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The pure rotational spectrum of the ZnSH (X̃2A′) radical has been measured using millimeter-wave
direct absorption and Fourier transform microwave (FTMW) methods across the frequency range
18–468 GHz. This work is the first gas-phase detection of ZnSH by any spectroscopic technique.
Spectra of the 66ZnSH, 68ZnSH, and 64ZnSD isotopologues were also recorded. In the mm-wave
study, ZnSH was synthesized in a DC discharge by the reaction of zinc vapor, generated by a Broida-
type oven, with H2S; for FTMW measurements, the radical was made in a supersonic jet expansion by
the same reactants but utilizing a discharge-assisted laser ablation source. Between 7 and 9 rotational
transitions were recorded for each isotopologue. Asymmetry components with Ka = 0 through 6 were
typically measured in the mm-wave region, each split into spin-rotation doublets. In the FTMW
spectra, hyperfine interactions were also resolved, arising from the hydrogen or deuterium nuclear
spins of I = 1/2 or I = 1, respectively. The data were analyzed using an asymmetric top Hamiltonian,
and rotational, spin-rotation, and magnetic hyperfine parameters were determined for ZnSH, as well
as the quadrupole coupling constant for ZnSD. The observed spectra clearly indicate that ZnSH has a
bent geometry. The rm

(1) structure was determined to be rZn−−S = 2.213(5) Å, rS−−H = 1.351(3) Å, and
θZn−−S−−H = 90.6(1)◦, suggesting that the bonding occurs primarily through sulfur p orbitals, analogous
to H2S. The hyperfine constants indicate that the unpaired electron in ZnSH primarily resides on the
zinc nucleus. Published by AIP Publishing. https://doi.org/10.1063/1.4999924

I. INTRODUCTION

Transition-metal hydroxide (MOH) complexes are rel-
evant in many scientific areas, including catalysis, surface
science, and biology.1,2 For example, the ZnOH moiety plays a
significant role in countless enzymes and proteins, specifically
as ZnOH+, including the widely studied carbonic anhydrase.3

However, the corresponding sulfur analogs MSH also have
a variety of applications. Such hydrosulfide compounds are
thought to be important in the hydrodesulphurization (HDS)
process, in which sulfur is removed from petroleum prod-
ucts.4,5 The metal hydrosulfide group, usually involving cobalt
and molybdenum, is thought to supply hydrogen atoms needed
for the C−−S bond cleavage.4 Hydrosulfides also play a role
in metalloenzymes, where the MSH moiety is often coordi-
nated to the active site.6 Furthermore, metal-SH bonds are
present in intermediate complexes generated in the catalytic
hydrogenation of C==O and C==N groups, typically with irid-
ium and rhodium.7 In addition, zinc hydrosulfide compounds
such as Tp*ZnSH are readily synthesized in solution and have
been found to exhibit different reactivity from their oxygen
analogs.8

While the MOH and metal hydrosulfide (MSH) com-
plexes are isovalent, some differences occur in the bond-
ing between these two species. The alkali and alkaline-earth

a)Author to whom correspondence should be addressed: lziurys@email.
arizona.edu

monohydroxides, as well as AlOH, are either linear or quasi-
linear,9–13 with species such as NaOH, MgOH, and LiOH
exhibiting large amplitude bending motions.14,15 In contrast,
the few transition-metal hydroxides that have been spectro-
scopically characterized, AgOH, CuOH, and ZnOH, exhibit
bent geometries with bond angles close to that of H2O, indica-
tive of sp3 hybridization occurring at the oxygen atom.16,17 A
different trend is apparent for the metal hydrosulfides. Alkali
and alkaline earth MSH species all show similarly bent struc-
tures, including LiSH, NaSH, KSH, MgSH, CaSH, SrSH, and
BaSH, as does AlSH.18–25 The MSH series have bond angles
typically ranging from 89◦ to 95◦, more comparable to that of
H2S, suggesting that the bond to the metal occurs primarily
through sulfur p orbitals.

For transition-metal hydrosulfides, only CuSH (X̃1A′) has
thus far been investigated spectroscopically. The molecule
was initially observed using millimeter-wave direct absorp-
tion methods by Janczyk et al.26 Both the 63Cu and 65Cu
isotopologues were examined in this work, as well as their
deuterated counterparts. An rm

(1) structure could thus be deter-
mined, which showed that the Cu−−S−−H bond angle was
93.5◦-analogous to the other metal hydrosulfides. The fol-
lowing year, laser-induced fluorescence bands of the A1A′′–
X̃1A′ transition of CuSH and CuSD were observed in the
470-515 nm region and effective zero-point structures deter-
mined.27 More recently, the B1A′–X̃1A′ band of this molecule
and its deuterium isotopologue were recorded near 434
nm;28 coupled-cluster calculations attributed the observed
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bands as arising from the Cu−−S stretch and the Cu−−S−−H
bend.

Because of their importance in catalytic processes and
enzymes, spectroscopic studies of additional transition-metal
hydrosulfides would be desirable. Structural trends across the
periodic table could then be examined. To this purpose, we
have conducted the first spectroscopic detection and gas-phase
study of ZnSH. The pure rotational spectra of this free rad-
ical and its 66Zn, 68Zn, and deuterium isotopologues were
measured in their X̃2A′ ground states using millimeter-wave
direct absorption methods. In addition, 64ZnSH and 64ZnSD
were studied by Fourier transform microwave (FTMW) meth-
ods, in which the hydrogen or deuterium hyperfine structure
was resolved. From these data, spectroscopic parameters were
determined, from which the structure of ZnSH could be cal-
culated. This paper presents these new measurements and
their analyses and discusses the implications of the work for
bonding in metal hydrosulfides.

II. EXPERIMENTAL

The rotational spectra of ZnSH and ZnSD were initially
recorded using one of the millimeter-wave direct absorption
spectrometers of the Ziurys group.29 Briefly, the source of
radiation is an InP Gunn oscillator connected to a Schottky
diode multiplier. Various Gunn/multiplier combinations allow
for nearly continuous frequency coverage from 65 to 850 GHz.
The radiation from the source is launched quasi-optically from
a feedhorn and propagated through the double-pass, stainless
steel reaction chamber and into the detector by a series of
Teflon lenses, a polarizing grid, and a rooftop mirror attached
to one end of the cell. The detector is an InSb, hot electron
bolometer cooled to 4 K with liquid helium. Integrated into the
reaction cell is a Broida-type oven. Phase-sensitive detection is
accomplished by frequency modulation of the Gunn oscillator
at a 25 kHz rate, which is demodulated at 2f by a lock-in ampli-
fier. All recorded spectra therefore have a second-derivative
line profile.

The ZnSH radical and its isotopologues were synthesized
in the gas phase in the mm-wave system in a DC discharge by
the reaction of zinc vapor and hydrogen sulfide. The Broida-
type oven was used to generate metal vapor (99.9% zinc pieces,
Sigma Aldrich). Simultaneously, ∼2 mTorr of H2S was added
above the oven while∼20 mTorr of argon carrier gas was made
to flow from below the oven. An additional 20 mTorr of argon
was streamed over the Teflon lenses at either end of the cell to
prevent coating by the metal vapor, which attenuates the signal.
The DC discharge settings were 750 mA at 50 V, adjusted to
optimize molecular intensities. The discharge plasma exhib-
ited both blue-green and pink colors, likely arising from a
combination of atomic/ionic zinc and argon emission. All zinc
isotopologues were measured in their natural abundance (64Zn:
66Zn: 68Zn = 48.6%: 27.9%: 18.8%). Similar methods were
employed for ZnSD, substituting D2S (99.9%, Cambridge
Isotopes) for H2S.

Typical line widths varied from 0.30 to 0.70 MHz over the
frequency range of 219–468 GHz. Transition frequencies were
measured from averages of 5 MHz scans, recorded as pairs
with one in increasing frequency and the other in decreasing

frequency. Spectra were subsequently fit with Gaussian line
profiles. Typically, 2–10 scan averages were necessary to
achieve an adequate signal-to-noise ratio, depending on the
isotopologue. The instrumental uncertainty is estimated to be
±50 kHz.

Spectra of ZnSH and ZnSD were recorded in the fre-
quency range 18-36 GHz using a Balle-Flygare-type FTMW
system.30 Details of the instrument can be found in Ref. 31.
In this spectrometer, the steel reaction chamber contains a
Fabry-Pérot cavity composed of two 22 in. aluminum mir-
rors in a near confocal arrangement. For measurements in the
4–40 GHz range, antennas are imbedded in the two mirrors for
ejecting and collecting radiation. (Waveguide is used for the
40–90 GHz region.) The cell is evacuated by a cryopump.
Reactant gases are introduced into the chamber through a
supersonic nozzle (General Valve), pulsed at a rate of 10 Hz,
and oriented at a 40◦ angle relative to the optical axis. Attached
to the output of the valve is a discharge assisted laser ablation
source (DALAS).32 Radiation at a given frequency is injected
from one antenna into the cavity, which supports an instanta-
neous bandwidth of∼600 kHz. Molecules created in the source
enter the cavity and, if there is a resonant transition, absorb
radiation. Their subsequent emission signals are then recorded
by a low noise amplifier in the time domain, the so-called free
induction decay or FID. A fast Fourier transform of the FID
generates a spectrum, which typically consists of two Doppler
components. The average of the two components is the
transition frequency. The FTMW instrumental uncertainty is
±2 kHz.

To create ZnSH in the FTMW spectrometer, a 0.20%
mixture of H2S in argon (stagnation pressure of 34 psi) was
pulsed through the nozzle for 550 µs with a flow rate of ∼40
SCCM. This mixture was then reacted with zinc vapor, gen-
erated by DALAS. This source utilizes a 5 ns pulse from
a Nd:YAG laser at 532 nm to ablate a rotating, translating
metal rod (10 Hz repetition rate, 200 mJ/pulse). A 750 V
(50 mA) DC discharge is immediately applied to the ensu-
ing metal/H2S/Ar mixture. The presence of the discharge was
found to be essential to create a detectable concentration
of the radical. Typically, 1000 pulse averages were neces-
sary to achieve a satisfactory signal-to-noise ratio for ZnSH
spectra. ZnSD was synthesized under similar conditions with
D2S (99.9%, Cambridge Isotopes). As many as 10 000 pulse
averages were required to obtain adequate spectra for this
isotopologue.

III. RESULTS

ZnSH had not been previously investigated by any spec-
troscopic method. Based on the spectrum for ZnOH,17 as well
as those of other metal hydrosulfides, it was assumed for
the initial search that the molecule would be a near-prolate
asymmetric top with a 2A′ ground electronic state. Hund’s
case (b) coupling would therefore be most appropriate, with
NKa,Kc quantum number scheme and J indicating the fine-
structure levels. The spectrum was then predicted on the basis
of constants scaled from CuSH, CuOH, and ZnOH.16,17,26 A
spin-rotation splitting of ∼130–150 MHz was expected, based
on that of ZnOH. Similar to zinc hydroxide, the strongest
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FIG. 1. A section of the N = 32← 31 millimeter-wave transition of 64ZnSH
(X̃2A′) measured near 298.6 GHz, showing various asymmetry compo-
nents. Brackets indicate the spin-rotation doublet, which has a separation of
∼140 MHz, of one of the Ka = 2 asymmetry pairs. There are lines also arising
from Ka = 0, Ka = 3, and the other Ka = 2 asymmetry components; their cor-
responding spin-rotation pair is outside the given frequency range. Note that
the Ka = 3 asymmetry doublet is collapsed into one line at this frequency (see
supplementary material). The J = 27← 26 transition of 68ZnS (X1Σ+) is also
present in the data, and the line marked with an asterisk is a contaminant. This
spectrum is 175 MHz wide and was acquired in ∼100 s.

dipole moment should occur along the â molecular axis; hence,
an a-type pattern of doublets was expected, which follows the
selection rules:∆Ka = 0,∆Kc =±1. At lower N, hyperfine split-
tings might also be observable, arising from the interaction of

FIG. 2. A section of the N = 32 ← 31 mm-wave transition of ZnSD (X̃2A′)
near 290.1 GHz, consisting of lines arising from the Ka = 2, 3, 4, and 5 asym-
metry components. The two lines arising from the Ka = 2 component are
spin-rotation doublets, separated by ∼137 MHz and indicated by brackets.
The Ka = 3 asymmetry doublet is split by a small amount (∼15 MHz) at this
frequency, while those for Ka = 4 and 5 are collapsed. Their spin-doublet pairs
are not in the displayed frequency range. This 175 MHz spectrum was recorded
in 300 s and is a composite of three separate scans.

the hydrogen (I = 1/2) or deuterium (I = 1) nuclear spins, where
F = I + J.

Due to lack of prior experimental and theoretical stud-
ies, a large frequency range of ∼100 GHz was originally
scanned (∼20B). Three doublets with a frequency splitting
of ∼140 MHz were found which were harmonically related.
These doublets had an effective rotational constant (Beff = (B
+ C)/2) of approximately 5 GHz, relatively close to the pre-
dicted value. The doublets were also relatively intense and
showed no evidence of asymmetry splittings. They were there-
fore assigned as the Ka = 4 components. With the Ka = 4 com-
ponents identified, the Ka = 1 quartet was promptly located,
owing to its characteristically large asymmetry splitting of
∼2.5–3 GHz. A combined fit of the Ka = 1 and Ka = 4 asymme-
try components was then carried out to constrain the magnitude
of the other asymmetry splittings. The Ka = 0, 2, 3, 5, and
6 components were then readily identified and emulated the

FIG. 3. Fourier transform microwave (FTMW) spectra of ZnSH and ZnSD
(X̃2A′) of the N = 3 → 2, J = 3.5 → 2.5 rotational transition, Ka = 0 compo-
nent only. Doppler doublets are indicated by brackets. In the ZnSH spectrum
(upper), two hyperfine components, arising from the hydrogen spin of I = 1/2
and labeled by quantum number F, are clearly visible. This spectrum is
700 kHz wide and was generated from 1000 pulse averages. For ZnSD (lower),
two obvious hyperfine lines are visible (F = 4.5→ 3.5 and 3.5→ 2.5), result-
ing from the deuterium spin of I = 1. A third, weaker component, F = 2.5
→ 1.5, is masked by the two stronger features. This spectrum was a composite
of 30 000 pulse averages and is approximately 450 kHz wide.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-027739
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TABLE I. Selected rotational transitions of 64ZnSH, 66ZnSH, 68ZnSH, and ZnSD (X̃2A′).a

64ZnSH 66ZnSH 68ZnSH ZnSD

N′ Ka
′ Kc

′ J′ F′ N′′ Ka
′′ Kc

′′ J′′ F′′ νobs νobs-calc νobs νobs-calc νobs νobs-calc νobs νobs-calc

2 0 2 1.5 2 → 1 0 1 0.5 1 18 623.164 −0.029

2 0 2 1.5 1 → 1 0 1 0.5 0 18 623.473 0.000

2 0 2 2.5 2 → 1 0 1 1.5 1 18 763.814 −0.034 18 241.410b 0.000

2 0 2 2.5 3 → 1 0 1 1.5 2 18 764.680 −0.014

3 0 3 3.5 3 → 2 0 2 2.5 2 28 110.887 0.012

3 0 3 3.5 4 → 2 0 2 2.5 3 28 111.253 0.024 27 327.352b −0.010

30 0 30 29.5 c ← 29 0 29 28.5 279 851.684 0.116 277 000.260 −0.158 274 313.369 −0.019 271 651.740 0.013

30 0 30 30.5 c ← 29 0 29 29.5 d 277 139.732 −0.042 274 451.447 0.029 271 789.477 0.017

30 1 29 29.5 c ← 29 1 28 28.5 281 117.439 0.118 278 239.288 −0.058 275 527.435 0.033 274 183.858 0.029

30 1 29 30.5 c ← 29 1 28 29.5 281 255.715 −0.053 278 376.145 −0.047 275 662.984 −0.031 274 319.251 0.015

30 1 30 29.5 c ← 29 1 29 28.5 278 683.977 0.124 275 855.023 −0.160 273 189.126 0.008 269 835.345 −0.013

30 1 30 30.5 c ← 29 1 29 29.5 278 826.951 −0.017 d 273 329.279 0.013 269 974.056 −0.024

30 2 28 29.5 c ← 29 2 27 28.5 279 955.475 0.103 277 099.134 −0.078 274 407.721 0.018 272 513.524 0.003

30 2 28 30.5 c ← 29 2 27 29.5 280 096.123 −0.054 277 238.371 −0.066 274 545.606 −0.018 272 649.851 0.012

30 2 29 29.5 c ← 29 2 28 28.5 279 877.737 0.111 277 024.471 −0.129 274 335.923 −0.013 272 025.812 −0.029

30 2 29 30.5 c ← 29 2 28 29.5 280 018.833 −0.049 277 164.199 −0.071 274 474.289 0.011 272 163.220 −0.042

30 3 27 29.5 c ← 29 3 26 28.5 d 276 997.101 −0.264 274 308.653 −0.221 272 129.493 0.015

30 3 27 30.5 c ← 29 3 26 29.5 d 277 137.494 −0.274 274 447.721 −0.196 272 267.310 0.010

30 3 28 29.5 c ← 29 3 27 28.5 d 276 997.101 0.163 274 308.653 0.181 272 119.226 0.044

30 3 28 30.5 c ← 29 3 27 29.5 d 277 137.494 0.148 274 447.721 0.202 272 257.078 0.034

30 4 26 29.5 c ← 29 4 26 28.5 279 775.719 0.110 276 924.255 0.068 274 237.258 −0.016 272 032.725 −0.001

30 4 26 30.5 c ← 29 4 25 29.5 279 918.774 −0.042 277 065.816 −0.015 274 377.575 0.075 272 171.737 0.050

30 4 27 29.5 c ← 29 4 26 28.5 279 775.719 0.110 276 924.255 0.069 274 237.258 −0.015 272 032.725 −0.001

30 4 27 30.5 c ← 29 4 26 29.5 279 918.774 −0.042 277 065.816 −0.014 274 377.575 0.076 272 171.737 0.050

30 5 25 29.5 c ← 29 5 24 28.5 d 276 834.369 0.053 274 149.226 −0.022 271 939.945 0.035

30 5 25 30.5 c ← 29 5 25 29.5 279 828.584 −0.042 276 977.538 0.010 274 290.962 −0.009 272 080.272 0.020

30 5 26 29.5 c ← 29 5 25 28.5 d 276 834.369 0.053 274 149.226 −0.022 271 939.945 0.035

30 5 26 30.5 c ← 29 5 25 29.5 279 828.584 −0.042 276 977.538 0.010 274 290.962 −0.009 272 080.272 0.020

30 6 24 29.5 c ← 29 6 23 28.5 279 573.444 0.146 271 835.290 0.042

30 6 24 30.5 c ← 29 6 23 29.5 279 719.966 0.016 271 977.245 −0.012

30 6 25 29.5 c ← 29 6 24 28.5 279 573.444 0.146 271 835.290 0.042

30 6 25 30.5 c ← 29 6 24 29.5 279 719.966 0.016 271 977.245 −0.012

aIn MHz.
bHere F = F + 0.5, see the text.
cHyperfine collapsed.
dBlended lines, not included in fit.



154313-5 Bucchino et al. J. Chem. Phys. 147, 154313 (2017)

rotational pattern expected for a near prolate asymmetric top.
Analogous methods were used to identify ZnSD.

Once the spectroscopic constants in the millimeter-wave
region were established, a survey was conducted using the
FTMW spectrometer for the spin-rotation components of the
N = 2→ 1 transition, Ka = 0, near 19 GHz. The two strongest
hyperfine components (∆F =∆J =∆N = +1) of each spin-
rotation component were located and were clearly resolved.
Lines arising from the N = 3→ 2 transition near 28 GHz were
also measured. Several hyperfine components of the N = 2
→ 1, 3→ 2, and 4→ 3 transitions of ZnSD were subsequently
recorded in the 18-37 GHz range.

Figure 1 displays a section of the N = 32← 31 transition
of 64ZnSH measured with the millimeter-wave system near
298.6 GHz, showing Ka = 0, 2, and 3 asymmetry components.
The J = 32.5←31.5 and 31.5←30.5 spin-rotation doublets for
the Ka = 2, Kc = 30← 29 transition are visible in the spectrum,
separated by ∼140 MHz and indicated by brackets. One of the
spin-rotation pairs for the Ka = 2, Kc = 31 ← 30 line is also
present, as well as one of the Ka = 0 and Ka = 3 components;
their corresponding spin doublets are at lower frequencies,
which are not displayed in the figure. The Ka = 3 asymmetry
components at this particular transition are blended together,
unlike those for Ka = 2. One spectral feature in the data is the
J = 27← 26 transition of 68ZnS (X1Σ+); another contaminant
line is marked by an asterisk.

In Fig. 2, a section of the N = 32 ← 31 millimeter-wave
transition of 64ZnSD near 290.1 GHz is presented. Here the
spin-rotation doublet, J = 32.5 ← 31.5 and J = 31.5 ← 30.5,
of one of the Ka = 2 asymmetry components is shown, indi-
cated with brackets, with a splitting of ∼137 MHz. One spin-
rotation doublet of the Ka = 5 and 4 components is also visible;

note that the asymmetry doubling is collapsed in both fea-
tures. In addition, a Ka = 3 asymmetry pair is present, with
a small splitting of ∼15 MHz. In ZnSH, this component is
typically collapsed at these transitions; deuterium substitution
clearly increases the degree of asymmetry. Another effect of
D substitution is the large shift in the Ka = 0 lines to lower
frequency.

Figure 3 displays the FTMW spectra of the N = 3 → 2,
Ka = 0, J = 3.5 → 2.5 spin component of both ZnSH (upper)
and ZnSD (lower) near 28 GHz and 27 GHz, respectively. The
frequency width varies between the two spectra, with the upper
one covering 700 kHz and the lower one covering 400 kHz.
Doppler doublets are designated by brackets. In the upper spec-
trum, the F = 4 → 3 and 3 → 2 hyperfine doublet is clearly
visible, arising from the coupling of the hydrogen nuclear
spin (I = 1/2) in ZnSH. In the lower panel, the more compact
hyperfine structure generated by the deuterium nuclear spin
of I = 1 for ZnSD is visible. Here a triplet hyperfine pattern is
expected, and the F = 4.5 → 3.5 and 3.5 → 2.5 components
are clearly present. The third, weaker F = 2.5 → 1.5 line is
masked by the F = 3.5 → 2.5 feature. The magnetic moment
of deuterium is roughly three times smaller than hydrogen;
thus, the hyperfine coupling is smaller in ZnSD relative to
ZnSH.

In Table I, a sample of the FTMW and millimeter-wave
rotational transitions measured for 64ZnSH, 66ZnSH, 68ZnSH,
and 64ZnSD is given. The complete data set can be found in
the supplementary material. The number of rotational transi-
tions N + 1← N recorded for each isotopologue was nine for
64ZnSH, eight for 66ZnSH, seven for 68ZnSH, and nine for
64ZnSD. Typically, the spin-rotation doublets of the Ka = 0–6
components were measured for each rotational transition of

TABLE II. Millimeter-wave spectroscopic constants of ZnSH (X̃2A′).a

Parameter 64ZnSH 66ZnSH 68ZnSH 64ZnSD

A 287 930(304) 287 881(90) 287 892(210) 148 703(14)

B 4 714.179(14) 4 665.667 7(28) 4 619.923 0(74) 4 616.224 9(66)

C 4 632.650(14) 4 585.801 8(24) 4 541.591 0(75) 4 470.150 3(62)

DJ 0.003 732 1(62) 0.003 691 98(28) 0.003 617 1(12) 0.003 525 58(81)

DJK 0.166 23(32) 0.163 39(18) 0.159 66(24) 0.148 81(10)

d1 �0.000 066 1(24) �0.000 063 65(32) �0.000 062 7(19) �0.000 116 4(17)

d2 �4.13(64) × 10�6
�4.03(23) × 10�6

�3.82(38) × 10�6
�1.250(33) × 10�5

HJ �9.2(1.9) × 10�9

HJK 4.8(1.0) × 10�7 6.72(56) × 10�7 4.4(1.1) × 10�7 5.02(54) × 10�7

HKJ 1.43(61) × 10�5 1.83(32) × 10�5 1.57(61) × 10�5 7.85(73) × 10�6

εaa �10.4(6.9) �13.8(3.9) �8.4(3.4) 4.0(1.4)

εbb 137.89(36) 135.91(16) 134.47(22) 134.92(12)

εcc 147.24(35) 145.35(17) 143.54(23) 141.63(12)

εab 1.4b 2.7(1.6)

Ds
N �0.000 765(39) �0.000 639(25) �0.000 517(62) �0.000 609(21)

aF �14.57(86) �2.98(44)

Taa 4.93(36) �4.0(1.1)

χaa(D) 6.5(1.7)

rms 0.091 0.100 0.034 0.051

aIn MHz. Listed uncertainties are 3σ in last quoted digits.
bHeld fixed; see the text.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-147-027739
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all four species while for ZnSD, the Ka = 7 and 8 lines were
also often recorded. In total, 129, 88, 82, and 130 individual
transition frequencies were measured for 64ZnSH, 66ZnSH,
68ZnSH, and 64ZnSD, respectively.

IV. ANALYSIS

ZnSH and its isotopologues were analyzed using the Wat-
son S-reduced formalism for asymmetric tops,33 incorporated
into the non-linear least-squares fitting routine SPFIT,34 with
the following effective Hamiltonian:

Heff = Hrot + Hsr + Hmhf + HeqQ(D). (1)

The first term accounts for molecular frame rotation and cen-
trifugal distortion effects. The second and third terms describe
the spin-rotation (N·S) and the magnetic hyperfine interactions
(I·S), respectively. HeqQ(D) defines the electric quadrupole
coupling arising from the deuterium nucleus.

In order to achieve acceptable fits, four fourth-order (DJ ,
DJK , d1, and d2) and two to three sixth-order (HJ , HJK , and
HKJ ) centrifugal distortion constants were necessary. This
result suggests that ZnSH is less floppy than ZnOH, which
required an additional eighth-order term LKKN and a tenth-
order term PKN .17 The diagonal components of the spin-
rotation tensor, εaa, εbb, and εcc, were determined, and the
use of the centrifugal distortion correction to the spin-rotation
interaction, (DS

N ), greatly improved the overall fits, as did the
off diagonal term (εab + εba)/2 for 64ZnSH and 66ZnSH. For the
66Zn species, this parameter was established in the fit, but it was
undefined at the three sigma level for 64ZnSH. Its value was
consequently fixed in the final analysis. Both the Fermi contact
constant (aF) and the dipolar term (Taa) were established for
64ZnSH and ZnSD, as well as the deuterium quadrupole cou-
pling constant (χaa) for ZnSD. Nuclear spin-rotation constants
(Cαα) could not be reliably determined within three sigma
uncertainties. Other hyperfine parameters were not accessible

because only the Ka = 0 component was measured at lower
frequencies. The Ka = 1 lines were searched in the FTMW but
were not detected—not surprising as they lie ∼14 K above
the Ka = 0 levels. Table II lists the spectroscopic parame-
ters obtained for 64ZnSH, 66ZnSH, 68ZnSH, and 64ZnSD. As
shown in the table, the rms of the fits for all four species was
≤100 kHz.

V. DISCUSSION
A. Structure of ZnSH

The monomeric ZnSH molecule had never been previ-
ously studied by any spectroscopic technique. Based on the
spectral signatures observed here, ZnSH undoubtedly has a
bent geometry and contains an unpaired electron. Further-
more, calculation of Ray’s asymmetry parameter for ZnSH,
κ =�0.9994, confirms it is a near-prolate asymmetric top,
with the major dipole moment lying along the â molecular
axis.35

Four isotopologues of ZnSH were studied, allowing for
the determination of 12 unique moments of inertia and there-
fore a reasonable structure. Using the least-squares fitting
routine STRFIT,36 r0 and rm

(1) structures were calculated
and are presented in Table III. Geometric parameters of sim-
ilar molecules are shown for comparison. It should be noted
that an rm

(1) structure more closely models the equilibrium
geometry than an r0 calculation because zero-point-energy
effects are at least partially corrected. The rm

(1) geome-
try suggests rZn−−S = 2.213 (5) Å, rS−−H = 1.351 (3) Å, and
θZn−−S−−H = 90.6(1)◦. Figure 4 shows a ball and stick model
of ZnSH, as well as that of H2S.

As shown in the table, the zinc-sulfur bond length is
∼0.2 Å longer than that of ZnS, which has re = 2.0464(1) Å.37

The presence of the unpaired electron in ZnSH, which, as will
be discussed, resides principally on the zinc nucleus, appears

TABLE III. Geometric parameters of ZnSH and related molecules.a

Molecule rML (Å) rLH (Å) θMLH (deg) Method Reference

ZnSH 2.219 4(6) 1.355(6) 90.5(6) r0 This work

2.213(5) 1.351(3) 90.6(1) rm
(1)b This work

ZnS 2.046 4(1) . . . . . . re 37

ZnOH 1.809(5) 0.964(7) 114.1(5) r0 17

ZnO 1.704 7(2) . . . . . . re 44

CuSH 2.091(2) 1.35(2) 93(2) r0 26

2.089 9(4) 1.32(1) 94.2(4) rs 26

2.090 8(3) 1.353(9) 93.5(3) rm
(1)c 26

CuS 2.055(1) . . . . . . r0 45

2.049 88(32) . . . . . . re 45

H2O 0.957 848(48) 104.542(14) re 46

H2S 1.335(1) 92.1(1) re 38

LiSH 2.146(1) 1.353(1) 93.0(1) r0 18

NaSH 2.479(1) 1.354(1) 93.1(1) r0 18

KSH 2.806(1) 1.357(1) 95.0(1) r0 20

aQuoted uncertainties are 3σ.
bWatson’s parameters: ca =�0.025, cb = 0.058, and cc = 0.067.
cWatson’s parameters ca =�0.0274 and cc = 0.0108.
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FIG. 4. A model of ZnSH, based on this work, compared with that of H2S.38

As the figure shows, both molecules are bent with a similar angle near 90◦

and comparable S−−H bond distances. The substitution of hydrogen with zinc
does not appreciably change the basic molecular structure.

to lengthen the metal-sulfur bond. This result suggests that
the unpaired electron in ZnSH is added to a partly antibond-
ing orbital. In contrast, the difference in the copper – sulfur
bond length in CuSH versus CuS is only ∼0.04 Å.26 The bond
length does not increase significantly for CuSH because of
the energy gained by pairing electrons. The sulfur-hydrogen
bond distance of 1.351(3) Å in ZnSH is comparable to that
in CuSH, LiSH, NaSH, and KSH,20,21,24,26 which all fall in
the range r(S−−H) ∼ 1.353–1.357 Å (see Table III). The same
bond length in H2S is slightly shorter at 1.335 (1) Å38 and
is likely a result of less steric hindrance by the hydrogen as
opposed to the larger metal atoms. Overall, substitution of a
hydrogen by a metal has minimal effect on the S−−H bond
length.

The Zn−−S−−H bond angle of 90.6(1)◦ provides the most
insight into the bonding. It is very similar to that of H2S
(92.1◦),38 indicative of bonding to the sulfur atom through p-
type orbitals. This characteristic is commonly found in metal
hydrosulfides, as shown in Table III. This result is not surpris-
ing, as the 3s-3p energy difference is large in sulfur. In contrast,
in isovalent ZnOH, the Zn−−O−−H bond angle is 114◦.17 This
larger angle is closer to the tetrahedral angle of 109.5◦ and also
to that of H2O, which is 104.54(1)◦. Apparently in ZnOH, the
oxygen atom undergoes sp3 hybridization, with the bond angle
increasing a small amount to accommodate the large zinc atom.
It is also interesting that the ZnSH bond angle is 3◦ smaller than
that of closed shell CuSH. The unpaired electron on the zinc
atom may be subject to repulsion by the two sets of lone pairs
on sulfur, lengthening the Zn−−S bond angle and enabling the
zinc atom move closer to the hydrogen. The outcome would
be to slightly decrease the Zn−−S−−H bond angle relative to
that in CuSH.

B. Spin-rotation interactions

The electron spin-rotation interaction generally is com-
posed of first-order (N·S) and second-order spin-orbit terms.
The latter concerns coupling with low-lying excited states that

have orbital angular momentum. Second-order effects tend to
dominate in heavier species. Second-order spin-orbit coupling
apparently plays a significant role in ZnSH because εaa, εbb,
and εcc do not scale proportionally to the corresponding rota-
tional constants A, B, and C. As shown in Table II, A is about a
factor of 61 larger than B or C, which are roughly comparable
to each other. However, εaa is small and negative (�10.4(6.9)
MHz), while εbb (137.89(36) MHz) and εcc (147.24(35) MHz)
are relatively large and positive. (For ZnSD, εaa is small and
positive, but the trend is the same.) Second-order spin-rotation
coupling arises as a cross term between the spin-orbit and
electronic Coriolis Hamiltonians in second-order perturbation
theory.39 For εaa, it takes the form

ε (2)
aa = −2

∑
α′

〈X |aLz |α′〉 〈α′|ALz |X〉 + 〈X |ALz |α′〉 〈α′|aLz |X〉
EX − Eα′

.

(2)

In the above equation, X and α′ indicate the ground and inter-
acting excited electronic states, respectively, a is an atomic
spin-orbit coupling constant, and A is the rotational con-
stant. Lz is the orbital angular momentum operator for the
z-component. ZnSH, however, is in the Cs point group, which
generates only two electronic terms, A′ and A′′, neither of
which has angular momentum. However, as discussed by
Halfen et al.,23 rapid rotation about the â molecular axis
couples the A′ and A′′ states through electronic Coriolis inter-
actions, effectively creating a Π state and therefore generat-
ing angular momentum. In this linear limit, Eq. (2) can be
simplified to the following expression:

ε (2)
aa =

−4aA
E ′ − E(X)

. (3)

Here E ′ denotes the energy of the excited, pseudo-Π state and
E(X) is that of the ground state.

The expected first-order contribution for εaa should be
positive and scale as the rotational constants and thus should
have a value about 61 times that of εbb or εcc, which are fairly
comparable for ZnSH. Therefore, εaa should have a first order
contribution of∼8500 MHz, indicating a comparable, but neg-
ative, second order value, which then results in the observed
constant of �10 MHz. Using εaa

(2) ∼ �8500 MHz, and the
Zn+ spin-orbit constant of 386 cm�1,40 the estimated energy
of the coupled A′ and A′′ excited electronic states should be
ME ∼ 52 000 cm�1. Given the assumptions, this energy esti-
mate is likely within a factor of two of the actual value. Note
that the excited A′ state in CuSH lies at ∼19 550 cm�1 above
the ground state.27 Electronic spectroscopic studies of ZnSH
would be helpful in verifying the energies of the excited A′

and A′′ states.

C. Hyperfine analysis

Several hyperfine constants were determined in this study
for the hydrogen and deuterium nuclei, which have magnetic
moments of 2.792 85 and 0.857 44, respectively, in units of
nuclear magnetons.41 The Fermi contact term was found to be
small and negative for both ZnSH (aF =�14.57 (86) MHz)
and ZnSD (aF =�3.17 (30) MHz), roughly scaling by the
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relative magnetic moments of the two nuclei. In compari-
son, the Fermi-contact constant of the free hydrogen atom is
1420 MHz.42 This difference clearly indicates that the bulk
of the unpaired electron density in ZnSH does not reside on
either the H or D nucleus. The unpaired electron must there-
fore be located principally in the zinc nucleus. Furthermore,
because the Fermi contact term is a measure of the electron
density at the center of the nucleus, it, in principle, should
not be negative. The negative sign on aF arises from “spin
polarization.”42 Here the paired electrons forming the hydro-
gen (or deuterium) - sulfur bond exchange with the unpaired
electron on zinc, resulting in a subsequent, but indirect, I·S
interaction.

Interpretation of the dipolar term for hydrogen can be
problematic. This parameter, or tensor, in the case of ZnSH,
describes the non-spherical contribution to the molecular
orbital containing the unpaired electron. If the unpaired elec-
tron centered on the zinc atom is in a completely spheri-
cal orbital, the dipolar term should be zero. In the case of
ZnSH, only one component of the dipolar tensor, Taa, could
be determined, and it was quite small—less than 5 MHz.
This result suggests that the distribution of the orbital con-
taining the unpaired electron is slightly elongated along the
â molecular axis, which is parallel to the Zn−−S bond. This
slight elongation likely results from spσ or sdσ hybridiza-
tion of the orbital containing the unpaired electron, which is
polarized away from the negatively charged sulfur, similar to
the case of ZnOH.17 In zinc, however, the 3d orbitals have
dropped very low in energy and probably do not hybridize
very effectively, making sp hybridization a more likely
scenario.

One electric quadrupole coupling constant, χaa, was
established for 64ZnSD, and has a value of 6.5 (1.7) MHz. This
constant defines the field gradient across the deuterium nucleus
along the â molecular axis. For HDS (or HSD), χaa is 0.0518
(3) MHz,43 although direct comparison can only be qualitative
because the location of the â axes differs. This value is nonethe-
less significantly smaller and suggests there is a greater field
gradient across the deuterium nucleus in ZnSD than HDS.
The presence of the unpaired electron on the zinc atom may
polarize the electron density on the D nucleus, increasing
this gradient. Such an effect would not occur in closed-shell
HDS.

VI. CONCLUSIONS

This study is the first spectroscopic characterization of
an open-shell, transition-metal hydrosulfide molecule. The
measured rotational spectrum of ZnSH and its isotopologues
clearly demonstrates that the molecule is a radical species
with a bent structure and a 2A′ ground electronic state. This
work is the next addition in the 3d hydrosulfide series, fol-
lowing CuSH. In general, all metal hydrosulfide species stud-
ied thus far exhibit the same bent (∼90◦) geometry. Metal
hydroxides, on the other hand, vary between linear and non-
linear structures, illustrating the interplay between ionic vs.
covalent bonding. It would be useful to study additional 3d
transition metal hydrosulfides to further examine periodic
trends.

SUPPLEMENTARY MATERIAL

See supplementary material for a complete list of mea-
sured transition frequencies for 64ZnSH, 66ZnSH, 68ZnSH,
and 64ZnSD.
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