Determination of the electric dipole moment of HN;
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The electric dipole moment of the linear molecular ion HN,;" was determined by measuring
the isotope shifts of the rotational g factors of different isotopic species. We studied the
Zeeman effect of the R(6) rotational transition at 650 GHz. In a magnetic field of 5.4 T the
rotational transition split into two components, separated by 2.2-2.5 MHz. The g factors

were determined for H*N"N *, H*N'*N +, and H'’N'*N *. The dipole moment for
H"“N'"“N* was determined as (3.4 + 0.2) D, which is in excellent agreement with the
theoretical value. The transitions were observed by direct absorption spectroscopy with a
tunable FIR sideband spectrometer. The ions were generated in a modified anomalous

discharge placed in a superconducting magnet.

INTRODUCTION

The permanent electric dipole moment of a molecule is a
fundamental quantity reflecting its electronic structure.
Knowledge of the electric dipole moment is essential for the
calculation of rotational absorption intensities and radiative
lifetimes. For neutral molecules Stark spectroscopy allows
the determination of the electric dipole moment. Such mea-
surements cannot be made for ions, because the electric field
accelerates the ions towards the wall of the discharge tube.
The lack of experimental data is in contrast to a large num-
ber of theoretical data obtained by ab initio calculations.

The first direct measurement of an electric dipole mo-
ment for an ion was carried out by Laughlin et al. for ArH *.
The dipole moment was determined from the measurement
of the rotational Zeeman effect by far-IR laser spectroscopy.
In subsequent measurements'™ the dipole moment of
ArH™* was determined as (1.4 +0.4), (1.6 + 0.4), and
(3.0 £+ 0.6) D, whereas a theoretical value of 2.2 D was ob-
tained by Rosmus.* Their experiments were based on theo-
retical considerations by Townes et al.,’> who showed that
the knowledge of the experimentally determinable rota-
tional magnetic g, factor for two different isotopic species
allows the calculation of the electric dipole moment. The
dipole moment was calculated using the following expres-
sion:

p= —eh/(16m°M,Az)(gr/B’' — gr/B) + 1/2(QeAz),
(1

where u, gz, B, Az are the electric dipole moment, the rota-
tional g factor, the rotational constant of the isotopic species
(a), and the shift in the center of mass upon isotopic substi-
tution, respectively. The primed quantities are the corre-
sponding quantities of the isotopically substituted species
(b). Qis the net charge of the molecule. This expression was
first applied to determine the sign of the electric dipole mo-
ment of CO,® which cannot be obtained by Stark spectrosco-
py. Because the electric dipole moment is proportional to the
difference between two nearly equal quantities g5 /B’ and
gr/B, it is necessary to measure these ratios with a very high
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precision in order to obtain an acceptable error for z. The
result is quite sensitive even to small systematic errors. This
was discussed in the third measurement by Laughlin et al.,?
where “systematic errors present in the previous data have
been discovered and eliminated.”

The application of Eq. (1) is based on the following
assumptions:

(i) The structure of the molecule remains constant

upon isotopic substitution. (ii) The validity of first or-

der perturbation theory.

The first assumption implies that only the distance
between the center of mass and each atom is changed, while
the distance between the atoms is kept constant. This is not
true in general, mainly due to the effects of the zero point
vibrations, which are different for distinct isotopic species. It
is possible to correct for this by extrapolating all measured
rotational factors g, (#) to a common equilibrium value
gg (r.) for all isotopic species (#': value of r for v = 0). This
was discussed in detail in Ref. 3, where various methods for
an extrapolation of g (») have been proposed. For compari-
son the dipole moment was calculated from:

(1) ground state g factors without any extrapolation,

yielding 2.85 D;

(2) extrapolated equilibrium g factors based on the

analogy with HF using a Dunham expansion, which re-

sulted in a dipole moment of 3.35 D;

(3) extrapolation using a vibrationally corrected g5 fac-

tor, calculated by a method developed by Gruebele et

al.” where the vibrational correction is determined
from a fit of high resolution experimental data to a po-

tential surface, yielding a dipole moment of 2.95 D.
Another ab initio study of Geertsen and Scuseria® presented
more theoretical evidence supporting a dipole moment of 2.1
D. They pointed out that the use of a Dunham expression
leads in general to unsatisfactorily large errors. They believe,
that using a Dunham expansion can be the source of discrep-
ancy between theoretical and experimental dipole moments.
The lack of experimental vibrational corrections to the g
factors was also considered by Laughlin et al. as an uncer-
tainty in their data.
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Our experimental setup is based on a FIR laser sideband
spectrometer equipped for Zeeman measurements. The
main features of the instrument and analysis are the follow-
ing:

(1) The incorporation of a superconducting magnet,

which allowed the measurements in high magnetic

fields. For this purpose a modified discharge cell suit-
able for measurements in magnetic fields of 5 T was
developed.

(2) The measurements were carried out at a fixed mag-

netic field. The consequences are discussed in the ex-

perimental section.

(3) The lines were fitted to a Voigt instead of a Lorent-

zian line profile. It will be shown that this is essential in

the analysis of the present data.

Aslongas only g, factors for v = 0 can be determined, it
is important to restrict the isotopic substitution to the heavy
nucleus. Since in the present work only the N atoms were
substituted, the change in the reduced mass and hence the
change of the zero point vibration is negligible. Therefore
there is no need to extrapolate the rotational g factors for
HN,".

In this work the first determination of the dipole mo-
ment of the astrophysically important ion HN," is reported.
The ion was first observed in interstellar space® and later in
the laboratory, in the microwave,'® infrared,!' and in the
FIR'? region. HN, was found to occur in a large number of
interstellar sources, where the wide distribution of HN,*
supported the ion—-molecule theory of interstellar chemistry.
Molecular abundances in radioastronomy are determined
from rotational emission intensities. Therefore an experi-
mental determination of the electric dipole moment with
high accuracy would allow a test of the high precision ab
initio result obtained by Botschwina'® as well as furthering
the knowledge of interstellar cloud chemistry.

EXPERIMENTAL

Because the electric dipole moment g is proportional to
the difference between two nearly equal quantities g% /B’
and g, /B, an error of ~1% in g, will result in an error of
10% in u for HN;' . Whereas the rotational constants B and
B'arenormally well known from microwave measurements,
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gx and g; have to be measured. In order to determine g, the
Zeeman splittings of pure rotational transitions in high mag-
netic fields were measured. According to the expression:
E =g B8,M,H (H: magnetic field, §,: nuclear magneton),
which describes the Zeeman energy for a linear 'Y molecule,
pure rotational transitions split in a magnetic field, perpen-
dicular to the polarization of the laser, as v = v, + B,z H,
where v, is the transition frequency for zero magnetic field
and the 4+ or — signs correspond to allowed AM = + 1
transitions, respectively. This means that two separate tran-
sitions can be observed, split by Av = 2g, 8, H. The accura-
cies of the frequency and the magnetic field both contribute
in an equal manner to the final uncertainty of g, . If measure-
ments for the two isotopically substituted species are made
in the same magnetic field, Eq. (1) can be modified to

p= —eh/(16°M,Az23,H)(Av'/B' — Av/B)

+ 1/2(QeAz), (2)

with Av and Av' being the Zeeman splittings for the two
species.

The accuracy of the magnetic field measurement in our
experiment was limited to 0.1% by the homogeneity of the
magnetic field. The contribution of this error to the deter-
mination of ¢ was negligible compared with other errors. A
superconducting magnet which allowed separate measure-
ments at a constant magnetic field was chosen to avoid mea-
surements at different magnetic fields, which would require
very precise absolute magnetic field measurements for each
magnetic field. The superconducting magnet had the advan-
tage of providing a large magnetic field combined with a high
field stability (fluctuating less than 0.05% ). The uncertain-
ty in the frequency determination completely dominated the
error in y.

The lines were recorded in the far infrared (FIR),
where the linewidth, determined by Doppler and pressure
broadening, was sufficiently small. A low pressure (less than
100 mT) in the ion generating gas discharge was chosen in
order to suppress additional pressure broadening. The re-
sulting linewidth was 2.6 MHz (FWHM). The spectra were
taken with the tunable far infrared spectrometer in Nijme-
gen, which will be described in detail elsewhere.'* The over-
all setup is displayed in Fig. 1. The tunable FIR radiation
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was generated by mixing tunable microwaves with a CO,
pumped FIR laser on a Schottky diode. The laser line used in
the course of the experiment was the 716.1568 GHz line of
formic acid (HCOOH). The spectra were recorded using
frequency modulation of the microwave source (klystrons)
and lock-in detection at 2f with a 1.5 K Si bolometer.

The ions were observed in a liquid nitrogen cooled dis-
charge cell using a mixture of H, and N, . The diameter of
the discharge cell was 2.6 cm, adapted to the diameter of the
magnet. In order to achieve a high accuracy in the frequency
measurement, a production method with a high signal to
noise ratio at low pressures was required. This could be ac-
complished by using an anomalous discharge. We used a
setup similar to the one described by de Lucia ez al.,'* except
that ours was modified for operation in high magnetic fields.
De Lucia et al. applied a magnetic field of 300400 G to
extend the negative glow over the entire length of the dis-
charge tube, thus increasing the ion density by two orders of
magnitude. However, they found that the signal strength
decreased after an optimum magnetic field of 300400 G
towards higher magnetic fields. This observation was repro-
duced in the present experiment. Furthermore, it was found
that the decrease of the signal was accompanied by a de-
crease in the discharge voltage. For sufficiently high magnet-
ic fields the discharge voltage became too low to further
maintain a negative glow. Since for an anomalous discharge
the current is proportional to the voltage, the maximum cur-
rent for which an anomalous discharge could be observed,
decreased with increasing magnetic field. In order to allow
measurements at high magnetic fields (5.5 T)—the super-
conducting magnet provided the field for the negative glow
extension as well as for the Zeeman spectroscopy—we used a
modified cathode design, shown in Fig. 2. The adjustable
cathode surface allowed the discharge voltage to be con-
trolled and hence kept large enough at higher magnetic
fields. This technique was first applied by Bohle et al.'® at
higher pressures ( ~2 Torr) where a special cathode design
was essential. In the present work, the cathode surface was
altered by sliding a glass tube inside the cathode, as can be
seen in Fig. 2. Maximum signal to noise ratios were achieved
with an uncovered cathode length of about 3 cm, which
yielded a discharge current of 4 mA at a voltage of 1.2 kV.

Signals of the isotopic species H“N''N* and
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TABLE Zero field transition frequencies for the R (6) transition of HN,*
and Zeeman splittings at 5.444 T of the different isotopic species.

Zero field frequency Zeeman splitting
H"N"N+ 631.735 GHz 2562(10) kHz
H“N"“N+ 638.327 GHz 2203(10) kHz
H“N“N+ 652.095 GHz 2434(20) kHz

HY”N"N* were generated with a mixture of equal amounts
of “N"N and '"N**N. With this mixture, all four species:
H"“N'N+, H°N"N+, H*N"N* and H”N"*N* were
produced in equal amounts. This indicates that N, is com-
pletely dissociated in an anomalous discharge before recom-
bination occurs. For the production of H*N'N * a mixture
of H, and "*N"N was used.

RESULTS

The Zeeman splittings of the R(6) transitions of the
three isotopic species: H“N"N*, H“N“N+, and
H"“N"N* were recorded in a magnetic field of B = 5.444
T. The zero field transitions were found within 20 MHz of
the frequencies predicted by the constants obtained by pre-
vious measurements from Szanto ef al.!” and Sastry et al.’®
The zero field transition frequencies are given in Table I. The
measured rotational transitions split by the Zeeman effect
are shown in Figs. 3-5. The spectra were digitized and a
curve fitting with approximately 170 points per spectrum
was carried out. Each Zeeman component was fitted with a
Voigt profile determined by four parameters: the height, the
transition frequency, and the two widths of the Lorentzian
and the Gaussian part, respectively. The linewidth was as-
sumed to be the same for both Zeeman components of the
same isotopic species, whereas the height and the transition
frequencies of the two components were fitted independent-
ly. The intensity ratio of the two components is determined
by the ratio of the right to left handed circularly polarized
component of the incident radiation. This ratio can differ
from 1, due to the various optical components in the
spectrometer. The base line was fitted to a first degree poly-
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FIG. 3. Experimental (dotted) and fitted (solid) line profile for
H"N'"N +, showing the Zeeman splitting at 5.444 T.
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FIG. 4. Experimental (dotted) and fitted (solid) line profile for
H"N'"“N *, showing the Zeeman splitting at 5.444 T.
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FIG. 5. Experimental (dotted) and fitted (solid) line profile for
H'N"N *, showing the Zeeman splitting at 5.444 T.
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FIG. 6. Residual (experimental minus fitted line profile) for H*N"N +
corresponding to Fig. 3.
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FIG. 7. Residual for HN"*N + corresponding to Fig. 4.
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FIG. 8. Residual for H*N'SN * corresponding to Fig. 5.
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FIG. 9. Experimental and fitted line for H*N'*N *, leaving out the parts
affected by a base line shift.

nomial. In total we fitted eight parameters. The result of the
curve fits is shown in Figs. 3-5. If 80 instead of 170 data
points were used the resulting Zeeman splitting changed by
less than 5 kHz. The results from two successive scans of the
same isotopic species deviated by less than 5 kHz. Based on
these considerations we estimate that the frequency preci-
sions in the splittings of H*N'N + and H’N'*N * were 10
kHz. The residuals (observed minus calculated line profiles)
for all three isotopic species are given in Figs. 6-8.

The scan of the H*N'N * spectrum showed a consid-
erable, but reproducible, baseline offset (see Fig. 6), which
resulted in a least-square deviation four times larger than
that of the other two isotopic species. This base line offset is
limited to a small part of the scan and is probably caused by
fluctuations of the microwave power. A second fit, where
this part of the scan was neglected, was performed (see Figs.
9 and 10). The Zeeman splittings obtained for the different
fits changed by up to 20 kHz. Hence the overall error in Av
for HN'"N * was assumed to be 20 kHz. For the determin-
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FIG. 10. Residual for H*N'"“N * corresponding to Fig. 9.

TABLE II. Dipole moments (in Debye units) derived from Zeeman split-
tings for different pairs of isotopic species.

HMNISN+ HISNMN+ H14N14N+
H”N"“N* and H¥N"N* 3.46(15) 3.29(15) 3.37(15)
H"N"“N* and H¥N”N* 3.3(6) 3.2(6) 3.2(6)
H"“N"N™* and H°N“N* 3.6(4) 3.5(4) 3.5(4)

ation of the electric dipole moment, the Zeeman splitting
was used as obtained from the second fit (Fig. 9).

The final Zeeman splittings for all isotopomers are listed
in Table I. Using Eq. (2) the dipole moments of the different
isotopic species for all data sets were calculated. The rota-
tional constant B as well as the equilibrium geometry were
taken from Ref. 17. The uncertainties in these numbers can
be neglected compared with the estimated frequency errors.
The results are given in Table II. The resulting dipole mo-
ment changed by 0.4 D if a curve fitting with a Gaussian
profile instead of a Voigt profile was performed (with a Lor-
entzian profile by up to 1.0 D). Because the pressure broad-
ening contributed 1/3 of the overall linewidth, the applica-
tion of the Gaussian profile resulted in a least-square
deviation, which was twice that obtained with a Voigt pro-
file. This showed, that the use of a Voigt profile is essential at
the level of accuracy required in our work.

Combining the rotational g, factors of two isotopic spe-
cies the dipole moment of both isotopic species in the center
of mass can be found. The difference between the dipole mo-
ments of the isotopomers is given by the shift in the center of
mass multiplied by the net charge of the ion, which gives the
dipole moment for all isotopic species:

H—= :u' = eQAZy
where Q is the net charge and Az the shift of the center of
mass. Hence three different values for each isotopic species
can be derived.

If we compare the dipole moments given in Table II, it
can be seen that they agree very well within their estimated
uncertainties. The weighted mean value for the electric di-
pole moment of H*N"N* (3.4 4+ 0.2) D is in excellent
agreement with the theoretical value obtained by Botsch-
wina et al. (3.37 D).!* The reliability of our data is support-
ed by the fact that dipole moments determined in indepen-
dent measurements agree with each other. This confirms the
validity of Eq. (2) for the determination of the electric di-
pole moment in case of a restricted isotopic substitution
(only the N atoms were substituted). In this context it
would be interesting to compare these results with ab initio
calculations of the functions g (#), which are not yet avail-
able.
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