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The pure rotational spectrum of HPS, as well as its 3*S and D isotopologues, has been recorded at mi-
crowave, millimeter, and submillimeter wavelengths, the first observation of this molecule in the gas
phase. The data were obtained using a combination of millimeter direct absorption, Fourier transform
microwave (FTMW), and microwave—microwave double-resonance techniques, which cover the total
frequency range from 15 to 419 GHz. Quantum chemical calculations at the B3LYP and CCSD(T)
levels were also performed to aid in spectral identification. HPS was created in the direct absorption
experiment from a mixture of elemental phosphorus, H,S, and Ar carrier gas; DPS was produced
by adding D». In the FTMW study, these species were generated in a pulsed discharge nozzle from
PH; and H;,S or D,S, diluted in neon. The spectra recorded for HPS and its isotopologues exhibit
clear asymmetric top patterns indicating bent structures; phosphorus hyperfine splittings were also
observed in HPS, but not DPS. Analysis of the data yielded rotation, centrifugal distortion, and phos-
phorus nuclear spin-rotation parameters for the individual species. The r,,!’ structure for HPS, cal-
culated from the rotational constants, is F(H-P) = 1.438(1) A, r(P-S) = 1.9320(1) A, and 6(H-P-S)
= 101.85(9)°. Empirically correcting for zero-point vibrational effects yields the geometry
r.(H-P) = 1.4321(2) A, r.(P-S) = 1.9287(1) A, and 6.(H-P-S) = 101.78(1)°, in close agree-
ment with the r,,(!) structure. A small inertial defect was found for HPS indicating a relatively rigid
molecule. Based on these data, the bonding in this species is best represented as H-P=S, similar to
the first-row analog HNO, as well as HNS and HPO. Therefore, substitution of phosphorus and sulfur
for nitrogen and oxygen does not result in a dramatic structural change. © 2011 American Institute
of Physics. [doi:10.1063/1.3562374]

. INTRODUCTION Only one such species has been investigated at high spectral
resolution, namely, FPS. Both pure rotational and high-
resolution infrared spectra have been obtained for this
molecule.'?

: Species with a P-S bond are also of astronomical inter-
boron, are well-known to be able to form multiple bonds be- est. Six phosphorus-bearing molecules (HCP, CP, PN, CCP,

l .
twee:n themselves a.nd/or each other." However, experimental PH,, and PO) have thus far been detected in the circumstel-
studies and theoretical work led to the consensus for some-

time that multiple bonds with second-row elements could not
exist,2 the so-called “classical double bond rule.” Since the

The bonding between second-row elements (i.e., Al
through Cl) is a topic of considerable interest. The first-
row elements, namely, carbon, oxygen, nitrogen, and even

lar envelopes of old, evolved stars,!318 and PN has also been
observed in dense molecular clouds.'®?° Presumably other
such species exist, perhaps some bearing a phosphorus-sulfur

1960’s, however, many species of this type have been dis- bond.

covered, including molecules with P=P and Si=Si double One obvious species containing a P-S bond is HPS, the

bonds.> . . - second-row analog of HNO. Theoretical calculations have
Even with the recent studies of silicon and phosphorus- been performed for HPS using several ab initio methods at the

bearing molecules, species with the P-S bond have remained HF, MP2, QCISD(T), and CCSD(T) levels.?"->?> The geomet-
elusive. Only FPS, CIPS, BrPS, and SPCN have been  rical parameters, vibrational frequencies, and rotational con-
investigated, primarily in the infrared in an argon matrix.>”  gtants of the ground state and triplet excited state have been
The B’A’ — X2A’ electronic transitions of F>PS and CLPS  estimated,"-? as well as the energy barrier between the HPS
have also been recorded using laser-induced fluorescence and HSP isomers.?? HPS was first observed experimentally by
(LIF) and single vibronic level emission spectroscopy.!®!!  neutralization-reionization mass spectrometry by Wong et al.
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in 1992,%* whose work indicated that this species, as well as
HSP, were stable in the gas phase. The A'A” — X'A’ elec-
tronic transitions of HPS and DPS have also been measured
very recently using laser-induced fluorescence and single
vibronic level emission spectroscopy.’*

Here we report the first measurements of the pure rota-
tional spectrum of HPS and its D and 3*S isotopologues from
microwave to submillimeter wavelengths. Both direct absorp-
tion and Fourier transform methods were employed in this
study, as well as high-level quantum-chemical calculations,
which assisted in the experimental investigation. In this paper,
these data, the corresponding spectroscopic constants, and the
molecular structure are presented, along with a comparison of
the bonding characteristics between the first- and second-row
analogs.

Il. EXPERIMENTAL

The pure rotational spectrum of HPS was first detected
by direct absorption millimeter/submillimeter techniques us-
ing one of the instruments of the Ziurys group.? Briefly, this
instrument consists of a frequency source, a free space gas
cell, and a detector. The radiation source is a suite of Gunn
oscillators combined with Schottky diode multipliers, cover-
ing a frequency range of 65-850 GHz. The glass reaction cell,
which is chilled to —65 °C with methanol in a cooling jacket,
contains two ring discharge electrodes in a longitudinal ar-
rangement and is evacuated with a Roots-type blower pump.
A liquid helium-cooled InSb hot electron bolometer is used
as the detector. The radiation is propagated through the sys-
tem using a series of Teflon lenses. Phase-sensitive detection
is carried out by modulating the frequency source at a rate of
25 kHz, with 2f detection using a lock-in amplifier.

HPS and HP3*S were created in the gas phase from a mix-
ture of phosphorus vapor and H,S with argon in the presence
of an ac discharge. The ac discharge was operated at a power
level of 150-200 W with an impedance of 600 2. The vapor
was generated by heating solid elemental red phosphorus to
~500 °C in a glass oven attached to the bottom of the cell,
to which ~5 mTorr of H,S and 35 mTorr of Ar were added.
To create DPS, 20 mTorr of D, was introduced to the reac-
tion mixture. The 3*S isotopologue was recorded in natural
abundance (32S:3*S = 22.5:1). The H,S—Ar mixture created
a white-colored plasma in the cell; addition of D, altered the
discharge color to red.

Transition frequencies were determined by measuring
pairs of scans 5 MHz wide, one increasing in frequency and
the other decreasing in frequency, to remove any systematic
frequency shifts. For HPS, 2—4 such scans were necessary
to achieve an adequate signal-to-noise ratio, while for DPS
and HP3*S, 4-12 scans and 20-30 scans were needed, respec-
tively. The experimental accuracy of the measurements is es-
timated to be 50 kHz.

The microwave spectrum of HPS was measured using the
Harvard Fourier transform microwave (FTMW) spectrometer,
coupled with a supersonic molecular-beam discharge source;
both have been described in detail elsewhere.’® Measurements
were also conducted using microwave—microwave double res-
onance techniques, as described in Ref. 27. Molecules are
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synthesized in the throat of a small supersonic nozzle by ap-
plying a low-current dc discharge to a short gas pulse created
by a fast mechanical valve. The gas mixture normally consists
of a precursor diluted to less than 1% in a neon buffer.

The mixture gases used for the FTMW search for HPS
were optimized on a line of the PS radical at 26.4 GHz.
The best conditions were found using a discharge potential of
1.2 kV in a mixture of H,S and PHj3, heavily diluted in neon
(~0.1%), giving a total flow rate of about 20 cm® min~' at
standard temperature and pressure, with a stagnation pressure
behind the valve of 2.5 kTorr and a 6 Hz nozzle pulse rate.
Spectra of DPS were recorded by replacing H,S with D,S,
and those of HP3*S were observed in natural abundance. The
spectra appear as Doppler doublets in the spectrum owing to
the coaxial orientation of the fast-moving supersonic molec-
ular beam relative to the microwave mode structure in the
Fabry—Perot cavity. The experimental uncertainties of the ob-
served transitions are 3 kHz for the FTMW experiments and
50 kHz for double resonance measurements.

lll. QUANTUM-CHEMICAL CALCULATIONS

Previous theoretical studies of HPS predicted a bent
molecule of 'A’ symmetry and a HSP (*A”) geometric iso-
mer lying approximately 67.8 kJ/mol above the HPS global
minimum with an isomerization barrier of ~106 kJ/mol.?!:28
In the present work, we used the GAUSSTAN 03 program suite
to calculate the ground state structure and rotational constants
of HPS prior to searches for the millimeter-wave spectrum.?
Density functional theory with the Becke three parameter
hybrid density functional and the Lee, Yang, and Parr cor-
relation functional (B3LYP) was employed with Dunning’s
correlation-consistent quadruple-zeta basis set augmented by
diffuse functions (aug-cc-pVQZ) to predict the molecular
structure and vibrational frequencies.’*33 A stable station-
ary point with a bent structure, r.(PH) = 1.441 A, r.(PS)
= 1.936 A, and 6.(HPS) = 102.1°, of singlet multiplicity
and dipole moments of u, = 1.3 D and up = 0.5 D were
found. The rotational constants predicted by the calculations
are A. = 264,059 MHz, B. = 8,330 MHz, and C. = 8,075
MHz. These data were used as input to calculate the strongest
millimeter-wave spectroscopic lines of HPS, and searches
were carried out over a broad frequency range based on these
rotational constants.

Additional quantum chemical calculations of HPS were
performed using coupled-cluster theory at the CCSD(T)
level.**3 These calculations were performed using the 2005
Mainz—Austin—Budapest version of ACESII and its successor
CFOUR in its parallel incarnation.>*>® Dunning’s hierarchies
of correlation-consistent polarized valence and polarized core
valence basis sets were used throughout: in the frozen core
(fc) approach, the d-augmented basis sets cc-pV(X+d)Z (X
= T and Q) were used for the phosphorus and sulfur
atoms and the cc-pVXZ basis sets for hydrogen.’®33 The
cc-pwCVXZ (X = T and Q) basis sets were used when
considering all electrons in the correlation treatment.>
Equilibrium geometries were obtained using analytic gra-
dient techniques.*’ The best equilibrium structure of HPS
has been calculated at the CCSD(T)/cc-pwCVQZ level
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TABLE I. Selected rotational transition frequencies of HPS (X'A).

V K.’ K.’ F g J K,” K" F” Vobs (MHz) Vobs — Veale (MH2)
1 0 1 0.5 — 0 0 0 0.5 16490.334 —0.004
1 0 1 1.5 — 0 0 0 0.5 16490.374 0.001
2 0 2 1.5 — 1 0 1 1.5 32980.344 0.003
2 0 2 1.5 — 1 0 1 0.5 32980.374 —0.002
2 0 2 2.5 — 1 1 1.5 32980.401 0.002
15 1 15 a <« 14 1 14 a 245243.405 0.040
15 6 9 a <« 14 6 8 a 247070.605 —0.104
15 6 10 a <« 14 6 9 a 247070.605 —0.104
15 5 11 a <« 14 5 10 a 247138.792 —0.026
15 5 10 a <« 14 5 9 a 247138.792 —0.026
15 0 15 a <« 14 0 14 a 247167.696 0.021
15 4 12 a <« 14 4 11 a 247196.317 —0.051
15 4 11 a <« 14 4 10 a 247196.317 —0.051
15 2 14 a <« 14 2 13 a 247242.241 0.011
15 3 13 a <« 14 3 12 a 247245.541 0.043
15 3 12 a <« 14 3 11 a 247246.052 —0.075
15 2 13 a <« 14 2 12 a 247359.430 —0.015
15 1 14 a <« 14 1 13 a 249256.981 —0.011
19 1 19 a <« 18 1 18 a 310567.543 0.076
19 6 13 a « 18 6 12 a 312904.891 —0.002
19 6 14 a <« 18 6 13 a 312904.891 —0.002
19 0 19 a <« 18 0 18 a 312935.155 —0.005
19 5 15 a « 18 5 14 a 312992.322 —0.026
19 5 14 a <« 18 5 13 a 312992.322 —0.026
19 4 16 a “« 18 4 15 a 313067.505 0.001
19 4 15 a « 18 4 14 a 313067.505 0.001
19 2 18 a <« 18 2 17 a 313104.677 —0.006
19 3 17 a <« 18 3 16 a 313134.403 0.030
19 3 16 a « 18 3 15 a 313136.448 0.007
19 2 17 a <« 18 2 16 a 313342.747 —0.058
19 1 18 a <« 18 1 17 a 315646.791 b
*Hyperfine splittings collapsed.
bBlended line; not included in fit.

of theory previously shown to yield accurate equilibrium IV. RESULTS

structures for molecules harboring second-row elements.*>*?

Harmonic and anharmonic force fields were calculated at
the CCSD(T)/cc-pV(Q+d)Z level of theory using analytic
second-derivative techniques followed by additional numeri-
cal differentiation to calculate the third and fourth derivatives
needed for the anharmonic force field.***> Theoretical
ground state rotational constants are then obtainable from the
equilibrium rotational constants [calculated at CCSD(T)/cc-
pwCVQZ] and the zero-point vibrational contribution
[calculated at CCSD(T)/cc-pV(Q+d)Z] according to

1
By = BI“ — - > e )
i

with similar equations for the Ay and C rotational constants.
The force field calculations also yield the quartic centrifugal
distortion constants. Nuclear quadrupole coupling constants
for the deuterium species and nuclear spin-rotation constants
for P were calculated at the CCSD(T)/cc-pwCVQZ level of
theory employing perturbation-dependent basis functions for
the latter.*

The millimeter/submillimeter spectrum of HPS was iden-
tified by continuously scanning the region from 370 to
415 GHz. From the data, a pattern of multiple harmonically-
repeating lines was identified that had the characteristic
a-type pattern of a near prolate asymmetric top, with an effec-
tive rotational constant, B.gr = (B+C)/2, similar to the value
predicted for HPS. Chemical tests were then performed which
confirmed that these signals were due to both H,S and phos-
phorus. In addition, strong lines of PS were recorded in the
survey spectra. The carrier of the asymmetric top features was
therefore assigned to HPS. No b-type transitions were evident
in the data.

Four additional rotational transitions were subsequently
detected using FTMW spectroscopy, including the two low-
est K, = 1 lines. Due to the high spectral resolution of the
FTMW spectrometer, the spin-rotation splittings of the phos-
phorous nuclear spin (I = 1/2) were resolved for the Jk, k.
= 1lo1 — 0pp and 29, — 1o, transitions. Finally, dou-
ble resonance microwave—microwave techniques were also
used to extend the frequency range of the Harvard FTMW

Downloaded 14 Apr 2011 to 134.95.46.215. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



134302-4

Halfen et al.

TABLE II. Selected rotational transition frequencies of HP3S and DPS (X'A").

J. Chem. Phys.

134, 134302 (2011)

HP*S DPS

J Ky Ky F < J’ K" K" F’ Vobs (MHz) Vobs = Veale (MH2) Vobs (MHz) Vobs = Veale (MHz)
1 0 1 0.5 — 0 0 0 0.5 16014.407 0.002 15831.384 —0.007
1 0 1 L5 — 0 0 0 0.5 16014.440 0.000 15831.384 —0.007
2 0 2 1.5 — 1 0 1 1.5 32028.504 —0.002 31661.438 0.008
2 0 2 L5 — 1 0 1 0.5 32028.542 0.002 31661.438 0.008
2 0 2 2.5 — 1 0 1 1.5 32028.562 —0.001 31661.438 0.008
22 1 22 a <~ 21 1 21 a 349246.172 0.021 342480.486 —0.048
22 0 22 a <« 21 0 21 a 351778.693 0.049 345985.551 —0.072
22 2 21 4 <« 21 2 20 a 352020.751 0.044 347708.824 —0.117
22 2 20 a <« 21 2 19 a 352348.892 —0.032 349813.309 0.016
22 1 21 a <« 21 1 20 a 354788.840 —0.024 352603.296 —0.189
26 1 26 a <~ 25 1 25 a 412613.637 0.074 b

26 0 26 a <« 25 0 25 a 415487.489 —0.033 407929.407 0.081
26 2 25 4 <« 25 2 24 a 415900.712 0.068 410667.933 0.043
26 2 24 a <~ 25 2 23 a 416440.400 —0.064 414021.226 —0.009
26 1 25 a <« 25 1 24 a 419153.805 0.040 416309.082 0.039

*Hyperfine splittings collapsed.
bBlended line; not included in fit.

spectrometer to above 41 GHz, enabling line frequencies of
the Jkq ke = 303 — 202 transition to be precisely determined
(see Ref. 27 for details). The lowest two K, = 0 rotational
transitions of the 3*S and D substituted species were also
recorded.

The millimeter/submillimeter search for HP3*S and
DPS was undertaken after the microwave detection and the
CCSD(T) calculations were performed. Scaling the predicted
rotational and centrifugal distortion constants for the 3*S
isotopologue by the ratio of the experimental to theoreti-
cal values for HPS yielded predicted frequencies accurate to
£1-2 MHz. The millimeter/submillimeter spectrum of DPS
was then found using a similar scaling technique, but the pre-
dicted frequencies were only accurate to 210 MHz.

A sample of the rotational transitions measured for the
main isotopologue of HPS is listed in Table I. The full dataset
is available online.*’ Asymmetry components in the range
K, = 0 — 6 in twelve millimeter/submillimeter transitions
in the range 228 — 415 GHz were recorded for this species.
Only the asymmetry doublets of the K, = 0, 1, 2, and 3
components were resolved. A total of 120 individual fea-
tures were recorded. Three rotational transitions were mea-
sured in the microwave region, each exhibiting phosphorus
hyperfine structure, resulting in a total of eight individual
features.

Selected rotational transitions measured for HP**S and
DPS are given in Table II. The rest of the data is avail-
able online.*” Four transitions were measured in the mil-
limeter region (342-419 GHz) for both isotopologues. Only
the K, = 0, 1, and 2 asymmetry components were ob-
served due to the weaker intensities of these features. Fur-
thermore, several lines of DPS were blended with other un-
known features. Three transitions were recorded for HP3*S
and two for DPS in the microwave region. Only the

K, = 0 components could be identified in this case. Small
splittings due to nuclear spin-rotation interactions were ob-
served in the K, = 0 components of the Jx,x. = 101 — Oop
and 2, — 1 transitions of HP**S, but could not be resolved
in the K, = 1 lines, nor in any of the DPS spectra.

A spectrum of the J = 24 « 23 transition of HPS near
395 GHz, with numerous asymmetry features, is displayed in
Fig. 1. The K, = 3 lines have a small asymmetry splitting, as
the figure shows, while that in the K, = 4, 5, and 6 lines is
collapsed. Only one component of the K, = 2 doublet is seen

HPS (X'A%):J = 24 « 23

T T T T T
395030 395130 395230 395330 395430

Frequency (MHz)

FIG. 1. Spectrum of the J = 24 <« 23 rotational transition of HPS (X'A")
near 395 GHz, showing some of the K, = 0, 2, 3, 4, 5, and 6 asymmetry
components. These data clearly indicate that HPS is an asymmetric top and
has a bent geometry. The K, = 2 and 3 components are split by asymme-
try doubling, with the K, = 3 features closely spaced, while the other K,
=2 component lies at higher frequency. A strong unknown feature is marked
with an asterisk. This spectrum is a combination of five 110 MHz wide scans,
each about 70 s in duration.
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HPS
Jka ke = 202- 10,1

F=1.5=15 o Y

F=15-05"
L | | |
32980.1 32980.3 32980.5 32980.7

Frequency (MHz)

FIG. 2. Spectrum of the Jg,x. = 202 — lo, transition of HPS near
33 GHz, which exhibits phosphorus nuclear spin-rotation hyperfine structure.
Three hyperfine components are clearly visible, labeled by quantum number
F. Each line is additionally split into Doppler doublets, indicated underneath
the data. This spectrum was acquired in 35 s of integration.

in this frequency range. Other weaker, unidentified features
are also apparent in the data.

A spectrum of the Jg, k. = 202 — o1 transition of HPS
near 33 GHz is displayed in Fig. 2. Here the three hyperfine
components due to phosphorus nuclear spin-rotation interac-
tion are apparent in the data. Each line is split into Doppler
doublets indicated by lines underneath the spectrum.

An example of how the pattern of the asymmetry com-
ponents changes as a function of J is shown in Fig. 3. Here a
stick spectrum shows the K, = 0, 2, 3, 4, 5, and 6 lines in the
J =14 < 13, 19 < 18, and 24 < 23 transitions near 231,
313, and 395 GHz. The K, = 4, 5, and 6 components do not
shift significantly with respect to each other as a function of
J, and the K, = 3 component moves only slightly. In contrast,
the K, = 0 component shifts substantially, from close prox-
imity to the K, = 4 line at low J, to beyond the K, = 6 line at
high J. The K, = 2 doublets also show increasing splitting as
J increases.

V. ANALYSIS

The data for HPS, HP3*S, and DPS were individually
analyzed with a Watson S-reduced Hamiltonian that included
rotational, centrifugal distortion, and phosphorus nuclear
spin-rotation interactions:*

I:Ieff = IA_Irot + I:ch + I:Insr- (2)

The spectroscopic constants were determined using the
nonlinear least squares fitting routine SPFIT.* In the fit,
Dk for all three species was fixed to the value predicted by
the CCSD(T) level of theory. In addition, two nuclear spin-
rotation parameters arising from the phosphorus nucleus, Cp,
and C,., were constrained to the ratio of the theoretical pre-
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Stick Spectrum of HPS ()?]A')
J=14 13

e D

312.8 313:1 3134

3%}

T
3949 395.2 395.5 395.8
Frequency (GHz)

Ln

FIG. 3. Stick spectrum of the K, = 0, 2, 3, 4, 5, and 6 asymmetry com-
ponents of the J = 14 < 13, 19 < 18, 24 <« 23 rotational transitions of
HPS (X!'A’) near 231, 313, and 395 GHz, respectively. The K, = 0 and 2
asymmetry components shift significantly as a function of J, while the higher
components K, = 4, 5, and 6 are comparatively fixed in relative frequency.

dictions, as they could not be independently determined due to
the limited amount of data. C,, for HP3*S also had to be fixed
to the value for HPS. The resulting parameters are given in
Table III, which also lists the calculated values. As Table III
shows, centrifugal distortion constants typically up to fourth-
order were necessary for a good fit for the three species. The
rms of the fits range from 38 to 67 kHz.

The rotational constants are in excellent agreement with
the theoretical values at the CCSD(T) level, with the B and
C parameters only differing by 0.05-0.07%, and A by 0.7%.
The experimental centrifugal distortion constants are also in
good agreement with the theoretical predictions. The hyper-
fine parameter C,,, however, is about a factor of 2 less than
the calculated value of 1.346 MHz.

VI. DISCUSSION

Several structures were calculated for HPS from the ro-
tational constants using the nonlinear least squares routine
STRFIT.’! An ry geometry was determined directly from
the moments of inertia, while an ! structure was also de-
rived by a mass-dependent method developed by Watson.>>
A semiexperimental (empirical) structure was also calculated
from the experimental rotational constants corrected for zero-
point vibrational effects,’® an approach used recently to de-
termine equilibrium structures of related molecules such as
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TABLE III. Spectroscopic constants for HPS, HP3*S, and DPS (X' A’ : v = 0).

J. Chem. Phys. 134, 134302 (2011)

HPS HP3S DPS
Parameter * Experiment Theory® Theory® Experiment Theory® Experiment Theory®
Ao 264,001(36) 265,808.909 264,059  263,961(91) 265,790.873 138,629.7(9.5) 139,246.636
By 8,379.1510(22) 8,373.766 8,330 8,133.578(17) 8,128.326 8,148.272(18) 8,142.849
Co 8,111.2312(21) 8,107.055 8,075 7,880.870(17) 7,876.767 7,683.137(17) 7,679.463
AAg 1,574.582 1,578.269 514.340
ABy 18.258 17.561 17.323
ACy 29.595 28.278 30.548
Dy 0.0052150(10) 0.00506 0.0049245(23) 0.00478 0.0045929(30) 0.00446
Dk 0.20323(12) 0.199 0.19206(94) 0.188 0.1664(12) 0.162
Dk 19.64 19.6 19.64 19.6 5.56¢ 5.56
d; —0.0001682(13) —0.000152 —0.0001554(72) —0.000140 —0.0002742(76) —0.000254
d> —0.0000164(10) —0.0000129 —0.0000146(16) —0.0000115 —0.0000478(19) —0.0000392
Hgy 2.49(36) x 1073
Caa 0.701(45) 1.346 0.701¢
Cpp 0.0371(45)° 0.0476 0.0372(69)°
Cece 0.0091(11)° 0.0116 0.0091(17)¢
rms 0.038 0.040 0.067

2In MHz.

bStructure: CCSD(T)/cc-pwCVQZ level, force field: CCSD(T)/cc-pV(Q+d)Z level.
¢Equilibrium constants at the B3LYP/aug-cc-pVTZ level.

9Held fixed.

¢Constrained to the ratio of the theoretical values.

HPSi, H,SiS, and Si,S.>%3*3% This empirical structure was
established by adding the theoretical vibrational corrections
ABy and ACj (Table III) to the experimentally determined
rotational constants By and Cy (Table III), i.e., B. = By
+ ABj. A least-squares fit of the HPS structural parameters
was then carried out using the six I, and I, equilibrium mo-
ments of inertia obtained from the corresponding empirical B,
and C, constants adopting equal weights for all isotopologues.

The structures generated for HPS are listed in Table IV,
along with those predicted by the quantum-chemical calcu-
lations described here, as well as several other theoretical
geometries.”"??> Figure 4 shows the empirically established
re' " structure. Also given in Table IV are the bond lengths
and angles of several other species related to HPS,!22236-58
As can be seen from the table, the H-P bond length in HPS

TABLE IV. Structural parameters of HPS and related molecules.

em
Ve P

= 1.4321(2) A) is very similar in value to that found
for PH (ro = 1.4328(1) A) and PH; (r, = 1.4115(6) A),557
and the calculated value for HPSH (r, = 1.416 A: QCISD
/6-3114++G(d,p).? This accord indicates that there is a H-P
single bond in HPS. The PS bond length of this species (1 "
= 1.9287(1) A) compares closely to that found for PS (rp =
1.9003(1) A) and FPS (r;"™" = 1.8886(4) A). The PS bond
length in HPSH is predicted to be longer (r, = 2.120(1) A),
likely reflecting a single P—S bond. The significantly shorter
P-S bond distance for HPS relative to HPSH suggests a P=S
double bond. Thus, the bonding of this molecule is best rep-
resented as H-P=S.

The H-P-S bond angle was determined to be 6
= 101.78(1°) from the r¢™" method. This value lies be-
tween the HPS angle calculated for HPSH (91.6°) and the

Molecule r(H-P) (A) r(P-S) (A) 6 (XPS) (deg) Method? Ref.
HPS 1.444(5) 1.931(1) 101.6(5) 0 This work
1.438(1) 1.9320(1) 101.85(9) riDb This work
1.4321(2) 1.9287(1) 101.78(1) remP This work
1.4436 1.9423 101.9251 re, ab initio B3LYP/cc-pVTZ This work
1.4303 1.9293 101.84 Fe, ab initio CCSD(T)/cc-pwCVQZ This work
1.425 1.949 102.3 re, ab initio MP2/6-31G(d.p) 21
1.430 1.949 101.95 re, ab initio QCISD/6-3114++G(d,p) 22
P—H 1.4328(1) o, MMW 56
PH; 1.420(1) ro, MMW 57
1.4115(6) Fes MMW 57
P=S$ 1.9003(1) ro, MMW 58
H-P-S—H 1.416 2.120 91.6 Te, ab initio QCISD/6-3114+G(d,p) 22
F—P=S 1.8886(4) 109.28(2) re™ IR, MMW, ab initio 12

“MMW = millimeter wave.
ey = —0.0113(8).
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1.4321(2)
1.4303

1.9287(1)
1.9293

FIG. 4. Semiexperimental equilibrium structure of HPS (bond lengths in
Angstroms and angle in degrees) and calculated structure obtained at the
CCSD(T)/cc-pwCVQZ level of theory (in italics).

experimental bond angle in FPS (109.28°). The near 90° an-
gle in HPSH likely reflects purely p orbital bonding. In FPS,
the larger bond angle may result from a certain degree of sp?
hybridization on the phosphorus atom.

The structure of HPS can also be compared to its singly-
and doubly-substituted first-row analogs HNO, HNS, and
HPO. The geometries of these four species are listed in
Table V%% The bond lengths and angle of HNO were cal-
culated from the rotational constants of HNO and DNO us-
ing STRFIT,”! as the structure was not given in Ref. 59. The
geometry of HNS had to be calculated at the B3LYP/aug-cc-
pVTZ level because it has not been studied experimentally.
As can be seen from the table, the H-P bond lengths of HPO
and HPS are very close in value at 1.43 — 1.47 A. The heavy
atom bond length, in contrast, increases on substitution of a
second-row element, from 1.21 to 1.57 A for N-O to N-S, and
1.48 to 1.93 A for P—O to P-S and is longest in HPS. These
changes likely reflect the larger atomic radii of the second-row
elements.

Comparison of the bond angles among these species per-
haps presents more chemical insight. The bond angle for the
first row molecules, HNO and HNS, is 108—110°, while it de-
creases to ~105° for HPO and ~102° for HPS. This trend
suggests that the bonding is basically similar in all molecules
with a double bond between the heavy atoms, i.e., N = O,
N=S, P=0, and P=S. The bond angle in all cases reflects sp2
hybridization, altered by the presence of lone pair electrons,
which closes the angle somewhat relative to 120°. This ef-
fect is also seen in vinyl anion (CH,=CH™), a similar species
with a C=C-H moiety that has a bond angle of ~108.5°.%!
The bond angle becomes even smaller, however, for HPO
and HPS, likely a result of increased p orbital contribution of
phosphorus, relative to nitrogen. If the bonding were purely

TABLE V. Structural parameters of HPS and Nitrogen and/or Oxygen
Analogs.

r(H-X) r(X-Y) 6 (HXY)
Molecule A A (deg) Method Ref.
HNO 1.063(2)  1.2123(5) 108.42(14)  riba 59
HNS 1.028 1.570 109.7 re ? This work
HPO 1.473(7)  1.4843(9) 104.57(16) rs 60
HPS 1.4321(2) 1.9287(1) 101.78(1) remP This work

#Calculated from constants from Ref. 59.
bCalculated at the B3LYP/aug-cc-pVTZ level.

J. Chem. Phys. 134, 134302 (2011)

due to p orbitals, an angle of ~90° would be expected, as
seen in SrSH and BaSH.%>%

The small difference in the HPO and HPS bond angles
is also notable. This disparity, ~105° for HPO and ~102°
for HPS, can be explained by a small contribution from the
ionic resonance form, linear H-PT™=0", to H-P=0O. The
electronegativity of oxygen is greater than that of sulfur (x (O)
=34, x(S) = 2.6),* and thus this structure is more likely to
play arole in HPO as opposed to HPS. Because this resonance
form is linear it would slightly increase the H-P—O bond an-
gle relative to HPS, as observed.

The zero-point inertial defects, A, for HPS, HP3*S, and
DPS were calculated to be 0.078 amuA? for HPS and HP*S
and 0.109 amuA? for DPS, based on the rotational constants,
Ay, By, and Cy. For closed-shell, planar molecules, this pa-
rameter has contributions from harmonic and Coriolis terms
of vibration—rotation interactions:%

Ag = AF™ + AJ". A3)

The Coriolis interaction is generally negligible for small
molecules.® Therefore, the harmonic term is the dominant
contributor to A( in HPS. This parameter can also be calcu-
lated from the centrifugal distortion constants Dy, Dk, di,
and d,.9 It was determined to be 0.084 amuA? for HPS,
0.085 amuA2 for HP34S, and 0.114 amuA? for DPS. These
values are slightly larger than the experimentally determined
values of Ay, and such differences likely reflect a small, neg-
ative Coriolis contribution. Using the empirical equilibrium
rotational constants, the inertial defect was calculated to be
—0.006 amuA? for all three species of HPS, i.e., essentially
zero. The vibrational contributions can therefore be effec-
tively removed by applying the calculated zero-point correc-
tions. Using their experimentally derived rotational constants,
the inertial defects of HNO, DNO, HPO, and DPO were
calculated to be 0.048 amu;\z, 0.063 amqu, 0.079 amqu,
and 0.105 amuA?2, respectively. All of these values are small
and positive; hence, these molecules are all relatively rigid
species, supporting the notion of a double bond between the
heavy heteroatoms.

To first order, the nuclear spin-rotation hyperfine interac-
tion in HPS results from the coupling of the phosphorus nu-
clear magnetic moment (u; = 1.13160(3) uy) (Ref. 66) with
the magnetic field generated by the rotation of the molecule
about the three principle axes. This field is typically weak and
usually results in small values for the C,,, Cpp, and C,. hyper-
fine parameters. A second-order correction is also possible,
arising from nuclear spin-orbit coupling with nearby elec-
tronic states. In this case, the orbiting electrons create the
magnetic field, which generates a much stronger coupling.
Considering the effects of the nearest excited state A'A”, this
interaction is expressed as®’

2
_ 4Biiaxa [(X|Li |A)]
Es— Ex '
Here B;; are the ground state rotational constants, ay, is the
off-diagonal nuclear spin-orbit interaction constant, L; is the i
component of the orbital angular momentum, and E4 and Ex

are the energies of the excited and ground states. The excited
state does not have to have orbital angular momentum as long

Cii

“
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as it correlates to a state that does in the linear limit. For HPS,
the likely state involved is A'A”, which correlates with a 'TT;
state in the linear limit.>* As this expression suggests, the
nuclear spin-rotation parameters should be proportional to
the respective rotational constants, if the second-order effect
dominates. The C,,, Cpp, and C,. constants for HPS have the
values of 0.701 MHz, 0.0371, and 0.0091 MHz, respectively,
which closely correlate with the rotational constants Ag
= 264,001(36), By = 8,379.151022), and Cy
= 8,111.2313(21). The dominance of the second-order
term explains why the phosphorus hyperfine splitting was
not resolved in DPS. This splitting likely reflects the much
smaller value of Ay relative to HPS: 264,001(36) versus
138,629.7(9.5) MHz.

VIl. CONCLUSION

High-resolution gas-phase studies of simple molecules
with second-row elements can produce useful chemical in-
sights into this class of species. This combined microwave
and millimeter-wave investigation of HPS has shown that this
molecule is bent, with an angle near 102°. Furthermore, the
molecule has a P=S double bond and a P-H single bond.
Consequently, it appears to mimic the structure of HNO, as
well as HPO and HNS. The geometry results from sp? hy-
bridization at the phosphorus atom with distortion from the
lone pair electrons, as well as some contribution from the
p orbitals. The p orbital influence is more important in phos-
phorus and sulfur than in nitrogen and oxygen. A small iner-
tial defect exists in HPS, indicating that this species is quite
rigid. This rigidity is also reflected in the lack of higher-order
centrifugal distortion constants in the spectral analysis. Addi-
tional studies of simple species with second-row elements are
clearly needed to further elucidate their chemistry.
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