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High resolution infrared emission spectra have been measured for AuH and AuD and for two
isotopomers of each of CuH, CuD, AgH, and AgD. The molecules were made in a carbon tube
furnace(King furnace, and in spite of intense background thermal emission from the fur(@ce
>2000 °Q, vibration—rotation emission data could be recorded. Together with high resolution
measurements taken from the literature, the data for each species were treated using two types of
combined-isotopomer analysis: One based on fits to empirical molecular parameters, and the other
based on direct fits to the underlying potential energy functions, both of which take account of
mass-dependent Born—Oppenheimer breakdown correction terms. Accurate isotopically related
Dunham parameters and Born—Oppenheimer breakdown parameters are obtained for each species,
as well as accurate analytic potential functions and adiabatic and nonadiabatic radial correction
functions. © 1999 American Institute of Physids$0021-960809)02224-3

I. INTRODUCTION Grundstron,*! who analyzed th® 13 *—X!3 " transition in
the 2260-2228 A region, and more recently by Brown and

There is considerable experimental and theoretical interGinter? who recorded absorption spectra from 2500—1750
est in the spectra of metal-containing diatomic hydride mol-A. Along with the reanalysis of thE—X andD—X systems,
ecules. This is due partly to the importance of transitionthey found four new transitionsF 1*-X!3*, GO'-
metal hydrides in heterogeneous catalysand partly to XIS+t H1*—X13*, andl 1*-X13*. These states are la-
their presence in many astronomical sourc@ey are also  peled using Hund’s cast) notation. All of these excited
ideal systems for studying the breakdown of the Born—states exhibit perturbations, and tHeand| states also show
Oppenheimer approximation and first-order semiclassicadjgns of predissociation. Although the visible spectrum of
quantization condition, which in turn cause simple first-ordercyp has not been as extensively studied as that for CuH, the
semiclassical mass-scaling of Dunham or band constants {913+ _x 13+ system was recorded by Heimér,
fail to predict accurately the energy level differences amongjeppesed? Ringstian? and most recently by Fernando
different isotopomers. These effects are particularly large fogt 5115 ysing FT (Fourier transform emission spectroscopy
hydride molecules® and for the high rotational levels ob- ysing a hollow cathode discharge.
served in high temperature emission spectroscopy experi- | the infrared, the vibration—rotation spectrum of the
ments. These considerations led us to undertake a series (j’ifound state of CuH was accidentally observed by Ram
high resolution infrqred emission studies of the spectra of thg, 5,16 5 copper hollow cathode lamp was used in an experi-
coinage metal hydrides. _ ment with a continuous flow of Ne and,Hjases to record

Since the first laboratory study of CuH in 1923he the spectrum of Nel.2® Copper atoms were sputtered off

visible and vacuum ultraviolefUV) spectra of CuH and the cathode material, and in the presence gfthe CuH
CuD have been studied extensively by many investigators,, iacule was forme& The 1-0 2—1 bands and the 2—0
The A'S*-X'3" transition of CuH has been observed in j orione band of3CuH and®°CuH were recorded with a

sunspot spectfaand tentatively identified in the spectrum of Fourier-transform spectrometer at 0.05 ¢nresolution in

thhe stt)ar 19 Pis.cigr?l.Tot?ate., th_g mosr: corgprehedn?.ive work the 1800-5000 cm' region. However, those measurements
as been carried out by Ringstio who observed five ex- are superceded by the ones reported herein.

cited electronic state#y '3 ", bA,, B3IIy+, C1, andcl in Evenson and co-worké&!® were able to generate
the 3300-3900 A regiohand theE *X“—X'3 * transition 63.6%CuH and®*%CuD in a long hollow cathode discharge
in the 2744-2270 A regioff. Other work includes studies by and to measure their pure rotational spectra by tunable far-
infrared spectroscopy. The pure rotational transitions were
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FIG. 1. A portion of the spectrum of CuH in the-branch region; the
absorption lines are due t0,8 present as an impurity the furnace. FIG. 2. A part of the spectrum of CuH showing the isotopic shift between
53CuH and®>CuH.

6232) were recorded fromJ=2-1 to 65]:11(_10 for  for studying the influence of relativistic effects on atomic
®CuH, fromJ=3«2 to J=19—18 for °CuD, and from  and molecular propertié®:® For example, nonrelativistic

J=32 to J=16—15 for ®*CuD.***?In addition, Okaba-  calculationd! predict the wrong energy order for the first two
yashi and Tanimot8 have reported accurate measurementsxcited states of the Au atoriP and?D, while relativistic

of the J=1-0 transitions of***CuH. All of these pure calculations agree well with experimeRtCalculations have

rotational transitions were included in the present data analyheen carried out on thé S * ground state of AuH in order

ses. _ _ to study the effect of relativity on the bond lengththe
Spectra of AgH were first measured in 193:nd sub-  energy ordering of low-lying electronic stat¥sthe ioniza-

Sequent classical work was summarized by Huber angon energy:’:S and the d|po|é6 and quadrupo|e momerﬁé_
Herzberg?? More recently there have been two infrared di-

ode laser experiments. The Jones group measured 21 rovj-
brational transitions of the 1-0, 2—-1, and 3-2 bands fo\rﬂ' EXPERIMENT
107.100gH and 33 transitions for the same bands of  The infrared emission spectra of the coinage metal hy-
107.100gD. 224 On the other hand, theoretical studies of drides were recorded with a Bruker IFS 120 HR Fourier-
these molecules have been numerous, at least partly becausansform spectrometer. In these experiments, a very high
relativistic effects are important for quantitative calculationtemperature carbon tube furnace was employed to melt and
of the properties of molecules formed from atoms as heavyaporize the coinage metals. This furnace, sometimes called
as Ag. For example, in one of the best relativistic calcula-a King furnace, is 0.5 m in length and the central section of
tions to date, Ziegleet al?® obtained a vibrational frequency the tube has a 40 mm inner diameter. The tube windows are
of we=1709 cm? and an equilibrium bond length d®, 1” (25.4 mn) in diameter and the tube bore diameter for the
=1.61 A, while their nonrelativistic calculation gawe,  outer sections is 15 mm. The furnace is heated by a power
=1605 cm ! andR,=1.71 A. Comparisons with the experi- supply (Astra Industrie and the temperature is controlled
mental results show that the former are much closer to thby manually adjusting the current fed to the heating ele-
truth. ments. The temperature was measured with an optical py-
The most comprehensive experimental study of AuHrometer by sighting on the thermal emission down the center
and AuD was the absorption measurements of Ringsiro  of the tube. Although this method is imprecise, an accurate
the 2200—3000 A regioff:?” He identified five excited elec- temperature measurement would require a clear view of the
tronic states, four of which display Hund’s case coupling.  furnace wall, and this is not possible with the present experi-
These states were found to have large equilibrium internumental arrangement. These measured temperatures are,
clear distances and small dissociation energies, as well dkerefore, lower bounds to the real values. The windows and
many perturbations. However, the limited resolution of thosehe outer jacket of the furnace are cooled by a flow of water
results means they can provide little information aboutwith a liquid—liquid heat exchanger and recirculator.
Born—Oppenheimer breakdown effects, so they were not in-  In the Cu experiments, a small piece of Cu red¥ g)
cluded in the present analysis. On the other hand, Fellowwas placed inside the central section of the furnace in a car-
et al?® recently recorded high resolution optical spectra ofbon boat. The furnace was rapidly heated-t500 °C and a
the A0 —X '3+ system of AuH using a Fourier transform flow of H, or D, gas was continuously maintained through
spectrometer, and their data were included in the analysis dhe tube. For the CuH experiment, the total pressure inside
the new infrared measurements reported herein. the tube was-120 Torr and the spectrum was recorded by
Although little studied experimentally, there have beencoadding 10 scans at 0.02 cfrresolution. The instrumental
numerous theoretical studies of AuH and AuD. This is be-parameters for the spectrometer were: A ChEBamsplitter,
cause, as with silver, molecules formed from gold are usefuliquid N, cooled HgCdTg (MCT) mercury cadmium tellu-
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FIG. 5. A portion of the AuD spectrum; the signal to noise is very low for

FIG. 3. A portion of theP-branch spectrum of AgH. Strong absorption lines
P P 9 9 P the AuD transitiong5:1 for the best lingsin this spectrum.

are due to HO.

ride] detector, and KRS—&hallium bromoiodide windows signal-to-noise ratio for AgH and AgD was much poorer
on the external emission port of the spectrometer. The spec-75.1  the measurement precision in the more intenée
trum was record_ed at a temperature exceeding _17(Iaﬂ6 (Iower'—u) bands was alsa-0.001 cm! for the best lines.
probsbly exceeding 2000 9Gn the 1300-2100 crf wave The estimated precision of most lines in the first two bands
Aumoer range. . . of each of AuH and AuD was also aba#t0.001 cm'*. Both

The silver experiments were performed by pla_cmg afeWpe AuD and AgH emission spectra are overlapped with
?rams cut frorr]n a sﬂvgr Ingot |_nha c%rbon _bo?t inside thestrong absorption lines of 4@, leading to blending of some
urnace. For_t e experiments with gold, a single troy oUncgyi,jinng| lines, but the JO lines also provide an absolute
OT 99.9% purity gold was purchased locally from the Cana-;,jipration of the spectrum. The AgD spectrum did not over-
dian Imperial Bank of Qommerde!ohnson & Matthey The lap with any other spectral features, while that for AuH was
CuH and CuD experiments were performed on d'ﬁerentoverlapped with strong COemission lines
iaﬁ’ a;’ X\ve[r)e the AgH and AgD r?easu(rjemer;]ts, while dthe The new infrared line positions were measured by fitting
| u haT u expgnmentsowSere periorme ]?nAt € samle ay, Voigt line shape function to each feature using J. Brault’s
n t_de (:]lttefr expenme(;\ts, I. dtr?_y ounge of AU was ?}ace[g{ata reduction progranrc-DECOMR It determines the center
Inside the furnace and meited, first under an atmosp ere 9 a line by fitting its profile to a Voigt line shape function,
D gas to record the AuD spectrum, and subsequently wit hich is a convolution of Gaussian and Lorentzian
H gas to “?COrd the spectrum _Of AuH. Sample spectra ofa unctions® To assign the lines in each spectrum we used an
these species are shown in Flgg. 1-5. Th? rotational COMteractive color Loomis—Wood program written by C. N.
staﬂs for the coinage metal hydndes.are fa|rly Iarg$(2 Jarman which allows one visually to pick out a series of
cm ), so each r.ot'atlonal Il'ne is well .ISOIatQ;une sPacing - otational lines belonging to a vibrational band. Where avail-
~2B near the origin The signal-to-noise ratio for the CuH able, ground state combination differencés CuH/D from

and CuD was~40:1 for the best lines, giving a measurementp .t 18 and 19 for AgH/D from Refs. 23 and)2dere then
precision of +0.001 cm?® for most lines. Although the used to correctl;il assign the spectra '

P®)  1-0Band lll. ANALYSIS

In all of the fits reported herein, the observed transition
energies were weighted by the inverse square of their uncer-
tainties, and the quality of fit is indicated by the value of
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where each of th&l experimental datg,,{i) has an uncer-
tainty of u(i), andy.,di) is the value of datumipredicted

by the M —parameter model being fitted. All parameter un-
certainties quoted here are 95% confidence limit uncertain-

)

FIG. 4. A portion of the spectrum of AgH showing the small isotopic shift ties, and the atomic masses used in the combined isotope
between'®AgH and%°AgH.

analysis were taken from the 1993 mass t4Ble.
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A. Data Used in the Analysis 2 . (Ml) m+1/2 |
. . E%v,Jd)= Yinl — +1/2'[JJ+1)]™
For the copper hydride system the new infrared data at (v,J) (I,mZ(0,0) b g (v 1 )]
the core of the present analysis consists of th€), (2,1), N N
(3,2, and(4,3) bands ofCuH and the(1,0), (2,1), and(3,2) N AM} AMg 58
bands of®®*CuH, ®3CuD, and®3CuD. For strong unblended Gz | Mo MM me T
lines the associated measurement uncertainty was estimated s
to be 0.001 crm’. In an effort to optimally characterize the M1 | m
X-—state of this system, the present analysis also incorporated X Mo 0+ 12T+ DI 2

the pure rotational measurements for the O levels of all o w1 u et
four isotopomerd®=2 as well as the0,0), (0,1, and (1,0 Where AMi=M,—Mj, and a=1 (as in Y ,=Yin)
bands of the electronic A—X systems $fcuD and®*CuD identifies the selected reference isotopomer, which in
reported by Fernandet al*° The uncertainties used to define the present work is always the hydride of the most
the weights used for these published data Weh¥.000003 ~abundant isotope of the metal. This expression is
and® 0.000 000 5 crit for the pure rotational transitions and fundamentally equivalent to the familiar Ross—Eng—
0.004 cmi® for the electronic transitior. While more ex-  Kildal—Bunker—Watsoff™* expansion, except that the
tensive A—X data have been reported by Ringstfothey Born—Oppenheimer and JWKB breakdown terms are in-
are of much lower accuracy, and so were not used here. cluded as additjve .rather thgn mulltiplicative correcltio.ns, the
For the silver hydride system the present analysis wageference species is a real isotopic molecule, agg/iy’in-
based solely on our new infrared data. It consists oftpe, ~ cluded properly. Unlike the conventiofi&1** {U, n}'s, the
(2,1, and (3,2 bands of the four isotopomer®’AgH, constants{Yﬂ’m} have sensible unit&m™1) and direct physi-
109 gH, 197AgD, and!%®AgD, and the average uncertainty cal significance as the conventional Dunham constants for
for strong unblended lines was taken as 0.00I tm the reference ¢=1) isotopomer. The analogous constants
For the gold hydride system our new infrared data confor other (@# 1) isotopomers are readily generated from
sists of the(1,0) and (2,1) bands of'*’AuH and the(1,0), . .
(2,0), and(3,2) bands of**’AuD; for these measurements the ve —lyl 4 AM}4 P AMg 5B
uncertainty associated with strong unblended lines was esti- hm hm M& m M3 hm
mated to be 0.001 cnt. New high resolution optical mea-
surements of thé0,0), (1,0), (2,0, (0,1), (1,1), (2,1), and Other advantages of this expansion are discussed
(1,2 bands of the A(0)—X(*S*) system of®AuH re-  elsewheré?
ported by Fellowset al,?® with estimated uncertainties of Within this formalism, the choice of an actual molecular
0.003 cm'?, were also included in this analysis. speciegisotopomer-1as the reference system means that by
Listings of the data sets used in the present analyses majgfinition Yg;=0. The analogous terms for other isoto-
be obtained by sending requests by electronic mail to eithgpomers are in general nonzero, since the Jeffreys—Wentzel—-
P.F.B. (bernath@UWaterloo.ga or R.J.L. (leroy@ Kramers—Brillouin(JWKB) and Born—Oppenheimer break-
UWaterloo.ca, or from the AIP E-PAPS electronic down corrections give rise to small nonze?@o coefficients.
databasé! Unfortunately, the latter cannot be determined empirically if
the available data involve only a single electronic state.
However, for transitions between different electronic states,
B. Combined isotopomer Dunham-type analysis S, S,, if sufficiently accurate data are available for differ-
ent isotopomers one can empirically determine the electronic
isotope shift

M1

Mo

()

>m+I/2

1. The method

The first stage of the analysis consisted of fitting to a sy — A 5 _5*(S
separate Dunham expansion for each isotopomer of each spe- 0,0~ M_f\[ 0.d(S2) = 90,0 S1)]
cies. In all cases, the residual discrepancies were comparable
to the experimental uncertainties, and the internal consis-
tency of the fits showed that there were no mis-assignments +
or anomalies in these data sets. However, the total numbers

of parameters required to represent the various data sets WSpractice this means that the second sum in @gshould

rather large. . ~ only include the [,m)= (0,0) term for the second and higher
In order to simplify the representation of these multi- 5 the electronic states considered, and that the coefficients

isotopomer data sets and to extract physically interesting i”actually determined in the fit are tidifferenceetween the
formation about Born—Oppenheimer breakdown effects, all g5 52

- 0o Values for the two electronic states
of the multi-isotopomer data for each system were then re- ’
fitted using a comb|_ned-|sotoppmer Dunham-type expression 39,0(32): 53,0( S,)— 5/3’0(31)_ (5)
for the level energies. Following Ref. 42, observed transi-
tions for isotopomekx of species A—B formed from atoms The fact that it naturally yields this explicit description of
of massM, andMg were expressed as differences betweerelectronic isotope shifts is another advantage of the formal-
level energies written as ism of Eq.(2).

M o
854S — 854S |- (4)
M B
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TABLE |. Parameters for th& 'S andA 'S " states of CuH and CuD obtained from a simultaneous fit of 754 high resolution microwave, infrared and
visible transitions for all 4 isotopomers to energy differences defined byZEc¢he numbers in parentheses are the 95% confidence limit uncertainties in the
last significant digits shown.

All-isotopomer fit Generated from tHECuH constants & Eq(3)

Constant 83CuH 85CuH 8cuD 85cuD

X 3* State Constants

Y10 1941.610 45250 1941.140 557 1384.521 069 1383.860 976
Ya0 —37.886 99 (210) —37.868 611 —19.258 206 —19.239 825
Y0 0.1923(7) 0.192 1601 0.068 6299 0.068 5317
Ya0 —-0.01042(7) —0.010 409 89 —0.002 691 78 —0.002 686 64
You 7.944 817 13 (820) 7.940 966 68 4.038 767 028 4.034 914 089
Y1 —0.255 7021 (230) —0.255516 059 —0.092 684 288 —0.092 551 626
Ya1 0.001 4971 (160) 0.001 495 648 0.000 386 743 0.000 386 005
Y1 —0.000 0585 (41) —0.000 058 429 —0.000 010 7738 —0.000 010 7481
Y1 —0.000 0057 (4) —0.000 005 6917 —0.000 000 7484 —0.000 000 746 26
10* Yo, —5.317 286 (270) —5.3121284 —1.374 20070 —1.37157875
10* Yy, 0.081 76 (69) 0.081 6609 0.015057 57 0.015 021 67
10 Y,, —0.0018 (4) —0.001 7974 —0.000 236 34 —0.000 235 66
10* Y3, —0.000 387 (43) —0.000 386 34 —0.000 036 225 —0.000 036 104
10° Y3 2.4445 (35) 2.440 944 0.321 7442 0.320 8238
10° Y5 —0.069 (6) —0.068 883 —0.006 4588 —0.006 4372
108 Yy, —0.009 (3) —0.008 983 —0.000 6006 —0.000 5983
10" Yo, —1.63(3) —1.6268 —0.108 775 —0.108 361
553’16 0.036 (7)
100 554 0.118 (4)
AN 0.8471 (40)
LA —0.007 (3)
AN —0.0058 (7)
10° 544 2.9028 (42)
100 874 —0.169 (5)
10° &Y, —0.463 (15)
10° 544 0.12 (4)

A 13+ State Constants

Too [23 292.14063000] [23292.132 4% 23326.025 35120 23326.028 37
Noo 0.0 —0.03662
Y10 [1717.5435200] [1717.126 3% 1224.476 44370 000 1223.891 95
Y20 [-53.(4) ] [—52.974 29| —26.937 76190 000 —26.91205
You1 [6.929 33352)] [6.926 029 98 3.521 900 312700 3.518 568 54
Y11 [—0.257 64(10)] [—0.257 4525 —0.093 355 893600 —0.093 22227

10* Yq, [—4.647 33400)] [—4.6428222 —1.200 534810 000 —1.198 2442

10° Yy, [—0.066(9)] [—0.06593 —0.012 155117 000 —0.0121261

10° Y3 [1.833(94)] [1.83033 0.240 66912 000 0.239 980

10 Yq,4 [—0.8(2)] [-0.798 64 —0.074 88421 000 —0.074 634

10" Yo, [—2.2(2)] [—2.1957 —0.146 81(1700 —0.146 25
‘38% _1.19(4)

10° 5§ 1.9()

No. of data 756 110 282 228

No. parameters 38 0 0 0

P 0.849 0.864 0.741 0.977

i

2. Application to the coinage metal hydrides

were performed by fitting to EqQ.2) using program

isotopic zero point energy differences and any Born—
The present combined-isotopomer parameter analysédPPenheimer breakdow(®—-O-B) type corrections.

Fitting the present multi-isotopomer data sets for CuH,

DSPARFIT, 24 which simplifies the resulting parameters by AgH, and AuH to Eq.(2) yielded the molecular constants
applying the sequential rounding and refitting procedure ofand uncertaintiedlisted in the first column of Tables I,

Ref. 39. In this program, the zero of energy for each elecrespectively. These consist of the conventional Dunham con-
tronic state is taken to be the zero-point0,J=0) level of  stants for the reference isotopomer plus any mass-dependent
the reference isotopomerrE 1), and the electronic excita- or Born—Oppenheimer breakdown parameters which could
tion energy determined in the fit is the difference betweerbe determined. These are the essential results of each analy-
such zero point energie$q 5. The T o values for the minor-  sis. For the convenience of the user, however, the remaining
ity isotopomers are then determined by taking account of theolumns of each table list the conventional Dunham param-
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TABLE Il. Parameters for th& '3 state of AgH and AgD obtained from a simultaneous fit of 369 high resolution infrared for all 4 isotopomers to energy
differences defined by Eq2); the numbers in parentheses are the 95% confidence limit uncertainties in the last significant digits shown.

All-isotopomer fit Generated from th8’AgH constants & Eq(3)
Constant 107AgH 109agH 107AgD 1095agD
Y10 1759.749623) 1759.598 71 1250.894 68 1250.682 299
Ya0 —33.980 05150 —33.974 223 —17.219 396 —17.21355
Y0 —0.0052(3) —0.005 1987 0.006 2928 0.006 2896
You 6.450 06639 6.448 9452 3.257 9187 3.256 8051
Y11 —0.202 13735) —0.202 087 76 —0.07257183 —0.072535 86
o 0.000 6854200 0.000 685 165 0.000 174 829 0.000 174 710
Y4 —0.000 105837 —0.000 105 755 —0.0000191788 —0.000 019162 6
10* Yo, —3.467(2) —3.465 811 —0.884 73 —0.884 13
10* Yy, 0.047 23(170 0.047 2098 0.008 4529 0.008 4457
10 Y,, —0.005 81(98) —0.005 8070 —0.000 748 48 —0.000 747 72
10* Y3, 0.0010(3) 0.000 9994 0.000 091 553 0.000 091 444
10° Yy, —0.000 16(4) —0.000 159 89 —0.000010 410 —0.000 010 396
108 Yos 1.11(6) 1.10943 0.142 997 0.142 851
100 Yy, —0.07(2) —0.06996 —0.006 409 —0.006 401
10 Y, —0.005(3) —0.004997 —0.000 3253 —0.000 3249
102 Y, -1.0(7) —0.9993 —0.065 06 —0.064 98
108 56\91 —0.8(7)
10° 579 —0.15(10)
AN 0.8315(52)
8o —0.2289(39)
8o 0.0455(9)
10° of, 1.23(7)
10° oY, —-0.112(19)
10° 5, -0.3(2
10° 5?2 —0.12(6)
No. of data 369 79 112 99
No. parameters 25 0 0 0
o 0.977 0.951 0.927 0.942

eters for the minority isotopomers generated from the resultthe hydrides being placed in square brackets. Note too that
in the first column using Eq(3), and rounded at the first while the fit is parameterized in terms of the constants for the
significant digit of the parameter sensitivityMore signifi-  reference isotopome?f*CuH, since the only data for the
cant digits are required to represent these derived constandsstate are those for the deuteride, the uncertainties in the
adequately, as the compensating changes associated with t¥ig,, parameters fof*CuD are listed as well. Except for
sequential rounding and refitting procedure do not come intg@mall differences due to slightly different treatments of
play3® The o values for the minority isotopomers seen in rounding, these A-state CuD constants and uncertainties are
the last row of each table were generated by comparing pradentical to those yielded by a multi-isotopomer fit to the
dictions generated from these derived constants with the exsame four-isotopomer data set which tréd@uD as the ref-
perimental data for that isotopomer alone. The magnitudes afrence isotopomer.

the resulting values indicate that those derived parameters The quantitydYq for A-state CuD given in Table | is
represent the data for the minority isotopomers essentially akie copper electronic isotope shift implied by the fitted pa-

well as would an independent fit to those data. rameter 55§(A). This is the absolute A-state energy shift
_ occurring on replacingCu by the indicated Cu isotope in
3. Parameter-fit results for CuH and CuD either the hydride or the deuteride. Although the analogous

For the copper hydride system, the only availablehydrogenic electronic isotope shift coefficient is expected to
Fourier-transform A-state data was that for the two deuteridée distinctly larger than this, it cannot be determined from
species® so no hydrogenic mass-dependent correction pathe data set used here, $&€uD is effectively the reference
rameters&ﬁm could be determined for the A state. As a re-isotopomer as far as the determination of this quantity is
sult, although the fit is parameterized wiiCuH as the ref- concerned. However, it should also predict accurately the
erence isotopomer, the A-state Y parameters obtained for A-state electronic isotope shift frofiCuH to ®®CuH.
the hydride isotopomers are effectively determined from A possible point of concern regarding the results in
those for thé’*CuD by conventional first-order semiclassical Table | is the relatively large magnitude of the uncertainties
mass scaling. The results for the ground state indicate thaib the vibrational constants,;¥yand Y,  for the A-state. This
the missing hydrideB—O-B type corrections will not be occurs because the experimental data for this state involved
negligible, so these predicted hydride A-state constants arenly thev’=0 and 1 levels of*5%CuD, and it is only the
expected to be distinctly less accurate than those for the desmall®3CuD to®®CuD isotope effect which allows the deter-
terides. This is indicated in Table | by tH¥, .} values for mination of a vibrational anharmonicity parameter. Although
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TABLE Ill. Parameters for th& '~ and A ™" states of AuH and AD v " actually increasesfrom the hydride to the deuteride.
obtained from a simultaneous fit of 376 high resolution infrared and visible. h‘. ter-intuitive result is explained by the fact that the
transitions for both isotopomers to energy differences defined by2Eg¢he This coun QI’ Inturiv uitis explai . y .

numbers in parentheses are the 95% confidence limit uncertainties in the la¥glue of this constant for the reference isotopomer is unusu-
significant digits shown. ally small, almost four orders of magnitude smaller than

Y,0, allowing the normal mass scaling to be overwhelmed

by the effect of theB—O-B correction parameteﬁg',o. As

From the'®’AuH

All-isotopomer fit constants & Eq(3)

Constant

97AuH

97AuD

X 13+ State Constants

pointed out by Watsof® this is the type of case in which the
conventiond®*® B—O-B parameterization would give
anomalously large values for its correction paranféter

Yio 2305.500 82200) 1635.250 438

Ya0 —43.366 13160 —218.188 496 AD =8 (MYrmoaYE + 80 + 8B ). 6

Yo ~0.0052(4) ~0.001 8546 Lm= = O MATM) (Y 91 + O m) ®

You 7.24153921) 3.642 2493 Applying this expression to the results in Table Il yields

Yi1 —0.213 7235240 —0.076248707 A =—2074. which is anomalously large relative to the
10* Yy, 4.346(200) 1.099 26 ' : ; i

: usual magnitude of order unity for such parameters. This

10* Y4, —0.91(5) —0.163232 . :
100 Y. _2.8563(8) 0.724 1048 illustrates one of the weaknesses of the conventional Ross—
10 Yiz 0.022 77(70) 0.00408439  Eng—Kildal-Bunker—Watson representation, which is that
10* Yy, —0.001 54(55) —0.000 1959 unusually large or small values values of the normal,Y
10 Y3, —0.0004(1) —0.000036 085  parameters can give rise to anomalously small or large val-
13: Yos 0.476(10) 0.076 122 ues of theAﬁm correction parameters, even though the abso-
! :;}3 _8'%52‘(‘)14) ~0.001445 lute magnitude of the associatBd-O—B correction itself(as

1,0 . H H 1 1

5, —0.0351(4) n_1d|cate_d by the preserﬁf’m parametersmay be “normal
108 531 1.11(7) (|.e., quite small.
10° &, -0.120(9)
10° &Y, -1.3(4) .
10 85 2.45(81) 5. Parameter-fit results for AuH and AuD
10° &5 0.52(16) Because our high resolution infrared data set for AuH

A 13+ State Constants

consists of only 69 lines, the 165 optical A—X data of Fel-
lows et al?® are fairly important for the present analysis,

Too 27 344.998616) [27 437.717 1% ,
Yio 1692.419560) [1200.219 888 even though they are of somewh@ip to 6 time$ lower
Ya0 —73.071(2) [—36.749 433 accuracy. However, the fact that no deuteride data are avail-
You 6.006 845130 [3.021 009 02 able for the A-state means that no mass—dependﬁf,qtpa-
Y1, —0.260 431(220) [‘8-832 826 ;7 rameters may be determined for it. As a result, the predicted
Yaa ~0.020 428) [~0.005 164 9§ A-state deuteride parameters in Table Ill were generated by
10* Yq, —3.2216(98) [-0.814 859 & . . . .
10° Vs, ~0.04(2) [-0.007 175 simple first-order mass scaling; as for the copper hydrides,
10° Y,, —0.1134(56) [—0.014 4255 the resulting lower accuracy is indicated by placing the as-
10° Yo, 0.1(2) [0.012 721 sociated constants in square brackets.
10 Y, -1.11(19 [-0.100137
10" Yo, —-2.3(1) [-0.1471§ ) o ]
No. of data 376 142 C. Direct potential fit analysis
No. parameters 32 0
P 0.954 0.867 1. The method

As a more compact and more physically significant al-
ternative to the Dunham-type analysis reported above, all
interparameter correlation makes these uncertai_nties relgtata for the various isotopomers of a given species were also
tively large, neglecting the anharmonic term increasefor  fitted directly to eigenvalue differences numerically calcu-
the global fit by nearly 50%, so it cannot be ignored. Thesdated from the effective radial Schiimger equation

uncertainties in turn give rise to relatively large uncertainties s )
in the H—D zero point energy shift, which explains the dif- | _ ﬁ_ d_+Va (R) + A7I(I+1)
ference between the magnitudes of the uncertainties in the 2x dR? ad 2uR?
To 0 values for the H and D isotopomers. However, the actual
A-state vibrational spacingAG,,, are still quite accuratel o
PacingA Gaz g Y X[1+G°(R)]~Ey s, s(R)=0, @)

determined, particularly for the D-isotopomers, and since the
main reason for including the optical data was to improve the . ) ) i i i
statistics on the determination of the X-state parameters, thénere the effective adiabatic potential for isotopornen a

size of the uncertainties in these A-state vibrational paramdiVen electronic state is written as that for isotopomer—(
eters is not a matter of great concern. =1) plus atomic mass dependent “adiabatic” correction

terms
4. Parameter-fit results for AgH and AgD M AME
For the silver hydride system, an interesting apparenV,(R)=V3(R)+ QAAVQd(R)Jr aBAVEd(R), (8)
anomaly seen in Table Il is the fact that the magnitude of A B
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and the(nonadiabatiteffective centrifugal distortion correc- correction functionsAV';\ 4«(R) is somewhat more compli-

tion term is written as cated. Different isotopomers in a given electronic state in
ML ML general have slightly different well depths; between hydrides

q%(R)= —AqA(R) + —BqB(R), (9) and deuterides such differences are typically of the order of a

Ma Mg few cm %, while the analogous changes among heavy atom

isotopomers will be much smaller. In the absence of vibra-
Stional data spanning most of the potential well, one cannot
expect to determine such differences empirically; this is the
case for the systems considered here. As a result, the leading
expansion coeﬁicienteé and ug’ for the ground stateg;),
Which determine the isotopic shift of the potential minimum,
cannot be determined from fits to the available data. Thus,
ug(Sy)=uS(S;)=0, which means in effect that for the
round states of the coinage metal hydrides, the sums in Eq.
le) begin atj=1.
For an excited electronic stat&4), the leading adiabatic

correction function coefficients are related to the adiabatic
electronic isotope shift

where both the adiabatic potential correction function
AVA4(R) and AVE,(R), and the nonadiabatic centrifugal
correction functiongj,(R) andqg(R), are isotopomer inde-
pendent.

This representation of the atomic mass dependent co
rection terms is equivalent to that in the Hamiltonian dis-
cussed by Watsdh and used in numerous practical
analyses;*®*°except that(following Ref. 42 the reference
potential is the actual effective adiabatic potential for a real
isotopic (@=1) molecular species, rather than the theoretica
“clamped nuclei” potential obtained in the lowest order ver-
sion of the Born—Oppenheimer separatiiwhile of theo-
retical interest, the latter cannot be calculatdd initio to
spectroscopic accuracy, and since experimental data which N winnae A A e
spans the same range of energy for all isotopomers are rarely ATE(S) = (AMA/M QY[ Up(Sy) — Ug(Sy) ]+ (AMg/Mg)
available, when determined empirically it will tend to have X[ug(Sz)—ug(Sl)]. (14)
much larger uncertainties at some distances than would the

actual adiabatic potential for the dominant isotopomer, . . s :
V;d(R). Moreover, the mass scaling conventions of Ref. 42For the present cases in which the ground 5,) val-

mean that the adiabatic potential correction functiﬁr\@;d \L/jv?ti (I:Eang)t ?ﬁ edeszrnrmneadcflrjc;“] tggtgfrlnsit:]r;% ?r?)tr?{ t?(/a ?i?: fsgy
and AV2, have units cm?, and their magnitude is directly 9. 19, a y y

related to the magnitude of the change in the potential fro the leading adiabatic correction expansion coefficient for

one isotopomer to another, whitg\(R) and gg(R) are di- nzeXCIted states, is
mensionless and their magnitu@elative to unity is a direct

indication of the strength of these terms. Further discussion  Up(S2) =U5(S;) —Uug(Sy). (15
of this representation of th8—-0O-B correction functions
may be found in Ref. 42. Note, however, that these effective electronic isotope shift

In the present work, the effective adiabatic potential forcoefﬁcientsaé\(sz) are not expected to be identical to the

tmhgrcsigrg?C?ITatltlosr?,t(cl)Epl\tA)g)efruvr\]/?tsiorr?presented by the expandeglao(sz) values yielded by the parameter-fit analysis, since

the former describe only the isotopic shift in the difference
VI(R)=Df1-e AARRN2 (100  between the potential energy minima in the two electronic
states, Whil&?&o(sz) also includes contributions due to dif-
ference in the degree of breakdown of the first-order semi-
Pg(lfssical or JWKB approximation in the two states. How-
er, the former contribution may usually be expected to

where D, is the potential well depthR, is the equilibrium
bond length,z=(R—R.)/(R+R,) and bothB(z) and the
adiabatic and nonadiabatic correction functions are express

as power series ia dominate.
_ Together with most other published applications of the
B(R)ZJZO Bz, (1) type of direct potential fit method described above, the

present analysis overlooks the question of the limiting long-
, _ range behavior of the potential exponent funct@fR) and
AVR(R)=2 ufd, AVE(R)=2 uPZ, (12 the B-O—Bcorrection functioné®>*-5%0ur use of(half of)
=0 =0 the Ogilvie—Tipping variable as our expansion paramater
_ _ which approaches-1 asR—«, does mean that our func-
aa(R) =2 o'z, qe(R)=2, qf7. (13 tions always approach finite values in this lirfithich is not
= =t true of those reported in early applications of this apprgach
In these expansions, the units of §B;} coefficients are but the limiting asymptotic values of these functions will
A1, those of the{uf} and{u}a} coefficients are cm!, and  sometimes be physically implausible. In the present cases all
the{qf} and{qF} expansion coefficients are all dimension- such irregular long-range behavior occurs at distances far
less. beyond the range associated with the existing experimental
As shown by Watsoff® the centrifugal correction func- data, and so has no effect on the results presented here.
tions g5 (R) may be defined to be identically zeroRf, so  However, a more robust approach which automatically
the sums in Eq(193) start at thej=1 term. However, treat- incorporates appropriate long-range behavior is under
ment of the equilibrium behavior of the adiabatic potentialdevelopment*>°
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2. Application to the coinage metal hydrides This difference in range is indicated on Fig. 8 by the vertical
1J_Jars on the curves for those two systems, which indicate the
range over which the potential itself is most accurately
gram DsPOTFIT®® which uses the Numerov procedtfteo known._ Note tqo that the QOtt(_ad portio_ns of the poten_tial
numerically integrate Eq.7) for the initial and final state of correctlon functions shown in F!g. 8.are in the extrapolgtmn
each transition. For all isotopomers of all three systems, thi§e910N beypnd the range of the mtensotopomer comparisons,
integration was performed on the interval 0.5R=5.0 A so the rapid oscillations seen there may mainly represent the

with a grid spacing of X104 A. This sufficed to ensure tendency of polynomials to extrapolate badly.

that the eigenvalues used to simulate the infrared and ele?— The ciua“:]at'\éif S|m|lar|ty of theB—;—B-correctlodns
tronic transitions were converged to better thaw1p 4  functions for the different coinage metatee Figs. 7 and)8

cm L, and those representing the microwave déta CuH) provides reassuring evidence of their physical significance.
Were,converged to better thank1L0™8. The partial deriva- However, it is interesting to note in Fig. 7 the very different
tives of transition energies with respect to potential energyn@gnitudes of the centrifugd—O-B correction functions
and B—O-Bcorrection function parametefeequired for the determ|_ne_d for the A and X s_tates. The gree_xter strer_lgth of t_he
fits) were calculated from the associated eigenfunctions ud'Mer is in fact expected, since this term is a5150f|ated with
ing the Helmann—Feynmann theorem. The numbers of sig?®nadiabatic coupling withIl states, and thé ' state

nificant digits required to represent the parameters detetVill lie much closer to, and hence, will be more strongly
mined in the fits were minimized by application of the affected by such excited states than will the ground state.

sequential rounding and refitting procedure of Ref. 39. ~ One problem which sometimes arises in the direct poten-
For all three systems, the available data span only a fradi@! fit approach is that the potential obtained may behave
tion of the potential well depth, so we cannot expect to de_nonphysmally in the.extrapolatlon region outside thellnterv.al
termine preciseD, values from the present analysis. The ON V\{hlgh the experlmerjtal data depend. One manifestation
ground state well depth of each species was, therefore, fixgdf this is that at small distances the exponent funcitga)
at the literature valié of 2300G+500 cm™t for CuH, May decrease sufficiently rapidly withthat the steep repul-
19304 +500 c¢m* for AgH, and 27 200+1000 cm* for sive wall of the analytic potential can actually turn over at
AUH. These well depths were also taken to be the same fofe"y SmallR. This happens to occur for the present ground
all X-state isotopomers, saf'(S;)=ul(S,)=0 (for M=Cu, State potential for CuH, which has an innerwall inflection
A, or Au). The excitedA 'S * electronic states of CuH and Point atR=0.609 A and turns over &=0.475 A. However,
AuH involved in the present analysis dissociate to a groundhese distances are far smaller than the physically accessible
state hydrogen atom and tRBs, first excited state of the Potential well region, since the zero of energy where the
metal atom. Thus, the dissociation energy for the A state igner potential wall crosses the dissociation limit liesoat
defined in terms of that for the ground state, the valuggf — =1.026 A. The computer prograthused here avoids nu-

Least-squares fits of experimental data to eigenvalue di
ferences calculated from E{7) were performed using pro-

and the know?''°8 atomic excitation energiy (°Ds)): merical difficulties this might cause by automatically check-
) ing for such behavior, and arbitrarily fixing3(z)=pB(R
De(A)=De(X)+Em("Dsp) = Te(A). (18 —R)) for R<R,, whereR, is the distance<R.) where the

Equation(16) shows that the isotopomer dependencé pf third derivative of the potential changes sign. For our ground
contributes to the isotopomer dependencégfA), but all ~ state potential for CubR,=0.7285 A, and since the potential
that can actually be determined here is the isotopomer deenergy there is 100391 crh above the dissociation limit,
pendence of the differend@q(A) — Dg(X) 1. this correction has no effect on any bound-state properties or
The parameters defining the potential energy andalculations.
B—O-B correction functions determined from simultaneous ~ An analogous problem which also may arise sometimes
fits to data for all isotopomers of each system are presented that if 3(z) in the largeR extrapolation region decreases
in Table IV. As above, the superscript “M” on the labels for sufficiently rapidly with R, it will give rise to a spurious
the B-O—Bparameter$u!} and{q!} identifies the relevant outer second minimum in the potential. In the present work
coinage metal. The potential energy function édO—-B  this happens to occur with our potentials for the X state of
correction functions determined in this way are shown inCuH and the A and X states of AuMd.However, as shown
Figs. 6—8. The solid portion of each curve indicates the inby Fig. 6, the onset of thigmis)behavior lies far beyond the
terval spanned by the data used in the analysis for each sy&gion spanned by the data, and will have no practical effect
tem; this is defined as the region between the classical turr®n bound state property calculations. As mentioned above, a
ing points of the highest observed vibrational level. Note thatnore robust approach which automatically incorporates ap-
since the adiabatic correction function&/”(R) character- ~propriate long-range behavior is under developniérit.
ize thedifferencesbetween the total effective potentials for ~ Consideration of Tables I-IV shows that for all three
different isotopomers, the range on which they are directlymolecular systems the dimensionless standard erfoior
determined is that associated with the data for the minoritythe direct potential fit was typically a few % larger than that
isotopomer(here the deuteridewhich may be smaller than for the Dunham-type parameter fit to the same data. This is
that associated with the dominant ofiee hydrid¢. In the  to be expected, as the potential fit imposes a consistent
present work this was true for the ground states of CuH angbhysical model, while the unconstrained Dunham-type pa-
AgH, and as a result, thek;’d functions are accurately know rameter fits of Tables I-Ill have a greater ability to follow
over a slightly narrower range than is the potential itself.nonphysical fluctuations in the data, so the apparent im-
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TABLE IV. Potential parameters obtained on fitting all observed transition frequencies to eigenvalue differ-
ences calculated by solving E().

Parameter 83CuH 107agH 1977 H
X—State Potential Parameters

D /lcm?t 23000.0(5002 19 300.0(5002 27 200.0(10002

Re/ A 1.462 543 776240 1.617 911 427) 1.523 675 413

Bol At 1.552 828 24190 1.541 581 §24) 1.704 802 65210

Bl AL —0.061 528150 0.106 52(10) 0.052 87(8)

Byl At 1.035 55(65) 1.484 5383 1.469 61(100)

Byl AL 1.9434(95) 2.295(9) 2.051(17)

Byl AL 3.313(26) 5.38(7) 1.35(11)

Bs! At 1.2(5) —1.4(5) —-11.(2)

Bsl AL —14.4(18)

uyt/ em? 3.4(1) - e

ut'/em™? 81.67(14) 33.15(140 37.45(110

ul'/ emt —-91.3(18 59.(9) 116.(8)

ut'/em™ —1057.(110 —660.(30 —1110.(21)

ut'/em™ 5000.(890)

ut /emt —16000.(3500

ql 0.00 003 79) S e

qf 0.00 143 1(20) 0.0001(3) 0.0007(1)

ab —0.0056(9) 0.0115(14) 0.0032(6)

q'3'| —0.048(12)
A-State Potential Parameters

Te/cm? 23412.2165180 e 27 665.25871700

Dol cmt 10 790.3488 S 8696.0418

Re/ A 1.566 360 339) e 1.672 3027230

Bol AL 1.989 147130 ‘e 2.200 424 18700

Bl AL 1.3427(12) e 1.3022(190

Byl At 4.59(3) S 0.9(2)

Byl A7t —11.43(200)

uy/emt —-1.23(7)

ul'/em™ —15.(6)

q) —0.0088(14) ‘e ‘e

qt —0.0517(28) e —0.0855(37)

q? 0.36(9)

q[; 10.5(15)

qY —135.8(160

No. of data 756 369 376

No. parameters 26 13 22

o 0.897 1.039 1.035

/alue taken from Ref. 22.
bGenerated from Eq(16); its uncertainty is the same as that Bg(X).

provement ina they yield is unlikely to be physically sig- isotopomers of CuH, AgH, and AuH. In spite of the intense
nificant. Moreover, the direct potential fits require substanbackground thermal emission of the high temperature carbon
tially fewer parameters than the converged parameter fits fotlbe furnace, it was possible to record high resolution infra-
the same systems. red emission spectra for these systems. These results were
For the CuH case, it is interesting to note that the coppegombined with high resolution pure rotational spectra for
atom electronic isotope shift coefficients determined in theCuH and CuD and optical spectra for CuD and AuH taken
two methods, 3SYA) =1.19(x0.04) cm* and USYA) from .the _Iiterature, and analyzed using two types o_f
=1.23(x0.07) cn ! are essentially equivalent, COrrespond_comblned—lsotopomer analysis: Dunham-type parameter fits
ing to an A-state electronic isotope shift frdfCuH (or D)  including atomic mass dependesO-B type isotopic cor-
to ®°CuH (or D) of 0.037(+0.003) cm* [see Egs(14) and rections, and direct fits to potential energy functions with
(16)]. As noted earlier, this means that the metal atom con@tomic mass dependent adiabatic and nonadiabatic radial
tribution to the zero point energy correction due to higher-correction functions. The two approaches yield fits of essen-
order semiclassical effects is either negligible or essentiallyially equal quality; the slightly larges; values associated
identical in the two electronic states. with the direct potential fits are a reflection of the constraints
imposed by the greater physical reality of that approach.
IV. SUMMARY Moreover, the direct potential fits are much more compact
Fourier transform emission spectroscopy has been usdgequiring only3 to 5 as many parametérsand are expected
to record ground state vibration—rotation spectra for variousgo yield much more reliable extrapolations to higlestates.
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FIG. 6. Potential energy curves determined from our direct potential fits x5 g Born—Oppenheimer breakdown adiabatic potential correction func-
multi-isotopomer data sets for the coinage metal hydrides. The solid curvgng determined from multi-isotopomer direct potential fits. The solid curve

segments indicate the intervals spanned by the data set used in the analygl§gments indicate the intervals spanned by the data for the minority isoto-

pomer, which determine this quantity, and the vertical bars indicate the
) o bounds on théin general broadéiintervals on which the potential function
On the other hand, generating such predictions from the ré&or the dominant isotopomer is defined.

sults of the potential fit approach is somewhat less conve-

nient, as it would require a user to run a radial Sclimger-

solver program, rather than simply substitute quantunground state hydrogeni8—O-B radial correction functions

numbers into analytic expressions. At the same time, thdéave the same magnitude and qualitative behavior, and the

agreement between the values of the A—X electronic isotopgreater magnitude of the CuH A-state centrifugal correction

shift from ®3CuD to 5°CuD provides gratifying confirmation function in the upper segment of Fig. 7 is readily understood

of the physical consistency of the two approaches. in terms of the stronger nonadiabatic coupling expected for
One of the objectives of the present work was to exam-an excited electronic state. Within the parameter-fit results

ine the magnitude and nature B O—Btype corrections for one can compare the magnitudes of individBalO—B cor-

a family of related hydrides. Figures 7 and 8 show that the

0.010 ——
- CuH (A'zY -
£
o
=)
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FIG. 9. Contribution 0B—0O-Btype corrections to the H D isotope shift
FIG. 7. Centrifugal Born—Oppenheimer breakdown correction functions de-of the vibrational energie@ipper segmentand inertial rotational constants
termined from multi-isotopomer direct potential fits. The solid curve seg-(lower segmentof the ground electronic state of the coinage metal deu-
ments indicate the intervals spanned by the data set used here, and are thedes(solid curves, dotted in extrapolation regjand of ground state DF
same as those associated with the corresponding potentials of Fig. 6. (dashed curves, from results of Ref.)42
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rection expansion parameters, but it is more enlightening t&T. ziegler, J. G. Snijders, and E. J. Baerends, J. Chem. Ftdys1271
examine the contribution of these corrections to the differ- (198J.

ences between the properties of different isotopomers. Tg,

this end, Fig. 9 plots th&—-0-B type contributions to the
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28C. E. Fellows, M. Rosberg and A. P. C. Campos, R. F. Gutteres, and C.

vibrational energies and inertial rotational constants of each amiot, 3. Mol. Spectrosc185, 420 (1997.
deuteride; these are calculated by substituting the appropriaf&. Pyykkq Chem. Rev88, 563 (1988.

5['m parameters and masses into the second expansion in

(2). Once again, we see that these corrections have the sam

magnitude and qualitative behavior in these three systems.
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mined in Ref. 42dashed curves in Fig.) % iave the opposite

sign. However, a discussion of the characteristic magnitud
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