nonradiative pathways
to the ground state, followed by tautomerization to the more
stable OH form. It has been demonstrated that ESIPT occurs
very rapidly (<0.2 ps) and that the decay of the keto-tautomer
is also fast in toluene and dichloromethane (DCM)."” The very
fast ESIPT is consistent with previously observed kinetics.'®2°
However, a detailed investigation of the solvent effect, especial-
ly in protic solvents, has not yet been conducted.

In the present paper, we report the effects of substituents
and solvents on the photoexcitation dynamics of ABPO
compounds using time-resolved fluorescence and transient
absorption measurements. We mainly focused on the fol-
lowing 2 points. One is the clarification of the solvent effect
on 1d. By measuring the time-resolved fluorescence spectra,
we investigated how the fluorescence dynamics of 1d dif-
fered from those of 1a, 1b, and 1c. As solvents for 1d, we
used 6 conventional organic solvents, including a protic
solvent, from nonpolar to polar solvents. Ionic liquids
(ILs) have also been used as solvents. ILs are unique polar
solvents, whose properties can be controlled by the choice
of cations and anions.”® In this study, we used 2
imidazolium-based ILs with different alkyl chain lengths
(1-methyl-3-butylimidazoium [Cymim]* and 1-methyl-3-
dodecylimidazolium [Ci;mim]*) and one phosphonium-
based ionic liquid (trioctylmethylphosphonium [Pggg(]*)
with the same anion (bis(trifluoromethylsulfonyl)amide
[NTf,]7) (see Fig. 1). [C4ymim][NTf;] is a typical hydropho-
bic IL, the properties of which have been well studied.*®*”
Although the dielectric constant of [C4mim][NTf,] was not
very high,?® the polarity estimated by the solvatochromic
parameter was as high as that of acetonitrile (ACN).>’
Two other ILs have long alkyl chains, and the long alkyl
chain brings about a nonpolar domain in ILs. Although these
ILs show relatively large polarity similar to that of
[C4mim][NTH,],%° they exhibit a heterogeneous structure ow-
ing to the segregation between the polar and nonpolar
parts,>'* which results in unique solvent effects.>* 3" It is
interesting to note how structural heterogeneity appeared
in the CT dynamics of 1d. Comparison among these 3 ILs
will clarify the role of the nonpolar domain in ILs on the re-
action of 1d. To test the plausible existence of the TICT
state, transient absorption spectroscopy was performed.
The excited-state dynamics are discussed in detail based on
the spectroscopic data and theoretical calculations. The other
is the solvent effect on the ESIPT of 1e-OH. In the previous
paper, we presented time-resolved fluorescence data of
1e-OH in toluene and DCM." In this study, we extended
the solvent to aprotic and protic polar solvents. We found
that the excited-state dynamics in methanol (MeOH) are
quite different from those in other aprotic solvents. The reac-
tion mechanism is discussed in detail based on spectroscopic
data and density functional theory (DFT) calculations.

2. Experimental

2.1 Materials

Compounds 1a, 1b, 1¢, 1d, and 1e-OH were synthesized ac-
cording to literature.'’ Spectroscopic-grade solvents (toluene,
tetrahydrofuran [THF], DCM, acetone, ACN, and MeOH)
were purchased from Nacalai Tesque and Wako Chemicals
and used without further purification. [Cymim][NTf,],

[C12mim][NTH;], and [Pggg1][NTf,] were synthesized accord-
ing to literature® and dried before use under vacuum.

2.2 Spectroscopic measurements

The experimental setups for transient absorption and time-
resolved fluorescence measurements are described in detail
elsewhere.***! For the transient absorption measurements,
the optical density of the sample solution was adjusted to be
~0.6 at the excitation wavelength, using an optical cell with
a 1-mm path length. For the fluorescence measurements using
the optical Kerr gate, the optical density of the sample solution
was ~1.0 at the excitation wavelength, using an optical cell
with a 1-mm path length. Most experiments were performed
at an excitation wavelength of 400 nm; however, in some ex-
periments, an excitation wavelength of 360 nm (or 350 nm)
was chosen. Measurements were performed under the sample
flow condition. The absorption spectrum of the sample solu-
tion was measured before and after the experiments, and in
most cases, sample degradation by light was negligible.
Absorption spectra were measured using UV-1800 or
UV-2600 (Shimadzu), and the fluorescence spectra were meas-
ured using FP-6500 or EP-8300 spectrometers (JASCO). The
absolute fluorescence quantum yields were measured using a
Hamamatsu Photonics Quantaurus-QY spectrometer.

2.3 DFT calculations

The geometries were optimized using DFT for the Sy state and
time-dependent DFT (TD-DFT) for the Sy state. The basis set
used for the optimization was 6-311G(d,p).** The functional
of DFT and TD-DFT was ©B97X-D.** The solvent effects
were incorporated in both DFT and TD-DFT calculations us-
ing the polarizable continuum model (PCM) with the integral
equation formalism variant.** The optimized geometries were
confirmed to be minima by vibrational analysis. All the calcu-
lations were performed using the Gaussian 16 suite of
programs.*®

3. Results and discussion

3.1 Steady sate absorption and fluorescence
spectra of 1a-1d
Figure 2a shows the steady-state absorption and fluorescence
spectra of 1a—1d in DCM. The addition of an electron-donating
group to the phenyl ring resulted in a red shift of the absorption
spectrum, as mentioned previously," although the absorption
and fluorescence spectra of 1a, 1b, and 1c did not show signifi-
cant solvent effects (Supplementary Table S1). The absorption
and fluorescence peaks of 1d were significantly red-shifted to
others. Although the fluorescence spectra of la-1c¢ did not
show significant shift with solvent, the fluorescence spectrum
of 1d showed a large Stokes shift, especially in polar solvents,
as shown in Fig. 2b," and the fluorescence quantum yield
was strongly dependent on the solvent polarity. In a solvent
with a large Stokes shift, the fluorescence quantum yield de-
creased and the fluorescence lifetime became short. These val-
ues are listed in Supplementary Tables S1 and S2.
Supplementary Fig. S1 shows the plot of Stokes shift of 1d
against polarity scale based on the dielectric continuum model
F(eg, n) as:**™8

_80—1 nz—l
Te+2 n2+2

F(eo, n) (1)
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Fig. 2. a) Absorption and fluorescence spectra of 1a, 1b, 1¢, and 1d in
DCM. b) Absorption and fluorescence spectra of 1d in various solvents.
All spectra are normalized at the peak intensity.

where ¢ is the static dielectric constant and # the optical re-
fractive index of solvent. These parameters are listed in
Supplementary Table S2. As shown, there holds a linear rela-
tionship between the polarity scale and the Stokes shift, sug-
gesting that the CT character contributed to the electronic
exited state.

3.2 Time-resolved spectroscopy of 1a-1c

Figure 3 shows the time-resolved fluorescence spectra of 1a in
DCM. The fluorescence showed an initial red shift, probably
due to the solvation dynamics in the excited state within a
few picoseconds. Subsequently, the intensity of the fluores-
cence appeared to decay monotonically. To estimate the decay
constant of the fluorescence, we assumed that the fluorescence
band is expressed by a single log normal function as:

In(1 + ai(2))*
/’Ji(t) CXP(—IHZ{T} ) a>-—1 (2)

1

Ii(ts V)=
o< -1

where a;(¢) = 2y,(¢)(v — vi(2))/Ai(¢), b; the peak height, v; the
peak position, y; the asymmetric parameter, and A, the band-
width parameter, respectively. Here, subscript index 7 indi-
cates the numbering of the spectral components. Here, only
one spectral species is assumed, while later several spectral
species are assumed for other systems. The details of the
spectra fit are described in Supplementary Section S1.
The black curves in Fig. 3 are the results of the fitting, which
capture the spectral features well. The time profiles of
the fluorescence peak position and fluorescence intensity esti-
mated from the band integration are shown in Supplementary
Fig. S2. The fluorescence intensity decayed monotonically as
shown in Supplementary Fig. S2a and was well fitted by a sin-
gle exponential function (decay constant 7). As shown in
Supplementary Fig. S2b, the peak position showed an initial
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Fig. 3. Time-resolved fluorescence spectra of 1a in DCM.

shift with time. The extent of the initial peak shift was ca.
500 cm™!, and the shift was fit by a single exponential function
as:

vp(t) = v + Avexp(— ‘L'LP) (3)

The parameters obtained by the fit are listed in
Supplementary Table S1. As represented by the small dynamic
Stokes shift, the Stokes shift of 1a is considered mostly
from the intramolecular reorganization energy. The DFT
and TD-DFT calculation results supported this idea. In
Supplementary Table S3, we listed the electronic state energies
and dipole moments of 1a for the optimized geometries of S
and S; in toluene and ACN (PCM model), respectively. The
oscillator strength of the transition from Sy to S; for the opti-
mized structure of the ground state was found to be quite small
(0.005 in toluene and 0.008 in ACN), and the absorption
from Sy to S, is dominant (0.475 in toluene and 0.436 in
ACN). The change of the dipole moment due to the transition
is small, and the reorganization energy (difference of the en-
ergy of the same electronic state between different optimized
geometries) mostly comes from the structure change as shown
in Supplementary Fig. S3 (the Cartesian coordinates are
summarized in Supplementary Table S4). In the ground state,
the azaphosphole ring and the phenyl ring attached to the
2-position are almost planar, while in the electronic excited
state, they are not planar. This kind of conformational change
is the reason for the Stokes shift.

Upon addition of the electron-donating group at the para
(1b) or ortho (1c) position, the fluorescence spectra showed
a slight red shift, and the decay rate became slow (see
Supplementary Fig. S4). The fluorescence decay rates of 1a,
1b, and 1c in various solvents are summarized in
Supplementary Table S1. The decay rates of 1a were very short
(e.g. 5.2 ps in toluene) and almost independent of the solvent,
except for methanol (9.8 ps). The lifetime increased with the
addition of an electron-donating group. This may be due to
the stabilization of the excited state by introducing the
electron-donating group. In order to check the possibility of
the reaction path to a nonfluorescent state (e.g. a triplet state),
the transient absorption spectra of 1a in DCM were measured
(Supplementary Fig. S5). Transient absorption bands from the
excited state appeared at 420 and 570 nm, and both decayed
with a similar time constant. Supplementary Fig. S5b shows
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Fig. 4. Time-resolved fluorescence spectra of 1d in a) toluene, b) DCM,
¢) ACN, and d) [Pggg1][NTf,].

a decay at 570 nm, and the decay was simulated by a single ex-
ponential function with a similar time constant (7.6 ps) to the
fluorescence decay. We are not sure of the reason for the 10%
difference between the fluorescence decay and transient ab-
sorption decay. No appearance of another absorption band
after the decay of the excited state band may suggest the ex-
cited state decayed to the ground state. To assure this, we tried
to measure the ground-state bleach recovery. However, the
white continuum was too weak around 360 nm, and we could
not confirm the recovery to the ground state.

3.3 Time-resolved spectroscopy of 1d

Figure 4a shows the time-resolved fluorescence of 1d in
toluene. The fluorescence peak position showed a small
shift with time immediately after photoexcitation. Similar
spectral dynamics were observed for the weakly polar and
polar solvents (DCM and ACN), as shown in Fig. 4b and
¢, although the extent of the peak shift was much larger,
and the intensity of the fluorescence decayed in accordance
with the peak shift. The time-resolved fluorescence spectra
in [Pggg1][NTf,] is shown in Fig. 4d. The peak shift dynam-
ics were slower than those of the other solvents. The results
for the other solvents are shown in Supplementary Fig. S6.
Although the time scales and extent of the shift were de-
pendent on the solvent species, the dynamics were quite
similar to one another.

The apparent fluorescence peak shifts are commonly ob-
served in the solvation dynamics of dye molecules.**>°
However, the initial large intensity decay with peak shift is
not so common. To study the excited-state dynamics in
more detail, we applied transient absorption measurements
for the same system. Figure 5 shows the transient absorption
spectra in the selected solvents. The apparent spectral features
of the transient absorption in toluene were quite different from
those of the fluorescence dynamics in toluene. Immediately
after excitation, the absorption peak appeared at ~600 nm,
which decreased with time. In contrast, the absorption at
~500 nm gradually increased. Because the wavelength of the
spectral minimum around 540 nm corresponds to the peak
wavelength of the fluorescence, it is probable that the spectral
shift of the induced emission, which contributes to the
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Fig. 5. Transient absorption spectra of 1d in a) toluene, b) DCM, c) ACN,
and d) [Pggg1[INTf,].

transient absorption as a negative signal, causes an apparent
spectral intensity change in the transient absorption. To test
this possibility, we compared the transient absorption and
time-resolved fluorescence spectra at the same delay time, as
shown in Supplementary Fig. S7a and b. In the figure, the time-
resolved fluorescence spectra are plotted downward (negative
contribution as the induced emission). As shown in the figure,
the peak of the fluorescence is at the same position as the min-
imum of the absorption spectra, suggesting that the induced
emission contributes to the transient absorption spectrum.
However, comparing the spectra at 5 and 25 ps, the intensity
increase around 20,000 cm ™! (500 nm) is more apparent than
the change in the fluorescence spectrum. Therefore, it is rea-
sonable to consider that a new species with an absorption at
~500 nm appears with time.

Figure 5b shows the transient absorption spectra of 1d in
DCM. The spectral dynamics were quite different from
those in toluene. The spectrum immediately after excitation
is similar to that of toluene. However, within a picosecond,
the absorbance at ~500 nm increased, and then the absorb-
ance at ~600 nm increased. Similar spectral dynamics were
obtained for the ACN solution (Fig. 5¢). Supplementary
Fig. S7c and d compares the transient absorption and time-
resolved fluorescence at the same delay time in DCM. In
contrast to the case of toluene, the negative peak position
of the fluorescence red-shifted to the plateau of the transient
absorption at ~18,500 cm™'. With time, the fluorescence
peak showed a more red shift, which may scrape the red re-
gion of the transient absorption. The transient absorption
spectra in [Pggg1][NTf,] were similar to those in toluene,
as observed in the case of fluorescence (Fig. 4d). The spec-
tral dynamics were very slow as fluorescence dynamics.
The results for the other solvents are summarized in
Supplementary Fig. S8.

3.4 Excited state reaction model of 1d and analysis
based on singular value decomposition

According to theoretical calculations,'® upon excitation, the
Franck—Condon (FC) state of 1d is a partially charge-
transferred state, and the dipole moment of the FC state is
larger than that of the ground state. By rotating the phenyl
ring with -N(ph),, a more stable CT state is produced,
which shows a larger dipole moment. Therefore, a large
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Scheme 1. Model reaction scheme of 1d.

structural change was accompanied by the production of
the CT state in the excited state. Theoretical calculations
suggest that further rotation of the phenyl ring produces a
more stable TICT state in polar solvents. In nonpolar sol-
vents such as toluene, the TICT state has an energy similar
to that of the CT state, but the energy of the TICT state de-
creases in polar solvents such as ACN. According to theor-
etical calculations, the oscillator strength from the TICT
state to the ground state is nearly zero; therefore, the
TICT state is dark in fluorescence.

Considering the above theoretical predictions,'® we assume
a typical reaction scheme in the TICT formation as shown in
Scheme 1.°!

In this scheme, we assume 3 electronic excited states: N
(FC state), CT, and TICT. The rate constants k4 and ks re-
present the sum of the nonradiative and radiative decay
rates (nonreactive decay rate) from each state. We neglected
the backward reactions from CT to N and assumed that the
nonreactive decay of N is much slower than the rate to the
CT state (k). The general solutions of these equations
are given in Supplementary Section S2 under the initial
concentrations of [N](¢=0)=[N]y, [CT] (¢=0)=0, and
[TICT](t=0)=0.""

Here, we consider the following special cases:

Case 1. Nonpolar solvent. No TICT formation. When k, =
0, the time profile of [CT] is given by a simple cascade reaction
scheme as:

(CTI= Nl L exp (k) = L pexp(-kin] @)
In this case, the decay of the [CT] spectrum is determined by the
sum of the radiative and nonradiative decays of the CT state.

Case 2. Polar solvent. The formation of the TICT rate k,
and the nonreactive decay of TICT ks are much faster than
the backward reaction from the TICT state, that is, ks, ka4,
ks >> k;.

1 1

1
[TICT] = k1k2[N], {(kl_kS)(kB_ks)exp (—kst)
1
"l )l — o) P ()
1
* (k1 — ks)(ky — k) ¥ (—kﬁ)} (6)
where
kB = kz + k4
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SV1, and those of the 2nd largest ones are by SV2.

In reality, the spectral shift owing to solvation dynamics may
contribute to the spectral dynamics, which makes an addition-
al contribution to the spectrum.

Based on the above reaction scheme, we consider the time
constants obtained by analyzing the time-resolved fluores-
cence and transient absorption spectra. In nonpolar solvents
such as toluene, the energy level of TICT is nearly equal to
that of CT according to theoretical calculations'®; therefore,
the 1st case is applicable considering the plausible activation
barrier between the 2 states. The observed spectral dynamics
corresponds to the reaction process from N to CT in the elec-
tronically excited state. From the similarity of apparent spec-
tral dynamics, we classified toluene, THF, [C;,min][NTf,],
and [Pggg(|[NTf,] into this group. On the other hand, the spec-
tral dynamics in other solvents (DCM, acetone, ACN, MeOH,
and [C4min][NTf;]) are quite different. Therefore, we assume
that the TICT formation occurs in this group.

Although the apparent behavior of the time-resolved fluor-
escence and transient absorption spectra are different from
each other, they should capture the same dynamics at different
aspects. To obtain the unified time scales for both dynamics,
we performed singular value decompositions (SVDs) for
both spectra. At first, we discuss Case 1 where no TICT forma-
tion occurs. Figure 6a shows the spectral components of the
1st and 2nd largest singular values (SVs) of the time-resolved
fluorescence spectra in toluene, and Fig. 6b shows their time
profiles. We neglected the SV components more than the
2nd, because the SV of the 3rd component was much smaller
than the 2nd SV (see Supplementary Table S5). The 1st spec-
tral component shows a single broadband spectrum around
18,000 cm™", and the 2nd component shows a negative value
at a lower wavenumber and a positive value at a higher wave-
number. The intensity of the 1st component shows a fast decay
and is almost constant. The spectral shift of the fluorescence
was realized by the variation of the 2nd component from posi-
tive to negative. The spectral components of the transient ab-
sorption (Fig. 6¢) are more complicated. The 1st component is
similar to the averaged spectrum of transient absorption spec-
tra shown in Fig. 5a, and the 2nd component is negative
around 20,000 cm™' (500 nm) and positive around 22,000
and 16,600 cm™" (450 and 600 nm). By varying the 2nd
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Table 1. Summary of the rate constants for the CT formation determined
by the fluorescence data (FL) and by the transient absorption data (TA), and
the rate of the TICT formation of 1d, together with the value of the solvent
viscosity.

ch/PS_l
Solvent n/mPa s FL TA kricr/ns ™!
Toluene 0.56° 0.098 0.088 -
THF 0.51° 0.53 0.77 -
DCM 0.44¢ 0.33 - 0.19
Acetone 0.317 0.42 1.5
ACN 0.35° 0.27 - 7.7
MeOH 0.53% 0.29 48
[C4mim][NTL] 554 0.024 - 3.4
[C1omim][NT5,] 1744 0.020 0.023 -
[Pgss1][NTH] 664° 0.015 0.015 -
*At23°C.>*
At 20 °C.%%
€At 20 °C.>?
dAt 23 °C.53
At 23 °C.5¢

component from positive to negative with time, spectral inten-
sity changes at 20,000 and 16,600 cm™' were realized
(Fig. 6d). We simultaneously fitted the time profiles of the
SVD decompositions of both time-resolved fluorescence and
transient absorption spectra using multiexponential functions
with the same time constants as:

n

1) =1idt" Y ae™ "Lt — ') (7)

i=1

Here, I,¢(t) is a system response function. In the fitting, the
longest time constant was fixed as the fluorescence lifetime.
The black curves in the figure show the fitting results that
capture the trances well. The results in other solvents
for Case 1 were analyzed similarly, which are shown in
Supplementary Figs. S9 (THF), S14 ([C{,mim][NTf;]), and
S15 ([Pggg1][NTf;]). The parameters obtained from the fit
are listed in Supplementary Tables S5 and S6. The CT rate
(kct) was estimated from the amplitude-weighted average of
the time constants (1; and 1,) of the 2nd SV components
(ke ! = (a1t + a212)/(aq + a2)), and the results are summar-
ized in Table 1 together with the solvent viscosity (1).>>>°
Figure 7 shows the results of the polar solvent ACN. We
plotted the 1st, 2nd, and 3rd spectral components of the time-
resolved fluorescence in Fig. 7a. For this case, we got better re-
sults by including the 3rd spectral component. The spectral
components of the fluorescence are similar to those of toluene.
The 1st one is a single band centered around 15,000 cm™". The
2nd and 3rd components show a positive band on the blue side
of the band of the 1st component, and a negative band on the
red side of each positive band. The time profiles as shown in
Fig. 7b show features similar to those of toluene (Fig. 6b).
The changes in the 2nd and 3rd components cause a red
shift of the fluorescence with time. The 1st spectral compo-
nent of the transient absorption has a broad absorption
at ~18,000cm™! (550nm) and a bleach band at
~22,000 cm™" (450 nm) (Fig. 7c). The 2nd one has a negative
band at ~19,000 cm™" (530 nm) and a positive band at
~18,000 cm™! (550 nm). The 3rd one has negative bands at
~23,000 and 17,000 cm™" (430 and 590 nm) and a positive
band at 16,000 cm™! (620 nm). The initial variations of
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Fig. 7. SVD analysis of the time-resolved fluorescence spectra a) and
b) and transient absorption spectra c) and d) of 1d in ACN. The spectral
component and the time profile of the first largest SV are denoted by
SV1, and those of the 2nd and 3rd largest ones are by SV2 and SV3,
respectively.

2nd and 3rd components express the fast initial spectral
dynamics (Fig. 7d). The time profile of each component
was similarly fitted simultaneously, and the results are shown
by the black curves. The results of SVD analysis for DCM,
acetone, MeOH, and [Cymim][NTf,] are summarized
in Supplementary Figs. S10 to S13 and analyzed similarly.
The parameters obtained from the fit are listed in
Supplementary Tables S5 and Sé6.

In polar solvents, several time constants for the initial dy-
namics were observed for fluorescence and transient absorp-
tion from SVD analysis. The fastest one <0.5 ps may be due
to the solvation dynamics and coherent artifact of the laser
pulses. Therefore, we concluded that 1, in Supplementary
Tables S5 and S6 corresponds to the time constant of CT for-
mation for the case of acetone and MeOH. For DCM, ACN,
and [C4mim][NTf,], we calculated the amplitude-weighted
average of 1, and t3 for the fluorescence time profile of the
1st SV as the CT state formation time. The rate constants
(kcr) thus calculated are listed in Table 1. It is to be noted
here that we neglected the contribution of the spectral shift
due to the solvation which may contribute the spectral dynam-
ics. This may be included into the spectral shift and population
dynamics from FC to CT states.

Now the point is how to estimate the formation rate of
TICT (k). From theoretical calculations, the oscillator
strength of the transition of TICT between the excited and
ground states is quite small, and the TICT state is dark in
the fluorescence spectrum. Therefore, the TICT state does
not explicitly contribute to the fluorescence spectrum. In our
analysis, the transient absorption spectra could be analyzed
using the same time constants of the time-resolved fluores-
cence. If the lifetime of the TICT state is long enough, the ab-
sorption of the TICT state may have a long-time contribution
to the spectrum, or the bleach recovery of the ground state
may be slow in comparison with the fluorescence decay of
the CT state, as indicated by Eq. (6). Supplementary Fig.
S16 shows the bleach recovery transients in ACN and
MeOH. In both solvents, the recovery times (120 ps for
ACN and 22 ps for MeOH) were almost the same as the fluor-
escence decay constants. Therefore, the decay rate of the TICT
is faster than the formation rate of the TICT (k, < ks). In this
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case, the apparent fluorescence decay rate (k) corresponds to
the sum (k) of the TICT formation rate (k,) and the nonreac-
tive decay rate of the CT state (k4). If the nonreactive decay of
the CT state is assumed to similar to the value in the solvent
which shows the fastest fluorescence decay without TICT for-
mation ([C;,mim][NTf;]), the TICT formation rate in each
solvent can be estimated from the fluorescence decay rate con-
stant (k, = kg—k¢ ([C1omim][NT£,])). The time constants ob-
tained are listed in Table 1.

The CT formation rate is not very different among the con-
ventional solvents, while the rate in ILs is relatively slow. This
is probably due to the high viscosity of the ILs. Supplementary
Fig. S17 shows the plot of kcr against n™'. As shown in the fig-
ure, the rate is dependent on the solvent viscosity for ILs, while
the dependence is not observed for the conventional liquid sol-
vents. It is expected that the rotation of the phenyl group is
hindered by the high viscosity of the solvent. Since ILs have
a larger viscosity than conventional liquid solvents, the effect
of the viscosity is clearly demonstrated. It is interesting to
note that the photoexcitation dynamics of 1d in ILs with
long alkyl chains were similar to nonpolar solvents.
Although the polarity of these ILs is high as demonstrated
by solvatochromic parameters,*® the existence of the nonpolar
domain may affect the reaction dynamics of 1d. Further, the
high viscosity of these ILs hindered the further rotation of
the phenyl ring.

Supplementary Fig. S18 shows the plot of krict against
F(gg, n). The formation rate of TICT seems to increase with in-
creasing the solvent polarity. It is to be noted that the dielectric
continuum model may not be applied to the result of ILs
([C4mim][NTf,]), considering that the polarity scale is much
larger than is expected from the dielectric constant.”®*" If
the effective dielectric constant of [C4mim][NTf;] is as large
as that of ACN, the result in [C4mim][NTf,] may be closer
to the correlation with conventional liquid solvents.
According to the theoretical calculations, the estimated activa-
tion barrier is rather small even in toluene.'® However, the
TICT state was not detected in toluene, and the correlation
shown in Supplementary Fig. S18 suggests the TICT forma-
tion is governed by the solvent polarity. The stabilization of
the TICT state by the solvent polarity reduces the activation
energy of the reaction. The energy profile of the CT to the
TICT state should be explored in more detail theoretically.

3.5 Photoexcitation dynamics of azaphosphole
with an OH group (1e)

Intramolecular proton transfer (IPT) occurs in the compound
with the -OH group at the ortho position of the phenyl ring
(1e-OH) to form a tautomer (1e-NH) as demonstrated previ-
ously.'® The time-resolved fluorescence spectra of 1e-OH in
toluene and DCM showed dual emissions from 1e-OH and
1le-NH at different wavelengths indicating the existence of
the excited-state IPT (ESIPT)."> Supplementary Fig. S19a
shows the time-resolved fluorescence in ACN. As shown pre-
viously, dual emissions were observed at ~22,000 and
16,000 cm™! (Supplementary Fig. S19b). The former corre-
sponds to the normal excited state (1e-OH), which decayed
within the time-resolution of our system. The latter corre-
sponds to the tautomer excited state (1e-NH), which decays
with a time constant of 2.0 ps (Supplementary Fig. S19c¢).
The decay of the tautomer was faster in the polar solvent
(ACN) than in the nonpolar solvent (toluene).
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decompositions into the normal, tautomer, and complex fluorescence.
c) Time profile of the band intensity of normal, tautomer, and complex.

Different spectral dynamics were observed in MeOH.
Figure 8 shows time-resolved fluorescence spectra in MeOH.
As observed in aprotic solvents, fluorescence bands around
22,000 and 16,000 cm™" appeared as in aprotic solvents,
and another band centered around 19,000 cm™ appeared al-
most simultaneously. In order to analyze spectral dynamics,
we assumed that 3 spectral components contribute to the
fluorescence spectrum, and tried to decompose them by fitting
with a sum of 3 log normal functions. The details of the
spectra fit are described in Supplementary Section S3. The
black curves in Fig. 8 are the results of the fitting, which
capture the spectral features well, although there remained
ambiguity on the spectral decomposition of the normal fluor-
escence around 22,000 cm™! and the fluorescence around
19,000 cm™". Figure 8b shows the results of the spectral de-
composition and their time profiles are shown in Fig. 8c.
The fast decay of the band centered around 19,000 cm™*
may be due to the artifact of the incompleteness of the spectral
decomposition, because the spectral position of the N* band is
close to the band around 19,000 cm™". The decay of the band
around 19,000 cm™! was much slower than the tautomer de-
cay (Supplementary Fig. S20).

Figure 9 shows the transient absorption spectra of the same
system obtained at 350 nm excitation. To observe the absorp-
tion bleach around 400 nm, the excitation wavelength of
350 nm was chosen. The spectral shape was similar to that re-
ported previously for toluene solution. Compared with tolu-
ene,"” the spectrum shows an transient absorption band at
~580 nm, where the decay is slow. The time profiles at the se-
lected wavelengths are shown in Figs. 9b to d. The band
around 450 nm (Fig. 9b) decayed rapidly, and the decay con-
stant was 3.0 ps, which was close to the decay constant deter-
mined by fluorescence measurement. At the longer wavelength
573 nm (Fig. 9¢), we observed a longer time component (127
ps). The bleach signal was initially observed around the
ground-state absorption wavelength, which was recovered
by shifting its center wavelength. The spectral shift suggests
that a new absorption band appeared on the blue side owing
to the newly appeared species. The recovery at 410 nm was
slow (Fig. 9d). The time constants obtained by fitting are sum-
marized in Table 2 and Supplementary Table S7.

As was done previously,' we calculated the electronic
structures using DFT for the solvent methanol (PCM).
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Differently from the previous calculations, we used the func-
tional ®B97X-D to account for the long-range interaction.
Figure 10 shows the energy scheme obtained for the methanol
solution. The Cartesian coordinates and computed total ener-
gies are summarized in Supplementary Table S8. As in previ-
ous calculations, the energy of 1e-NH in the electronic
excited state is lower than that of 1e-OH, suggesting the occur-
rence of proton transfer in the excited state. The fluorescence
wavelength of 1e-NH is expected to be longer than that of
1e-OH, in accordance with the interpretation of the experi-
mental results.

In order to seek a probable origin of the new appeared fluor-
escence in MeOH, we assumed a cluster model of 1e-OH with
one methanol molecule. There are several possible hydrogen-
bonding structures between 1e-OH and MeOH. We found lo-
cal minima where the OH proton of methanol forms hydrogen
bond with the nitrogen atom of the phosphole ring, thereby
prohibiting proton transfer. Figure 11 shows an energy dia-
gram of the complex. Two different conformers with similar
energies were obtained. One is the case where the methyl
group of MeOH is oriented toward the oxygen side of the
phosphole ring, and the other is the case where the methyl
group of MeOH is oriented toward the phenyl side of the
phosphole ring. In both cases, the fluorescence wavelength is
slightly red-shifted to the 1e-OH fluorescence, as shown in
Fig. 11. A similar type of hydrogen-bonding complex has
been reported for flavonols’”*® and benzothiazole.>”*°
Klymchenko and Demchenko®” have studied the solvent
effects on the ESIPT of 4’-N,N-diethylamino-3-hydroxyflavone
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Fig. 9. a) Transient absorption spectra of 1e-OH in MeOH excited at
350 nm. Time profiles at the selected wavelength are shown at
b) 450 nm, c) 573 nm, and d) 410 nm.

(C,HF) including protic solvents. They found that the hydrogen
bond donating property of the solvent had an additional effect
on reducing the ESIPT yield, that is, hydrogen bonding from a
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Table 2. Summary of the spectroscopic data and time constants of decay obtained from the analysis of the fluorescence spectra for 1e-OH.

7/ps
Solvent Aabs/NM D T* N* (od
Toluene 351, 395° <0.01? 3.8+0.2° <0.2% b
DCM 350, 3922 <0.01° 3.8+0.2° <0.2% b
ACN 349, 394 ¢ 2.0+02 <0.2 b
MeOH 345, 389 - 1.5+0.1 <0.2 <0.2,

41+9 (0.68)%, 127(f) (0.32)

INakagomi et al.'®
"Not detected.
“Not determined.

4Values in the parenthesis show the relative contribution of the second and the third time constants.
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protic solvent to the proton acceptor site of C;HF prohibits
ESIPT. A similar phenomenon may be observed in this case.
Therefore, we consider that the hydrogen-bonding complex
contributes to the long-time fluorescence. Experimentally, how-
ever, the ground state absorption was not so different from
those in other aprotic solvents (Supplementary Fig. S21). The
complex between methanol and 1e-OH is not as strong as ex-
pected from the cluster model.

4. Conclusion

In summary, we have revealed the photoexcitation dynamics
of ABPO by ultrafast spectroscopy. The fluorescence lifetimes
of ABPO were generally shorter than those of isoelectronic
benzo[b]phosphole oxides. The high electron-accepting ability
of the azaphosphole ring was also reflected in the solvatochro-
mic behavior of the para-NPh, derivative (1d). The fluores-
cence dynamics of 1d were investigated in detail based on
theoretical predictions. The spectral dynamics from the
FC state to the CT state were identified in nonpolar and polar
solvents. Furthermore, in polar solvents, the existence of the
TICT state predicted by theoretical calculations was revealed.
The CT process was controlled by the solvent viscosity, as evi-
denced by the results for the ILs.

The ortho-hydroxyphenyl derivative underwent ESIPT in
the solution to emit dual fluorescence. However, in methanol,
another fluorescence species appeared in addition to the ex-
cited states of 1e-OH and 1e-NH. DFT calculations suggested
that the hydrogen-bonded complex of 1e-OH with methanol
might be the origin of the new fluorescence species.

As demonstrated by present work, replacement of the
B-methine unit of the phosphole ring with a nitrogen atom
did not bring about high-fluorescent compounds, although
various unique photodynamics were observed by the variation
of aryl group at the 2-position. Further researches on the var-
iations of phosphole are expected to bring about unique
photochemistry never reported.

Supplementary data

Supplementary material is available at Bulletin of the
Chemical Society of Japan online.
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