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Abstract Two benzoylthiourea isomers, N-2-flurobenzoy-
N’-4- (N,N-dimethyl)amidophenylthiourea (2FBDAPT) and
N-4-fluro-benzoy-N’-4- (N,N-dimethyl)amidophenylth-
iourea (4FBDAPT) were determined by fourier transform
infrared spectroscopy (FTIR), nuclear magnetic resonance
(NMR) and X-ray diffraction. It was found that intra- and
intermolecular hydrogen bonds played an important role in
determining their conformations. Electronic spectra of the
two compounds were investigated by UV absorption and
steady-state fluorescence methods. The intermolecular hy-
drogen bond between the title compounds and methanol
molecules caused the long wavelength absorption bands in
methanol to weaken and vanish indeed. Quadruple fluores-
cence bands in ultraviolet and visible region were observed
in the studied solvents upon the variable excitation wave-
length. As same as Azumaya’s suggestions for benzanilide
(BA), F4 fluorescence bands with the maximum wavelength
(Amax) between 546 nm and 622 nm were characteristic of
TICT fluorescence. F3 bands of A, from 434 nm to
483 nm were explained by the ESIPT model of the S1 state
of the thiol tautomer to the S1 state of the keto tautomer. The
new proposition was that F2 bands with A, at about
365 nm were attributed to ESIPT from the S1 state of the
thiol tautomer to the SO state of the enol tautomer. And F1
fluorescence emissions with A, at about 310 nm originat-
ed from the local S1 transitions of the enol tautomer. All
experimental results were supported by MP2, CASSCF and
CASPT2 quantum chemical calculations.
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Introduction

Sulfamide and thiourea have been extremely studied due to the
applications in the field of supramolecular chemistry [1-8] as
‘host’ molecules for recognition of ‘guest’ anions. Sulfamide
and thiourea moieties have become the focus of the develop-
ment of neutral anion receptor, because the hydrogen bonding
of these functional groups is directional in character, resulting
in relatively strong complexes with various anions [9—15].

The double fluorescence of BA has been observed by
previous workers [16-22]. The local emissions of weak
short wave fluorescence and the high wave emissions in
polar solvent show the characteristics of the n-7t* state and
the ICT (intra-molecular charge transfer) state. So far, two
main models are used to discuss the long wavelength fluo-
rescence emission of BA. The PT (proton transfer)/ICT
model was proposed by Kasha et al. [16—18]. The twisted
intra-molecular charge transfer (TICT) was proposed by
Azumaya et al. [19]. Further, excited state intramolecular
proton transfer mechanism (ESIPT) of the imine tautomer of
these compounds was suggested by Lewis et al. [22]. We
have observed infrared absorption of the group -C=N- in
FTIR spectrum of N-2-fluorobenzoyl-N’-4-methoxyl phen-
ylthiourea (FBMPT) as the analog [23]. Double fluores-
cence bands of FBMPT have been detected in polar
solvents. It revealed that the short wavelength fluorescence
derived from deactivation of local excited state and the large
Stokes shift fluorescence was resulted from ESIPT or TICT.
However, it hasn’t been clear which intramolecular charge
transfer (ICT) the large Stokes shift fluorescence belongs to,
TICT or ESIPT model.
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The existence of TICT states has often been invoked to
interpret the photophysical properties of fluorophores, espe-
cially those possessing an anilino moiety. In the present
work, the donor-acceptor molecular model of N-
benzoylthiourea was designed. Taking dimethylamino as
donor and fluorine as acceptor, both FBDAPTs were pre-
pared and structurally and photo-physically characterized.
Herein, with the aid of quantum chemical calculations, we
attempt to understand the luminescence mechanism to pro-
vide guidance for future searches for new fluorescent mate-
rials and further explorations of their applications.

Experimental and Theoretical Methods
Synthesis and Measurement Method

In order to explore the effect of the intramolecular hydrogen
bonds, fluorine atom was added to the benzoyls as an acceptor
(A). And 4-N,N-dimethylaminoanilino was connected to thi-
ocarbonyl as a donor (D). The designed two D-A molecules
are shown in Scheme 1. 2FBDAPT formed two intramolecu-
lar hydrogen bonds of N-H...O and N-H...F, and 4FBDAPT
formed one intramolecular hydrogen bond of N-H...O.

The title compounds were synthesized and purified as
described previously [23]. FTIR spectra were obtained from
KBr discs using a Nicolet 170SX FT-IR spectrometer. The
NMR spectrum was recorded in CDCl; as solvent, at room
temperature and at 400 MHz on an INOVA 400 instrument.
The crystal structures were determined using X-ray diffrac-
tion with a MERCURY CCD detector. The data were cor-
rected for Lorentz and polarization effects. The structures
were solved using direct methods [24] and expanded using
Fourier techniques [25]. The absorption spectra were
recorded on a CARY50 UV-VIS spectrophotometer. The
absorption spectra have been determined in the studied
solvents at the concentration of 2x10™ mol-L™". The fluo-
rescence measurements were carried out using an FLS920
analytical instrument. The fluorescence spectra have been
determined in the concentration of 1x10* mol-L™" and 1x
10° mol-L™" respectively. The fluorescence quantum yield
(QY) was detected with quinine sulfate in 0.05 mol-L
sulfuric acid and 2-aminopyridine in 0.1 N H,SO, as the
standard. Organic solvents were purified by distilling and
have been checked to show no fluorescent impurity.

Scheme 1 The structures of
two benzoylthiourea derivatives
in this study

F--H

2FBDAPT
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Method of Calculation

We have performed electronic structure calculations to ex-
plore possible photophysical mechanisms. As a starting
point, the geometry optimization were performed by
employing Becke’s three-parameter hybrid method
(B3LYP) [26-28] with a Pople basis set, 6-31 G(d)
using the program package GO03 [29]. The harmonic
vibration frequencies were calculated to confirm the
stable structures. Subsequently, the ground-state minima
structures have been obtained by MP2 [30] method at
the same level. The complete active space self-
consistent field (CASSCF) methods [31, 32] with an
active space consisting of 12 electrons in ten orbits
were used to explore the excited state electronic struc-
tures. Pople basis set, 6-31 G(d) was used in all sub-
sequent steps. For each optimized structure, we have
performed single-point CASPT2 calculations [33, 34].
All of the CASSCF and CASPT2 calculations were
performed with the MOLPRO electronic code package
[35, 36].

Results and Discussion
Crystal Structures

The triclinic crystal structure of 2FBDAPT belongs to the
space group: P-1, a=8.859(3)A, b=9.872(4)A, ¢=10.232(4)
A; a=113.401(6)°, $=92.778(4)°, y=108.351(4)°; V=763.8
(5)A%, Z=2; deue=1.380 mg/m’, F(000)=332, R;,=0.0323.
Whereas the monoclinic crystal structure of 4FBDAPT,
belongs to the space group: P21/c, a=11.348(5)A, b=11.245
(5)A, c=12.059(5)A; Bp=97.247(19)°; V=1526.5(11)A°,
Z=4; dee=1.381 mg/m’, F(000)=664, R;,=0.1213. The
structures were deposited in the Cambridge Crystallographic
Data Center (CCDC 832390 and 832391). The crystal struc-
tures and crystal packing of the FBDAPTSs are shown in Fig. 1.

For the crystal of 2FBDAPT, there were two intra-
molecular hydrogen bond interactions, the hydrogen bond
of N(1)-H(1)---F(1), with the following parameters; the dis-
tance of N(1)---F(1), 2.685 A, the distance of H(1)---F(1),
1.96 A, the angle of N(1)-H(1)--F(1), 140.3 °; the hydrogen
bond of N(2)-H(2)---O(1), the distance of N(2)---O(1),
2.667 A, the distance of H(2)--O(1), 1.98 A, and the angle
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Fig. 1 The crystal structures
and crystal packing of the
FBDAPTs

The crystal of packing by an axis b
2FBDAPT

of N(2)-H(2)-O(1), 134.8 °. Whereas in the molecule of
4FBDAPT crystal, only one intra-molecular hydrogen bond,
N(2)-H(2A)--O(1) was found, the distance between N(2)
and O(1) was 2.628 A, and the distance between H(2A)
and O(1) was 1.91 A, with an angle of 139.3 °.

NMR and FTIR

"H NMR (CDCls): 2FBDAPT, §=2.98 (s, 6H, N(CHs),),
6.741 (d, J=8.4Hz, 2H, C13-H, C11-H), 7.235 (q, J,3=
8.0HZ, JF‘H:4.0HZ, J3’4:8.4HZ, IH, C3-H), 7.356 (t, J3’4:
J45=8.0Hz, 1H, C4-H), 7.513 (d, J=9.6Hz, 2H, C10-H and
C14-H), 7.654~7.594 (m, 1H, C2-H), 8.093 (t, J4 s=8.0Hz,
Js. neu=8.0Hz, 1H, C5-H), 9.604 (br, s, 1H, N2-H), 9.640
(br, s, 1H, N1-H) ppm. 4FBDAPT $=2.981 (s, 6H, N
(CHs;),), 6.750 (d, J=8.8Hz, 2H, C13-H, C11-H), 7.219 (4,
Js ¢=8.4Hz, J; 4=8.8Hz, 2H, C3-H, C5-H), 7.495 (d, J=
8.8Hz, 2H, C10-H and C14-H), 7.922 (q, 2H, Jsc=J23=
5.2Hz, Jpy=3.6Hz, 2H, C2-H, C6-H), 9.042 (br, s, 1H, N2-
H) ppm.

The measured infrared spectra of the title compounds
shows that v(C=0) and v(C=S) have already shifted to
lower frequencies while the v(NCN) have shifted to higher
frequencies, due to the 7 conjugation. Both peaks at
3426 cm™ correspond to the stretching v(N1-H1) vibrations.
The decrease of the absorption of 2FBDAPT molecule
indicated to the existence of the intramolecular hydrogen
bond. The bands at 3226 cm™ attributed to the v(N2-H2)
reveals the existence of an intra-molecular hydrogen bond.

The crystal of packing by an axis b
4FBDAPT

The peaks assigned to v(Ph-H) are sheltered in the wide
band at 3071 cm™ and 3035 cm™. The bands at 2881 cm™
and 2805 cm™' are assigned to the asymmetric and symmet-
ric v(CHj3) stretching vibrations, respectively. The weakly
bands at 2365 and 2339 cm™' should be assigned to the
stretching vibration of v(S-H), which indicates the existence
of the thiol tautomers. The strong absorbing v(C=0) band,
which appears at 1676 cm™ and 1669 cm™ apparently
decreases in frequency relative to the ordinary carbonyl
absorption (1710 ¢cm™) due to conjugated resonance with
the phenyl ring and by the formation of intra-molecular
hydrogen bonding with N-H. The bands at about 1614 cm’
! are attributed to the vibration of the phenyl ring. The
abnormally intense absorption peak at 1523 cm™ is regarded
as the asymmetric stretching vibrations of N-C-N. It reveals
that intra-molecular hydrogen bonding exists in the com-
pound. The intense absorption bands at 1518, 1513 cm™
indicate the presence of C=N double bonds. The stretching
vibration of C=S bonds appears at about 1278 cm.

Ultraviolet Visible Spectra

We compared and critically analyzed the absorption and
fluorescence characteristics in four different solvents, name-
ly 1,4-dioxane (an aprotic solvent of low polarity, e=2.21),
THF (an aprotic polar solvent, ¢=7.58), acetonitrile (an
aprotic strong polar solvent, ¢=36.64) and methanol (a
protic strong polar solvent, ¢=32.63). Because title com-
pounds have very low solubility in nonpolar solvents such
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as cyclohexane (static dielectric constant, £,~2.02), the fluo-
rescence or transient absorption could not be studied in this
solvent. We chose 1,4-dioxane (9~2.21) as the representa-
tive nonpolar aprotic solvent. The absorption spectra in the
studied solvents are depicted in Fig. 2. The maxima absorp-
tion wavelengths are listed in Table 1.

As shown in Fig. 2, two isomers exhibit similar absorp-
tion characteristics. The absorption bands exhibit the vibra-
tional structures with at least two bands at about 360 nm and
300 nm. From the data of Table 1, there is no significant
solvatochromic shift of the absorption maxima as a function
of the solvent polarity. Taking 4FBDAPT as an example, the
maxima wavelengths, A,;, of the first absorption bands are
at 361 nm in 1,4-dioxane, 360 nm in THF and 358 nm in
acetonitrile. The maxima wavelengths, A,,, of the second
absorption bands are at 298 nm in 1,4-dioxane, 300 nm in
THF, 297 nm in acetonitrile and 298 nm in methanol. The
attenuation of the long wave absorption bands in methanol
solvent for both compounds is observed, which is attributed
to the intermolecular hydrogen bond interaction between the
compounds and methanol molecules.

Fluorescence Property

The fluorescence spectra by the concentration of 1x10°
* mol-L™" were recorded. Both compounds exhibit fairly
complicated fluorescence emissions. The fluorescence spec-
tra of the title compounds are different from previous deter-
mined FBMPT [23]. Generally, both compounds emit the
lower energy fluorescence than that of FBMPT and BA. The
QY of 4FBDAPT with one hydrogen bond is 10-20 times as
intense as that of 2FBDAPT with two hydrogen bonds.
Fluorescence emission spectra of 2FBDAPT in the stud-
ied solvents are shown in Fig. 3. The excitation wavelengths
are in parentheses. The A, of the fluorescence bands and
the QY are compiled in Table 2. Fluorescence spectra ex-
hibit the fluorescence intensity decreasing with the polarity
of the solvents increasing. In the weak polar solvent, 1,4-

Dioxane

——THF

Acetonitrile
—— Methanol

0.8 <

ive absorption i

0.6 =
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0.2 =
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T
250 300 450 500

Relalive absorption intensity

Fig. 2 UV visible absorption spectra of both FBDAPTSs in four solvents
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dioxane, the variable A, of the wide single fluorescence
band changing from 515 nm to 480 nm is observed when the
excitation wavelength changes from 388 nm to 330 nm. And
the BHW (band half width) increases from 6324 cm™ to
9745 cm™. Excited at 260 nm, a single fluorescence band
with the A, of 312 nm is observed, which is similar to the
emission band of BA [22]. In the polar solvent, THF (e=
7.58), using the excitation wavelength of 434 nm, the fluo-
rescence spectra display one emission peak with the A, at
578 nm. When the excitation wavelength reduces to
324 nm, double fluorescence bands are observed. And the
long wavelength fluorescence also appears at 578 nm, but
the intensity decreases. The A« of the blue side fluores-
cence band is at 447 nm. At UV region, no fluorescence
emission is detected in THF. In the strong polar aprotic
solvent of acetonitrile, excited at 348 nm, the double fluo-
rescence bands are also detected. Comparing that in THF,
the double fluorescence bands shift red with the different
size and the fluorescence intensity weaken. The A, of the
long wavelength fluorescence shifts red to 622 nm, whereas
the A.x of the short wavelength fluorescence shifts red to
459 nm. In the strong polar protic solvent of methanol, only
a wide emission band is observed in fluorescent curves. The
Amax appears at 434 nm with the excitation wavelength at
331 nm. The abnormal blue shift can be attributed to the
intermolecular hydrogen bond interactions between the
sample molecules and solvent methanol molecules.

The fluorescence spectra of 4FBDAPT present more
complication. Because of the stronger fluorescence than that
of 2FBDAPT, the variable wavelength emission upon the
excitation wavelength is very obvious. The A, of the
fluorescence bands and QY in the studied solvents are
compiled in Table 3. Gradually increasing excitation wave-
length from 404 nm to 260 nm, the fluorescence spectra in
1,4-dioxane are exhibited in Fig. 4. At first, we observe a
wide fluorescence band with the A« of 520 nm upon the
excitation wavelength of 404 nm. The BHW of the fluores-
cence band is 7480 cm!. The A,y of the wide fluorescence

2.0
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14 —
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Table 1 Maxima absorption wavelengths of both FBDAPTs in the
studied solvents

Table 2 The maximum emission, A¢ (nm) and fluorescence quantum yield
(QY x107) of 2FBDAPT (excitation wavelengths are in parentheses)

Solvent Aa1 (nm) Agp (nm) Dioxane THF Acetonitrile Methanol
4FBDAPT Dioxane 361 298 g (nm) 312(266)
THF 360 300 QY 0.024
Acetonitrile 358 297 App,3(nm) 480(330) 447(324), 459(3438), 434(331)
Methanol 208 578(324) 622(348)
JFBDAPT Dioxane 360 302 QY 0.08 0.067, 0.06 0.046, 0.023 0.032
THF 359 303 A(nm) 515(388) 578(434)
Acetonitrile 362 298 QY 0.18 0-16
Methanol 300

band shifts to 464 nm upon the excitation wavelength of
370 nm. Increasing the excitation energy to 326 nm, the
fluorescence curves show the double undivided well peaks
fluorescence with the A, at 459 nm and 546 nm. Excited at
310 nm, one normal emission peak with the A, of 361 nm
is obtained. Adding the excitation energy to 290 nm, the
double fluorescence bands are detected again. Both A, are
at 361 nm and 479 nm. The last, excited at 260 nm, only one
fluorescence emission with the A, of 312 nm in UV region
is obtained. Additionally, we observe the A,,,x change from
464 nm to 485 nm and 492 nm upon the excitation wave-
length of 370, 369 and 368 nm. Excitation at progressively
shorter wavelengths results in a progressively increase of the
fluorescence wavelength, which is similar to the character-
istic of BA [22].

The fluorescence spectra of 4FBDAPT in the other sol-
vents are displayed in Fig. 5. In the polar solvent of THF,
similar to 2FBDAPT, excited at 354 nm, the fluorescence
spectra display double fluorescence bands with the A, of
584 nm and 472 nm. When the excitation wavelength is
reduced to 321 nm, the fluorescence band with the A, at

Wavenumber cm”
35000 30000 25000 20000 15000
T T T v T v 1 v 1
1 Dioxane (266nm)
| = = Dioxane (330nm) . 2,
1 - Dioxane (388nm) i sy
4 ——THF (324nm) . o 48

— — THF {434 nm}) L '

4 Acetonitrile (348nm) '
—— Methanol (331nm) 1

Intensity

| . I v | - I s I L 1 4 I = I L I L3
300 350 400 450 500 S50 600 650 700 750
Wavelength nm

Fig. 3 Fluorescent spectra of 2FBDAPT in the studied solvents

578 nm disappeared and the blue side fluorescence band with
the A 0492 nm increased. When the excitation wavelength
is reduced to 260 nm, different from that in 1,4-dioxane, the
double peaks are obtained again. Both A, of the double
peaks are at 332 nm and 458 nm. In acetonitrile, the double
fluorescence bands shift blue slightly with the different size.
The A« of the red side fluorescence shifts to 550 nm and the
fluorescence intensity weakens. And the A, of the blue side
fluorescence shifts to 463 nm and the fluorescence intensity
increases. Excited at 308 nm, the red side fluorescence van-
ishes and the A, of the blue side fluorescence shifts contin-
uously to 431 nm. In methanol, only a broad fluorescence
band appears in fluorescence curves with the maximum wave-
length of 434 nm upon the excitation wavelength of 335 nm.
Because of the two weak fluorescence emissions of
2FBDAPT upon the excitation wavelength of 260 nm in
1,4-dioxane, we can’t observe the fluorescence emission in
the other more polar solvents. However, the fluorescence
emission band of 4FBDAPT upon the excitation wavelength
of 260 nm in 1,4-dioxane is 24 times as intense as that of
2FBDAPT. In the other more polar solvents, the fluorescence
emissions are always detected and the fluorescence intensity
reduces as the polarity of the solvents enhances. In acetoni-
trile, we also observe the tail emission at 368 nm.

As shown in the fluorescence spectra, we can divide the
fluorescence spectra into four fluorescence bands: F1 fluo-
rescence of the A, at about 310 nm, F2 fluorescence of the
Amax at about 365 nm, F3 fluorescence, the A, from 434—
483 nm and F4 fluorescence of the A, above 546 nm. For
the better interpretation of our experimental results, the
excited states of the compounds considered are studied by
CASSCF and CASPT2 methods. Differences in fluores-
cence spectra in various solvents are discussed in detail.

Quantum Chemical Calculation

Quantum chemical calculation is based on the example of
4FBDAPT. The compounds have the hexatomic ringed
structure by the formation of the intramolecular hydrogen
bond of N-H...O [24]. The existence of the hydrogen bond
should incumber the rotation about the benzamide C-N bond
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Table 3 The maximum emis-

sion, A¢ (nm) and fluorescence Solvents Dioxane QY THF QY Acetonitrile QY Methanol QY
quantum yield (QY x107%) of
4FBDAPT (A(nm) is excitation Ae(nm) 260 260 258 267
wavelength) Ae(nm) 311 0.48 332,458 0.12,020 309, 368 0.28,0.12 307 0.21
Ae(nm) 310 321 308 335
A (nm) 361 0.45 492 0.19 431 0.12 450 0.092
Ae (nm) 290
Ae(nm) 364,479 0.15,0.26
Ae(nm) 326 354 332
Anm) 459,546 0.21,0.23 472,584 0.10,0.075 463, 550 0.15, 0.085
Ae(nm) 370
M(nm) 464 0.55
de(nm) 404
Ae(nm) 520 0.3

similar to BA[22]. A PES (Potential Energy Scan) is carried
out by rotating about the C-N bond of aniline. The structures
for the rotational coordinates are optimized with respect to all
coordinates except for the torsion angle defined by the atoms
C (8)-N (2)-C (9)-C (10) (Fig. 1). Two minima in potential
energy curve are fully optimized without constraints. The
structure for each point is confirmed by vibration analysis,
indicating no imaginary frequencies. Based on MP2 calcula-
tions of the ground state, we optimize the structures of the first
excited state using CASSCF method. And single point energy
is calculated by CASSPT2 method for each optimized struc-
ture of the excited state. The potential energy curve of the
ground state by CASPT2 method is shown in Fig. 6.

Two minima structures are found in the potential energy
curve of the ground state. The one was located at 37.5 ° and
the other at 138.4 © is slightly higher in energy by 0.01 eV. The
rotational barriers for both conformers are defined by the
peaks at 90 °, where the barrier is calculated to be 0.68 eV
(72.3 kJ/mol). The energy difference for the SO and S1 states
of both minima conformers are calculated to be 4.42 eV and
4.60 eV. As a consequence, the conformer at 138.4 © in the

0 2 4 6 8 10
10

excited state is less stable by 0.18 eV compared to the con-
former at 37.5 °. The energy gap for the SO and S1 states for
the conformer at 90 ° is calculated to be 1.72 eV.

As we know, the enol and thiol of these compounds can
exist stably by the intramolecular proton transfer respective-
ly. '"H NMR and FTIR methods have detected the chemical
shift of the proton of enol and the stretching vibration
frequency of sulthydryl group, which illuminates the exis-
tence of the thiol and enol tautomers. Both of enol and thiol
tautomers of the ground state are optimized at the level of
MP2/6-31 G(d). The structures of the excited singlet states
for two rotating isomers (keto isomers) and two tautomers
(enol and thiol) are optimized by CASSCF methods. The
structures of the ground states and the excited states are
displayed in Fig. 7. 4FBDAPT in the ground state is com-
posed of three parts, benzoyl ring, the carbonylthiourea ring,
which is composed by an intra-molecular hydrogen bond
between the carbonyl and the amido of thiourea, and the
toluidine plane. There is an angle between the benzoyl ring
and the carbonylthiourea ring with 29.5 °. Dihedral angle of
carbonylthiourea and toluidine is 37.9 °. For the structure of

26000 24000 22000 20000 18000 16000

1 Wavenumber cm™

ex=260nm
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ex=310nm] o
ex=326nm

—— ex=370nm
| —— ex=404nm |

Intensity
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T T T
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| —— ex=368nm|
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T T T T T
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Fig. 4 Fluorescence spectra of 4FBDAPT in 1,4-dioxane
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Fig. 5 Fluorescence spectra of 4FBDAPT in the solvents except for 1,4-dioxane

the first excited states, both C-N bond lengths are at average.
The double bond, C=8 (1.655 A), become the single bond
(1.756 A). The bond C=0 is shortened from 1.24 A to
1.2 A, which indicates the conjugation decrease. The struc-
tures of both rotating isomers in the first excited state are
very different from that in the ground state. The molecular
structures are extremely twisted in the first excited state. As
noted by Kasha and co-workers [18], the large Stokes shift
for fluorescence bands is indicative of a large change in
geometry prior to fluorescence. There is little change of the
structures between the first excited states and the ground-state
for both enol and thiol tautomers, which shows the local
excited (LE) characteristic of the first excited state. CASPT2
calculated energy levels are shown in Fig. 8. Similar to the
common thiocarbonyl compounds [37, 38], both keto isomers
have the low energy level of the first excited state.

In general, three mechanisms may be considered as the
origin for the multi- fluorescence bands. (a) The compound
exists in the different conformations in the ground and

0 20 40 60 80 100 120 140 160 13131

s T Ll Ll T | T I I

Relative energy eV

v Y v v — 1 r 17 v 1T 717
0 20 40 60 80 100 120 140 160 180
Dihedral angle(®)(C8-N2-C9-C10)
Fig. 6 Calculated potential energy surfaces of the first excited singlet

state structure for amide C-N rotation in 4FBDAPT (0 ° is Z isomer and
180 ° is E isomer) by CASPT2 method

excited state. These conformations have different energies
and are separated by a significant energy barrier. Thus, the
different emission rates are the result of equilibrating con-
formers with different fluorescence lifetimes. (b) Upon irra-
diation, the different transitions take place and lead to the
independent excited states. The excited states are deacti-
vated by fluorescence, however, with significantly different
emission rates. (c) The excited state intramolecular charge
transfer states can be existed. In the excited state, an intra-
molecular charge transfer may emit at different wavelengths
and with different fluorescence lifetimes.

Two minima conformations in the ground state of
4FBDAPT have almost the same energy levels. The low
energy barrier between both conformations in the ground
state (0.68 eV) indicating the different emission rates
shouldn’t be the result of equilibrating conformers with
different fluorescence lifetimes.

According to Kasha’s opinion of BA, we explain the F4
emission band as the TICT model. Large Stokes shift is the
character of TICT fluorescence. The maximum Stokes shifts
of F4 are 274 nm for 2FBDAPT and 230 nm for 4FBDAPT
in acetonitrile respectively. Additionally, the Stokes shifts of
F4 increase as the polarity of the solvents increase. Taking
4FBDAPT as an example, the Stokes shift increases from
220 nm in 1,4-dioxane to 230 nm in THF. And the intensity
of F4 decreases with the increase of the solvent polarity. The
TICT model has been presented since the discovery of the
dual fluorescence of p-dimethylaminobenzonitrile by Lip-
pert et al. [39]. A TICT state needs the full or nearly full
formation of electron transfer between donator and acceptor
group the twisted configuration against each other by 90 °
[40]. As shown in Fig. 8, because of the large structural
twist in the first excited state, the transition of S1/S0 can be
assigned to twisted intramolecular charge transfer (TICT)
transition. According to the calculation in Fig. 9, the energy
gap between SO and Sl is 2.4 eV. Comparing with the
maximum wavelength of the fluorescence band of experiments,
2.12 eV (584 nm) in THF, the error is 0.28 eV. The result of
PES can also check this assumption. The energy gap between
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Thiol tautomer

The ground state

The first excited single state

Fig. 7 Structures of the ground state and the first excited state of two tautomers and rotating isomers of 4FBDAPT

the lowest energy of SO state corresponding to the minimum
structures and the lowest energy of S1 state corresponding to
the conformer of 90 ° is 2.48 eV. Comparing to the emission
energy in THF 2.12 eV (584 nm), the error is 0.36 eV.

As we know, a charge-transfer transition should have a
significant rearrangement of the electron density in the mole-
cule. Frontier Molecular Orbitals (FMOs) obtained by MP2
method are shown in Fig. 9. The lowest energy transition
involving exclusively HOMO—LUMO transition is suggested
to be a charge-transfer state, which is characterized by transfer
of electron density from toluidine ring to acylthiourea.

F3 fluorescence indicates the ESIPT characteristics. ESIPT
is a phototautomerization in the excited state via an intramo-
lecular hydrogen bond involving the transfer proton to the

@ Springer

electronegative atom. It also indicates that a significant intra-
molecular relaxation takes place upon photo-excitation. The
relaxation should increase the Stokes shift. F3 fluorescence
bands have large Stokes shifts. The Stokes shift of 2FBDAPT
of F3 band is 123 nm in THF, and 4FBDAPT of F3 band is
198 nm in THF. The fluorescence band shifts red as the
polarity of the solvents increase. For example, the maximum
wavelength of 4FBDAPT shifts from 459 nm in 1,4-dioxane
to 472 nm in THF. And the fluorescence intensity enhances
with the increase of the polarity of the solvents. The large
BHWs of the fluorescence also indicate the ESIPT character.
As we have known, the enol and thiol of these compounds
exist stably by transfer one proton in the form of intramolec-
ular hydrogen bond. If the relaxation of ESIPT undergoes the
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Fig. 8 Relative energy levels of tautomers and rotating isomers of
4FBDAPT

process by intramolecular proton transfer, from the CASSPT2
calculation, the energy gap of S1/S1° from the S1 state of thiol
tautomer to the S1 state of keto tautomer is 2.69 eV and
2.51 eV, which is lower than the maximum emission energy,
2.70 eV (459 nm) in 1,4-dioxane of the fluorescence by
0.01 eVand 0.19 eV. Considering the larger error for the result
of the enol tautomer, we attribute the fluorescence emission to
the ESITP from the thiol tautomer to the keto tautomer.
Considering the overestimation of CASSCF method for ener-
gy calculated of the transition [41], we suggest that the under-
estimation should result from the interaction between the title
compounds and the solvent molecules.

The fluorescence at ca. 330 nm is proposed by Kasha to
originate from the lowest energy singlet state, S1. But, we
considered the F2 fluorescence band at 364 nm in 1,4-dioxane
and 368 nm in acetonitrile of 4FBDAPT as the ESIPT fluores-
cence. Large Stokes shifts of 74 nm in dioxane and 110 nm in
acetonitrile of the F2 band exhibit the existence of the relaxed
geometric state, and the Stokes shifts increase as the polarity of
the solvents increases. All of these indicate the ESIPT charac-
teristic. The ESIPT should be taken place between the thiol and
enol tautomers. The transition energy, S11/SOg from the first
excited state of the thiol tautomer to the ground state of the enol

HOMO

tautomer is 3.61 eV. Comparing with the emission energy in
fluorescence spectra, 3.4 eV (344 nm) in 1,4-dioxane, the error
is 0.21 eV.

The intensity of the F1 fluorescence decreases quickly in
the strong polar solvents. And the maximum of the fluores-
cence is almost independent of the solvent polarity. The
fluorescence band should belong to LE fluorescence. We
assign the F1 fluorescence band to the S1/S0 transitions of
the enol tautomer. As shown in Fig. 8, there is no change on
the structures between the first excited state and the ground
state. That is to say, the first excited state belongs to Frank
Condon state, and the transition from S1 to SO can be a local
transition. Normal Stokes shift of 50 nm displays the char-
acteristic of LE. According to CASPT2 calculation, the
energy gap between the first singlet excited state and the
ground state is 4.49 eV. Comparing with the emission ener-
gy, 4.0 eV (310 nm) in 1,4-dioxane, the error is 0.49 eV.

Similar to common thiocarbonyls, the gap of S2—S1 of
both keto isomers is larger than that of SI—S0. Strong S2-
fluorescence is a common and regular feature in these kinds of
compounds. The energy gap of the S2/S1 transition of both
keto isomers is 2.76 eV and 3.03 eV respectively. The fluo-
rescence emission energy of 2.70 eV in THF is slightly lower
than the energy gap of S2/S1 of keto isomer, so we can’t
eliminate F3 fluorescence bands to S2/S1 of keto isomers.
Similar to BA [22], the F4 fluorescence of TICT of both
compounds annihilates in protic solvent, methanol.

Additionally, both F3 and F4 fluorescence in acetonitrile
of 4FBDAPT shift blue unconventionally. The maxima
emission wavelengths of F3 and F4 shift blue from
472 nm and 584 nm in THF to 463 nm and 550 nm in
acetonitrile. The abnormal blue shifts are attributed to the
intermolecular hydrogen bond interactions. The free proton
of non-hydrogen bond in 4FBDAPT can form the intermo-
lecular hydrogen bond with nitrogen atom of acetonitrile
molecules of the solvent. According to the suggestion of
Han et al. [42—44], comparing to the intermolecular hydro-
gen bond interaction of the ground state, which should
decrease in the excited state, the weakening of hydrogen
bond results in the blue shift of the fluorescence emission

f?

LUMO

Fig. 9 Frontier Molecular Orbitals (FMOs) in the ground state by MP2 method
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The formation of the intramolecular hydrogen bond inter-
actions of N-H-F in the 2FBDAPT molecule reduced the
dipolar moments of 2FBDAPT molecule. At the same time,
it decreases the transition moments. The intensity of the
fluorescence is lower than that of 4FBDAPT. The existence
of the hydrogen bond of 2FBDAPT increases the coplanar of
the 2FBDAPT. The twist from the most stable conformer to
the conformer at 90 © spends the more times. That is to say, the
molecular relaxation time should increase, and the energy
wastage in the deactivation of the excited state increases.
Thus, the F4 fluorescence of TICT appears in the longer
wavelength than that of 4AFBDAPT. Additionally, for the
structure of the excited state of the thiol tautomers (Fig. 8),
both parts of benzoyl and thiol are almost the same planes, the
proton transfer between the thiol tautomer and the good co-
planar keto isomer of 2FBDAPT should be easier than that of
4FBDAPT. The energy wastage in the deactivation of the
excited state should decrease. Therefore, Stokes shift of F3
in 2FBDAPT is smaller than that of in 4FBDAPT.

Conclusion

The attenuation of the long wave absorption bands in protic
solvent is attributed to the intermolecular hydrogen bond
interaction between the compounds and the solvent mole-
cules. Quadruple fluorescence bands in studied solvents are
observed. Similar to BA, F4 fluorescence emissions be-
tween 546 nm and 622 nm are assigned to TICT model
and F3 emission bands from 434 nm to 483 nm are
explained by the ESIPT model from the S1 state of the thiol
tautomer to the S1 of the keto tautomer. Different from the
fluorescence of BA, F2 emission bands are attributed to
ESIPT from the S1 state of the thiol tautomer to the SO state
of the enol tautomer. F1 fluorescence emission originates
from the local S1 transition of the enol tautomer. The fluo-
rescence intensity of 2FBDAPT is weaker than that of
4FBDAPT, which results from the existence of the intramo-
lecular hydrogen bond of N-H-F. The formation of the
intermolecular hydrogen bond between a proton of non-
hydrogen bond in 4FBDAPT and nitrogen atom of acetoni-
trile molecules of the solvent produces the blue shift of the
charge transfer fluorescence of F4 and F3.
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