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The influence of a uniform static external electric field on some aliphatic and aromatic molecular species is
studied within the density functional theory (DFT) employing the 6-311++G(2d,2p) basis set with B3LYP
exchange-correlation prescription. The electric field perturbs the molecular geometry but drastically alters
the dipole moments and engenders, to a varying degree, the molecular vibrational Stark effect, i.e., shifts in
the infrared (IR) vibrational frequencies accompanied by spectral intensity redistribution. For polar molecules,
significant negative (“red”) and positive (“blue”) frequency shifts are observed for field orientations both
parallel and antiparallel to their permanent dipole moments. Further, a selective reordering of frontier orbitals
is observed to be brought about by moderately intense fields. In particular, molecules having a lowest
unoccupied molecular orbital (LUMO) with predominantπ character possess a threshold field beyond which
energy gap between the highest occupied molecular orbital (HOMO) and LUMO diminishes rapidly. A time-
dependent (TD) DFT analysis reveals that an increase in the applied field strength by and large increases the
excitation energies corresponding to significant electronic transitions among frontier MOs with a concomitant
decrease in their oscillator strengths.

I. Introduction

With the advent of molecular electronics, recent years have
witnessed a remarkable progress on the understanding of current
conduction through prototype molecular electronic devices such
as a single or, at best, a countable number of molecules.1,3,4

The conductance spectra of molecules and molecular wires have
a direct bearing on their response to applied external electric
fields.1-4 Electric fields modify the molecular geometry, drasti-
cally alter the electric dipole moments, and bring out a
redistribution of molecular orbitals (MOs) as well as a reduction
in the energy gap between frontier molecular orbitals. Further,
appreciable shifts in their infrared (IR) vibrational spectra
accompanied by a redistribution of the corresponding spectral
intensities as a function of the field strength are observed, an
effect that is aptly termed the molecular vibrational stark effect
(VSE). Choi et al.1 studied the role of molecular orbitals in the
conductance spectra of benzene using the hybrid density
functional calculations employing the 6-311++G(d,p) basis set.
A set of threshold electric fields was observed beyond which
the energy of the LUMO+ 2 gets lowered below the energy
of LUMO (lowest unoccupied molecular orbital) rendering the
molecule electronically active (Fth

| ) 0.2 V/Å and Fth
⊥ )

0.7 V/Å, whereFth
| andFth

⊥ denote the threshold electric field

strengths of the external electric fieldFB applied parallel and
perpendicular to the aromatic plane, respectively). More recently,
Li et al.2 found an appreciable reduction of the HOMO-LUMO
gap on increasing the length of molecular chain constituting
the molecular wires. Diminishing the gap is also evinced with
increasing external electric field strengths leading to spatial
distributions of frontier molecular orbitals that vary from fully
delocalized form to partly localized. Electrical conduction
through molecules essentially requires “promoting” an electron
to erstwhile virtual, unoccupied molecular orbitals (UMOs).
Contribution to the current conduction from higher UMOs and
the lower occupied ones has been investigated by Wang, Fu,
and Luo.4 On the basis of their studies on benzene-1,4-dithiol
and R,R′-xylyldithiol, they inferred that the upper UMOs
(LUMO + n, where n ) 10, 11, 12, 13, ...) contributed
significantly to the electron conduction compared to the low-
lying ones. Within the density functional theory (DFT), To´bik
et al.5 investigated the changes in the electronic structure of
small slabs of benzene (six layers) and anthracene (four layers)
due to electric field applied perpendicular to the slabs. They
found that the HOMO-LUMO band gap in benzene and
anthracene slabs “closed down” at the field values of 0.005 and
0.014 au, respectively (1 au of electric field strength= 51.42
V/Å). All these foregoing features form important descriptors
in molecular electronic architecture with molecular wire ele-
ments6 and in modeling the electrical characteristics of molecular
devices.7 A property of any molecule that is of primal
importance in the description of its response to an external
electric field is its electric polarizability,Ri j, and higher order
polarizabilities. These electrical properties enter in the expansion
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of the total energy8 as a function of the external electric fieldFB
via

where summation over repeated indices is assumed.Eo is the
energy of molecule in absence of field, theFi’s (i ) 1-3) denote
the components of applied field, theµi’s denote the components
of the electric dipole moment, andâijk and γijkl are the
components of first- and second-order hyperpolarizabilities,
respectively. Here, the molecular electric dipole momentµb is
defined as per the usual convention,

whereF(rb) is the charge density at the locationrb. The net dipole
moment, the most significant parameter that couples with the
externally applied field, arises as a sum-total contribution of
various response terms:

Hereµi
o denotes theith component of permanent dipole moment

in theabsenceof the field. The polarizability,Rij, thus quantifies
the linear response of molecule to the applied field whileâijk

andγijkl describe the leading nonlinear responses. The electrical
polarizabilities in general comprise electronic, vibrational, and
rotational contributions. The vibrational contribution to the
electrical properties have components arising from vibrational
average (which also incorporates the zero point contribution)
of the electronic properties over the perturbed vibrational wave
function and interaction of the nuclei with the applied field.9

The latter influences the structure and shifts the vibrational
levels, consequently, the vibrational (IR) spectrum of the
molecule. This is commonly referred to as the vibrational stark
effect (VSE)10,11and is quantified by a parameter viz. the Stark
tuning rate (STR), defined to be the shift in vibrational

frequency/unit applied electric field strength. The shift in the
vibrational (angular) frequency in terms of electric field11 is
expressible as

where∆µi and∆Rij are the differences in the dipole moments
and the linear polarizabilities corresponding to the ground and
excited states. Shift in vibrational frequency due to electric fields
in free and chemisorbed molecules has been investigated at
different levels of theory by various groups.12,14 VSE has also
been experimentally tractable15,16through vibrational frequency
shifts and redistribution of spectral line intensities of the IR
vibrational spectra. In VSE spectroscopy, these shifts provide
information on the different modes of molecular vibration,
including the understanding of anharmonicity.11,17Furthermore,
STR directly yields a map of variation in local fields at a specific
site in a molecular system. Thus, deviations in the vibrational
(IR) spectrum brought about by electric fields from their field-
free counterparts offer an alternative tool for probing the
electrostatic environment at dedicated sites of molecular com-
plexes.18

The spirit underlying this work is to explore some generic
responses of certain selected molecular species when stimulated
by external uniform electric fields. We attempt a systematic
theoretical study on the geometry, electronic states, and the
vibrational Stark effect. The diversified set of molecules studied
herein comprises methane, fluoromethane, ethylene, acetylene,
and formaldehyde (aliphatic species), as well as benzene,
fluorobenzene, chlorobenzene, 1,4-chlorofluorobenzene, hexaflu-
orobenzene, and pyridine (aromatic species). A molecule
possessing a dipole moment (either intrinsic or field-induced)
tends to align its dipole moment in the direction of applied field.
Hence it is expected that the results obtained in the present gas-
phase calculation in the presence of the electric field would
reasonably represent the experimental or computational results
obtained by matrix isolation19,20 of the molecules in a similar
environment.

In the following section we outline the methodology adopted
in this endeavor, followed by a discussion on the changes in
certain salient properties along with their ramifications.

TABLE 1: Aliphatic Molecules: Variation in Bond Lengths (Parallel to the Applied Field) and Electric Dipole Moments of
Molecules at Various Field Strengthsa

CH4 CH3F HCHO C2H4 C2H2

field (au)b C-H (Å) [µ] (D) C-F (Å) [µ] (D) C-O (Å) [µ] (D) C-C (Å) [µ] (D) C-H (Å) (C-C) (Å) (C-H) (Å) [µ] (D)

0.040 1.093 [1.66] 1.491 [4.18] 1.231 [4.82] 1.337 [3.79] 1.059 (1.204) (1.081) [3.30]
0.030 1.089 [1.21] 1.458 [3.55] 1.222 [4.20] 1.332 [2.77] 1.058 (1.200) (1.075) [2.43]
0.020 1.087 [0.80] 1.433 [2.99] 1.214 [3.60] 1.328 [1.82] 1.059 (1.198) (1.069) [1.60]
0.010 1.087 [0.40] 1.412 [2.46] 1.207 [3.01] 1.326 [0.90] 1.059 (1.197) (1.065) [0.79]
0.005 1.087 [0.20] 1.403 [2.20] 1.204 [2.71] 1.326 [0.45] 1.061 (1.196) (1.062) [0.39]
0 1.088 [0.00] 1.395 [1.96] 1.201 [2.42] 1.326 [0.00] 1.061 (1.196) (1.061) [0.00]

-0.005 1.089 [-0.20] 1.387 [1.71] 1.198 [2.12]
-0.010 1.091 [-0.40] 1.380 [1.47] 1.195 [1.82]
-0.020 1.095 [-0.83] 1.366 [0.97] 1.189 [1.20]
-0.030 1.101 [-1.29] 1.353 [0.48] 1.184 [0.53]
-0.035 1.105 [-1.54] 1.348 [0.23] 1.181 [0.17]
-0.040 1.109 [-1.81] 1.342 [-0.01] 1.179 [-0.22]
-0.045 1.337 [-0.27] 1.176 [-0.67]
-0.050 1.332 [-0.53] 1.174 [-1.19]

a In polar molecules, the fields are applied in the directions of permanent dipole moments. In methane, the field is applied from C to H and in
acetylene from the C-H bond in the first position to the latter. For polar species, the positive values represent the fields oriented parallel to the
permanent dipole moment, while the negative ones represent antiparallel orientations. Also cf. ref 13 for variation of bond lengths and dipole
moments of methane and acetylene as a function of applied field.b 1 atomic unit of electric field) 51.42 V/Å) 5142 MV/cm) 5.142× 1011 V/m
(SI).

E ) Eo - µiFi - 1
2
RijFiFj - 1

6
âijkFiFjFk -

1
24

γijklFiFjFkFl - ‚‚‚ (1)

µb ) ∫ rbF( rb) dτ

µi ) µi
o + RijFj + 1

2
âijkFjFk + 1

6
γijklFjFkFl + ‚‚‚ (2)

∆ω ) - 1
p[∆µiFi + 1

2
∆RijFiFj + ‚‚‚] (3)
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II. Methodology

We employ the Gaussian-03 suite of programs21 to investigate
the structural and electronic changes brought about by the
applied uniform static electric fields, such as those produced
by uniform, equal but oppositely charged plates of an infinite
parallel-plate capacitor. Systematic study on various modifica-
tions under the influence of externally imposed field is carried
out within the premise of the density functional theory (DFT)
using Becke’s three-parameter hybrid functional24 (B3) com-
bined with the electron-correlation functional of Lee, Yang, and
Parr25 (LYP). All calculations were carried out by optimizing
the geometry using the 6-311++G(2d,2p) basis set (triple-ú
basis set augmented with diffuse and polarization functions),
which uses 27 basis functions for heavy atoms and 10 for the
hydrogen atoms. By virtue of the flexibility proffered by the
polarization and diffuse functions, such an extended basis set
is deemed crucial for adapting to an external electric field.
Actually at a given location, the sum-total electric field will be
nonuniform owing to the contribution from local molecular
environment. The molecular geometry optimizations carried out
herein include, self-consistently, both the effects of the applied
field and the local one. Here the external electric field employed
is a uniform, bipolar one by means of which we investigate the
general trends in the molecular properties. The applied fields
were made to orient along (positive) and opposite (negative) to
permanent or induced dipole moments of polar as well as
nonpolar aromatic and aliphatic hydrocarbons and also perpen-
dicular to the of the molecular “plane” wherever pertinent. The
field was increased gradually from zero until it either dissociated
the molecules or escalated the molecules to a transition state-
like (TS) structure, so termed for being characterized by a single
imaginary frequency, hence a first-order saddle point on the
potential energy surface. We have considered fields of magni-
tude∼10-3-∼10-2 au, which can be observed in zeolite26 or
protein cavities.18,27Throughout this work, we use atomic units
for field strengths (recall that 1 au of electric field= 51.42
V/Å). Further, we have subscribed to the Stark tuning rates in
the units of cm-1/(MV/cm), as is customary.16,29Computations
of vibrational frequencies were carried out in presence of field
to confirm local minimality of the optimized structures in field,-
and to yield the IR spectrum perturbed by the applied field.
Since the optimization and the frequency calculations were
carried out in the presence of field, the effect of geometry
changes upon electric field application is well incorporated in
VSE. The time-independent calculation assumes a uniform
spatially and temporallyconstantelectric field that extends to
infinity is alwayspresent. This could be accomplished by placing
the molecule in a parallel-plate capacitor whose plates are of
infinite extent and well-separated so that the molecular wave
functions all have negligible values at the boundaries (at the
plates), thus eliminating boundary problems.T
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Figure 1. Orientation of field applied to benzene and the alignment
of induced dipole moment illustrated.
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Recently, in an extensive review, Dreuw and Head-Gordon30

advocated that the time-dependent DFT has emerged as a
reliable and prominent method to study the excited-state
properties of medium- and large-sized molecular systems. Also,
Burke and co-workers30 reported detailed studies on time-
dependent version of DFT (TD-DFT). To delve into the nature
of frontier HOMO-LUMO transitions, we have calculated TD-
DFT-based excitation energies and the oscillator strengths
yielded by employing the 6-311++G(2d,2p) basis set. The
computations performed being essentially perturbative in nature,
numerically large field strengths have been summarily avoided.
Since the investigations on field effects have been carried out
on isolated molecular species, a direct comparison of the
calculated quantities with the other correlated ab initio calcula-
tions or with the experiments is rather elusive. The field-free
values or the values obtained under similar environment as in
this work are compared with the available molecular data.

III. Results and Discussion

1. Geometry and Electric Dipole Moments. We have
considered some selected aliphatic and aromatic molecules
belonging to different symmetry point groups. In aliphatic
polar species, viz., fluoromethane and formaldehyde, the fields
were applied parallel to their permanent dipole moments,
whereas, in nonpolar species, viz., methane, ethylene and
acetylene, they were made to orient along the symmetry axes
C3, C2, andC∞, respectively. The changes in the bond lengths
and dipole moments of single aliphatic molecules are sum-
marized in Table 1. Although a direct comparison of the present
results with other methods or experimental values is not
possible, the trends in the variation of some quantities (e.g.,
dipole moments, bond lengths, etc.) as a function of applied
field can be corroborated with the available literature, e.g., for
CH4 reported by Duran, Andre´s, Lledós, and Bertra´n12 within
the framework of the Hartree-Fock (HF) theory. It is evident
from the table that the C-F bond in fluoromethane somewhat
elongates for parallel fields while it shortens for antiparallel
ones. Variations in bond lengths and the dipole moments of
methane and acetylene with applied field are in good accord
with those reported by Masunov et al.13 at the HF/D95** level
of theory. For methane, the C-H bond lengths are seen to
elongate, albeit slightly, for both the orientations of the field.
For the polar aliphatic molecules discussed herein, the external
dipole moment variation ranges over a factor of+2 through
-1/2. Despite relatively small variations in the nuclear skeleton,
these drastic variations in the dipole moment point out to
appreciable shifts in the center ofnegatiVe charge density, i.e.,
the electron density. This is a simple consequence of the agility
of the electron cloud (over the nuclei) to adjust to external

TABLE 3: Diagonal Components of Molecular Polarizability of Benzene and Fluorobenzene Corresponding to the Geometry
Optimized at B3LYP/6-311++G(2d,2p)a

benzene fluorobenzene

field (au) Rxx (au) Ryy(au) Rzz(au) Rxx(au) Ryy(au) Rzz(au)

0.040c 84.14 92.83 44.20
0.030b 82.26 90.43 50.93 81.35 83.50 42.76
0.020 80.85 83.05 44.89 80.00 81.38 42.07
0.010 80.05 80.53 43.82 79.28 80.75 41.96
0.005 79.93 80.12 43.53 79.12 81.00 42.30
0 79.80 79.80 43.35 79.09 81.65 42.30

-0.005 79.21 82.60 42.57
-0.010 79.19 83.85 43.46
-0.200 80.07 87.81 45.00
-0.030c 81.42 96.33 126.59

a Field is applied in the direction shown in Figure 1. The 10H in that figure is replaced by a fluorine atom for fluorobenzene geometry. 1 au of
electric polarizabillity≈ 4.94× 10-10 D/(V/cm). b (c)This field strength escalates benzene (fluorobenzene) to a transition state structure. See ref 28
and the references therein for the comparison of field-free components of polarizability of benzene calculated at the B3LYP/6-311++G(2d,2p)
level of theory with the other various methods.

TABLE 4: Vibrational Frequency, IR Intensity, and
Frequency Shifts Corresponding to CF Stretching in
Fluoromethane at Various Fields Applied along Its
Permanent Dipole Moment

field (au) νCF(cm-1) intensity (km‚mol-1) ∆νCF(cm-1)

0.040 763 189 -267
0.030 855 164 -175
0.020 925 144 -105
0.010 982 126 -48
0.005 1009 119 -21
0 1030 112 0

-0.005 1051 105 21
-0.010 1067 99 37
-0.020 1103 89 73
-0.030 1131 79 101
-0.040 1154 70 124

TABLE 5: Vibrational Frequencies, IR Intensities, and the Frequency Shifts Corresponding to CF and CH (Located
Diametrically Opposite to CF Bond) Stretching in Fluorobenzene at Various Fields Applied along the Permanent Dipole
Momenta

field
(au)

νCF

(cm-1)
intens

(km‚mol-1)
∆νCF

(cm-1)
ν′CH

(cm-1)
intens

(km‚mo l-1)
ν′′CH

(cm-1)
intens

(km‚mol-1)
ν′′′CH

(cm-1)
intens

(km‚mol-1)

0.040b 1052 13 -185 3129 158 3140 14 3183 44
0.030 1093 62 -144 3158 38 3176 22 3198 29
0.020 1139 89 -98 3176 19 3194 0 3208 15
0.010 1205 61 -32 3184 7 3197 2 3212 2
0.005 1221 90 -16 3182 2 3199 6 3209 0
0 1237 105 0 3175 0 3196 14 3208 0

-0.005 1253 115 16 3163 2 3188 26 3209 0
-0.010 1269 121 32 3146 12 3177 38 3209 2
-0.020 1298 126 61 3091 70 3153 57 3207 4
-0.030b 1323 128 86 3002 206 3122 83 3199 19

a Three distinct vibrational modes are involved in CH stretching.b This field strength takes the molecule to a transition state.
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stimuli. As there is a tendency for preponderance of electron
density toward the positive “capacitor plate”, the positive and
negative fields tend to align the dipole moments along the
respective field directions. Polar molecules subject to negative
fields, however, must offset the “field-free” dipole moment
before their dipole moment aligns with the applied field. The
nonpolar aliphatic hydrocarbons methane, ethylene, and acety-

lene with the applied fields oriented along one of the C-H
bonds, CdC, and CtC, respectively, show comparatively a
slower variation in the dipole moments and the bond lengths
as is also evident from Table 1. The almost linear variation of
the dipole moment over the given ranges of parallel and
antiparallel fields is evident from the data presented in Tables
1 and 2.

Figure 2. (A, B) Molecular vibrational Stark effect: IR spectrum of fluorobenzene at applied field strength,F ) 0.020 and+0.010 au, respectively.
Asterisk indicated a frequency corresponding to CF stretching as a function of applied uniform external electric field (in au) parallel (positive) and
antiparallel (negative) to the permanent dipole moment. “$” indicates frequency corresponding to CH (bond, diametrically opposite to CF) stretching.
Vertical dotted line represents the field free position of F-C stretching frequency. (C, D) Molecular vibrational Stark effect: IR spectrum of
fluorobenzene at applied field strength,F ) 0.000 and-0.010 au, respectively. (E) Molecular vibrational Stark effect: IR spectrum of fluorobenzene
at applied field strength,F ) -0.020 au.
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Aromatic molecules also exhibit their characteristic responses.
Owing to its D6h symmetry, benzene, although devoid of a
permanent electric dipole moment, acquires an induced moment
in the presence of an external electric field, which aligns the
molecule in the direction of applied field. Changes in the bond
lengths caused by the field applied along a C-H bond (cf.
Figure 1) are summarized in Table 2. From this table, it is
evident that the distortion caused in the geometry is negligible,
but owing to theπ-electron cloud, the induced dipole moment
is seen to acquire an appreciable value of 4.13 D at a field
strength of+0.020 au with the planarity of the molecule is still
maintained. Although also conforming to theD6h symmetry,
hexafluorobenzene has an enhanced electron density around the
fluorine atoms, as opposed to the case in benzene where C is
more electronegative than H. Contribution to the electron density
due to lone pairs on the F atoms in hexafluorobenzene induces
a characteristic response when subject to an external electric
field. The field-induced distortions in geometry are appreciable,
so as the dipole moment changes for both parallel and
antiparallel (toµb) field orientations. To investigate the effect
of field on molecules with lesser symmetry, we have studied
fluorobenzene, chlorobenzene, and 1,4-chlorofluorobenzene and
pyridine that has a high permanent intrinsic (field-free) dipole
moment. Marked variations in the dipole moment from its zero
field value would be evident from Table 2. For the polar
aromatic species studied herein, the dipole moments range 2
orders of magnitude both for positive and negatively oriented
fields, as is evidenced for 1,4-chlorofluorobenzene. Here, the
delocalizedπ-electrons are responsible for considerable changes
in dipole moments. The almost linear variation of the dipole
moment (in D) with both positive and negative applied fields
is remarkable, as is typified for fluorobenzene:µ ∼ {234.01F
(au) + 1.51} D. Diagonal components of the net molecular
polarizability of benzene and fluorobenzene are presented in
Table 3, showing some appreciable variation inRyy, e.g., for
both positive and negative fields, applied along they-axis. The
field-free components of polarizability of benzene are somewhat
lesser than those calculated by density-functional perturbation
theory with a generalized gradient approximation prescription;28

however, the qualitativetrendsin the response evoked by the
external electric field remain the same.

2. Vibrational Stark Effect. The effect of field on the
frequency and intensity of C-F vibration in fluoromethane is
presented in Table 4. As is readily inferred from the table, a
“red” shift of 104 cm-1 in C-F stretching vibration is observed
when field of magnitude 0.020 au is applied along the permanent
dipole moment. This is in accord with the lengthening of C-F
bond (cf. Table 1) under the influence of applied field.
Vibrational frequencies of the C-F and the opposite C-H bond
stretches in fluorobenzene at various field strengths are presented
in Table 5. Figure 2 illustrates the infrared spectra for fluo-
robenzene. A red (blue) shift of 98 (61) cm-1 in C-F stretching
is found when field of magnitude 0.020 au is applied along

(opposite) the permanent dipole moment. Once again, these
shifts may be attributed to the elongation and contraction of
the C-F bond (cf. Table 2). A fit ofν (cm-1) versus the applied
field (MV/cm) yields two different slopes for positive field
(slope) 0.93 cm-1/(MV/cm)) and the negative one (slope)
0.54 cm-1/(MV/cm)), representing STR by the mean value of
0.73 cm-1/(MV/cm), for C-F stretching corresponding to the
frequency shifts spanning the range-144 through+61 cm-1.
This mean STR underestimates the experimental value 0.84
cm-1/(MV/cm)29 by about 13%, but rhymes with the latter at
least in order of magnitude. Further, as deduced from the table,
the C-H bond stretching actually involves three distinct but
rather closely spaced fundamental modes of vibration. For the
field-free case, however, the intensities corresponding to two
of these modes are too insignificant to be observed. On the other
hand, in the presence of the field as depicted in the Figure 2,
only two of these three modes are perceived, as the intensity
associated with the central mode is not that pronounced, for
the forward field, while the reverse field leads to a diminishingly
insignificant intensity for the last mode. As expected, shifts in
C-H stretching intensities are not pronounced as in C-F, as
the C-H stretches get distributed among three distinct modes.
The carbon-halogen vibrational modes for 1,4-chlorofluoroben-
zene exhibit a peculiar redistribution of frequencies and intensi-
ties, as presented in Table 6. Increasing field in the direction of
the dipole moment (Clf C) enhances frequencies and intensi-
ties for the C-F stretch, exactly opposed to the case of C-Cl.
Reversal of the field enhances the C-Cl frequency and
diminishes that for C-F. However, interestingly, there is a
complementarity in the intensity profile for these two
stretches: where the C-F intensity has a minimum, the C-Cl

TABLE 6: Vibrational Frequencies, IR Intensities, and Frequency Shifts of Cl-C and C-F Stretching in
1,4-Chlorofluorobenzene at Various Fields Applied along the Permanent Dipole Moment

field (au) νCF (cm-1) intens (km‚mol-1) ∆νCF (cm-1) νClC (cm-1) intens (km‚mol-1) ∆νClC (cm-1)

0.030 1328 128 85 1042 2 -54
0.020 1306 137 63 1057 12 -39
0.010 1276 135 33 1078 33 -18
0.005 1259 130 16 1088 44 -8
0 1243 121 0 1096 55 0

-0.005 1227 110 -16 1103 67 7
-0.010 1208 86 -35 1109 82 13
-0.020 1144 49 -99 1115 126 19
-0.030 1095 101 -148 1118 84 22

TABLE 7: Crossing of Higher Unoccupied MO Energy
Levels with LUMO beyond Which HOMO -LUMO Energy
Gap (∆HL) Decreases Rapidly and the Threshold Fields (F th)
at Which Crossing Occursa

threshold fields

molecules crossing of LUMOsFth (au) -Fth (au) Fth⊥ (au)

methane no crossing
fluoromethane no crossing
formaldehyde L+ 1 S L 0.040 0.017
ethylene L+ 1 S L 0.005
acetylene no crossing
benzene L+ 2 S L + 1, L 0.003 0.015
fluorobenzene L+ 2 S L 0.008 0.005 0.020
chlorobenzene L+ 4 S L + 1, L 0.007

L + 2 S L + 1, L 0.005
L + 1 S L 0.013

1,4-chlorobenzene L+ 4 S L 0.009
L + 2 S L 0.009
L + 1 S L 0.018

hexafluorobenzene no crossing
pyridine L + 2 S L 0.012 0.007

a -Fth and Fth
⊥ denote the threshold fields for the reverse and

transverse fields. L) LUMO.
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intensity exhibits a peak. Thus, a “tradeoff” between these
vibrational modes is observed.

3. MO and MO-Energy Redistributions. The externally
imposed electric field brings in a drastic redistribution of orbitals,
an effect that hinges on the response of the electron density.
We denote the LUMOs summarily by an asterisk (/). Further,
the symbolsσ, π, σ*, and π* are essentially construed to be
notionaland depend only on the lobes and nodal surfaces, i.e.,
retention or alteration in the algebraic sign of the lobes of the
orbital. In methane, HOMO, HOMO-1, and HOMO-2 and
LUMO + 1, LUMO + 2, and LUMO+ 3 are degenerate. With
the increase in the field strength in the direction from C to H,
the HOMO - 1, HOMO - 2 and LUMO + 1, LUMO + 2

pairs continue to remain degenerate with a steady decrease in
the MO energy ofσ* LUMO. When the field is applied in
opposite direction, the HOMO, HOMO- 1 and LUMO+ 2,
LUMO + 3 pairs preserve their degeneracy. The LUMO energy,
on the contrary, once again decreases continuously. A similar
trend has been noticed for the LUMO energy of fluoromethane.
A decrease in LUMO energy for the field in the direction F to
C (i.e., in the direction of its permanent dipole moment) is rather
gradual. However, the energy of frontier HOMOs varies fairly
linearly with field over a wide range. The higher LUMOs in
these molecules are never seen to cross the LUMO (not depicted
here), within the field range-0.050 through 0.040 au. HOMO-
LUMO energy gap behavior for different applied field strengths
has been presented in Table 8. The prediction of energy gap at

TABLE 8: HOMO -LUMO Energy Gap (_HL) for Aliphatic Molecules at Various Field Strengthsa

CH4 CH3F C2H4 HCHO H2C2

field
(au)

∆HL

(hartree)
∆HL

b

(hartree)
∆HL

(hartree)
∆HL

b

(hartree)
∆HL

(hartree)
∆⊥

HL

(hartree)
∆HL

b

(hartree)
∆HL

(hartree)
∆HL

b

(hartree)
∆HL

(hartree)
∆HL

b

(hartree)

0.030 0.248 0.494 0.329 0.568 0.154 0.228 0.292 0.225 0.473 0.135 0.272
0.020 0.308 0.532 0.345 0.582 0.204 0.254 0.342 0.222 0.493 0.197 0.336
0.010 0.362 0.565 0.355 0.588 0.250 0.267 0.389 0.220 0.502 0.256 0.398
0 0.390 0.587 0.348 0.573 0.271 0.462 0.217 0.483 0.305 0.454

-0.01 0 0.371 0.550 0.316 0.541 0.214 0.444
-0.02 0 0.338 0.492 0.277 0.502 0.200 0.401
-0.03 0 0.301 0.432 0.235 0.462 0.159 0.358

a In methane, field is applied from C to H, along the CdC bond in ethylene, and along CtC in acetylene. For the polar molecules, fields are
applied along the permanent dipole moments. Values in the middle column correspond to the field applied perpendicular to the plane of ethylene.
1 hartree) 27.2116 eV.b HOMO-LUMO gap at MP2/6-311++G(2d,2p) (single point calculation; see text for detail) level of theory.

Figure 3. Variation of frontier orbital energies in ethylene (A1) and
acetylene (A2) as the function of fields applied along the C-C bonds.
(Labeling of MOs pertains to field-free case everywhere.)

Figure 4. Variation of frontier orbital energies in benzene (B1) and
fluorobenzene (B2) with fields parallel to C-H and C-F bonds,
respectively.
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MP2/6-311++G(2d,2p) level is obtained by performing single
point energy calculation on the geometry optimized at the
B3LYP/6-311++G(2d,2p) level of theory. Increasing field in
the direction of permanent dipole moment of formaldehyde
lowers the energy of delocalizedσ* LUMO + 1 while the
energy ofπ* LUMO increases almost linearly. The energies of
HOMOs remain practically unchanged. At the field strength of
0.040 au, a role reversal is observed: the energy of LUMO+
1 gets lowered below that of LUMO and thus becomes the actual
LUMO. Above this threshold, the LUMO energy and hence
the HOMO-LUMO energy gap decreases rapidly. Reverse is
the case while applying field in the opposite direction. Variation
in MO energies of ethylene and acetylene is displayed in Figure
3. The threshold field in ethylene for LUMO+ 1 S LUMO
crossover is 0.005 au (Table 7).

Figure 4 depicts variation in the energies of MOs of benzene
and fluorobenzene for field applied in the molecular planes.
Interchange of degenerate MOs in benzene, viz., LUMO and
LUMO + 1 and HOMO- 2 and HOMO- 3 takes place at
respective field strengths, 0.002 and 0.003 au (cf. Figure 7).
Evolution of MOs of fluorobenzene with applied field is
presented later in Figure 8. Meanwhile, Figure 5 portrays
variation in energies of MOs of fluorbenzene as a function
transverse field. Crossing of higher LUMOs with the first
LUMO and the corresponding threshold fields are displayed in
Table 7. Variation of MO energies in 1,4-chlorofluorobenzene

in response to the applied field is similar to that shown for
chlorobenzene of Figure 5, except that theπ* LUMO and
LUMO + 1 orbital energies in 1,4-chlorofluorobenzene are
separated by 0.012 hartree. The field applied perpendicular to
the plane of the molecules is essentially seen to have similar
effects on benzene and fluorobenzene, whereas in chlorobenzene
the degenerate LUMO and LUMO+ 1 get interchanged at the
field strength of 0.013 au, beyond which the LUMO energy
and hence the HOMO-LUMO energy gap decreases. It is
noteworthy that Hartree-Fock (HF) theory overestimates the
HOMO-LUMO energy gap (since the LUMO energy at the
HF level is too high31) whereas DFT underestimates the gap,32

as an artifact of the approximate exchange-correlation prescrip-
tions. It may be remarked that the so termed GW-approxima-
tion33 yields the field-free energy gap of benzene to be 10.51
eV, which compares well with the HF value of 10.34 eV,
whereas B3LYP estimates it to be 6.58 eV.

In hexafluorobenzene, the field is applied along a C-F bond.
In its absence, LUMO+ 1/LUMO + 2, LUMO + 3/LUMO +
4, HOMO/HOMO- 1, and some other inner HOMO pairs are
degenerate. On increasing the field, degeneracy of the frontier
MOs gets lifted. The energy ofσ* LUMO decreases continu-
ously while energies ofπ* LUMO + 1 and LUMO+ 2 remain
fairly unaffected until the applied field reaches high values
∼0.025 au (cf. Figure 6). As in methane, fluoromethane, and

Figure 5. Variation in energies of MOs in fluorobenzene (C1) and
chlorobenzene (C2) in response to the fields applied perpendicular to
the molecular plane of fluorobenzene and along the permanent dipole
moment of chlorobenzene.

Figure 6. Variation of frontier orbital energies in hexafluorobenzene
(D1) and pyridine (D2) with fields applied along along C-F bond in
the case in hexafluorobenzene and along the permanent dipole moment
of pyridine.
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acetylene, hexafluorobenzene is devoid of a threshold field,
beyond which HOMO-LUMO gap would decrease significantly
(Table 9). In pyridine, the field is applied in the direction of
permanent dipole moment (directed in the direction Nf C-H).
Variation in the MO energies of pyridine with field is pictured
in Figure 6.

As remarked earlier, the planar aromatic species retain their
planarity for the applied electric fields in the plane along or
opposite to the dipole moment. On the other hand, fields
perpendicular to the plane do distort the molecular plane,
rendering the structure convex toward the applied electric field,
except for hexafluorobenzene, which becomes concave due to
electronegative fluorine atoms. For this molecule, although the

degeneracy of frontier HOMOs gets lifted by the applied field,
the inner MOs still remain degenerate even at moderately high
fields. This behavior may attributed from the response of the
lone pairs contributed by the fluorine atoms.

To gauge the influence of the imposed field on the electronic
excitation involving transition from frontier HOMOsf LU-
MOs, some typical time-dependent density functional theory
(TD-DFT) calculations were carried out at the same basis set
[6-311++G(2d,2p)]. It is observed (cf. Tables 10 and 11 ) that
the transitions involving (π, π*) MOs are far more intense than
those involving (π, σ*) (not shown). In acetylene, the excitation
consisting ofπ f π*1, π1 f π* transitions is favored at lower
fields but, at higher fields,π f π*, π1 f π*1 transitions lead

Figure 7. Evolution of frontier MOs of benzene as a function of field applied along the C-H bond. Orbitals are drawn at the contour value(0.03
au.

TABLE 9: HOMO -LUMO (HL) Energy Gap of Aromatic Molecules at Various Field Strengthsa

C6H6 C6H5F C6H5Cl 1,4-C6H4ClF C6F6 C5H5N

field
(au)

∆HL
(hartree)

∆HL
b

(hartree)
∆HL

c

(hartree)
∆⊥

HL
(hartree)

∆HL
(hartree)

∆HL
c

(hartree)
∆⊥

HL
(hartree)

∆HL
(hartree)

∆⊥
HL

(hartree)
∆HL

(hartree)
∆⊥

HL
(hartree)

∆HL
(hartree)

∆⊥
HL

(hartree)
∆HL

(hartree)

0.040 0.055 0.180 0.031d 0.149 0.171 0.149 0.142 0.167 0.077
0.030 0.038d 0.143 0.140 0.206 0.098 0.216 0.199 0.065 0.181 0.046 0.176 0.122 0.193 0.134
0.020 0.123 0.229 0.227 0.230 0.164 0.282 0.225 0.144 0.211 0.131 0.207 0.183 0.213 0.190
0.010 0.201 0.312 0.310 0.241 0.222 0.343 0.228 0.215 0.224 0.207 0.213 0.218 0.224 0.233
0 0.242 0.380 0.377 0.229 0.381 0.225 0.213 0.227 0.224

-0.010 0.192 0.179 0.202 0.190
-0.020 0.112 0.086 0.126 0.103
-0.030 0.023d 0.042 0.019

a In benzene and hexafluorobenzene fields are applied along the C-H and C-F bond, respectively, whereas, in polar molecules, fields are
applied along the permanent dipole moments. HL’s without superscript are the B3LYP/6-311++G(2d,2p) values. Values in the last column are
HL’s corresponding to a field applied perpendicular to the plane of the molecules.b HOMO-LUMO gap at the RHF/6-311++G(2d,2p) level of
theory.c HOMO-LUMO gap at the MP2/6-311++G(2d,2p) (single point calculation; see text for detail) level of theory.d Value corresponding to
the transition state structure. See ref 33 for benzene HOMO-LUMO gaps in the gas phase and crystal phase and adsorbed on the graphite surface
(flat and perpendicular).
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to an excited state. Tables 10 and 11 thus reveal that an increase
in the applied field strength by and large increases the excitation
energies corresponding to significant electronic transitions
among frontier MOs with a concomitant decrease in their
oscillator strengths.

At this juncture, it is worthwhile to mention that TD-DFT
could admittedly lead to erroneous results34 in the case where
substantial bond stretching occurs in the excited state during
the excitation process. The excitation energies reported in Tables
10 and 11 are well below the fields that drastically change the
geometry of molecules, causing them to dissociate.

IV. Concluding Remarks

Systematic investigations on the response of molecules to an
externally imposed electric field have been presented. The
changes in the structure, vibrational frequencies, and energy
spectrum of MOs have been analyzed. For aromatic molecular

Figure 8. Depiction at a glance of the variation of frontier MOs of fluorobenzene as a function of field applied parallel to its permanent dipole
moment. The same contour value of(0.03 au is used.

TABLE 10: Electronic Excitation Energies and
Corresponding Oscillator Strengths (au) Calculated by
TD-DFT [B3LYP/6-311++G(2d,2p)] for the Most Intense
Electronic Transitions (HOMOs f LUMOs) Involving
Frontier MOs a

molecule field (au)

transition
composition

(frontier MOs)

excitation
energy
(nm-1)

oscillator
strength

ethylene 0 T 165.8 0.0745
0.005 T 166.5 0.0718
0.010 T 168.5 0.0646
0.020 T 176.0 0.0439

T 145.2 0.0435
acetylene 0 S 136.0 0.1315

0.005 S 138.2 0.0996
0.010 S 142.2 0.0758

S 125.0 0.0713
0.020 R 118.9 0.0850

a Other accompanying transitions to higher LUMOs leading to
excited states are not shown. Field is applied parallel to the C-C bond:
T ) π f π*; S ) π f π1*, π1 f π*; R ) π f π*, π1 f π1*. (For
notional notation, see text for details.)

TABLE 11: Electronic Excitation Energies Calculated from
TD-DFT [B3LYP/6-311++G(2d,2p)]a

molecule field (au)

transition
composition

(frontier MOs)

excitation
energy
(nm-1)

oscillator
strength

benzene 0 A 178.3 0.1205
B 178.3 0.1205

0.005 A 178.5 0.1199
B 178.8 0.1193

0.010 A 179.2 0.1182
B 180.5 0.1141

0.015 A 180.4 0.1081
B 184.1 0.0948

0.020 A 181.2 0.0976
B 190.3 0.0608

fluorobenzene 0 A 178.4 0.5366
B 178.0 0.5773

0.005 A 178.0 0.1116
B 177.3 0.1116

0.010 A 178.2 0.1107
B 177.1 0.1065

0.015 A 179.1 0.1057
B 177.5 0.0978

0.020 A 181.1 0.0918
B 176.8 0.0811

a Only the most intense electronic transition (HOMOsf LUMOs)
involving frontier MOs are presented. Field is applied along the C-H
bond in benzene and parallel to the permanent dipole moment in
fluorobenzene: A) π f π*, π1 f π1*; B ) π f π1*, π1 f π*. (For
notional notation, see text for details.)
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systems, the field applied in the plane of molecules influence
significantly the MOs more than when applied perpendicular
to the aromatic ring. In contrast, the fields perpendicular to the
aromatic ring distort the planarity of the aromatic ring. The shifts
in the stretching frequency (vibrational Stark effect) of fluo-
robenzene is quite significant, in conjunction with the Stark
tuning rate having an appreciable value of=0.73 cm-1/(MV/
cm). This suggests that the F-C bond stretch in fluorobenzene
could serve as a probe to estimate local electric field strengths
at specific sites of molecular complexes as is the case for C-O,
C-N, and N-O bonds.18,29 For molecules having aπ-type
antibonding LUMO (e.g., ethylene, benzene, fluorobenzene,
etc.), there exists a threshold field above which the HOMO-
LUMO gap decreases rapidly. This is attributed to the delocal-
izedσ* LUMOs which are more susceptible to polarization (than
the localizedπ-type antibonding LUMO); hence, their energy
gets lowered even below that of the LUMO, resulting into a
reduction in the HOMO-LUMO energy gap or, equivalently,
in absolute hardness,τ ) (ELUMO - EHOMO)/2sa measure of
stability of molecules. TD-DFT calculations reveal that the
transitions involving (π, π*) MOs are far more intense than
those involving (π, σ*). These investigations on various
properties of isolated molecules in external electric fields are
hoped to be useful in understanding the characteristics of organic
molecules use in molecular electronics. Further, it would be of
great interest to investigate the interaction of molecular clusters
with external fields, and investigations on these lines are
underway.
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