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Abstract

The rotational spectrum of the monodeuterated PH; radical was studied using a source-modulated submillimeter-wave spec-
trometer. The PHD radical was generated in a free space absorption cell by a de-glow discharge in a gas mixture of PH; and D,. Six
a-type and 20 b-type rotational transitions were observed in the frequency region of 170-670 GHz. Hyperfine structure due to the
deuterium nucleus was resolved only in the rotational transitions of 1,;-0go and 1y~1p and in the low F, components of N = 2-1
transitions. A total of 219 spectral lines were measured of which 145 were analyzed by least-squares methods. These yielded 34
precise molecular constants including the hyperfine coupling constants of phosphorus, hydrogen, and deuterium. The principal axes
and principal values of the magnetic dipole coupling tensors of hydrogen in PH, and deuterium in PD, were derived from the
observed values of PHD, PH, and PD,. The principal axis of the hydrogen magnetic dipole coupling tensor in PH, makes an angle

of 2.29° with the PH bond and its 7, and T, principal values are determined to be 12.93 and ~18.39 MHz, respectively.
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1. Introduction

The hyperfine structure of a molecule reflects its
bonding. The principal values of the hyperfine coupling
tensor are essential to obtain a substantial picture of the
nature of the bonding. However, the principal value of
the tensor is not readily ascertained, when the atom is
located in an off-axial position. In some cases, the off-
diagonal component of the hyperfine coupling tensor
could be determined due to an accidental degeneracy of
interacting levels. This cannot be applied to the hyper-
fine structures of hydrogen and deuterium because the
magunitude of their interaction is relatively small. The
XH,-type free radicals contain such atoms and the off-
diagonal component of the hyperfine coupling tensor for
H cannot be determined by conventional microwave
spectroscopy. The NH, [1] and ND; [2] radicals were
studied by microwave spectroscopy and their detailed
molecular constants were precisely determined except
for the off-diagonal components of the magnetic dipole
tensors, Ty, for H and D. Steimle et al. [3] studied the

ground vibronic state of NHD with a microwave optical
double resonance method and determined the T, con-
stant for NH; from the MODR spectrum of NHD by
considering the principal axis rotation m NH; and
NHD. Later, their result was confirmed to be consistent
with the experimentally determined value of T for H i
the microwave spectroscopic study of NHD [4]. Saito
et al. [5] extended this idea and showed that the off-di-
agonal component of the magnetic dipole tensor can be
derived from the diagonal components of the isotopic
species using the assumption that the unpaired electron
distribution in related atoms does not change much
upon isotopic substitution. They applied this method to
the case of HO, and DO,, deriving the ofl-diagonal
components of magnetic dipole coupling constants for
both species from their diagonal components, and de-
termined the principal axes and values for the hydrogen
in HO,, which clarified the relation between the HO
bond and unpaired electron distribution near the related
O atom.

The PH, radical is isovalent to NH;. The hyperfine
structure of PH, [6-8] and PD, [9] was studied by mi-
crowave spectroscopy. Endo et al. [6] first observed the
pure rotational spectrum of PH, in the millimeter-wave



region, and analyzed it to precisely determine the de-
tailed molecular constants. They found a large contri-
bution of phosphorus nuclear spin-rotation interaction
to the hyperfine structure. Kajita et al. [7] extended the
measurements into the submillimeter-wave region up to
400 GHz and Margules et al. [8] further extended them
up to 1THz. Accordingly they revised much of the
molecular constants, particularly the higher-order cen-
trifugal distortion effect. Hirao et al. [9] observed the
microwave spectrum of PD,. They carried out a har-
monic foree field analysis using centrifugal distortion
constants, inertial defects and vibrational frequencies,
and derived the r, structures of PH, and PD,. However,
the off-diagonal component of the magnetic dipole
coupling constant of H or D is not kaown experimen-
tally. The monodeuterated species of PH,, PHD, has
been studied to date only by emission spectroscopy
which revealed v, band sequences in both ground and
excited electronic states, X°8y and 424, [10,11],

Similarly to INHD, one of the hydrogens in PH, is
replaced by a deuterium atom and then the principal
axis rolates by an angle of 38.74°, which yields a dipole
moment along the ¢-axis of 0.6258y, where p, is the
dipole moment of the symmetric PH,. This gives two
thirds the intensity of the b-type transition to the a-type
in PHD and increases the number of measurable tran-
sitions in the submillimeter-wave region. In the present
study we measured a-type and b-type rotational transi-
tions of PHD and precisely determined the molecular
constants.

2. Experimental
The submillimeter-wave spectrometer previously re-

ported [12] was used to observe spectral lines of PHD.
The monodeuterated species was first generated by a

hollow cathode discharge in a gas mixture of H, and I,
over red phosphorus grains which were placed directly
in the middle of a Pyrex-glass free-space absorption cell,
as in the study of PD; [9]. However, the spectral line
intensity was not sufficient for observations of relatively
weak forbidden transitions, which are essential in the
determination of all the hyperfine coupling constants.
The red phosphorus grains were then replaced by PH;.
This production method gave signals two times stronger
in intensity. Production conditions were optimized using
a known spectral line of PH; [6]. The optimum condi-
tions were 15mTorr for partial pressures of both PH;,
and D and a discharge current of 200mA. The cell
temperature was maintained at ~60 to —90°C to ensure
a stable discharge.

Prior to observations of PHD spectral lines, transi-
tion frequencies were predicied from a set of molecular
constants; the rotational constanis were calculated from
the reported r. structure of PH; and PD, [9], centrifugal
distortion constants were assumed to be those of HDS
[13] and the fine and hyperfine coupling constants cal-
culated from those of PH, [7} and PD; [9). The predicted
spectral pattern showing fine and hyperfine structures
for each rotational transition was helpful in its identifi-
cation because spectral lines of PH,, PHD, and PD,
were simultancously present throughout the entire fre-
quency region with similar intensity. As an example, a
spectral pattern of the 1,,-0qq transition is shown in Fig.
1. When a line showing paramagnetic behavior was
observed, it was necessary to check whether the source
of the signal was due to PHD by stopping the flow of
Dy. The b-type (-branch tramsitions, 32;-3;, and
492-413, having relatively strong intensity were initially
searched for in the 300 GHz region. Four groups of
congested spectral lines were detected in the range, 367
3771 GHz and assigned to the two QO-branch trausitions
on the basis of the predicied spectral patierns. The im-
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Fig. 1. A predicted stick diagram of the 111-0ge transition of PHD with calculated relative intensitics.
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Fig. 2. An example of the hyperfine structure of the 2y;~1i,
J =3/2-1/2, F = 2-1 transition of PHD. The hyperfine components
due to H and D overlap each other. The radical was produced by a
200mA de glow discharge in a mixture of PH; (15mTorr), and D,
(15mTorr). The integration time was 20s. (A) Composed of 4 com-
ponents whose caleulated relative intensities are depicted as vertical
lines, from low to high frequency: (F = 5/2-3/2, F =5/2-5/2),
(Fy =3/2-1/2, F=3/2-3/2), (F,=3/2-1/2, F=1/2-1/2), and
(Fy =5/2-3/2, F =3/2-1/2). (B (Fy = 5/2-3/2, F = 5/2-3/2). (C)
(F2 = 5/2-3/2, F =5/2-5/2) and (Fy = 3/2-1/2, F = 3/2-1/2). (D)
(Fy=3/2-1/2, F = 5/2-3/2).

portant R-branch transition, 1;;-0gg, was then detected
in the same region of 300 GHz. Several b-type rotational
transitions were successively measured. When a set of
reasonable molecular constants were obtained from the
observed line frequencies of these b-type transitions by a
least-squares analysis, it was easy {o identify and assign
the weaker a-type R-branch transitions. Twenty-six ro-
tational transitions, including 6 a-type and 20 b-type,
were measured in the frequency region of 170-670 GHz.
The hyperfine structure due to the deuterium nucleus
was only resolved for the lowest N transitions, 13-0q,
Tio-1g; and low F; components of N = 2 transitions. A
typical example of the observed spectral pattern is
shown in Fig. 2. A total of 219 spectral lines were
measured, the observed frequencies of which are listed in
Table 1.

3. Analysis

The measured line frequencies were analyzed using
the following Hamiltonian for a doublet asymmetric top
free radical bearing three nuclear spins,

]{ = Hmt T i;r }{ﬂs( ) + f{h&(H) + fx{hfs(D)) (i)

where H,o is the rotational Hamiltonian with its cen-
trifugal distortion effect using Watson’s 4-reduced form,
Hy, the spin—rotation term with its centrifugal distortion
effect, and My (/) the hyperfine structure term including
Fermi contact, dipole~dipole, electric quadrupole (for
deuterium), and nuclear spin—rotation interaction of the
nucleus 7. The matrix elements of the Hamiltonian were

calculated using the standard method [14,15] with the
basis [VKSJI(P)FIT(H)FI(D)YFMy) for which the fol-
lowing coupling scheme was applied:

F=N+8, F =J+1(P),
F, =F, + I(H), and F = F, + (D). (2)

All the matrix elements of Ax = 0,+1,42 (a =N, J F,
or Fy) were included. A least-squares fitting program
was revised from the program used for the analysis of
WHD [4] and the energy levels were calculated by direct
diagonalization of the matrix.

The analysis of the observed spectral lines was not
straightforward because the hyperfine structure due to
the deuterium was resolved only for the two transitions,
111-0¢p and Ijp—loy, and the hyperfine components of
larger N transitions were not resolved not only for the
deuterium but also for the hydrogen atom. Therefore, 2
trial assignment was firstly made for the fine and phos-
phorus hyperfine components of a particular rotational
transition on the basis of the predicied patiern and
several relevant parameters were tentatively determined
with other molecular constants fixed. When most of the
main parameters of the rotational, centrifugal distor-
tion, spin-rotation, and phosphorus hyperfine terms
were determined, hydrogen hyperfine structure param-
eters were adjusted to get 2 more definite assignment of
the observed spectral lines. This process was repeated to
obtain au overall assignment which included the iden-
tification of very weak hyperfine structure components.
Finally, 219 obscrved lines were assigned to the transi-
tions of PHD, 145 of which were used in the final least-
squares fitting analysis where the frequency of an
unresolved line was compared with an averaged fre-
quency of its component lines weighted by their calcu-
lated relative intensities. The standard deviation of the
final fit is 58.7kHz. Differences between observed and
calculated frequencies of the 145 lines are within two
standard deviations of the fit and are given in Table 1
and the 34 determined molecular constants are listed in
Table 2. Electric quadrupole coupling constants of the
deuterium, the nuclear spin-rotation coupling constants
of H and D, and the off-diagonal components of mag-
netic dipole interaction for P, H, and D were included in
the fit, but were not able to be determined. This is due to
insufficient resolution of the deuterium hyperfine struc-
ture and relatively large separations between interacting
levels related to (g4 + £3,)/2 and Ty, for P, H, and D.

4, Results and discussion

Detailed molecular comtame including the hyperfine
coupling constants of P, H, and I were precisely de-
termined for PHD in the p resent study. Most of the main
molecular parameters were confirmed to be consistent



Table 1

Observed and calculated transition frequencies of the PHD radical (in MHzp®

NN N Fl-ky Fl-FY falal Vo Av
Ho-Lor 312-312 2.2 5/2-5/2 174593.177(9) 0.027
3/2-312 3/2-1/2
5/2-52 5/2-312 1715$9.233(20) 0.080
512712 171598.599(13 0.076
3/2-502 171596.938(11) 0.066
3/2-312
1-1 3/2-312 171713.350(3) -0.028
5/2-32 171708.299(7) 0.061
12142 3/2.312 171717.236(21) 0.110
1/2-1/2
312112 171711.129(¢7) 0.050
1/2-312 171723.355(22) ~0.091
112-312 3/2-52 171745.678(15) 0.024
21 5/2-3/2 72-512 171772.266(27) ~0.027
3/2-312
312-112
5/2-3/2 171776.462(20) 0.320¢
3/2-1/2 5/2-312
32112
1-2 312502 171534 475(49) 0.192¢
1/2-32 12112
3/2-112 2-1 512-3/2 742-5/2 169912.031(19) ~0.053
32112 512312 169948.955(29) -0.096
12-1/2 11 3/2-3/2 176222.362(17) ~0.295¢
32-112 12122 176225.822(132) 0.067
1/2-32 3/2-502 176208.556(15) 0.056
3/2-312 176210.018(34) -0.603
1/2-1/2
12-1/2 12302
0-1 1232 312-512 175865.681(4) 0.296¢
1/2-3/2 1-2 3/2-5/12 5/2-712 177903.861(18) 0.007
3/2-502 177896.081¢35) 0.007
1/2-3/2 3/2-502 177860.808(29) -0.077
0-1 112-312 312512 177725.740(35) 0.313¢
21202 5/2-512 3-3 2712 227249.916(3) 0.009
512512 227250.909(8) 0,042
22 512512 227374.847(6) -0.027
312312 227375.708(15) 0.020
312-312 22 231181.372(6) 0.185¢
5/2-5/2 5/2-312 231183.885¢23) 0.018
3/2-312 32172 231182.974(30) 0.313¢
1-1 32-3/2 230876.554(172) 0.205
32-302 512-312 230879.801(22) ~0.183¢
3/2-1/2 230878.623(36) ~0.013
-2 3/2-512 231131.833(22) 04114
1/2-312 1/2-1/2
2-1 5/2-3/2 71252 230926.546(16) 03178
Zor-10g 5/2-312 3.2 712512 298912.203(8) 0.078
5/2-312 298905.178(7) ~0.041
2-1 5/2-312 298890.354(12) 0.036
32142 112-3/2
52312 298882.895(19) ~0.018
32-1/2
32112 21 5/2-312 742-5/2 297137.152(14) ~0.061
312112 12112
512312 297133.958(28) 0.030
5/2-5/2
32172 297131.443(8) -0.039
32-312
32172 5/2-302 297142.707(22) ~0.310¢
3/2-312 3/2-312 297121.277(9) 0.203¢
1-0 3/2-112 5/2-302



Table 1 (continued)

N'-N" T F-F! Jolod FlF" Vobs” Ave
31-3m 712-712 4-4 9/2.9/2 325703.477(7T) 0.003
2712
3-3 712-712 325848.935(6) 0.039
5/2-3/2
5/2-5/2 3-3 712-712 9/2-9/2 330170.134(6) ~0.481"
5/2-512 712-712
5/2-5/2
72712 72-712 330169.221(17) —0.004
52-5/2
5/2-512 3/2-312
2-2 512-5/2 5/2-312 329895.038(12) ~0.096
3/2-1/2
72112 329893.672(4) 0.017
3/2-3/2 5/2-512
512512 5/2--5/2 329892.267(50) 0.004
3/2-312
3/2-3/2 3/2-312
1/2-112
0o 3/2-172 2-1 502312 712502 344147 117(14) 0.060
3/2-3/2 5/2-5/2 344179.726(6) ~0.064
3/2-172 512312 344139.315(5) ~0.011
12172 34414142101 1) 0.094
3/2-3/2 344144.140(28) 0.27¢¢
5/2-3/2 5/2-3/2
2-112
5/2-512 344151.714(24) -0.082
1-0 3/2-1/2 5/2-312 344164.173(9) 0.051
3/2-312 344168.788(31) 0.070
1/2-172 3/2-3/2 344197.295(30) 0.217¢
3/2-172 344195.761(11) ~0.1k1
1/2-312 344202.661(20) 0.033
1-1 3/2-3/2 5/2-512 343969.823(31) ~0.054
1/2-112 - 312312 3/2-3/2 348458.535(14) ~0.430¢
12302
5/2-312
512-5/2 348465.283(12) 0.056
312-5/2
3/2-3/2 12-112 348454.929(21) -0.012
32-1/2
1/2-172 32-3/2 348406.101(30) -0.088
/232
3/2-1/2 348400.249(11) 0.011
1-0 3/2-112 52372 348659.747(16) 0.299¢
3/2-312
3/2-1/2 348657.920(23) ~0.045
0-1 12-312 32312 348730.413(8) ~0.021
1/2-3/2
1/2-112 348726.523(22) ~0.004
3/2-172 1-0 3/2-112 3/2-172 344167.687(12) 0.175¢
1/2-172 344170.531(19) 0.079
2-1 5/2-3/2 5/2-312 344145 632(9) 0.1844
3/2-1/2
32-1/2 3/2-3/2
2-1 5/2-312 3/2-312 344149.065(27) —0.1774
1/2-1/2 0-1 1/2-3/2 3/2-502 348736.521(27) 0.036
-0 12-1/2 3/2-3/2 348641.254(14) 0.355¢
1/2-312
3031, 72-712 4-4 9/2-9/2 367348.869(3) -0.030
712712 367351.379(13) 0.057
3-3 72-712 367367.385(5) 0.018
5/2-512 367370.134(6) 0.074
5/2-5/2 3-3 5/2-512 702-712 370515.838(8) 0.321¢
2-2 5/2-512 370489.870(8) —0.163¢



Table 1 {continued;

NN T’ F-F! FlFy F-F" Vans? Ave
A4y 912-912 5.5 1H/2-1112 373751.349(10) 0.142¢
9/2-912 373752.782(8) 0.5021
44 9/2-9/2 373790.697(71) 0.380¢
271 :73791.810@‘; 0.408
72-712 44 9/2-9/2 376645.211(8) ~0.001
712-712 376643.286(11) ~0.041
3-3 72712 376582.327(19) ~0.057
512-512 376580.473(11) ~0.138¢
201y 512312 32 72-512 390598.777(23) ~0.006
5/2-312 5/2-512
512-312 390593.788(33) 0.039
21 5/2-312 390546.618(19) 0.020
3/2-12 32-312
312112 390541.235(28) 0.028
3212 2-1 5/2-312 42--502 389557.895(13) ~0.006
5/2-312 389555.590(24) 0.086
5/2-502
3/2-172 Y2112
5/2-312 389559.733(22) 0.081
512-312 32112 389553.756(27) -0.033
3/2-312
1-0 32172 5/2-3/2 389616.807(17) 0.179¢
12-1/2 3/2-312 389599.716(24) 0.309¢
3/2-172
51351 11721172 6-6 425482.782(26) 0.32¢¢
5-5 425548.372(25) 0.4274
9/2-912 5.5 428750.713(14) 0.040
44 428652.802(32) 0.006
Zo-lon 5/2-312 3.2 7/2-512 425529.733(7) -0.068
5/2-312 425526.880(21) -0.011
21 5/12-312 425510.035(12) 0.013
3/2-1/2 1/2-112
5/2-312 425507.376(43) ~0.083
32-112 21 512-312 712512 426392.476(23) 0.018
5/2-3/2 426390.518(10) ~0.233¢4
32112
3/2-112 52-312 426384.189(25) -0.035
312-312 426380.485(23) 0.1314
12112
32-32 512512
32-312 426377.630(30) 0.095
10 3/2-172 5/2-3/2
H2-172 32172 426363.979(24) 0.036
3/2-372
434y 9/2-912 5-5 472037.983(18) ~0.050
44 472198.072(32) -0.047
712712 3-3 2112 9/2-912 477107.490(17) 0.096
712-712
572512 52512
3/2-302
44 9/2-9/2 1/2-11/2 477367 291(26) -0.5969
72712 72-712
512512
2t 5/2-312 32 7/2-512 481186.538(25) ~0.019
502312 51252
512-312 431181.025(30) 0.104
2-1 5/2-312 481171.499(15) ~0.008
32112 32-302
512-302 481165.638(22) 0.065
3/2-112
12-112 481168.664(22) ~0.013



Table 1 (continued)

N'-N” JJ Fi-F! Fi-F] FI-F" Vops A
2.2 5/2-5/2 481112.103(28) ~0.502¢
3212 21 5/2-342 742512 481351 482(25) 0.078
3/2-1/2 3/2-172
32472 5/2-3/2 481352.469(39) ~0.057
512312 51232 481349.695(13) -0.050
5/2-5/2 481347.958(14) 0.011
32-172
3/2-1/2 3/2-312
1/2-112
1-6 32-172 5/2-312 481658.688(26) 0.037
3/2-302 481655.163(49) 0.332¢
3/2-1/2
1/2-312 481651.954(12) -0.063
1/2-172
1/2-1/2 3/2-3/2 481643.845(14) ~0.265
1/2-312 481639.143(20) ~0.065
1-1 312312 5/3-513 481301.599(22) 0.327¢
3/2-1/2
1/2-1/2 312-312
Day 21 512512 3-3 2-712 516127.230¢11) -0.071
22 5/2-512 516281.871(29) ~0.069
3/2-312 516286.546(25) 0.442¢
3/2-312 2-2 512502 523704.790(24) 0.008
3/2-372 523698.471(24) —0.2244
3/2-512 523696.034(44) 0.054
-1 3/2-312 23329.640(28) ~0.064
21y 512302 3-2 7/2-5/2 2512 517216.176(28) 0.168¢
51232
512312 2-502
72-512 702712 517221.057(34) ~0.048
5/2-312 5/2-502
2-1 5/2-312 517166.067(34) ~0.022
312112 5/2-3/2
32112 2-1 5/2-312 12512 518813.006(13) -0.141¢
32-172
5/2-512 518810.005(45) —0.466°
32-1/2 312312 518798.184(25) —0.241¢
12-1/2
1-0 312112 5/2-3/2 518873.006(25) ~0.060
3/2-312 518870.294(18) ~0.235¢
32-1/2
1/2-1/2 518868.636(20) —0.275¢
12-112 32312 518855.867(24) ~0.020
3/2-172
112312 518852.411(53) —0.2414
1/2-172
1-1 3/2-312 512512 519143.100(12) ~0.029
1/2-172
3gi-212 712-502 4-3 92712 524381.371(16) 0.2641
712-512 524378.248(25) 0.112
3-2 72512 524379.539(48) —0.044
512302 524376 474(27) -0.014
5/2-32 3-2 712512 92112 524135.008(20) -0.057
5/2-312 512312
21 5/2-3/2 72-512 524102 264(30) 0.244¢
32112 5/2-3/2
3/2-172
63165 13/2-13/2 77 531987.893(14) 0.016
66 532078.527(16) 0.164¢
11/2-1172 6-6 336015.364(11) ~0.519¢
5.5 535888.361(19) ~0.031



Table 1 (continued)

N'-N" S F-F' Fi-Fy FLF Yons” Ay
Tas=Tos 15/2-15/2 3-8 555150.559(10) ~0.045
7.7 555172.713(12) 0.010
13/2-13/2 7-7 557666.034(13) 0.062
6-6 557629.727(24) 0.006
35-20 72-542 4.3 9/2-712 579850.742(26) 0.308¢
71252 579848.256(21) -0.132¢
3-2 74252 579822.955(23) 0.342¢
512-312 32 2-502 579737.094(26) —0.186°
5/2-312
2-1 5/2-312 579746.896(15) ~0.038
3/2-112 5/2-3/2
312-102
631624 13/2-13/2 7-7 15/2-1502 558817.821(21) 0.018
66 13/2-1312
7-7 13/2-13/2 $58819.312(20) 0.141¢
6-6 1/2-1172
11/2-1172 6-6 13/2-1372 561179.978(15) 0.058
5.5 11/2-1172
66 /21172 561177.966(22) ~0.106
5.5 9/2-912
I 72112 4-4 9/2-9/2 596058.517(15) ~0.203¢
12-742 590060.685(26) -0.012
3.3 W22 590196.097(22) ~0.276
5/2-512 590198.230(15) 0.013
5/2-512 3-3 2712 596532.803(9) 0.2344
5/2-512 596529.677(23) 0.013
22 512-512 596277.910(16) 0.210¢
32-312 596274.709(23) 0.017
Sa-5ss 11/2-1112 6-6 13/2-1312 601818.060(16) -0.023
11/2-11/2 601820.597(12) 0.295¢
5-5 H/2-1172 601805.740(26) -0.016
92-9/2 601808.447(19) 0.444¢
9/2-912 55 1/2-1112 604632.056(29) 0.356¢
9/2-9/2 604628.567(29) 0.016
44 912-9/2 604650.253(22) ~0.008
712712 604646.925(29) -0.203¢
815836 17/2-1712 9-9 607715.245(20) -0.021
8-8 607762.141(14) 0.019
15721502 8-3 610805.897(29) -0.070
7-7 610744.442(12) 0.064
345202 252 4-3 92712 616067.898(43) 0.145¢
32 72512 616035.607(28) ~0.060
5/2-3/2 3.2 12-512 616556.183(28) 0.393¢
512-312 616552.518(31) 0.092
21 5/2-3/2 616597.802(15) 0.7214
320 712502 43 9/2-7/2 653781.813(13) ~0.044
742-512 653777.505(11) -0.032
3.2 /2-512 653737.038(10) ~0.017
5/2-312 653732.758(22) 0.081
512312 3-2 /2-512 9/2-7/2 652565.854(31) -0.487
5/2-312 32-12
2502 652568 453(37) 0.135¢
2-1 5/2-3/2 12-5/2 652695.273(24) ~0.616¢
32172 5/2-3/2 652698.142(20) 0.022
514505 11/2-1112 6-6 656176.957(12) 0.035
5.5 656337.478(24) 0.729¢
a4 9/2-9/2 1/2-11/2 662028.422(28) ~0.031
9/2-9/2
2-712 2702



Table 1 (continued)

N-N" St F-F! FFY FLF” Vobs” A
5/2-5/2
g4y 9/2-912 5.5 H/2-1172 659537.878(12) 0.019
9/2-9/2 659541.345(13) 0.257¢
44 9/2-9/2 659532.606(28) 0.023
72712 659535.864(28) 0.005

? Standard deviation of the fit is 58.7kHz. Calculated frequencies were obtained from the molecular constants given in Table 2.
P Values in parentheses indicate the variances of the measured frequency i units of the last significant digits.

“Residuals in least-squares fit. Av = vopg ~ Veale.
4Not included in the jeast-squarcs fit.

Table 2 )
Molecular constants of PHD (£24") (in MHz)*

Rotation and centrifugal distortion constants

Fine and hyperfine coupling constanis

A 259409.834(39) S ~5881.927(87)
B 131908.017¢46) e ~2394.875(77)
C 86217.514(45) £ee ~4.937(69)
[(Eas + £50)/2 1773.0032)
Ay 2.3459(84)
A 23.2412(115) AS 0.1375(58)
Ax ~8.5825(155) Ay 1.2142(163)
S 0.76036(71) AL 0.602(36)
3k 15.8791(124) 5 0.06438(119)
55 0.9454(143)
@y ~0.00046(43)
By 0.00702(50) ap (P) 207.771(120)
Dy ~0.00704(115) T (P) ~308.426(123)
- 0.00602(24) T (P) ~313.698(151)
. 0.0081(33) | T (P 10.62(fixed)
CulP) 0.760(64)
CoplP) 0.450(51)
C..(P) 0.048(44)
ar(Fl) ~48.774(94)
L) ~17.418(166)
T(FD) 12.236(185)
| TP 5.023(fixed)
ap(D)) ~7.447(59)
To{D) 2.005(109)
T,(D) ~2.977(137)
|T(D)P ~0.3(fixed)

*Values in parentheses indicate three standard deviations in units of the last significant digits.
P Relative sign of |T,,(P)| and [T (F)| to [(¢ap + €44) /2] Was calculated to be the same and that of |T(D)| to be the opposite.

with the predicied constants estimated from those of the
parent molecule PH, and the doubly deuterated species
PD, by a principal axis rotation of 38.74°. Furthermore,
most of the main molecular constants of the parent and
doubly deuterated species have been discussed in pre-
vious studies which focused on the molecular structure
and harmonic force field [9], spin-rotation [16], Renner—
Teller effect [17], spin density [6,18], and detectability in
space [8].

Since the off-diagonal components of the magnetic
dipole coupling constant for H and D can now be de-
rived from the results of the present study, it is worth-
while to discuss the principal values and axes of the
magnetic dipole tensor in PH,. If the magnetic dipole
inferaction does not change significantly upon deute-

rium substitution in PH,, the observed hyperfine cou-
pling constants of PHD can relate to those of PH; via a
principal axis rotation angle, where the only unknown
parameter is 7,, of PH;. From the observed diagonal
components of both the PH; and PHD species, T, for
PH; was determined to be 15.57 MHz and one of the
principal axes, denoted as the s-axis for the hydrogen
magnetic dipole tensor in PH; made an angle of 2.29°
with the HP bond. The principal value along the g-axis,
Ty, was then calculated as 12.93 MHz and its perpen-
dicular component 7, as ~18.39 MHz. A similar calcu-
lation was made for the deuterium in PD, and PHD; 73,
for PD, was found to be 2.50 MHz, and 7, 2.09 MHz
with an angle of 2.02°. These results show that 7, is
almosi parallel with the PH or PD chemical bond.



Similarly, from the hyperfine coupling constants of
NH; [1] and NHD [4] the 7, for NH; was calculated to
be 5857 MHz with an angle of 1.68° with the NH
bond. If 7, of XH; is due to an unpaired eleciron near
the X atom, 7,(H) is therefore considered to be pro-
portional to p,(1/r), where p, is n electron spin den-
sity near the X atom and r is the XH bond length. The
p. of PHy and NH, was estimated to be 0.848 and
0.788 respectively [19]. Hirao et al. [9] derived the r,
bond length of PH for PH, to be 1.43_365(23);\ and
that of PD for PDs to be 1.42852(17) A. The equilib-
rium bond length of PH was calculated to be
1.41543(85) A simply from the r. bond lengths of PH
and PD [20]. When these values were combined with the
re of 1.02541(120) A for NH in NH; [4], the ratio of
0 {1/7%) between the PH of PH; and NH of NH; was
calculated to be 2.44, which significantly differs from
the ratio of 7, for PH of PH,; and NH of NH,, ie.,
4.53. This means that the distribution of unpaired
electrons around PH and NH cannot be explained by a
simple unpaired electron distribution model [3]. The
present result should provide a good challenge to
modern sophisticated guantum mechanical calculation
as uniil now, anisotropic hyperfine coupling constants
of PH; and NH; have been relatively poorly estimated
[21,22).
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