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The dipole moment of HOCl in vOH ¼ 4
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Abstract
161;16 pure rotational transition
Pulsed laser excitation and photofragment detection methods are used to observe the 170;17
within the vOH ¼ 4 vibrational state of HO35 Cl. Microwave frequency and Stark eﬀect measurements give m0 ¼ 27484:33ð10Þ MHz
and lb ¼ 1:562ð9Þ D. The dependence of lb , which is approximately parallel to the OH bond, on the level of OH stretch excitation
appears linear and is consistent with that of H2 O over the same 0–14 000 cm1 energy range.
Ó 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction
Chemists have long used electric dipole moments as
convenient and intuitive descriptions of electronic
charge distributions in molecules [1–4]. Dipole moments
also provide stringent tests of ab initio wavefunctions,
since dipole moment calculations converge diﬀerently
than those of energies, and variational methods that give
comparable energies can produce quite diﬀerent moments [5–7].
Dipole moments have been measured for a large
number of molecules in their ground vibrational states,
with the vast majority of these data obtained from observing the Stark eﬀect in pure rotational spectra. Extending Stark eﬀect measurements to high energy states
accessed by vibration–rotation transitions has been difﬁcult, because Doppler widths of infrared and visible
transitions are typically larger than the majority of
available Stark splittings [8–10]. We have recently developed a new approach to Stark eﬀect measurement
that uses pulsed laser excitation and spectroscopic de*
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tection of photofragments to observe either high-resolution microwave spectra or electric ﬁeld induced
quantum beats in highly excited vibrational states [11–
13]. In our ﬁrst experiment of this type, described in
Paper I [11], we measured the Stark eﬀect on a pure
rotational transition in HO35 Cl molecules containing
two quanta of OH stretching excitation (vOH ¼ 2). The
present report describes an extension of this work to
HOCl with vOH ¼ 4, which lies about 14 000 cm1 above
the ground state. Combined with information on HOCl
dipole moments in vOH ¼ 0 and 2, these new measurements allow us to observe the evolution of the dipole
moment over a wide range of vibrational energy, and
provide stringent tests of calculated dipole surfaces.

2. Experimental approach
The photodissociation-detected microwave spectroscopy approach used in these measurements is an oﬀshoot of the double resonance overtone photofragment
spectroscopy techniques that we have developed to
measure the unimolecular dissociation dynamics of a
number of small molecules [14–20]. In those experiments, we use an infrared laser pulse to excite either the
fundamental or a low overtone transition of the OH
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stretch, pre-selecting reactant molecules in single rotational states. A second laser pulse promotes only the
molecules in this intermediate level to a high rovibrational level on the ground electronic state that is above
the threshold to produce OH dissociation fragments. A
third laser then probes the OH fragments via LIF in the
A–X band. This approach permitted us to obtain
photofragment excitation spectra of resonance states
embedded in the dissociation continuum as well as to
monitor the dissociation dynamics from these individual
rovibrational states. In the case of HOCl, we have used
both the ð200Þ
ð000Þ and ð400Þ
ð000Þ overtone
bands of the OH stretch for the state-selection transition
to reach dissociative states with vOH ¼ 6–8 [17–20].
The present experiment uses the ð400Þ
ð000Þ band
for state selection and the ð600Þ
ð400Þ band for dissociation. Detuning the frequency of the second laser so
that it is no longer resonant with the state populated by
the ﬁrst laser breaks the excitation chain, causing the
OH LIF signal to disappear. If the second laser is tuned
to excite HOCl from a (400) rotational level adjacent to
the state populated by the ﬁrst laser, as shown in the
inset of Fig. 1, a pure rotational transition connecting
the ﬁnal state of the ﬁrst laser absorption and the initial
state of the second laser excitation reinstates the chain
and enables dissociation. In this way we detect the occurrence of the microwave transition by the appearance
of the OH LIF signal. Stark data for the microwave

Fig. 1. Double resonance dissociation of HOCl: vOH ¼ 0, J 00 ; K 00 !
vOH ¼ 4, J 0 ; K 0 ! vOH ¼ 6; J ; K. As shown in the inset, a microwave
transition (the 170;17
161;16 in this case) can be observed in triple
resonance by slightly changing the second laser frequency. The excitation process, in either 2 or 3 steps, is detected by observing LIF from
OH fragments generated by the photodissociation.
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transition allow us to extract the dipole moment of the
(400) state.
Following the procedure described by Sinha in his
work [21] on this molecule, we produce HOCl by ﬂowing
a low pressure mixture of Cl2 and H2 O through a column of glass beads packed with HgO. The HOCl generated in this fashion slowly ﬂows through a gas cell at a
total pressure of approximately 20 mTorr. As discussed
in Paper I, the Stark ﬁeld is generated by a set of parallel
plate electrodes having a 1 cm spacing. Microwave radiation from a Hewlett–Packard 83751A synthesizer
and a DBS 2640X218 frequency doubler enters the cell
via semi-rigid coaxial cable, where it is coupled to the
Stark electrodes using a K-band waveguide to coaxial
converter. Infrared, visible, and ultraviolet laser pulses
enter and exit the cell through baﬄed sidearms and are
overlapped half way between the electrodes at a distance
of 1 cm from their upper edges. An f/1 lens above the
electrodes images the OH ﬂuorescence through a ﬁlter
and onto a photomultiplier tube. We control the laser
pulse timing, microwave frequency, and data acquisition
by CAMAC modules interfaced to a PC. We measure
Stark voltages with a calibrated voltage divider and
Hewlett–Packard 3456A voltmeter, and determine the
electrode spacing with precision gauge blocks. The
visible excitation pulse at about 13 500 cm1 emanates from a Nd:YAG pumped dye laser operating
on LDS751 laser dye. The infrared pulse at about
5700 cm1 that dissociates the HOCl molecules is obtained by mixing the output of a dye laser operating on
DCM with the fundamental output of a single-mode
Nd:YAG laser in lithium niobate.
The HOCl dissociation threshold is about 160 cm1
above the rotationless (600) level, so at least this much
rotational energy is required to detect the microwave
transition by observing OH dissociation fragments. This
fact, together with the strongly prolate nature of HOCl,
signiﬁcantly limits the number of transitions available in
the conventional microwave portion of the spectrum.
Suitable transitions occur when the J state in the K ¼ 1
manifold is nearly degenerate with the J þ 1 state in the
K ¼ 0 manifold, and the most appropriate microwave
transition that we can access in (400) is the 170;17
161;16 at 27.5 GHz. As indicated in Fig. 1, the following excitation scheme was used to observe the
170;17
161;16 microwave signal: (000), 151;15 ! ð400Þ,
161;16 ! ð400Þ, 170;17 ! ð600Þ, 180;18 . The pure rotational transition occurs during the time-delay between
the visible and the infrared laser pulses, and this limits
the time available to generate the microwave signal.
Longer delay times generate narrower microwave absorption lines until the pulse delay is comparable to the
transit time of HOCl molecules across the laser beams,
which then becomes the limiting measurement time. The
optimum time-delay is 500 ns, which produces a minimum linewidth of 1.8 MHz FWHM. Fig. 2 plots the
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three diﬀerent calculated wave forms. The high frequency edge of the signal accurately determines the dipole moment, as indicated by the three curves which
diﬀer only by varying the moment by 0.5% from a near
optimum value. The slow rise of the signal with increasing frequency is much less sensitive to the moment,
but exhibits moderate dependence on the microwave Eﬁeld strength. As long as the high frequency portion of
the signal is not saturated, the optimum dipole moment
is independent of the microwave ﬁeld used to calculate
the lineshape. Being careful to avoid saturation, we recorded data of this type for Stark ﬁelds from 1000 to
2000 V/cm.
Fig. 2. The 170;17
161;16 pure rotational transition in vOH ¼ 4 of
HO35 Cl in zero electric ﬁeld. The solid curve is the Rabi, two-level
lineshape for a 500 ns delay between the visible and infrared laser
pulses, and has a FWHM of 1.8 MHz. The dashed curve is experimental data.

measured data for the 170;17
161;16 transition in the
absence of a Stark ﬁeld (dashed line) together with a ﬁt
of the two level transition probability [22] for a 500 ns
measurement time (solid line). The ﬁt adjusts the transition frequency and normalizes the peak amplitude,
yielding m0 ¼ 27484:33ð10Þ MHz.
This zero-ﬁeld transition splits into 17 unresolved
Stark components when the M degeneracy is lifted by
the Stark ﬁeld. Fortunately, we can model the lineshape
with a precise dipole moment and an approximate value
for the microwave E ﬁeld. This is shown in Fig. 3, which
displays data for 1400 V/cm as a dashed line, along with

Fig. 3. The microwave transition shown in Fig. 2, in a 1400 V/cm Stark
ﬁeld. The dashed curve shows experimental data, while the three solid
curves are calculated lineshapes. The heavy solid line has lb adjusted to
0.001 D larger than the optimal value, so the high frequency edge of
the solid and dashed curves are resolved. The two lighter solid lines use
dipole moments diﬀering by 0.5% from the optimum value. The
frequency axes display absolute and relative positions of the Stark
shifted signal. Note that the experimental data do not extend to low
enough frequency to include the weakest two Stark components.

3. Analysis
The Stark eﬀect for the 170;17
161;16 transition is
dominated by the dipole moment matrix element connecting the two rotational states involved in the transition. This matrix element, evaluated with Wang linear
combinations of symmetric top wavefunctions, has the
general form [23]
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðJ 2  M 2 ÞðJ  KÞðJ  K  1Þ
lJ ;K;M!J 1;Kþ1;M ¼ lb
;
2J 2 ð2J  1Þð2J þ 1Þ
ð1Þ
with J ¼ 17, K ¼ 0. The second-order Stark eﬀect associated with this matrix element is given by
 2

2
l2b Edc
ðJ  M 2 ÞðJ  KÞðJ  K  1Þ
Dm ¼ 2
;
ð2Þ
J 2 ð2J  1Þð2J þ 1Þ
h m0
where Dm is the Stark shift, lb is the dipole moment
component along the b inertial axis, Edc is the Stark ﬁeld,
and m0 is the zero-ﬁeld frequency. The frequency shift
given by Eq. (2) accounts for more than 90% of the total
observed Stark shift, making these experiments sensitive
to only the b-component of the permanent dipole moment.
While Eq. (2) gives a good picture of the observed
Stark eﬀect, the data analysis uses a more complete expression that contains small contributions from additional lb matrix elements and fourth-order interactions
from the matrix element in Eq. (1). We make some additional corrections that individually are small relative
to the precision of the data, but taken together give a net
contribution of about one standard deviation since they
all increase the dipole moment. These include accounting for the asymmetry of the molecule, the slight lifting
of the M ¼ 1 degeneracy by chlorine hyperﬁne structure [23] and the small decrease in the Stark ﬁeld that
the molecules experience from being close to the edge of
the electrodes. This last correction was made using the
SIMION program [24]. The a-component of the HOCl
dipole moment does not make a signiﬁcant contribution
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Table 1
Stark ﬁelds, dipole moments ﬁt to data, and calculated frequencies for
the M ¼ 0 components
Edc (V/cm)

lb (D)

m ðM ¼ 0Þ (MHz, calc.)

983.7
1180.2
1377.0
1475.4
1573.8
1672.2
1770.8
1869.0
1967.7

1.592(15)
1.555(10)
1.561(8)
1.562(7)
1.569(6)
1.562(5)
1.561(5)
1.563(4)
1.563(4)

27489.51
27491.44
27494.08
27495.54
27497.20
27498.73
27500.45
27502.34
27504.29

to this Stark eﬀect because la is relatively small (0.36 D
in the ground state [25,26]) and the a-type terms all have
large energy denominators. It is thus possible to calculate the Stark shift, Dm, for each M value in terms of a
single parameter, lb . The frequencies of individual Stark
components are shown in the stick diagram portion of
Fig. 3. The dashed curve shows experimental data for
1400 V/cm, and the three solid curves are calculated
signals, each using a slightly diﬀerent dipole moment
value. The calculated curves were generated from the
accurate Stark shift expression, the two level Rabi
lineshape [22] for each M component, and an approximate value for the microwave E ﬁeld. The calculated
signals are normalized to the peak intensity of the observed data. For the heavy solid line, the value of lb is
0.001 D larger than optimum so the two waveforms can
be distinguished at the high frequency edge of the ﬁgure.
The two lighter solid lines use dipole moments diﬀering
by 0.5% from the optimum value. The frequency axes
in Fig. 3 display absolute and relative positions of the
Stark components.
For each electric ﬁeld used, the calculated and observed signals were displayed together and lb was varied
until the high frequency edge of the two waveforms were
superimposed. The dipole moments obtained in this way
are listed in Table 1, along with Edc values and calculated frequencies for the M ¼ 0 Stark component. The
experimental accuracies listed with the dipole moments
are based on maximum Stark shifts deviating from the
calculated values by no more than 100 KHz. A weighted
average of the individual dipole moment values listed in
Table 1 gives lb ¼ 1:562ð9Þ D, where the uncertainty
includes both statistical and calibration contributions.
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combination of spectroscopic and HOCl dissociation
requirements has made it impossible to obtain la values
for vibrationally excited states. In the absence of la , we
use the geometry of HOCl and a bond moment model to
interpret lb . The a inertial axis is just 2° from the O–Cl
bond axis and this angle varies by only 0.2° for the excited states in question. Thus the O–Cl bond moment
has a negligible projection on the b axis. The OH bond
lies at a 15° angle relative to the b axis, making
lb ¼ lOH cosð15°Þ ¼ 0:97lOH [27]. Thus, to a quite good
approximation, the lb values reported here represent
OH bond moments.
As shown in Fig. 4, lb appears to vary linearly with
vibrational energy. Such behavior is expected [28–31],
even in the presence of mechanical ðxe xe Þ and electrical
(d2 l=dR2 ) anharmonicities, if the energy is localized to
the extent that the vibrational excitation can be treated
like a single oscillator. The linear dipole moment behavior that we observe in HOCl is thus evidence for
local mode [32,33] behavior—that is, that the OH
stretching mode is not signiﬁcantly mixed with other
modes for energies up to 14 000 cm1 . This is consistent with our earlier observation of just small, local
perturbations in vOH ¼ 6 rotational energy level structure [18].
The only other molecule for which dipole moments
are available for excited OH stretching vibrations is
water, and we have measured water moments for excited
states containing 1, 4, 5, and 8 quanta of OH stretching
vibration [12,13,34]. Even though water is known to be a
good local mode molecule [32,33], vibrational excitation
causes small changes in geometry and slight reorientations of inertial axes, and hence the dipole moment
components projected on these axes change [13]. While

4. Discussion
The dipole moment data that we have obtained for
vibrationally excited states of HO35 Cl are limited to lb
components. While we have devoted substantial eﬀort to
both microwave double resonance and Stark induced
quantum beat experiments that are sensitive to la , the

Fig. 4. Dipole moment data for HO35 Cl plotted as a function of vibrational energy. The three moments plotted here are from comparably high J transitions and centrifugal distortion is not an issue in this
comparison [11,26].
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these eﬀects make it diﬃcult to obtain quantitative OH
bond moments from la and lb values for OH stretching
states of H2 O, the data for vOH ¼ 0, 1, and 4 are consistent with our HOCl measurements. However, it is
important to note that the systematic increase in the
H2 O moments stops at vOH ¼ 4. The dipole moment of
vOH ¼ 5 of H2 O is almost identical to that of vOH ¼ 4,
and the moment slightly decreases for vOH ¼ 8. This
change is necessary, since the dipole moment of very
highly excited OH stretching states of water must approach the 1.655 D moment of OH [35]. It is not clear at
what point the OH bond moment in HOCl will begin to
decrease, but it must do so at suﬃciently high excitation
levels of excitation.
The changes in molecular charge distribution with
high energy vibrational excitation are complicated, but
certainly important to many fundamental chemical
processes. While it is clear that dipole moment data
alone cannot provide a complete understanding of these
changes, we believe that these experiments are important
steps toward a more detailed picture of high energy,
reactive chemical species.
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