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The infrared spectrum of the monodeuterides of the alkali metals, sodium, potassium, rubidium,

and cesium have been measured with a nominal accuracy of +0.001 cm™

using a diode laser

spectrometer. Spectral lines of both the fundamental and the first hot band were observed for all the
deuterides except RbD where only the fundamental was measured. The accuracy of previously

published data on KH was also improved.

Combination of these new data with similar results obtained previously for the equivalent mono-
hydrides allowed the determination of a set of mass-independent parameters and mass-scaling
coefficients for the hydrides of all of the alkali metals. This has allowed the relative magnitudes of
the parameters to be compared for the first time. The results indicate that non-adiabatic effects are

most prevalent in CsH.

Introduction

In almost all spectroscopic investigations it is usually
assumed that the Born-Oppenheimer approximation
[1] holds. However, when dealing with high-resolution
spectra of diatomic hydrides and deuterides, problems
arising from the breakdown of this approximation are
often obvious. A simple approach for dealing with
effects of both an adiabatic and a non-adiabatic
nature has been suggested e.g. in [2] in which a set of
mass-independent parameters and mass-scaling coeffi-
cients are determined which reproduce the spectra of
a number of isotopomers of a particular molecule. As
part of our research program on the diatomic hydrides
of metallic elements, in the recent past we have reported
the determination of these parameters for a number of
diatomic metal hydrides [3—7].

The alkali metals are very easily vaporised, and as
a consequence of this their hydrides have been the
subject of frequent spectroscopic investigations. How-
ever, as a search of the literature soon reveals, mass-
independent parameters and mass-scaling coefficients
have only been so far determined for LiH [8].

A diode laser spectrum of potassium hydride was
measured several years ago by Haese et al. [9]. In the
present paper we report the extension of these mea-
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surements to the deuteride to allow the determination
of the parameters mentioned above. During these
measurements it became clear that the data published
for KH [9] were not optimised. Therefore a few addi-
tional measurements on KH were also carried out.
Diode laser measurements on NaH [10], RbH [11],
and CsH [12] were previously carried out in this
laboratory. Here we also report the results of similar
measurements on the corresponding deuterides.

These new data, when augmented with the data on
LiH and LiD [8], allow the mass-independent param-
eters and mass-scaling coefficients for the hydrides of
all the group Ia elements to be determined. For com-
pleteness, the pure rotational data of LiH [13] and
NaH [14] were also taken into consideration.

Experimental

The apparatus used in this work was essentially that
used in our previous work on diatomic hydrides [3-7].
The radiation source consisted of a Laser Photonics
diode laser head with lead-salt diodes from the same
company. A CuGe-detector (Laser Photonics) operat-
ing at 12 K was used. The deuterides were produced
by discharging (50 Hz) 10 mbar of hydrogen gas in a
ceramic tube (1 meter long and 25 mm i.d.) which con-
tained a few grams of the relevant metal. The power
dissipated by the discharge (4 kV, 300 mA) was suffi-
cient to raise the temperature of the tube to = 200 °C,
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Table 1a. Transitions of the alkali metal deuterides (cm™?).
Numbers in parentheses represent 1 std. dev. in units of the
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Table 1b. Tansitions of potassium hydride (cm~'). Num-
bers in parentheses represent 1 std. dev. in units of the last

last digit. digit.
BNaD  v=1+0 39KD v=2«1 3Ky v=1«0 3KH =21
P(21) 701.7968  (12) R(12) 713.8525(—02) P(16) 830.3840(—61) R(15) 1006.1980 (—02)
P(20) 708.4152 (—15) R(13) 7163142 (03) P=14) 8478775 (03) R(17) 10125010 (05)
P(19)  714.9812(-06) L P(13) 8564550 (16) R(19)  1017.8980 (00)
g(}” ;ggggg (06) — e P(11) 873.2510(—05)  R(20)  1020.2540 (26)
e Sl o et P(10) 881.4660 (02) R(22) 10242570 (09)
4 S P(6) 633.5815 (—02) P(9) 889.5520 (08) R(24)  1027.3100 (—14)
2 : (10) P(5) 636.8667 (13) P(8) 897.5040  (00)
R(5) 854.1655 (—14) P(4) 640.0997 (—07) P(6) 912.9940 (—16)  *'KH v=1«0
R(6) 858.4698  (03) P(3) 643.2853 (—11) : ~ 13
R(7) 862.6547 (—03 PO 6464231 (05 P(1) 949.1200 (—23)  p(13) 856.0120 (00)
) b) (05)
R(8) 866.7214 (—03) R(6) 672.2813  (08) R(2) 975.0840 (—10)  Pp(12) 864.4602 (00)
R(9) 870.6681  (05) R(9) 679.8951 (—06) R(3) 981.1370 ( 8  P(11) 872.7877 (—01)
R(10) 874.4899 (—06) R(13) 689.2141 (01) R(4) 987.0020 (05) P(6) 912.4790 (—04)
R(11)  878.1893 (03) R(16) 6955494 (—07) R(5) 992.6800 (— 01) R(1) 9682710 (16)
R(12) 881.7607 (—01) R(17) 697.5347  (06) R(6) 998.1650 (—27) R(2) 974.4910 (—13)
R(13) 885.2045  (00) ol R(7) 1003.4610 (04) R(3 980.5380 (23
R(14) 8885200 (18) “RWD  v=2«1 R(8) 10085590 (39) R£4; 986,3940 ( (15;
e U L L R(9) 10134460 (—18)  R(s) 9920710  (28)
; - R(10) 10181350 (—05)  R(6 997.5490 (—10
R(19) 903.0777 (—19) 87RbD v=1«0 R(11) 1022.6140 (—07) R£7{ 1002.8380( (04;
BNaD  v=2«1 v g0 ) R(12)  1026.8820(—03)  R(g) 1007.9270  (00)
P e a3 R(13) 10309370 (18)  R(9)  1012:8140 (—12)
e i P(6) 6334223 (—04) R(14) 10347700 (00)  R(10)  1017.5000 (13)
Bl setisediur RO  6721015(—06) RIS 1083850 09 ROy 1021970(~18)
' R(9) 679.7167  (10) : = R(12)  1026.2370 (—07)
ggg; it f?g; R(12) 6867930 (—05) R(17)  10449380(—12)  R(13)  1030.2860(—12)
P(17) 709.8356 (—12) R(16) 695.3620  (00) R(18) 10478750 (04)  R(14)  1034.1200 (09)
Py 0% (@ L OD r=1el TKH  p=2e1 Rilg 1041119 (09
P(14) 728.4438 (—02) 1}388 ggfggzg(-(gg P(12) 8372641 (01) R(17) 1044.%828 (8(2))
I e o P(15) 5752608 (25) P(1f) - Bs2i(-0n RUY 147200 ©F)
4 il o P(14) 5785116 (26) P(10)  8534380(—08) wixy  ,_2e1
@) 6281 (—15) P(13) 581.7277  (20) P(2) 912.7490  (25) -
By SELAT 305 P(10)  591.1716(—21) R(0) 9324810 (19)  P(13) 828.5864  (00)
2y S P(6) 603.2269 (—03) R(2) 9447890 (—03) P(12)  836.8428 (—03)
R L S R(3) 9506810 (13) P(11) 8449817 (05)
R(22)  888.1873 (00) pfﬂ 617:4096::11; R(6) 9672480 (12)  P(7) 876.2668 (—02)
v R(2) 627.9941  (02) R(7) 9723880 (—10)  P(2) 9122300 (20)
e R~ G7em0 O)  R()  oA2080(—0n R()  971800(-21)
M v RO 6402071 (@7 R(10) 9866280 (08) R(10) 9860300 (08)
By oleced  pn oswmn @0 RO gnee 9 ML Sl O
P(16 628.5272 (—14 g L A —_ i
Pls) 00 (08 R e R(13)  9990120(—03)  R(14)  1002.1030(—01)
P(14) 637.0442 (—08) R(13) 653.2723  (07) R(14) 1002.7140 (—03) R(17) 1011.8800 (—14)
P(11) 649.4619  (05) R(14) 655.2735 (27)
P(7) 665.3043  (08) R(18) 662.7277 (—27)
R(3) 704.1459 (—02)
R(5) 710.3872 (—03) 133CsD p=2+1 which was enough to produce the metal vapor pres-
R(7) 716.3558 (—04) P(11 575.8678 (—13 i =
R©) 7220451 (08) P“O; 3789312 (1 6; sure negded for our purposes. Spectral lines wcirle mea
R(12) ;gg.giég(—gg; P(9) gg;.g{s)g;z—(l)g) sured with a nominal accuracy of +0.001 cm ™" using
R(13 X P(7 4 - :
R uTmr 0 P& 3965340 03 accurately known lines of CO,, N,0, OCS, NH, [15],
S et ng 592.(3)2553 83; acetylene [16], and formaldehyde [17] together with a
V=2« P 602. . ; -1
P15 AR 5 R() 617.6828  (08) calibrated étalon (FSR = 0.00965 cm™").
: 6 4.8880 (07
SR
. 1.6674 (— . 3 .
P(9) 642.6370 (—25) 1‘:8)3) 2,340.8243( (32} Observations and Discussion
]1;(;) g(s)gﬁ;g ((1)(1)) R(17) 647.5509  (16)
REg; 7032764 ; —(07; ,‘iﬁg{ 2‘;2;333% (_(8(3); Using the hydride results [9-12] as a starting point,
R(11) 711.3175  (00) R(27) 662.3668 (01)

little difficulty was experienced in observing and assign-
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ing transitions of the relevant deuteride. The data accu-
mulated for NaD, KD, RbD, and CsD are shown in
Table 1a. As can be seen from this table, with the
exception of RbD a number of transitions for both the
fundamental and the first hot band were measured. As
previously observed with RbH, the spectra of RbD
were relatively weak and considerable difficulty was
encountered in observing hot band lines. In the case of
potassium hydride, it was noticed during the fitting
procedure that some of the published data for KH [9]
were slightly inconsistent and a number of lines were
remeasured for this species. The data set used for KH
is given in Table 1b.

The data of Tables 1a and 1 b were first fitted to the
usual Dunham equation [18] for a 'Z state:

F=3 Y0+ INN+D}.

In this case an independent set of parameters for each
isotopomer was obtained. These are shown in Tables
2a and 2b.

In order to determine the mass independent param-
eters, U;;, and the mass scaling coefficients, 4;;, for
each hydride, the combined data of Table 1 and those
available from [9—-12] were fitted to the equation given
by Watson [2]

E=3 p%2*D Uy{1 + M(H) 4% + M(X) 4%
ij A

“+ ) INN+DY,

where u is the reduced mass of the molecule, M (H)
and M (X) are the ratio of the mass of the electron to
that of the hydrogen atom and metal atom, respec-
tively.

Table 2a. Dunham parameters of the alkali metal monodeuterides
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Past experience [3—7] has shown that the mass scal-
ing coefficients for the metal atom usually cannot be
determined since the ratio m./M,,,, is often very
small. This is not the case for LiH, and here two
coefficients for the lithium atom are determinable [8].

The results of fitting the accumulated data of LiH,
NaH, KH, RbH, and CsH to the above equation are
shown in Table 3. In order to allow a meaningful com-
parison of the results obtained in particular the mass
scaling coefficients, it was important to fit the same
number of parameters in each case. Since the number
of data points available for each compound varied, as
a result of the attempt to maintain uniformity in the
number parameters fitted, the fit obtained was not
necesssarily optimized in each case. However, the dis-
crepancies produced by following this procedure were
small. Additional fitting parameters produced a slight
improvement in the overall fit of the CsH/D data, but
this was the only case where appreciable effects were
observed.

As can be seen from Table 3, almost all of the mass
independent parameters (U’s) decrease monotonously
on going from LiH to CsH as a result of the increasing
mass. The only exception is U,; which appears to be
exceptionally large for LiH and anomalously small for
CsH. However, this parameter is relatively poorly de-
termined in the two cases in question.

The mass scaling coefficients are in essence simple
fitting parameters which account for effects arising
from both adiabatic and non-adiabatic sources. Since
we are always dealing with the substitution of protium
with deuterium, to a first approximation one would
expect the contribution from adiabatic effects to the
mass scaling coefficients to be constant for all the

Table 2b. Dunham coefficients determined

(cm™1). for potassium monohydride (cm™?). *
23NaD %KD 8SRbD 133CsD 3%KH 41KH

Yio 845.97013 (91) 706.3041 (12) 666.6629 (14) 632.7991 (14) Yio 985.6728(17)  985.0671(13)
20 —9.97885(30) —7.71370 (37) —7.06041(76) —6.33861 (46) Yo —14.90155(56) —14.88377(38)
o1 2.5570698(25) 1.753358(39)  1.530122(59) 1.366495(39) Y, 3.416536(44) 3.412341(41)
0102 —515552(31) —3.13562(82) —2.6054(24) —2.1762(12) 1, - 10> —8.5338(14) —8.5166(12)

Y,, - 10* 2.6218(80) 1.437(20) 0.803(31) o1 - 10% 5.353(34) 5.351(26)
b2 - 104 —0.93348(40) —04332(17) —0.3056(29) —0.2418(12) Y,, - 10* —1.6389(18) —1.634(23)
12 108 0.9234(32) 0.243(14) 0.059(33) Y,, 106  1.368(44) 1.307(39)

Yy, - 108 0.2882(55) 0.102(22) —0.288(21) Y,; - 108 0.637(37) 0.610(50)

g 0.0011 0.0010 0.0010 0.0018 [ 0.0018 0.0014

Lines 43 26 1 37 Lines 49 34

Numbers in parentheses represent 1 std. dev. in units of the last digit.

* From the data of [9] and Table 1b.
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Table 3. Mass independent Dunham parameters (cm ™!
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- m*29/2) and mass scaling coefficients of the alkali metal hydrides.

LiH * NaH KH RbH CsH

Uy, 1319.8110(80) 1151.7215(31) 977.9026(15) 935.6028 (50) 891.7438(42)
Uy, —20.0828(13) —18.6152(14) —14.90427(51) —14.0526(35) —12.6756(18)
U, 6.6270742(35) 4.7365255(91) 3.359100(25) 3.01253(15) 2.71310(13)
Uy, 102 —17.9013(11) —12.9909(60) —8.30996(81) —7.2528(41) —6.0685(42)
U,, - 10* 14.93(11) 8.8404(72) 5.202(23) 3.778(96) 2.93(12)
U, - 10* —6.674(14) —3.1999(28) —1.5861(10) —1.2736(38) —0.9579(45)
U,, - 10° 11.060(71) 4.316(14) 1.256(27) 1.08(11) 0.37(18)
U, - 10° 7.35(99) 1.825(16) 0.670(24) 1.56(11) —2.17(16)
4% —1.7605(64) —1.6048(59) —1.7545(44) —1.778(10) —1.700(11)
A%, —29.03(14) —27.15(15) —32.556(79) —32.95(44) —29.29(28)
a5 —1.568(22) —0.9306(36) —1.393(17) —1.88(11) —2.48(94)
a4 —0.98(12) —0.751(80) —0.17(21) —4.6(16) 5.4(14)

P 0.0018 0.0015 0.0017 0.0015 0.0020
Lines 50 86 109 55 57

Numbers in parentheses represent 1 std. dev. in units of the last digit. — * From data of [9], 4%} = —1.64(6), 45, = —0.112(5).

hydrides, and variations to arise mainly from non-
adiabatic effects.

As can be seen from Table 3, the coefficients of the
three parameters with the largest numerical values (i.e.
Uy, Uy, and U, ) are very similar for all the hydrides.
The values for 4%, 4%,, and 45, are, to within their
error margins, almost constant. However, the values
of 4", vary considerably. This is partly due to the fact
that this coefficient is generally poorly determined (e.g.
KH), but in the case of CsH the value obtained has a
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