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ABSTRACT

Relative stabilities, dipole moments and response electric properties of fluorinated benzenes have been
studied using Hartree-Fock (HF) and correlated second-order Mgller-Plesset perturbation theory (MP2)
with the Sadlej’s POL basis set. At the highest MP2/POL level, on passing from benzene to
hexafluorobenzene the electronic mean polarizability value increases by only 3%, whereas the difference
on the polarizability anisotropy is comparatively larger (+19%). The polarizability anisotropy of
fluorobenzenes depends on the fluorination, increasing progressively with the increases of the number of
fluorine atoms, following a near-additive atomic contribution law. Dipole moments and first-order
hyperpolarizabilities among the investigated isomers differ up to a factor of two, these properties being
potentially useful to discriminate the fluorobenzene isomers. Hyperpolarizability differences between
the fluorinated isomers have been elucidated using hyperpolarizability density analyses. Electron
correlation effects evaluated at the MP2 level are especially important for the first-order
hyperpolarizabilities, increasing the HF values by 20-30%.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Fluorine-based organic compounds are widely used in industries
to produce precursors for medicinal and agricultural applications
[1-3]. Owing to the noticeable electronegativity difference between
carbon and fluorine atoms, C-Fs are generally strong polar bonds. It
is especially evident for fluoroaromatics, where H/F exchanges
drastically perturb electrostatic distributions [4,5]. Addition of
fluorine atoms is expected to decrease the partial negative charge
above the aromatic ring, thus reducing the attractive electrostatic
force between aromatic molecules and diminishing the binding
energy with cationic partners. However, there are indications
showing that fluorine atoms are actively involved in the binding of
fluoroaromatic drugs to proteins and drug receptors, with promising
properties for pharmaceutical applications [6,7].

Fluorobenzenes, are the smallest fluorinated aromatic com-
pounds, being of great interest in the research of anesthetic
substances [8]. Aromaticity of the series of fluorinated benzenes
was explored by means of nucleus independent chemical shift
calculations [5,9], extra cyclic resonance energy [5] and homo-
structural reactions [10]. Aromatic-aromatic and cation-aromatic
noncovalent interactions are of fundamental importance for aromatic
and cationic amino acids in determining functionality and stability of
proteins [11,12]. The role of molecular polarizability and other
electric properties, especially dipole and quadrupole moments of
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fluoroaromatics, can be crucial in binding of drugs to active sites [13].
Dipole moments and polarizabilities of fluorobenzenes were the
subject of many experimental and theoretical studies [13-23].

In the present work dipole moments and electronic dipole
(hyper)polarizabilities of benzene (B), fluorobenzene (FB), 1,2-
difluorobenzene (1,2-DFB), 1,3-difluorobenzene (1,3-DFB), 1,4-
difluorobenzene (1,4-DFB), 1,2,3-trifluorobenzene (1,2,3-TrFB),
1,2,4-trifluorobenzene (1,2,4-TrFB), 1,3,5-trifluorobenzene (1,3,5-
TrFB), 1,2,3,4-tetrafluorobenzene (1,2,3,4-TeFB), 1,2,3,5-tetrafluor-
obenzene (1,2,3,5-TeFB), 1,2,4,5-tetrafluorobenzene (1,2,4,5-TeFB),
pentafluorobenzene (PFB) and hexafluorobenzene (HFB) are deter-
mined theoretically by using ab initio methods. The main aim is to
characterize and analyze the electric properties in relation to the
number and position of the fluorine atoms in the benzene ring. Very
little is known about the hyperpolarizabilities of fluorobenzenes. To
the best of our knowledge, experimental and computational studies
on first-order hyperpolarizabilities are available only for FB and PFB
[16,18,20,23,24]. The electronic hyperpolarizabilities are used as
molecular descriptors in QSPR studies beside to the commonly
employed electric properties such as polarizabilities, dipole,
quadrupole and octupole moments [25-27]. Recently, Jameh-
Bozorghi and Beigi theoretically investigated dipole moments and
polarizabilities of fluorothiophenes as promising materials to build
conducting polymers [28]. The rest of the paper is organized as
follows: the computational methodologies are described in Section
2. The relative stabilities, basis set effects on the electric properties,
dipole moments and electronic (hyper)polarizabilities are presented
and discussed in Section 3. Finally our conclusions are summarized
in Section 4.
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2. Computational details

The geometries of the investigated compounds (Fig. 1) were
optimized in gas phase at DFT level using the B97-1 functional [29]
with the 6-311G** basis set [30]. The B97-1 method in combination
with basis sets of triplet-zeta quality was previously employed
with success for geometry optimization of cyclic compounds [31-
33]. Dipole moment components (4;), static electronic polarizabil-
ity (o) and first-order hyperpolarizability tensor components
(Bik) were computed analytically at the Hartree-Fock (HF) level
within the time-dependent HF (TD-HF) theory, respectively, as
first, second and third derivatives of energy (E) with respect to the
Cartesian components of electric field (F) [34,35]:
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It is well-known that the electronic (hyper)polarizabilities are
significantly affected by electron correlation effects [36-43]. Thus
in the present work we also performed calculations at the
correlated second-order Mpgller-Plesset perturbation theory
(MP2) within the frozen-core approximation [30]. The MP2 dipole
moment and (hyper)polarizability values were computed numeri-
cally by means of the finite field (FF) procedure described by Kurtz
at al. [44], using an F value of 0.005 a.u. The accuracy of the FF
approach was checked at the HF level, by comparing the properties
obtained by the analytical and numerical computations. It is
widely recognized in literature that, for an accurate (hyper)polar-
izability prediction it is necessary the use of flexible basis sets,
including polarized and diffuse functions [42,43,45,46]. All the
calculations presented here were carried out using the Sadlej’s POL
basis set [47]. It consists of a [10s5p2d/5s3p2d] contraction for the
first-raw atoms (carbon and fluorine) and a [5s2p/3s2p] contrac-
tion for hydrogen. This basis set was specifically designed to
accurately determine response electric properties. The POL basis
set is available from the EMLS basis set library [48,49] and was
previously employed for (hyper)polarizability calculations of the
CH4_,F, (n=0-4) series of compounds [50] and 7r-conjugated
molecules [51-55].

In the present work we report dipole moments (i), mean
polarizabilities ((«)), polarizability anisotropies (A «, Ay, Asar),
mean first-order hyperpolarizabilities (Byec), which are rotation-
ally invariant quantities [56-60]:

W=\ UE+ pug+ pu2 (3)
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Fig. 1. Molecular structures and Cartesian coordinate system.
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where B; (i=x, y, z) is given by

Bi :% Z (Bijj + Biij + Biji) (9)

Jj=xy.z

Atomic units are used throughout the work. Conversion
factor to the SI are: 1a.u. of u(eap)=28.478358 x 1073° Cm;
lau of «(e?ddE,')=1.648778 x 107" C’m? |%; lau. of
B(e3a3E,?) = 3.206361 x 10>° C* m3 ]2

All calculations were performed with Gaussian 03 program [61]
and Firefly QC package [62], which is partially based on the
GAMESS (US) [63] source code.

3. Results and discussion

1

o) = = (Olxx + Olyy + (4)

o 3( ot Gy ) The geometry of benzene and fluorobenzenes were optimized
at the B97-1/6-311G** level and the Cartesian coordinates are

Aoy = %(lex + o) — 0 (5) given in Tables S1-S10 of the Supplementary data. The agreement
between the calculated and available experimental structures of B,
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Aa; = {j (o — O‘yy)2 + (e — 0z)* + (otyy — az)’ + 6(0‘)20/ + g, + a;z)]} (6)
FB, 1,3-DFB, 1,3,5-TrFB and HFB [64-70] is satisfactorily, the

Aas = [(Ac )z (A )2]1/2 ) largest deviation being obtained for the C-F bond length of 1,3,5-

3= 2 - 1

TrFB (0.02 A).
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Table 1
Relative energies (Eg) and molecular hardness (1) of di-, tri- and tetra-
fluorobenzenes.?

Compound HF/POL MP2/POL
Er n Eg
1,2-DFB 4.09 120.15 412
1,3-DFB 0.00 120.85 0.00
1,4-DFB 1.00 120.07 0.92
1,2,3-TrFB 7.91 124.07 7.61
1,2,4-TrFB 4.86 122.46 443
1,3,5-TrFB 0.00 127.30 0.00
1,2,3,4-TeFB 3.87 125.46 3.71
1,2,3,5-TeFB 0.00 127.07 0.00
1,2,4,5-TeFB 0.94 125.69 0.76

2 Calculations are carried out on the B97-1/6-311G** geometries. Values in kcal/
mol.

3.1. Relative stability and hardness of di-, tri- and tetra-
fluorobenzenes

The relative energies for the di-, tri- and tetra-fluorobenzene
isomers calculated at the HF/POL and MP2/POL on the B97-1/6-
311G** geometries are reported in Table 1. At the HF/POL level of
computation the order of stability is:

1,3-DFB > 1,4-DFB > 1,2-DFB

1,3,5-TrFB > 1,2,4-TrFB > 1,2, 3-TrFB

1,2,3,5-TeFB > 1,2,4,5-TeFB > 1,2, 3,4-TeFB

This order is influenced by electrostatic repulsion interactions
of the negatively charged fluorine atoms. The effect of the electron
correlation (HF/POL — MP2/POL) is modest (within 8%) and does
not alter the above order obtained at the HF/POL level.
Additionally, we investigated the relative stability of the isomers
by using hardness [71]. Hardness (1) is a molecular property
commonly employed to characterize the relative stability and

energies (&), respectively:

1 1
n=5 (IE - EA) = 5 (éLumo — €Homo) (10)

The calculated HF/POL n values are included in Table 1. In
agreement with the relative energies, the most stable isomer is
predicted to be the hardest one. However, for the di-fluorobenzene
isomers the 7 values are very close to each other.

3.2. Basis set effects on the electric properties

As a case test we investigated the basis set effects on the
calculated p, o and B values of FB. Comparisons were performed at
the HF and MP2 levels using the POL [47] and Dunning’s correlation-
consistent triple-zeta aug-cc-pVTZ [72] basis sets. The results are
presented in Tables 2-4. The aug-cc-pVTZ basis set consists of
[4s3p2d] functions for hydrogen and of [5s4p3d2f] functions for
carbon and fluorine atoms. For FB this basis set gives a total of 437
basis functions, which are more than double the functions for the
POL basis set. The results show that, when passing from the MP2/POL
to MP2/aug-cc-pVTZ level, only marginal effects are observed on the
computed properties. In fact, the u, (), Ay and By values vary by
0.8, 0.2, 0.0 and 7.5%, respectively. The corresponding percentages
obtained at the HF level are almost similar being 1.0, 0.4, 0.1, and
6.0%, respectively. The above findings are in consistency with the
results previously published on electronic (hyper)polarizabilities
using the two basis sets [73-77]. However it is important to note
that, for FB the MP2/aug-cc-pVTZ hyperpolarizability calculations
require a CPU time ca. five times greater than that with the POL basis
set. Thus, the POL basis set can be regarded as a good compromise
between accuracy and computational cost and will be thoroughly
used for the subsequent computations.

3.3. Dipole moments

Benzene, 1,4-DFB, 1,3,5-TrFB, 1,2,4,5-TeFB and HFB, owing to
their symmetrical arrangement of atoms are non-polar molecules.
The calculated p values of the remaining fluorobenzenes obtained
at the HF/POL and MP2/POL levels on the B97-1/6-311G**
geometries are collected in Table 2. Both the employed theoretical
levels concordantly predict the following order of @ values:

PFB ~ 1,2,3,5-TeFB < 1,2,4-TrFB < 1,3-DFB ~ FB < 1,2,3,4-TeFB < 1,2-DFB < 1,2, 3-TrFB

reactivity of series of compounds [71]. An operative expression of n
is given in terms of ionization energy (IE) and electron affinity (EA),
which can be approximated by highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)

As should be expected, the i values are roughly determined by
the mutual disposition of the vectorial contributions from the C-H
and C-F bond moments. From present computations, the pu value
of 1,2,3-TrFB is calculated to be ca. the double of the value for PFB.

Table 2

Dipole moments () and static electronic first-order hyperpolarizabilities (Bc) of fluorinated benzenes.?
Compound Symm. n Buec

HF MP2 Exp. HF MP2

FB® Cay 0.700 (0.693) 0.588 (0.593) 0.629¢; 0.563¢ 189.4 (178.6) 233.1 (216.9)
1,2-DFB Cay 1.188 0.986 0.968°¢ 306.3 381.7
1,3-DFB Cay 0.697 0.580 0.594°¢ 175.8 2171
1,2,3-TrFB Cay 1.359 1.117 3335 418.9
1,2,4-TrFB Cs 0.676 0.555 0.552 163.8 204.8
1,2,3,4-TeFB Coy 1.165 0.949 0.952 271.8 3429
1,2,3,5-TeFB Cay 0.663 0.538 0.574 152.0 192.2
PFB Cay 0.662 0.534 0.566° 147.2 187.1

¢ Basis set POL. Calculations are carried out on the B97-1/6-311G** geometries. Values in a.u.

b Value in parentheses refers to the aug-cc-pVTZ basis set.
€ Ref. [78].
d Ref. [79].
¢ Ref. [80].
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Table 3

Static electronic mean polarizabilities ((«)), axx — ¢, polarizability differences and polarizability exaltation index values (I") of benzene and fluorinated benzenes.*
Compound Symm. (o) Qyx — Oy r

HF? MP2¢ Exp. HF MP2 Exp. HF MP2

B Den 68.28 69.66 67.48%; 74.22¢ 34.40 36.57 37.79 —22.26 —14.46
FB® Cay 67.38 (67.63) 69.56 (69.42) 74.22¢; 75.4" 35.25 (35.29) 38.56 (38.58) 38.88! -21.74 -13.48
1,2-DFB Coy 66.97 69.84 36.08 39.86 -20.73 -12.12
1,3-DFB Cay 66.74 69.68 35.00 37.53 —20.96 -12.28
1,4-DFB Dap 66.57 69.37 36.01 40.15 -21.13 -12.59
1,2,3-TrFB Cay 66.75 70.28 36.25 39.83 -19.53 -10.60
1,2,4-TrFB Cs 66.40 69.91 36.02 39.47 -19.88 -10.97
1,3,5-TrFB Dsp 66.35 70.02 36.20 39.95 39.48f -19.93 -10.86
1,2,3,4-TeFB Cay 66.58 70.67 36.75 40.18 -18.28 -9.13
1,2,3,5-TeFB Cay 66.41 70.58 37.33 41.91 —18.45 -9.22
1,2,4,5-TeFB Dap 66.28 70.38 35.88 38.60 -18.58 -9.42
PFB Cay 66.63 71.28 69.7" 37.44 41.30 41.48! -16.81 ~7.44
HFB Den 66.99 72.12 79.15 38.90 43.66 42.82f —15.03 —5.52

2 Basis set POL. Calculations are carried out on the B97-1/6-311G** geometries. Values in a.u.

Atomic (o) values: 4.49a.u. (H), 10.60a.u. (C), 3.07 a.u. (F).
Atomic () values: 4.49a.u. (H), 9.53 a.u. (C), 3.41a.u. (F).
Experimental gas phase value extrapolated at hw=0a.u. [81].
Experimental liquid phase value extrapolated at hw=0a.u. [20].
Experimental gas phase value at hw=0.072a.u. [18].

& Value in parentheses refers to the aug-cc-pVTZ basis set.

" Experimental gas phase value extrapolated at how=0a.u. [17].

! Experimental gas phase value at hw=0.072a.u. [17].

I Experimental gas phase value extrapolated at hw=0a.u. [19].

b
c
d
e
f

The electron correlation effect at the MP2/POL level decreases the
HF/POL w values by 0.1-0.2 a.u. (ca. 20%). The MP2/POL p values
reproduce the experimental figures [78-80] within 0.01-0.04 a.u.
(2-7%). Additionally, our calculated values agree reasonably well
with previous theoretical estimates [13-15].

3.4. Electronic polarizabilities

The calculated static electronic « values of the investigated
compounds are reported in Tables 3 and 4. Frequency-dependent
experimental polarizabilities are available for B [17-20,81-87], FB
[17,20], 1,3,5-TrFB [18], PFB [17] and HFB [18,19]. However it is
important to mention that, there are significant discrepancies
among the observed () values obtained using various techniques,
which in the case of B can reach up to 10%. Our calculated (o) data of
B agree reasonable well (within 1-3%) with the gas-phase zero-
frequency extrapolated value of Alms et al. [81]. The calculated ()
values are little affected by the F — H substitution. In fact, as can be
appreciated from the data reported in Table 3, the present («) values
vary in rather narrow range (0-3 a.u.). Among the di-, tri- and tetra-
fluorobenzene isomers the differences are much small (within

0.4 a.u.). However, our calculations predict (a)(B)~ («)(FB) in
agreement with the most recent experimental values reported by
Cheng et al. [20]. On the whole, the introduction of electron
correlation contributions (HF — MP2) increases the («) values, in
line with the usual literature data [32,33,36-43,52,54,55,57-60].
This effect increases with the increase of the number of fluorine
atoms, ranging from 1.4 a.u. (+2%) for B to 5.1 a.u. (+7%) for HFB.
Thus, at the MP2/POL level, (c)(HFB) > (o)(B), whereas at the HF/
POL level the contrary occurs. In a previous study, Trudell
determined the () values of B and fluorinated benzenes at the
HF/6-31G** level [13], which due to the lacking of diffuse functions
underestimate the HF/POL data by 8-20 a.u. (10-30%). Present MP2/
POL (&) values correctly reproduce the data formerly reported by
Perez and Sadlej for B (within 0.2 a.u.) [88] and by Soteras et al. [21]
for B, FB, 1,4-DFB and 1,3,5-TrFB (within 0.2 a.u.), using the same
level of calculation but different geometries. Our correlated («)(B)
value of 69.66 a.u. agrees satisfactorily with the available high-level
theoretical data previously obtained at the MP2/[5s3p2d/3s2p]
(69.28 a.u.) [60], MP2/6-31G(+sd + sp) (69.79 a.u.) [89], MP2/HUZ-
SV(+sd + sp) (68.50 a.u.) [90], CCSD/POL (68.30 a.u.) [91], TD-DFT-
PW91/[8s6p4d4f, 4s3p3d] (69.56 a.u.) [92], B3LYP/aug-cc-pVDZ

Table 4

Static electronic polarizability anisotropies (A;c, A,a, Asa) of benzene and fluorinated benzenes.?
Compound Symm. Ao Ao Asa

HF MP2 HF MP2 HF MP2

B Den 34.40 36.57 34.40 36.57 0.00 0.00
FB® Cov 34.94 (34.99) 37.60 (37.70) 34.94 (34.99) 37.63 (37.63) 0.55 (0.53) 1.67 (1.71)
1,2-DFB Coy 35.62 38.73 35.63 38.78 0.80 1.96
1,3-DFB Coy 35.53 38.72 35.54 38.77 0.91 2.05
1,4-DFB Dap 35.56 38.55 35.56 38.66 0.79 2.77
1,2,3-TrFB Cov 36.32 39.90 36.32 39.90 0.13 0.12
1,2,4-TrFB Cs 36.30 39.83 36.30 39.83 0.48 0.61
1,3,5-TrFB Dsp 36.20 39.95 36.20 39.95 0.00 0.00
1,2,3,4-TeFB Cov 37.12 41.08 37.13 41.11 0.64 1.55
1,2,3,5-TeFB Coy 37.06 41.12 37.06 41.14 0.48 1.38
1,2,4,5-TeFB Do 37.12 41.09 37.18 41.31 2.15 4.30
PFB Cov 37.96 42.37 37.97 42.41 0.90 1.85
HFB Den 38.90 43.66 38.90 43.66 0.00 0.00

@ Basis set POL. Calculations are carried out on the B97-1/6-311G** geometries. Values in a.u.

b Value in parentheses refers to the aug-cc-pVTZ basis set.
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44
| Ap=36.40+ 1.19xN
2=
42 r°=0.998
| A—n MP2

AQL=34.13 +0.76xN,

2=0.988
34 T T T T T T T
0 1 2 3 4 5 6

Number of fluorine atoms

Fig. 2. Calculated A, values as a function of the number of fluorine atoms of
fluorinated benzenes. Basis set POL.

(70.23 a.u.) [90], BLYP/DNP + 2 (70.78 a.u.) [16]. Additionally, the
MP2/POL (&) data of FB (69.56 a.u.) and HFB (72.12 a.u.) are in good
agreement, respectively, with those obtained at the BLYP/DNP + 2
(71.26 a.u.) [16] and LB94-LDA/POL (72.50 a.u.) [22] levels.

As can be appreciated from the data collected in Table 4, A;«
and A, values are almost equivalent each other (within 0.11 a.u.,
0.3%), consistently with the results previously obtained by Thakkar
and co-workers on series of ring-like compounds [57-60]. On the
other hand, the Az« data are much smaller than the corresponding
Ajax and Aya values, the largest datum in the series being
predicted for 1,2,4,5-TeFB (4.30 a.u. at the MP2/POL level). In
comparison to the () values, the effects of the hydrogen-fluorine
substitutions are much more substantial for the calculated
polarizability anisotropy values. In fact, at both the employed
theoretical levels, the A, value increases steadily with the
number of fluorine atoms (Ng), an excellent linear relationship
between Ay« and Ng being obtained (Fig. 2, 1% =1.00 and 0.99). In
particular, at the MP2/POL level on passing from B to HFB the A«
value increases by 7.1 a.u. (+19%). These results indicate that, for
the series of fluorobenzenes the A« value is ruled by an additive
law. Additive models for electronic polarizabilities using number
and type of atoms and bonds were previously explored on some
series of heterocyclic compounds [58-60]. As expected, the effects
of the electron correlation on the A« values are positive and as for
(or) increase with the fluorination, ranging from 2.2 a.u. (+6%) for B
to 4.8 a.u. (+12%) for HFB. Similarly to the («) data, the A« values
do not change significantly among the investigated isomers

44
|| G—o0 HF/POL
A—p MP2/POL
42
5 1 HFB
<
o~ 404
s N
d 4
| |
73335 38
3 ]
36
34 T T T T T T T

36 38 40 42 44

€

Oy — O (au)

Fig. 3. Relationship between calculated static and experimental dynamic [17,18]
Qxx — @z, values of benzene and fluorinated benzenes. HF/POL: o — qdlc =
0.87 x (P — ) +1.55 (1>=0.988); MP2/POL: o« — cdle — 130 x (aSP —
aSP) —12.05 (12 = 0.964).

mean polarizability of a molecule and 2;(«); is the summation of
the atomic polarizability of the atoms which constitute the
molecule. Calculated I values were previously employed to
estimate relative aromaticity of furan homologues [51] and
stabilities of atomic clusters [77,93,94]. A large negative [ value
denotes a very stable structure. The results reported in Table 3
show that, for all the investigated compounds the I value is
negative and steadily increases (less negative) as the number of
fluorine atoms increases. Specifically, at the MP2/POL (HF/POL)
level the absolute |I] value of B is higher than that of HFB by a
factor of 2.6 (1.5).

3.5. Electronic hyperpolarizabilities

Table 2 collects the static electronic B, values of the
fluorinated benzenes. As for the u values, the symmetric B, 1,4-
DFB, 1,3,5-TrFB, 1,2,4,5-TeFB and HFB molecules do not exhibit
Brec Values. We are aware of experimental frequency-dependent
first-order hyperpolarizabilities of FB from electric-field induced
second harmonic generation (EFISHG) at A =1910 nm [20] and
from electrooptical Kerr effect (EOKE) at A = 632.8 nm [17] and for
PFB from EOKE experiment at A = 632.8 nm [17]. The order of the
calculated B, values is analogous to that obtained for w:

PFB ~ 1,2,3,5-TeFB < 1,2,4-TrFB < 1,3-DFB < FB < 1,2,3,4-TeFB < 1,2-DFB < 1,2, 3-TrFB

(within 0.2 a.u.). For B, FB, 1,3,5-TrFB, PFB and HFB uniform
experimental data are available for the o,y — o, difference
obtained at the He/Ne laser wavelength of 632.8 nm
(hw=0.072 a.u.) [17,18]. Thus, we carried out a comparison
between the calculated static and experimental dynamic oy — @5,
values (Table 3). The relationships are illustrated in Fig. 3, showing
a very good agreement in both cases (1 = 0.96 and 0.99).
Besides to the (&), polarizability anisotropies and oy — oz,
values, we also evaluated the polarizability exaltation index, which
is determined as I'= (a)(mol) — 3 (a);, where (a)(mol) is the

In particular, B,/(1,2,3-TrFB) is calculated to be ca. twice the
value obtained for PFB. However, with respect to the u values, the
electron correlation effects on the 8,. data are positive and more
significant, increasing the HF/POL values by 40-85 a.u. (20-30%). It
is worth noting that, the present MP2/POL B,.. datum of FB
(233.1 a.u.) agrees reasonably well with the estimate of Matsu-
zawa and Dixon [16], previously obtained at the BLYP/DNP +2
level (249.1a.u.). In agreement with experiment [17], the
calculated static hyperpolarizability value of FB is higher than
the corresponding value for PFB, the MP2/POL B,..(FB)/Bye.(PFB)
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Fig. 4. Relationship between calculated S,.. and p values of fluorinated benzenes.
Basis set POL.

ratio of 1.25 being slightly higher than the experimental ratio
(1.12). This discrepancy is mainly due to neglecting of frequency-
dependent dispersion effects and vibrational contributions by the
present calculations. Interestingly, a linear relationship between
Buecand p values (r* = 0.97 and 0.99) is obtained (Fig. 4). This result
suggests that, as for the u data, the B, values of the
fluorobenzenes are affected by the mutual disposition among
the C-H and C-F bonds, mesomeric effects being expected to be
negligible for 8. Additionally, by analogy to the pu data, the Bec
values are rather different among the fluorobenzene isomers.
Indeed, on passing from 1,2,3-TrFB to 1,2,4-TrFB, the .. value
decreases by about a factor of two, whereas B, of 1,3,5-TrFB is
zero. A similar situation occurs for di- and tetra-fluorobenzenes,
where the f,.{(1,2-DFB)/B,.(1,3-DFB) and pB,.{(1,2,3,4-TeFB)/
Brec(1,2,3,5-TeFB) ratios are predicted to be 1.75 and 1.78,
respectively. Thus, anticipating future NLO applications, fluor-
obenzene isomers might be identified through EFISHG and EOKE
studies. As a test case, we analyzed the hyperpolarizability
differences between 1,2,3,4-TeFB and 1,2,3,5-TeFB. For 1,2,3,4-
TeFB, .. is the largest hyperpolarizability component, which is
calculated to be —163.5 and —206.8 a.u. at the HF/POL and MP2/
POL level, respectively, contributing to ca. 60% of the total
hyperpolarizability. The corresponding B.. values for 1,2,3,5-
TeFB are significantly less negative, being computed to be —25.1
and —46.7 a.u., respectively, almost determining the predicted 8.
differences between the isomers. The above results can be
elucidated on the basis of the spatial contributions of electrons
to the first-order hyperpolarizability, through a density analysis as
described in details in Refs. [95-97]. The B density, p®)(r), is
defined as follows (r denotes the position vector):

1
p(r.E) = pO ) + 3 PV O+ 5 > P (1FsFi
J J

1
+370 " P (DFFFy+ - (11)
T
! @) (r)d 12
ﬂijk:*j. rpj (rydr (12)
3 p(r,F
@ _ P F) p _
P (1) = 5 o, [Fj=0, F,=0 (13)

F
Bxxx = -163.5 a.u.

B = -25.1 a.u.

Fig. 5. Hyperpolarizability density distributions for 1,2,3,4-TeFB and 1,2,3,5-TeFB.
The yellow and blue surfaces (color figure online) refer to positive and negative
p,(f)(r) densities, respectively, computed at the iso-surface of 1 a.u. HF/POL results.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)

The p)(r) values were here evaluated at the HF/POL level for
the xx component through a numerical procedure [96]. When
considering a pair of localized positive and negative p(r)
densities, the magnitude of their contribution to g is proportional
to the distance between them, while the sign is positive if the
positive-to-negative p®X(r) direction coincides with the positive
direction of the coordinate system. Fig. 5 illustrates the pu(?)(r)
distribution for 1,2,3,4-TeFB and 1,2,3,5-TeFB isomers. As can be
appreciated from the figure, for 1,2,3,4-TeFB the most relevant
negative and positive px2X(r) contributions are well-separated,
determining the relatively great and negative B, value. By
contrast, 1,2,3,5-TeFB exhibits some negative-positive localized
Pxx2)(r) pairs which are in mutual opposition to each other. As a
result, the p(?)(r) pairs contributions tend to cancel to each other,
giving a comparatively smaller B value than that obtained for
1,2,3,4-TeFB.

4. Conclusions

In this study, we reported the relative stabilities, dipole
moments and static electronic (hyper)polarizabilities of benzene
and fluorinated benzenes using HF and MP2 levels with the Sadlej’s
POL basis set. The relevant conclusions are as follows:

(a) The mean electronic polarizability little changes along the
series of the investigated compounds. On the other hand, the
electronic polarizability anisotropy A,« steadily increases with
the fluorination, being linearly related to the number of
fluorine atoms with good statistics. For this series of molecules
the polarizability anisotropy A,« is nearly controlled by an
additive law.

(b) The dipole moments and electronic first-order hyperpolariz-
abilities are linearly related to each other, suggesting that they
are essentially determined by the mutual disposition of the C-
H and C-F bonds, the C-F mesomeric effects on these
properties being marginal.
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(c) The isomers of di-, tri- and tetra-fluorobenzenes could be
discriminated on the basis of their dipole moments and
electronic first-order hyperpolarizability values, which differ
from each other up to a factor of two. The hyperpolarizability
differences among the investigated isomers are clarified using
hyperpolarizability density analyses.

(d) The electron correlation effects evaluated at the MP2/POL level
are significant for dipole moments and especially first-order
hyperpolarizabilities, while they are little or moderate for the
relative energies and electronic polarizabilities.

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.
07.016.

References

[1] M. Hudlicky, Chemistry of Organic Fluoride Compounds, 2nd ed., John Wiley,
New York, 1976.

[2] R.E. Banks, Organofluorine Chemicals and Their Industrial Applications, Ellis
Horwood, Chichester, UK, 1979.

[3] D.B. Harper, D. O’'Hagan, Journal of Fluorine Chemistry 100 (1999) 127-133.

[4] A.V. Razgulin, S. Mecozzi, Journal of Medicinal Chemistry 49 (2006) 7902-7906.

[5] J.I. Wy, F.G. Puhlhofer, P.v.R. Schleyer, R. Puchta, B. Kiran, M. Mauksch, N.J.R. van
Eikema Hommes, I. Alkorta, J. Elguero, Journal of Physical Chemistry A 113 (2009)
6789-6794.

[6] H.-J. B6hm, D. Banner, S. Bendels, M. Kansy, B. Kuhn, K. Miiller, U. Obst-Sander, M.
Stahl, ChemBioChem 5 (2004) 637-643.

[7] ].B.Doyon, E.AM. Hansen, C.Y. Kim, ].S. Chang, D.W. Christianson, R.D. Madder, ].G.
Voet, T.A. Baird Jr., C.A. Fierke, A. Jain, Organic Letters 2 (2000) 1189-1192.

[8] Z. Fang, ]. Sonner, M.]. Laster, P. lonescu, L. Kandel, D.D. Koblin, E.LLIL Eges, M.].
Halsey, Anesthesia and Analgesia 83 (1996) 1097-1104.

[9] T. Okazaki, K.K. Laali, Organic & Biomolecular Chemistry 4 (2006) 3085-3095.

[10] D. Baric, B. Kovacevic, Z.B. Maksic, T. Muller, Journal of Physical Chemistry A 109
(2005) 10594-10606.

[11] J.C. Ma, D.A. Dougherty, Chemical Reviews 97 (1997) 1303-1324.

[12] S.K. Burley, G.A. Petsko, FEBS Letters 203 (1986) 139-143.

[13] J.R. Trudell, Biophysical Chemistry 73 (1998) 7-11.

[14] V.Ryzhov, C.-N. Yang, SJ. Klippenstein, R.C. Dunbar, International Journal of Mass
Spectrometry 185-187 (1999) 913-923.

[15] ]J. Hernandez-Trujillo, A. Vela, Journal of Physical Chemistry 100 (1996) 6524-
6530.

[16] N. Matsuzawa, D.A. Dixon, Journal of Physical Chemistry 98 (1994) 2545-2554.

[17] LR. Gentle, M.R. Hesling, G.L.D. Ritchie, Journal of Physical Chemistry 94 (1990)
1844-1847.

[18] LR. Gentle, G.L.D. Ritchie, Journal of Physical Chemistry 93 (1989) 7740-7744.

[19] G.L.D. Ritchie, J.N. Watson, Chemical Physics Letters 322 (2000) 143-148.

[20] L.-T.Cheng, W. Tam, S.H. Stevenson, G.R. Meredith, G. Rikken, S.R. Marder, Journal
of Physical Chemistry 95 (1991) 10631-10643.

[21] L Soteras, C. Curutchet, A. Bidon-Chanal, F. Dehez, ].G. Angyan, M. Orozco, C.
Chipot, F.J. Luque, Journal of Chemical Theory and Computation 3 (2007) 1901-
1913.

[22] A. Rizzo, C. Cappelli, B. Jansik, D. Jonsson, P. Salek, S. Coriani, D.J.D. Wilson, T.
Helgaker, Hans Agren, Journal of Chemical Physics 122 (2005) 234314/1-234314/
234314.

[23] ].0. Morley, Journal of the Chemical Society, Perkin Transactions 2 (1987) 1357-
1360.

[24] B. Champagne, International Journal of Quantum Chemistry 65 (1997) 689-696.

[25] RS. Asatryan, N.S. Mailyan, L. Khachatryan, B. Dellinger, Chemosphere 48 (2002)
227-236.

[26] C. Gu, X. Jiang, X. Ju, G. Yu, Y. Bian, Chemosphere 67 (2007) 1325-1334.

[27] AR. Katritzky, L. Pacureanu, D. Dobchev, M. Karelson, Journal of Molecular
Modeling 13 (2007) 951-963.

[28] S.Jameh-Bozorghi, H.S.I. Beigi, Journal of Fluorine Chemistry 132 (2011) 190-195.

[29] F.A. Hamprecht, A.J. Cohen, D.J. Tozer, N.C. Handy, Journal of Chemical Physics 109
(1998) 6264-6271.

[30] W.. Hehre, L. Random, P.v.R. Schleyer, J.A. Pople, Ab initio Molecular Orbital
Theory, Wiley, New York, 1986.

[31] R. Burcl, N.C. Handy, S. Carter, Spectrochimica Acta, Part A 59 (2003) 1881-1893.

[32] S. Millefiori, A. Alparone, Chemical Physics 303 (2004) 27-36.

[33] A. Alparone, A. Millefiori, S. Millefiori, Chemical Physics 312 (2005) 261-274.

[34] S.P. Karna, M. Dupuis, Journal of Computational Chemistry 12 (1991) 487-504.

[35] H. Sekino, RJ. Bartlett, Journal of Chemical Physics 85 (1986) 976-989.

[36] J.E.Rice, R.D. Amos, S.M. Colwell, N.C. Handy, ]. Sanz, Journal of Chemical Physics
93 (1990) 8828-8839.

[37] H. Sekino, RJ. Bartlett, Journal of Chemical Physics 98 (1993) 3022-3037.

[38] F.Sim, S. Chin, M. Dupuis, J.E. Rice, Journal of Physical Chemistry 97 (1993) 1158-
1163.

[39] G. Maroulis, A.J. Thakkar, Journal of Chemical Physics 90 (1989) 366-370.

[40] E.F. Archibong, AJ. Thakkar, Chemical Physics Letters 173 (1990) 579-584.

[41] E.F. Archibong, AJ. Thakkar, Chemical Physics Letters 201 (1993) 485-492.

[42] G. Maroulis, Chemical Physics Letters 289 (1998) 403-411.

[43] D. Xenides, G. Maroulis, Chemical Physics Letters 319 (2000) 618-624.

[44] H.A. Kurtz, J.J.P. Stewart, KM. Dieter, Journal of Computational Chemistry 11
(1990) 82-87.

[45] D.M. Bishop, G. Maroulis, Journal of Chemical Physics 82 (1985) 2380-2391.

[46] ].E. Rice, N.C. Handy, Journal of Chemical Physics 94 (1991) 4959-4971.

[47] AJ. Sadlej, Collection of Czechoslovak Chemical Communications 53 (1988)
1995-2016.

[48] D. Feller, Journal of Computational Chemistry 17 (1996) 1571-1586.

[49] K.L.Schuchardt, B.T. Didier, T. Elsethagen, L. Sun, V. Gurumoorthi, J. Chase, J. Li, T.L.
Windus, Journal of Chemical Information and Modeling 47 (2007) 1045-1052.

[50] O. Quinet, B. Champagne, Journal of Chemical Physics 109 (1998) 10594-10602.

[51] S. Millefiori, A. Alparone, Journal of Molecular Structure: Theochem 431 (1998)
59-78.

[52] S. Millefiori, A. Alparone, Physical Chemistry Chemical Physics 2 (2000) 2495-
2501.

[53] S. Millefiori, A. Alparone, Chemical Physics Letters 332 (2000) 175-180.

[54] A. Alparone, A. Millefiori, S. Millefiori, Chemical Physics 298 (2004) 75-86.

[55] A. Alparone, H. Reis, M.G. Papadopoulos, Journal of Physical Chemistry A 110
(2006) 5909-5918.

[56] V. Keshari, W.M.K.P. Wijekoon, P.N. Prasad, S.P. Karna, Journal of Physical Chem-
istry 99 (1995) 9045-9050.

[57] E.F. Archibong, A J. Thakkar, Molecular Physics 81 (1994) 557-567.

[58] N. El-Bakali Kassimi, R]. Doerksen, A.J. Thakkar, Journal of Physical Chemistry 99
(1995) 12790-12796.

[59] N.El-Bakali Kassimi, R.J. Doerksen, A.J. Thakkar, Journal of Physical Chemistry 100
(1996) 8752-8757.

[60] RJ.Doerksen, A J. Thakkar, International Journal of Quantum Chemistry 60 (1996)
1633-1642.

[61] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, ]J.R. Cheeseman,
J.A. Montgomery Jr., T. Vreven, K.N. Kudin, ].C. Burant, J.M. Millam, S.S. Iyengar, .
Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G.A. Petersson, H.
Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, ]. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J.E. Knox, H.P. Hratchian, ].B.
Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R.E. Stratmann, O. Yazyev,
AlJ. Austin, R. Cammi, C. Pomelli, ].W. Ochterski, P.Y. Ayala, K. Morokuma, G.A.
Voth, P. Salvador, J.J. Dannenberg, V.G. Zakrzewski, S. Dapprich, A.D. Daniels, M.C.
Strain, O. Farkas, D.K. Malick, A.D. Rabuck, K. Raghavachari, J.B. Foresman, J.V.
Ortiz, Q. Cui, A.G. Baboul, S. Clifford, ]. Cioslowski, B.B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R.L. Martin, D.J. Fox, T. Keith, M.A. Al-Laham,
C.Y. Peng, A. Nanayakkara, M. Challacombe, P.M.W. Gill, B. Johnson, W. Chen,
M.W. Wong, C. Gonzalez, GAUSSIAN 03. Revision E.01, Gaussian, ].A. Pople, Inc.,
Wallingford, CT, 2004.

[62] A.A. Granovsky, Firefly Version 7.1.G, http://www.classic.chem.msu.su/gran/fire-
fly/index.html.

[63] M.W. Schmidt, K.K. Baldridge, ].A. Boatz, S.T. Elbert, M.S. Gordon, J.H. Jensen, S.
Koseki, N. Matsunaga, K.A. Nguyen, SJ. Su, T.L. Windus, M. Dupuis, J.A. Mon-
tgomery, Journal of Computational Chemistry 14 (1993) 1347-1363.

[64] K. Tamagaua, T. lijima, M. Kimura, Journal of Molecular Structure 30 (1976) 243-
253.

[65] J. Almlof, K. FeagriJr., Journal of the American Chemical Society 105 (1983) 2965-
2969.

[66] C.W.Bock, M. Trachtman, P. George, Journal of Computational Chemistry 6 (1985)
592-597.

[67] G. Portalone, G. Schultz, A. Domenicano, I. Hargittai, Journal of Molecular Struc-
ture 118 (1984) 53-61.

[68] J.E. Boggs, F. Pang, P. Pulay, Journal of Computational Chemistry 3 (1982) 344-
353

[69] EJ.H. Van Schaick, HJ. Geise, F.C. Mijlhoff, G.G. Renes, Journal of Molecular
Structure 16 (1973) 389-393.

[70] A. Almenningen, I. Hargittai, J. Brunvoll, A. Domenicano, S. Samdal, Journal of
Molecular Structure 116 (1984) 199-206.

[71] P. Chattaraj, U. Sarkar, D.R. Roy, Chemical Reviews 106 (2006) 2065-2091, and
references therein.

[72] D.E. Woon, T.H. Dunning, Journal of Chemical Physics 100 (1994) 2975-2988.

[73] A. Avramopoulos, H. Reis, J. Li, M.G. Papadopoulos, Journal of the American
Chemical Society 126 (2004) 6179-6184.

[74] H. Reis, A. Grzybowski, M.G. Papadopoulos, Journal of Physical Chemistry A 109
(2005) 10106-10120.

[75] B. Champagne, E. Botek, M. Nakano, T. Nitta, K. Yamaguchi, Journal of Chemical
Physics 122 (2005) 114315/1-114315/12.

[76] A. Alparone, A. Millefiori, S. Millefiori, Chemical Physics Letters 409 (2005) 288-
294.

[77] A. Alparone, Theoretical Chemistry Accounts 131 (2012) 1239/1-1239/14.

[78] D.R.Lide (Ed.), CRC Handbook of Chemistry and Physics, CRC Press, Boca Raton, FL,
2005.

[79] L. McClellan, Tables of Experimental Dipole Moments, vol. 1, Freeman, San
Francisco, 1963.

[80] S. Doraiswamy, D.D. Charma, Pramana 2 (1974) 219-225.

[81] G.R. Alms, A.K. Burnham, W.H. Flygare, Journal of Chemical Physics 63 (1975)
3321-3326.

[82] G.R. Meredith, B. Buchalter, C. Hanzlink, Journal of Chemical Physics 78 (1983)
1543-1551.


http://dx.doi.org/10.1016/j.jfluchem.2012.07.016
http://dx.doi.org/10.1016/j.jfluchem.2012.07.016
http://www.classic.chem.msu.su/gran/firefly/index.html
http://www.classic.chem.msu.su/gran/firefly/index.html

A. Alparone/Journal of Fluorine Chemistry 144 (2012) 94-101 101

[83] A. Proutiere, M. Camail, Molecular Physics 29 (1975) 1473-1483.

[84] M.P. Boogard, A.D. Buckingham, RK. Pierens, A.H. White, Journal of the Chemical
Society, Faraday Transactions 1 (74) (1978) 3008-3015.

[85] RJ.W. Lefevre, L. Radom, Journal of the Chemical Society B (1967) 1295-1298.

[86] U.W. Suter, P.J. Flory, Journal of the Chemical Society, Faraday Transactions 2 (73)
(1977) 1521-1537.

[87] M.-T. Zhao, M. Samoc, P.B. Sing, P.N. Prasad, Journal of Physical Chemistry 93
(1989) 7916-7920.

[88] ].J. Perez, AJ. Sadlej, Journal of Molecular Structure: Theochem 371 (1996) 31-36.

[89] S. Nakagawa, Chemical Physics Letters 246 (1995) 256-262.

[90] S. Millefiori, A. Alparone, Journal of Molecular Structure: Theochem 422 (1998)
179-190.

[91] K. Kowalski, ].R. Haommond, W.A. de Jong, AJ. Sadlej, Journal of Chemical Physics
129 (2008) 226101/1-226101/3.

[92] L.Jensen, P.T. van Duijnen, ].G. Snijders, D.P. Chong, Chemical Physics Letters 359
(2002) 524-529.

[93] G. Maroulis, D. Begué, C. Pouchan, Journal of Chemical Physics 119 (2003) 794-
797.

[94] G. Maroulis, C. Pouchan, Physical Chemistry Chemical Physics 5 (2003) 1992-
1995.

[95] M. Nakano, I. Shigemoto, S. Yamada, K. Yamaguchi, Journal of Chemical Physics
103 (1995) 4175-4191.

[96] S. Yamada, M. Nakano, 1. Shigemoto, S. Kiribayashi, K. Yamaguchi, Chemical
Physics Letters 267 (1997) 445-451.

[97] M. Nakano, S. Ohta, K. Tokushima, R. Kishi, T. Kubo, K. Kamada, K. Ohta, B.
Champagne, E. Botek, H. Takahashi, Chemical Physics Letters 443 (2007)
95-101.



	Dipole (hyper)polarizabilities of fluorinated benzenes: An ab initio investigation
	Introduction
	Computational details
	Results and discussion
	Relative stability and hardness of di-, tri- and tetra-fluorobenzenes
	Basis set effects on the electric properties
	Dipole moments
	Electronic polarizabilities
	Electronic hyperpolarizabilities

	Conclusions
	Supplementary data

	References

