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We report the measurement of approximately 50 rotational transitions in the DO, radical
between 230 and 2530 GHz by high-resolution millimeter-wave and far-infrared laser magnetic
resonance spectroscopy. The radical was generated in the gas phase by the reaction of chlorine
atoms and oxygen or discharged oxygen with deuterated methanol. The data were analyzed in
conjunction with previously published high-resolution spectra of the molecule in the ground
vibronic state in order to extract the best set of parameters in the effective Hamiltonian describing
the molecule. The fine structure (spin-rotation) parameters derived in the present work were used
together with those for HO, [A. Charo and F. C. De Lucia, J. Mol. Spectrosc. 94, 426-436 (1982)]
in order to determine all of the symmetry-allowed spin—rotation tensor components for the hy-
droperoxyl radical. The results cannot be interpreted in terms of contamination of the ground
state wavefunction by the lowest lying 424’ state alone and information from quantum chemical
calculations of spin-orbit matrix elements between the ground and higher excited states or ad-
ditional experimental data involving higher excited electronic states are necessary before a complete
rationalization of the results is possible. © 1986 Academic Press, Inc.

INTRODUCTION

The hydroperoxyl radical, HO,, is an important intermediate in the combustion
of hydrocarbons and in atmospheric chemistry; however, high-resolution spectra in
the gas phase were only observed quite recently when Evenson and co-workers (1, 2)
detected rotational transitions in the molecule by far-infrared laser magnetic resonance
(FIR LMR) spectroscopy. Apart from its chemical importance, the molecule is spec-
troscopically interesting as a prototypical light asymmetric-top free radical; a series of
high-resolution studies (3-7) have investigated the molecule’s structure in its ground
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electronic state. The deuterated species, DO,, has also been the subject of several
studies by microwave spectroscopy (8, 9) and EPR and FIR LMR (10). Taken together,
the spectroscopic data for the two isotopes have established an accurate ry structure
(10) and details of the electronic structure such as the spin—rotation (//, 12) and
dipolar magnetic hyperfine coupling tensor components (9).

Following these spectroscopic studies, several investigators have used the same tech-
niques to measure the kinetics of some reactions involving the hydroperoxyl radical _

which are of interest in atmospheric and combustion chemistry (I3). Parallel studies

of DO, are useful in the understanding of the details of the reaction mechanisms such
as the deuterium isotope effect and collision complex dynamics. The desire to perform
such experiments led to the present work. Although the FIR LMR spectrum of the
DO, radical has been studied by Barnes et al. (10), the spectra measured were at longer
wavelengths than those available with the water vapor laser LMR spectrometer on
which the kinetic measurements were to be made. We therefore recorded the DO,
spectrum on the 118.6-um water vapor laser line. At this wavelength, the rotational
transitions observed involve higher rotational levels than had previously been studied
and it was found that the best available set of molecular parameters (9) did not ac-
curately reproduce the observed spectrum. In an attempt to obtain a reliable description
of the molecular rotational energy level structure, the new data were combined with
the previously reported high-resolution data (9, 10) involving the ground state of DO,
in a fit to the effective Hamiltonian for this state of the molecule. While this process
was reasonably successful, allowing assignment of the new data, it was not possible to
determine all of the expected fine structure parameters reliably. Specifically, the off-
diagonal component of the spin—rotation tensor [¢, + 4| (11) was not well determined;
in fact the addition of the new LMR data appeared to confuse the situation and the
resulting molecular parameters were, in some cases, more poorly determined than
had previously been the case (9).

At this stage, it was decided that additional high-precision measurements recorded
in the absence of the magnetic field used in the LMR experiment were needed if the
effective spin-rotation Hamiltonian parameters were to be determined sufficiently
precisely. For this reason, we have recorded more than 40 new rotational transitions
at frequencies between 230 and 420 GHz. The available rotational spectra of DO,
now include information on levels with N < 22 and K, < 4. A least-squares fit to a
representative sample of the data allows the determination of all of the major parameters
appearing in the effective Hamiltonian including all of the determinable components
of the spin—rotation tensor. These are combined with the corresponding parameters
for HO, (6) in order to determine the fundamental spin-rotation-tensor components
for the molecule (12).

EXPERIMENTAL DETAILS
(A) Laser Magnetic Resonance Measurements

Spectra were recorded using the water vapor laser-based LMR spectrometer described
previously (14). The electric vector of the laser radiation was arranged to be parallel
(m polarization) to the applied magnetic field. Magnetic flux density measurements
were made using a Hall probe which was calibrated with an nmr gaussmeter period-
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ically. Additionally, some of the stronger resonance lines were measured directly using
an nmr gaussmeter and corrections made for the relative positions of the probe and
the sample. The estimated uncertainties are +1 X 107 T for the lines measured directly
and +5-10 X 10™* T otherwise.

The DO, radicals were formed in a flow system by mixing chlorine atoms, produced
in a microwave discharge of a mixture of chlorine (4.8%) in helium, with a CD;0D
and O, mixture. The reactions producing the DO, are (15)

Cl + CD;0OD — DCl + CD,0OD nH

and
CD,OD + O, — CD,0O + DO,. 2)

Typical flow conditions used were 0.048 cm? sec™' (all flows are STP = 1 atm, 273
K) for the Cl,/He mixture, 0.23 cm?® sec™! for O,, and 0.02 cm? sec™! for CD;0D.
Helium was added at a rate of 4.85 cm? sec™ to stabilize the microwave discharge
and an additional flow of 1.80 cm? sec™' of helium was added to the flow tube as a
carrier gas. The total pressure was 3.0 Torr in the reaction region. The products of
the microwave discharge in the Cl,/He mixture were reacted with the methanol and
oxygen approximately 5 cm above the detection region of the spectrometer. On the
basis of the measured rate constants for reactions (/) and (2) the DO, production was
completed before detection. The reaction between chlorine atoms and CD;0D pro-
duced less HO, than that with CH;0D. This was probably due to the presence of other
isotopic species, e.g., CH;OH and CH,DOH in the CH;0D. The identity of DO, was
supported by studies of its chemical behavior. For example, the observed resonance
lines disappeared on the addition of excess NO since the reaction

DO, + NO — OD + NO, (3)

removes all the DO, (or HO;). No transitions of OD were observed in 7 polarization
at 118.6 um, a result consistent with a previous LMR study at 118.8 um (/6). The
lines from HO,, O,, OH, and NO at 118.6 um are well known and were identified in
separate experiments. )

(B) Millimeter- and Submillimeter-Wave Measurements

The millimeter- and submillimeter-wave techniques used for the work at the Duke
Microwave Laboratory have been described previously (17, 18). In this instance, the
probe radiation was quasi-optically propagated through a free space absorption cell
consisting of a pyrex pipe 2.2 m in length with an inner diameter of 10 cm. This cell
was pumped with a 4-in. diffusion pump. Cylindrical electrodes were placed at each
end of this tube and a glow discharge of length 1.5 m was established in a flowing
mixture of O, and CH;0D. Optimal DO, production was obtained with partial pres-
sures of 35 mTorr of O, and 10 mTorr of CH;0D and discharge currents of about
30 mA. Although this reaction was a convenient means of introducing the correct
isotopic species into the reaction, it produced signals that were substantially weaker
than observed in our earlier work on HO,. For those experiments, the products of a
microwave discharge in CF, were reacted with HOOH (/9).



106 SEARS ET AL.

A coil was wrapped around the cell so that magnetic fields of up to about 100 G
could be applied. The ability to investigate the Zeeman effect of observed lines was
extremely important to help distinguish the lines of the magnetic DO, from the rich
nonmagnetic spectra of the many species present in the glow discharge.

RESULTS
(A) Laser Magnetic Resonance Measurements

In Fig. 1, we show the observed laser magnetic resonance spectrum from 0-1.5 T
taken in a fast scan using a 118.6-um H,O laser line at 2527.9531 GHz (20). The
chemical evidence discussed in the previous section strongly suggested that all the
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FiG. 1. Laser magnetic resonance spectrum of the DO, radical taken using the 118.6-um water vapor
laser line. The laser is polarized with the electric vector parallel to the applied magnetic field. The rotational
transitions are identified by the following symbols: O, 20,5 — 19,,9; ® (above resonance line), 17315 — 152143
o (below resonance line), 1635 — 153145 +, 18316 «— 172155 ©, 54— 43;and O, 64 — 5s.
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major resonance lines in the spectrum were attributable to DO,. Some weak features
could be assigned to HO, and O,.

In order to assign the spectrum, the molecular parameters determined by Saito et
al. (9) were used to calculate the rotational energy levels of the molecule and transitions
with frequencies lying close to the laser frequency were picked out. The spin splittings
of the levels involved were then used in an approximate calculation (21) of the magnetic
field behavior for each transition and the observed and calculated Zeeman patterns
matched in order to arrive at unambiguous assignments. Once all assignments had
been made, the original predictions were refined and further assignments became
straightforward. Ultimately, Zeeman components of eight rotational transitions were
identified although two pairs of K-doublet transitions were unresolved. These were
the 64 — 53 and 54 < 43; the K doubling in the 5; level is predicted to be about 2.5
MHz, hence its nonobservation is not surprising in view of the expected broadened
linewidth of 6 MHz FWHM at 300 K at this frequency. The assigned resonances are
given in Table I.

While this work was in progress we were informed by Dr. J. M. Brown? that a
significant body of FIR LMR data existed that had been recorded at longer wavelengths
and was thought to be due to DO,. We have included a representative sample of this
data in our analysis (see next section), and for completeness the assigned resonances
are also given in Table I. We were not able to convincingly assign the spectrum recorded
on the 394-um HCOOH laser line (10) although most likely it is due to the transition
21319 < 21,50. The reason for the inability to decide on a unique assignment lies in
the large number of incompletely resolved Zeeman components in the spectrum.

(B) Millimeter- and Submillimeter-Wave Measurements

These measurements were made at a time when the analysis of the LMR data in
conjunction with the previously published data (9, 10) was well in hand. Consequently
fairly good predictions of the expected frequencies could be made and this turned out
to be necessary since the DO, lines were weaker than those of HO, previously studied
(6), presumably due to a population dilution effect and the slightly less efficient chem-
istry employed. Additionally, many contaminant molecule lines were present in the
chemical mixture and it was necessary to employ Zeeman effect measurements in
order to unambiguously identify those lines due to DO,. The measured frequencies
are given in Table II. At these frequencies the Doppler and pressure broadened line-
widths are greater than the hyperfine splittings due to the nuclear spin of deuterium,
and hyperfine splitting was not observed in any of the lines. However, the effect of
the unresolved hyperfine components is to shift the apparent position of the line
center. Fortunately, the hyperfine parameters for DO, have been accurately determined
from the work of Saito et al. (9) and these were used to estimate the hypothetical line
position in the absence of nuclear hyperfine effects. These “corrected” frequencies vgs
are also recorded in Table II; the changes are rather small as can be seen from the
entries in the table.

3 We are most grateful to J. M. Brown and H. E. Radford for providing us with this additional data.
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TABLE 1

Far-Infrared Laser Magnetic Resonance Data for DO,

a,b
6 --= 5 Laser 2527.9531 GHz
4 3
c d e £
2MI--2M F --F FIELD 0-C FREQ 0-C FIELD
Gauss MHz Gauss
11 1 2 1 11593 -14.4 -6
b
5 - 4 Laser 2527.8531 GHz
4 3
2MI--2M F--F FIELD 0-C FREQ 0-C FIELD
Gauss MHz Gauss
-9 -9 2 1 8512 6.4 -2
-7 -7 2 1 10117 4.0 -2
-5 -5 2 1 12283 5.3 -3
-3 -3 2 1 15237 -0.3 0
16 --= 15 Laser 2527.9531 GHz
313 214
2MJ --2M F--F FIELD 0-C FREQ 0-C FIELD
Gauss MH2 Gauss
=31 -31 2 1 3112 8.7 -3
-29 -29 2 1 3238 15.7 -6
-27 =27 2 1 3377 11.2 -4
-25 -25 2 1 3523 13.0 -5
-23 ~-23 2 1 3682 7.6 -3
-21 =21 2 1 3857 -10.3 4
-19 -19 2 1 4043 -25.9 11
-17 -17 2 1 4222 4.7 -2
-15 -15 2 1 4427 4.7 -2
-13 -13 2 1 4642 13.7 -6
-11 -11 2 1 4879 6.3 -3
-9 -9 2 1 5131 0.4 0
-7 -7 2 1 5392 10.5 -5
-5 -5 2 1 5673 13.9 -7
-3 -3 2 1 5973 14.3 -7
-1 -1 2 1 6296 4.3 -2
1 1 2 1 6628 15.0 -7
3 3 2 1 6983 17.1 -8
5 5 2 1 7364 5.1 -2
7 7 2 1 7757 8.3 -4
9 9 2 1 817¢ -6.4 3
11 1 2 1 8605 12.4 -6
13 13 2 1 9069 -8.1 4
15 15 2 1 9537 6.9 -3
17 17 2 i 10023 27.3 -12

a4 Transition labelled by rotational quantum numbers
g * N

ac ac
b K doubling not resolved in these transitions.
© Twice the My value for the upper and lower state involved in the
transition. AMj = O corresponds to I (parallel) polarization,
AMj = *1 corresponds to ¢ (perpendicular) polarization.
d Py and ¥, give the fine structure levels to which the Mj level
correlates in zero field. F; corresponds to levels with J = N + 1/2 and
F, to levels with J = N - 1/2.
e Observed minus calculated frequency using the parameters given in
Tables III and V.
f Observed minus calculated field using the parameters given in

Tables III and V.
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TABLE I—Continued

2MI--2M F--F FIELD 0-C FREQ 0-C FIELD
Gauss MHz Gauss
19 19 2 1 10540 23.6 -10
21 21 2 1 11090 -10.2 4
23 23 2 1 11636 13.9 -6
25 25 2 1 12220 -3.6 2
27 27 2 1 12802 36.7 -14
29 29 2 1 13404 83.0 -32
17 -=- 186 Laser 2527.9531 GHz
315 214
2M)--2M F--F FIELD 0-C FREQ 0-C FIELD
Gauss MHz Gauss
-28 -29 2 1 2056 -12.0 5
-27 =27 2 1 2156 -9.5 4
-25 -25 2 1 2260 3.9 -2
-23 -23 2 1 2374 14.9 -6
-21 -21 2 1 2504 12.4 -6
-17 =17 2 1 2800 5.8 -3
-15 -15 2 1 2965 8.4 -4
-13 -13 2 1 3147 6.2 -3
-11 -1 2 1 3341 11.7 -6
-9 -9 2 1 3557 7.2 -4
-7 -7 2 1 3787 10.7 -6
=5 =5 2 1 4043 1.0 -1
-3 -3 2 1 4311 6.4 -3
-1 -1 2 1 4602 7.3 -4
1 1 2 1 4913 10.5 -6
3 3 2 1 5248 8.0 -5
5 5 2 1 5600 16.2 -9
7 7 2 1 5973 24.6 -13
9 9 2 1 6380 9.3 -5
11 1 2 1 6798 13.0 -7
13 13 2 1 7243 4.4 -2
15 15 2 1 7700 12.0 -6
17 17 2 1 8179 15.4 -7
19 19 2 1 8680 13.3 -6
21 21 2 1 9205 0.1 0
23 23 2 1 9735 16.9 -8
25 25 2 1 10280 19.6 -8
27 27 2 1 10861 28.3 -12
29 29 2 1 11461 11.0 -4
18 --- 17 Laser 2527.8531 GHz
316 215
2MI--2M F--F FIELD 0-C FREQ 0-C FIELD
Gauss MHz Gauss
-21 =21 1 2 5855 -34.7 -14
-18 -19 1 2 6059 -9.3 -4
-17 -17 1 2 6258 -18.5 -8
-15 -15 1 2 6465 -30.0 -12
-13 -13 1 2 6687 -27.5 -11
-1 -11 1 2 6911 -43.4 -18
-9 -9 1 2 7166 -8.5 ~4
-7 -7 1 2 7410 ~24.6 -10
-5 -5 1 2 7670 -27.2 -11
-3 -3 1 2 7942 ~26.7 -11
-1 -1 1 2 8229 -16.4 -7
3 3 1 2 8825 -23.0 -10
5 5 1 2 9147 -9.8 -4
7 71 2 9470 -21.8 -9
9 9 1 2 9806 -30.7 -13
11 1 1 2 10161 -22.6 -9
13 13 1 2 10519 -35.9 -15
15 15 1 2 10895 -35.0 =14
17 17 1 2 11292 -12.5 -5
19 19 1 2 11685 -29.5 -12
21 21 1 2 12107 =5.3 -2
23 23 1 2 12520 -34.5 -14
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TABLE 1—Continued

20 ---19 Laser 2527.9531 GHz
218 119
2MI--2M F--F FIELD 0-C FREQ 0-C FIELD
Gauss MHz Gauss
27 27 2 1 582 -5.1 -4
25 25 2 1 701 -1.8 -2
25 25 2 1 1587 -0.7 1
27 27 2 1 1956 0.7 -1
29 29 2 1 2303 1.9 -2
31 31 2 1 2654 4.4 -4
33 33 2 1 3026 4.0 -3
35 35 2 1 3424 6.6 -5
37 37 2 1 3836 47.0 -30
3 --- 3 Laser 902.6301 GHz
21 12
2M}--2M F--F FIELD 0-C FREQ 0-C FIELD
Gauss MH2z Gauss
5 5 1 1 6951 -12.6 8
3 3 1 1 8548 -8.9 10
5 3 1 1 5768 -16.5 10
3 11 1 6972 =7.4 7
3 --- 3 Laser 903.8894 GHz
21 12
2MJ--2M F--F FIELD 0-C FREQ 0-C FIELD
: Gauss MHz Gauss
5 51 1 7783 -3.7 3
4 -== 4 Laser 902.6301 GHz
22 13
2M)--2M] F--F FIELD 0-C FREQ 0-C FIELD
Gauss MHz Gauss
7 7 2 2 8615 16.2 13
7 71 1 8685 -12.4 10
4 === 4 Laser  903.8894 GHz
22 13
2MI--2M F--F FIELD 0-C FREQ 0-C FIELD
Gauss MHz Gauss
7 7 2 2 7644 6.6 5
7 7 1 1 9811 -0.3 0
5 --- 5 Laser 902.6301 GHz
23 14
2M)--2M) F--F FIELD 0-C FREQ 0-C FIELD
Gauss MHz Gauss
7 7 2 2 2587 14.7 13
5 5 2 2 2621 10.2 11
9 7 2 2 1979 12.5 11
7 5 2 2 1979 14.3 13
5 3 2 2 2034 14.0 15
3 1 2 2 2137 10.7 13
1 -1 2 2 2303 10.0 14
-1 -3 2 2 2550 6.6 11
-3 -5 2 2 2939 5.0 11
5 7 2 2 3418 13.3 14
3 5 2 2 3582 10.9 14
1 3 2 2 3917 6.6 11
-1 12 2 4510 6.5 14
-3 -1 2 2 5567 4.8 15
-5 -3 2 2 7755 2.8 16
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TABLE 1—Continued

5 --- 5 Laser 903.8894 GHz
23 14
2M--2M F--F FIELD 0-C FREQ 0-C FIELD
Gauss MHz Gauss
1 3 2 2 1446 0.8 3
-1 1 2 2 1475 0.7 3
3 5 2 2 1511 1.3 4
-3 -1 2 2 1611 0.5 2
-5 -3 2 2 1932 0.8 5
15 --- 14 Laser 903.8894 GHz
214 213
2MI--2M F --F FIELD 0-C FREQ 0-C FIELD
Gauss MHz Gauss
29 28 1 1 780 -0.9 -6
27 27 1 1 830 -1.3 -10
25 25 1 1 892 -1.2 -10
23 23 1 1 962 -1.2 -11
21 21 1 1 1042 -1.3 -13
19 18 1 1 1139 -1.2 -13
17 17 1 1 1253 -1.2 -14
15 15 1 1 1391 -1.1 -14
13 13 1 1 1558 -1.2 -17
11 1 1 1 1769 -1.1 -18
9 9 1 1 2041 -0.9 -18
5 5 1 1 2875 -1.0 -27
22 --- 22 Laser 1281.6259 GHz
221 122
2M}--2M F--F FIELD 0-C FREQ 0-C FIELD
Gauss MHz Gauss
45 45 1 1 2589 -7.7 -15
43 43 2 2 3065 -4.3 -8
41 41 2 2 3437 -3.5 -8
39 39 2 2 3805 -2.1 -5
37 37 2 2 4191 -1.0 -3
35 35 2 2 4807 -1.2 -4
33 33 2 2 5072 -0.7 -3
31 31 2 2 5600 0.0 0
29 29 2 2 6205 0.0 0
27 27 2 2 6915 0.1 0
25 25 2 2 7763 0.2 2
23 23 2 2 8795 0.3 3

ANALYSIS AND DISCUSSION

In order to extract the best possible set of molecular parameters for the DO, radical,
the data given in Tables I and II were combined with the earlier millimeter-wave
measurements reported by Saito ef al. (9) and a representative sample of the LMR
and EPR measurements reported by Barnes et al. (10). The millimeter-wave data (9)
were corrected for the effects of nuclear hyperfine structure by explicitly subtracting
the calculated hyperfine contributions from the frequencies using the hyperfine pa-
rameters given previously (9). As was the case for the millimeter-wave measurements
discussed in the previous section, where hyperfine components were not resolved, an
average calculated shift was applied with the individual components weighted according
to their relative intensities. The appropriate effective Hamiltonian for DO, has been
discussed by Bowater et al. (22), Watson (23), and Brown and Sears (/). A review of
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TABLE II

Observed Millimeter-Wave Rotational Transitions in DO,

Transition® \’OBSb stc Vpg™ ngLC
Nk K ¢ Ni K (J) GHz GHz MHz
a ¢ ac

64¢ 595(F ) 362.121270 362.121232 0.001
615 514(Fy) 371.287110 371.287136 -0.015
615 514(F3) 370.658488 370.658466 -0.153
64 5,3(F3) 361.339204 361.339166 -0.112
645 594(F1) 363.890893 363.890892 -0.084
6,5 544(F3) 360.644360 360.644321 -0.049
633 532(F1) 365.497943 365.497982 0.047
633 530(F5) 358.712770 358.712730 -0.137
63y 533(F1) 365.493371 365.493411 0.090
63y 533(F5,) 358.708197 358.708157 0.100
6, 54 (Fy) 367.058195 367.058232 0.144
6, 54 (Fp) 356.290908 356.290873 0.024
747 606(F1) 421.955345 421.955370 -0.029
848 717(Fp) 216.089908 216.089946 0.063
808 717(F3) 212.545859 212.545844 -0.046
7,6 817(Fy) 375.499373 375.499378 0.115
857 91 (Fy) 303.352729 303.352678 -0.067
847 918 (F2) 314.027549 314.027534 0.028
10;9 919 (Fy) 355.904547 355.904555 -0.064
10,5 9319 (F3) 353.407889 353.407885 0.017
10,4 114;4(Fy) 350.110737 350.110722 0.040
10,5 114;1(F,y) 360.789129 360.789148 -0.109
51y 505 (Fy) 324.067090° 324.067084 -0.629
Sin Se5 (F3) 330.629783 330.629794 -0.051
615 505 (F3) 333.410162 333.410159 -0.025
615 695 (Fj) 339.167233 339.167238 0.004
716 797 (Fy 344.375835 344.375822 -0.013
716 To7 (Fp) 349.577849 349.577853 -0.013
819 80 (Fp 357.092355 357.092354 0.000
8,7 8o (F2) 361.902939° 361.902938 -0.257
98 999 (Fy) 371.685891 371.685882 -0.038
918 999 (F2) 376.220141 376.220153 -0.046
10,9 104;9(F3) 392.626997 392.626994 0.185

2 Transition labelled by rotational quantum numbers and fine structure
state (F; or Fy) where F; =J =N+ 1/2, F, =J = N - 1/2 levels. All
transitions obey the selection rule AN = AJ.

b Observed frequency in GHz. Estimated accuracy is 0.030 MHz in most
cases.

€ Frequency corrected for unresolved hyperfine structure components
using the hyperfine parameters given in reference (9).

d Frequency calculated using the parameters given in Table III.

€ Transition given zero weight in the analysis.
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TABLE I—Continued

Transition VoBS Yrg Ves™ VcALC

' "
NK K * NK K J) GHz GHz MHz

ac ac
11339 11933 (Fp) 411.233980 411.233974 0.054
13132 1313 (Fp) 258.460270 258.460204 -0.017
4y, 333 (Fp 236.856827 236.856914 0.042
byy 333 (F2) 234.878866 234.878732 0.044
byg 3y, (Fp) 248.107231 248.107289 -0.004
by3 31, (Fp) 246.323854 246.323794 -0.027
4oy 393 (Fp) 241.554731 241.554801 0.029
4oy, 393 (F2) 241.740117 241.740031 0.003
533 432 (Fyp) 306.031878 306.031932 0.185
532 431 (Fp) 306.033254 306.033308 -0.155
514 413 (Fy) 309.661832 309.661869 -0.021
51, 413 (Fp) 308.628779 308.628749 0.012

the form of the operator and the computational techniques used has been given pre-
viously (24). The effective operator is

Hggr = Hr + Hep + Hsg + Hgrep + Hurs + Hz. 4

Here Hg and Hcp are the effective rotational and centrifugal distortion operators, Hgr
and Hgrcep are the quadratic and quartic spin-rotation coupling terms, and Hygs and
H, the hyperfine coupling term and Zeeman interaction. The quadratic spin-rotation
operator involves four determinable parameters in the present case (11) while the
quartic term will in theory contain eight parameters for a planar unsymmetrical mol-
ecule such as DO,. The exact form of this latter operator has not been established for
such a case and we adopt the form appropriate for a molecule belonging to an or-
thorhombic point group on the basis that the neglected terms will have only a small
effect on the eigenvalues of interest. Both rotational and spin-rotational operators
were cast in the “A4” reduced form (23, 11).

In the fit, the data were weighed according to the inverse square of the estimated
experimental uncertainty. The uncertainty in the millimeter-wave measurements was
estimated to be 30 kHz in the present work and Saito et al. (9) give estimated uncer-
tainties for their measurements. The LMR data were estimated to be accurate to
+2 MHz on average. This is an approximation based on the uncertainty in setting the
FIR laser to the peak of the gain curve and the average estimated field measurement
error and several of the strong components of the 20,,5—19, 9 transition were more
accurately measured than this by direct reference to an nmr gaussmeter measurement.
The EPR measurements of Barnes et al. (10) were estimated to have an uncertainty
of 300 kHz. The data set included 180 transitions of which 77 were millimeter-wave
measurements, the rest comprising a representative sample of the LMR and EPR
measurements.
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Preliminary fits indicated that the FIR LMR measurements made using the 433-
pm formic acid laser line (/0) were not in accord with the rest of the data, these being
consistently calculated approximately 20 MHz too high. The laser line frequency is
not thought to be in error; it has been used extensively to record the LMR spectrum
of the formyl radical (25), and we suspect that there is an error in the magnetic flux
density measurements in this case. These data were given zero weight in the final
analysis. Several measurements in the millimeter-wave data set were deemed to deviate
by unacceptable amounts from the calculated position based on the rest of the data.
These are indicated in Table II and were also given zero weight in the final analysis.
The overall quality of the fit can be judged from the observed — calculated columns
of Tables I and II. While it is clear that there are some systematic trends in the FIR
LMR data, we believe that these are mainly due to remaining small systematic errors
which remain in the field measurements. The residuals for the millimeter-wave mea-
surements are very satisfactory; however, the overall standard deviation of the fit was
a factor of three higher than expected on the basis of the estimated experimental
uncertainties, and no combination of parameters could be found which reduced it
further.

The parameters determined in the analysis are given in Tables III-V. The rotational
and quartic centrifugal distortion parameters were all well determined, however, it
was not possible to determine all of the expected sextic centrifugal distortion constants
as might be expected for the limited data set; we believe that the parameters determined
here can be used to reliably calculate the rotational energy levels with N < 22 and
K < 4 to within a few MHz. Since the rotational Hamiltonian is fairly convergent for

TABLE III

Molecular Parameters for X24” DO,

A 335.59994(3) €aa = -27.145205(86)C
B 31.656479(13) epb = ~0.391615(93)
c 28.810803(13) €cc = 0.006802(93)

|€ab + ba| = 0-0786(28)

10 A 0.93954(30)
102 & 0.225799(47) 102 Az = 0.6587(33)
A 0.0402016(99) 103(%( + ,fm) = 0.512(23)
10% 6 0.85390(57) 103 A:K = ~0.393(52)
102 & 0.14649(63) 108 qq( = 0.23(13)
107 °m<b 0.328(42)
0% ¢ 0.248(13)

K

2 Units are GHz. The numbers in parentheses are the estimated variances
in units of the last quoted significant figure.

b A1l other sextic and higher centrifugal distortion constant
constrained to zero.

€ Determinable spin-rotation tensor components (see text).
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TABLE IV

Spin-Rotation Parameters for HO, and DO,

Calculated—lb

Calculated-2°¢

Quantity Observed
GHz GHz GHz
(1) For HOZ
S -0.422755(60)% -0.42530 -0.42458
-~ a
(eptena)  —0-3879(3) -0.3509 0.3485
C -49.57141(14)2 -49.5885 -49.5896
b ——— -0.4228(89) -0.4225(95)
€ba ——— -0.600(202) -0.556(217)
b —— 7.81(3.67) 7.02(3.95)
€ -— -49.564(34) ~49.570(35)
(i1) For DO,
R -0.391615(93)¢ -0.3855 -0.3873
~ ~ d
|eab+eba| 0.0786(28) 0.2409 0.1729
‘e‘aa -27.145205(86)% -27.1335 -27.2317

a Ref. 6. Numbers in parentheses are one standard deviation of the

least squares fits.

b Calculated assuming eap + €pa for DO, is positive.
¢ Calculated assuming €4 + €pg for DO, is negative.

d present work.
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DO,, calculated levels slightly outside these limits should also be fairly reliable. We

will now consider specific aspects of the fitting in detail.

(i) Spin-Rotation Parameters

The quadratic spin-rotation Hamiltonian contains four determinable parameters
for a molecule such as DO,, usually taken as the three diagonal tensor components
and the sum of the symmetry-allowed off-diagonal components |€pe + €apl (11). Tt is
not possible to determine the sign of this quantity from experimental data since its
matrix elements have no first-order effect on the eigenvalues. The four determinable
quantities are linear combinations of the five symmetry-allowed nonzero tensor com-
ponents as shown by Brown and Sears (/7). It is these five parameters that may be

related to the spin—orbit and Coriolis mixing of excited electronic states by (26)
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TABLE V

Zeeman Parameters for X’4” DO,

(1) Spin Zeeman Interaction

Experimenta Theory
g:" 2.04245(27) 2.04276°
:b 2.00795(23) 2.00850°
:° 2.00129(23) 2.00220°
(ii) Rotational Zeeman Interaction
g:a -0.00514(11) -0.00600¢
‘r’b -0.000304(91) -0.00009°¢
g§° -0.000224(91) -1.33 x 1078 €

a4 This work.

b Reference 37.

C Reference 7. Electronic contributions only to the rotational
g—-factors. The nuclear contribution is likely to be positive and of the

order of 10™* Bohr Magnetons.

e = =4 ' (OB Loln)(nltsLsl0N/(Ey — E. ©)

Here B, is the « diagonal component of the inverse inertial tensor in the axis system
while £; is the 8 component of the spin-orbit operator. Brown et al. (12) showed how
the ¢, parameters may be determined by combining the values obtained for the trans-
formed parameters appearing in the effective Hamiltonian for two isotopic variants
of the same species. ‘

The theory developed strictly applies only to the equilibrium values of the parameters
and at an early stage in the analysis an attempt was made to calculate the equilibrium
spin-rotation tensor components for HO, and DQO,. There is now information on the
diagonal tensor components in excited vibrational states in the literature (27-31) and
the equilibrium structure of the radical has been experimentally determined. However,
the accuracy of the determination of the vibrationally excited state spin-rotation tensor
components is in all cases lower than the corresponding ground state parameters and
these errors naturally carry over to the estimated equilibrium parameters.

A further problem is that the transformation used to generate the standard form
(11) spin-rotation Hamiltonian introduces corrections to the quadratic spin-rotation
parameters which are of the order of the quartic ones in an analogous way to that
arising in a pure rotational Hamiltonian (32). In contrast to the rotational operator,
these have not been evaluated in the spin-rotation case. For these reasons and following
several trial fits, it was decided to consistently use the 7y, parameters and to neglect the
effects of zero point vibration. Since it is clear (27-31) that the zero point correction
10 €., in HO, for example is of the order of 1-2 GHz, this is probably the least secure
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feature of the following analysis. With this provision, we combine the spin-rotation
parameters for DO, derived in the present work with those for HO, (6) and attempt
to determine the fundamental spin-rotation constants for the HO, and DO, molecules.
In this respect the HO,/DO, system provides a unique opportunity to test the appli-
cability of the relationships derived by Brown et al. (12) since HO, and DO, are the
best characterized examples of free radicals possessing C; symmetry. This is the case
where the theory is likely to be of the most value.

The calculation proceeds in the way described previously (/2). The input consists
of the six determinable in-plane components of the spin-rotation tensor (€., |€»
+ &4, and &) for HO, (6) and DO, weighted according to their experimental uncer-
tainties. These are used to determine the four fundamental spin-rotation constants
for HO; (€aq, €ab, €ba> and ep3) Which are related to the corresponding quantities for
DO, by the isotope relations (/2). Although only the magnitude of the off-diagonal
component of the spin-rotation tensor can be determined from a fit to experimental
data, the negative values determined for the in-plane components ¢,, and ¢, suggested
that it was likely to be negative also. However, all possibilities were investigated in
various fits and a slightly lower standard deviation resulted when (& + &) for DO,
was assumed to be positive. The results of two fits, the first with both (¢, and €,) for
HO, and DO, positive and the.second with (¢, + &) for DO, negative are summarized
in Table IV. Fits with the same quantity for HO, set to a positive value invariably
had a factor of 5 higher standard deviation.

The most interesting result of the present fits is the fact that the parameter ¢, for
HO, is determined to be a positive quantity. This result holds when (&, + &) for
DO, is taken to be a positive or a negative quantity. Whereas the value for ¢,, can be
understood in terms of mixing of the 424’ state alone (7), this is certainly not the case
for the other components. In order to gain further insight into the spin-orbit mixing
of the various excited electronic states, it is necessary to have reliable estimates of both
the spin—orbit integrals and the positions of the lowest few excited states of the molecule.
From an experimental standpoint, the only state apart from the ground state at all
well characterized is the 424’ (33, 34) from the A — X emission spectrum in the near
infrared. Although some low-resolution data are available from UV absorption work
on higher states (35, 36), the spectra are broad and not well resolved. Several high-
quality ab initio calculations have recently been performed (37, 38) but in no case do
the authors evaluate the spin—-orbit integrals from the wavefunctions. It would be
interesting if these quantities were available in order that the relative importance of
the various possible contaminating states could be assessed.

From an experimental standpoint, improved measurements of the spin-rotation
tensor components in excited vibrational states of the molecule would enable a better
estimate of the zero point corrections necessary for a rigorous test of the theory. Un-
fortunately, the parameter where zero point corrections are likely to be most important,
|26 + €pdl, is the most difficult to measure, having only very small effects on a few
specific levels.

The data have allowed a reliable determination of some of the quartic spin-rotation
parameters for the molecule. Brown and Sears (39) showed how these arise due to the
dependence of the inertial tensor and spin-rotation tensor on the vibrational normal
coordinates. We can use their results to estimate the expected values for the dominant
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quartic spin-rotation terms based on the quadratic parameters and the quartic cen-
trifugal distortion constants determined here. We find the theoretical values are
AR =0.65 X 1072, Afx + Afy = 0.41 X 1073, and Ay = 0.36 X 10~ GHz, so that
there is good agreement in the first two cases but not for Asx. Previously, the rela-
tionships derived by Brown and Sears have been found to give reasonable estimate of
AR (7, 11, 39), however, estimates for the smaller parameters are often unreliable. The
comparison is complicated in all cases, however, by the inability to determine all of
the quartic spin-rotation parameters accurately due to insufficient data.

(ii) Zeeman Parameters

There are two major contributions in the Zeeman Hamiltonian for DO,, the spin
Zeeman term, arising from the interaction of the unpaired electron spin angular mo-
mentum and the external magnetic field, which dominates, and the rotational Zeeman
operator arising due to the interaction between the angular momentum of molecular
rotation and the magnetic field. Each operator includes a second-rank g-factor tensor
and the diagonal elements of both of them have been determined. For a light molecule
such as DO,, these quantities can be estimated from theoretical arguments, and Table
V compares the results obtained experimentally with the theoretical predictions (40,
7). The spin Zeeman g-factors can be estimated from Curl’s relationship (40) which
has been found to be rather reliable for several light triatomic free radicals (7, 39, 41),
and preliminary fits were attempted where the spin g-factors were held at their theo-
retical values. This procedure resulted in systematic residuals in the calculated magnetic
flux densities, and the final resulting parameters differ slightly but significantly from
the Curl’s relationship values. To quantify this discrepancy more reliably requires
more precise field measurement than was used in the present work. Additionally, the
effect of the off-diagonal components g** and g% have been ignored. During the anal-
ysis, the effect of introducing these terms was investigated, and it was found that they
introduced negligible changes in the calculated frequencies when the field measurement
accuracy was taken into account, however, it is possible that the values for the diagonal
components determined are influenced to a small extent by the neglect of the off-
diagonal terms.

The theoretical estimates of the rotational g-factors rely on rather less soundly based
arguments than is the case for the spin Zeeman g-factors. However, where it has been
tested, the simple relationship derived by Barnes et al. (7) has been found to be fairly
reliable. In the present case, the estimate for g% is seen to be very good; however, the
experimentally determined g2 and g components are of considerably larger mag-
nitude than is expected on theoretical grounds. In contrast, Barnes ef al. (7) found
reasonable agreement in the case of HO,, and it is possible that in the present work,
these parameters are effectively mimicking the effects of neglected terms, such as higher
centrifugal distortion parameters, in the zero field Hamiltonian.

SUMMARY AND CONCLUSIONS

We have reported the measurement of many new rotational transitions in the deu-
teroperoxyl radical using the complementary techniques of FIR LMR and millimeter-

B}
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wave absorption spectroscopy. The data have been analyzed in conjunction with all
previously published high-resolution data relating to the ground state of the molecule
in order to estimate a rather complete set of molecular parameters for this state.
Particular attention has been paid to the details of the spin-rotation interaction tensor
components and by analyzing the present results together with the analogous ones for
HO,, we have estimated values for all of the symmetry-allowed spin-rotation tensor
components for the HO,/DO, system. This is the first case for which this has been
possible, and it has yielded the surprising result that the two off-diagonal components
of the tensor have the opposite signs. Accurate ab initio calculations of the spin-orbit
matrix elements between the ground and lowest few excited electronic states are nec-
essary in order to explain or rationalize this result in detail.

The least satisfactory aspect of the spin—-rotation analysis is the use of zero point
rather than equilibrium parameters, and further experimental work is needed before
reliable estimates of the zero point contributions to the fine structure parameters can
be assessed. Very recently, a high-resolution infrared spectrum of the hydroperoxyl
radical has been obtained by standard Fourier transform infrared spectroscopy (42).
Although the ultimate resolution of this technique is not as high as the methods em-
ployed in the present study, large amounts of data can be obtained in a comparatively
short time, and it is likely that improved determinations of the spin-rotation tensor
components in excited vibrational levels will be forthcoming.

One disconcerting aspect discovered in the present work was the difficulty in reliably
determining the off-diagonal component of the spin-rotation tensor from the LMR
data alone. Although many of the rotational levels included in the LMR data set are
subject to shifts induced by this term in the Hamiltonian, it was only possible to
estimate a value for this parameter with acceptably small standard deviation after the
additional millimeter-wave measurements had been made. At first, we believed that
this was due to a correlation problem involving |¢,, + €| and |g,l|, which of course
does not arise in the zero field measurements. Subsequently, it was determined that
for all reasonable values of g, estimated changes in the calculated magnetic fields in
the magnetic resonance data set were small. We now feel that our inability to determine
|25 + ésal accurately from the magnetic resonance data was solely due to their lower
accuracy compared to the millimeter-wave measurements. The situation would be
helped by improved accuracy in the experimental magnetic flux densities, a solution
which is in principle straightforward but in practice rather time consuming. None-
theless, this study points out the desirability of doing this if one is to take full advantage
of the resolution and sensitivity of the LMR experiment.
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