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We report on electric deflection experiments of structural isomers of aminobenzonitrile. They are used as
models to study the influence of the asymmetry of a molecule on the molecule-electric field interaction.
Experimental deflection profiles are compared to Stark effect calculations. We found increasing deviations
from the calculated Stark effect behavior with increasing asymmetry. This deviation is induced by interactions
with other particles and is directly related to the chaotic behavior of the rotational motion of asymmetric
rotors in a static electric field.

1. Introduction

Over the past decade, a large effort has been devoted to
manipulating molecules, in particular, to study the influence of
their orientation in chemical processes.1 While the most common
way is the use of intense laser fields, orientation and deceleration
of polar molecules can also be obtained using electrostatic
devices such as hexapoles2-4 or strong electric fields.5-7 Besides
reactive scattering studies, these electrostatic methods have
found numerous applications in spectroscopic, cooling, and
photodissociation experiments.1 These techniques have mainly
been used for the first rotational states of small rigid rotors.
Inhomogeneous electric fields can also be used to deflect
molecular beams and to measure permanent or induced dipoles
of isolated molecules.8,9 In this case, results are available for a
large variety of systems ranging from atoms and diatomic
molecules10 to clusters and polypeptides.11-13

For a symmetric toplike rigid rotor, the deflection of the
molecule is due to first-order Stark effect and is deduced from
the calculation of the energy of the rotational levels of the
molecule in the electric field. The electric field induces a
dispersion of the molecular beam. In the general case, however,
the simple approach used for rigid rotors in a static electric field
is no longer valid.14,15 In the limiting case of molecules with
strong couplings between rotation and vibration, a statistical
orientation of the molecules in the electric field, similar to
paraelectricity, is observed. In particular, this statistical orienta-
tion was observed for hot molecules16,17 and for flexible
systems.13,18In this case, all the molecules are deflected by the
same amount. The average dipole does not depend on the initial
rotation of the molecule and is described by the Debye linear
response theory.19,20While the linear response theory provides
an easy way of understanding the data, a detailed justification
of its validity for molecules in the gas phase and an understand-
ing of the transition from the broadening observed for rigid
symmetric rotors to the global deflection predicted by the linear
response are not yet available.

Between rigid symmetric rotors (whereK and M are good
rotational quantum numbers) and large systems (where rotation
and vibration Hamiltonians cannot be separated), asymmetric

top molecules in electric fields (with the loss ofK as a good
rotational quantum number) appear as intermediates. In this
paper, we present electric deflections of disubstituted benzene
derivative molecules. We chose the structural isomers of
aminobenzonitrile (ABN) molecules. These molecules have
strong permanent dipole moments. By varying the position of
substituents, from para to ortho, the asymmetry of the molecule
can be changed. Thus, they represent models to study the
influence of the asymmetry of a molecule in electric deflection
experiments.

2. Experimental Section

The experimental apparatus consists of a molecular beam
source coupled to an electric deflector and a time-of-flight mass
spectrometer. The molecular beam is produced by a laser
vaporization source.Para-aminobenzonitrile (PABN),meta-
aminobenzonitrile (MABN), andortho-aminobenzonitrile (OABN)
are purchased from Sigma (purityg 98%). For MABN and
OABN, the sample is mixed with cellulose in a 1:3 ratio,
whereas for PABN, we used a 1:10 ratio. The mixing is pressed
under 104 bars in a cylindrical mold to form a solid rod. The
third harmonic of a Nd3+:YAG laser is used for the ablation of
the rod that is rotated and translated in a screw motion. A short
pulse of helium, synchronized with the ablation laser, is supplied
by a piezo valve. A constant leak of carrier gas could be added
to the helium pulse by applying a small additional constant
voltage to the piezo valve. At the exit of the source, the
molecules are thermalized in a 5-cm-long and 3-mm-diameter
chamber maintained at room temperature. A thermal molecular
beam is produced without supersonic expansion. Note that no
alignment of the molecules in the beam is observed as can be
observed in supersonic beams.21 After two skimmers (1.5-mm
and 2-mm diameters), the beam is collimated by two rectangular
slits (∼0.35-mm width and separated by 0.6 m). The beam
velocity is selected and measured with a mechanical chopper
located in front of the first slit. Then, the beam travels through
a 15-cm-long electric deflector. The geometry provides an
inhomogeneous electric field which is equivalent to an “electrical
two-wire field”. The electric fieldF and its gradient∇F are
perpendicular to the beam axis and are nearly constant over its
width. For a voltage of 20 kV, the electric field and the gradient* Corresponding author: rantoine@lasim.univ-lyon1.fr.
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of the electric field in the deflector areF ) 1.21 107 V/m and
∇F ) 2.09 109 V/m2.

Beam profiles are analyzed 1.025 m after the deflector, with
a time-of-flight mass spectrometer coupled to a position-
sensitive detector. The neutral particles from the beam are
ionized by the fourth harmonics of a Nd3+: YAG laser (266
nm) in the extraction region of the linear time-of-flight mass
spectrometer. The mass spectrometer consists of an extraction
region, an acceleration region, two deflection electrodes, an
electrostatic lens, and a free-flight region. The electrostatic lens,
located∼30 cm after the extraction region, has been specially
designed to magnify the ion image on the axis of the electric
deflection. The detector is located 1 m after the acceleration
plate. It is a pair of microchannel plates coupled to two
orthogonal delay lines. The time-of-flight, the detector, its
electronics, and the data processing are discussed in ref 22. The
arrival time at the detector and the position on the detector are
recorded for each ion. Data are recorded as a function of the
electric field in the deflector.

3. Experimental Results

Figure 1 displays the experimental beam profiles (projection
of the images on the axis of the electric field in the deflector)
of PABN molecules recorded without and at different voltages
across the electric deflector. The experimental profiles that are
obtained with an electric field are symmetrically broadened. This
broadening increases as the electric field in the deflector
increases. Profiles were systematically recorded as a function
of the electric field inside the deflector from 0 V/m to 1.21 107

V/m. In Figure 2, we have plotted the variation in the intensity
of the signal at the maximum of the peak (I/I0) as a function of
the electric fieldF for PABN, MABN, and OABN molecules.
A regular decrease in the signal is observed asF increases. This
diminution in the intensity at the maximum reflects the increase
in the broadening due to the interaction with the electric field.
To reproduce these curves, we have to simulate the rotation of
the polar asymmetric molecule in a static electric field. For that,
we need the rotational constants and dipole moment components
of the three molecules. This calculation is described in section
4. Then, we need to simulate the Stark effect for an asymmetric
top rotor. The quantum mechanical approach that we used is
described in section 5.

4. Geometry Optimizations and Calculated Dipole
Moments of the Structural Isomers of Aminobenzonitrile
Molecules

During a previous study on thepara-aminobenzoic acid, we
showed that density functional theory (DFT) calculations
significantly overestimate the value of the permanent electric
dipole, whereas Hartree-Fock with second-order Møller-
Plesset corrections (MP2) calculations seemed to be an accurate
approach for such molecules with large internal charge transfer.23

This trend was recently confirmed.24 All the calculations were

Figure 1. Experimental beam profiles of PABN obtained at different
electric fields across the deflector. The electric field values are given
in the figure.

Figure 2. Relative intensity of the beam profile on the beam axis as
a function of the electric fieldF. Squares correspond to experimental
data and the lines to the quantum simulations performed using dipole
values and rotational constants given by MP2 calculations (see
Table 1).

8508 J. Phys. Chem. A, Vol. 109, No. 38, 2005 Abd El Rahim et al.



performed withGaussian 98,25 with the basis set 6-311++G**.
A full geometry optimization was performed at the MP2 level
of theory. Results are presented in Table 1, and the lowest-
energy structures for aminobenzonitrile isomers are displayed
in Figure 3. For PABN, the phenyl ring and the nitrile function
are in the same plane; the NH2 group is out of plane. This
nonplanar geometry gives rise to a non-null value of the dipole

moment along thec-axis (see Figure 3). For MABN and OABN,
the NH2 group is also found out of the plane of the benzyl ring,
and the molecule has a non-null value of the dipole moment
along thec-axis. In addition, there is a non-null value of the
dipole moment along theb-axis. The calculation for PABN can
be compared to experimental results obtained by Stark effect
studies of rotationally resolved electronic spectra.26 An accept-
able agreement between experiment and MP2 results is observed
for both rotational constants and dipole moment components.
MP2 values can also be compared to the values obtained from
the additivity of bond dipole moments, i.e.,µbABN ) µbAN + µbBN

(whereµbAN is the dipole of aniline (1.13 D) andµbBN is the dipole
of benzonitrile (4.48 D)). This crude method gives, respectively,
5.61, 5.13, and 4.03 D for PABN, MABN, and OABN. These
values are relatively close to MP2 values.

Finally, from the rotational constants (A > B > C), one can
define an asymmetric parameter given by

This parameter varies from-1 (prolate symmetric top,B ) C)
to +1 (oblate symmetric top,A ) B). It is equal to-0.938 for
PABN, -0.744 for MABN, and-0.498 for OABN. Thus,
PABN is a symmetric toplike prolate molecule, OABN is
strongly asymmetric, and MABN is an intermediate case.

5. Calculation of Rotational Energies and Deflection
Profiles

5.1. Calculation of Stark Asymmetric Rotor Energies.The
Hamiltonian for an asymmetric rigid rotor in an electric field
may be written

wherea, b, andc are the principal axis of inertia of the rotor;
Ja, Jb, andJc are the corresponding components of the angular
momentum, andA, B, and C are the rotational constants (in
cm-1; A > B > C).

The Stark contribution to the Hamiltonian may be written

whereZ has been chosen as the field direction in a laboratory
fixed coordinate system,µg are the components of the dipole
moment along the principal inertial axes, andφZg is the direction
cosine or projection of the various molecular axes onto the field
directionZ.

The eigenvalues of the HamiltonianH are obtained by
numerical diagonalization of the corresponding matrix on the
basis of the eigenvectors of the prolate symmetric rotor. On
this basis, the matrix elements forHrot may be written27,28

TABLE 1: Energies, Rotational Constants, and Calculated Electric Dipole Components of PABN, MABN, and OABN Obtained
at MP2 Level of Theory

rotational constants (cm-1) dipole components (debye)

basis set
energy

(hartree) A B C µa µb µc µ total

PABN
MP2
expta

6-311++G** -378.8568 0.18549
0.18610(2)

0.03270
0.033032(6)

0.02782
0.028066(6)

5.94
6.41(3)

0.00 1.03 6.03

MABN
MP2 6-311++G** -378.8561 0.1116 0.0400 0.02947 -5.17 0.51 1.08 5.29
OABN
MP2 6-311++G** -378.8584 0.09951 0.04989 0.03326 -3.61 1.62 0.94 4.07

a References 26, 35.

Figure 3. Geometry of the lowest-energy conformation found at the
MP2 6-311++G** level of theory for (a) PABN, (b) MABN, and
(c) OABN molecules (chemical formula H2N-C6H4-CN). The arrows
show the direction and the relative magnitude of the electric dipole
moment. The dashed lines display the direction of the principal axes
of inertia.

κ ) 2B - A - C
A - C

(1)

H ) Hrot + HStark (2)

Hrot ) AJa
2 + BJb

2 + CJc
2 (3)

HStark) -µbFB ) -FZ ∑
g)a,b,c

µgφZg (4)

Asymmetric Top Rotors in Electric Fields J. Phys. Chem. A, Vol. 109, No. 38, 20058509



The matrix elements forHStark corresponding to theµa, µb, and
µc components of the dipole are given below: Contributions of
µa

Contributions ofµc

Contributions ofµb are imaginary

If µb * 0, some of the matrix elements are complex. We write
the Hamiltonian as

whereA and B are both real matrices of dimensionn. The
eigenvalues ofH are identical to those of the supermatrix

of dimension2n. This supermatrix hasn eigenvalues doubly
degenerate.

M is a good quantum number, and the supermatrix can be
separated into independent blocks. Each block is labeled by the
value ofM. Before diagonalization, the matrix is truncated (J
e Jmax). The eigenvaluesEi

M are then obtained by numerical
diagonalization of each block (with 0e i < Σ J)|M|

JMax (2J + 1)).
5.2. Calculation of Electric Deflection Profiles. In the

deflector, for each quantum state (M, i), the force isfiM ) -∇EBi
M

and can be written as

The derivative of the energy as a function of the electric field
is calculated numerically by∂Ei

M/∂FZ = ∆Ei
M/∆FZ with ∆FZ/

FZ ) 0.5%. Thus, the deflection for each quantum state is given
by

whereKg is a geometrical constant, andm andV are the mass
and the velocity of the molecule. To get a calculated profile of
deflection, one has to take into account every rotational state
with a statistical weightpi

M related to the temperatureT of the
molecules. We assume that the molecules adiabatically enter
the electric field.29 In the adiabatic calculation, for a givenM
value, the order of energy levels does not change while the
molecule enters the electric field. The population is given by

To limit the number of rotational levels that need to be included
in the simulation and the size of the matrix (eq 14), we
performed the simulations at a temperature lower than the
experimental one. The value of the electric field is changed in
the same way. These changes have no effect on the calculated
profiles.30 Experiments are performed atTexp ) 300 K.
Calculations were performed atT* ) Texp/30 and withF* )
Fexp/30. All the rotational levels withJ e Jmax (Jmax ) 35) were
included in the simulation.

For a given electric field, the simulation leads to a spectrum
of lines g(x) (x corresponds to the deflection andg(x) to the
intensity of the line). For the simulation of experimental profiles,
this spectrum of lines has to be convoluted with a function which
takes into account the initial profile of the molecular beam
fbeam(x), the resolution of the apparatus (fTOF(x) andfPSD(x)) and
the magnifying factorG of the electrostatic lens.fbeam(x) has a
trapezoidal shape (1.3 mm at the bottom and 0.35 mm at the
top). fTOF(x) andfPSD(x) have Gaussian shapes with, respectively,
100µm and 250µm for the full width at half-maximum. Finally
G ) -3.5 is the experimental zoom factor of the electrostatic
lens. After convolution, the profile can be compared to the
experimental one.

6. Discussion

We have simulated electric deflection profiles following the
procedure described in section 5 and using rotational constants
and dipole moment components from MP2 calculations (see
Table 1). Figure 2 shows the evolution ofI/I0 ratios calculated
for PABN, MABN, and OABN molecules (solid line). A good
agreement is obtained for PABN. For MABN and OABN, the
simulation does not reproduce the experiment. This is particu-
larly true for OABN, forF > 3.0× 106 V/m. The experimental
I/I0 ratio is higher than the calculated one.

We will show in the next paragraphs of this article that the
difference observed for OABN and MABN between experiment
and simulations is due to interactions with other particles and
is directly related to the chaotic behavior of the rotational motion
of asymmetric molecules in electric fields.31 The amount of
chaos depends on the degree of asymmetry of the molecule
(determined from the rotational constants) and on the coupling
with the electric field (determined from the dipole component
values and the strength of the electric field).

〈JKM|Hrot|JKM〉 ) B + C
2

[J(J + 1) - K2] + AK2 (5)

〈JKM|Hrot|JK ( 2M〉 )
C - B

4
[J(J + 1) - (K ( 1)(K ( 2)]1/2 × [J(J + 1) -

K(K ( 1)]1/2 (6)

〈JKM|HStark|JKM〉 ) - MK
J(J + 1)

µaFZ (7)

〈J + 1KM|HStark|JKM〉 )

-
[(J + 1)2 - K2]1/2[(J + 1)2 - M2]1/2

(J + 1)[(2J + 1)(2J + 3)]1/2
µaFZ (8)

〈JK ( 1M|HStark|JKM〉 ) -
M[(J - K)(J ( K + 1)]1/2

2J(J + 1)
µcFZ

(9)

〈J + 1K ( 1M|HStark|JKM〉 )

(
[(J ( K + 1)(J ( K + 2)]1/2[(J + 1)2 - M2]1/2

2(J + 1)[(2J + 1)(2J + 3)]1/2
µcFZ (10)

〈JK ( 1M|HStark|JKM〉 ) (i
M[(J - K)(J ( K + 1)]1/2

2J(J + 1)
µbFZ

(11)

〈J + 1K ( 1M|HStark|JKM〉 )

-i
[(J ( K + 1)(J ( K + 2)]1/2[(J + 1)2 - M2]1/2

2(J + 1)[(2J + 1)(2J + 3)]1/2
µbFZ (12)

H ) A + iB (13)

[A -B
B A ] (14)

fi
M ) -

∂Ei
M

∂FZ

∂FZ

∂Z
(15)

di
M ) -

Kg

mV2

∆Ei
M

∆FZ

∂FZ

∂Z
(16)

pi
M ) exp(-

Ei
M|FZ)0

kT ) (17)
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6.1. Statistical Analysis of Rotational Spectra.Figure 4
shows the electric field dependence of the 108th to the 125th
energy levels for the OABN molecule forM ) 1. This
corresponds to 8e J e 13. This figure illustrates the typical
behavior of asymmetric top molecules in an electric field. All
the crossings are avoided with different energy gaps as illustrated
in the inset of the Figure 4. In Figure 4, we see that, forF ) 0
V/m, the energy spacing between rotational lines is very
irregular, and that series of levels are nearly degenerated. On
the other hand, forF ) 1.2× 107 V/m because of the repulsion
between the different rotational levels, the spacing is much more
regular. This sample of levels illustrates the typical pattern of
spectra of classically integrable systems (F ) 0) as opposed to
nonintegrable systems (F * 0).

To quantitatively express the different character between ABN
isomers, following previous works,31,32 a statistical analysis of
the rotational spectra of ABN molecules in an electric field has
been performed. Figure 5 shows the nearest-neighbor spacing

(NNS) histograms for the energy levels withM ) 1 for OABN
and PABN in the presence of an electric field (F ) 1.21× 107

V/m). The procedure used to obtain these histograms is
described in appendix A. The left NNSs in the figure are
calculated for the 700 low-lying levels, whereas the right ones
are calculated for the 700 intermediate levels (i.e., 701th to
1400th levels). We see that, for OABN, the histogram of the
700 low-lying levels is close to a Wigner distribution (dashed
line in Figure 5c). This is not true for the histogram of PABN.
The histograms for the 700 intermediate levels belong to an
intermediate range where the coupling and the repulsion between
different levels is less pronounced. In this case, the distribution
of levels is more irregular than for the series of lowest energy
levels. This is particularly clear for the 700 intermediate levels
of PABN where a distribution close to the Poisson distribution
(dashed line in Figure 5b) is observed. The difference in statistics
observed between lowest energy levels and intermediate energy
levels was already observed for the H2O molecule in a strong
electric field.31 The lowest angular momentum states are more
strongly perturbed by the electric field.

The histograms can be simulated by a Brody distribution,
and aq parameter is defined by eq A.5 (see appendix A).q is
obtained by a least-squares fit of the Brody distribution, with
NNSD histograms made of the first 1500 levels. We performed
this statistical analysis of the rotational levels and determined
the q parameter as a function of the electric fieldF. Figure 6
shows the evolution of the parameterq for the Brody distribu-
tion, for PABN, MABN, and OABN molecules. ForF ) 0, a
Poisson distribution (q ) 0) is obtained for the three isomers,
which is the typical behavior for spectra of classically integrable
systems. There is an increase in theq value asF increases. At
low electric field, the highest values ofq are obtained for
MABN, while at high electric field, they are observed for
OABN. In fact, the evolutions of theq value for MABN and
OABN are very similar, with values close to 0.4 at high electric
fields. At this value, the amount of chaos is non-negligible
(especially for low-lying levels). On the other hand, the
evolution of theq value for PABN is much weaker withq ≈
0.2 at high electric fields. PABN is a very slightly asymmetric

Figure 4. Electric field dependence of the 108th to the 125th energy
levels for OABN molecule (forM ) 1). The inset shows a zoom of
the spectrum where avoided crossings are present.

Figure 5. Nearest-neighbor spacing histograms obtained with the procedure described in Appendix A, atF ) 1.21 × 107 V/m for OABN and
PABN. S is the spacing between two adjacent levels. Histograms for the first 700 levels (withM ) 1) (a) and (c) and for the 701st to the 1400th
levels (withM ) 1) (b) and (d). Dashed curves represent Wigner (c) and Poisson (b) distributions. Full curves are least-squares fits of the histograms
by the Brody distribution with the parameterq ) 0.60 (c), 0.32 (a), 0.21 (d), and 0.17 (b).
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top molecule with dipole moment close to the principal inertia
axis (lowµb, µc values) and thus is expected to be, in an electric
field, less chaotic than MABN or OABN. This is confirmed by
this level of statistical analysis.

One can also study the evolution of this chaotic behavior for
ABN isomers in an electric field as a function of the quantum
numberM. Figure 7 presents for OABN, and forF ) 1.21×
107 V/m, the evolution of the parameterq as a function ofM.
Theq value slowly decreases from∼0.4 to∼0.2 in the interval
1 e M e 15. This trend is also obtained for MABN and PABN.

To summarize the above discussion, in a static electric field,
the rotational motion of an asymmetric molecule is noninte-
grable. The chaotic behavior can be quantified by a statistical
analysis. The Brody analysis shows that PABN is less chaotic
than MABN and OABN. A chaotic motion means that any
perturbation on the rotational motion will induce a loss of
memory of the initial rotation. Then, the experimental averaged
value of µz (and the deflection) is different from the one
calculated for a rigid rotor. Equation 16 is no longer valid. This
explains the difference between experiment and simulation in
Figure 2. The next step is to identify a perturbation that prompts
a change in trajectories and the modification of the average
projection of the dipole moment.

Perturbations to the rotation can be due to vibration-rotation
couplings, to inhomogeneities in the electric field, or to
interaction with other particles. In fact, interaction between the
helium carrier gas and ABN molecules is a sufficient perturba-
tion. In the next paragraph, we describe experiments where we
probe this hypothesis by changing the number of collisions
between ABN molecules and rare gas atoms in the electric
deflector.

6.2. Effect of Collisions on Deflection Profiles.Electric
deflection experiments in the presence of a large number of

collisions were performed using two experimental methods. The
first one consists of introducing a regulated leak of neon in the
chamber of the electric deflector. The pressure during normal
operation is 2.3× 10-8 mBar without the neon leak and 3.6×
10-6 mBar with the neon leak. In the latter case, during the
travel through the electric deflector, molecules undergo many
long-distance collisions but, at maximum, one frontal collision
with neon in the electric deflector. By frontal collisions, we
mean collisions with short impact parameter which will induce
a significant change in the trajectory and a loss of the molecule.
Long-distance collisions are collisions with long impact pa-
rameter. They are sufficient for inducing a change of rotational
level but without significant modification of the translational
trajectory. Thus, the increase in pressure induces an attenuation
of the signal and an increase (+25%) in the width of the profile
of the beam (withoutF). The second method consists of
introducing a constant flow of helium in the source by applying
a small constant voltage on the piezo valve. This constant flow
increases the effect of the velocity slip between helium and ABN
molecules, increasing the number of collisions during the travel
of the molecular beam.

Figure 8 shows the variation in the intensity of the signal at
the maximum of the peak (I/I0) as a function of the electric
field, for PABN, MABN, and OABN molecules, in the presence
of collisions. Clearly, the electric deflection experiments on
PABN molecules do not depend on the collision conditions,
whereas a strong dependence is observed for MABN and
OABN.

In the experiments with the neon leak in the deflector or with
the helium leak in the source, the broadening of the beam
induced by the electric field is reduced. In this case, there is a
clear disagreement between the experiments and the simulation
performed for an isolated rigid rotor. For high electric fields (F
> 6 × 106 V/m), electric deflection profiles are no longer
symmetric, and a global deflection of the profile toward high
electric field is observed. As an illustration, Figure 9 displays
experimental beam profiles of OABN obtained atF ) 0 V/m
andF ) 1.21× 107 V/m. These experiments were performed
with the constant flow of helium in the source. AtF ) 1.21×
107 V/m, a weak broadening of the profiles superimposed to a
global deflection is observed. The quasi absence of broadening
is due to the fact that, with the collisions and the strong chaotic
behavior of the rotational trajectories, the molecules have lost
the memory of their initial rotational level. They are almost all
deflected by the same amount. The loss of memory means that
the autocorrelation function of the dipole tends toward zero as
the molecules travel through the deflector,〈µZ(t ) 0)µZ(t)〉 f
0 (for t f ∞). In this limiting case, the average value of the
dipole on the axis of the electric field〈µz〉 would be the same
for all the molecules and would be given by the linear response
theory33

where 〈µ2〉F)0 is the average value of the square dipole of
the molecule calculated at equilibrium without the electric
field (at temperatureT ) 300 K) andR is the static elec-
tronic polarizability. The deflection obtained using
d ) -Kg/mV2 〈µZ〉Fz ∂FZ/∂Z would be 0.81 mm, withR )13.4
Å3 (calculated at the HF/6-311++G** level of calculation), and
〈µ2〉F)0 ) 16.56 D2 (see Table 1). This calculated deflection is
a little higher than the experimental value measured in Figure
9 (∼0.5 mm).

Figure 6. Evolution of the Brody parameterq as a function ofF for
OABN (straight line), MABN (dotted line), and PABN (dashed line)
for M ) 1. First 1500 levels were used to determine the Brody
parameter.

Figure 7. Evolution of the Brody parameterq as a function of the
quantum stateM at F ) 1.21 × 107 V/m for OABN. The first 1500
levels were used to determine the Brody parameter for each value
of M.

〈µZ〉 )
〈µ2〉F)0

3kT
+ R (18)
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Finally, we want to outline that the differences observed in
Figure 2 between experiment and simulations are due to
collisions between helium atoms and ABN molecules that occur
even without the small constant flow. These collisions are due
to the velocity distribution and the time width of the pulse of
atoms and molecules leaving the source. The differences
observed between experiments and simulations can be signifi-

cantly minimized using a heavier carrier gas. When using neon
as carrier gas, the velocity of the beam is reduced (850 m/s
instead of 1385 m/s with helium), and the velocity distribution
is narrowed. In this case, the narrowing of the velocity
distribution diminishes the number of collisions in the deflector.
The experimental profiles of deflection are in good agreement
with simulations.

7. Conclusion

Electric deflection experiments were performed on the three
structural isomers of aminobenzonitrile. Experimental deflection
profiles have been compared to calculated profiles obtained
using a quantum mechanical treatment of asymmetric molecules
in an electric field (A * B * C, µa * 0, µb * 0, µc * 0). Because
of the chaotic motion of asymmetric molecules in an electric
field and to collisions with other particles, experimental deflec-
tion profiles are different from profiles calculated for rigid rotors.
The chaotic behavior explains the loss of memory of the initial
rotational motion and is a major ingredient to understand the
global deflection observed in previous experiments. These results
point out the difficulty of measuring a dipole moment by electric
deflection of a molecular beam for molecules without symmetry
axes and also the difficulty in manipulating such molecules.

In fact, the onset of chaos is determined by a large number
of molecular parameters: collisions, the rotational constants,
the asymmetry parameter, the magnitude, and the direction of
the dipole moment. Some work is in progress in our laboratory
to investigate the role of rotation-vibration couplings on the
rotation chaotic motion.
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Appendix A. Statistical Analysis of the Rotational Level
Distribution.

A standard statistical analysis of rotation spectra was per-
formed using the method described in refs 32 and 34. First, an
unfolding procedure is used to scale the energy-level density,
rendering it constant within the whole energy interval, thereby
avoiding energy distortions. For the calculated sequence of
energy levelsE1

M, E2
M, ..., En

M, we construct the cumulative
level density function

whereΘ(E) is the Heavyside step function. This function shows
a secular variation with energy, which can be approximated by
a smooth curve N˜ (E). A polynomial fitting procedure is used
to obtain Ñ(E).The spectrumEi

M is then mapped onto the new
spectrumei

M through

The new sequence has a constant local mean level density (equal
to unity). And the staircase functionn(E) ) Σ i)1

n Θ(E - ei
M)

fluctuates around the straight line with slope equal to unity.
A widely used statistical measure is the nearest-neighbor

spacing distribution (NNSD)P(S). P(S) dSgives the probability
of finding pairs of levels (i, i + 1) with ei+1

M - ei
M in the

Figure 8. Relative intensity of the beam profile on the beam axis as
a function of the electric fieldF measured with different conditions of
collisions. Full squares correspond to experiments with a pressure inside
the electric deflector chamber of 2.3× 10-8 mBar. Open squares
correspond to experiments with a neon leak in the electric deflector
chamber (3.6× 10-6 mBar). Open circles correspond to experiments
with a small constant flow of carrier helium gas in the molecular beam.

Figure 9. Experimental beam profiles of OABN obtained atF ) 0
V/m andF ) 1.21× 107 V/m. Data were obtained with the constant
flow of helium in the source.

N(E) ) ∑
i)1

n

Θ(E - Ei
M) (A.1)

ei
M ) Ñ(Ei

M) (A.2)
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interval [S, S+ dS]. For a random sequence of energy levels
(no interaction between any levels), the NNSD is a Poisson
distribution

In contrast, repulsion between levels leads to a Wigner distribu-
tion

This distribution corresponds to a chaotic dynamics for the
classical analogue. For intermediate cases, a distribution has
been introduced by Brody34

with R ) (1 + q)â andâ ) Γ[(2 + q)/(1 + q)](1 + q), whereΓ
is the gamma Euler function. The statistical parameterq of the
Brody distribution is used as a measure of the intensity of the
interactions among the levels.q is presented as a measure of
the chaotic behavior of a quantum system (q ) 0 for a Poisson
distribution andq ) 1 for a Wigner distribution).
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