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Introduction

Mercury and its compounds are hazardous air pollutants,
being released to the atmosphere from both anthropogenic
and natural sources.[1,2] Emission of gaseous elemental mer-
cury (Hg0) from the surface of oceans plays an important
role in the global mercury cycle. In this process, aqueous
HgII in natural waters is reduced by microorganisms to Hg0,
which is released into the atmosphere as vapor-phase ele-
mental mercury.[3] In fact, reducing aqueous HgII to Hg0 and
its subsequent detection in the gas phase is the most com-
monly used method for determining trace amounts of mer-
cury in liquid and solid samples. Developed in the late
1960s, this method is called “cold vapor generation”, in
which aqueous HgII is reduced to Hg0 by using NaBH4 or
SnCl2 solutions.

[4] Because the resultant Hg0 is only sparingly
soluble in water and has a high vapor pressure at room tem-
perature, it can be easily purged into the gas phase for de-
tection by atomic absorption spectroscopy.[4] In a very simi-
lar technique called “hydride generation”, NaBH4 is added
to acidified solutions of group 13, 14, 15, and 16 metals to
form volatile metal hydrides, which can be detected in the
gas phase after atomization.[4] The use of this technique for
all group 12 metals revealed that Hg-, Cd-, and Zn-contain-
ing molecules are formed in the reduction process, and are
released into the gas phase.[5–7] Although these molecules
are probably metal dihydrides (HgH2, CdH2, and ZnH2),
their identities have not yet been determined with certainty.

The existence of solid HgH2, CdH2, and ZnH2 has been
known for about fifty years, and several methods have been
reported for their synthesis.[8–11] Very recently obtained in-
frared spectra of these solids suggest that HgH2 is a covalent
molecular solid,[12,13] whereas CdH2 and ZnH2 solids proba-
bly have hydrogen-bridge bonding.[14] Nonetheless, these
solids are rather unstable, and it is probably not possible to
vaporize them without their decomposition into their con-
stituent elements. In fact, the decomposition of solid HgH2,
CdH2, and ZnH2 to metal atoms and molecular hydrogen
has been observed at approximately �125 8C, �20 8C, and +

90 8C, respectively.[8,9]

High level theoretical calculations performed for the
HgH2, CdH2, and ZnH2 molecules have predicted the
ground electronic states to be closed-shell X̃1Sþg states.[15–17]

Equilibrium bond lengths, dissociation energies, and vibra-
tional frequencies were also estimated, and matrix isolation
techniques were employed to study these molecules at very
low temperatures (5–12 K). Excited metal atoms reacted
with molecular hydrogen in solid argon, neon, or hydrogen
matrices, and metal dihydrides were formed.[12–14,17,18] Infra-
red spectra of these molecules in solid matrices were record-
ed and vibrational frequencies were obtained.

The direct gas-phase reactions of Hg, Cd, and Zn with H2

have been studied extensively by using both theoretical cal-
culations[19–21] and various experimental methods.[22,23] It is
generally accepted that mercury, cadmium, and zinc in their
1S ground states do not react with molecular hydrogen, be-
cause large energy barriers exist and the overall reactions
(with the production of gaseous MH or MH2) are endoergic.
However, if these atoms are excited to either 3P or 1P elec-
tronic states, they can react efficiently with molecular hydro-
gen to produce gaseous HgH, CdH, or ZnH.[19–23] These
studies were focused mainly on the production of metal
monohydrides, that is, M(g)+H2(g)!MH(g)+H(g), perhaps
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because gaseous HgH, CdH, and ZnH molecules have been
recognized since the 1920s, and their electronic spectra in
the visible/near-ultraviolet region have been analyzed.[24] Al-
though all experimental and theoretical work on these reac-
tions[19–23] has supported the idea that an unstable H–M–H*
excited species is formed as a reaction intermediate in the
production of gaseous MH molecules, little attention has
been given to the possibility of forming stable linear H–M–
H molecules (M=Hg, Cd, Zn) in the gas phase.[19,20]

Gaseous ZnH2 and ZnD2 have been synthesized recently
in our laboratory,[25] and identified by their high-resolution
infrared spectra. Here, we report the first observation of
gaseous HgH2, HgD2, CdH2, and CdD2 from the direct reac-
tion of mercury or cadmium vapor with molecular hydro-
gen/deuterium in the presence of an electrical discharge.
High-resolution infrared emission spectra of these molecules
confirm their identities and the linear H–M–H structure.

Experimental Section

An emission source that combines an electrical discharge with a high
temperature furnace was used to generate HgH2, CdH2, and ZnH2 mole-
cules in the gas phase. A small zirconia or tantalum boat containing
about 100 g of mercury, cadmium, or zinc was placed inside the central
part of an alumina tube (120 cm long, 5 cm inside diameter). Two stain-
less-steel electrodes were located inside the alumina tube, one at each
end, and were connected to a 3 kV/333 mA dc power supply. The tube
was sealed with barium fluoride windows and evacuated by using a
rotary pump. Pure hydrogen or deuterium was allowed to flow slowly
through the tube at pressures ranging from 0.5 to 2.5 Torr. Both ends of
the alumina tube were cooled by a constant flow of water on the outside
surface, and a dc discharge was created between the two stainless-steel
electrodes. Mercury has a vapor pressure of 2 mTorr at room tempera-
ture, and heating was not necessary; however, in the presence of an elec-
trical discharge, the temperature increased slowly to around 50–100 8C.
For the cadmium and zinc experiments, the central part of the alumina
tube was heated to 350 and 470 8C, respectively, by using a tube furnace,
to produce about 0.5 Torr of metal vapor. The ground state Hg, Cd, or
Zn atoms are excited (particularly to the metastable 3P state) in the pres-
ence of the electrical discharge, and then react with molecular hydrogen
or deuterium to produce gaseous HgH2, CdH2, or ZnH2. A fraction of
the metal dihydride molecules generated in this source are in excited vi-
brational and rotational states, and they relax to the ground state by col-
lisions or by emission of infrared light. A barium fluoride lens was used
to focus this emission onto the entrance aperture of a Bruker
IFS 120 HR Fourier transform spectrometer. The spectrometer was oper-
ated under vacuum with a KBr beamsplitter and appropriate infrared fil-
ters. Infrared emission spectra were recorded in the 800–2200 cm�1 spec-
tral range by using InSb or HgCdTe (MCT) detectors cooled by liquid ni-
trogen, and the instrumental resolution was set to 0.01 cm�1. To improve
the signal-to-noise ratio, several hundred spectra were co-added during a
few hours of recording.

Results

The spectra contained molecular emission lines due to vibra-
tion–rotation transitions of gaseous metal dihydrides, as well
as atomic emission lines. In the zinc and cadmium experi-
ments, emission lines from vibration–rotation transitions of
ZnH, ZnD, CdH, and CdD were also observed, but HgH

and HgD were not seen in the mercury experiment. Carbon
monoxide, which appeared as an impurity in the spectra,
was used for wavenumber calibration. The absolute accuracy
of line positions measured in our spectra is about
0.001 cm�1. The molecular emission lines were assigned to
the antisymmetric stretching fundamental bands, 001(Sþu )!
000(Sþg ), of HgH2, HgD2, CdH2, CdD2, ZnH2, and ZnD2 for
the following reasons: a) the band origins observed in our
spectra match the peaks observed in matrix isolation experi-
ments[12–14,17,18] if matrix shifts are taken into account, and
the general appearance of the spectra (single P and R
branches only) is consistent with a closed-shell 1Sþg electron-
ic state; b) the line spacings in our spectra match the 2B
values that can be estimated from the theoretical bond
lengths of these molecules,[15–17] and are consistent with a
linear H–M–H structure; c) the adjacent rotational lines for
MH2 and MD2 have alternating 3:1 and 1:2 intensity ratios,
respectively, due to the ortho–para nuclear-spin statistical
weights associated with hydrogen and deuterium nuclei. A
portion of the HgH2 spectrum in Figure 1 shows the intensi-

ty alternation in P-branch lines. Lines from different iso-
topes of Hg, Cd, and Zn were resolved in all spectra, and
their intensity ratios match the terrestrial abundances of
those isotopes, confirming the identity of the metals.
Figure 2 shows the isotope splitting in an expanded view of
one rotational line in the HgH2 spectrum.

Lines from the antisymmetric stretching fundamental
band, 001 (Sþu )!000 (Sþg ), were fitted by using the custom-
ary energy level expression for linear triatomic molecules,
represented by Equation (1):

Eðv1,v2,v3,JÞ ¼ Gðv1,v2,v3ÞþBJðJþ1Þ�DJ2ðJþ1Þ2 ð1Þ

Figure 1. A portion of the infrared emission spectrum of gaseous HgH2

showing the 3:1 intensity alternation in P-branch lines of the antisymmet-
ric stretching fundamental band. The weaker lines are due to hot bands
of HgH2 and carbon monoxide impurity.
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In this equation, v1, v2, and v3 are the vibrational quantum
numbers for the symmetric stretching (sg), bending (pu), and
antisymmetric stretching (su) modes, respectively, and J is
the rotational quantum number. The vibrational band origin
n3 [�G(0,0,1)�G(0,0,0)], the inertial rotational constants
(B000, B001), and the centrifugal distortion constants (D000,
D001) were determined for all metal dihydride species by em-
ploying least-squares fitting, and the ground-state vibration-
al energy G(0,0,0) was set to zero. The r0 bond lengths were
then calculated from B000 by using the moment of inertia
equation. The 000 ground state for MD2 molecules always
lies lower than that of the corresponding MH2 molecules on
any potential energy surface, and therefore, the r0 bond
lengths of MD2 species are slightly shorter than those of the
corresponding MH2 molecules. The vibrational band origins
(n3) and the r0 metal–hydrogen bond lengths for the most
abundant isotopologues of HgH2, HgD2, CdH2, CdD2, ZnH2,
and ZnD2 are presented in Table 1. HgH2 has a shorter

bond length than CdH2, as predicted by theoretical calcula-
tions[15–17] and attributed to relativistic effects. A few hot
bands were also found and analyzed for several isotopo-
logues of these molecules, and a comprehensive analysis of
all the data will be published elsewhere.

Discussion

The bond lengths and vibrational frequencies for group 2
metal dihydrides[26–29] are also reported in Table 1 for com-
parison. The HgH2, CdH2, and ZnH2 molecules have shorter
bond lengths and higher vibrational frequencies than those
for magnesium dihydride. Electronegativities of Hg, Cd, and
Zn are also considerably larger than those of group 2
metals.[30] The relatively short bond lengths and high vibra-
tional frequencies of HgH2, CdH2, and ZnH2, as well as the
large electronegativities of group 12 metals, indicate that
these gas-phase molecules have strong covalent bonds. In
fact, average bond strengths should not be considered in dis-
cussions of bonding in HgH2, CdH2, and ZnH2 molecules; it
appears that breaking the first metal–hydrogen bond (in
MH2) requires a significant amount of energy, but the
second bond (MH) can be broken by only a small fraction
of that energy. For example, experimental values for the dis-
sociation energies of H2 and HgH are 103.3 and
8.6 kcalmol�1, respectively,[31] whereas the predicted heat of
formation of gaseous HgH2 from mercury vapor and molec-
ular hydrogen[17] is 1.048 eV�24.2 kcalmol�1. Therefore, it
can be readily calculated that breaking the first mercury–hy-
drogen bond in HgH2, that is, HgH2(g)!HgH(g)+H(g), re-
quires about 70 kcalmol�1 of energy, whereas only
8.6 kcalmol�1 is needed to break the second bond (HgH).
Thus, the divalent molecules HgH2, CdH2, and ZnH2 are
much more stable than the corresponding metal monohy-
drides HgH, CdH, and ZnH. On the other hand, although
the decomposition of ground-state linear H–M–H molecules
to M atoms and molecular H2 is predicted to be slightly
exoergic for Hg, Cd, and Zn,[17] large energy barriers signifi-
cantly reduce the rate of these reactions. Although the exis-
tence of HgH, CdH, and ZnH free radicals has been known
since the 1920s, the more stable metal dihydrides have been
overlooked for decades.

The relative stability of gaseous HgH2, CdH2, and ZnH2

molecules supports the hypothesis that these species are
formed during the reduction of aqueous Hg, Cd, and Zn
ions in the “hydride generation” technique.[4] Volatile hy-
drides of a few elements from groups 14, 15, and 16 (e.g.,
SnH4, PH3, AsH3, and H2S) are detectable in the environ-
ment, and anaerobic bacteria produce these hydrides by the
reduction of aqueous ions.[32] Considering the fact that aque-
ous HgII in natural waters is reduced to volatile Hg0 by mi-
croorganisms,[3] HgH2, CdH2, and ZnH2 may be produced
similarly in the environment under certain conditions.

In summary, gaseous HgH2, HgD2, CdH2, and CdD2 were
observed for the first time from the direct reaction of metal
vapor with molecular hydrogen/deuterium in the presence

Figure 2. An expanded view of the P(7) rotational line of the HgH2 fun-
damental band. Lines have been marked by mass numbers of mercury
isotopes (see text).

Table 1. Bond lengths and vibrational frequencies of gaseous metal dihy-
drides. The numbers in parentheses are three standard deviation statisti-
cal uncertainties in the last quoted digit.

Molecule r0 [O] n3 [cm
�1] Ref.

202HgH2 1.646543(2) 1912.8143(2)
202HgD2 1.642534(6) 1375.7885(4)

114CdH2 1.68303(2) 1771.530(1)
114CdD2 1.67917(2) 1278.312(1)

64ZnH2 1.535271(4) 1889.4326(3) [25]
64ZnD2 1.53184(3) 1371.631(1) [25]

24MgH2 1.70333(1) 1588.6716(7) [28]
24MgD2 1.70087(3) 1176.503(2) [29]

9BeH2 1.333761(6) 2178.8656(7) [26]
9BeD2 1.33136(1) 1689.679(1) [27]
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of an electrical discharge. High-resolution infrared emission
spectra of these molecules were recorded, and the antisym-
metric stretching fundamental bands were rotationally ana-
lyzed to obtain r0 bond lengths. Gaseous HgH2, CdH2, and
ZnH2 molecules have a linear H–M–H structure, and are
considerably more stable than the corresponding HgH,
CdH, and ZnH free radicals.
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