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ABSTRACT

Crystal structures of two benzoylthiourea isomers, named N-4-fluorobenzoyl-N’-4-tolylthiourea
(FBTT4) and N-2-fluorobenzoyl-N'-2-tolylthiourea (FBTT2) were determined by X-ray diffraction
method. It was found that intra- and intermolecular hydrogen bonds played an essential role in
determining their conformations. Electronic spectra of these two isomers (FBTTs) were investigated by
UV absorption spectra. The UV absorption bands indicating n — 7* transition become widened due to
intramolecular hydrogen bonds, while intermolecular hydrogen bonds between FBTTs and the solvent
molecules led to unusual blue shifts of the UV absorption band for  — 7 transition. The intensity of UV
absorption decreased as increasing the solvent polarity and the formation of intermolecular hydrogen
bonds. The absorption spectra of two isomers have been calculated with the TDDFT formalism. The
calculated absorption curves by the CPCM model considering the first solvent shell match well with the

experimental results.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Intra- and intermolecular hydrogen bonds play a critical role in
structure and function of molecules [1-5], and hold the important
station in photophysics and photochemistry. For instance, the
electronic excited states of the chromophores can be remarkably
adjusted by the surrounding intermolecular hydrogen bonds [6-
10]. Over the past few years, a variety of anionic fluorescence
chemosensors, such as the family of N-substituted N’-carbonyl
thiourea compounds, have been successfully developed [11-17].
Of such molecules, benzoylthiourea derivatives show interesting
luminescent properties with a very strong impact of the molecular
structure on their properties. They have been extensively studied
for their applications as ‘host’ molecules for recognization of ‘guest’
anions utilizing hydrogen bonds in the field of supramolecular
chemistry [18-25]. It has been reported that insertion of fluorine in
a strategic position of a molecule has emerged as a very powerful
and versatile tool for the development of compounds endowed
with biological activities, with changing the steric and electronic
parameters [26-33].

DFT method and Beck’s three-parameter hybrid method
(B3LYP) [34-36] had been employed to optimize the ground
structure of FBMPT [37] at the level of 6-31G (d). In the last few
years, time-dependent density functional theory (TDDFT) [38-40]
has been successfully applied for an accurate description of
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electronic excitations as well as for predicting absorption and
emission spectral characteristics. In the present work the
absorption energies for title compounds are calculated using
the TDDFT formalism. The solvent effect is modeled using the
Polarizable Continuum Model (PCM) [40-43].

FBTT2 has been synthesized by Yavari et al. under solvent-free
conditions [44], however, the crystal structures and the electronic
spectra of both FBTTs have not been reported. In order to
investigate the effects of intra- and intermolecular hydrogen
bonds on the photo-physical properties of FBTTs, both FBTT2 and
FBTT4 were prepared and structurally and photo-physically
characterized. Herein, in combination with quantum chemical
calculations, we attempt to explore the effects of hydrogen bonds
on the crystal structures and the properties of ultraviolet (UV)
absorption of FBTTs, aiming at providing guidance theoretically
and experimentally for searching for new fluorescent materials
and further exploring their applications in the future.

2. Results and discussion
2.1. Crystal structures

The summary of the experimental X-ray data is presented in
Table 1. The structures were solved using SHELXS [45] and refined
using the SHELXL program [46]. All hydrogen atom positions were
calculated and refined using the riding model. The molecular
structures of FBTT2 and FBTT4, the perspective views showing the
atomic numbering scheme and the crystal packings are presented in
Scheme 1 and Fig. 1. The bond parameters are compiled in Table 2.
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Table 1

Summary of X-ray diffraction data.
Compounds FBTT4 FBTT2
Crystal system Monoclinic Monoclinic
Empirical formula Ci5H13N,0FS Ci5H13N,0FS
Formula weight 288.33 288.33
Temperature 223(2) 223(2)

Lattice parameters

Space group

Z value

Dcalc

F000)

Radiation (Mo Ka) (A)

1 (MoKa) (mm™1)
Crystal dimensions (mm)
6 Range (°)

Reflections collected
Independent reflections
R(int)

Data

Restraints

Parameters

Max. and min. transmission
GOF on F?

Ry [I>20(1)]

WR; [I>20(1)]

R; [all data]

WR, [all data]

Largest difference peak (A%)

a=10.904(2)A
b=6.2780(11)A
c=20.630(4)A
B=94.496(5)°
1407.9(5)A®
P24/n

4

1.360g/cm®
600.00

0.71070

0.237

0.80 x 0.60 x 0.60
3.39-27.50
8428

3209

0.0248

3205

0

184

0.855 and 0.651
1.042

0.0444

0.1253

0.0580

0.1357

0.330 and —0.277

a=14.513(6)A
b=13.445(6)A
c=7.154(3)A
B=92.584(11)
V=1394.5(10) A3
P24/c

4

1.373g/cm?
600.00

0.71070

0.240

0.60 x 0.30 x 0.20
3.03-27.62
7473

3186

0.0771

3186

0

183
0.953 and 0.568
0.86

0.0630

0.1456

0.1306

0.1732

0.318 and —0.321

The crystallographic information files are deposited to the
Cambridge Crystallographic Data Center as CCDC 836991 for FBTT4
and 836992 for FBTT2. Important intermolecular hydrogen
bonding interactions in the crystals are depicted in Table 3.
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For FBTT4, one intramolecular hydrogen bond interaction,
N(2)-H(2)---0(1) exists with the following parameters: the
distance of N(2)---0(1), 2.691A4, the distance of H(2)---O(1),
2.01 A, the angle of 7 N(2)-H(2)---0(1), 135°. As for intermolecular
hydrogen bonds, one pair is N(1¥)-H(1¥)-..S(1) and N(1)-
H(1)- - -S(1*), with the distance of N(1)---S(1), 3.463 A, the distance
of H(1)---5(1), 2.67 A, the angle of ,N(1)-H(1)---S(1), 151.7°.
Another pair is N(2#)-H(2%)..-0(1) and N(2)-H(2)---0(1%), the
distance of N(2)- --O(1), 3.186 A, the distance of H(2)- - -O(1), 2.48 A,
the angle of ~ N(2)-H(2)---0(1), 139.0°. Other weak intermolecu-
lar hydrogen bonds include C(2#)-H(2#)..-F(1), symm., (—x+1/2,
y—1/2, —z—1/2) and C(2)-H(2)- - -F(1¥), symm., (1/2—x, y+1/2, -1/
2-7z),in which, the distance of C(2)- - -F(1)is 3.214 A, the distance of
H(2)---F(1) is 2.47 A and the angle of / C(2)-H(2)---F(1) is 136.3°.

For the molecular structure of FBTT2, two intramolecular
hydrogen bonds are observed. N(1)-H(1)---F(1) bears distances of
2.738 A between N(1) and F(1) and 2.14 A between H(1) and F(1),
with an angle of 125.8° for £ N(1)-H(1)---F(1). Another hydrogen
bond exists in the formation of N(2)-H(2)---O(1), with a distance of
2.696 A between N(2) and O(1), a distance of 2.02 A between H(2)
and O(1) and an angle of 134° for ,N(2)-H(2)---O(1). The
intermolecular hydrogen bonds are C(4)-H(4)- - -F(1¥), symm., (—x,
—1/2—y, 3/2—z) and C(4%)-H(4%). - -F(1), symm., (—x, 1/2—y, 3/2—2).
The distance of C(4) and F(1) is 3.131 A, the distance between H(4)
and F(1) is 2.49 A, and the angle of / C(4)-H(4)-- -F(1*) is 125.3°.

The intramolecular hydrogen bonds result in the special
molecular configurations and the intermolecular interaction mode,
which, in turn, leads to different crystal packing mode. Both
molecules are composed of three parts from left to right: benzoyl
ring, carbonylthiourea ring composed by the intramolecular
hydrogen bond N(2)-H(2)---0(1), and toluidine plane. Due to
the steric effect of o-methyl, the difference of the dihedral angles of
the carbonylthiourea plane and the toluidine plane in both FBTT
molecules is obvious, 60° for FBTT4 and 75.8° for FBTT2,

H
\

S
- e
N CHs
/
O H

FBTT4

Scheme 1. The molecular structures of FBTT2 and FBTT4.

Table 2
Some structure parameters by X-ray diffraction and MP2 methods.
FBTT4 FBTT2 FBTT4 FBTT2
X-ray MP2 X-ray MP2 X-ray MP2 X-ray MP2

Bond lengths (A) Bond angles (°)

S(1)-C(8) 1.6658(18) 1.655 1.649(3) 1.654 N(1)-C(7)-C(6) 114.60(13) 114.6 117.2(3) 116.7

0(1)-C(7) 1.226(19) 1.240 1.233(3) 1.241 0(1)-C(7)-C(6) 122.72(15) 121.6 119.9(3) 119.8

N(1)-C(7) 1.373(2) 1.378 1.357(4) 1.372 C(14)-C(9)-N(2) 121.04(14) 123.2 120.7(3) 120.0

N(1)-C(8) 1.394(2) 1.415 1.406(4 1.412 C(10)-C(9)-N(2) 118.94(16) 116.7 117.8(3) 118.2

N(2)-C(8) 1.333(2) 1.348 1.341(4) 1.347 F(1)-C(3)-C(2) 118.40(17) 118.8 118.1(3) 116.6
F(1)-C(1)-C(2)

N(2)-C(9) 1.433(2) 1414 1.440(4) 1.427 F(1)-C(3)-C(4) 118.35(18) 118.8 119.4(3) 120.6
F(1)-C(1)-C(6)

F(1)-C(3) 1.357(19) 1.354 1.352(4) 1.368

F(1)-C(1)

Bond angles (°) Torsion angles (°)

C(7)-N(1)-C(8) 129.32(13) 130.1 130.1(3) 129.0 C(5)-C(6)-C(7)-0(1) -29.3(2) -28.9 27.7(5) 7.0

C(8)-N(2)-C(9) 124.32(14) 128.4 122.3(3) 1233 C(1)-C(6)-C(7)-0(1) 148.70(17) 151.1 -149.4(3) -171.9

N(2)-C(8)-N(1) 116.40(14) 113.1 115.3(3) 114.7 C(5)-C(6)-C(7)-N(1) 150.65(15) 150.2 —152.4(3) -171.7

N(2)-C(8)-S(1) 125.24(13) 129.1 126.3(2) 126.7 C(1)-C(6)-C(7)-N(1) -31.3(2) -30.6 30.5(5) 9.3

N(1)-C(8)-S(1) 118.36(11) 129.1 118.4(2) 118.6 C(8)-N(2)-C(9)-C(14) 60.0(2) 39.1 -75.8(4) —80.2

0O(1)-C(7)-N(1) 122.68(15) 123.8 123.0(3) 123.5 C(8)-N(2)-C(9)-C(10) —122.43(18) —145.5 106.1(4) 104.0
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Fig. 1. Crystal structures with thermal ellipsoids drawn at 40% probability, the crystal of packing and optimized molecular structures obtained by MP2 method of FBTT4 and

FBTT2.

respectively. Little difference is found in bond lengths and bond
angles for the two crystal molecules.

As discussed above, intramolecular hydrogen bonds affect the
hydrogen bond interactions between molecules. On the other
hand, intermolecular hydrogen bond interactions also affect
molecular structures and the intramolecular hydrogen bond
interactions. The optimized molecular structures of both FBTTs
by MP2/6-31G (d) are also shown in Fig. 1. If we consider the
optimized structure by MP2 method as the criterion for FBTT4,
because of the two intermolecular hydrogen bonds N(2%)-
H(2%)---0(1) and N(2)-H(2)---0(1%), the dihedral angle, D(C(8)-
N(2)-C(9)-C(14)), increases from 39.1° obtained by MP2 method
to 60° in the molecule of the crystal. For FBTT2, the intermolecular

hydrogen bonds, C(4)-H(4). . .F(1¥)and C(4%)-H(4¥). . F(1) weaken
the intramolecular hydrogen bond, N(1)-H(1)...F(1). The dihedral
angle D(C(1)-C(6)-C(7)-N(1)), 30.5° in the crystal structure is
larger than 9.3°, calculated by MP2 method.

2.2. UV Spectra

The UV visible spectra are shown in Fig. 2, with the maximum
absorption wavelengths of FBTTs listed in Table 4. Generally, a B
band of m — 7* transition exhibits a red shift and an R band of
n — Tr* transition exhibits a blue shift as the polarity of the solvent
increases [47]. For FBTT4, the maximum wavelength, A,;, of the
first absorption band at 315 nm in cyclohexane shifts blue to
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Table 3
Intra- and intermolecular hydrogen bonds in FBTTs (distance: A, angle:°).
FBTT4 FBTT2
Intramolecular Distances Intramolecular Distances FBTT4
N(2)-H(2)---0(1) N(2)---0(1) 2.691(2) N(1)-H(1)---F(1) N(1)---F(1) 2.738(3)
H(2)---0(1) 2.01 H(1)---F(1) 2.14
£ N(2)-H(2)---0(1) 135.0 £ N(1)-H(1)---F(1) 125.8
Intermolecular N(2)-H(2)---0(1) N(2)---0(1) 2.696(3)
N(1)-H(1)---S(1*) N(1)---5(1) 3.4635(14) H(2)---0(1) 2.02
N(1%)-H(1%)---S(1) H(1)---S(1) 2.67 £ N(2)-H(2)---0(1) 134.0
Symm. op. (—x,1-y, —2) £ N(1)-H(1)---S(1) 151.7
N(2#)-H(2%)---0(1) N(2)---0(1) 3.1862(19) Intermolecular
N(2)-H(2)---0(1%) H(2)---0(1) 2.48 C(4)-H(4)- - -F(1%) C(4)---F(1) 3.131(4)
Symm. op. (1-x, 1-y, —2) £ N(1)-H(1)---0(1) 139.0 Symm. op. (—x, —1/2-y, 3/2-2) H(4)---F(1) 2.49
C(4%)-H(4%) - -F(1) £.C(4)-H(4)-- -F(1) 1253
C(2)-H(2)-- -F(1%) C(2)---F(1) 3.214 Symm. op. (—x, 1/2—y, 3/2-z)
Symm. op. (1/2—x, 1/2+y, —1/2-2) H(2) - -F(1) 2.47 C(4)-H(4)---F(1*)
C(2*)-H(2*). - -F(1) £ C(2)-H(2)---F(1) 136.3

Symm. op. (1/2—x, —1/2+y, —1/2-2)

312nm in THF, 306 nm in dichloromethane and 290 nm in
acetonitrile and methanol with the increase of the polarity of
the solvent, which shows n — 7* nature. The maximum wave-
length of the second absorption band, A,,, at 264 nm in
cyclohexane bathochromic shifts to 280 nm in dichloromethane
and 295 nm in THF as the increase of the solvent polarities,
indicating its 7 — 7" nature. The solvent effect of the shift results
from the stabilization of the excited states by increasing solvent
polarity, that is to say, the molecular structure of excited state is
more polar than that of ground state. The absorption intensity of
the second band dramatically decreases so that it is covered by the
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absorption band (A,;) in THF. The uncommon blue shift of the
second absorption band presents with the increase of the polarity
of the solvent further. Both maximum absorption wavelengths, X .o,
appear at about 265 nm in acetonitrile and methanol. The
phenomenon is related to the existence of the intermolecular
hydrogen bonds between the FBTT4 and solvent molecules. The
intensity of both absorption bands decreases as the polarity of the
solvent increases.

The UV absorption curves of FBTT2 in five solvents are similar to
those of FBTT4. The first absorption wavelength, A,;, of n — 7*
nature is at 318 nm in cyclohexane. The first blue shift absorption
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Fig. 2. Absorption curves of experiments and calculations for both FBTTs in the studied solvents.
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Table 4
The maxima absorption wavelengths by UV and TD-DFT calculations.
Compounds Solvents Aaz (NM) Aar (nm)
Experimental TD/CPCM Experimental TD/CPCM
FBTT4 Cyclohexane 264 265 315 292
Dichloromethane 280 253 306 291
THF 295 253 312 291
Acetonitrile 265 252 290 289
Methanol 265 252 290 289
FBTT2 Cyclohexane 264 258 318 325
Dichloromethane 285 262 298
THF 309 264 306
Acetonitrile 273 255 292 290
Methanol 273 255 290 290

band with the polarity of the solvent increasing is covered by the
second band, the bathochromic shift band of m — 7* nature in
dichloromethane and THF. Comparing with the UV absorption
spectra of FBTT4, the existence of the intramolecular hydrogen
bond, N-H- - -F in FBTT2 broadens the first absorption band. The
widening of the absorption band results in the appearance of only a
shoulder peak in cyclohexane. The absorption peaks have been
covered by the second absorption bands in THF and dichlor-
omethane, therefore it cannot be detected. The maximum
wavelength, of the second absorption band (A,;) is at about
264 nm in cyclohexane. It shifts red to 285 nm in dichloromethane
and 309 nm in THF and shifts blue to 273 nm in acetonitrile and
methanol. The intensity of both absorption bands decreases as the
polarity of the solvent increases. The intensity of these bands in
acetonitrile and methanol is too weak to be detected.

The intermolecular hydrogen bond interactions between FBTTs
and solvent molecules result in the uncommon blue shifts in
acetonitrile and methanol. Limited in the computer resources, we
consider the molecular complexes of the short-range intermolec-
ular hydrogen bond interactions of the first solvent-shell as solvent
effect. Taking FBTT4 as an example, the optimized complexes by
MP2 method of FBTT4 with the solvents, methanol and acetonitrile
are displayed in Fig. 3. In the complexes, the methanol molecules
act as the donor as well as the acceptor in the hydrogen bond
interaction. One acetonitrile molecule only acts as the donor and
the other as the donor as well as the acceptor in the hydrogen bond
interaction.

Frontier molecular orbitals (FMOs) are shown in Fig. 4. Both
FBTTs have similar FMOs. Lowest unoccupied molecular orbitals
(LUMO) are situated at the part of benzoylthiourea, which is a 7
conjugated orbital. The highest occupied molecular orbital
(HOMO) locates partly on aniline, thiocarbonyl and methyl. Thus,
the HOMO involves the lone pairs of sulfur. However, the lone pairs

of electrons of sulfur, which is twisted out of the plane of the
aromatic ring, cannot conjugate with the aromatic ring. The first
transition, HOMO — LUMO, possesses the property of n — 1™
transition. Hence, the blue shift in polar solvent can be observed.
The next highest occupied molecular orbital (HOMO-1) is a
conjugated orbital including the part of anilinethiourea. Therefore,
the second transition, HOMO-1 — LUMO, must be the transition of
T — 7%, and the red shift in polar solvents can be observed.
Solvent effects are calculated by CPCM model in cyclohexane,
dichloromethane and THF. In acetonitrile and methanol, because of
the existence of the intermolecular hydrogen bond interactions
between the FBTTs and the solvent molecules, the CPCM model is
used on the molecular complexes with the solvent molecules. The
simulated UV-visible absorptions are also shown in Fig. 2. The
calculated maximum absorption wavelengths are compiled in
Table 4. For FBTT4, in solution with a concentration of
10~*mol L', the number of solvent molecules are more than
solute molecules. The calculated model added a micro-solvent
shell considers the intermolecular interactions between FBTT4 and
solvent molecules and omits the interactions between FBTT4
molecules. Thus, the calculation should be effective. The calculated
absorption curves of FBTT4 in acetonitrile and methanol are similar
to that observed in experimental UV visible spectra. For example,
in methanol, the wavelength of the second absorption band
obtained from calculation is 253 nm and the corresponding value
in experiment is 265 nm, with an error of only 12 nm. The
difference between the calculations and the experiments is found
in cyclohexane, dichloromethane and THF. The calculated second
absorption bands shift blue slightly, whereas the absorption bands
of the UV spectra shift red. The difference may result from the
overlook of the interaction between the solute molecules. The
CPCM model only considers the solvent molecules as dipoles.
However, hydrogen bond interactions are larger than usual dipole

e o 54
J{ :\;4: J”j‘__ 2 ,5:

Poe

Fig. 3. Complexes of FBTT4 with methanol and acetonitrile molecules in the first solvation shell.
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Fig. 4. Frontier molecular orbitals of both FBTTs.

interactions. As we know, in crystals, there are a number of
intermolecular hydrogen bond interactions. In the solution of the
concentration of 1074 mol L™}, the interactions should exist.
Restricted by calculation resource, we have not further calculated
the larger scale system considering the interactions between the
solute molecules.

The calculated absorption curves of FBTT2 match well with
experimental spectra in all solvents. We have not observed the
unusual solvent effects in cyclohexane, dichloromethane and THF.
Because of the formation of two intramolecular hydrogen bonds of
FBTT2, the intermolecular hydrogen bond interactions in the
crystal of FBTT2 are weaker than that in the FBTT4. The calculation
ignoring the interactions between solute molecules in a dilute
solution is not enough to bring out the error. In acetonitrile and
methanol, the numbers of solvent molecules are also more than
that of the solute molecules. Thus, the calculation which omit the
interaction between the FBTT2 molecules and consider the
intermolecular interactions between the solute and solvent
molecules should be much more reasonable.

In a word, the intramolecular hydrogen bonds broaden the
absorption band of n— 7" nature. And the intermolecular
interactions between the solute and the solvent molecules cause
the 7m — 7™ absorption band to unusual blue shifts in the hydrogen
bonding solvents. The increase of solvent polarity and the
formation of intermolecular hydrogen bond interactions result
in the decrease of absorption intensity.

3. Conclusion

Intramolecular hydrogen bonding interactions affect the
intermolecular hydrogen bonding interactions. The different
intermolecular hydrogen bonding interactions result in the
different crystal packing of both isomers. The unusual blue shifts
of the second absorption bands in polar solvents, acetonitrile and
methanol, are due to the formation of intermolecular hydrogen

bonds between FBTTs and solvent molecules. The intramolecular
hydrogen bonds broaden the absorption band of the property of
T* — n transition. The TD-DFT/CPCM models adding the micro-
solvent in the first shell obtain satisfactory results.

4. Experimental

Crystal structures were determined by X-ray diffraction with
MERCURY CCD detector. The data were corrected for Lorentz and
polarization effects. The structures were solved by direct methods
[48] and expanded using Fourier techniques [49]. The absorption
spectra have been determined in the solvents at 5 x 10> mol L.
The absorption spectra were recorded on a UV-VIS spectropho-
tometer, CARY50.

The ground-state minimum structures and their hydrogen-
bonded complexes of both FBTTs are obtained by MP2 [50]
method. The harmonic vibration frequency calculations confirm
the stability of the structures. The absorption spectra are
calculated by TD-DFT (B3LYP) for the first ten singlet states of
the ground-state geometry. Solvent effects are considered by
CPCM model [51-57] and the combinational CPCM model added
the first solvent shell in hydrogen bond solvents [58,59]. Pople
basis set, 6-31G (d) is used in all subsequent steps. All calculations
have been performed with the Guassian 09 program package [60].

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.jfluchem.2012.09.005.
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