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a b s t r a c t

This study presented a variety of new extended conjugated dyes bearing internal proton transfer seg-
ments, which were characterized with different extent of space steric hindrance. Besides, the dyes lack of
proton transfer moieties were synthesized as the references. 1H NMR spectra and X-ray single crystal
showed presence of internal hydrogen bond in the target dyes. The study suggested that the target dyes
with small or moderate space steric hindrance exhibited internal proton transfer in excited state, and
thus yielded dual emission bands under one-photon and near-infrared two-photon irradiation respec-
tively, while the dyes with heavy steric hindrance displayed quite weaker or even no intramolecular
proton transfer emission in excited state. Molecular modeling to understand inhibition effect of space
steric hindrance on internal proton transfer in excited state for the target dyes was further performed.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Intramolecular proton transfer in excited state has been
receiving intensive experimental and theoretical interests because
it is an essential photoinduced process in life and nature such as in
protein as well as in DNA [1e5]. It was noticed that a femtosecond
or sub femtosecond ultrafast four-level cycle usually occurred in
excited state intramolecular proton transfer (ESIPT) of an organic
dye molecule [6,7]. For example, salicylidene methylamine under-
went intramolecular proton transfer in excited state via an enol-
keto phototautomerization four-level cycle mechanism
(E/E*/K*/K/E, E, enol, K, keto) in an ultrafast time domain
[8,9].

Hence, a normal emission band (E*/E) with its absorption and
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an abnormal emission band (K*/K) without its absorption of an
ESIPT organic molecule could be recorded [10]. In addition, dissi-
pated energy for getting over internal proton transfer reaction
barrier in excited state gave rise to a super Stokes shift of abnormal
emission band of an ESIPT organic molecule [11,12]. These unique
spectroscopic properties of ESIPT organic molecules could be found
application in a number of fields including bioassay, electro-optical
devices as well as ions sensors [13e15]. Recently, a series of amino-
type (N-H)-based hydrogen bonding organic dyes displayed dra-
matic substituent dependent ESIPT that presented strong applica-
tion potentials as pH or acid sensors [16e20].

Thus, it is necessary to prepare larger organic dyes with ESIPT
properties because they could have superior conveniences for ap-
plications comparing to small molecules. In addition, extended
conjugated ESIPT dyes could be characterized with non-linear op-
tical properties under exposure of near-infrared (near-IR) femto-
second laser, thus further yielding greater application capacities.
However, energy barrier of photoinduced proton transfer in excited
state could show an increase with increasing molecular size. For
instance, it was thought that insertion of p segments could be a
hindrance for internal proton transfer process in excited state of
organic chromophores [21].
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It is one of main challenges for dye chemists to synthesize new
enlarged organic dyes displaying intramolecular proton transfer in
excited state. In order to achieve intramolecular proton transfer in
excited state of enlarged dyes, some efforts have been made to
develop a variety of extended conjugated dyes carrying various
electron donating/withdrawing substituents [22,23]. It was
revealed that internal hydrogen bond showed dependence on
electron-accepting or donating nature of substituted groups, which
could lead to tuning energy barrier of intramolecular proton
transfer in excited state [16e20,24,25]. As a consequence, photo-
tautomerization in a four-level cycle process of ESIPT could be
controlled.

Internal hydrogen bond in an organic dye could be further
affected by molecular geometry, and thus energy barrier of intra-
molecular proton transfer in excited state could be varied accord-
ingly. Germino and his colleagues surveyed cis- and trans-
conformational effect of salicylidene-5-chloroaminepyridine on
intramolecular proton transfer in excited state [26]. Both Yush-
chenko and Krishnamoorthy groups have devoted efforts to reveal
steric effect on ESIPT of heterocyclic dyes 3-hydroxyquinolones and
2-(2-hydroxyphenyl)benzimidazoles that showed strong fluores-
cence emission [27,28].

On the other hand, there are few studies of space steric hin-
drance effect on intramolecular proton transfer in excited state of
organic dyes with extending p conjugation under exposure of one-
photon and near-IR two-photon irradiation, respectively. Inspired
by the above efforts, this study presented a range of new target dyes
carrying intramolecular proton transfer segments with extension of
p conjugation (C1, C4 and C7 in Scheme 1), and the corresponding
reference dyes free of proton segments were prepared as well (such
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Scheme 1. Chemical structures and synthesis
as C2, C5 and C8 in Scheme 1). It was shown that these target dyes
were characterized with great difference in molecular geometry, in
which large trans-diphenylethylene part in o- and m- samples C1
and C4 lack of electron donating/withdrawing substituents could
yield pure space steric hindrance effect on internal proton transfer,
while a p- analog C7 could undergo intramolecular proton transfer
affected by weak space steric hindrance effect (Fig. 1).

Therefore, a comprehensive experimental and theoretical
investigation to show space steric hindrance effect on internal
proton transfer in excited state of these target conjugated dyes
under one-photon exposure and near-IR two-photon irradiation
was conducted. It was observed that intramolecular proton transfer
in excited state was influenced by space steric hindrance, and
photophysics was affected accordingly. The results presented in this
study would guide us to synthesize new ESIPT organic chromo-
phores with extending p conjugation.

2. Experimental

2.1. Reagents and characterization

Organic solvents employed in this study were supplied by
Sigma-Aldrich Corporation, which were further processed by the
standard laboratory method prior to use [29]. The new studied dyes
C1-C9 were synthesized in our own laboratory (Scheme 1). 1H and
13C nuclear magnetic resonance (NMR) spectra were measured in
standard NMR tubes by using tetramethylsilane (TMS) as an in-
ternal reference with Bruker 400 MHz, 500 MHz and 600 MHz
apparatus at room temperature. Chemical shift multiplicities were
reported as s, singlet, d, doublet and m, multiplet. FT-IR (Fourier
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Fig. 1. Space steric hindrance showing in C1, C4, and C7.
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transform infrared) spectra of the studied samples were recorded
by KBr pellet methodwith Nicolet 550II IR spectrometer. All sample
pellets were prepared by grinding the solid samples with dry po-
tassium bromide (KBr) under high pressure. High resolution mass
spectra (HRMS) electrospray ionization (ESI) was carried out on a
UPLC-Q-ToF MS spectrometer (Waters, USA). A CE440 elemental
analysis meter from Exeter Analytical Inc. was used to determine
elemental analysis of the samples. The melting points of the sam-
ples were detected by a Beijing Fukai melting point apparatus.

2.2. X-ray single crystal diffraction analysis

A slow volatilization of organic solvents in NMR tube was used
to incubate single crystals of the dyes. A Bruker-AXS CCD area de-
tector equipped with diffractometer with Mo Ka (l ¼ 0.71073 Å)
was employed to record XRD data at 298 K. A suitable single crystal
was put inside a glass fiber capillary to determine structure basing
on analysis by direct methods, which was refined by full-matrix
least squares on F2. All the hydrogen atoms were put in calcu-
lated positions respectively and all the non-hydrogen atoms were
advanced by anisotropic temperature factors.

2.3. One-photon spectral determination and near-IR two-photon
optical measurement

Spectroscopically pure solvents for UV/visible absorption and
emission spectral determination measurements were provided by
Sigma-Aldrich Corporation. A UV-3600 spectrophotometer from
Shimadzu Corporation was utilized to measure one-photon ultra-
violet/visible absorption spectra of the samples. One-photon fluo-
rescence emission spectra of the samples were detected by
Shimadzu RF-531PC spectrofluorophotonmeter. Quinine sulfate in
0.5 mol/L H2SO4 (F, 0.546) was used as the reference to determine
fluorescence quantum yields of the samples [30]. The absorption in
the excited wavelength was maintained below 0.1 to minimize
experimental errors. Fluorescence quantum yields were calculated
by Equation (1) [31]:

Ff ¼ F0
f

n20A
0
Z

If
�
lf

�
dlf

n2A
Z

I0f
�
lf

�
dlf

(1)

wherein n0 and n are refractive indices of solvents for the reference
and the samples respectively, A0 and A show absorption intensities
at excitation wavelength, Ff and Ff

0 represent fluorescence quan-
tum yields of the sample and reference molecules, and integrals
show area of fluorescence bands for the reference and the samples
respectively.

An Edinburgh FLS920 time-correlated single photon counting
unit was utilized to measure nanosecond fluorescence lifetimes of
the samples with the least-squares method in 2048 channels at
room temperature, which was equippedwith various light emitting
diodes (excitation wavelength 330 nm and 360 nm). The optical
densities at the excitationwavelengths were tuned to be lower than
0.1 to minimize experimental errors. Ultrafast fluorescence life-
times of the samples were determined by a laser system including
an intensified double photodiode array connecting with a spec-
trograph for time-dependent laser detection. The pump laser pul-
ses were yielded by amplified frequency doubling directly, which
were focused onto a sample cuvette and the transient spectra were
registered by an ultrafast white-light continuum.

Histograms of the instrument response functions (using a
LUDOX scatter) and the decays of sample solutions were recorded
until they could reach 103 counts in the maximal channel. The ac-
quired histograms were fitted as sums of the exponentials by using
Gaussian-weighted nonlinear least squares fitting according to
MarquardteLevenberg minimization that was implemented in the
software package of the detection systems. It was noticed that the
fitting parameters including decay times and preexponential fac-
tors were gained by minimizing the reduced chi-square value c2.
All curves fittings presented herein guaranteed c2 values lower
than 1.1. Besides, the quality of the fitting results was evaluated by
an additional graphical method that included plots of surfaces of
the weighted residuals versus channel numbers.

Pumped Ti:sapphire femtosecond laser was employed to ac-
quire near-IR two-photon excited fluorescence spectra tuning at a
step of 10 nm in a range of 700e880 nm (Tsunami mode-locked,
80 MHz, <130 fs, the power �700 mW, Spectra-Physics Ltd.). An
Ocean Optics USB2000 CCD camera with the detecting range of
180e880 nm was utilized to record TPA emission spectra. Up-
conversion fluorescence method using 5 � 10�4 mol/L fluorescein
in 0.1 mol/L solution of NaOH as the reference was employed to
determine TPA cross-sections of the samples. Before measurement,
the samples were bubbled with high purity nitrogen for 30 min to
remove oxygen. TPA cross-sections of the samples were calculated
by Equations (2) and (3) [32]:

s ¼ sTPE

FF
(2)

sTPE ¼ sTPEcal
ccal
c

ncal
n

S
Scal

(3)

wherein s is two-photon absorption section, sTPE represents two-
photon excited crossing section, c is concentration of reference
and sample molecules, n is refractive index of the solvent, and s
shows two-photon up-conversion fluorescence intensity, cal rep-
resents reference.
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2.4. Molecular modeling

6-31G** Basis set in Gaussian 09 program package was
employed to conduct molecular modeling. Geometry optimization
of enol and keto tautomers in ground state (S0) was performed by
using B3LYP method based on HF (Hartree-Fock) level [33], while
CIS (single-excitation configuration interaction) was used to obtain
optimized geometries in the first singlet excited state (S1) of the
molecules. DFT and TD-DFT (time-dependence DFT) method at HF
and CIS levels were utilized to compute the energies of optimized
geometries of S0 and S1 respectively such as DFT//HF or TDDFT//CIS
(single-point calculation//optimization method) [34]. The organic
solvents were used as the media for theoretical computation.

2.5. Synthesis of the studied dyes

Synthesis routes of the studied dyes were presented in Scheme
1. All the dyes were synthesized in our laboratory firstly. Synthesis
and molecular structural characterization of the intermediates
were shown in Supplementary materials. Preparation details and
chemical structural characterization of the studied target dyes C1-
C9 were described in the followings.

2.5.1. C1, 2-((E)-((2-((E)-styryl)phenyl)imino)methyl)phenol
2-Styrylaniline (0.976 g, 5 mmol) and 2-hydroxybenzaldehyde

(1.220 g, 10 mmol) in 100 ml dry ethanol were added into three-
necked flask. The reaction mixture was stirred at room tempera-
ture under argon protection for 12 h. After the reaction, the solvent
was evaporated under vacuum. Recrystallization from ethanol and
cyclohexane gave pure material as faint yellow solid (yield, 62%,
m.p., 183.6e185.5 �C). 1H NMR (500MHz, CDCl3-d1) d (ppm): 13.199
(s, -OH, 1H), 8.526 (s, N¼CH, 1H), 7.720e7.702 (m, Ar-H, 1H),
7.550e7.482 (m, Ar-H, 3H), 7.400e7.368 (m, Ar-H, 2H), 7.349e7.208
(m, Ar-H, 5H), 7.106e7.051 (m, Ar-H, 2H; CH¼CH, 1H), 6.978e6.921
(m, CH¼CH, 1H). 13C NMR (125 MHz, CDCl3-d1) d (ppm):163.488,
161.331, 146.965, 137.444, 133.477, 132.553, 130.758, 128.879,
128.804, 127.952, 127.141, 126.888, 126.653, 126.021, 124.148,
119.553, 119.303, 119.148, 117.440. FT-IR (cm�1): 3438.8, 3058.3,
3025.0, 2982.2, 2923.9, 1610.4, 1589.8, 1577.3, 1559.6, 1494.4,
1476.2, 1451.3, 1279.2, 963.7, 909.7, 852.9, 757.1, 692.6. MS(ESI) m/
z:calcd for C21H17NO [MþH]þ300.13, found 300.40. Elementary
analysis, Anal. Calcd for C21H17NO: C, 84.26; H, 5.72; N, 4.67. Found:
C, 84.34; H, 5.65; N, 4.59.

2.5.2. C2, (E)-1-phenyl-N-(2-((E)-styryl)phenyl)methanimine
2-Styrylaniline (0.30 g, 1.53 mmol) and benzaldehyde (0.194 g,

1.836 mmol) were added into three-necked flask containing 100 ml
dry ethanol. The reaction mixture was stirred at room temperature
under argon protection for 12 h. After the reaction, the solvent was
evaporated under vacuum. Recrystallization from CH2Cl2 and
cyclohexane gave pure material as faint yellow solid (yield, 48%,
m.p., 178.6e180.5 �C). 1H NMR (400 MHz, DMSO-d6) d (ppm): 8.610
(s, N¼CH, 1H), 8.057e8.041 (m, Ar-H, 2H), 7.834e7.816 (d,
J¼ 7.2 Hz, Ar-H, 1H), 7.679e7.560 (m, Ar-H, 6H), 7.417e7.354(m, Ar-
H, 3H), 7.327e7.266 (m, Ar-H, 2H; CH¼CH, 1H), 6.183e7.164(m,
CH¼CH, 1H). 13C NMR (151 MHz, DMSO-d6) d (ppm): 161.049,
149.747, 137.770, 136.558, 132.030, 131.080, 129.868, 129.374,
129.223, 129.204, 129.158, 128.074, 126.788, 126.566, 126.180,
125.020, 119.182. FT-IR (cm�1): 3432.3, 3229.0, 3080.1, 3059.8,
3023.6, 2892.2, 1943.5, 1919.6, 1886.0, 1810.8, 1623.0, 1587.7, 1575.7,
1493.5, 1476.8, 1449.9, 1372.8, 1330.8, 1310.1, 1259.9, 1220.0, 1193.1,
1167.0, 1094.6, 1072.0, 1047.7, 1024.0, 966.7, 881.8, 862.8, 760.4,
723.8, 688.4. MS(ESI) m/z:calcd for C21H17N [MþH]þ284.14, found
284.40. Elementary analysis, Anal. Calcd for C21H17N: C, 89.02; H,
6.04; N, 4.94. Found: C, 89.13; H, 5.95; N, 5.02.
2.5.3. C3, (E)-2-(((2-styrylphenyl)amino)methyl)phenol
2-((E)-((2-((E)-Styryl)phenyl)imino)methyl)phenol (0.2 g,

0.478 mmol) and dry ethanol 50 ml were placed into a dry round-
bottomed flask, the mixture was stirred vigorously and so dium
borohydride (0.17 g, 4.78 mmol) in 20 ml dry ethanol was added
dropwise from a constant pressure burette at room temperature
under protection of argon. The mixed solution was stirred for
2e3 h. After the reaction, the solvent was evaporated under vac-
uum. Recrystallization from CH2Cl2 and cyclohexane gave pure
material as faint yellow solid (yield, 65%, m.p., 179.9e181.5 �C). 1H
NMR (500 MHz, DMSO-d6) d (ppm): 9.549 (s, -OH,1H), 7.663e7.647
(d, J ¼ 8.0 Hz, Ar-H, 2H), 7.539e7.507 (d, J ¼ 16.0 Hz, CH¼CH, 1H),
7.460e7.445 (d, J¼ 7.5 Hz, Ar-H, 1H), 7.390 (t, J¼ 7.75 Hz, Ar-H, 2H),
7.263e7.233 (t, J¼ 7.5 Hz, Ar-H,1H), 7.152e7.138 (d, J¼ 7.0 Hz, Ar-H,
1H), 7.043e6.968 (m, Ar-H, 3H), 6.807e6.785 (d, J ¼ 11.0 Hz,
CH¼CH, 1H) 6.721e6.692 (t, J ¼ 7.25 Hz, Ar-H, 1H), 6.582e6.552 (t,
J ¼ 7.5 Hz, CH¼CH, 1H), 6.429e6.413 (d, J ¼ 8.0 Hz, Ar-H, 1H), 6.224
(s, -NH-, 1H), 4.309 (s, -CH2-, 2H). 13C NMR (125 MHz, DMSO-d6)
d (ppm): 155.347, 146.240, 138.247, 129.158, 128.987, 128.487,
128.101, 127.743, 127.592, 126.954, 126.255, 126.118, 124.779,
122.514, 119.222, 116.413, 115.269, 111.245, 41.745. FT-IR (cm�1):
3416.70, 3224.46, 3208.79, 3182.08, 3158.37, 3139.87, 3095.77,
3027.95, 2854.84, 1597.40, 1492.52, 1456.11, 1398.70, 1325.76,
1246.82, 1103.79, 963.64, 753.72, 692.16. MS (ESI) m/z:calcd for
C21H19NO [MþH]þ302.15, found 302.43. Elementary analysis, Anal.
Calcd for C21H19NO: C, 83.70; H, 6.35; N, 4.64. Found: C, 83.82; H,
6.24; N, 4.77.

2.5.4. C4, 2-((E)-((3-((E)-styryl)phenyl)imino)methyl)phenol
Synthetic procedure and method of C4 were the same as

described in synthesis of C1, in which 2-styrylaniline was replaced
by 3-styrylaniline. Crude product was further purified to afford the
desired product as faint yellow needle solid (yield 65%, m.p.,
182.3e183.4 �C). 1H NMR (600 MHz, DMSO-d6) d (ppm): 13.106 (s,
-OH, 1H), 8.997 (s, N¼CH, 1H), 7.691e7.677 (d, J ¼ 7 Hz, Ar-H, 2H),
7.644e7.632 (d, J¼ 6 Hz, Ar-H, 1H), 7.603e7.590 (d, J¼ 6.5 Hz, Ar-H,
2H), 7.445e7.431 (d, J ¼ 7 Hz, Ar-H, 2H), 7.407e7.352 (m, Ar-H, 3H),
7.281e7.242 (m, Ar-H, 3H), 6.977e6.939 (m, CH¼CH, 2H). 13C NMR
(151 MHz, DMSO-d6) d (ppm): 163.247, 160.754, 147.503, 137.455,
136.405, 133.707, 132.974, 129.162, 129.031, 128.131, 128.002,
126.941, 122.298, 119.816, 119.605, 117.034, 109.985. FT-IR (cm�1):
3447.6, 3086.0, 3051.5, 3023.9, 2985.0, 2922.3, 2852.3, 2788.8,
2715.9, 2662.6, 1953.3, 1911.2, 1880.4, 1804.7, 1621.2, 1597.1, 1568.9,
1489.4, 1455.9, 1448.9, 1407.8, 1363.0, 1336.4, 1319.7, 1283.9, 1218.7,
1193.1,1171.0,1150.2,1112.3,1074.4,1032.1, 981.1, 971.2, 955.1, 937.0,
911.9, 865.3, 848.6, 827.1, 772.9, 740.3, 720.9, 692.4, 661.8, 618.7,
557.2. MS(ESI) m/z:calcd for C21H17NO [MþH]þ300.37, found
300.33. Elementary analysis, Anal. Calcd for C21H17NO: C, 84.25; H,
5.72; N, 4.68. Found, C, 84.31; H, 5.63; N. 4.74.

2.5.5. C5, (E)-1-Phenyl-N-(3-((E)-styryl)phenyl)methanimine
Synthetic procedure and method of C5 were the same as

described in synthesis of C2, in which 2-styrylaniline was replaced
by 3-styrylaniline. Crude product was further purified to afford the
desired product as faint yellow needle solid (yield, 65%, m.p.,
195.4e197.4 �C). 1H NMR (600 MHz, DMSO-d6) d (ppm): 8.661 (s,
N¼CH, 1H), 7.933e7.920 (t, J ¼ 3.25, Ar-H, 2H), 7.649e7.636(d,
J ¼ 6.5 Hz, Ar-H, 2H), 7.595e7.582 (d, J ¼ 6.5 Hz, Ar-H, 2H),
7.514e7.503(d, J ¼ 5.5 Hz, Ar-H, 3H), 7.372e7.347 (t, J ¼ 6.25 Hz, Ar-
H, 2H), 7.299e7.285 (d, J ¼ 7 Hz, CH¼CH, 2H),7.259e7.247 (t,
J ¼ 3 Hz, Ar-H, 3H). 13C NMR (151 MHz, DMSO-d6) d (ppm):160.645,
150.953, 137.553, 136.510, 135.509, 131.913, 129.268, 129.145,
129.116, 128.454, 128.341, 128.011, 127.834, 126.871, 122.015. FT-IR
(cm�1): 3446.6, 3100.0, 3077.6, 3058.4, 3026.1, 2923.2, 2853.0,
2371.0, 1942.1,1869.2, 1737.4, 1622.8, 1571.9, 1498.9, 1448.0, 1365.0,
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1336.0, 1313.1, 1196.7, 1165.8, 1113.3, 1072.4, 970.0, 867.5, 821.7,
746.6, 681.3, 599.7, 553.5. MS(ESI) m/z:calcd for C21H17N
[MþH]þ284.37, found 284.35. Elementary analysis, Anal. Calcd for
C21H17N, C, 89.01; H, 6.05; N, 4.94. Found, C, 89.17; H, 5.89; N, 5.03.

2.5.6. C6, (E)-2-(((3-styrylphenyl)amino)methyl)phenol
Experimental procedure and method of C6 were the same as

described in synthesis of C3, inwhich 2-((E)-((2-((E)-styryl)phenyl)
imino)methyl)phenol was replaced by 2-((E)-((3-((E)-styryl)
phenyl)imino)methyl)phenol Crude product was further purified to
afford the desired product as faint yellow solid (yield, 63%, m.p.,
196.0e198.0 �C). 1H NMR (600 MHz, DMSO-d6) d (ppm): 9.484 (s,
-OH, 1H), 7.463e7.450 (d, J ¼ 6.5 Hz, Ar-H, 2H), 7.296e7.268 (t,
J ¼ 7.0 Hz, Ar-H, 3H; CH¼CH, 1H), 7.153e7.141 (d, J ¼ 6.0 Hz, Ar-H,
2H), 7.041e7.004 (t, J ¼ 9.25 Hz, Ar-H, 2H), 6.871e6.699 (m, Ar-H,
2H; CH¼CH, 1H), 6.558e6.544 (d, J ¼ 7.0 Hz, Ar-H, 2H), 6.240 (s,
-NH-,1H), 4.193e4.183 (d, J¼ 5.0 Hz, -CH2-, 2H). 13C NMR (151MHz,
DMSO-d6) d (ppm):155.409, 149.212, 129.437, 129.006, 128.635,
128.016, 127.960, 126.869, 126.138, 125.949, 123.232, 119.191,
115.293, 112.598. FT-IR (cm�1):3271.3, 3054.9, 2921.9, 2851.2,
1818.1, 1609.6, 1590.6, 1519.8, 1487.0, 1467.7, 1384.7, 1291.5, 1247.6,
1184.0, 1104.7, 1071.8, 1036.6, 964.7, 935.5, 813.9, 748.5, 689.6,
536.9, 450.5. MS(ESI)m/z:calcd for C21H19NO [MþH]þ302.39, found
302.39. Elementary analysis, Anal. Calcd for C21H17N: C, 83.69; H,
6.35; N, 4.65. Found, C, 83.77; H, 6.27; N. 4.72.

2.5.7. C7, 2-((E)-((4-((E)-styryl)phenyl)imino)methyl)phenol
Experimental procedure and method of C7 were the same as

described in synthesis of C1, in which 2-styrylaniline was replaced
by 4-styrylaniline. Crude product was further purified to afford the
desired product as faint yellow solid (yield, 63%, m.p.
185.0e187.5 �C). 1H NMR (500 MHz, CDCl3-d1) d (ppm): 13.292 (s,
-OH, 1H), 8.654 (s, N¼CH, 1H), 7.577e7.560 (d, J¼ 8.5 Hz, Ar-H, 2H),
7.533e7.519 (d, J ¼ 7.0 Hz, Ar-H, 2H), 7.403e7.354 (m, Ar-H, 4H),
7.305e7.288 (d, J ¼ 8.5 Hz, Ar-H, 2H), 7.272e7.250 (t, J ¼ 5.5 Hz, Ar-
H, 1H), 7.122 (s, CH¼CH, 2H), 7.039e7.023 (d, J ¼ 8.0 Hz, Ar-H, 1H),
6.960e6.930 (t, J ¼ 7.5 Hz, Ar-H, 1H). 13C NMR (125 MHz, CDCl3-d1)
d (ppm): 162.119, 161.376, 147.695, 137.695, 136.447, 133.338,
132.443, 129.125, 128.916, 127.967, 127.698, 126.726, 121.786,
119.462, 119.286, 117.459. FT-IR (cm�1): 3448.3, 3102.8, 3077.6,
3052.3, 3024.1, 2987.9, 2924.0, 2853.2, 2788.8, 2710.3, 1621.3,
1591.8, 1569.3, 1489.7, 1455.9, 1448.7, 1284.0, 826.8, 750.9, 739.8,
691.7. MS (ESI) m/z:calcd for C21H17NO [MþH]þ300.13, found
300.44. Elementary analysis, Anal. Calcd for C21H17NO: C, 84.26; H,
5.72; N, 4.68. Found: C, 84.32; H, 5.79; N, 4.59.

2.5.8. C8, (E)-1-phenyl-N-(4-((E)-styryl)phenyl)methanimine
Experimental procedure and method of C8 were the same as

described in synthesis of C2, in which 2-styrylaniline was replaced
by 4-styrylaniline. Crude product was further purified to afford the
desired product as faint yellow solid (yield, 60%, m.p.,
179.9e180.5 �C). 1H NMR (600 MHz, DMSO-d6) d (ppm):8.672 (s,
N¼CH-, 1H), 7.943e7.931 (t, J ¼ 3.6 Hz, Ar-H, 2H), 7.660e7.646 (d,
J ¼ 8.4 Hz, Ar-H, 2H), 7.605e7.593 (d, J ¼ 7.2 Hz, Ar-H, 2H),
7.525e7.514 (d, J ¼ 6.6 Hz, Ar-H, 3H), 7.383e7.358 (t, J ¼ 7.5 Hz, Ar-
H, 3H), 7.309e7.296 (d, J ¼ 7.8 Hz, CH¼CH, 2H), 7.270e7.262 (d,
J ¼ 4.8 Hz, Ar-H, 2H). 13C NMR (151 MHz, DMSO-d6) d (ppm):
160.642, 150.949, 137.551, 136.509, 135.507, 131.911, 129.266,
129.143, 129.116, 128.450, 128.339, 128.011, 127.832, 126.869,
122.014. FT-IR (cm�1): 3237.18, 3208.17, 3194.63, 3157.26, 3125.13,
3093.42. 1447.87, 1403.71, 963.39, 867.85, 821.73, 746.11, 690.05.
MS(ESI) m/z:calcd for C21H17N [MþH]þ284.14, found 284.43.
Elementary analysis, Anal. Calcd for C21H17N: C, 89.02; H, 6.04; N,
4.91. Found: C, 89.17; H, 5.95; N, 5.11.
2.5.9. C9, (E)-2-(((4-styrylphenyl)amino)methyl)phenol
Synthesis of C9 followed essentially the same procedure as

described that of C3, in which 2-((E)-((2-((E)-styryl)phenyl)imino)
methyl)phenol was replaced by 2-((E)-((4-((E)-styryl)phenyl)
imino)methyl)phenol. The product was further purified to give
pure material as faint yellow solid (yield, 52%, m.p.,
162.6e163.8 �C). 1H NMR (600 MHz, DMSO-d6) d (ppm): 9.500 (s,
-OH, 1H), 7.475e7.462 (d, J ¼ 7.8 Hz, Ar-H, 2H), 7.307e7.294 (t,
J ¼ 5.2 Hz, Ar-H, 4H), 7.165e7.153 (d, J ¼ 4.8 Hz, Ar-H, 2H),
7.053e7.026 (d, J ¼ 10.8 Hz, CH¼CH, 2H), 6.883e6.855 (d,
J ¼ 11.2 Hz, Ar-H, 1H), 6.815e6.802 (d, J ¼ 7.8 Hz, Ar-H, 1H),
6.723e6.699 (t, J ¼ 7.2 Hz, Ar-H, 1H), 6.570e6.556 (d, J ¼ 8.4 Hz, Ar-
H, 2H), 6.264e6.244 (t, J ¼ 6.0 Hz, -NH-, 1H), 4.206e4.196 (d,
J ¼ 6.0 Hz, -CH2, 2H). 13C NMR (151 MHz, DMSO-d6) d (ppm):
160.157, 153.961, 143.128, 134.185, 133.758, 133.381, 132.767,
132.710, 131.620, 130.888, 130.695, 129.819, 127.977, 123.939,
120.039, 117.344, 46.353. FT-IR (cm�1): 3429.22, 3270.66, 3055.60,
3020.98, 2923.91, 2889.29, 2847.91, 1609.28, 1588.58, 1519.35,
1484.74, 1401.96, 1290.96, 1249.58, 1180.35, 965.88, 813.87, 744.64,
689.33.MS(ESI) m/z:calcd for C21H19NO [MþH]þ302.15, found
302.43. Elementary analysis, Anal. Calcd for C21H19NO: C, 83.70; H,
6.35; N, 4.64. Found: C, 84.83; H, 6.26; N, 4.72.

3. Results and discussion

3.1. Internal hydrogen bond based on 1H NMR spectra

Hydrogen bond showed a remarkable influence on 1H NMR
chemical shift of its relevant hydrogen atoms. Representative 1H
NMR spectra of the target C1 and its references C2 and C3 in DMSO-
d6 were shown in Fig. 2. 1H NMR spectral peak of phenolic hydroxy
group in C1 shifted to more down-magnetic field comparing to that
of C3 (C1, 13.199 ppm versus C3, 9.549 ppm). In addition, 1H NMR
chemical shift of HC¼N in C1 moved to more up-magnetic field
than that of C2 (C1, 8.526 ppm versus C2, 8.610 ppm). It was
observed that 1H NMR chemical shift phenolic hydroxy group in
equal molar C2/phenol mixture was almost identical to that of
phenol (Fig. S1).

It was further discovered that 1H NMR spectral peak of hydroxy
group in C1 shifted to much lower magnetic field with respect to
that phenol (C1, 13.199 ppm, phenol, 9.350 ppm). As a matter of the
fact, the other target dyes C4 and C7 also showed similar 1H NMR
spectral phenomena as C1. The results indicated that intra-
molecular hydrogen bond in the target dyes could give rise to a
decrease of electron cloud density around hydrogen atom of
phenolic hydroxy group, and thus shielding effect could be lowered.
As a result, chemical shift of 1H NMR peak of hydroxy group in the
target dyes showed a shift to low magnetic field.

3.2. Intramolecular hydrogen bond analysis basing on X-ray single
crystal diffraction

X-ray single crystal diffraction analysis provided further exper-
imental evidence of internal hydrogen bond. Single crystals of the
target dyes were prepared by slow evaporation of mixed organic
solvents. The dihedral angles between phenolic hydroxy and imino
groups in the target dyes were particularly analyzed by X-ray single
crystal diffraction. Fig. 3 showed that HC¼CH and HC¼N double
bands in C1 and C7 presented good trans-configuration. In addition,
there were small dihedral angles around HC¼CH and HC¼N bonds,
suggesting coplanar nature of the conjugated p parts in the target
dyes (such as C1, :C8-N1-C1-C2, 2.34�; :C13-C14-C15-C16, 2.72�,
Fig. 2), which were favorable for formation of intramolecular
hydrogen bond. X-ray single crystal diffraction analysis suggested
that internal hydrogen bond between phenolic hydroxy and imino



Fig. 2. 1H NMR spectra of C1, C2 and C3 in DMSO-d6.

Fig. 3. ORTEP drawings of C1 and C7 with 30% possibility of thermal ellipsoids.
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groups in C1 and C7 existed.
3.3. One-photon UV/visible absorption spectra of the studied dyes

UV/visible absorption spectrum of an organic molecule reflected
its structural feature in ground state. Representative UV/visible
absorption spectra of C1, C4 and C7 in DMF and 1,4-dioxane were
presented in Fig. 4. UV/visible absorption parameters of C1, C4 and
C7 in various organic solvents were given in Table 1.

Owing to electron withdrawing effect of o-hydroxy-phenyl-
imino part segment, internal charge transfer from diphenyl-
ethylene part to o-hydroxy-phenyl-imino segment in C1, C4 and C7
could exist, which could be further shown by electron cloud density
distribution in HOMO and LUMO orbitals in the ground state. Thus,
UV/visible absorption spectra of these target dyes could be char-
acterized by (p, p) transition with intramolecular charge transfer
nature.

It was found that UV/visible absorption spectra of C1 and C7
were presented as a mirror-image-like relationship (Fig. 4). The
second absorption band of C1 was shown as a shoulder (at about
350 nm) and its first absorption band (at approximate 300 nm) was
primary, while the first absorption band of C7 was presented as a
shoulder and its second absorption band was prevailing. The first
absorption band could be ascribed to normal (p, p) transition, and
the second long absorption band could be assigned to intra-
molecular charge transfer. The results indicated that ortho substi-
tution in C1 could decrease entire molecular internal charge
transfer in ground state due to space steric hindrance, while para
substitution in C7 increased intramolecular charge transfer without
steric hindrance. In addition, meta substitution in C4 with moder-
ate space steric hindrance produced a remarkably separated dual
absorption bands.

It was further found that the reference C2, C5 and C8 exhibited
remarkable the long-wavelength absorption band with an
approximate 360 nm peak in various solvents (Fig. S2). This could
be mainly due to lack of phenolic hydroxy group, leading to an
increase in structural planarity, and thus internal charge transfer
was guaranteed. While to C3, C6 and C9, amine group increased
intramolecular charge transfer in entire molecules. Accordingly,
two absorption peaks of C3, C6 and C9 could be observed as well.

In a word, the first absorption band peaked around 300 nm of
the target dyes could be assigned to whole molecular (p, p) tran-
sition, while the second absorption band centered approximate
350 nm could be yielded by intramolecular charge transfer of entire
molecular frameworks. It was necessary to point out that the
presence of internal hydrogen bond could give rise to increase of
intramolecular charge transfer of the target dyes C4 and C7, which
could result in obvious bathochromic shift of the absorption max-
imawith respect to those of the reference dyes respectively (such as
C7, 365 nm, C8, 352 nm, C9, 331 nm).
3.4. One-photon steady and transient emission spectra of the
studied dyes

Intramolecular hydrogen bond in ground state of C1, C4 and C7
suggested that intramolecular proton transfer in excited state could
occur. One-photon fluorescence emission spectra of the targets and
the references were determined for analyzing internal proton
transfer in excited state. The fluorescence spectral parameters of C1,
C4 and C7 in various solvents were given in Table 1. The repre-
sentative fluorescence spectra of C1, C4 and C7 in DMF and 1,4-
dioxane were presented in Fig. 5.

First, the fluorescence spectral difference between C1 and C7
was concentrated. It was found that C1 showed single fluorescence
band peaked at 450 nm in most of organic solvents. Only in a few
protic solvents such as n-propanol (Fig. S3), it displayed an emis-
sion shoulder around 530 nm attaching to the primary band peaked
at 454 nm. In contrast, C7 exhibited well-separated fluorescence
bands in various solvents which included the first emission band
with the maximal peak at 435 nm, and the second emission band
with the emission maximum at 530 nm.

The corresponding references such as C5 and C8 showed single
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Fig. 4. One-photon UV/visible absorption spectra of C1, C4 and C7 in DMF (a) and in 1,4-dioxane (b), C, 1 � 10�5 mol/L.

Table 1
One-photon spectral parameters of C1, C4 and C7 in various solvents, la,max: the absorptionmaximum (nm), εmax: themaximal molar extinction coefficient (105 cm�1 mol�1 L),
lf,max: the emission maximum (nm), F: the fluorescence quantum yield.

Solvents C1 C4 C7

la,max εmax lf,max F la,max εmax lf,max F la,max εmax lf,max F

1,4-dioxane 297 0.268 435 0.00917 364 0.310 529 0.00716 365 0.349 561 0.00920
CH2Cl2 297 0.294 436 0.00829 346 0.426 533 0.00316 363 0.349 536 0.00570
Acetonitrile 298 0.281 429 0.0250 361 0.408 525 0.0504 361 0.295 534 0.00704
DMSO 297 0.377 481 0.0694 369 0.272 528 0.0101 368 0.389 531 0.00914
DMF 295 0.288 465 0.00902 362 0.337 532 0.00390 364 0.366 531 0.00827
Ethanol 295 0.225 450 0.00785 360 0.312 527 0.00585 361 0.272 530 0.00904
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Fig. 5. One-photon emission spectra of C1, C4 and C7 in DMF (a) and in 1, 4-dioxane (b), Ex: 350 nm, C, 1 � 10�5 mol/L.
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emission band in various solvents (Fig. S4). The emissionmaxima of
these references were characterized with normal Stokes shifts
(about 81 nm for C5), which were also similar as the maximal
emission wavelengths of the first fluorescence bands of C4 and C7.
In addition, the emission peaks of the references were close to the
emission maxima of C1 in various solvents.

It was observed that the emission peaks of the second fluores-
cence bands of C4 and C7 shifted to much longer wavelengths in
various solvents (such as C7, 531 nm in DMF), which displayed huge
Stokes shifts (such as 167 nm in DMF for C7). It was also noticed
that the emission shoulder peaks of C1 (appearance only in a few
modest polar solvents) were close to the emission maxima of the
second fluorescence bands of C4 and C7. As a matter of fact, C4 and
C7 showed similar well-separated double emission bands in solid
state as well as in polymer matrix, while in contrast, the corre-
sponding references displayed similar single fluorescence bond.

It was further discovered that the maximal peaks of C1 dis-
played close fluorescence lifetimes as the first emission bands of C4
and C7 respectively (such as in DMF, C1, 1.42 ns, C4, 1.35 ns, C7, 1.26
ns, typically shown in Fig. S5). However, the fluorescence lifetimes
of the second emission bands of C4 and C7were shorter than those
of the first emission bands (such as in DMF, C4, 0.34 ns, C7, 0.23 ns).

Hence, the results suggested that the first emission bands C4
and C7 were produced by the tautomer enol* to enol decay, while
the second emission bands were yielded by the decay of tautomer
keto* to keto. The fluorescence emission of C1 was primarily



Table 2
Radiative transition rates and non-radiative transition constants (s¡1) of the tau-
tomers enol and keto in excited state of C1, C4 and C7 in DMF and 1,4-dioxane.

Dyes Solvents

DMF 1,4-dioxane

C1 Ff (enol) 0.00902 0.00917
tf (enol) � 10�9 (s) 1.42 2.55
kr (enol) � 109 (s�1) 0.00635 0.00360
knr (enol) � 109 (s�1) 0.698 0.389

C4 Ff (enol) 0.00329 0.00547
tf (enol) � 10�9 (s) 1.35 2.45
kr (enol) � 109 (s�1) 0.00244 0.00223
knr (enol) � 109 (s�1) 0.738 0.406

Ff (keto) 0.000610 0.00169
tf (keto) � 10�9 (s) 0.34 0.47
kr (keto) � 109 (s�1) 0.00179 0.00360
knr (keto) � 109 (s�1) 2.923 2.124

C7 Ff (enol) 0.00538 0.00650
tf (enol) � 10�9 (s) 1.26 2.33
kr (enol) � 109 (s�1) 0.00421 0.00279
knr (enol) � 109 (s�1) 0.789 0.426

Ff (keto) 0.00289 0.00270
tf (keto) � 10�9 (s) 0.23 0.36
kr (keto) � 109 (s�1) 0.0126 0.00751
knr (keto) � 109 (s�1) 0.987 2.770
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Fig. 6. Near-IR two-photo emission spectra of C1, C4 and C7 under
720 nm femtosecond laser irradiation.
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ascribed to the excited enol decay, and the fluorescence emission of
the reference dyes such as C2, C5 and C8was effectively the same as
S0/S1 absorption spectral characteristics.

It was further found that the emission intensity ratios of the
keto emission band to that of the normal emission band (IK*/IE*) of
C7 were larger than C4 in various solvents (such as in DMF, C7,
0.524, C4, 0.201), suggesting that C7 could undergo ESIPT more
efficiently than C4. It was also shown that C7 and C4 displayed a
more competitive keto emission in DMF than in 1,4-dioxane. This
could be due to greater internal charge transfer in DMF, leading to a
more active hydroxy group. As a result, ESIPTwasmore pronounced
in DMF.

Accordingly, the excited energies of C4 and C7 were dissipated
by internal proton transfer, which diminished fluorescence quan-
tum yields comparing to the corresponding reference molecules C5
and C8 (such as C4, 0.00390, C5, 0.00449, in DMF, Table S1). It was
noticed that the fluorescence quantum yields of the target dyes C1,
C4 and C7 and the reference dyes C2, C5 and C8 showed low
fluorescence emission, which could be mainly due to rotation and
isomerization of free imino group leading to nonradiative deacti-
vation [35,36].

Because the fluorescence emission of C4 and C7 were consisted
of the normal emission and ESIPT emission, the fluorescence
quantum yields were the sum of the enol fluorescence quantum
yield and the keto fluorescence quantum yield, as shown in the
following Equation (4) [37]

Ff (sum) ¼ Ff (enol) þ Ff (keto) (4)

wherein Ff (sum) is the total fluorescence quantum yield of the dyes,
Ff (enol) represents the total fluorescence quantum yields of enol
forms, Ff (keto) shows the total fluorescence quantum yields of keto
forms.

Since the absorption was produced by tautomer enol to enol*,
the ratio of the integrated area of the first emission band (normal
enol band) and the second normal emission band (keto band) to
those of the total emission represented the percent of enol emis-
sion or keto emission to the total fluorescence quantum yield
respectively. Thus, the fluorescence quantum yields of the tauto-
mers enol and keto forms of C4 and C7 could be acquired
respectively.

Therefore, we could further calculate radiative transition con-
stants (kr) and non-radiative transition constants of enol decay and
keto decay according to the following Equation (5) [38]:

kr ¼ Ff/tf (5)

knr ¼ (1 � Ff)/tf (6)

wherein Ff is the fluorescence quantum yield, and tf shows the
lifetime determined at the maximal emission wavelength.

Radiative transition rates and non-radiative transition constants
(s�1) of the tautomers enol and keto in excited state of C1, C4 and C7
were given in Table 2. It was given that enol C1 displayed larger
radiative transition rate of than enol C4 and C7, respectively,
demonstrating that normal emission decay was more competitive
in excited state of C1. In addition, C7 exhibited greater radiative
transition rate of keto form than C4, suggesting that keto emission
decay was stronger in excited state of C7.

It was noticed that nonradiative transition rate of enol C1 was
smaller than that of C4 and C7, respectively, which further sug-
gested that the normal emission decay could be stronger in excited
state of C1. It was found that keto C4 exhibited greater nonradiative
transition rate than keto C7, which indicated that keto emission
decay was stronger in excited state of C7. As a consequence, a more
remarkable dual-emission band of C7 was observed. The data also
showed that C7 produced larger radiative transition rate of keto
tautomer band in DMF than in 1,4-dioxane, thus it presented more
competitive ESIPT in DMF.
3.5. Intramolecular proton transfer in excited state basing on two-
photon absorption under near-IR laser irradiation

Femtosecond Ti:sapphire near-IR laser was utilized to measure
two-photon absorption (TPA) nature of the targets and the refer-
ences. TPA fluorescence difference between C1 and C7 was partic-
ularly analyzed. It was found that C1 and C7 showed a mirror-
image-like TPA emission spectral shape under near-IR
720 nm femtosecond laser irradiation (Fig. 6). C1 displayed a pri-
mary TPA fluorescence emission band peaked at 430 nm and a
secondary TPA emission band with a 550 nm peak. While C7 dis-
played a major TPA fluorescence emission band peaked at 550 nm
and a minor TPA emission band with a 430 nm maximum. C4
displayed a similar TPA emission shape as C7.
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In contrast, the references such as C2, C5 and C8 showed single
TPA fluorescence bands with the emission maximum at about
430 nm (Fig. S6), which were close to the peak wavelength of the
first TPA emission bands of C1, C4 and C7. In addition, the fluores-
cence lifetimes of the first TPA emission bands and the second
emission bands of C4 and C7 were almost same as those of the first
OPA ones, respectively.

Hence, it was concluded that the first TPA emission bands of the
targets were yielded by excited enol decay under near-IR femto-
second laser, while the second TPA emission bands were produced
by excited keto decay. On the other hand, the ratio of TPA fluores-
cence emission intensity of the second band to the first band
showed an order as C7>C4>C1, which suggested that space steric
hindrance inhibited intramolecular proton transfer in excited state
under two-photon irradiation as well.

It was necessary to point out that TPA ESIPT emission of the
target dyes were more competitive in excite state under near-IR
laser exposure. Ratios of the second band to the first band in TPA
fluorescence spectra of the target dyes became more remarkable
than those in one-photon emission spectra, which could be mainly
due to that femtosecond pulsed near-IR laser matched well time
domain of intramolecular proton transfer in excited state. As a
consequence, internal proton transfer could be a competitive
pathway to deactivate excited state of the target dyes under near-IR
femtosecond laser irradiation.

TPA cross-sections of the studied dyes were further determined
based on TPA fluorescent methods. The results showed that the
target dyes displayed larger near-IR TPA cross-sections than the
corresponding reference dyes (such as C7, 47.2 GM, C8, 3.4 GM, C9,
1.5 GM in DMF,1 GM,10�50 cms�1photon�1). It was considered that
intramolecular hydrogen bond in the target molecules could favor
intramolecular charge transfer and molecular aggregation [39], and
thus TPA absorption sections of the target dyes increased. We
would point out that C4 and C7 showed larger near-IR TPA cross-
sections than C1 (such as C1, 20.7 GM, C4, 33.6 GM, C7, 47.2 GM
in DMF), which indicated that space steric hindrance played a
negative role in two-photon absorption cross section due to re-
straint of p extension. This further explained why C4 and C7
showed more competitive near-IR TPA-based ESIPT emission than
C1.

3.6. Molecular geometry optimization

3.6.1. Geometrical parameters
Molecular geometry optimization of the target dyes was carried

out to find out fundamental reason of space steric hindrance effect
on ESIPT. The calculation showed that the target C1, C4 and C7
yielded transition states (TS) of enol-keto tautomerization in the
ground and excited states respectively. In contrast, owing to free of
hydroxy group, the reference C2, C5 and C8 could not produce keto
transition forms. In addition, E-K transition forms of the reference
C3, C6 and C9 could not be obtained either, because no suitable
proton accepter was contained. As a consequence, it was impossible
to undergo internal proton transfer in the ground and excited states
of the reference dyes, while it was possible to process intra-
molecular proton transfer in the target ones.

Table S2 showed that distances of H-O and H-N (in ortho-
hydroxy-phenyl-imino part) in TS states of the target dyes in S0
and S1 states were between those of tautomers forms (such as H-O
in S1, C7, E, 0.957 Å, TS, 1.250 Å, K, 1.817 Å). This meant that intra-
molecular proton transfer could be required to be through an
energy-barrier pathway. In addition, the distances of O-N in tran-
sition states of the target dyes were much shorter than those of E
and K forms in both S0 and S1 states, which suggested that transi-
tion state possessed the strongest internal hydrogen bond strength
than E and K forms in both S0 and S1 states of the target dyes. It was
inferred that internal proton transfer of the target dyes could occur
as long as the energy barrier could be overcome.

Dihedral angles of :CCCN in the o-hydroxy-phenyl-imino part
of the target dyes was also computed (Table S3). Small dihedral
angles in S0 reflected coplanarity in ortho-hydoxy-phenyl-imino
part in the targets (such as C7,:C1-C2-C3-N1, 0.754�). It was further
found that coplanarity in o-hydoxy-phenyl-imino part were more
remarkable in S1 (such as C7,:C1-C2-C3-N1, 0.540�), which favored
internal proton transfer. It was shown that coplanarity in S1 of C7
was greater than the excited C1 and C4 (such as C7, :C1-C2-C3-N1,
0.754�; C1,:C1-C2-C3-N1, -1.317�; C4,:C1-C2-C3-N1, -0.780� in S1),
indicating that ESIPT could be more possible in C7.

It was observed that the distance of N-H in C1 was the longest,
while it was the shortest in C7 among all the excited state target
dyes (such as C1, 2.092 Å, C7, 1.851 Å). In contrast, the distance of O-
H in C1 was the smallest, while it was the longest in C7 among
excited target dyes (such as C1, 0.945 Å, C7, 0.957 Å). This showed
that internal proton transfer tunnel in excited state could follow as
C1>C4>C7.

Dihedral angles of :CNCC attached to diphenylethylene part of
the target dyes were further emphasized. A large torsion of:CNCC
in S0 of C1, C4 and C7 indicated that internal proton transfer in
ground state could be very difficult (such as C1, :C3-N1-C4-C5,
44.916�, C4, :C3-N1-C4-C5, 41.695�). In contrast, smaller torsion of
:CNCC in S1 state of C1, C4 and C7 suggested more possibility of
intramolecular proton transfer in excited state than that in ground
state of the target dyes (such as C1, :C3-N1-C4-C5, 0.596�, C4,
43.318�). It was also found that dihedral angle of :C6-C7-C8-C9 in
C7 tended be close to zero degree in excited state, which further
suggested that C7 possessed a larger ability to undergo internal
proton transfer in S1.

We also noticed that the dihedral angle of:COHN in the excited
state of C1was much larger than that of C4 and C7 respectively (C1,
:C1-O1-H1-N1, 35.251�, C4, :C1-O1-H1-N1, 0.3445�, C7, :C1-O1-
H1-N1, 1.302�). This indicated that a quasi six-membered ring (N-C-
C-C-O-H) formed by internal hydrogen bond in C7 could be more
coplanar in excited state. As a consequence, C1 could be more
difficult to undergo intramolecular proton transfer in excite state
than C4 and C7.

3.6.2. Frontier orbitals, Mulliken atomic charge and dipole moment
The target and reference dyes displayed p-symmetric charac-

teristic of HOMO and LUMO orbitals in the ground and excited
states (Fig. S7). In HOMOs of the target dyes, electron cloud density
was mainly distributed in diphenylethylene part, while less elec-
tron cloud density distribution was located at o-hydroxy-phenyl-
imino segment (Fig. S7). However, as the target dyes were excited
from HOMO to LUMO orbitals, electron cloud density distribution
moved to o-hydorx-phenyl-imino part. Hence, a larger charge
density distribution in proton transfer segment part could be a
drive for ESIPT of the target dyes.

It was found that as E was excited to E*, part of negative charge
was transferred from hydroxy to imino group in the target dyes. As a
consequence, negative charge in proton donor (O atom) of the target
dyes decreased from E to E* (such as C1, in S0, -0.671 e, S1, -0.669 e in
Table S4), which suggested less basicity and more acidity of hydroxy
group in excited state. It was further found that C7 showed the
greatest decrease of negative charge in O atom. In contrast, the
negative charge in proton receptor (N atom) of the target dyes
increased (such as C1, S0, -0.699 e, S1, -0.741 e), which reflected less
acidity and more basicity. It was observed that N atom of C7
exhibited more negative charge and greater variations than that in
C1while it was excited from S0 to S1. This suggested that it wasmore
easily to undergo internal proton transfer in excited state of C7.
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Charge changes of the atoms were indications of dipole moment
changes of the entire target dyes. The computation showed that the
dipole moments of the transition states were between the enol and
keto tautomers in the ground and excited states of the target
molecules (such as C1, enol, 2.537 D, TS, 3.695 D, keto, 3.904 D, in
ground state), suggesting the tautomerization of the target dyes
could be required to get over an energy barrier channel. The
reduced dipole moments of the tautomers in excited state sug-
gested that it was more easily to undergo intramolecular proton
transfer in S1 than in S0 (such as enol of C7, S0, 2.595 D, S1, 2.527 D in
Table S5). In particular, tautomer enol C1 showed a least decrease in
dipole moment as it was excited from S0 to S1 than enol C4 and C7,
respectively, which suggested a least reactivity in S1 state of C1 and
a largest difficulty of ESIPT.
3.6.3. Energy barriers of tautomerization of in S0 and S1 states
Potential curves of intramolecular proton transfer in S0 and S1

states of C1, C4 and C7 were computed respectively. Fig. 7 showed
the typical plots of potential curves of intramolecular proton
transfer as a function of O-H distance in S0 and S1 states of C1, C4
and C7. It was shown that energy barrier of intramolecular proton
transfer in S0 and S1 of the target dyes existed, respectively.

The plots showed that E form was more stable in ground state
and K form was more stable in excited state to these target dyes.
Hence, intramolecular proton transfer in excited state of the target
molecules could be possible. The further calculation showed that
direct energy barrier of internal proton transfer (E/K, shown as
DEd) was much larger in S0 than in S1 states, suggesting that it was
quite harder to undergo internal proton transfer in S0 (such as to C7,
S0, 15.204 kcal/mol, S1, 3.191 kcal/mol, Table S6). In contrast, the
reverse reaction energy barrier in ground state (K/E, shown as
DEr) was much lower than that in excited state of the target dyes
(such as to C7, S0, 6.390 kcal/mol, S1, 18.451 kcal/mol). This further
demonstrated that occurrence of ground state intramolecular
proton transfer (GSIPT, E/K/E) was more difficult than that of
ESIPT (E/E*/K*/K/E). In addition, small DEr in ground state
implied that it was could be easy to proceed reverse internal proton
transfer (namely from K/E) to the target dyes, which in turn was
favorable for four-level cycle process of ESIPT.

We further noticed that direct energy barrier (DEd) of enol-keto
tautomerization in C7was smaller than that of C1 and C4 in excited
state (C1, 9.703 kcal/mol, C4, 3.244 kcal/mol, C7, 3.191 kcal/mol).
Furthermore, the reverse energy barrier (DEr) of keto-enol tauto-
merization in C7 was lower than that of C1 and C4 in ground state
(C1, 6.591 kcal/mol, C4, 6.424 kcal/mol, C7, 6.390 kcal/mol). Hence,
C7 could possess a larger possibility to undergo ESIPT than C1 and
C4. In addition, C4 showed a smaller direct energy barrier (DEd) of
enol-keto tautomerization than C1 in exited state, and it displayed a
lower reverse energy barrier (DEr) of keto-enol tautomerization
than C1 in ground state. As a consequence, C4 could have a larger
possibility to process internal proton transfer than C1 in excited
state.
4. Conclusions

To be closing, this study presented a series of conjugated organic
dyes containing proton transfer segments used as the targets as
well as the reference ones free of proton transfer parts. Intra-
molecular hydrogen bond in the target dyes was demonstrated by
1H NMR spectra and X-ray single crystal diffraction. The studies
demonstrated that the target dyes with large space steric hindrance
underwent negligible ESIPT emission under one-photon irradia-
tion, while the target ones with light space steric hindrance showed
remarkable keto fluorescence. Although all the target dyes showed
well-separated keto bands under near-IR femotosecond laser
exposure, the keto emission competition deceased with increasing
space steric hindrance. In contrast, there were no signs of ESIPT for
the reference dyes due to lack of proton donors or acceptors under
one-photon exposure and near-IR femtosecond two-photon irra-
diation. The molecular geometry optimization showed that the
target dyes with smaller space steric hindrance possessed a variety
of superior advantages over the ones carrying larger steric hin-
drance such as better coplanarity as well as smaller potential en-
ergy barrier of phototautomerization, and as a consequence, a more
competitive ESIPT could occur.
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