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Abstract

High resolution infrared emission spectra of ZnH, ZnD, CdH, and CdD have been recorded with a Fourier transform spectrometer.
The v=1— 0 and v =2 — 1 bands of ZnH, ZnD, CdH, and CdD, as well as the v = 3 — 2 band of ZnD were observed for the X 2™
ground electronic state. In addition, new rotational spectra have been recorded for CdH and CdD using a tunable far-infrared spectrom-
eter, and pure rotational transitions in the v = 1 level of the ground state were measured. The new data were combined with the previous
data from diode laser infrared spectra and pure rotation spectra of ZnH/ZnD and CdH/CdD available in the literature. The data from all
isotopologues were fitted together using a Dunham-type energy level expression for L states, and Born—-Oppenheimer breakdown cor-
rection parameters were obtained. The equilibrium rotational constants (B.) of %47nH, **ZnD, "“CdH, and '"*CdD were determined to
be 6.691332(17), 3.402156(7), 5.447074(18), and 2.750761(6) cm™", respectively, and the associated equilibrium internuclear distances (r.)
are 1.593478(2), 1.593001(2), 1.760098(3), and 1.759695(2) A, respectively. Simple reduced mass scaling for the spin-rotation interaction
constants of ZnH and CdH fully accounted for their isotopologue dependence, and no Born-Oppenheimer breakdown correction was

required for these parameters.
© 2006 Elsevier Inc. All rights reserved.

Keywords: ZnH; CdH; ZnD; CdD; Vibration-rotation spectra; Pure rotation spectra; Multi-isotopologue fitting; Dunham constants; Born—-Oppenheimer

breakdown

1. Introduction

Gaseous ZnH,, CdH,, and HgH, molecules have been
discovered recently in our laboratory at the University of
Waterloo, and their infrared emission spectra were
recorded at high resolution using a Fourier transform
spectrometer [1-5]. These spectra also contained a few
vibration-rotation bands of ZnH, ZnD, CdH, and CdD
in the X X" ground state, which are described in this
paper. In addition to these infrared emission spectra, we
have recorded new far-infrared spectra of the CdH and
CdD molecules. Zinc and cadmium have several naturally
abundant isotopes, and high resolution spectra of ZnH,
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ZnD, CdH, and CdD are valuable for studying small iso-
tope effects due to both metal and hydrogen atoms.

The ZnH and CdH molecules were first observed in the
1920s through their electronic spectra in the visible/near-ul-
traviolet region [6—12], their identification being primarily
based on the large line spacings [7] and the isotope effects
[8]. Rotational analyses of the spectra by Mulliken and
Hulthén [10-12] resulted in spectroscopic constants for
the X *Z* ground state and the A *IT excited state of each
species. The Zeeman effect in the A-X band systems of
ZnH and CdH was studied by Watson [13]. Further inves-
tigations were undertaken in the 1930s, and two electronic
transitions, 4 ’IT - X °Z " and B*2" - X 22", were stud-
ied in detail [14-22]. The most complete analyses of the
A-X and B-X bands of ZnH and CdH were performed
by Stenvinkel [17] and Svensson [18], respectively. The
0-0 bands of the 4 *IT — X ?T" transitions of ZnD and
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CdD were analyzed by Fujioka and Tanaka [19] and Deile
[20], respectively. The absorption spectra of ZnH, ZnD,
CdH, and CdD in the far-ultraviolet region were analyzed
by Khan [23,24], and a new electronic transition, C
2>t « X 22, was assigned for these molecules. Huber
and Herzberg [25] compiled a nearly complete summary
of the ZnH and CdH studies prior to 1975.

The 4 °TT —» X *2" and B°L" — X ?Z*emission spectra
of ZnD and CdD were recorded by Balfour and co-workers
in the 1980s [26-29], and several vibrational bands were
analyzed. The molecules were generated in an arc source,
and the spectra were recorded by classical spectrographs.
Balfour’s data spanned the v =0 to 3 levels of the X °Z*
ground states of ZnD and CdD. A few years later, O’Brien
et al. [30] measured the 0-0 band of the 4 °IT — X °Z " sys-
tem of ZnD at high resolution using a hollow cathode dis-
charge lamp and a Fourier transform spectrometer.

The equilibrium internuclear distances, vibrational fre-
quencies, dissociation energies, and dipole moments of
the ZnH and CdH molecules have been computed in sever-
al ab initio theoretical studies [31-35]. These calculations
further confirmed the experimental assignments of the A
1, B?2", and C ?Z7 states [33-35]. Hyperfine structure,
A-doubling and lifetimes of ZnH and CdH have been mea-
sured by laser-induced fluorescence spectroscopy [36,37]
and by matrix-isolation electron spin resonance (MI-
ESR) techniques [38-40]. Low resolution infrared absorp-
tion spectra of ZnH, ZnD, CdH, and CdD trapped in solid
argon, neon, and hydrogen matrices have also been record-
ed [41,42]. Of astrophysical interest, Wojslaw and Peery
[43] claim to have detected some branches of the 0-0 and
1-0 bands of the A-X system of ZnH in the absorption
spectrum of the star 19 Piscium.

The only previous high resolution infrared spectra of
zinc and cadmium monohydride are those obtained by
Jones and co-workers [44,45]. They used a diode-laser
infrared spectrometer and observed the v=1+« 0 and
v=2+«1 bands of ZnH, ZnD, CdH, and CdD in the X
23" ground state. However, the number of rotational lines
observed in each band was limited by the spectral ranges of
the diodes available. Millimeter-wave and far-infrared
spectra of ZnH and ZnD were obtained by Goto et al.
[46] and Tezcan et al. [47], respectively, and several rota-
tional lines in the v = 0 level of the X °X" ground state were
measured. Recently, Varberg and Roberts [48] recorded the
far-infrared spectra of CdH and CdD, and observed rota-
tional transitions in the v =0 level of the X *X" ground
state. They performed a multi-isotopologue fit to their
data, but overlooked the vibrational dependence of the
rotational and spin-rotation interaction constants. This
resulted in an anomalously large number of correction
parameters being attributed to the breakdown of the
Born-Oppenheimer approximation.

In this paper we report new Fourier transform infrared
emission spectra containing the v=1—0 and v=2—>1
bands of ZnH, ZnD, CdH, and CdD, as well as the
v =3 — 2 band of ZnD in the X °Z* ground state. In addi-

tion, we have recorded new far-infrared spectra of CdH
and CdD, and observed several rotational transitions in
the v = 1 level of the X X" state. We have combined our
new data with those obtained from the previous vibra-
tion—-rotation and pure rotation spectra [44-48], and per-
formed multi-isotopologue fits for ZnH and CdH using a
Dunham-type energy level expression [49] that was modi-
fied for X" states. The isotopic dependence of the spin—ro-
tation interaction constant (y), derived by Brown and
Watson [50], was implemented in our fitting program,
and we also included a simple vibrational dependence for
this constant. We show that many of the Born—-Oppenhei-
mer breakdown correction parameters reported by Varberg
and Roberts [48] vanish if the vibrational dependences of
rotational and spin-rotation interaction constants are tak-
en into account properly.

2. Experiments

The infrared emission spectra of the ZnH, ZnD, CdH,
and CdD molecules were generated using an emission
source that combines an electrical discharge with a high
temperature furnace. The discharge-furnace setup in our
laboratory at the University of Waterloo has been
described in detail in previous reports on ZnH,, CdH,,
and HgH, molecules [1-3]. A small tantalum boat contain-
ing about 100 g of zinc or cadmium was placed inside the
central part of an alumina tube, and heated to 470 or
350 °C, respectively, to produce about 0.5 Torr of metal
vapor. The tube was sealed with BaF, or KBr windows,
and pure hydrogen or deuterium (total pressure ~0.5-
2.5 Torr) flowed slowly through the cell. A dc discharge
(3kV, 333mA) was created between two stainless steel
electrodes located inside the water-cooled ends of the alu-
mina tube, and a BaF, or KBr lens was used to focus the
emission onto the entrance aperture of a Bruker IFS HR
120 Fourier transform spectrometer. Infrared emission
spectra were recorded using a KBr beamsplitter and a
liquid-nitrogen-cooled HgCdTe (MCT) detector. Infrared
longwave-pass filters were used to limit the spectral range
to the 1200-2200 cm ™! region for ZnH/CdH, and to the
800-1600 cm~! region for ZnD/CdD. The instrumental
resolution was set to 0.01 cm ™', and a few hundred spectra
were co-added to improve the signal-to-noise ratio. Over-
all, the emission lines from ZnH and ZnD were nearly four
times stronger than those from CdH and CdD.

The far-infrared absorption spectra of CdH and CdD
were recorded using the NIST TuFIR spectrometer in
Boulder, Colorado, and the experimental conditions were
exactly the same as those described in the recent paper of
Varberg and Roberts on these molecules [48]. The CdH
and CdD molecules were generated in a quartz discharge
tube that had seven equally spaced 1-cm-deep depressions
in it, into which cadmium metal was placed. The tube
was wrapped with heating tape, and the temperature was
increased to about 480 °C. Pure hydrogen at 0.4 Torr or
a mixture of deuterium and argon at 0.7 Torr flowed slowly
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through the tube, and a 100 mA discharge was created
between two wire electrodes located near the two ends of
the quartz tube. The tunable far-infrared radiation was
generated by mixing radiation from two frequency-stabi-
lized CO, lasers with a tunable microwave amplifier. The
radiation was collimated by a parabolic mirror, passed
through the absorption cell, and focused onto a liquid-he-
lium-cooled bolometer or photoconductor. The CdH and
CdD spectra were acquired by sinusoidally modulating
the frequency of one of the CO, lasers at about 1 kHz
and by detecting the absorption signal with a lock-in ampli-
fier. Due to the frequency modulation, lines in the far-in-
frared spectra appeared as first derivatives of the
absorption profile.

3. Results and analyses
3.1. Infrared emission spectra

The infrared emission spectra contained atomic and
molecular emission lines, as well as blackbody emission
from the hot tube and absorption lines from atmospheric
water vapor. To obtain flat baselines, the blackbody emis-
sion profile was subtracted from the spectra using the Bru-
ker OPUS software. The v =1 — 0 and v =2 — 1 bands of
ZnH, ZnD, CdH, and CdD, as well as the v =3 — 2 band
of ZnD in the X 2" ground state were observed in emis-
sion. An overview of the infrared emission spectrum of
ZnH is presented in Fig. 1, and the R-branch of the
v=1— 0 band of ZnD is shown in Fig. 2.

Zinc has five stable isotopes with the following terres-
trial abundances: ®*Zn (48.6%), ®°Zn (27.9%), “Zn
(4.1%), 8Zn (18.8%), and °Zn (0.6%). The terrestrial
abundances for the eight isotopes of cadmium are:
1%6Ccd  (1.3%), '%cd (0.9%), '"°cd (12.5%), "'cd
(12.8%), '"2Cd (24.1%), 'Cd (12.2%), '"*Cd (28.7%),
and ''"°Cd (7.5%). Lines from most of these isotopes
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Fig. 1. An overview of the infrared emission spectrum of ZnH recorded at
0.01 cm™" resolution.
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Fig. 2. A portion of the infrared emission spectrum of ZnD showing the
R-branch head of the fundamental band.

(all except "°Zn, '°°Cd, and '°®*Cd) were observed in
our infrared emission spectra, and the isotope splittings
were completely resolved. The spin-rotation interaction
in >27" states removes the degeneracy of the e (F;) and
f(F,) parity components, and we observed a doublet
splitting in almost all vibration—rotation lines. The iso-
tope splitting and spin splitting in one rotational line
of CdH and ZnD are shown in Figs. 3 and 4,
respectively.

Line positions were measured using the WSPECTRA
program written by Carleer (Université Libre de Bruxelles).
In addition to ZnH, ZnD, CdH, and CdD, molecular emis-
sion lines from ZnH,, ZnD,, CdH,, and CdD, were
observed, and the analyses of their spectra have been pub-
lished [1-4]. The ZnH and CdH spectra also contained
strong CO (impurity) emission lines, which were used for
absolute wavenumber calibration [51]. The ZnD and
CdD spectra were then calibrated using several atomic
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Fig. 3. An expanded view of one rotational line in the CdH infrared
spectrum showing the spin doubling (¢/f) and the isotope splitting. Lines
have been marked by the mass numbers of cadmium isotopes.
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Fig. 4. An expanded view of one rotational line in the ZnD infrared
spectrum showing the isotope splitting and the spin doubling (e/f).

emission lines that were common to both hydride and deu-
teride spectra. The absolute accuracy of calibrated line
positions in ZnH and ZnD spectra is about 0.0005 cm ™.
The calibrated CdH and CdD line positions have an accu-
racy of about 0.001 cm™".

3.2. Far-infrared absorption spectra

The new far-infrared absorption spectra of cadmium
hydride cover several pure rotational lines in the v =1
level of the X ?X" ground state. These spectra involve
the isotopologues ''*CdH, '"?CdH, and '"°CdH over
the range N' =4 to 11 and ''"°CdD, ''*CdD, '"*CdD,
and '"°CdD over the range N” =9-20. Magnetic hyper-
fine structure arising from the 'H or D nucleus was
present in all these spectra, but was fully resolved only
for the lowest-N transitions of CdH. We fitted the hyper-
fine structure of these low-N rotational lines of CdH in
the v=1 level, and found it to be 10% larger than that
in the corresponding rotational lines within the v=0
level [48]. This determination allowed us to predict
hyperfine splittings over the full range of v =1 rotational
levels studied, which is required for an accurate analysis
of the observed line shapes, as described in [48].

To properly combine these pure rotational transitions
with the infrared rovibrational transitions in the global
fit, it was necessary to calculate frequencies of the transi-
tions in the absence of hyperfine structure. We accom-
plished this by first fitting a parameterized Hamiltonian
including rotational, spin-rotation, and hyperfine terms
to each isotopologue separately. We then set the hyperfine
parameters to be identically zero and used the fitted values
of the rotational and spin—rotation constants to calculate
the hypothetical ‘“hyperfine-free” positions of the pure
rotational lines. These frequencies were subsequently used
in the global fit to all of the spectroscopic data. This proce-
dure is more accurate than simply determining a single

average frequency in fitting the line shapes of the hyper-
fine-blended pure rotational transitions, because matrix
elements in the hyperfine Hamiltonian that are off-diagonal
in J cause small but significant shifts in the rotational lev-
els. We estimated the uncertainties in these ‘“hyperfine-
free” pure rotational lines to be 5x 10~ ®cm ™" (150 kHz).

3.3. Data analysis

The published diode laser infrared spectra of ZnH,
ZnD, CdH, and CdD contained the v=1«0 and
v=2<«1 bands for these species [44,45]. The number
of rotational lines in each band was limited, due to spec-
tral gaps in the diodes available. For example, only one
rotational line was observed in the P-branch of the
v=2«1 bands of ZnD and CdD [44,45]. We included
all the diode laser infrared lines in our data set, and
there was no systematic discrepancy between those lines
and our calibrated line positions. The available pure
rotation data [46-48] were also included in our data set
as hyperfine-free line positions calculated in the same
manner as mentioned above.

The program DParFit [52] was used to obtain conven-
tional band constants by fitting the data to analytic energy
level expressions derived from the following Hamiltonian
operator:

H = BN? — DN* + HNS + LN® +N~S(y+yDN2 +yHN4).
(1)

The band constants were sequentially rounded and refitted
[53] starting from the highest order parameter of the high-
est observed vibrational level. The rounded constants for
¢47nH, **ZnD, ''*CdH, and ''*CdD are reported in Tables
1 and 2.

The data for all isotopologues were then combined and
fitted simultaneously using Dunham-type energy level
expressions modified for T states, i.e., the following
equations for e(J = N+ 1/2) and f{lJ = N — 1/2) parities,

respectively.
Ex=) ZYm(H ) NV + 1)]"
m=0 [=0

5 N>; > (v%)/w(m prtlo @
Yim <v+;>l[N(N+ n”

N+1) ;Zy,m(v—&—) INN+ D))" (3)

In Le Roy’s formulation of the Born—-Oppenheimer break-
down parameters [54] for a diatomic molecule A-B, the
Dunham constants for each isotopologue (o) are related
to those for a chosen reference isotopologue (¢ =1) by
the following equation:

/A
EU,N -

M

m=0 [=0

NI'—‘
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Table 1
Band constants (in cm ™) for the X 2" ground state of ®**ZnH and **ZnD?
Molecule Constant v=0 v=1 v=2 v=3
$47ZnH G, 0.0 1496.47788(22) 2873.7218(5)
B, 6.5476308(9) 6.2420626(78) 5.900569(25)
10°D, 4.72631(14) 4.96334(72) 5.3998(34)
10°H, 7.08(8) —1.73(24) —22.5(16)
102, —3.99(14) —9.8(3) —21(3)
o 0.253108(4) 0.23366(4) 0.21193(8)
10%p., —0.7930(7) —0.806(2) —0.868(4)
10”9110 5.1(4) — —
%47ZnD G, 0.0 1089.91437(14) 2122.38807(21) 3092.1493(8)
B, 3.35036133(49) 3.2425018(28) 3.127117(5) 3.001227(16)
10°D, 1.21635(3) 1.25213(14) 1.30817(30) 1.3905(7)
10°H, 1.0632(84) 0.364(24) —0.78(7) —4.26(9)
102L, —0.225(7) —0.42(1) —0.78(5) —
o 0.129973(3) 0.123093(18) 0.11579(3) 0.10781(8)
10%p., —0.20372(18) —0.2032(4) —0.2119(6) —-0.225(2)
10%m,0 0.66(3) — —
# The numbers in parentheses are 2¢ uncertainties in the last quoted digits.
Table 2
Band constants (in cm ™) for the X X" ground state of "*CdH and ''*CdD?
Molecule Constant v=0 v=1 v=2
4cdH G, 0.0 1336.9576(2) 2549.9724(16)
B, 5.3254120(3) 5.0631697(11) 4.76031(7)
10D, 3.171414(39) 3.4278(2) 3.961(6)
10°H, —1.265(24) —10.36(13)
102L, —2.65(5) —6.8(3)
0.604595(3) 0.55218(1) 0.4916(4)
10%p., —1.71829(29) —1.8101(5) —1.99(5)
1074, 6.41(9) —
4cdD G, 0.0 973.5970(2) 1888.6176(16)
B, 2.70739863(20) 2.6165496(30) 2.517426(31)
10D, 0.80227(2) 0.84119(27) 0.908(1)
10°H, —0.056(8) —0.590(96)
10"2L, —0.13(1) —0.4(1)
e 0.308833(3) 0.290693(24) 0.2707(3)
10%p., —0.43525(19) —0.4474(6) —0.46(2)
1011, 0.91(3) — —

% The numbers in parentheses are 2¢ uncertainties in the last quoted digits.

o 1 o 1 m+1/2
(@ (1) MEA)_fo) A Mﬁ)_Mgs) B ! Y
' ’ M, ’ My ’ My

(4)
In the above equation, 5ﬁm and 5?,” are the Born-Oppen-
heimer breakdown correction parameters for atoms A
and B, respectively, M, and Mp are atomic masses, and
w’s are reduced masses. An analogous reduced mass scaling

relationship exists for the spin-rotation interaction con-
stants [50]:

) M 1 m+1/2
yl,;n = Vl,m (,Ll_) . (5)

Program DParFit was used for multi-isotopologue fit-
ting, with the reference isotopologues chosen to be **ZnH
and '""*CdH. The Dunham constants of the reference isoto-

pologues and the Born—-Oppenheimer breakdown correc-
tion parameters are presented in Tables 3 and 4. The
sequential rounding and refitting technique [53], starting
from the parameter with largest relative uncertainty, has
been applied to the constants of Tables 3 and 4 to minimize
the number of digits required to reproduce the data accu-
rately. The Dunham constants of **ZnD and ''*CdD are
derived from those of **ZnH and '"'"CdH using Egs. (4)
and (5), and require more digits, as determined by param-
eter sensitivities [53]. Complete lists of all the data used in
our analyses, and the Dunham constants for all isotopo-
logues are provided in the Supplementary data.

The equilibrium rotational constants (B.~ Y;;) of
%7nH and ""CdH in Tables 3 and 4 have high precision,
mainly because the pure rotational data were included in
our data set. Using the B. constants of ®*ZnH and
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Dunham and Born-Oppenheimer breakdown constants (in cm ') for the X 22" ground state of **ZnH and *ZnD?

Dunham %47nH %znD Born-Oppenheimer breakdown
Yio 1603.1813(70) 1143.218719 ot 1.1504(6)
Yoo —50.50089(940) —25.6614425

Yso —1.5064(50) —0.545649

Yao —0.1612(9) —0.04162259

Yo 6.69133166(1700) 3.402155578 o 0.0080074(62)
Y1, —0.2825981(670) —0.102371518 o —0.000048(6)
Yo, —0.0089738(860) —0.002317077

Y3, —0.00113(5) —0.0002079857

Ya, —0.0002689(81) —0.0000352807

10%Y,, —4.648825(690) —1.2028793 10* 5tL —0.01962(21)
10%Y; 5 —0.14087(220) —0.02539308 10% o, 0.00582(15)
1075, —0.0191(17) —0.00250599

10%Y;, —0.01801(37) —0.001684422

10°Yo5 10.804(220) 1.440468 10° 8¢5 0.35(5)

10°Y; 5 —8.66(66) —0.809944

10°Y, 5 3.3(5) 0.22001

10°Y;5 —2.02(8) —0.096

1024 —3.19(20) —0.212676 5 0.000141(2)
102y, 4 0.0(6) 0.0

10254 —3.0(3) —0.101632

Yo.1 0.26258(4) 0.13342699

o —0.019538(160) —0.00707706

2.1 0.00182(25) 0.00046993

P31 —0.001362(150) —0.00025069

Va1 0.00021(3) 0.000027553

10%., —0.78782(110) —0.2034188

10%, 5 —0.005(2) —0.00092

10%,., —0.0120(9) —0.0015744

10%903 6.39(23) 0.8384

10%y; 5 —2.1(4) —0.1964

% The numbers in parentheses are 2¢ uncertainties in the last quoted digits.

"4CdH, the associated equilibrium internuclear distances
(re) of these species were determined to be 1.593478(2)
and 1.760098(3) A, respectively. The r. distances of
%4znD and '"'“CdD are expected to be slightly different
from those of ®*ZnH and ''"*CdH, respectively, due to the
existence of Jf, correction parameters. Using the derived
B. constants in Tables 3 and 4, r. distances of
1.593001(2) and 1.759695(2) A were obtained for **ZnD
and ''*CdD, respectively.

4. Discussion

The new Dunham constants for ZnH and CdH are com-
pared with those determined from the diode laser infrared
spectra [44,45] in Table 5. While the constants reported in
[45] are in the form of mass-independent Dunham-type
coefficients (U, and 4,,,) formulated by Bunker [55] and
Watson [56], it is straightforward to transform them to reg-
ular Dunham (Y;,,) constants [54]. We compare only the B,
constants and the Y, coefficients that represent the vibra-
tional energy. There is no point in comparing higher order
Y, constants with m > 0, because our data set was much
more extensive than the diode laser infrared data alone.
It is interesting to note that although the Y; o and Y5 o coef-
ficients have very small relative uncertainties, their values
depend strongly on the model, i.e., on the order of polyno-

mial used for vibrational energy, see Table 5. In the ZnH/
ZnD multi-isotopologue fits, our Y;, constants are clearly
preferred to those reported in diode laser infrared studies
[44,45] because there was an extra vibration—rotation band
in our data set, i.e., the new v = 3 — 2 band of ZnD, which
allowed us to determine higher order Dunham coefficients.
In the CdH/CdD fits, the vibrational range of the data set
used in our fit was the same as that used in the diode laser
infrared studies, i.e., v = 0 to 2 for both CdH and CdD, but
we used a different model. Instead of fitting the vibrational
energies of CdH and CdD to two Dunham constants (Y o
and Yp) and introducing two Born-Oppenheimer break-
down correction parameters (0}, and &), we used a
third-order polynomial for Y;, and only one correction
parameter 5?0. Our Y and Y, coefficients are therefore
considerably different from those of Urban et al. [44] and
Birk et al. [45]. Fortunately, it is possible to ascertain which
model is more reliable in this case, because the v =3 — 2
vibrational interval of '*CdD is known with relatively high
accuracy (+0.05 cm™ ) from Balfour’s work [27]. He stud-
ied the A°IT — XL electronic spectrum of CdD and
observed a vibrational energy difference of 849.93 cm™!
between the v =3 and 2 levels of ''*CdD [27]. Somewhat
surprisingly, our derived Dunham constants for ''*CdD
(Table 4) predict the v =3 — 2 vibrational interval to be
849.927 cm ™', equal to Balfour’s measured value within
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Table 4

Dunham and Born—-Oppenheimer breakdown constants (in cm™!) for the X 22" ground state of ''*CdH and ''*CdD?

Dunham 4CdH 4cdD Born-Oppenheimer breakdown

Yio 1443.47421(310) 1025.923761 o 1.0707(11)
Yoo —48.3345(25) —24.397623

Y —3.0301(6) —1.0866568

You 5.4470743(180) 2.750760873 o 0.00500315(1300)
Y14 —0. 23936712(5700) —0.085773934 o 0.00038(2)
Y, —0.006349(50) —0.001617655

Ys, —0.0031315(140) —0.000566863

10*Y,, —3.085445(650) —0.78711618 10* 581, —0.00769(19)
10°Y, 5 —0.1604(24) —0.02903555

10Y,, —0.012(3) —0.00154331

10*Y3, —0.02216(94) —0.002024817

10°Y; 5 0.13(8) 0.045634 10° 55 0.45(3)

10°Y; 5 —-0.7(2) —0.063961

10°Y,5 —4.186(100) —0.271744

102 Y, 4 —0.56(8) —0.036354 o5d 0.0000495(9)
1027, 4 —4.17(14) —0.192328

o1 0.6304422(330) 0.31822593

Y11 —0.055197(170) —0.01979479

2.1 0.01053(31) 0.00268293

11 —0.007754(200) —0.00140363

Ya 0.00139(4) 0.000178766

10%., —1.6891(8) —0.430364

10%, 5 —0.046(2) —0.0083269

10%,, —0.0244(7) —0.0031381

10%90.3 8.99(21) 1.15619

10%, 5 —5.2(4) —0.47514

? The numbers in parentheses are 2¢ uncertainties in the last quoted digits.

Table 5

A comparison of the new Dunham constants of ZnH, ZnD, CdH, and CdD with those obtained in previous studies (all values are in cm™!, and all

uncertainties are 20g)

Constant 84ZnH %znD
This work 457 This work 451
Yio 1603.181(7) 1615.748(23) 1143.219(5) 1147.398(12)
Ya0 —50.501(9) —59.636(12) —25.661(5) —28.736(5)
Yso —1.506(5) — —0.546(2) —
Yio ~0.1612(9) — ~0.0416(2) —
Yo 6.69133(2) 6.68686(33) 3.402156(7) 3.401588(136)
44y 44D
This work 4571 This work 451
Yio 1443.474(3) 1460.945(8) 1025.924(2) 1032.200(4)
Y20 —48.334(3) —61.994(5) —24.398(1) —29.298(2)
Y3 —3.0301(6) — —1.0867(2) —
Yo 5.44707(2) 5.44073(18) 2.750761(6) 2.749767(69)

% The Uy, and 4,,, constants reported in [45] were used to calculate these Dunham coefficients, and the uncertainties were obtained by propagation of errors.

its experimental uncertainty. On the other hand, using the
CdD Dunham constants reported by Birk et al. [45] one
predicts 856.413 cm™! for the v = 3 — 2 vibrational inter-
val, which differs from the observed value by more than
6 cm ™', This indicates that a second-order polynomial is
inadequate for representing the vibrational energy levels
of CdH or CdD, and proves that our third-order polynomi-
al for Y; coefficients with only one correction parameter
(8)'y) is a more realistic model for those vibrational
energies.

As for other diatomic hydrides studied by our group
[57-59], several Born—Oppenheimer breakdown correction
parameters for the hydrogen atom (5?,”) were required in
the multi-isotopologue fits for ZnH and CdH. Due to the
presence of high quality rotational data (uncertain-
ties < 107> cm ™), small correction parameters due to zinc
and cadmium isotopes could be determined for the B, con-
stants (see the &} and 5&? values in Tables 3 and 4). The
presence of these small correction parameters implies that
the equilibrium internuclear distances (r.) are not exactly
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the same, even within different isotopes of zinc and
cadmium.

In a previous study, Varberg and Roberts [48] reported
that four Born—-Oppenheimer breakdown correction param-
eters for y;,, constants were required to fit all the pure rota-
tion data in the v = 0 of CdH and CdD together. It is now
clear that these correction parameters only appeared to be
required because the vibrational dependence of the y, yp,
and yy constants had been overlooked. The v =0 ground
state of CdD lies more than 200 cm ™' lower than that of
CdH, and the reduced mass scaling ratio in Eq. (5), derived
by Brown and Watson [50], applies only to the equilibrium
y.m constants associated with the bottom of the potential
well, and not to the effective y values at v = 0. The present
work shows that when the vibrational dependence of the
spin—rotation interaction constants is taken into account
properly, no Born-Oppenheimer breakdown correction
parameter is required for the y,,, constants, and Eq. (5)
accounts fully for the isotopologue dependence of these
parameters. For each individual vibrational level, the y, con-
stant is calculated from the following equation in which the
v.m constants of different isotopologues are related by Eq. (5)

Yo = Yo, +3’1,1(U+1/2)JFV2,1(UJF1/2)27L7’3,1(UJF1/2)3
+ 741 (v +1/2)", (6)

If one plots y*(u,/p,) versus (v+ 1/2)+/(p,/1,) for dif-
ferent isotopologues, all the points should fall on a single

curve, providing Eq. (5) holds exactly. This is in fact the
case for ZnH/ZnD and CdH/CdD isotopologues, as is
illustrated in Figs. 5 and 6. The individual 7y, constants
are taken from Tables 1 and 2 (independent fits) and the
solid curves are calculated from the y;,, constants of Tables
3 and 4 (multi-isotopologue fits). The plots of Figs. 5 and 6
provide further confirmation for Eq. (5), which was derived
by Brown and Watson [50]. Thus, the Born—Oppenheimer

0.27 -
e S4zpH
0.25 1
— O %znD
T
£ ]
& 0.23
= 0.21 -
2
[=]
2
g 0.19 -
>~
0-17 T T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
(V+Y2) (1, lag) 72
l"1 pa

Fig. 5. The y, constants of **ZnH and **ZnD (from Table 1) are scaled by
reduced masses and plotted versus the reduced mass scaled vibrational
quantum numbers. The reference isotopologue (« = 1) is **ZnH, and the
solid curve is calculated from Eq. (6) using the constants of Table 3.

0.65 1

Y 114
0.60 - CdH

D 114CdD

0135 T T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

(v+Ye) (g lug)

Fig. 6. The y, constants of ''*CdH and '"*CdD (from Table 2) are scaled
by reduced masses and plotted versus the reduced mass scaled vibrational
quantum numbers. The reference isotopologue (¢ = 1) is '"*CdH, and the
solid curve is calculated from Eq. (6) using the constants of Table 4.

Table 6
A comparison of the metal-hydrogen internuclear distances in MH and
MH, molecules (M = Zn, Cd, Be, and Mg)

Metal ro M—H)/A ro(H-M-H)/A Ar/A
%7n 1.593478(2) 1.52413(2)* 0.069
4cd 1.760098(3) [1.675287° 0.085
°Be 1.342436(2)° 1.326407(6)¢ 0.016
Mg 1.729721(1)° [1.698417 0.031

The numbers in parentheses are 2¢ uncertainties in the last quoted digits.

% From [4].

b Experimental r, is not available for CdH,. The r, structure from [3] is
reported in brackets.

¢ From [57].

4 From [60].

¢ From [59].

f Experimental r. is not available for MgH,. The r, structure (in
brackets) was calculated from the rotational constants of MgH, and
MgD, reported in [61] and [62].

breakdown correction parameters for the spin-rotation
interaction constants reported by Varberg and Roberts
[48] were artifacts of their neglect of the vibrational depen-
dence of 7.

The metal-hydrogen internuclear distances (r.) of ZnH,
CdH, BeH, and MgH are compared in Table 6. All these mol-
ecules have a 2" ground state with an unpaired electron in a
non-bonding molecular orbital. The metal-hydrogen dis-
tances of MH, molecules (M = Zn, Cd, Be, and Mg) are thus
expected to be very close to those of the corresponding MH
molecules. We found that the M—H distances in ZnH and
CdH are about 5% larger than those in ZnH, [4] and CdH,
[3], respectively, while these differences are about 2% for
BeH/BeH, and MgH/MgH, pairs (Table 6).

5. Conclusions

High resolution infrared emission spectra of ZnH, ZnD,
CdH, and CdD were recorded with a Fourier transform



A. Shayesteh et al. | Journal of Molecular Spectroscopy 237 (2006) 87-96 95

spectrometer, and a few vibration-rotation bands in the X
23" ground state were observed for these species. In addi-
tion, new measurements of pure rotational transitions in
the v =1 level of the X *X" ground state were obtained
for CdH and CdD. The new data were combined with
the previous data from diode laser infrared spectra and
pure rotational spectra of ZnH/ZnD and CdH/CdD avail-
able in the literature. Empirical Dunham constants and
Born—-Oppenheimer breakdown correction parameters
were obtained simultaneously from multi-isotopologue fits
to the data, and the equilibrium metal-hydrogen internu-
clear distances were calculated. The reduced mass scaling
ratio for the spin-rotation interaction constants derived
by Brown and Watson [50] was further confirmed, as all
isotopic data could be fitted together without any mass-
scaled correction parameters for the y;,, constants. Many
of the Born—Oppenheimer breakdown parameters reported
previously for CdH and CdD vanished when the vibration-
al dependences of the rotational and spin—rotation interac-
tion constants were taken into account properly.
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