Downloaded via KOREA ADVANCED INST SCI AND TECHLGY on December 26, 2019 at 08:18:34 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

& Cite This: J. Phys. Chem. C 2019, 123, 29116-29125

pubs.acs.org/JPCC

Sterically Controlled Excited-State Intramolecular Proton Transfer

Dynamics in Solution

Jungkweon Choi,”**® Doo-Sik Ahn,"** Sol-Yi Gal,* Dae Won Cho,'® Cheolhee Yang,"*

Kyung-Ryang Wee,*%® and Hyotcherl Thee® "

TCenter for Nanomaterials and Chemical Reactions, Institute for Basic Science, Daejeon 34141, Republic of Korea

iDepartment of Chemistry and KI for BioCentury, Korea Advanced Institute of Science and Technology (KAIST), Daejeon

305-701, Republic of Korea

SDepartment of Chemistry and Institute of Natural Science, Daegu University, Gyeongsan 38453, Republic of Korea

“Department of Advanced Materials Chemistry, Korea University, Sejong Campus, Sejong 30019, Korea
© Supporting Information

ABSTRACT: Excited-state intramolecular proton transfer (ESIPT) is a ESIPT
fundamental ultrafast photochemical process. Although it has been  »<
intensively studied for the development of novel photonic devices such as  >=<;
organic light-emitting diodes, the relation between ESIPT reaction and =¥
intramolecular charge transfer (ICT) is still a subject of debate.
Furthermore, the effects of the molecular geometry and of the substituent
on ESIPT and ICT processes are still unclear. To address these issues, we
synthesized a set of four compounds designed to control the electron
density distribution of the proton-donating (PD) group and the steric b
hindrance between the PD and the adjacent phenyl groups: three 2-(1- »
phenyl-1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenol derivatives, s
PIPP-Xs (X = H, F, and OMe), and 2-(1-phenyl-1H-imidazo[4,S-
£f1[1,10]phenanthrolin-2-yl)naphthalen-2-ol (PIPN). We then investigated ' inrance
their ESIPT and ICT dynamics as well as the related structural changes

using femtosecond transient absorption spectroscopy and theoretical calculations. Although the four compounds commonly
exhibit a dual emission originating from the excited enol (E*) and keto (K*) tautomers, their emission properties, such as
emission maxima and lifetimes, are systematically modulated by substitution at the para-position of the PD group. The
experimental and time-dependent density functional theory calculation results showed that the substitution of an electron-
withdrawing group at the para-position of the PD group and the planarity between the PD and proton-accepting (PA) groups
play important roles in inducing an efficient ESIPT characterized by increased emission of the K* tautomer. On the other hand,
the photoexcitation for PIPP-Xs induces the formation of cis-K*, which is the most stable structure, whereas in PIPN the E*
tautomer generated by the photoexcitation is rapidly converted to two species, cis-K* and per-K* with time constants of <0.2
and 0.5 ps, respectively. Furthermore, the per-K* state of PIPN has a charge transfer characteristic, suggesting intramolecular
charge migration induced by the formation of per-K* state. This distinctive dynamics of PIPN is due to its pretwisted structure
between PD and PA groups. The results provided in this study demonstrate that the molecular geometry plays an important role
in the ESIPT and ICT processes.
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B INTRODUCTION

tune the optical responses such as fluorescence and
. L 11,2,12,13
phosphorescence as a photonic material.

Excited-state intramolecular proton transfer (ESIPT), which is
observed in a molecule with pre-existing intramolecular
hydrogen bonding, has received much attention as an
important photophysical property for potential applications
such as molecular probes,'~* optoelectronic materials,” ®

2,9 10,11 Because

molecular logic gates,” and sensor devices.
ESIPT reactions strongly depend on many factors such as
solvent, substituents, and molecular structures, various
compounds have been extensively studied in numerous
experimental and theoretical approaches to understand the

ESIPT process and subsequent reaction dynamics as well as to

-4 ACS Publications  © 2019 American Chemical Society

The ESIPT process, which induces phototautomerization
from the excited enol form (E*) to the keto form (K*) (Figure
1a), occurs rapidly, on the subpicosecond time scale, and
results in dual emission from E* and K* tautomers. The
process of E* — K* phototautomerization accompanies large
Stokes shift, which is an important photophysical characteristic
of ESIPT dynamics. Meanwhile, it has been reported that in
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Figure 1. (a) Energy diagram for the ESIPT process. k, and k,, are the
decay rates for radiative and nonradiative transition, respectively. (b)
Structures of four ESIPT compounds, three PIPP-Xs, and PIPN; 2-(1-
phenyl-1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)phenol (PIPP-
H), 4-fluoro-2-(1-phenyl-1H-imidazo[4,5-f][1,10]phenanthrolin-2-
yl)phenol (PIPP-F), 4-methoxy-2-(1-phenyl-1H-imidazo[4,5-f]-
[1,10]phenanthrolin-2-yl)phenol (PIPP-OMe), and 1-(1-phenyl-1H-
imidazo[4,5-f][1,10]phenanthrolin-2-yl)naphthalen-2-ol (PIPN).
Blue-colored molecular frame represents the PD group for ESIPT.

ESIPT compounds with an electron donor or acceptor group,
the proton transfer is strongly coupled with the intramolecular
charge-transfer (ICT) process. Chou and Douhal groups have
demonstrated the cooperative or competitive interplay of IPT
(intramolecular proton transfer) and ICT on ESIPT dynamics
by introducing substituents on proton donating or accepting
groups as well as by changing the solvent environment such as
solvent polarity and viscosity. * > However, despite numerous
experimental and theoretical studies, the charge-transfer
dynamics induced by the ESIPT reaction is still elusive. Seo
et al. reported that the strong positive solvatochromic shift
measured for 2-(2'-hydroxyphenyl)benzoxazole (HBO) de-
rivatives with conjugative electron acceptors is due to the
consecutive ESIPT and ICT processes.21 In contrast, Chou et
al. showed that in 4-(dimethylamino)-1H-pyrrolo[2,3-b]-
pyridine, the proton transfer follows after ICT and the dual
excitation behavior (ICT vs proton transfer) is fine-tuned by
solvent polarity and hydrogen-bonding ability.”> Recently,
using femtosecond Kerr-gated spectroscopy, Rumble et al.
showed that the ESIPT reaction in 4'-N,N-diethylamino-
hydroxyflavone is correlated with the solvation time.”> These
results show that there is no clear consensus on ICT induced
by ESIPT.

Besides ICT induced by ESIPT, the effects of molecular
geometry and substituent on ESIPT and ICT processes are still
unclear. E* — K* phototautomerization can cause a
remarkable structural change because the electron density
distribution of K* is significantly different from that of E*. It
has been suggested that the structural change induced by E* —
K* phototautomerization is influenced by the ground-state
geometry as well as by the substituents on the proton-donating
(PD) or proton-accepting (PA) group. In particular, because
the ground-state geometry determines the starting point on the
potential energy surface for the ESIPT reaction, the so-called
Frank—Condon (FC) state, the relationship between the
ground state geometry and ESIPT dynamics has been
investigated to allow a mechanistic understanding of the
ESIPT processes, including the tunneling dynamics.m_27 In
addition, the rotational isomerism of E* and K* tautomers has
been widely investigated for understanding of the emission
mechanism and to improve the emission quantum vyield.
Recently, the effect of twisted ICT (TICT) of K* following

ESIPT has been intensively investigated as a crucial factor
determining the emission efficiency in solution and solid
state.”® In solution, for example, the twisted K* structure from
ESIPT provides efficient pathways for fluorescence quenching
of K* via radiationless relaxation to the ground state or triplet
state, whereas the restricted twisting of the K* tautomer in
rigid media such as crystals shows a significant emission."’
Moreover, the effects of steric hindrance on the ESIPT
dynamics and on the emission efficiencies have been studied as
well. Tijima et al. reported the photophysical properties of
naphthalene-fused 2-(2'-hydroxyaryl)benzazole dyes and dis-
cussed the effects of bulky naphthalene-based chromophore on
the ESIPT dynamics and subsequent twisting.”®

To elucidate the effects of molecular geometry and
substituent on ESIPT and the subsequent relaxation dynamics,
such as ICT, we synthesized a set of four compounds with
varying substituents designed to control the electron density
distribution of the PD group and the steric hindrance between
the PD and adjacent phenyl groups; these compounds were
three 2-(1-phenyl-1H-imidazo[4,5-f][1,10]phenanthrolin-2-
yl)phenol derivatives (PIPP-H, PIPP-F, PIPP-OMe) and 2-
(1-phenyl-1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)-
naphthalen-2-ol (PIPN) (see Figures 1b and S1—S4). We
investigated their ESIPT and ICT dynamics using various
spectroscopic techniques and theoretical calculations. The 2-
(2'-hydroxyphenyl)benzothiazole (HBT) families have been
extensively investigated as a prototypical framework for
studying ESIPT.”~** In PIPP-Xs (X = H, F, and OMe),
which are similar to HBO and HBT derivatives, 2-(1-phenyl-
1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl) and substituted
2-hydroxyphenyl moieties act as PA and PD groups,
respectively. Fluorine and methoxy groups are substituted at
the para-position of the PD group to modulate its electron
density distribution (see Figure 1b). In PIPN, the naphthalen-
2-ol group is introduced as a PD group to enrich the electron
density on the PD group and to provide large steric hindrance
to the adjacent phenyl moiety. The results provided herein
demonstrate that the ESIPT dynamics is systematically
modulated by substituents in the para-position of the PD
group and that the molecular geometry plays an important role
in the ESIPT and ICT processes.

B RESULTS AND DISCUSSION

To characterize the spectroscopic responses of the four
compounds, we first measured the steady-state absorption
and emission spectra. Figure 2 shows the UV—vis absorption
and emission spectra measured in dichloromethane (DCM).
The absorption spectra of PIPP-Xs (X = H, F, and OMe) show
similar absorption bands corresponding to the Sy-S; transition
at around 331, 340, and 352 nm, respectively, whereas PIPN
with a naphthalen-2-ol as the PD group exhibits more largely
red-shifted and vibronically structured absorption bands than
those of the other three compounds (Figure 2a). On the other
hand, upon excitation at 350 nm, all four compounds show
dual emission bands, which have maxima in the 400 and 500
nm regions (Figure 2b). The emission quantum yields (®;) of
PIPP-H, PIPP-F, PIPP-OMe, and PIPN are determined to be
0.067, 0.149, 0.004, and 0.253, respectively. Because dual
emission is a typical spectroscopic characteristic of ESIPT
compounds, we can estimate that the ESIPT process efficiently
occurs in these four compounds. Based on the four-level
energy scheme for the ESIPT process (Figure 1a), the shorter-
and longer-wavelength emissions of the four compounds
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Figure 2. UV—vis absorption (a) and emission (b) spectra of four
ESIPT compounds (PIPP-H, PIPP-F, PIPP-OMe, and PIPN)
measured in DCM. Excitation wavelength is 350 nm. The inset in
(b) shows the intensity ratios of the E* and K* bands, I:/Igs, for the
four ESIPT compounds (PIPP-H, PIPP-F, PIPP-OMe, and PIPN).

(PIPP-H, PIPP-F, PIPP-OMe, and PIPN) are attributed to
those from the excited enol (E*) tautomer and excited keto
(K*) tautomer, respectively. In PIPP-Xs, furthermore, the
relative intensities of the emissions from the E* and K*
tautomers show significant dependence on the substituents of
the PD group. The substitution of an electron-withdrawing
group such as fluorine (F) at the para-position of the PD group
induces a strong emission from the K* tautomer, whereas the
substitution of an electron-donating group such as methoxy
results in a decrease of emission from the K* tautomer. The
ratios of emission intensity of the E* and K* tautomers, Iy:/
Ig+, exhibit the following order: PIPP-F > PIPP-H >> PIPP-
OMe > PIPN (Figure 2b). This order indicates that the
electron-withdrawing group promotes an efficient ESIPT to
form K* tautomer, whereas the electron-donating group
relatively suppresses the ESIPT reaction, leading to weak
emission from the K* tautomer. This result indicates that the
relative emission intensity from the K* tautomer correlates
with acidity change of the PD group by the substituent. For
example, as observed in PIPP-F, the increased acidity of the
PD group by introduction of the electron-withdrawing
substituent induces an efficient ESIPT reaction.

Generally, expansion of an aromatic ring in a molecule
induces a red shift in the UV—vis absorption and emission
spectra. In this regard, it is noteworthy that the emission from
the K* tautomer of PIPN with a longer conjugated system is
observed at a shorter wavelength than those of PIPP-Xs,
whereas the absorption band of PIPN is red-shifted to a longer
wavelength than those of PIPP-Xs. A similar phenomenon was
observed by Iijima et al., who reported that compared with the
emission spectrum of 2-(2'-hydroxyphenyl)benzazole com-

pound, the introduction of naphthalen-2-ol as the PD group
induces blue-shifted emission owing to the large energy gap
between the ground and excited states of K*.** However, no
explanation was given for the large energy gap between the
ground and excited states for K*.

In an attempt to provide an explanation for the large energy
gap between the ground and excited states for K* of PIPP-Xs
(X = H, F, and OMe) and PIPN, we used the density
functional theory (DFT) and time-dependent density func-
tional theory (TDDFT) methods to calculate the minimum
energy structures of enol and keto tautomers in the ground
(So) and first excited states (S;), respectively. The optimized
structures and their relative energy levels are shown in Figures
3 and S5, and Table S1. As shown in Figure 3a, because the
steric hindrance between PD and phenyl groups may induce
the conformational isomerism, the twisting angle of PA and PD
groups and the dihedral angle of the phenyl group with respect
to the plane of imidazole ring, §(CCCN) and §(CCNC), are
geometrical indicators to describe the conformational isomers
in PIPP-Xs and PIPN. As shown in Figure 3b, in the ground
state, each optimized structure of PIPP-Xs exhibits planar
geometry, 9(CCCN) = 0°, whereas the optimized structure of
PIPN is largely twisted, with O(CCCN) = 51.3°. Our
calculation results reveal that the large rotation of the PD
group in PIPN is induced by the strong steric hindrance
between naphthalen-2-ol and the adjacent phenyl groups in
PIPN, resulting in relatively weak intramolecular hydrogen
bonding compared with the cases of PIPP-Xs. Indeed, the
intramolecular hydrogen bond length (Ry_p;) between N and
H, Ry_y = 2.025 A, in PIPN is much longer than that in PIPP-
H, Ry_y = 1.636 A, but the H atom of the hydroxyl in the PD
group is still directed to the N atom of the imidazole ring. It is
worthwhile to note that in the four ESIPT compounds, no
stable keto tautomer was found in the ground state. On the
one hand, in the S, state, each PIPP-X has four optimized
structures, which are attributed to one E* tautomer and three
rotational isomers of the K* tautomer. The three rotational
isomers of the K* tautomer can be distinguished by the degree
of the twisting angle of the PD and PA groups (f(CCCN)),
which are denoted as cis-K* (9(CCCN) < 80°), per-K* (80° <
O(CCCN) < 120°), and trans-K* ((CCCN) > 120°). Similar
to the ground-state structure, the E* tautomers of PIPP-Xs in
the S, state have a planar geometry, whereas the PD group in
the optimized geometry of cis-K* is slightly twisted. The
O(CCCN) values for cis-K* of PIPP-H, PIPP-F, and PIPP-
OMe are 17.1°, 17.1°, and 13.7°, respectively. In contrast to
PIPP-Xs, the TDDFT calculations for PIPN in the S; state
shows three optimized structures, namely, one twisted E*
tautomer and two rotational isomers of K* tautomer
corresponding to cis-K* and per-K*, as shown in Figure 3c.
No optimized structure attributed to trans-K* was found in
PIPN. The §(CCCN) values for E*, cis-K*, and per-K* of
PIPN are 25.4°, 39.7°, and 106.6°, respectively. We note that
the (CCCN) values for E* and cis-K* are smaller than that
for the enol form in the ground state. This is due to the
shortened CCy; bond in E* and cis-K*, which has a partial
double-bond character, upon the HOMO—-LUMO transition
for the S, state to form E* and cis-K* (see Figures 3, S5, and
S10). In addition, the O(CCNC)s of the E* and cis-K*
tautomers are significantly reduced compared with those of the
corresponding tautomers in PIPP-H. These calculation results
suggest that steric hindrance between the large PD group,
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Figure 3. DFT and TDDFT calculated ground and excited structures and relative energy level diagram for E* and K* tautomers: (a) molecular
framework for PIPP-Xs and important geometry parameters; R(CCtwist): the carbon—carbon bond connecting PA and PD moieties, )(CCCN): a
twisting angle between PA and PD moieties, and (CCNC): a dihedral angle of phenyl with respect to the imidazole ring in PA moieties; (b)
calculated ground state structures of PIPP-H and PIPN; (c) TDDFT optimized S1 state structures of enol and keto-forms of PIPP-H (upper) and
PIPN (bottom), including cis-K* (§(CCCN) < 80°), per-K* (80° < §(CCCN) < 120°), and trans-K* (§(CCCN) > 120°). The yellow-shaded
circle indicates the position of hydrogen atom for ESIPT; (d) relative energy levels of K* tautomers and transition state for ESIPT compared to E*

energy in all ESIPT compounds.

naphthalen-2-ol, and the phenyl group in PIPN is much
stronger than that in PIPP-Xs.

The calculated energy levels of the K* tautomers relative to
the E* energy level for PIPP-Xs and PIPN are displayed in
Figure 3d. The relative energy of each cis-K* state in PIPP-Xs
is substantially lower than that in the E* state, whereas those
for other K* tautomers, per-K* and trans-K*, are higher. In
PIPN, meanwhile, the energy differences among E*, cis-K*,
and per-K* are less than 0.5 kcal mol™' (Figure 3d).
Considering the calculated relative energy of each K* state
in the PIPP-Xs and PIPN, we suggest that, in PIPP-Xs, the
emissive K* state might be cis-K*, whereas in PIPN, the
emissive K* state can be either cis-K* or per-K*. Particularly, in
PIPN, the small energy differences among E*, cis-K*, and per-
K* result in small Stokes shift. Nevertheless, the calculated
vertical electronic transition energy at the cis-K* structure of
PIPN, AE, in Table S1, an estimate for the emission energy, is
smaller than those of PIPP-H and PIPP-F. The discrepancy
between the blue-shifted emission maxima in PIPN and the
smaller calculated AE, is probably caused by the bent
geometry of the PD group in the optimized cis-K* structure,

which may raise the ground-state energy level more than
expected.

To elucidate the fast ESIPT dynamics of the four
compounds, we measured the femtosecond TA spectra in
DCM with 350 nm excitation. The results are shown in Figures
4—6 and S6. In PIPP-H, the early-time TA spectra are
characterized by an intense positive signal around 440 nm and
a broad positive signal over 560 nm (Figure 4a). In the late
delay times (>4 ps), the negative absorption band around 510
nm are observed (Figure 4a,c). The positive and negative
signals correspond to excited-state absorption (ESA) and to
stimulated emission of K*, respectively. The time profiles
recorded at positive signals around 440 nm and over 560 nm
exhibit fast rise and decay and finally show a constant optical
density (Figure 4b,d). All time profiles monitored at several
wavelengths can be expressed by a tetra-exponential function
with shared relaxation times of ~0.2, 65.6, 1079 ps, and >$ ns
(Table 1). Like PIPP-H, PIPP-F exhibits similar transient
absorption spectra, with positive signals at approximately 440
nm and over 560 nm and a negative absorption band at around
515 nm (Figure S6). All time profiles monitored at several
wavelengths can also be fit by a tetra-exponential function with
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Figure 4. (a,c) Transient absorption spectra of PIPP-H in DCM. Excitation wavelength is 350 nm. (b,d) Time profiles monitored at selected
wavelengths (black circle: 440 nm, red circle: 500 nm, orange circle: 600 nm, and blue circle: 700 nm). The instrument response function (IRF) is
shown as a black dotted line. Theoretical fitting curves are shown as a red solid line.
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Theoretical fitting curves are shown as a red solid line.

shared relaxation times of ~0.2, 191.6, 1142 ps, and >5 ns
(Table 1). Similarly, PIPP-OMe shows an intense positive
signal at around 440 nm and a broad positive signal over 500
nm (Figure Sa), without any negative signal. The absence of a
negative signal may result from the strong overlap of the ESA
band of PIPP-OMe and its K* emission band. Time constants
for relaxations are ~0.2, 183.9, 1007 ps, and >S5 ns (Table 1).
By contrast, the early-time TA spectra of PIPN in DCM exhibit
a broad positive signal in the range of 400—750 nm (Figure
6a). In the late delay times (>9 ps), the TA spectra are
characterized by a relatively intense positive signal around 470

29120

nm and a broad positive signal over 520 nm (Figure 6c).
Interestingly, PIPN reveals a different kinetic behavior in
ESIPT and subsequent relaxation processes (Figure 6b,d). As
shown in Figure 6b, all time profiles monitored at several
wavelengths show a rising component of ~0.2 ps. Furthermore,
a fast decay component of 0.5 ps is observed at longer
wavelengths (>550 nm) (Figure 6b). This fast decay
component of 0.5 ps is observed only for PIPN, indicating
that the excited-state dynamics of PIPN greatly differs from
those of PIPP-Xs. All time profiles measured in the late delay
times decayed with time constants of 47.5 and 358.3 ps and a
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Figure 6. (a,c) Transient absorption spectra of PIPN in DCM with the excitation wavelength of 350 nm. (b,d) Decay profiles monitored at selected
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Theoretical fitting curves are shown as a red solid line.

Table 1. Time Constants Determined from TA Measurement (Ap,y, = 350 nm) for PIPP-H, PIPP-F, PIPP-OMe, and PIPN in

DCM
7,/ps 71/ps
PIPP-H <0.2
PIPP-F <0.2
PIPP-OMe <0.2
PIPN <0.2 0.50 + 0.06

7,/ps 73/ps Ty
65.6 + 4.0 1079 + 37 constant (> ns)
191.6 + 88.0 1142 + 58 constant (> ns)
183.9 + 8.6 1007 + 535 constant (> ns)
47.5 £ 99 358.3 + 37.0 constant (> ns)

residual long-lived component (Figure 6d). The determined
time constants for PIPP-Xs and PIPN are summarized in Table
1.

All ESIPT compounds studied in this work commonly show
an ultrafast rise component of about 0.2 ps. Considering the
ESIPT reaction occurring on a subpicosecond time scale and
the rise feature, the dynamics of 0.2 ps (7;) can be assigned to
the proton transfer process to form the keto tautomers.
However, the ESIPT time constant of 0.2 ps is slower than that
of HBT reported by Schriever et al. (60 fs).”> The slow ESIPT
rate (0.2 ps) determined in this study is probably due to the
low temporal resolution (~150 fs) of our TA system, which
disturbs the accurate ESIPT rate measurement. Considering
the low temporal resolution (~150 fs) of our TA system, we
suggest that the ESIPT reactions for four ESIPT occur faster
than 0.2 ps. On one hand, the fast ESIPT reaction occurring
through vibronic coupling and tunneling should result in the
formation of a highly vibrationally excited cis-K* tautomer.
Subsequently, the highly vibrationally excited keto tautomer is
stabilized through the vibrational relaxation process, which
comprises intramolecular vibrational relaxation and intermo-
lecular vibrational relaxation (vibrational cooling). It is known
that the vibrational relaxation occurs on a time scale of 1072
5,°° which is slightly faster than the time constants (z,)
observed in this study. This implies that besides the vibrational
relaxation, other processes may contribute to the dynamics of
7,. Several studies on the solvation dynamics have suggested
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that the vibrational relaxation process including conformational
relaxation and solvent reorganization occurs on the picosecond
time range (1072 to 107'% 5).””=** Generally, the conforma-
tional change and solvent reorganization occurs on similar time
scales because the intramolecular conformational change in the
excited state perturbs the orientations of the surrounding
solvent molecules and then induces the solvent reorganization.
For example, using femtosecond transient resonance Raman
and femtosecond transient absorption spectroscopies, Tan et
al. found that the vibration cooling time constants correlate
well with the thermal diffusivity of the solvent and reported
that the vibrational cooling and the conformational change for
trans-4,4'-diphenylstilbene (DPS) in DCM is essentially
completed within tens of picoseconds after photoexcitation.*
This result indicates that the solvent rearrangement for DPS in
DCM occurs within several tens of picoseconds. As mentioned
above, the ESIPT reaction induces intramolecular charge
redistribution as well as structural relaxation, resulting in large
solvent rearrangement. The solvation dynamics induced by the
ESIPT-related structural relaxation and charge redistribution is
expected to be relatively larger and slower than that in the FC
region generated by E — E* transition without structural
changes. On the other hand, some studies suggested that the
solvation dynamics can be modulated by orientational solute
diffusion.*** These previous results lead to the hypothesis
that the slow solvent rearrangement induced by the rotational
motion of an ESIPT molecule can contribute to the dynamics

DOI: 10.1021/acs.jpcc.9b07373
J. Phys. Chem. C 2019, 123, 29116—29125


http://dx.doi.org/10.1021/acs.jpcc.9b07373

The Journal of Physical Chemistry C

of 7, observed in this study. From these points of view, we
suggest that the dynamics of 7, originates from the vibrational
relaxation and slow solvent rearrangement as well as the slow
rotational motion of an ESIPT compound.

Meanwhile, 7; and 7, can be explained in terms of
population relaxation from the excited state of the keto
tautomer to the ground state and its excited triplet. Indeed, the
75 values of all four compounds are similar to the fluorescence
lifetime (Figure S7). The long component (>S5 ns, 7,) observed
in all ESIPT compounds may be attributed to the long-lived
excited triplet state, implying that a part of the excited state of
the keto tautomer is deactivated to produce the excited triplet
state. To observe the long-lived triplet excited states, we
measured nanosecond TA spectra of PIPP-H and PIPN in
DCM. As shown in Figure S8, the transient spectra
corresponding to the triplet—triplet (T—T) absorption of
PIPP-H and PIPN were measured. The triplet lifetimes of
PIPP-H and PIPN in DCM were determined to be 6.3 &+ 0.2
and 7.7 + 0.3 pus, respectively. This result supports our
suggestion that the long-lived components (>S5 ns, 7,)
observed in all ESIPT compounds are attributed to the excited
triplet state formed by the ISC process.

As noted above, in PIPN, the ESIPT process and subsequent
relaxation dynamics are different from those of PIPP-Xs. In
particular, PIPN shows an additional fast decay component of
0.5 ps (1), which is not observed in the other compounds. As
shown in Figure 3¢, in PIPP-Xs (X = H, F, and OMe), the E*
— per-K* and cis-K* — per-K* transitions are less plausible
because the energy level of per-K* is higher than those of E*
and cis-K*. By contrast, in PIPN, the energy level of per-K* is
highly similar to those of E* and cis-K*. Therefore, the E* —
per-K* transition may occur competitively with the E* — cis-
K* transition. In this regard, we suggest that the kinetics of
<0.2 and 0.5 ps are attributed to the E* — cis-K* and the E*
— per-K* transitions, respectively. To confirm the formation of
cis-K* and per-K* for PIPN, we measured time-resolved
fluorescence spectra (TRFS) for PIPN in nonpolar and polar
solvents, namely, n-hexane and DCM (Figure 7). In early
times, TRFS of PIPN clearly show dual emission bands in both
nonpolar n-hexane and polar DCM solvents; this is also

a) Black: 0-0.75 ns; Red: 0.75-2.25 ns; 3 Blue: 10.0-15.5 ns

21000

2

S 800+

S

£ 600-

c

O 4004

@

= 200

£

wo, Do
T T T — T T
350 400 450 500 550 600 650

b) L 1 L 1 L 1

1000 -

=

(72}

2 300

[}

£ 6004

§ 400

173

® 2004

£ o

L D e
350 400 450 500 550 600 650

Wavelength / nm

Figure 7. (a) TRFS of PIPN in n-hexane. Inset is enlarged view of
TRFS measured at late times. (b) TRFS of PIPN in DCM.

observed in the steady-state fluorescence spectra (see Figure
S$9). Thus, short- and long-wavelength fluorescence can be
assigned to emissions from E* and K*, respectively. In
addition, as shown in Figure 7, the emission from K* becomes
more red-shifted as the solvent polarity increases, suggesting
the emissive K* state has a charge transfer characteristic. The
emission lifetime of K* is significantly longer than that of E*
(Figure 7). After the fast decay of the emission from E*, the
maximum of the emission band from K* in DCM is further
red-shifted (482 — 512 nm) during the observed time period,
whereas in n-hexane the emission maxima of K* rarely change.
Furthermore, the fluorescence decay profiles monitored at long
wavelengths (>S00 nm) in nonpolar n-hexane and polar DCM
solvents are fit by a biexponential function with two time
constants (0.47 + 0.02 and 2.35 + 0.11 ns in n-hexane; 0.42 +
0.02 and 2.46 + 0.10 ns in DCM), indicating that the long-
wavelength emission band from the K* tautomer originates
from two emissive states. Based on the obtained results, we
suggest that the fast and slow decay times (0.42 and 2.46 ns)
observed in the long-wavelength correspond to the lifetimes of
cis-K* and per-K* tautomers, respectively, and that the
emission from per-K* is affected by the solvent polarity.
Here, it is worth to note that the fraction of the 0.5 ps
component can be determined to be about 15% from the
change in the amplitude of time profile recorded at the long
wavelength (Figure 6a). This small faction is close to that
calculated from two time constants for the formation of cis-K*
and per-K* (<0.2 and 0.5 ps). This consistency supports that
two species, cis-K* and per-K* tautomers, are formed by the
parallel pathway from the E* tautomer.

On the other hand, we speculate that in contrast to PIPP-Xs,
the ESIPT reaction accompanied by the large rotation of the
PD group in PIPN should be greatly affected by the solution
viscosity. To confirm the viscosity effect on the ESIPT and
subsequent reactions, we measured the steady-state emission
spectra of PIPP-H and PIPN in triacetin, which has the
viscosity of 23 cP at 20 °C and compared it with that measured
in DCM whose viscosity is 0.43 cP at 20 °C. As shown in
Figure S10, the emission intensity of the K* tautomer of PIPN
significantly decreases with the increase of the solution
viscosity, whereas the emission intensity of the K* tautomer
of PIPP-H is not affected by the solution viscosity. These
results indicate that the ESIPT reaction for PIPN is greatly
affected by the solution viscosity compared with those of PIPP-
Xs. In the highly viscous solvent, the rotation of PD group for
an efficient ESIPT is suppressed by the increase of the solution
viscosity, and consequently, the efficiency of the ESIPT
reaction is reduced. In this regard, we suggest that the
decrease of the emission intensity of the K* tautomer of PIPN
in triacetin is probably due to the suppression of the ESIPT
reaction in the highly viscous solvent.

The large change of the (CCCN) values involved in the
conversion from E* to per-K* of PIPN in the excited state is
likely to result in the interruption of 7-conjugation. In this
regard, Douhal et al. suggested that, in the excited state, 2-(2'-
hydroxyphenyl)-imidazo[ 1,2-a]pyridine (1,2-HPIP) exists as a
zwitterionic ESIPT species.46 Therefore, we cannot rule out
the possibility that the per-K* tautomer has a zwitterionic
structure, instead of a keto form structure. As shown in Figure
7, however, the emission from the per-K* tautomer shows a
weak dependency on the solvent polarity, unlike the case of the
zwitterionic structure, which shows a strong dependency on
the solvent polarity and results in large Stokes shift (~11 000
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cm™"). Thus, we suggest that the per-K* tautomer has a twisted
keto conformation rather than the zwitterionic structure
suggested in other theoretical studies.”” In TDDFT calcu-
lations for PIPN, the electronic transitions to form E*, cis-K*,
and per-K* are mainly contributed by the HOMO—-LUMO
transition. The HOMO and LUMO at the optimized geometry
of the E* and cis-K* tautomers are delocalized 7-orbitals over
the whole PA and PD groups, whereas those at the optimized
geometry of per-K* are localized m-orbitals on each PD and PA
group (Figure S11). This result indicates that the electronic
transition to form per-K* can be attributed to the charge-
transfer transition and consequently the emission from the per-
K* state has a charge-transfer character, whereas transitions for
E* and cis-K* are m—a* transitions. Indeed, the calculation
results demonstrate that the partial charge of the naphtholate
group in per-K* is reduced from —0.478 to —0.045 on the E*
— per-K* tautomerization (Figure S12 and Table S2),
suggesting that the formation of per-K* tautomer by the
conformational change induces the rearrangement of the
charge distribution from PA group to PD group. Sasaki et al.
reported that the molecule with a pretwisted structure in the
ground state can reduce the need for further twisting in the
excited state.”® Based on the obtained results, we suggest that
as observed in other TICT molecules,***’ the formation of a
per-K* tautomer with a CT characteristic is enhanced by its
pretwisted ground state structure and the small energy
difference with E*, allowing further ultrafast twisting motion
in the excited state.

Additionally, on the E¥ — cis-K* tautomerization of PIPP-
Xs, the substituents in PIPP-Xs, -F, and -OMe are unlikely to
play as a strong modulator or charge reservoir for ICT, unlike
diethyl amine and dicyanyl functional groups of the previous
works. The calculated natural population analysis charges
summarized in Table S2 show that the partial charges of
substituents are slightly changed in the transition from E* to
cis-K* in PIPP-Xs in contrast to a significant reduction in the
PD group. For example, the partial charge of the fluorine atom
of E* in PIPP-F, +0.358, is slightly lowered to +0.353 in cis-K*,
while the partial charges of the PD group in E*, +0.023, are
significantly reduced to —0.499 in cis-K*. Actually, the large
difference of the partial charge in PD group induced by ESIPT
is mainly contributed by the migration of a proton, §q(H) =
+0.539 in E* and 8q(H) = +0.496 in cis-K*, as shown in Table
S2.

On the basis of our results, the proposed ESIPT-coupled
relaxation dynamics in PIPP-Xs and PIPN are represented in
Figure 8. Because of the strong intramolecular hydrogen
bonding, we assume that the ground-state structures are
dominant in the closed enol-form. Thus, photoexcitation
preferentially induces the formation of the E* state. In PIPP-
Xs, the fast ESIPT reaction (0.2 ps) due to the pre-existing
intramolecular hydrogen-bonding results in efficient formation
of a highly vibrationally excited cis-K* tautomer. The cis-K*
state relaxes back to the ground state with large-shifted
emission to the longer wavelength or to the triplet state via
nonradiative intersystem crossing (ISC). Interestingly, despite
the ultrafast ESIPT reaction, PIPN-OMe showed the relatively
strong emission from E* compared to those of PIPP-H and
PIPP-F, leading to the small Iy«/Ig« values. Among four
compounds, the emission band from the K* tautomer for
PIPP-OMe was observed at the longest wavelength (Figure 2),
indicating the smallest energy gap between the ground and
excited states for K*. Generally, it is known that the small
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Figure 8. Schematic of ESIPT reactions in four compounds: (a)
PIPP-H, PIPP-F, PIPP-OMe, and (b) PIPN. In the molecular
geometries inside circles, red, blue, gray, and white colors represent
the oxygen, nitrogen, carbon, and hydrogen atoms, respectively. &,
57, and &° denote the partially positive, negative, and neutral charges
of PD or PA moiety.

energy gap between the ground and excited states induces
predominantly the nonradiative relaxation, leading to the
decrease of the emission intensity. Thus, we suggest that the
small I+/Ip« ratio for PIPP-OMe is due to the low emission
quantum yield (®; = 0.004) and the weak emission intensity
from K* tautomer owing to the small energy gap between the
ground and excited states for K*. In contrast to PIPP-Xs, two
K* tautomers in PIPN cis-K* and per-K* tautomers, are
formed by the parallel pathway from E* tautomer generated by
the photoexcitation. It is known that an excited molecule with
a twisted geometry such as the per-K* state can be deactivated
through an additional nonradiative channel, resulting in weak
emission quantum yield.47’50_53 Indeed, as shown in Table S1,
the calculated energy difference (0.36 eV) between the singlet
and triplet per-K* in PIPN is much smaller than that for PIPP-
H (0.75 eV). The small energy difference may induce the fast
deactivation of per-K* via ISC. From these points of view, we
suggest that in cases of PIPN, the small Iy:/Ig« values may be
attributed to the relatively weak emission from K* due to its
twisted geometry and fast ISC, leading to the nonradiative
deactivation. Finally, we conclude that the unique excited
relaxation dynamics of PIPN is due to its pretwisted structure,
induced by strong steric hindrance between naphthalen-2-ol
and adjacent phenyl groups.

B CONCLUSIONS

In this study, using various time-resolved spectroscopic
techniques and theoretical calculations, we investigated the
effects of substituent and molecular geometry on ESIPT and
ICT processes for PIPP-Xs (PIPP-H, PIPP-F, and PIPP-OMe)
and PIPN. Four ESIPT compounds show dual emission bands.
The longer- and shorter-wavelength emissions of the four
ESIPT compounds are assigned to emissions from the K* and
E* conformers, respectively. The substitution of an electron-
withdrawing group at the para-position of the PD group
induces an efficient ESIPT reaction. Indeed, the emission
intensity ratios of the E¥ and K* tautomers, Iy:/Igs, are as
follows: PIPP-F > PIPP-H > PIPP-OMe > PIPN. This result
indicates that the electron-withdrawing group rather than the
electron-donating group induces efficient ESIPT. In addition,
based on our calculations for the structures of PIPP-Xs and
PIPN, and on our experimental results, we found that the
ESIPT reaction becomes more favorable in a structure with
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high planarity between the PD and PA groups than in a
pretwisted structure with lower planarity. On the other hand,
upon photoexcitation for PIPP-Xs, the cis-K* state is rapidly
formed through ESIPT and then relaxes to the ground state or
to the triplet state via intersystem crossing. Unlike PIPP-Xs,
PIPN shows the parallel ESIPT reaction pathway accompanied
by the large rotation of PD group, resulting in the formation of
cis-K* and per-K* tautomers. Furthermore, the formation of
per-K* accompanies ICT. The ICT dynamics for PIPN is due
to the pretwisted structure of PIPN, which facilitates ICT. The
results presented in this study demonstrate that the ESIPT and
ICT dynamics is significantly affected by the molecular
geometry in the ground state.
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