10280 J. Phys. Chem. R005,109,10280-10286

Infrared Emission Spectra and Equilibrium Structures of Gaseous HgH and HgD»
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A detailed analysis of the high-resolution infrared emission spectra of gaseoysaddHigD in the 1206~

2200 cnmi! spectral range is presented. Thentisymmetric stretching fundamental band3#figH,, 2°2HgH,,
201HgH,, 20%HgH,, **HgH,, 1%8HgH,, 2°“HgD,, 2°HgD,, 2°'HgD,, 2°®HgD,, *°*HgD,, and'*®gD,, as well as

a few hot bands involvings, v,, andv; were analyzed rotationally, and spectroscopic constants were obtained.
Using the rotational constants of the 000, 10000&nd 001 vibrational levels, we determined the equilibrium
rotational constantssg) of the most abundant isotopologué¥HgH, and?°2HgD,, to be 3.135325(24) cm

and 1.569037(16) cm, respectively, and the associated equilibrium-ttjand Hg-D internuclear distances

(re) are 1.63324(1) A and 1.63315(1) A, respectively. Fhelistances of°2HgH, and 2°2HgD; differ by
about 0.005%, which can be attributed to the breakdown of the-Boppenheimer approximation.

1. Introduction electronic staté®2% The equilibrium Hg-H internuclear dis-

Mercury and its compounds have been studied extensivelytances estimated by various theoretical models were in the range

as toxic chemicals in the environmént. Two major anthro- of 1'615_1'7_13_ '_&'13722 For a heavy f_atom Iike_Hg, relativist@c
pogenic sources of mercury in the environment are coal effects are_ S|_gn|f|cant a_md should b_e included in _the calculations.
combustion and waste incineratibMercury in the atmosphere Nonrelativistic calculations overestimate the-Hd internuclear
exists mainly as neutral Hg vapor, whereas mercuric salts anddistance by more than 0.1 &% Harmonic vibrational
methymercury compounds can be found in natural waters and frequencies of Hgbl HgHD, and HgD have been calculated
sedimentd. Anaerobic bacteria in natural waters can reduce atthe DFT(B3LYP), MP2, and CCSD(T) levels of theory with
Hg(ll) to Hg?, which is re-emitted to the atmosphere as vapor relatively large basis set§.?! Recently, Li et aP? performed
phase elemental mercuty.The reduction of Hg(ll) to Hg a very high level ab initio calculation on this molecule and
followed by the gas-phase detection of atomic mercury, is in predicted the energies for many vibrational levels of HgH
fact a well-known method for detecting trace amounts of HgHD, and HgD for J = 0 (no rotation) using a variational
mercury in liquid and solid samples. The method is called “cold cajculation. They also calculated that the gas-phase reaction:
vapor generation”, which was developed in the late 1960s, and gy + H,(g) — HgHs(g) is endoergic by 20.8 kcal mdi for
is based on the reduction of aqueous Hg(ll) by SmENaBH, ground-stateS) mercury atom The first excited state of Hg,
and g%tect]on of gas-phase‘l—tg/ %tom'f: absorption syp_ectros- the metastabléP state, lies about 120 kcal mélabove the
copy. A5|m|!ar techn!qgg called .hydrlde generation” is based @4so the f tion of aaseous HaFom the gas-
on the reduction of acidified solutions of group 13, 14, 15, and ground stat ! sothe ormat ' gaseous HgHol 9
16 elements by NaBkto form volatile hydrides, which can be phase reaction of H#) with H; is highly exoergic.
detected in the gas phase after atomizatiorhe hydride The gas-phase reaction of excited mercury atoms$Pjgyith
generation technique was examined recently for mercury, andmolecular hydrogen has been studied by both theoretical
it was found that both atomic and molecular Hg species are cajculations and laser puraprobe technique®-32 The ground-
formed in the reduction proce%f;\lthqugh this volatile mercury-  giate HgtS) does not react with Hbecause of a high energy
fr?gﬁmggecogﬁﬁfn?a;;zt Ibrizr;clgen(t:lr?gfi’d '; rgé%hél?svggH barrier, but excited mercury atoms in tRe state can insert
reduced by EaBlzd and theyvolatile I’éngH molecule was into the ;;'j bo_nd_ and form the exm_ted b_ent {-I-Hg—H]*
detected in the gas phase by FT-IR and mass spectrofietry. complex: Th|s intermediate can dissociate .mto the HgH
nd H free radicals. The theoretical and experimental studies

Considering the fact that anaerobic bacteria can reduce agueou . . . :
Hg(Il) and aqueous ions of group 14, 15, and 16 elements to of this reaction were focused mainly on the production of HgH

form volatile HJ, SnHy, PHs, AsHs, and BS in the environ- and H, and little attention was given to the formation of the

mentS611124 further reduction of Hyby these bacteria may ~ ground-state linear HHg—H molecule in the gas phaséThe

result in formation of volatile Hghl reactions of H with excited Mg, Zn, Cd, and Hg atoms have
There have been several ab initio theoretical studies of the been reviewed by Breckenridge.

electronic structure and geometry of gaseous Kgiredicting Solid HgH was first synthesized in the 1950s, from the

a linear H-Hg—H structure and a cIosed-sheIPXg ground reaction of Hgs with LiAIH 4 in ether-THF-petroleum ether

c " or Denartment of Chemistrv. University of W solution at —135 °C.33735 This solid was reported to be
* orresponding autnor. Department o emistry, university o a- .
terloo, 200 University Avenue West, Waterloo, ON, N2L 3G1, Canada. eXtremely unstable, decomposmg at temperatures abdzd
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by heating the solid. Recently, Wang and Andr&#&recorded
the infrared spectra of solid HgHHgHD, and HgDQ and Infrared Emission Spectrum pf Gaseous HgD,
proposed that Hgklforms a covalent molecular solid, unlike
zinc and cadmium dihydrides.

Aldridge and Down% have reviewed the chemical properties
of group 12 and other main-group hydrides. Many transition- P-branch \ P R-branch
metal hydrides have been trapped in solid matrices at temper-
atures below 12 K and studied by infrared absorption spectros- \
copy38 Mercury dihydride has been formed in solid hydrogen,
nitrogen, neon, and argon matrices from the reaction of excited
mercury atoms with hydrogeid:36:39.40The infrared absorption
spectra of HgH, HgHD, and HgD (trapped in solid matrices)
were recorded, and vibrational frequencies of the infrared-active
modes were obtained:36:3940HgH, has also appeared as a

byproduct in the matrix isolation experiments designed to study 1300 1350 _:400 1450
the HHgOH and Hg(OH)molecules!!42 Wavenumber / cm
We have reported the first observation of Hgkhd HgD Figure 1. Overview of the infrared emission spectrum of gaseousHgD

molecules in the gas phase recefiyThe molecules were N thevaregion, recorded at a resolution of 0.01¢m

generated by the reaction of mercury vapor with molecular
hydrogen or deuterium in the presence of an electrical discharge
and were identified unambiguously by their high-resolution

infrared emission spectra. Rotational analysis of the antisym- HgH, 001 — 000
metric stretching fundamental bands)(of HgH, and HgD R
yielded therg Hg—H and Hg-D internuclear distances. o
Gaseous Znhk] ZnD,, CdH,, and CdD have also been studied .
in our laboratory, and detailed analyses of their high-resolution °°2R—(;)°°1

infrared emission spectra have been publisietf. A detailed
analysis of all of the vibrationrotation bands observed in the
infrared emission spectra of gaseous Hgéhd HgD is
presented in this paper.

2. Experimental Section

. 1923.0 1923.5 1924.0 1924.5 1925.0
The emission source used to generate gaseous; ldgH Wavenumber / cm™

HgD, molecules has been described in our earlier p&Ar.  Figure 2. Very small portion of the Hgh spectrum showing the
small zirconia boat containing about 100 g of mercury was isotope splitting in twoR-branch lines of the 06+ 000 and 002—
placed inside the central part of an alumina tube. The tube 001 vibration-rotation bands. The lines marked with circles are from
contained stainless steel electrodes in both ends and was sealetfHgH. and those marked with stars are from minor isotopes of
with barium fluoride windows. Pure hydrogen or deuterium mercury. The strong lines with no isotope splitting are from impurity
flowed slowly through the tube at room temperature, and the =

total pressure was held at 0.7 Torr using a rotary pump. A dc
discharge (3 kV/333 mA) was created between the electrodes,
and the resulting emission was focused onto the entrance
aperture of a Bruker IFS 120 HR Fourier transform spectrometer
using a barium fluoride lens. The infrared emission spectrum .
of HgH, was recorded using a KBr beam splitter and an InSb Looms—Wo_od program. ) o
detector cooled by liquid nitrogen. The spectral range was An overview of the HgD spectrum is shown in Figure 1.

limited to 17506-2200 cn? by the detector response and a 2200 Mercury has seven stable isotopes, and their terrestrial abun-
cm-t long-wave pass filter. The instrumental resolution was set dances are the followingz*Hg (6.9%),2°2Hg (29.8%),2Hg

to 0.01 cni! and, to improve the signal-to-noise ratio, 100 (13-2%),2Hg (23.1%),**Hg (16.9%), ***Hg (10.0%), and

; ; ; 198Hg (0.1%). Lines from six isotopes (all excelgtHg) were
spectra were co-added during 90 min of recording. The spectrum ’ - ; : .
of HgD, was recorded using the same beam splitter and a liquid- observed in both speqtra, anq their intensity rat]os match their
nitrogen-cooled HgCdTe (MCT) detector. The spectral range natural abundances. Figure 2 is a very small portion of the HgH

for HgD, was 1200-2200 cnt?, set by the transmission of the spectrum, showing the isotope splitting in two rotational lines.
2200 cnt? long-wave pass filter. The instrumental resolution 1N€ adjacent rotational lines in Hgknd HgD spectra had

was 0.01 cm?, and 400 spectra were co-added dgréih of 3:1 and 1:2 intensity ratios, respectively, because of the ortho-
recording. The signal-to-noise ratios for the strongest emission Para nuclear spin statistical weights associated with hydrogen

lines of Hghb and HgD were about 100 and 40, respectively. (| = */2) and deuteriumi(= 1) nuclei*® An expanded view of
the HgD, spectrum in Figure 3 shows the 1:2 intensity

alternation. In addition to the; fundamental band, that is, 001

(=) — 000 ), the following hot bands were observed for
3.1. Vibration—Rotation Bands. The WSPECTRA program,  2°HgH,, 2°HgH,, 2°HgD,, and 2°HgD,: 002 ;) — 001

written by M. Carleer (Universiteibre de Bruxelles), was used (), 003 ;) — 002 (;), 101 ;) — 100 (£;), and 011

to measure the line positions in Hgtand HgD spectra. (ITg) — O1'0 (I1,). Fewer hot bands were detectable for the

Emission lines of carbon monoxide (impurity) appeared in both other isotopes of mercury because of their lower abundances.

spectra and were used for absolute wavenumber calibrétion.
The absolute accuracy of our calibrated line positions is better
than 0.0005 cm!. Rotational assignments of the vibratien
rotation bands of Hgkland HgD were facilitated using a color

3. Results and Analysis
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001 — 000 Band of HgD,
P(12) P10
o o
P9
P(11) @
o o
1338 1340 1342 1344 1346 1348

Wavenumber / cm™
Figure 3. Expanded view of the HgPspectrum showing the 1:2
intensity alternation and the mercury isotope splittingtibranch lines
of the v3 fundamental band. The weaker lines are from the hot bands
of HgDs.

The vibrational energy of a linear triatomic molecule in the

12; ground electronic state can be expressed by the following

equation®

G(vy, vy v3) = w4(v; + (12))+ 0y(v, + 1) +
wy(vg + (1/2)) + X4 (g + (U2)F + Xoo(v, + 1)* +
Xaavg T (U2)F + g5l® + Xy + (12))(, + 1) +
Xyo(vy + (112))vs + (112)) + Xou(v, + D)5 + (1/2)) (1)

in which w; values are the harmonic vibrational frequencies and

Xj values are second-order anharmonicity constants. The By, =B, — ay(v; + (1/2)) — 0op(v, + 1) — 05(v5

vibrational quantum numbers for the symmetric stretching, (
bending (), and antisymmetric stretchingsf) modes are
represented by, v,, andus, respectively, antlis the vibrational

angular momentum quantum number. The rotational energy for

the X (I = 0) andII (I = 1) states can be expressed by the
following equation®

F, () =BJA+ 1)~ 11 - D@+ 1)~ 17* £
S1090+ 1)+ g PO+ 171 (2)

in which J is the total angular momentum quantum number
(including rotation) B is the inertial rotational constant, ai

is the centrifugal distortion constant. The rotatiorndlype
doubling parameters,andqp, are nonzero only for thH states,
and the+ (—) sign refers to thee (f) parity component® An
experimental uncertainty of 0.0005 citwas used for the
rotational lines of the 001> 000 fundamental band of HgH

Shayesteh et al.

complete list of the observed line positions for all isotopologues
and the outputs of our least-squares fitting program have been
placed in Tables 1S12S, provided as Supporting Information.
The spectroscopic constants f8fHgH,, 2°HgH,, 2°2HgD,, and
200HgD, are presented in Tables 1 and 2, and those for the minor
isotopes of mercury are in Tables 5$2S. The ground-state
vibrational energy Goog) Was set to zero in the least-squares
fitting, and the reported constants can reproduce the data within
the experimental uncertainty-0.001 cnt?).

One of the hot bands in both Hgthnd HgD spectra had
large I-type doubling, and was assigned to thé {1y —

01'0 (I1,) transition. The absoluté assignment for this band
was obtained based on the intensity alternation and the fact that
e andf parity components of Bl state have the same vibrational
band origins. Rotational lines of the A1(IT;) — 01'0 (I1y)
bands of HgH and HgD were fitted using the energy expression
in eq 2 withl = 1. The vibrational energy of the & state was

set to zero because we can only determine the difference
between the 04 and 010 vibrational energies using our data.
Rotational constants and théype doubling constants of the
01'0 and 011 states are reported in Tables 1 and 2f&rgH,,
200HgH,, 292HgD,, and20%HgDs.

The absolute assignments of the 10E{) — 100 ;) hot
bands of HgH and HgD were difficult to obtain because a
few rotational lines near the band origins were missing.
Therefore, we had to estimate the rotational constaB)<of
the 100 Eg) states of Hgll and HgD to obtain definited
assignments for these bands. Rotational constBhtsf the 000,
01%0, and 001 states were used to calculate the vibration
rotation interaction constantsy, and as, for 2°2HgH, and
202HgD, using the following linear equatiof¥:

+(1/2))
3)

Within the Born-Oppenheimer approximation, the ratio of
the Be values 0f2%2HgH, and?°?HgD; is simply given by

B("HgHy) _ m,

= ©)
B,(*"HgD,) ™,

in which mp and my are atomic masses of deuterium and
hydrogen, respectively. In addition, a simple mass-scaling ratio
exists for thea; constants oP%HgH, and?202HgD,:4649

a,(*HgH,) _ (mo)?”z

0(PHgD,) My ©

my,

Using the Bggo, 02, and az constants of boti%2HgH, and
20HgD,, we were able to estimate; and Be for these
isotopologues by taking advantage of their isotopic ratios, eqs

and HgD. Lines from the hot bands were less intense and were 3—5 The absolutd assignments of the 102:() — 100 (2;)

given an uncertainty of 0.001 crh
The absolute rotational assignments of the Onjl) 000
(2;) fundamental bands of HgHand HgDQ were obtained

hot bands of Hghland HgD» were then obtained immediately
because we had reasonable estimates forotheonstants.
Rotational lines of the 10126) — 100 (2;) hot bands were

easily because we observed all of the rotational lines near thefitted using the energy expression in eq 2 witl 0, and the

band origins. The intensity ratios of adjacent rotational lines
further confirmed our absolutd assignments. The rotational
assignment of the 00Z[) — 001 (£;) and 003 E) — 002

unknown vibrational energy of the lower state (1(32@,) was
set to zero in the least-squares fitting (see Tables 1 and 2).

In our previous studies on Cdldnd ZnH, we observed local

(2;) hot bands were obtained consecutively using lower state perturbations and Fermi resonance in some vibrational 16v#s.
combination differences. All of the rotational lines of the 001 The 001 vibrational levels of CdHand ZnH were perturbed

(Z,) — 000 (), 002 ;) — 001 ), and 003 ;) — 002 locally by the nearby 030 levels because~ 3v, for these

(2;) bands were fitted together using the energy expression in molecules. Strong Fermi resonances were also observed between
eq 2, and the spectroscopic constants were determined. Athe 002 Eg) and 200 Eg) levels becauses ~ v; for both

~
~
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TABLE 1: Spectroscopic Constants (in cntl) of 22HgH, and 2°®HgH,

J. Phys. Chem. A, Vol. 109, No. 45, 20080283

molecule state Gpj — Gooo B D/10°5 /1072 gp/10°6
000 &) 0.0 3.0848585(37) 2.83129(76)
001 &) 1912.81427(6) 3.0550309(34) 2.85675(63)
002 () 3795.38853(17) 3.0231248(40) 2.90922(94)
202HgH, 003 ;) 5637.39817(27) 2.9851048(58) 3.0813(19)
100 ()0 " 3.036964(32) 2.877(24)
101 ) 1842.02415(30) v, 3.006489(32) 2.902(21)
0110 (TT,)° v 3.073253(13) 2.8634(53) —4.3421(18) 1.56(8)
0111 (I1,) 1896.67557(16) v» 3.043677(12) 2.8879(44) —4.2410(17) 1.44(7)
000 &) 0.0 3.0848578(39) 2.83101(92)
001 &) 1912.90555(6) 3.0550265(36) 2.85688(78)
002 (=) 3795.56107(16) 3.0231103(41) 2.90782(98)
200HgH, 003 ;) 5637.62326(24) 2.9850824(55) 3.0864(19)
100 ()0 " 3.036962(67) 2.877(65)
101 &) 1842.11402(53) v, 3.006467(68) 2.896(55)
0110 (IL,) v 3.073263(18) 2.8634(88) —4.3412(25) 1.46(14)
0111 (ITy) 1896.76451(22) v, 3.043689(16) 2.8916(69) —4.2402(23) 1.36(11)

a2The numbers in parentheses are one standard deviation statistical uncertainties in the last quotediigitavenumbers of; andv, could
not be determined from our data. The best ab initio value (ref 22)fés 1982 cn1!, and the neon matrix value (ref 21) fos is 782 cnr?.

TABLE 2: Spectroscopic Constants (in cnt?) of 222HgD, and 2°®HgD,

molecule state G — Gooo B D/10°° /102
000 &) 0.0 1.5511565(26) 0.70542(24)
001 E&)) 1375.78848(8) 1.5405124(26) 0.70959(25)
002 () 2736.90048(20) 1.5294338(30) 0.71714(36)
202HgD, 003 ) 4080.50260(52) 1.5173166(77) 0.7377(21)
100 () " 1.534289(21) 0.7105(51)
101 &) 1340.11730(35) v, 1.523499(22) 0.7160(54)
0110 (I1,)° V2 1.547031(10) 0.7126(20) —1.52172(74)
0111 (I1y) 1367.58606(21) v, 1.536456(10) 0.7188(23) —1.49770(78)
000 (2;) 0.0 1.5511599(31) 0.70558(31)
001 (&) 1375.91976(9) 1.5405104(31) 0.70937(31)
002 ;) 2737.15442(23) 1.5294221(36) 0.71603(45)
200HgD, 003 ;) 4080.85692(59) 1.5172882(90) 0.7297(24)
100 ()0 n 1.534306(21) 0.7108(44)
101 &) 1340.24600(38) v, 1.523516(21) 0.7187(42)
0110 (I1,)° V2 1.547042(13) 0.7130(28) —1.52157(86)
0111 (I1y) 1367.71516(25) v, 1.536455(14) 0.7167(34) —1.49735(89)

2The numbers in parentheses are one standard deviation statistical uncertainties in the last quotedigitavenumbers of; andv, could
not be determined from our data. The best ab initio value (ref 22)fis 1421 cm?, and the neon matrix value (ref 21) fes is 562 cnT™.

CdH, and ZnH.#546 In contrast, we did not observe similar states, we determined the vibratierotation interaction con-
perturbations in the vibratiorrotation bands of Hgkl and stants @, oz, and as in eq 3). The equilibrium rotational
HgD,. Based on the harmonic vibrational frequencies predicted constantsBe) of 222HgH,, 2°HgH,, 2°HgD,, and?°**HgD, were
by Greene et af? v; and 3, are considerably larger than then calculated using theBoo values and the three’s. The
for HgH, and HgD, and the above perturbations are not equilibrium centrifugal distortion constanibg) was calculated
expected. for these isotopologues using a linear equation analogous to eq
3.2. Determination of Internuclear Distances.The Bggg 3 for the Dy, values. Table 3 has a list of molecular constants
constants 0f%2HgH,, 2°%HgH,, 20HgD,, and 2°®HgD,, taken determined foP%?HgH,, 2°HgH,, 2°2HgD,, and?°®HgD;, in this
from Tables 1 and 2, were used to determinerthiaternuclear study. Using theBe values of 3.135325(24) cm and
distances directly from the moment of inertia equation. The  1.569037(16) cm! for 202HgH, and2°2HgD,, respectively, we
values obtained fof%HgH, and 202HgD, are 1.646543(1) A determined the equilibrium internuclear distanceg fo be
and 1.642535(2) A, respectively. This discrepanep.004 A) 1.63324(1) A and 1.63315(1) A, respectively. The difference
is due to the fact that the 000 ground state of H¢jBs lower in the re values of?2HgH, and ?°2HgD; is only 0.005% but
than that of HgH on the potential energy surface. However, still an order of magnitude larger than the statistical uncertainties.
therg distances for different isotopes of mercury are equal within This discrepancy appears to be due to the breakdown of the
the statistical uncertainties. Born—Oppenheimer approximatidf.in contrast, there dis-
By taking the differences between the ground-state rotational tances for different isotopes of mercury are equal within the
constant Boog) and theBy,; values of the 100, 0D, and 001 statistical uncertainties (see Table 3).
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TABLE 3: Molecular Constants (in cm~1) of 202HgH,, 2°HgH,, 2°2HgD,, and 2°°HgD,

constant 202HgH, 200HgH, 202HgD, 200HgD;

Booo 3.084859(4) 3.084858(4) 1.551156(3) 1.551160(3)
ro/A 1.646543(1) 1.646543(1) 1.642535(2) 1.642534(2)
ar 0.04789(3) 0.04790(7) 0.01687(2) 0.01685(2)

a 0.01161(1) 0.01160(2) 0.00412(1) 0.00412(1)

as 0.029828(5) 0.029831(5) 0.010644(4) 0.010649(4)
B. 3.135325(24) 3.135316(40) 1.569037(16) 1.569029(19)
rdA 1.63324(1) 1.63324(1) 1.63315(1) 1.63315(1)
DJ10°5 2.76(1) 2.76(3) 0.694(3) 0.694(4)
Go101072 —4.342(2) —4.341(3) —-1.5217(7) —1.5216(9)

v 1912.81427(6) 1912.90555(6) 1375.78848(8) 1375.91976(9)
X13 —70.7901(3) —70.7915(5) —35.6712(4) —35.6738(4)

X3 —16.1387(2) —16.1410(2) —8.2024(2) —8.2046(3)

Xa3 —15.1200(1) —15.1250(1) —7.3382(2) —7.3425(2)

w1 (0g) 2112 2112 1492 1492

w2 (70) 770¢ 774

w3 (0v) 1994.5880(4) 1994.6924(5) 1416.5030(5) 1416.6463(6)

a2The numbers in parentheses are one standard deviation statistical uncertainties, calculated by propagatiort Bsémated fronB, andD.
using eq 8¢ Estimated fromgo16 Be and w3 using eq 9; the neon matrix values (ref 21) ferof HgH, and HgD are 782 cm' and 562 cm?,

respectively.

In polyatomic molecules for which equilibrium internuclear
distances 1) are not available, it is common to calculate the
averagers structure by using the moments of inertia of
isotopically substituted molecules. In our previous work on ZnH
and ZnD, we calculated the average structure in order to
compare it with thery and re internuclear distance$. The
ground-state moments of inertiY and ™) were calculated
from theBogo values 0P%HgD, and2°2HgH,, respectively, and
were used to obtain the averagedistance by the following
equatiof® in which mp and my are the atomic masses for
deuterium and hydrogen:

g — 1o = 2r(my — my) (6)

The rs distance estimated from eq 6 is 1.63851 A, and lies
between they andr. values.
3.3. Vibrational Analysis. A few anharmonicity constants

used to estimate the, constané?!

—2B2 4w
e(1+ = 9)

Go10 ) \ wg Y
For202HgH, and2°HgH,, we solved eq 9 fow, using ourgoo,

Be and w3 values from Table 3. We were unable to determine
the w, constants of%HgD, and 2°HgD, from eq 9 because
the third-order equation fep, did not have a solution. However,
when we used the neon matrix value of 562 énfor v, of
202HgD, in eq 9, along with ouB. andws values, the predicted
Oo1o0 Constant turned out to be0.01531 cm?, which differs

by less than 1% from the observed value-&.015217(7) cmZ.

It should be noted that eqs 8 and 9 are only approximately
correct, and the values ab; and w, obtained from these
equations (Table 3) have more than 1% uncertainties.

in eq 1 can be calculated directly from the observed band origins  The absolute vibrational energies of the 1(Zg)(and oto

(Tables 1 and 2). Fat2HgH,, 2°%HgH,, 202HgD,, and2°®HgD,
isotopologues, we obtainegs by taking the difference between
the 101— 100 and 001— 000 band origins. Similarly, the
difference between the &il— 01'0 and 001~ 000 band origins
is equal toxys, and the difference between the 062001 and
001— 000 band origins is equal toxz; (see eq 1). All of the
hot bands of Hghland HgD appeared to lower wavenumbers
compared to the’s fundamental bands, and thus thg, X3,

and X33 constants have negative values (see Table 3). The

equilibrium vibrational wavenumber of the antisymmetric
stretching modedfs) was then determined using the following

(I1,) states, that isy; and vy, could not be determined from
our data. The best ab initio values fer of HgH, and HgD
are 1982 cm! and 1421 cm?, respectively?2 The neon matrix
values foryv, of HgH, and HgD are 782 cm? and 562 cm?,
respectively?!

4, Discussion

4.1. Isotope EffectsThe vibrational frequencies for differ-
ent isotopologues of HgHare related by the following
equations??

equation i\2 m,
w
bS)= Gyo; — Gooo= @3+ (1/2)X,5+ Xog + 2Xa5 (7 —| == (10)
v5(0bs)= Ggy, 000 = W3 T (/23 + Xo5 a3 (7) N m,
which is derived from eq 1. i\2 i\2 _
The equilibrium vibrational wavenumber of the symmetric @2 _ (@3] _ (Mh){Mhg|| M’ (11)
stretching mode ¢§;) was estimated foP%HgH,, 2°HgH,, w, ws mlH mng M

202HgD,, and 2°%HgD, isotopologues fromB. and De con-
stants, using Kratzer's equation for symmetric linear triatomic
molecules?®

4B

e™ 2
(2

8

The magnitude of thétype doubling constangf depends on
Be, w2, andws, and the following third-order equation can be

In the above equationspy and myg are the atomic masses of
hydrogen (or deuterium) and mercury, respectively, Bhis
the total mass of the molecule. The obserfR8dg:2°2Hg isotope
shift for thev; fundamental band of HgiHs 0.0913 cmi! and
corresponds to a ratio of 1.0000477 betweengfendamentals
of 20HgH, and 292HgH,. The ratio predicted by eq 11 is
1.0000495. Similarly, the observé¥Hg:2°2Hg isotope shift for
thevz fundamental band of HgDs 0.1313 cm?, corresponding
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TABLE 4: Vibrational Wavenumbers and Metal —Hydrogen Internuclear Distances of ZnH,, ZnD,, CdH,, CdD,, HgH,, and

HgDz
v3 (oy)lem? v3 (oy)lem™t o (ry)lem L rod/A rdA rdA
molecule gas phase neon matrix neon matrix experiment experiment ab initio
84ZnH, 1889.4326(2) 1880.6 632.5 1.535274(2) 1.52413(1Y 1.527
64ZnD; 1371.6310(2) 1362.6 456.4 1.531846(3) 1.52394(1Y 1.527
H4CdH, 1771.5296(2) 1764.F 604.0 1.683034(% 1.668
14CdD, 1278.3117(3) 1271.0 434.5 1.679172(5) 1.668
202HgH, 1912.81427(6) 19181 781.7 1.646543(1) 1.63324(1) 1.639
20HgD, 1375.78848(8) 13785 561.9 1.642535(2) 1.63315(1) 1.689

2The numbers in parentheses are one standard deviation statistical uncertaffroes.ref 46. From ref 56.9 From ref 20.¢ From ref 45.
fFrom ref 21.9 From ref 22; the best ab initio values for theof HgH, and HgD (ref 22) are 1885.66 cm and 1355.32 crt, respectively.

to a ratio of 1.0000954 between thgfundamentals of°HgD,
and?°?HgD,, whereas a ratio of 1.0000979 is predicted by eq
11. The observed ratio between thefundamentals o¥°HgH,
and?°?HgD, (Tables 1 and 2) is 1.3903 and the predicted ratio
from eq 11 is 1.4067. If we use owr wavenumbers from Table

3 instead, the agreement becomes better and a ratio of 1.4081

is obtained. The observed H:D isotopic ratio fey of 294HgH,
and2°?HgD, (Table 3) is 1.4151, and the predicted ratio from
eq 10 is 1.4137.

TheBe, a1, andDe constants of Hghlare not sensitive to the
mass of mercury, and they should change only when hydrogen
is substituted with deuteriuff. The mass dependences By

andoy are given in egs 4 and 5, and the mass dependence of

De is obtained easily by combining eqs 4, 8, and 10. The
observed ratios between tBg a;, andDe constants of%HgH,

and29?HgD, (Table 3) are 1.99825, 2.840, and 3.984, respec-
tively, whereas the predicted ratios are 1.99846, 2.825, and

120 -
(M@*2H@ _____________________
100 1 HgH(g) + H(g)
A CdH(g) + H(g)
- ZnH(g)+H(g) ——
5 80
£ A
3
= 60 73.9
3 103.3 70.7
@ 76.1
o
w
40
HgH,(g)
20 CdH,(g) _ofle)
ZnH;(9)
M@ *tH@) L ____._

0 -

Figure 4. Diagram showing the relative energies of gaseous MH and
MH_ molecules (M= Zn, Cd, and Hg). For each metal, the energy of

3.994, respectively. Equations 4, 9, and 11 can be combined t0yye ground-state M(g} Ha(g) was taken as zero.

obtain the mass dependence of ttigpe doubling constanty.
The observed ratio betweempio constants of?°2HgH, and
202HgD, is 2.8534 and the predicted ratio is 2.8391. Overall,

better agreement with experiment. The theoretigalalues of
MgH, and MgD» were smaller than the experimental oté4

the observed isotope effects are in good agreement with theby about 13 and 10 cm, respectively.

theoretical predictions. Within the BorOppenheimer ap-
proximation, all of the isotopologues should have the same
equilibrium internuclear distancegf. We found that. values
(Table 3) are the same for different isotopes of mercury, within
their experimental uncertainties. The 0.005% difference between
the re values of292HgH, and2°2HgD, can be attributed to the
breakdown of the BorrOppenheimer approximation.

4.2. Comparison with Theory. A high level ab initio
calculation has been performed by Li et?alto obtain the
potential energy surface of th~e1X§ ground electronic state of
HgH,. They computed the potential energy at 13 000 points
using the multireference configuration interaction (MRCI)

4.3. Comparing HgH, to ZnH, and CdH,. The internuclear
distances and vibrational wavenumbers of the most abundant
isotopologues of Znk ZnD,, CdH,, CdD,, HgH,, and HgD
are compared in Table 4. The metalydrogen internuclear
distance in HgH is shorter than that of CdHbecause of
relativistic effects;®18and the vibrational wavenumbers of HgH
are larger than those of ZnpHand CdH. A combination of
experimental and theoretical data can be used to estimate the
dissociation energies of the Hé¢fl bonds in gaseous HgHHigh
level ab initio calculatior® predicted that the gas-phase reaction
Hg(g) + H2(g) — HgHx(g) is endoergic by 20.8 kcal mdi for
ground-state mercury atoms. The experimental values for

method with very large basis sets. The potential energy surfacedissociation energies of Hand HgH are 103.3 and 8.6 kcal

was constructed from the ab initio points, and the vibrational
energy levels (af = 0) were obtained for Hgkl HgHD, and
HgD, by solving the exact vibrationrotation Schrdinger
equation variationally on this surface. The best available
theoretical values for the vibrational energy levels of HgH
HgHD, and HgD are thus those obtained by Li and co-
workers?2 However, thev; values predicted for Hgiand HgD

in their calculation are 1885.66 crh and 1355.32 cmt,
respectively, whereas the observegvalues in?°HgH, and
204gD;, in this study are 1912.81427(6) chand 1375.78848(8)
cm™1, respectively (Table 3). It is interesting that even at this
high level of theory, thev; values of HgH and HgDQ are
underestimated by about 27 and 20 @émrespectively. The
equilibrium internuclear distance.] predicted by Li et al. is
1.639 A22which is larger than our experimentalvalues (Table

3) by about 0.006 A. Similar ab initio calculations performed
by the same group on magnesium dihydridgnowed somewhat

mol~1, respectively’®> and it is straightforward to calculate that
the dissociation energy of the first Hg bond in HgH is 73.9
kcal mol?, significantly larger than that of the second bond

HgH,(g) — HgH(g) + H(g) AE = 73.9 kcal moTl*

HgH(g) — Ha(g) + H(g)

Similar patterns exist in the bond energies of gaseous,ZnH
and CdH, suggesting that average bond strengths should not
be used to discuss bonding in these molecules. The best ab initio
values for the heats of formation of gaseous Zmid Cdh
from ground-state metal atoms and molecular hydroger-@ré
and +17.0 kcal mot?, respectively? and the experimental
values for the dissociation energies of ZnH and CdH are 19.6
and 15.6 kcal mot!, respectively® Therefore, the dissociation
energies of the first metahydrogen bond in gaseous Zpkind

AE = 8.6 kcal mol*
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CdH; are estimated to be 76.1 and 70.7 kcal molespectively.
The relative energies of gaseous MH and MHolecules (M

Shayesteh et al.

(14) Dolg, M.; Kichle, W.; Stoll, H.; Preuss, H.; SchwerdtfegerMal.
Phys.1991, 74, 1265.
(15) Schwerdtfeger, P.; Heath, G. A.; Dolg, M.; Bennet, M.JAAm.

= Zn, Cd, and Hg) are compared in a simple diagram in Figure chem. Soc1992 114, 7518.

4.

5. Conclusions

High-resolution infrared emission spectra of gaseous HgH
and HgD in the v3 region were analyzed for six naturally

abundant isotopes of mercury. Thefundamentals 0f92HgH,,

200HgH,, 292HgD,, and?°®HgD, were observed at 1912.81427(6),

1912.90555(6), 1375.78848(8), and 1375.91976(9)cire-

spectively, and the mercury isotope shifts were consistent with

the theoretical predictions of eq 11. In addition to the
fundamental bands of®HgH,, 2°2HgH,, 2°HgH,, 2°HgH,
19HgH,, ¥HgH;, 2HgD;, 29HgD,, 2HgD,, 2°HgDy, *HgD;,
and °8HgD,, a few hot bands involving, v2, and vz were

(16) Schwerdtfeger, P.; Boyd, P. D. W.; Brienne, S.; McFeaters, J. S.;
Dolg, M.; Liao, M.-S.; Schwarz, W. H. Bnorg. Chim. Actal993 213
233.

(17) Kaupp, M.; von Schnering, H. Gnorg. Chem.1994 33, 2555.

(18) Kaupp, M.; von Schnering, H. Gnorg. Chem.1994 33, 4179.

(19) PyykKq P.; Straka, M.; Patzschke, @hem. Commur2002 1728.

(20) Greene, T. M.; Brown, W.; Andrews, L.; Downs, A. J.; Chertihin,
G. V.; Runeberg, N.; PyyKkdP. J. Phys. Chem1995 99, 7925.

(21) Wang, X.; Andrews, LPhys. Chem. Chem. Phy&005 7, 750.

(22) Li, H.; Xie, D.; Guo, H.J. Chem. Phys2005 122, 144314.

(23) von Szentflg, L. J. Phys. Chem. 2002 106, 11945.

(24) Burns, K.; Adams, K. B.; Longwell, J. Opt. Soc. Am195Q 40,
339.

(25) Breckenridge, W. H.; Jouvet, C.; Soep, B.Chem. Phys1986
84, 1443.

(26) Bras, N.; Butaux, J.; Jeannet, J. C.; Perrin)BChem. Physl986
85, 280.

assigned and analyzed rotationally to determine spectroscopic (27) Bemier, A.; Millie, P.Chem. Phys. Lettl987, 134 245.

constants. Using the rotational constants of the 000, 100, 01

(28) Bernier, A.; Millie, P.J. Chem. Phys1988 88, 4843.
(29) Bras, N.; Jeannet, J. C.; Butaux, J.; Perrin)BChem. Physl99],

and 001 vibrational levels, the equilibrium rotational constants g5 1006

(Be) of the most abundant isotopologué®HgH, and?°2HgD,,
were determined to be 3.135325(24) dnand 1.569037(16)
cmL, respectively, and the associated equilibrium-Htgand

Hg—D internuclear distances) are 1.63324(1) A and 1.63315(1)

A, respectively. The. distances 0f2HgH, and2°2HgD; differ

by about 0.005%, which can be attributed to the breakdown of

the Born-Oppenheimer approximation.
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