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Two fluoro-substituted 2-pyrazoline derivatives, 1-phenyl-3-(4-methoxyphenyl)-5-(4-fluorophenyl)-2-pyrazoline
(1) and 1-phenyl-3-(4-methoxyphenyl)-5-(2-fluoro-phenyl)-2-pyrazoline (2) have been synthesized and charac-
terized by elemental analysis, IR, UV-Vis and fluorescence spectra. The crystal structure of 1 has been determined
by X-ray single crystal diffraction. For the two compounds, density functional theory (DFT) calculations of the
structures and natural population atomic charge analysis (NPA) have been performed at B3LYP/6-311G** level of
theory. By using TD-DFT method, electron spectra of 1 and 2 have been predicted, which are very approximate with
the experimental ones. Comparative studies on 1 and 2 indicate that the location change of fluorine atom in
5-position phenyl ring of 2-pyrazoline does not make significant change of geometries and electronic transition
bands, but it leads to evident change of atomic charge distributions and peak intensities of UV and fluorescence
spectra.
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Introduction

The organic electroluminescence (OEL) devices have
shown several advantages over inorganic ones, such as low
cost, high luminous efficiency, wide selection of emission
colors and easy processing. Recently, a lot of works have been
focused on blue color emitting materials.'” Pyrazoline deriva-
tives, as fine blue light emission materials with high quantum
yield,4'7 have been investigated in many respects. Many 1,3,5-
triaryl-2-pyrazolines have been reported as hole transporting
or emitting materials in organic EL devices.”"' Our group
recently have also focused our attentions on investigating
1,3,5-triaryl-2-pyrazolines. 1 However, till now, comparative
studies on 1,3,5-triaryl-2-pyrazolines by both experimental
and theoretical methods are relatively rare. Herein, we wish to
report the synthesis, characterization and calculational studies
on two fluoro-substituted 2-pyrazoline derivatives, 1-phenyl-
3-(4-methoxyphenyl)-5-(4-fluorophenyl)-2-pyrazoline (1) and
1-phenyl-3-(4-methoxyphenyl)-5-(2-fluorophenyl)-2-
pyrazoline (2), including the crystal structure of 1. Also, by
using experimental and theoretical methods, some compari-
sons have been made between the two compounds, since the
electron-withdrawing group of fluorine atom is located at two
different positions in 1 and 2. We hope the comparisons can
indicate the effect of the substituent on the electronic
structure, which will provide insights that would be valuable
to the ongoing research on electroluminescent device and
could guide the molecular design of pyrazoline-based elec-
troluminescent materials.

Experimental and Theoretical Methods

Physical measurements. Elemental analyses for carbon,

hydrogen and nitrogen were performed by a Perkin-Elmer
240C elemental instrument. Electronic absorption spectra
were measured on a Shimadzu UV3100 spectrophotometer in
EtOH solution and solid-state fluorescence spectra were
measured on a F96-fluorospectrophotometer.

Synthesis. All chemicals were obtained from a commercial
source and used without further purification.

Synthesis of 1-phenyl-3-(4-methoxyphenyl)-5-(4-fluoro-
phenyl)- 2-pyrazoline (1): 1-(4-Methoxyphenyl)-3-(4-fluoro-
phenyl)-2-propenyl-1-ketone (0.01 mol) and phenylhydrazine
(0.015 mol) were mixed in acetic acid (40 mL) and stirred
during refluxing for 6 h. Then, the mixture was poured into
ice-water to afford yellow solids. The solids were filtrated and
washed with water until pH of the solution is about 7. Finally,
the yellow solid crystals of 1 were dried at room temperature.
Yield 88%. m.p. 134-135 °C. Anal. Calcd. for C2oH;9FN,O:
C, 76.28; H, 5.53; N, 8.09. Found: C, 76.09; H, 5.43; N, 8.00.
IR: v 3440 (s), 1599 (s), 1499 (s), 1383 (m), 1246 (m), 1030
(m), 827 (m), 741 (m), 534 (m) cm . The single crystals suitable
for X-ray measurements were obtained by recrystallization
from acetic ether at room temperature.

Synthesis of 1-phenyl-3-(4-methcxylphneyl)-5-(2-fluoro-
phenyl)-2-pyrazoline (2): In order to obtain 2, the same
procedure as for 1 was used. 1-(4-Methoxylphenyl)-3-(2-fluoro-
phenyl)-2-propenyl-1-ketone (0.01 mol) was used in place of
1-(4-methoxyphenyl)-3-(4-fluorophenyl)-2-propenyl-1-
ketone (0.01 mol). Yield 82%. m.p. 139.5-140.2 °C. Anal.
Calcd. for CxH19FNO: C, 76.28; H, 5.53; N, 8.09. Found: C,
76.09; H, 5.43; N, 8.00. IR: v 3448 (s), 1590 (s), 1499 (s), 1383
(m), 1254 (m), 1014 (m), 831 (m), 741 (m), 690 (m) cm .

Crystal structure determination of 1. The selected light
yellow crystal of 1 was mounted on a CCD area diffracto-
meter. Reflection data were measured at 0 °C using graphite
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monochromated Mo-Ka (A= 0.71073 A) radiation and a -
scan mode. The structure was solved by direct methods and
refined by full-matrix least-squares method on F. obs using the
SHELXTL software package.17 All non-H atoms were aniso-
tropically refined. The hydrogen atom positions were fixed
geometrically at calculated distances and allowed to ride on
the parent C atoms. Atomic scattering factors and anomalous
dispersion corrections were taken from International Table
for X-ray Crystallography. 8

Computational methods. Initial molecular geometries were
optimized using MM+ molecular modeling and semi-empi-
rical AM1 methods" (HYPERCHEM 6.0, Hypercube, Ont.,
Canada). Then, DFT calculations with a hybrid functional
B3LYP at basis set 6-311G** by the Berny method™ were
performed with the Gaussian 03 software package.21 The
calculated vibrational frequencies ascertained that the struc-
tures were stable (no imaginary frequencies). Based on the
optimized geometries and by using time-dependent density
functional theory (TD-DFT)ZZ'24 methods, electronic spectra
of 1 and 2 were predicted, respectively. Natural Bond Orbital
(NBO)” analyses were also performed based on the optimiz-
ed geometries.

All calculations were performed on a DELL PE 2850 server
and a Pentium IV computer using the default convergence
criteria

Results and Discussion

Crystal structure of 1. The compound 1 crystallizes in
triclinic system, space group P-1, with lattice parameters a =
9.443(7) A, b =10.210(7) A, ¢ = 19.626(13) A, o= 91.445
(13)°, =101.873(14)°, y=92.688(14) °, V'=1849(2) A’, Mr=
692.78 (CasH3sFaN,4Oy), Z =2, De = 1.245 g/em’, u = 0.084
mm ', F(000) =728, R = 0.0946, wR, = 0.2146. A displace-
ment ellipsoid plot, with the numbering scheme, is shown in
Figure 1.

The structure of 1 contains two independent [CH3OPhCs-
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H3N,PhPhF] structural units, hereafter named S1 [containing
F(1) atom] and S2 [containing F(2) atom]. Selected bond
lengths and bond angles by X-ray diffraction are listed in
Table 1. All of the bond lengths and bond angles in phenyl
rings are in the normal range. In pyrazolinyl rings, the bond
lengths of C=N and C-N are shorter than those found in
similar structures[C=N 1.291(2)-1.300(10) A, C-N 1.482(2)-
1.515(9) A],”® while both the N-N bond length are longer than
those found in the above-cited structures [N-N 1.373(2)-
1.380(8) A 1.°° The bond angles in the two pyrazolinyl rings
are all in good agreement with those in the above cited
structures.”® The dihedral angles between the pyrazolinyl ring
with the phenyl rings at positions 1, 3 and 5 of the pyrazoline
are 17.8(3)°, 15.8(3)° and 79.0(2)°in S1 and 15.1(3)°, 13.0(3)°
and 78.3(3)° in S2, respectively.

Figure 1. The molecular structure with the atomic numbering for the
compound 1.

Table 1. Selected geometric parameters by X-ray for 1 and theoretical calculations for 1 and 2 at B3ALYP/6-311G** level of theory

Bond lengths (A) Exp.for1 Bond lengths Exp.for 1 Calc. for 1 Calc. for 2
N(1)-N(2) 1.390(5) N(3)-N4) 1.385(5) 1.370 1.366
N(2)=C(9) 1.275(5) N(4)=C(31) 1.280(5) 1.288 1.286
N(1)-C(7) 1.480(5) N(3)-C(29) 1.472(6) 1.479 1.482
C(1)-C(2) 1.369(7) C(23)-C(28) 1.331(7) 1.387 1.392
C(3)-C4) 1.388(7) C(26)-C(27) 1.381(6) 1.398 1.398
C(5)-C(6) 1.363(6) C(24)-C(25) 1.401(7) 1.393 1.385
C(10)-C(11) 1.373(6) C(32)-C(37) 1.369(6) 1.405 1.404
C(16)-C(17) 1.375(6) C(38)-C(39) 1.373(6) 1.399 1.399
Bond angles (°)

N(2)-N(1)-C(7) 111.8(4) N(4)-N(3)-C(29) 112.4(4) 112.72 112.67
C(9)-N(2)-N(1) 110.1(4) C(31)-N(4)-N(3) 109.0(4) 110.31 110.46
C(5)-C(4)-C(3) 117.4(4) C(25)-C(26)-C(27) 117.8(4) 118.83 116.80
C(6)-C(1)-C(2) 122.7(5) C(28)-C(23)-C(24) 124.5(5) 121.92 119.89
C(11)-C(10)-C(15) 118.4(4) C(37)-C(32)-C(33) 117.8(5) 118.81 118.62
C(17)-C(16)-C(21) 116.8(4) C(39)-C(38)-C(43) 116.1(4) 117.76 117.72
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Figure 2. The optimized geometry for 2 with the same atomic scheme
as 1.

Optimized geometries. The optimized geometries of 1 and
2 have been obtained at B3LYP/6-311G** level of theory.
Although compound 1 contains two independent structural
units in the solid state, the two molecules denote the same
compound. So, for 1, only one molecule is optimized and the
optimized geometric parameters are also listed in Table 1. The
optimized structure of 2 is shown in Fig. 2. To make com-
parisons between compounds 1 and 2 more straightforward,
atomic numbering scheme was kept the same as in 1. Even
though there is no crystal structure of 2 available, the con-
formations of 2 and 1 are thought to be similar. So the
optimized geometric parameters of 2 were compared with the
values of the crystal structure of 1. The calculated geometric
parameters of 2 are also included in Table 1.

As seen in Table 1, most of the predicted geometric para-
meters have higher values than those determined experi-
mentally. This is most likely due to the fact that the experi-
mental data describe compound 1 in the solid state, whereas
the calculated data correspond to the molecules in the gas
phase. Comparing the predicted values with the experimental
ones, it can be found that, for both compounds, the biggest
difference in bond lengths is occurs at the C(23)-C(28) bond
with the difference being 0.056 A and 0.061 A for 1 and 2,
respectively. Considering the bond angles, the biggest varia-
tion between the experimental and predicted values is at bond
angle of C(6)-C(1)-C(2) with the difference being 2.58° for 1
and 4.61° for 2. Comparison between the calculated data of 1
with those of 2 indicates the differences between them are
very small, with bond length difference being only 0.008 A at
C(3)-C(4) and bond angle difference being 2.03° at bond
angle of C(6)-C(1)-C(2). Aforementioned comparisons indi-
cate that, the optimized geometry of 1 resembles closely its
crystal structure and B3LYP/6-311G** level of theory can
provide satisfying calculational precision for the system
studied here. Although the position of fluorine atom in 2 is
different from that in 1, the skeleton conformations of the two
molecules are very similar, indicating that the position of
fluorine atom in the molecules does not influence the
geometries of 1 and 2 in a significant way.

Atomic charge distributions. Based on the two optimized
geometries, the NPA atomic distributions for 1 and 2 have
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Table 2. NPA atomic charge distributions (e) and dipole moment
(Debye) of 1 and 2

group 1 2
N(1) -0.2617 -0.2506
N@©) -0.2629 -0.2550
C(7) -0.0282 -0.0294
C(8) -0.4295 -0.4277
C©) 0.2255 0.2264
pyrazolinyl ring -0.1133 -0.0958
1-position phenyl ring 0.1066 0.0993
3-position phenyl ring 0.2147 0.2120
p-methoxy -0.2030 -0.2052
5-position phenyl ring 0.3444 0.3371
F(1) -0.3494 -0.3474
dipole moment 4.1407 4.6423

been calculated. The non-hydrogen atomic charges in pyrazol-
inyl ring and the total atomic charge distributions in pyrazol-
inyl ring and three aryl rings are listed in Table 2. The dipole
moment values of 1 and 2 are also listed in Table 2.

As seen in Table 2, introducing fluorine atom at different
positions in 5-position phenyl ring of 2-pyrazolinyl ring has
led to the atomic charge distributions in 1 and 2 being different.
The fluorine atom in 1 is located at para position of 5-phenyl
ring of 2-pyrazoline, which seems to make it has stronger
electro-attracting ability than that in 2, where the fluorine
atom is located at ortho-position of 5-phenyl ring of 2-
pyrazoline. For example, the atom F(1) in 1 has more negative
charges (-0.3494 ¢) than that in 2 (-0.3474 e), while methoxy
group in 1 has less negative charges (-0.2030 e) than that in 2
(-0.2052 e). Accordingly, three phenyl rings in 1 have more
positive charges than the corresponding phenyl rings in 2 and
the pyrazolinyl ring in 1 has more negative charges than that
in 2. It is evident that such atomic charge redistributions have
changed the positive-negative charges center and the dipole
moment of 2 becomes bigger than that of 1 (see Table 2). It is
postulated that the change in the atomic charge distribution
influences the electronic and fluorescence spectra of 1 and 2
as discussed below.

Electronic spectra. For 1 and 2, experimental and theore-
tical electronic spectra are shown in Fig. 3 and the results are
listed in Table 3. To compare the experimental spectra with
theoretical values, TD-DFT method was applied to obtain a
predicted electronic spectra based on the B3LYP/6-311G**
level optimized structures.

As seen in Fig. 3 and Table 3, in ethanol solution, both
compounds 1 and 2 have three electronic transition bands and
the locations of the three peaks are extremely near, but the
intensities of the three peaks of 2 are lower than the corres-
ponding peaks of 1. Theoretically, for 1 and 2, there are also
three electronic transition bands obtained, but only two peaks
of 2 are slightly weaker than those of 1, which is different
from those in experiments. Compared the experimental data
with the predicted ones, one can find other three differences
between them: (1) all of the peak locations in theory have a
few red shifts compared with those in experiment; (2) all of
the theoretical peak intensities are stronger than the corres-
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Experimental UV spectra for 1 and 2
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Figure 3. Experimental (top) and theoretical (bottom) electronic spec-
tra for 1 and 2.

Table 3. Experimental and theoretical electronic absorption spectra
values

1 2
Ex Calc. Ex Calc.
p- (TD-DFT) p- (TD-DFT)
wave wave wave wave
length loge length loge Ilength loge length loge

(nm) (nm) (nm) (nm)

212 3.68 213 4.08 206 3.38 211 4.05
249 3.55 258 438 249  3.07 258  4.38
351 3.65 356 4.67 353 3.19 354 458

ponding ones in experiments; (3) in experiments, the weakest
peak intensities are at about 249-259 nm, while in theory, the
weakest peak intensities at about 211-213 nm. Aforemen-
tioned comparisons suggest that for the system studied here,
the B3LYP/6-311G** method simulates the electronic spectra
with approximation. It is remarkable that the different
substituted positions of fluorine atom in 1 and 2 do not change
the locations of electron transition bands, but the electron
transitions in 2 are more difficult than those in 1, which leads
to the electron transition intensities of 2 being weaker than
those of 1. Natural population analyses based on the B3LYP/
6-311G** optimized geometries show that the frontier
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Figure 4. Surfaces of HOMO-1, HOMO, LUMO and LUMO+1 for
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Figure 5. Experimental solid-state fluorescence emission spectra of
1and 2.

molecular orbitals of 1 and 2 are mainly composed of p atomic
orbitals, so electronic transitions corresponding to above elec-
tronic spectra are mainly assigned to » — #* and 7 — 7*
electronic transitions. Fig. 4 shows the surfaces of the
HOMO-1, HOMO, LUMO and LUMO + 1 for 1 and 2. As
seen in Fig. 4, for 1 and 2, the shapes of HOMO-1 and HOMO
are almost the same, while the shapes of LUMO and
LUMO+1 have some slight different.

In sum, although the different position of fluorine atom in 1
and 2 does not significantly change the electron transition
models, it leads to different transition intensity in 1 and 2.

Fluorescence spectra. Experimental solid-state fluorescence
spectra of 1 and 2 are shown in Fig. 5.

The emission bands of 1 and 2 are both observed at 439 nm
and 572 nm, lying in the blue-green region. At 439 nm, the
emission intensity of 2 is weaker than that of 1 and at 572 nm,
the emission intensities of 1 and 2 are the same. Evidently,
fluorine atom located at o-position of 5-position phenyl ring
of 2-pyrazoline in 2 decreases the fluorescence emission
intensity compared with that of 1. Maybe, this phenomenon is
also resulting from the different atomic charge re-distributions
in 1 and 2.

Thermodynamic properties. For 1 and 2, on the basis of
vibrational analyses and statistical thermodynamics, the
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Table 4. Thermodynamic properties at different temperatures for 1 and 2.
1 2
T(K) 1 1 1 1 1 1 1 1 1 1
n@mol Ky 8%, Jmol' K" A, (kI'mol™) Cm(mol" K" 8, Jmol' K" A, (kI'mol™)
200.0 259.40 564.35 30.28 258.88 558.41 30.07
298.1 379.73 690.17 61.60 379.19 684.02 61.34
300.0 382.01 692.53 62.30 381.46 686.37 62.04
400.0 498.32 818.73 106.45 497.77 812.41 106.13
500.0 595.35 940.73 161.31 594.84 934.30 160.94
600.0 672.85 1056.40 224.87 672.39 1049.87 224.45
700.0 734.78 1164.94 295.36 734.38 1158.35 294.90
800.0 785.01 1266.45 371.43 784.67 1259.81 370.94

standard thermodynamic functions: heat capacity (CO )
entropy (SO =) and enthalpy (HO m) were obtained and listed in
Table 4. The scale factor for frequencies is 0.96, which is a
typical factor for B3LYP/6-311G** method.

As observed in Table 4, all the values of C° P> S, and H',,
increase with the increase of temperature from 100.0 to 800.0
K, which is attributed to the enhancement of the molecular
vibration while the temperature increases. Although 1 and 2
have the same atomic numbers and molecular weight, the
substituted fluorine atom is at the different positions in 1 and
2, which results in the different vibrational models and fre-
quencies and ultimately leads to the different thermodynamic
properties of 1 and 2. As seen in Table 4, at each temperature,
the thermodynamic properties of 1 are slightly larger that
those of 2.

Conclusions

Two 2-pyrazoline derivatives of 1 and 2 have been synthe-
sized and characterized by elemental analysis, IR, UV-Vis and
fluorescence spectroscopy. The single crystal structure of 1
has been obtained. DFT calculations showed that the B3LYP/
6-311G** level of theory can provide satisfactory precision in
optimizing molecular geometries of 1 and 2. NPA atomic
charge distributions analysis indicates that fluorine atom
located at p-position of 5-position phenyl ring of 2-pyrazoline
plays an important role in pulling the electrons from the other
part of the molecule to F(1) atom, which leads to the re-
distributions of the atomic charge in 2 being different from
those in 1. All of the predicted electronic transition bands for
1 and 2 have a few red-shifts as compared to the experimental
values and all the theoretical peak intensities are stronger than
those of experimental ones. When the experimental electronic
and fluorescence spectra were considered, it was apparent that
the different position substitution of fluorine atom in the
5-phenyl ring of the pyrazoline changed the peak intensity.
Knowing how the substitution in the 5-phenyl ring of the
pyrazoline affects the compound's spectroscopic properties
may be a useful tool in studying pyrazoline-based electro-
luminescent materials.

Supplementary Data. Crystallographic data for the structure
reported here have been deposited with Cambridge Crystallo-
graphic Data Center (Deposition No. CCDC-700789). The
data can be obtained free of charge via www.ccdc.cam.ac.uk/

conts/retrieving.html (or from the CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033; e-mail:
deposit@ccdc.cam.ac.uk).
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