
Infrared emission spectra and equilibrium bond lengths of gaseous

ZnH2 and ZnD2w

Alireza Shayesteh,a Iouli E. Gordon,b Dominique R. T. Appadooac and Peter F. Bernath*ab

aDepartment of Chemistry, University of Waterloo, 200 University Avenue West, Waterloo,
ON, Canada N2L 3G1. E-mail: bernath@uwaterloo.ca; Fax: þ1-519-746-0435;
Tel: þ1-519-888-4814

bDepartment of Physics, University of Waterloo, 200 University Avenue West, Waterloo, ON,
Canada N2L 3G1

cCanadian Light Source Inc., University of Saskatchewan, 101 Perimeter Road, Saskatoon, SK,
Canada S7N 0X4

Received 27th May 2005, Accepted 6th July 2005
First published as an Advance Article on the web 20th July 2005

A detailed analysis of the high resolution infrared emission spectra of gaseous ZnH2 and ZnD2 in the 800–2200
cm�1 spectral range is presented. The n3 antisymmetric stretching fundamental bands of 64ZnH2,

66ZnH2,
67ZnH2,

68ZnH2,
64ZnD2,

66ZnD2 and
68ZnD2, as well as several hot bands involving n1, n2 and n3 were rotationally

analyzed, and spectroscopic constants were obtained. Rotational l-type doubling and l-type resonance, local
perturbations, and Fermi resonances were observed in the vibration–rotation bands of both ZnH2 and ZnD2, and
equilibrium vibrational frequencies (o1, o2 and o3) were estimated. Using the rotational constants of the 000,
100, 0110 and 001 vibrational levels, the equilibrium rotational constants (Be) of

64ZnH2 and
64ZnD2 were

determined to be 3.600 269(31) cm�1 and 1.801 985(25) cm�1, respectively, and the associated equilibrium bond
lengths (re) are 1.524 13(1) Å and 1.523 94(1) Å, respectively. The difference between the re values of

64ZnH2 and
64ZnD2 is about 0.01%, and is mainly due to the breakdown of the Born–Oppenheimer approximation.

1. Introduction

Solid ZnH2 has been known since 1951, and several methods
have been reported for its synthesis.1–8 Chemical properties of
solid ZnH2, as well as its infrared absorption spectrum and the
X-ray diffraction pattern were studied in the 1970s.6–8 Re-
cently, Wang and Andrews9 recorded the infrared spectra of
solid ZnH2 and ZnD2, and observed broad absorption bands
characteristic of hydrogen-bridge bonding. Solid ZnH2 decom-
poses to the constituent elements at 90 1C,4 and it is not
possible to produce gaseous ZnH2 by heating the solid. The
lack of stability of solid ZnH2 has been further confirmed by
theoretical calculations.10 Linney and Russell found that ZnH2

can be generated by the infrared laser pyrolysis of diethyl-
zinc.11 The reduction of aqueous Zn(II) in acidic solutions with
NaBH4 results in formation of a volatile zinc-containing
compound. This molecule has not been identified yet, but it
might be zinc dihydride.12,13 Properties of the main-group
metal hydrides, including hydrides of group 11 and 12
elements, have been reviewed by Aldridge and Downs.14

There have been a few ab initio theoretical studies on
electronic structure and geometry of gaseous ZnH2.

15–21 A
linear H–Zn–H structure and a closed-shell X̃1Sþg ground
electronic state have been predicted by all theoretical calcula-
tions. The Zn–H bond distances estimated by various theore-
tical models15–21 were in the range of 1.492 to 1.662 Å.
Vibrational frequencies of ZnH2, ZnHD and ZnD2 were
calculated by Greene et al. at the MP2 and CCSD(T) levels
of theory with relatively large basis sets.21 It was also calcu-
lated that the gas phase reaction: Zn (g)þH2 (g)- ZnH2 (g) is

endoergic by only a few kcal mol�1 for ground state (1S) zinc
atoms.21 The metastable 3P state of Zn, which is the first
excited state, lies about 93 kcal mol�1 above the ground state22

so the production of gaseous ZnH2 from the gas phase reaction
of Zn(3P) with H2 is highly exoergic.
The gas phase reaction of excited zinc atoms with molecular

hydrogen has been studied extensively, both by theoretical
calculations and by laser pump–probe techniques.23–29 Although
the ground state Zn(1S) does not react with H2 due to a high
energy barrier, excited zinc atoms in 3P or 1P states can insert into
the H–H bond.23–29 The resultant intermediate is an excited bent
[H–Zn–H]* complex, which can dissociate to ZnH and H free
radicals. All theoretical and experimental studies on this reaction23
–29 considered ZnH and H as the only products, and no attention
was given to the possible formation of the ground state linear H–
Zn–H molecule. The activation of H–H bond with excited Mg,
Zn, Cd and Hg atoms has been reviewed by Breckenridge.29

Matrix isolation, followed by infrared absorption spectro-
scopy, has been used to study many metal hydrides.30 The
ZnH2, ZnHD and ZnD2 molecules were formed in solid argon
and krypton matrices at B12 K from the reaction of excited
zinc atoms with hydrogen.21,31 Infrared absorption spectra of
these species (trapped in solid matrices) were recorded, and
vibrational frequencies for the antisymmetric stretching (n3)
and bending (n2) modes were obtained. Wang and Andrews9

have recently repeated this experiment using solid hydrogen
and neon matrices at 4.5 K, and recorded the infrared absorp-
tion spectra of several zinc hydride species at a relatively high
resolution. ZnH2 has also appeared as a byproduct in the
matrix isolation experiments studying the reactions of Zn with
SiH4, HCl and H2O.32–34

We have recently reported the first observation of ZnH2,
CdH2 and HgH2 molecules in the gas phase.35–37 The mole-
cules were generated by the reactions of metal vapor with
molecular hydrogen in the presence of an electrical discharge.

w Electronic supplementary information (ESI) available: A complete
list of the observed line positions and the outputs of least-squares
fitting program (Tables S1–S13). See http://dx.doi.org/10.1039/
b507539d
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Gaseous ZnH2, CdH2 and HgH2 were unambiguously identi-
fied by their high resolution infrared emission spectra, and the
n3 fundamental bands were rotationally analyzed to determine
the r0 metal–hydrogen bond distances.35–37 The only other
metal dihydrides observed in the gas phase are FeH2, BeH2

and MgH2.
38–44 A complete analysis of all the vibration–

rotation bands observed in the infrared emission spectra of
gaseous ZnH2 and ZnD2 is presented in this paper.

2. Experiment and results

Gaseous ZnH2 and ZnD2 were generated in a furnace-dis-
charge emission source, which was described in detail in our
earlier papers.35,36 Zinc rods were placed inside an alumina
tube and heated to 470 1C. The tube contained two stainless-
steel electrodes, and was evacuated using a rotary pump. Pure
hydrogen or deuterium (0.5–2.5 Torr) flowed slowly through
the tube, and a dc discharge was created between the electro-
des. The emission from the tube was focused onto the entrance
aperture of a Bruker IFS 120 HR Fourier transform spectro-
meter. Emission spectra were recorded using a KBr beamsplit-
ter and a HgCdTe (MCT) detector, cooled by liquid nitrogen.
The spectrum of ZnH2 was recorded in the 1200–2200 cm�1

spectral range using a 2200 cm�1 long-wave pass filter, and the
instrumental resolution was set to 0.01 cm�1. In order to
improve the signal-to-noise ratio, 200 scans were co-added
during three hours of recording. The spectrum of ZnD2 was
recorded in the 800–1600 cm�1 spectral range using a 1600
cm�1 long-wave pass filter. The instrumental resolution was
0.01 cm�1, and 400 scans were co-added. The signal-to-noise
ratios for the strongest emission lines of ZnH2 and ZnD2 were
about 50 and 20, respectively.

In addition to atomic and molecular emission lines, the
spectra contained blackbody emission from the hot tube and
absorption lines due to atmospheric water vapor. The black-
body emission profile was subtracted from the spectra, in order
to obtain flat baselines. Molecular emission lines due to vibra-
tion–rotation transitions of ZnH, ZnH2, CO, ZnD and ZnD2

were identified. Line positions were measured using the
WSPECTRA program written by M. Carleer (Université Libre
de Bruxelles). Emission lines of CO appeared in the ZnH2

spectrum, and were used for absolute wavenumber calibration.45

The calibration factor for ZnD2 spectrum was determined using
thirteen strong atomic lines common to the ZnH2 and ZnD2

spectra. The absolute accuracy of our calibrated line positions is
better than 0.001 cm�1. Assignment of the vibration–rotation
bands was facilitated using a color Loomis-Wood program.

An overview of the ZnH2 spectrum is shown in Fig. 1. Zinc
has five stable isotopes, and their terrestrial abundances are:
64Zn (48.6%), 66Zn (27.9%), 67Zn (4.1%), 68Zn (18.8%), and
70Zn (0.6%). Lines from different isotopes of zinc were com-
pletely resolved in both spectra, and their intensity ratios match
their natural abundances. The adjacent rotational lines in ZnH2

and ZnD2 spectra had 3 : 1 and 1 : 2 intensity ratios, respectively,
due to the ortho–para nuclear spin statistical weights associated
with hydrogen (I ¼ 1/2) and deuterium (I ¼ 1) nuclei.46 An
expanded view of the ZnD2 spectrum in Fig. 2 shows the 1 : 2
intensity alternation. In addition to the n3 fundamental band,
i.e., 001 (Sþu )- 000 (Sþg ), the following hot bands were assigned
for the most abundant isotopologues, 64ZnH2 and

64ZnD2:

002 (Sþg ) - 001 (Sþu ), 003 (Sþu ) - 002 (Sþg ),
101 (Sþu ) - 100 (Sþg ), 0111 (Pg) - 0110 (Pu),
0221 (Du) - 0220 (Dg), 0201 (Sþu ) - 0200 (Sþg ).

The 004 (Sþg )- 003 (Sþu ) band of 64ZnH2 and the 0112 (Pu)-
0111 (Pg) band of 64ZnD2 were also found. Fewer hot bands
were detectable for the 66Zn and 68Zn isotopes because of their
lower abundances. Lines from the 67Zn and 70Zn isotopes were
too weak to be observed, except for the 001 (Sþu ) - 000 (Sþg )
fundamental band of 67ZnH2. We were also able to assign the

200 (Sþg ) - 001 (Sþu ) combination band for the 64ZnH2,
66ZnH2 and 68ZnH2 isotopologues. An approximate energy
level diagram showing all the observed vibration–rotation
bands of 64ZnH2 is drawn in Fig. 3.

3. Data analysis

3.1. R - R and P - P transitions

The total energy of a linear triatomic molecule in its ground
electronic state can be separated into vibrational and rota-
tional parts:

Evib–rot ¼ G(v1,v2
l,v3) þ F[v](J). (1)

The vibrational energy expression includes first-order harmo-
nic and second-order anharmonic terms:46

Gðv1; vl2; v3Þ ¼o1 v1 þ 1
2

� �
þ o2 v2 þ 1ð Þ þ o3 v3 þ 1

2

� �

þ x11 v1 þ 1
2

� �2þx22 v2 þ 1ð Þ2þx33 v3 þ 1
2

� �2
þ g22l

2 þ x12 v1 þ 1
2

� �
v2 þ 1ð Þ

þ x13 v1 þ 1
2

� �
v3 þ 1

2

� �
þ x23ðv2 þ 1Þ v3 þ 1

2

� �
:

ð2Þ

Fig. 1 An overview of the infrared emission spectrum of gaseous
ZnH2. The strongest emission lines with 3 : 1 intensity alternation are
from the antisymmetric stretching fundamental band. The lines above
2000 cm�1 are mostly from CO.

Fig. 2 An expanded view of the ZnD2 spectrum showing the isotope
splitting and the 1 : 2 intensity alternation in P-branch lines of the n3
fundamental band. The lines marked with circles are from 64ZnD2, and
those marked with stars are from 66ZnD2 and

68ZnD2. The weaker lines
(unmarked) are from the hot bands of ZnD2.
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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 l is the
vibrational angular momentum quantum number. For the
vibrational states with S(l ¼ 0) or P(l ¼ 1) symmetry, the
following expression was used for rotational energy levels:47

F½v�ðJÞ ¼B½JðJ þ 1Þ � l2� �D½JðJ þ 1Þ � l2�2

þH½JðJ þ 1Þ � l2�3 � 1

2
½qJðJ þ 1Þ þ qDJ

2ðJ þ 1Þ2�:

ð3Þ

B is the inertial rotational constant, D and H are centrifugal
distortion constants, and J is the total angular momentum
quantum number (including rotation). The rotational l-type
doubling parameters, q and qD, are zero for the S states, and
the þ(�) sign refers to e (f) parity component of theP states.48

We used an experimental uncertainty of 0.001 cm�1 for lines
from the 001 - 000, 002 - 001 and 0111 - 0110 bands of
ZnH2 and ZnD2. Lines from the other hot bands were less
intense, and were given an uncertainty of 0.002 cm�1.

The absolute rotational assignments of the 001 (Sþu ) - 000
(Sþg ) fundamental bands of ZnH2 and ZnD2 were easily
obtained because we observed all the rotational lines near the
band origins. The intensity alternations in adjacent rotational
lines and small local perturbations at high J’s of the 001 (Sþu )

state of both ZnH2 and ZnD2 further confirmed our absolute J
assignments. The local perturbations observed in the 001 level
are caused by the nearby 030 level, because both theoretical
calculations21 and matrix isolation experiments21,31 had found
that the frequency of the antisymmetric stretching mode is
close to three times the frequency of the bending mode, i.e.,
n3 E 3n2. Rotational lines of the 001 (Sþu ) - 000 (Sþg )
fundamental bands were fitted using the energy expression in
eqn. (3), and the ground state vibrational energy was set to
zero. For the perturbed rotational levels in the 001 (Sþu ) state,
i.e., J0 4 15 for ZnH2 and J0 4 20 for ZnD2, the total energies
were fitted to term values. As a result, accurate rotational
constants were obtained for the 000 ground states of ZnH2 and
ZnD2, while the rotational constants of the 001 states can
reproduce the data only for the lower J’s.
The rotational assignment of the 002 (Sþg ) - 001 (Sþu ), 003

(Sþu ) - 002 (Sþg ) and 004 (Sþg ) - 003 (Sþu ) hot bands were
obtained consecutively using lower state combination differ-
ences. The 002 (Sþg ) states of both ZnH2 and ZnD2 were
globally perturbed by the nearby 200 (Sþg ) states. The ab initio
calculations of Greene et al.21 have predicted that n1 and n3 are
nearly equal in frequency. The 001 and 100 levels have opposite
g/u symmetry and do not interact with each other. However,
the 002 and 200 levels both have Sþg symmetry and are strongly
coupled by Fermi resonance. Due to the strong mixing of the
002 and 200 levels in ZnH2, rotational lines of the 200 (Sþg ) -
001 (Sþu ) combination band of ZnH2 appeared in our spectrum,
and were easily assigned using lower state combination differ-
ences. The energy expression in eqn. (3) was used for all these
vibrational levels, and effective spectroscopic constants were
determined for all the observed isotopologues. A complete list
of the observed line positions and the outputs of our least-
squares fitting program have been placed in Tables S1–S7,
provided as electronic supplementary information (ESI).w Ef-
fective spectroscopic constants for several vibrational states of
64ZnH2 and 64ZnD2 are presented in Tables 1 and 2, respec-
tively, and those for the minor isotopologues are in Table S8.
The total energies of high J levels of the 001 (Sþu ) states were
fitted as term values, and the values are presented in Tables S1–
S7. The effect of Fermi resonance was neglected in determina-
tion of constants of Tables 1 and 2, but the effective constants
reported in these tables can reproduce the data within the
experimental uncertainty (0.001 or 0.002 cm�1).
The second strongest bands in both ZnH2 and ZnD2 spectra

had large l-type doubling, and were assigned as the 0111 (Pg)
- 0110 (Pu) hot bands. The absolute J assignment for these
bands were obtained based on the intensity alternations and
the fact that e and f parity components must have the same

Fig. 3 An approximate energy level diagram showing the observed
vibration–rotation bands of 64ZnH2 in the n3 region.

Table 1 Effective spectroscopic constants (in cm�1) for the S and P vibrational states of 64ZnH2

State G[v] – G000 B D/10�5 H/10�10 q/10�2 qD/10
�6

000 (Sþg ) 0.0 3.548 2143(86)a 4.9225(25) 4.27(22)

001 (Sþu )
b 1889.433 10(24) 3.506 5650(83) 4.9001(23)

002 (Sþg )
c 3772.292 98(33) 3.457 8091(65) 4.7293(10)

200 (Sþg )
c 3712.969 42(60) 3.451 241(15) 5.0353(57)

003 (Sþu ) 5605.283 50(56) 3.419 5915(88) 4.8433(19)

004 (Sþg ) 7422.500 30(75) 3.372 528(12) 4.6570(31)

0110 (Pu)
d n2 3.542 900(10) 4.9850(18) �5.9464(21) 2.920(35)

0111 (Pg) 1876.966 90(24) þ n2 3.501 569(11) 4.9792(21) �5.8509(21) 2.784(41)

100 (Sþg )
d n1 3.496 356(27) 4.8994(77)

101 (Sþu ) 1827.656 21(46) þ n1 3.454 273(27) 4.9321(77)

a The numbers in parentheses are one standard deviation statistical uncertainties in the last quoted digits. b The effective constants of the 001 state

can accurately reproduce the J ¼ 0 to 15 rotational energy levels (see the text). c The effect of Fermi resonance between the 002 and 200 states was

neglected in determination of these constants (see the text). d The wavenumbers of n1 and n2 could not be determined from our data. The neon

matrix value (ref. 9) for n2 is 632.5 cm�1, and n1 is almost equal to n3.
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band origins. Small local perturbations were observed in the
high J’s of the 0111 (Pg) state for both ZnH2 and ZnD2. These
perturbations are caused by the nearby 040 vibrational level,
and they further confirmed our absolute J numbering. Rota-
tional lines of the 0111 (Pg) - 0110 (Pu) bands were fitted
using the energy expression in eqn. (3) with l ¼ 1. For the
perturbed rotational levels in the 0111 (Pg) state, the total
energies were fitted to term values. The vibrational energy of
the 010 level was set to zero, since we can only determine the
difference between 0111 and 0110 vibrational energies with our
data. The rotational assignment of the 0112 (Pu) - 0111 (Pg)
hot band of ZnD2 was easily obtained using lower state
combination differences. Rotational constants and the l-type
doubling constants of the 0110, 0111 and 0112 states are
reported in Tables 1 and 2 for 64ZnH2 and 64ZnD2, respec-
tively. The corresponding constants for the minor isotopes of
zinc and the total energies of high J levels of the 0111 (Pg)
states (term values) are presented in Tables S1–S6.w

Knowing the rotational constants (B) of the 000, 0110 and
001 levels, we calculated the vibration–rotation interaction
constants, a2 and a3, of

64ZnH2 and
64ZnD2 using the following

linear equation:46

B½v� ¼ Be � a1 v1 þ 1
2

� �
� a2 v2 þ 1ð Þ � a3 v3 þ 1

2

� �
: ð4Þ

The equilibrium Zn–H and Zn–D bond distances (re) must be
equal within the Born–Oppenheimer approximation, and
therefore, the ratio of Be values for 64ZnH2 and 64ZnD2 is
simply given by:

Beð64ZnH2Þ
Beð64ZnD2Þ

¼ mD

mH
ð5Þ

where mD and mH are atomic masses of deuterium and hydro-
gen, respectively. Similarly, using the explicit expressions given
for a1 in symmetric linear triatomic molecules,47,49,50 we found
that the following relationship exists for this vibration–rota-
tion interaction constant:

a1ð64ZnH2Þ
a1ð64ZnD2Þ

¼ mD

mH

� �3=2

: ð6Þ

Using the B000, a2 and a3 constants of
64ZnH2 and

64ZnD2, we
estimated the values of a1 and Be for these isotopologues by
taking advantage of their isotopic ratios, eqns. (4)–(6). The
absolute J assignments of the 101 (Sþu ) - 100 (Sþg ) hot bands
of ZnH2 and ZnD2 were obtained immediately, because we had
reasonable estimates for a1 constants. The observed rotational
levels of this band were not perturbed, and all the lines were
fitted using the energy expression in eqn. (3). Similar to the
0111 (Pg) - 0110 (Pu) hot band, the unknown vibrational

energy of the lower state (100, Sþg ) was set to zero in the least-
squares fitting (see Tables 1 and 2).

3.2. Rotational l-type resonance

The 0221 (Du) - 0220 (Dg) hot bands of
64ZnH2 and 64ZnD2

were rotationally assigned using the a2 values determined in the
previous section. The f parity levels of the D states (l ¼ 2) were
not perturbed, and a simple energy level expression similar to
eqn. (3) was used to fit this sub-band:

E0
D ¼ GD þ BD [J(J þ 1) � 4] � DD [J(J þ 1) � 4]2. (7)

However, the D state levels with e parity are shifted to higher
energies due to an interaction with the nearby S1 states (e
parity). The vibrational energies of the 0200 (Sþg ) and 0201 (Sþu )
states are slightly smaller than those of 0220 (Dg) and 0221 (Du)
states, respectively, and the difference is equal to 4g22 (see eqn.
(2)). The interaction between S1 (e) and D (e) states of a de-
generate vibrational level is due to rotational l-type reso-
nance.51,52 Following Maki and Lide,52 we used a 2 � 2
Hamiltonian matrix to fit the S1 (e) and D (e) states energy levels:

H ¼ E0
S

ffiffiffi
2
p

W20ffiffiffi
2
p

W20 E0
D

� �
: ð8Þ

In this equation, E0
D is the same as that in eqn. (7), and the

other two matrix elements are given by the following equations
in which x ¼ J(J þ 1):

E0
S ¼ (GD � 4g22) þ BSJ (J þ 1) � DS [J(J þ 1)]2, (9)

W20 ¼
1ffiffiffi
2
p ðqþ qDxÞ xðx� 2Þ½ �1=2: ð10Þ

For both 64ZnH2 and
64ZnD2 molecules, the 0221 (Du) - 0220

(Dg) and 0201 (Sþu ) - 0200 (Sþg ) hot bands were fitted
simultaneously using eqns. (7)–(10), and the constants of
Tables 3 and 4 were obtained. Like the other hot bands, the
unknown vibrational energies of the lower states, i.e., G(0220),
were set to zero and the band origins, [G(0221) – G(0220)], were
determined. The l-type doubling constants (q and qD) of the
020 level are very close to those of the 0110 (Pu) state, and the
off-diagonal matrix element of eqn. (8) changes from zero (at
J ¼ 0 and 1) to about �27 cm�1 for 64ZnH2 (at J ¼ 21) and
�15 cm�1 for 64ZnD2 (at J ¼ 27). We also found that the fitted
values of BD and DD in Tables 3 and 4 remain unchanged if we
fit only the D states f levels. For the minor isotopologues,
66ZnH2 and

66ZnD2, only the f component of the 0221 (Du) -
0220 (Dg) band was found and analyzed using eqn. (7), and the
constants are listed in Table S8.w
The g22 constants for the 020 vibrational levels of 64ZnH2

and 64ZnD2 were found to be 5.381(6) cm�1 and 2.649(5) cm�1,

Table 2 Effective spectroscopic constants (in cm�1) for the S and P vibrational states of 64ZnD2

State G[v] – G000 B D/10�5 H/10�10 q/10�2 qD/10
�6

000 (Sþg ) 0.0 1.783 4239(67)a 1.2271(11) 0.452(54)

001 (Sþu )
b 1371.631 34(22) 1.767 9889(64) 1.220 73(93)

002 (Sþg )
c 2732.322 43(32) 1.752 1750(56) 1.215 09(56)

003 (Sþu ) 4076.865 17(57) 1.736 6911(64) 1.215 86(68)

0110 (Pu)
d n2 1.781 7330(48) 1.237 46(38) �2.0744(10) 0.491(8)

0111 (Pg) 1364.992 38(19) þ n2 1.766 3714(50) 1.234 01(48) �2.0538(10) 0.466(9)

0112 (Pu) 2719.380 19(44) þ n2 1.750 5663(57) 1.229 74(60) �2.0353(10) 0.467(10)

100 (Sþg )
d n1 1.765 108(27) 1.2215(52)

101 (Sþu ) 1340.310 10(52) þ n1 1.749 586(28) 1.2278(55)

a The numbers in parentheses are one standard deviation statistical uncertainties in the last quoted digits. b The effective constants of the 001 state

can accurately reproduce the J ¼ 0 to 20 rotational energy levels (see the text). c The effect of Fermi resonance between the 002 and 200 states was

neglected in determination of these constants (see the text). d The wavenumbers of n1 and n2 could not be determined from our data. The neon

matrix value (ref. 9) for n2 is 456.4 cm�1, and n1 is about 30 cm�1 smaller than n3.
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respectively. In our previous work on BeH2 and BeD2,
42 we

determined the g22 constants by calculating the difference
between the 0200 (Sþg ) and 0220 (Dg) vibrational energies and
dividing it by a factor of 4. Since we had used an effective
energy level expression without the l2 term for the D states of
BeH2 and BeD2, instead of eqn. (7), the [�BDl

2] term had been
added to the vibrational energies of the D states. Therefore, the
effective g22 constants of 2.050(1) cm�1 and 0.150(2) cm�1

reported for BeH2 and BeD2 in ref. 42 are in fact equal to [g22 –
BD], and should not be directly compared with those of 64ZnH2

and 64ZnD2. If one uses eqn. (7) for BeH2 and BeD2, the
resultant g22 values will be 6.772(1) cm�1 and 2.524(2) cm�1,
respectively.

3.3. Local perturbations

For both 64ZnH2 and
64ZnD2 molecules, high rotational levels

of the 001 (Sþu ) state are perturbed by the nearby 030 vibra-
tional level, which has 0310 (Pu) and 0330 (Fu) states. Rota-
tional levels of the 001 (Sþu ) state of ZnH2 with J r 17 are
shifted towards higher energies, whereas the J Z 18 levels are
shifted towards lower energies. Similarly, the rotational levels
of the 001 (Sþu ) state of ZnD2 with J r 22 were shifted up and
the J Z 23 levels were shifted down. The magnitudes of these
perturbations were small, and the largest energy shifts were
about 0.04 cm�1, observed right at the crossing point (J ¼ 17
for ZnH2 and J ¼ 22 for ZnD2). The perturbation pattern
observed in both ZnH2 and ZnD2 clearly indicates that the
perturbing state has a larger effective B[v] value. We estimated
the effective B[v] values of the 0310 (Pu) and 0330 (Fu) states
using the B[v] values of the 000, 01

10, 0200 and 0220 states. The
0310 (Pu) and 0330 (Fu) states have e and f parity components,
but only the e parity levels can interact with the 001 (Sþu )
rotational levels. Due to the large rotational l-type doubling in
the 0310 (Pu) state, the effective B[v] value of its e parity
component becomes considerably smaller than that of the
001 (Sþu ) state. Therefore, in both ZnH2 and ZnD2, the 0330
(Fu) state is responsible for the observed perturbations in the
001 (Sþu ) state. We constructed a 3 � 3 Hamiltonian matrix for
the e parity levels of 001 (Sþu ), 03

30 (Fu), and 0310 (Pu) states.
The 0310 (Pu) state was included in the matrix because it
interacts with the 0330 (Fu) state through rotational l-type
resonance,52 and thus has an indirect effect on the state of
interest (001, Sþu ). The vibrational energy difference between
the 0310 and 0330 states is equal to 8g22 (see eqn. (2)). Maki and
Lide52 have derived the Hamiltonian matrix for rotational

l-type resonance between P and F states. After parity trans-
formation and including the Sþu (e) state, we obtained the
following 3 � 3 Hamiltonian matrix for the e levels:

H ¼
E0
Sð001Þ �W03 0
�W03 E0

F W31

0 W31 E0
P þW11

0
@

1
A: ð11Þ

The matrix element connecting the Sþu and Pu states was fixed
to zero because we knew that the Fu state is causing the
perturbation in the 001 (Sþu ) state. The following expressions,
in which x ¼ J(J þ 1), were used for the above matrix
elements:

E0
S (001) ¼ G001 þ B001J(J þ 1) � D001[J(J þ 1)]2 þ

H001[J(J þ 1)]3 (12)

E0
F ¼ GF þ BF[J(J þ 1) � 9] � DF[J(J þ 1) � 9]2 (13)

E0
P¼ (GF�8g22)þBP[J(Jþ 1)�1]�DP[J(Jþ 1)�1]2 (14)

W11 ¼ qx þ qDx
2 (15)

W31 ¼
ffiffiffi
3
p

2
ðqþ qDxÞ½ðx� 2Þðx� 6Þ�1=2 ð16Þ

W03 ¼ K03 [x(x � 2)(x � 6)]1/2 (17)

The J-dependence of W03, which connects the S and F states,
was determined by applying the Ĵ13 operator (in the molecular
frame) to the F state basis function. The purpose of this
perturbation analysis was to obtain the unperturbed constants
for the 001 (Sþu ) state, and to estimate the vibrational energy of
the 0330 (Fu) state.
All rotational lines of the 001 - 000, 002 - 001 and 200 -

001 bands were fitted using the Hamiltonian matrix in eqn. (11)
for the 001 levels, while the constants of 000, 002 and 200 states
were fixed to the values reported in Tables 1 and 2. Rotational
constants (B, D) and the l-type doubling constants (q, qD) of
the 0310 (Pu) and 0330 (Fu) states were fixed to the values
estimated by extrapolating the 000, 0110, 0200 and 0220 con-
stants. The following expression was used to estimate the B[v]

values as accurately as possible:52

B½v� ¼ Be � a1 v1 þ 1
2

� �
� a2ðv2 þ 1Þ � a3 v3 þ 1

2

� �
þ g11 v1 þ 1

2

� �2þg22 v2 þ 1ð Þ2þg33 v3 þ 1
2

� �2þgll l2
þ g12 v1 þ 1

2

� �
ðv2 þ 1Þ þ g13 v1 þ 1

2

� �
v3 þ 1

2

� �
þ g23ðv2 þ 1Þ v3 þ 1

2

� �
ð18Þ

Table 3 Spectroscopic constants (in cm�1) for the observed rotational l-type resonance in 64ZnH2

State B D/10�5 g22 q/10�2 qD/10
�6 G(0221) – G(0220)

020 0220 (Dg) 3.537 760(24)a 5.0845(41) 5.3811(59) �5.9478(58) 2.606(97)

0200 (Sþg ) 3.539 000(51) 5.079(11)

1864.550 42(57)

021 0221 (Du) 3.496 783(25) 5.0906(44) 5.3386(58) �5.8508(57) 2.467(93)

0201 (Sþu ) 3.497 946(49) 5.071(11)

a All uncertainties are 1s.

Table 4 Spectroscopic constants (in cm�1) for the observed rotational l-type resonance in 64ZnD2

State B D/10�5 g22 q/10�2 qD/10
�6 G(0221) – G(0220)

020 0220 (Dg) 1.780 183(18)a 1.2633(20) 2.6491(47) �2.0765(27) 0.440(24)

0200 (Sþg ) 1.780 369(31) 1.2502(34)

1358.380 07(38)

021 0221 (Du) 1.764 886(19) 1.2597(22) 2.6340(47) �2.0560(27) 0.423(23)

0201 (Sþu ) 1.765 081(31) 1.2472(34)

a All uncertainties are 1s.
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The above expression is preferred to eqn. (4) since it includes
higher order terms. The constants g22, gll, and [�a2 þ g12 þ g23]
were obtained using the 000, 0110, 0200 and 0220 B[v] values,
and were used to calculate the B[v] constants of the 0330 and
0310 states of 64ZnH2 and 64ZnD2. A quadratic expression
analogous to eqn. (18) was used to calculate the D[v] constants.
For the minor isotopologues of ZnH2 and ZnD2, the g22 and gll
constants were not available and the corresponding constants
of 64ZnH2 and

64ZnD2 were used instead. The l-type doubling
constants q[v] and qD,[v] were estimated using the corresponding
constants of 010 and 020 levels, and by assuming a linear
vibrational dependence, similar to eqn. (4), for these para-
meters. The vibrational constants g22 of ZnH2 and ZnD2 were
also fixed to the values reported in Tables 3 and 4. The least-
squares fitting resulted in determination of GF (vibrational
energy of the 0330 state), K03 (off-diagonal matrix element
between S and F states), and the unperturbed constants of the
001 (Sþu ) state for both 64ZnH2 and 64ZnD2 molecules (Table
5). The constants of Table 5 differ slightly from those reported
in Tables 1 and 2 for the 001 (Sþu ) states. For example, since all
the rotational lines (including high J ’s) were included in the
perturbation analysis, the third order H001 constants were also
required for both 64ZnH2 and 64ZnD2. Overall, the constants
of Table 5 are more reliable for the 001 (Sþu ) states, because
they reproduce all the observed energy levels within their
experimental uncertainties (B0.001 cm�1).

The S–F interaction constants (K03) were determined to be
3.456(13) � 10�5 cm�1 and 0.672(14) � 10�5 cm�1 for 64ZnH2

and 64ZnD2, respectively. The off-diagonal matrix element W03

is zero for J o 3, and it increases rapidly with J. At the highest
observed rotational levels of 64ZnH2 (J ¼ 28) and 64ZnD2 (J ¼
35), W03 is about 0.8 cm�1 and 0.3 cm�1, respectively.
Although the vibrational energies of the 0330 states (GF) of
64ZnH2 and 64ZnD2 have statistical uncertainties of B0.01
cm�1 in Table 5, we estimate an absolute accuracy of about 0.5
cm�1 for these energies, because several constants in our fits
were fixed to the extrapolated values. The outputs of the least-
squares fits and the corresponding constants for 66ZnH2,
68ZnH2,

66ZnD2 and
68ZnD2 have been placed in Table S9.w

A few rotational lines of the 0111 (Pg) states of both ZnH2

and ZnD2 were perturbed by the nearby 040 vibrational level,
which has 0400 (Sþg ), 04

20 (Dg) and 0440 (Gg) states. In this case,
it was not clear which states were causing the perturbations

observed in e and f parity components of the 0111 (Pg) state.
We tried to perform a similar perturbation fit for this state by
estimating the constants of the 040 level, but we were unable to
fit the e and f parity components together.

3.4. Fermi resonance

Ab initio calculations at the MP2, CCSD(T) and DFT(B3LYP)
levels of theory9,21 predicted that the vibrational frequencies of
the symmetric stretching (o1) and antisymmetric stretching
(o3) modes are very close to each other in both ZnH2 and
ZnD2. In case of ZnD2, o3 was predicted to be larger than o1

by about 30 cm�1. This energy separation is smaller for ZnH2,
and in fact the results of MP2, CCSD(T) and DFT(B3LYP)
calculations were inconsistent in determining which vibrational
mode has the higher frequency.9,21 The highest level calculation
to date, CCSD(T) with a relatively large basis set, predicted
that o1 is slightly larger than o3 for ZnH2.

21

There is no interaction between the 100 (Sþg ) and 001 (Sþu )
states, because they have opposite g/u symmetry. However, the
002 and 200 states have the same symmetry (Sþg ), and are
strongly coupled due to Fermi resonance. We clearly observed
the effects of this resonance in our ZnH2 spectrum: (a) The zinc
isotope shift in the 002 (Sþg ) - 001 (Sþu ) band of ZnH2 was
unusually small compared to all regular bands (see Fig. 4),
which is an indication of mixing between 002 and 200 states;
(b) The vibrational band origin of the 002 (Sþg ) - 001 (Sþu )
band of ZnH2 was unusually high, which indicates that the
rotational levels of the 002 (Sþg ) state are systematically shifted
towards higher energies; (c) The B[v] value of the 002 (Sþg ) state
was slightly different from the value predicted by a3, which
indicates that this state is mixed with another state with a
different B[v] value; d) The 200 (Sþg ) - 001 (Sþu ) combination
band that should be very weak in the absence of resonance
appeared in our ZnH2 spectrum, and it had a small zinc isotope
shift in the opposite direction of those of all other bands.
The 002 (Sþg ) and 200 (Sþg ) states of ZnH2 are pushed apart

due to Fermi resonance. More precisely, rotational levels of the
002 (Sþg ) state are shifted towards higher energies, and those of
the 200 (Sþg ) state are shifted towards lower energies by exactly
the same amount. Therefore, for each value of J, the sum of
their energies remains unchanged. It is straightforward to show
that the sum of vibrational energies [Gsum ¼ G002 þ G200],
rotational constants [Bsum ¼ B002 þ B200], and centrifugal
distortion constants [Dsum ¼ D002 þ D200] also remain un-
changed. The effective G[v], B[v] and D[v] constants of the 002
(Sþg ) and 200 (Sþg ) states of 64ZnH2 (Table 1) were used to

Table 5 Unperturbed constants (in cm�1) for the 001 (Sþu ) states of
64ZnH2 and

64ZnD2

Constanta 64ZnH2
64ZnD2

B(0330) 3.532 80b 1.778 78

B(0310) 3.535 27 1.779 15

105D(0330) 5.221 1.305

105D(0310) 5.209 1.278

102q(030) �5.949 �2.079
106qD(030) 2.29 0.388

g22 5.3811 2.6491

G(0330) � G(000) 1906.1992(89)c 1378.3604(64)

G(001) � G(000) 1889.432 62(14) 1371.631 00(16)

B(001) 3.506 5923(23) 1.767 9993(16)

105D(001) 4.9254(9) 1.225 67(38)

1010H(001) 4.44(9) 0.451(23)

105K03(S,F) 3.456(13) 0.672(14)

a The constants reported in this table can reproduce all the observed

rotational energy levels of the 001 (Sþu ) states within their experimental

uncertainties. b The constants B, D, q, qD and g22 for the perturbing

states (0310 and 0330) were fixed to the extrapolated values (see the

text). c The numbers in parentheses are one standard deviation statis-

tical uncertainties in the last quoted digits.

Fig. 4 An expanded view of the ZnH2 spectrum showing the zinc
isotope shifts in two R-branch lines. The zinc isotope shifts in the
002 - 001 hot band are unusually small, due to the coupling between
002 and 200 states (Fermi resonance).
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calculate these sums. We performed a Fermi resonance fit for
these states using the following 2 � 2 Hamiltonian matrix,
which is similar to the one used for the 100 (Sþg ) and 0200 (Sþg )
states of the CO2 molecule:49,53

H ¼ E0
Sð002Þ �K00

�K00 E0
Sð200Þ

� �
: ð19Þ

The diagonal elements in the above matrix are simple energy
expressions for the S states with G[v], B[v] and D[v] constants,
and K00 is the perturbation matrix element that has no
J-dependence. All rotational lines of the 002 - 001, 200 -
001 and 003 - 002 bands of ZnH2 were fitted using the
Hamiltonian matrix in eqn. (19) for the 002 and 200 states,
and the constants of 001 and 003 states were fixed to the
previously determined values (Tables 5 and 1, respectively).
The sums of G[v], B[v] and D[v] constants for the 002 (Sþg ) and
200 (Sþg ) states, i.e., Gsum, Bsum and Dsum, were also fixed to the
values calculated from Table 1. In order to determine the off-
diagonal matrix element (K00) and the unperturbed constants
for these states, we had to fix at least one more parameter in
our fit. We chose to fix the D200 constant to the extrapolated
value, i.e., D200 ¼ 2D100 � D000, because the 000 (Sþg ) and 100
(Sþg ) states are not perturbed, and their D[v] constants are
reliable. Since no rotational line with J 4 16 was observed for
the 100 (Sþg ) and 200 (Sþg ) states, we fitted only the low-J lines
of the 001 - 000 band to obtain a comparable D000, appro-
priate for extrapolation (see Table S1w). The constant D200 was
then calculated to be 4.8891� 10�5 cm�1, and was held fixed in
the least-squares fitting. Only three parameters, i.e., G200, B200

and K00, were allowed to vary in the fit, and the results are
presented in Table 6. The constants of the 002 (Sþg ) state were
then calculated by subtracting G200, B200 and D200 from Gsum,
Bsum and Dsum, respectively. The constants of Table 6 can
reproduce all the observed energy levels of the 002 and 200
states within their experimental uncertainties (0.001 or 0.002
cm�1). The outputs of the least-squares fitting program and the
corresponding constants for 66ZnH2 and

68ZnH2 are in Table
S10.w The off-diagonal matrix element (K00) was determined to
be 28.168(7) cm�1. The unperturbed G002 constant in Table 6 is
about 19 cm�1 larger than G200, but this energy separation
increases to about 59 cm�1 (Table 1) due to the off-diagonal
matrix element (K00). Although the unperturbed G200 constant
of 64ZnH2 has an uncertainty of B0.02 cm�1 in the fit (Table
6), we estimate an absolute accuracy of about 0.5 cm�1 for G002

and G200, because the D200 constant in our fit was fixed to an
extrapolated value.

The constants of Table 6 can be used to calculate the
eigenfunctions for the 002 (Sþg ) and 200 (Sþg ) states from their
basis functions, and to quantify the extent of mixing between
the two states. The eigenfunctions of the perturbed states are
related to their unperturbed basis functions by the following
equations:46

|0020,Ji ¼ c1 |002,Ji � c2 |200,Ji (20)

|2000,Ji ¼ c2 |002,Ji þ c1 |200,Ji (21)

In these equations, c1 and c2 are equal to cos y and sin y,
respectively, and of course c1

2 þ c2
2 ¼ 1. For each value of J,

the mixing coefficients c1
2 and c2

2 can be calculated using the
following equation,46 which relates y to the matrix elements of
eqn. (19):

tan2y ¼ 2K00

E0
Sð002Þ � E0

Sð200Þ
: ð22Þ

The mixing coefficients c1
2 and c2

2 were determined for J ¼ 0 to
15 levels of the 002 (Sþg ) and 200 (Sþg ) states of 64ZnH2. The
extent of mixing decreases very slowly with increasing J; for
example, there is a 66%–34% mixture at J ¼ 0, and a 69%–
31% mixture at J ¼ 15. Similar calculations for 66ZnH2 and
68ZnH2 showed mixing almost to the same extent (see Table
S11).w Therefore, the observed 002 (Sþg ) state of ZnH2 can be
considered approximately as a 2/3 : 1/3 mixture of the un-
perturbed 002 and 200 states, and vice versa.
Another way to quantify the mixing between these states is

to consider the zinc isotope shifts for the 002 (Sþg ) - 001 (Sþu )
band. For the unperturbed bands of ZnH2 in the n3 region, i.e.,
(v1,v2,v3þ 1)- (v1,v2,v3), the observed

64Zn:66Zn isotope shift
is about 0.8 cm�1. In other words, o3 for

64ZnH2 is larger than
that of 66ZnH2 by about 0.8 cm�1. On the other hand, o1 has
no dependence on the mass of zinc atoms within the harmonic
oscillator approximation. Therefore, the 64Zn : 66Zn isotope
shifts for the 002 (Sþg ) - 001 (Sþu ) and 200 (Sþg ) - 001 (Sþu )
bands are expected to be þ0.8 and �0.8 cm�1, respectively, in
the absence of Fermi resonance. The observed 64Zn:66Zn
isotope shift of the 002 (Sþg ) - 001 (Sþu ) band of ZnH2 was
about þ0.2 cm�1, which indicates that the observed 002 (Sþg )
state is approximately a 62%–38% mixture of the unperturbed
002 and 200 states, consistent with the more accurate results
obtained from eqns. (20)–(22). The energy separation between
o1 and o3 of ZnD2 is larger than that of ZnH2,

21 and the Fermi
resonance effects in ZnD2 were not as severe as in ZnH2. We
did not observe the 200 (Sþg )- 001 (Sþu ) combination band for
ZnD2, because the extent of mixing between the 200 and 002
states is relatively small. In this case, the observed 64Zn:66Zn
isotope shift was about 1.2 cm�1 for the unperturbed bands in
the n3 region, and about 1.0 cm�1 for the 002 (Sþg ) - 001 (Sþu )
band. Based on the isotope shifts, we estimate that the ob-
served 002 (Sþg ) state of ZnD2 is approximately a 92%–8%
mixture of the unperturbed 002 and 200 states. There is yet
another way to estimate the mixing coefficients for the 002 and
200 states of ZnD2. The effective B002 constant of 64ZnD2

(observed) is related to the unperturbed B0
002 and B0

200 con-
stants by the following equation:47

B 0002 (obs.) E c1
2B0

002 þ c2
2B0

200. (23)

The unperturbed B0
002 and B0

200 constants of 64ZnD2 were
estimated using a3 and a1, respectively, and the effective B002

constant was taken from Table 2. The mixing coefficients, c1
2

and c2
2, were found to be 93% and 7%, respectively, consistent

with the ones calculated from zinc isotope shifts.

Table 6 Unperturbed constants (in cm�1) for the 002 (Sþg ) and 200 (Sþg ) states of
64ZnH2

State G[v] � G000 B D/10�5 K00 (S,S)

[002 þ 200]a 7485.262 40a 6.909 050a 9.7646a

200 (Sþg ) 3733.334(21)b 3.444 130(16)b 4.8891c 28.1680(73)b

002 (Sþg )
d 3751.928d 3.464 920d 4.8755d

a Sum of the effective constants for the 200 and 002 states, calculated directly from Table 1 and held fixed in the least-squares fitting (see the

text). b These constants were determined by least-squares fitting. The numbers in parentheses are 1s uncertainties in the last quoted digits. c D200

was calculated using D000 and D100 constants, and held fixed in the fit (see the text). d The unperturbed constants of the 002 state were finally

calculated by subtracting G200, B200 and D200 from Gsum, Bsum and Dsum, respectively (see the text).
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3.5. Determination of bond lengths

The B000 constants of
64ZnH2 and

64ZnD2, taken from Tables 1
and 2, were used to determine the r0 bond lengths directly from
the moment of inertia equation. The r0 values obtained for
64ZnH2 and 64ZnD2 are 1.535 274(2) Å and 1.531 846(3) Å,
respectively. Their difference is in the fourth significant figure,
and is due to the fact that the 000 ground state of ZnD2 lies
lower than that of ZnH2 on the potential energy surface.

The vibration–rotation interaction constants (a1, a2 and a3 in
eqn. (4)) were determined by taking the differences between the
ground state rotational constant (B000) and the B[v] values of
the 100, 0110 and 001 states, respectively. The equilibrium
rotational constant (Be) was then calculated for both 64ZnH2

and 64ZnD2 using their B000 values and the three a’s. The
equilibrium constants of 64ZnH2 and 64ZnD2 determined in
this study are listed in Table 7, and those for the minor
isotopologues are in Table S12.w Although eqn. (18) for B[v]

is more accurate than eqn. (4), we did not use it for calculation
of Be, because our experimental data are not sufficient for
determination of some higher order constants in eqn. (18), i.e.,
g12 for both isotopologues and g11 for

64ZnD2. The equilibrium
centrifugal distortion constant (De) was calculated in a similar
way, using a linear equation analogous to eqn. (4) for the D[v]

values.
Using the Be values of 3.600 269(31) cm�1 and 1.801 985(25)

cm�1 for 64ZnH2 and 64ZnD2, respectively, we obtained the
equilibrium bond distances (re) of these isotopologues inde-
pendently. The re values were determined to be 1.524 13(1) Å
and 1.523 94(1) Å for 64ZnH2 and 64ZnD2, respectively. The
difference in the re values of

64ZnH2 and
64ZnD2 is very small

(only about 0.01%), but still considerably larger than the
statistical uncertainties. This discrepancy appears to be due
to the breakdown of Born–Oppenheimer approximation or the
exclusion of higher order g constants in determination of Be. In
order to examine the contribution of g constants in this
discrepancy, we recalculated the Be constants of 64ZnH2 and
64ZnD2, this time from eqn. (18), by fixing the g11 constant of
64ZnD2 to the mass-scaled value and setting the unknown g12
constants to zero. The new re values turned out to be 1.524
06(2) Å and 1.523 86(3) Å for 64ZnH2 and

64ZnD2, respectively,
and their difference is still about 0.01%. Therefore, we believe

that the main reason for this discrepancy is the breakdown of
Born–Oppenheimer approximation.
In polyatomic molecules for which the available spectro-

scopic data are not sufficient to determine the equilibrium bond
lengths, it is common to calculate the rs structure by using the
moments of inertia of isotopically substituted molecules.54–57

For example, in our earlier paper on CdH2 and CdD2, we
could not determine Be and re due to the lack of data, and
we used the B000 values of CdH2 and CdD2 together to obtain
the rs bond length.37 We have determined both r0 and re for the
64ZnH2 and

64ZnD2 molecules independently, and an average
rs bond length is not necessary. We calculated rs for this
molecule only to compare it with the r0 and re values. The
following equation was used to estimate the rs bond length:56

ID0 � IH0 ¼ 2r2s(mD � mH). (24)

In this equation, ID0 and IH0 are the moments of inertia
calculated from the B000 values of

64ZnD2 and
64ZnH2, respec-

tively, and mD and mH are the atomic masses for deuterium
and hydrogen. The rs bond length calculated from eqn. (24) is
1.528 41 Å, which lies between the r0 and re values, qualita-
tively consistent with the predictions of Watson57 for the
relative magnitudes of r0, rs and re.
We also performed ab initio calculations for the bond length

of gaseous ZnH2 using the Gaussian 03 program.58 The
6-311þþG(3df, 3pd) basis set was used at the HF,
DFT(B3LYP), MP2, MP3, MP4(SDQ), CISD, CCD and
QCISD levels of theory, and the computed re values were in
the range of 1.516 Å to 1.574 Å. The MP4(SDQ) method
predicted 1.530 Å for re, which was the closest value to the
experimental equilibrium bond lengths. The results of these
calculations are presented in Table S13.w

3.6. Vibrational analysis

A few anharmonicity constants in eqn. (2) were directly
calculated from our experimental band origins. The x13 con-
stant was obtained for 64ZnH2 and 64ZnD2 by taking the
difference between the 101- 100 and 001- 000 band origins.
Similarly, x23 constants were calculated by taking the differ-
ence between the 0111 - 0110 and 001 - 000 band origins.
Furthermore, the difference between the 002- 001 and 001-
000 band origins is equal to 2x33 (see eqn. (2)), but the 002 state
is perturbed by Fermi resonance. We used the unperturbed
G002 (from Table 6) to calculate this difference for 64ZnH2 and
to obtain the x33 constant. In the case of 64ZnD2, we had to use
the slightly perturbed G002 from Table 2, and the calculated x33
constant is not reliable. All the hot bands of 64ZnH2 and
64ZnD2 had smaller origins compared to the n3 fundamental
bands, and thus the x13, x23 and x33 constants have negative
values (see Table 7).
The equilibrium vibrational frequency of the antisymmetric

stretching mode (o3) was calculated simply by

n3 (obs.) ¼ G001 � G000 ¼ o3 þ 1/2x13 þx23 þ 2x33, (25)

which is derived from eqn. (2). The o3 values for
64ZnH2 and

64ZnD2 turned out to be 1959.72 cm�1 and 1404.87 cm�1,
respectively, the latter being uncertain by about 5 cm�1 due to
the error in determination of x33 for

64ZnD2. The equilibrium
vibrational frequency of the symmetric stretching mode (o1)
was estimated using Kratzer’s equation, which applies to
diatomic and symmetric linear triatomic molecules:47

De ¼
4B3

e

o2
1

: ð26Þ

Using the Be and De constants of Table 7, we estimated o1 to
be 1958 cm�1 and 1385 cm�1 for 64ZnH2 and

64ZnD2, respec-
tively. Our results indicate that o3 is larger than o1 for both
ZnH2 and ZnD2, and their difference is larger in ZnD2. The

Table 7 Molecular constants of 64ZnH2 and
64ZnD2 (in cm�1)

Constant 64ZnH2
64ZnD2

B000 3.548 214(9) 1.783 424(7)

r0/Å 1.535 274(2) 1.531 846(3)

a1 0.051 86(3)a 0.018 32(3)

a2 0.005 31(1) 0.001 69(1)

a3 0.041 62(1) 0.015 42(1)

Be 3.600 269(31) 1.801 985(25)

re/Å 1.524 13(1) 1.523 94(1)

De/10
�5 4.870(9) 1.220(4)

q010/10
�2 �5.946(2) �2.074(1)

n3 1889.4326(2) 1371.6310(2)

x13 �61.7764(5) �31.3209(6)
x23 �12.4657(3) �6.6386(3)
x33 �13.47(1) �5.47b
o1 (sg) 1958c 1385c

o2 (pu) 656d 474d

o3 (su) 1959.72(2) 1404.87b

g22 5.381(6) 2.649(5)

a The numbers in parentheses are one standard deviation statistical

uncertainties, calculated by propagation of errors. b The constants x33
and o3 of 64ZnD2 are uncertain by a few cm�1 (see the text). c Esti-

mated from Be and De, using eqn. (26). d Estimated from q010, Be and

o3, using eqn. (27).
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bending mode vibrational frequency (o2) was also estimated
for 64ZnH2 and 64ZnD2 using the following equation for the
l-type doubling constant:53,59

q010 ¼ �
2B2

e

o2
1þ 4o2

2

o2
3 � o2

2

� �
: ð27Þ

The o2 values estimated from eqn. (27) are 656 cm�1 and 474
cm�1 for 64ZnH2 and

64ZnD2, respectively, and the latter has a
larger uncertainty due to the small error in calculation of o3 for
64ZnD2.

We also computed the harmonic vibrational frequencies of
all isotopologues of ZnH2 with the Gaussian 03 program,58

using HF, MP2 and DFT(B3LYP) methods with the
6-311þþG(3df,3pd) basis set, and the results are shown in
Table S13.w The values of 1915, 643 and 1927 cm�1 were
obtained for o1 (sg), o2 (pu), and o3 (su) of

64ZnH2, respec-
tively, using the DFT(B3LYP) method. The corresponding
frequencies for 64ZnD2 were computed to be 1355, 462 and
1384 cm�1, respectively, using the same method. These num-
bers differ slightly from the ones reported in ref. 9 because we
used a tighter convergence criterion in the Gaussian 03 pro-
gram.

The other constants in eqn. (2), i.e., x11, x12 and x22, could
not be determined from our data, and therefore, the absolute
vibrational energies of the 100 (Sþg ), 01

10 (Pu) and 0220 (Dg)
states are not known with experimental accuracy. However, the
vibrational energies of the 200 (Sþg ) state of ZnH2 and the 0330
(Fu) state of both ZnH2 and ZnD2 (Tables 5 and 6) have
reasonable accuracies, and may be used to estimate roughly the
vibrational energies of the 100, 0110 and 0220 states.

4. Discussion

4.1. Isotope effects

For a symmetric linear triatomic molecule such as ZnH2, the
vibrational frequencies of different isotopologues are related by
the following equations:47

oi
1

o1

� �2

¼ mH

mi
H

� �
; ð28Þ

oi
2

o2

� �2

¼ oi
3

o3

� �2

¼ mH

mi
H

� �
mZn

mi
Zn

� �
Mi

M

� �
: ð29Þ

In these equations, mH and mZn are atomic masses of hydrogen
(or deuterium) and zinc, respectively, and M is the total mass
of the molecule. We observed the n3 fundamentals for several
isotopologues of ZnH2, and we also estimated o1, o2 and o3

for 64ZnH2,
66ZnH2,

68ZnH2,
64ZnD2 and 66ZnD2. The ob-

served 64Zn:66Zn isotope shift for the n3 fundamental band of
ZnH2 is 0.837 cm�1, which corresponds to a ratio of 1.00044
between the n3 fundamentals of 64ZnH2 and

66ZnH2. The ratio
predicted by eqn. (29) is 1.00046, and the discrepancy is in the
sixth significant figure. Similarly, the observed 64Zn : 66Zn
isotope shift for the n3 fundamental band of ZnD2 is 1.194
cm�1, corresponding to a ratio of 1.00087 between the n3
fundamentals of 64ZnD2 and 66ZnD2, whereas a ratio of
1.00090 is predicted by eqn. (29). The observed ratio between
the n3 fundamentals of 64ZnH2 and

64ZnD2 (Table 5) is 1.3775
and the predicted ratio from eqn. (29) is 1.3926. If we use the
estimated o3 frequencies from Table 7 instead, the agreement
becomes better and a ratio of 1.3950 is obtained. The observed
H : D isotopic ratios for o1 and o2 (Table 7) are 1.4136 and
1.3849, respectively, and the predicted ratios from eqns. (28)
and (29) are 1.4137 and 1.3926, respectively.

Simple isotopic relations exist for the Be, a1 and De constants
of symmetric linear triatomic molecules. These constants are
not sensitive to the mass of central atom, and in the case of
ZnH2 they should change only when hydrogen is substituted

with deuterium. The mass dependences of Be and a1 are given
in eqns. (5) and (6), and the mass dependence of De is easily
obtained by combining eqns. (5), (26) and (28). The observed
ratios between the Be, a1 and De constants of 64ZnH2 and
64ZnD2 are 1.9979, 2.8313 and 3.9912, respectively, whereas the
predicted ratios are 1.9985, 2.8252 and 3.9939, respectively.
The other constant for which a relatively simple mass depen-
dence can be found is the l-type doubling constant (q). This
constant is related to Be, o2 and o3 constants via eqn. (27), and
its mass dependence is obtained by combining eqns. (5), (27)
and (29). The observed ratio between q010 constants of

64ZnH2

and 64ZnD2 is 2.8665 and the predicted ratio is 2.8680. Overall,
the observed isotope effects are consistent with the theoretical
predictions. The re values for all the isotopologues should be
the same if the Born–Oppenheimer approximation is exact. We
found that re values are the same for different isotopes of zinc,
within their experimental uncertainties. However, the re values
of 64ZnH2 and 64ZnD2 (Table 7) differ in the fifth significant
figure, and this is mainly due to the breakdown of the
Born–Oppenheimer approximation.

4.2. Relative stability of gaseous ZnH2

Gaseous ZnH2 has been predicted to have a slightly higher
energy than the ground state Zn (g) þ H2 (g),

21 and there is a
large barrier to insertion for ground state Zn atoms into the H–
H bond. However, when zinc atoms are excited to the meta-
stable 3P state in the presence of an electrical discharge, they
can insert into the H–H bond, leading to an exoergic produc-
tion of gaseous ZnH2. Breaking the first Zn–H bond in ZnH2

requires a significant amount of energy, while the second bond
(ZnH) can be broken by a small fraction of that energy.36 We
used a combination of experimental and theoretical data to
calculate these bond energies:

ZnH2 (g) - ZnH (g) þ H (g), (30)

ZnH (g) - Zn (g) þ H (g). (31)

The best ab initio theoretical value for the heat of formation of
gaseous ZnH2 from zinc vapor and molecular hydrogen21 is
þ7.6 kcal mol�1, and the experimental values for dissociation
energies of H2 and ZnH are 103.3 and 19.6 kcal mol�1,
respectively.60 Therefore, the dissociation energy of the first
Zn–H bond in ZnH2 is estimated to be 76.1 kcal mol�1, nearly
four times larger than that of the second bond. The relative
energies of gaseous MH and MH2 molecules (M ¼ Zn, Be and
Mg) are compared in a simple diagram in Fig. 5. The best
ab initio theoretical values for the heats of formation of

Fig. 5 A diagram showing the relative energies of gaseous metal
monohydrides and dihydrides. For each metal (M), the energy of the
ground state M (g) þ H2 (g) was taken as zero.
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gaseous BeH2 and MgH2 from metal vapor and molecular
hydrogen are �37.6 and þ3.6 kcal mol�1, respectively.61,62

On the other hand, the experimental dissociation energies of
BeH and MgH are 46.9 and 29.3 kcal mol�1, respectively (see
Fig. 5).63,64 Therefore, the dissociation energies of the first
metal–hydrogen bond in gaseous BeH2 and MgH2 are esti-
mated to be 94.0 and 70.4 kcal mol�1, respectively. Based on
the energies required to break the first metal–hydrogen bonds,
i.e., MH2 (g) - MH (g) þ H (g), the order of stability is BeH2

4 ZnH2 4 MgH2. It turns out that gaseous CdH2 and HgH2

(group 12) similarly lie between BeH2 and MgH2 in this
series.36,37 The other dihydrides of group 2 elements, i.e.,
CaH2, SrH2 and BaH2, have not been detected in the gas phase
yet, and our efforts to generate these molecules have been
unsuccessful.

5. Conclusions

High resolution infrared emission spectra of gaseous ZnH2 and
ZnD2 in the n3 region were analyzed. The n3 fundamentals of
the most abundant isotopologues, 64ZnH2 and 64ZnD2, were
observed at 1889.433 cm�1 and 1371.631 cm�1, respectively,
and the band origins for the minor isotopes of zinc appeared at
slightly lower wavenumbers, consistent with the theoretical
predictions. In addition to the n3 fundamental bands of
64ZnH2,

66ZnH2,
67ZnH2,

68ZnH2,
64ZnD2,

66ZnD2 and
68ZnD2, several hot bands involving n1, n2 and n3 were assigned
and analyzed. Spectroscopic constants were obtained for each
observed vibrational level by fitting the data to analytic energy
level expressions. Rotational l-type doubling and l-type reso-
nance, local perturbations, and Fermi resonances were ob-
served in the vibration–rotation bands of both ZnH2 and
ZnD2, and equilibrium vibrational frequencies (o1, o2 and
o3) were estimated. Using the rotational constants of the 000,
100, 0110 and 001 vibrational levels, the equilibrium rotational
constants (Be) of

64ZnH2 and 64ZnD2 were determined to be
3.600 269(31) cm�1 and 1.801 985(25) cm�1, respectively, and
the associated equilibrium bond lengths (re) were found to be
1.524 13(1) Å and 1.523 94(1) Å, respectively. The difference
between the re values of

64ZnH2 and 64ZnD2 is about 0.01%,
and is mainly due to the breakdown of the Born–Oppenheimer
approximation.
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