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Infrared Emission Spectroscopy of Bismuth Monohydride
and Bismuth Monodeuteride
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The high-resolution infrared emission spectra of bismuth monohydride and bismuth mono-
deuteride have been observed by Fourier transform spectroscopy. Gaseous BiH and BiD were
produced by the direct reaction of the metal with hydrogen and deuterium, respectively. About
120 lines with v = 1 — 0 to v = 3 — 2 for each isotopomer have been measured. Dunham
coefficients, Y, have been derived in separate fits for the two molecules. In addition all data have
been used in a combined fit to yield the mass-reduced Dunham constants, U,. © 1993 Academic

Press, inc.

INTRODUCTION

Since the early 1930s several electronic transitions of BiH and BiD have been ob-
served in emission and in absorption ( /-/0). The magnetic hyperfine structure of the
electronic bands of BiH has been the subject of detailed studies (6, 7. 10). In several
publications the properties of BiH have been predicted by ab initio calculations (/-
14). The infrared rovibration spectra of BiH and BiD were observed in absorption by
diode laser spectroscopy (15, 16). Diode laser spectroscopy has the advantage of very
high sensitivity, but the disadvantage that a single longitudinal mode of a diode laser
has continuous coverage of only 1 cm™' or less. In cases like BiH and BiD, molecules
with rather large values for the rotational constant B (5.138 302 cm™' for BiH and
2.589 741 cm ! for BiD), the spectral coverage is too poor to obtain a large number
of transitions. Fourier transform infrared emission spectroscopy is a very sensitive
method to study high-temperature metal hydrides at long wavelengths, as recently
shown in the case of BaH (/7). Although infrared emission spectroscopy at shorter
wavelengths (less than 5 um, the InSb detector cut-off) is not uncommon, BaH and
BiH are the first examples of metal hydrides observed in the mid-infrared region. In
this publication we report the observation of the high-resolution infrared emission
spectra of BiH and BiD.

From the (6pc)? (6pw)?* configuration of BiH we expect an X2~ ground state
(BiH is isovalent with NH). However, BiH follows Hund’s coupling case (c) so the
337 and *Z=g spin components are widely separated (4936 cm™') and give rise to the
Al and X 07 states (9, 10). In the early publications these two states were called 4 'I1
and X 'Z" because a Hund’s case (@) p complex has the same energy level pattern as
a Hund’s case (¢) *2~ state. In this work we observed only the X0 state, and the A1
state was not detected.
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FIG. 1. Portion of the high-resolution infrared emission spectrum of BiH between 1500 and 1800 cm™'.

The spectrum shows the region of the R branchesof v =1 —0tov = 3 — 2. The absorption lines belong
to H,O.
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FI1G. 2. Infrared emission spectrum of BiD. The fundamental band and the first and second hot bands in
the R- and P-branch regions are indicated.
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EXPERIMENTAL DETAILS

The high-resolution infrared emission spectra of BiH and BiD were observed with
the Bruker IFS 120 HR Fourier transform spectrometer at the University of Waterloo.
The resolution was 0.005 cm™! with liquid-nitrogen-cooled HgCdTe detectors and a
KBr beamsplitter. The spectral bandpass was limited to 1000-2200 cm ™! by an optical
filter for the upper limit and by CaF, windows for the lower limit.

Gas-phase bismuth monohydride and bismuth monodeuteride molecules were pro-
duced in a tube furnace by the reaction of bismuth metal with hydrogen or deuterium.
A 1-m-long stainless steel tube equipped with CaF; windows was used for all experi-
ments. The tube was filled with about 50 g of Bi metal and pressurized with 20 Torr
of hydrogen or deuterium and then heated to 1000°C.

TABLE 1

Observed Line Positions of BiH (in cm™')

o.-¢. o.-¢. o-c. o.-c.
J" observed /1078 J” observed J10°8 J" observed /105 g observed /1078

v=1—-90 r=1- v=2-1 r=3—-2

P(35) 1136.2179* 293  R(7) 1705.69842 13  P(10) 1461.06122 -6  P(13) 1362.51841 -49
P(34) 1153 .8445° 452 R(8) 1712.99248 4 P(9)  1473.37036 9 P(12) 1375.20545 11
P(31) 1205.7734° 389 R(9) 1719.95025 -3 P(8) 1485.42153 -9 P(11) 1387.82541 -5
P(30) 1222.7556* 202 R(10) 1726 .56756 -3 P(7)  1497.21070 -19 P(10) 1400.10630 134
P(29) 1239.5725% 337 R(11) 1732.83999 -20 P(6) 1508.73327 -35 P(9) 1412.12919 -30
P(28) 1256.2137* 106 R(12) 1738.76369 -21 P(5) 1519.98513 -22 P(8)  1423.89550 80
P(26) 1288.96872 -11 R(13) 1744.33438 -20 P(4) 1530.96136 -26 P(7)  1435.39604 17
P(25) 1305.07383 ~10 R(14) 1749.54784 27 P(3)  1541.65749 -47 P(6) 1446.63071 108
P(24) 1320.99166 -18 R(15) 1754.40020 -21 P(2) 1552.06961 -32 P(5)  1457.59090 35
P(23) 1336.71879 23 R(16) 1758.88718  -20 R(0}  1581.55489 -20 P(4)  1468.27390  -67
P(22) 1352.25014 11 R(17) 1763.00498 0 R(1}  1590.78465 -47 P(3) 147867960 235
P(21) 1367.58206 -5 R(18) 1766.74911 -6 R(2)  1599.70852 -11 R(2)  1534.93577 -204
P(20) 1382.71051 -9 R(19) 1770.11597 5 R(3) 1608.32110 -11 R(3) 1543 24792 50
P(19) 1397.63122 -4  R(20) 1773.10134 10  R(4) 1616.61846 -2  R(4) 1551.24095 59
P(18) 1412.33984 4 R(21) 1775.70131 20 R(5) 162459594 14 R(5) 1568.91215 -10
P(17) 1426.83192 5 R(22) 1777.91175 19 R(6) 1632. 24967 1 R(6) 1566 . 25889 20
P(16) 1441.10311 H R(23) 1779.72870 9 R(7) 1639 .57490 3 R(7) 1573 .27543 15
P{15) 1455.14898 -8 R(24) 1781.14809 19 R{8) 1646 .56735 -6 R{8)  1579.95854 90
P(14) 1468 .96525 -7 R(25) 1782.16523 -137 R(9) 1653.22318 23 R(9) 1586.30127 -1l
P(13) 1482.54732 -10 R(26) 1782.77467 -493 R(10) 1659.53727 7 R(10) 1592.30263 51
P(12) 1495.8%080 6 R(27) 1782.9792° -409 R(11) 166550591 3 R(11) 1597.95574 28
P(11) 1508.99110 -4 R(28) 1782.7693* -438 R(12) 1671.12474 2 R(12) 1603.25685 -16
P(10) 1521.84372 -3 R(29) 1782.1394* -738 R(13) 1676.38939 -5 R(13) 1608.20195 -41
P(8) 1546 . 78784 1 v=2—1 R(14) 1681.29579 1 R(14) 1612.78602 -108
P(7)  1558.87024 -t P(24) 126412287 -120 R(15) 1685.83941 -9 R(15) 1617.00680 0
P(6)  1570.68695 8 P(23) 1279 58691 28 R(16) 1690.01630 -3 vr=4-3

P(5)  1582.23330 13 P(22) 1294 85034 -34 R(17) 1693.82201 -2 R(2) 1469.8382% 419
P(4)  1593.50471 8 P(21) 1309.91184 50 R(18) 1697.25239 [ R(3) 1477.8347* -111
P(3) 1604.49688 14 P(20) 1324.76769 2 R(19) 1700.30305 8 R(4)  1485.5188° 10
P(2) 1615.205618 18 P(19)  1339.41265 -1 R{20) 1702.96946 -22 R(5) 1492.8775* -73
P(1)  1625.62496 4 P(18) 1353 84366 44 R(21) 1705.24834 17 R(6) 1499.9088* -117
R(0)  1645.58185 6 P(17) 1368.05551 30 R(22) 1707.13443 31 R(8) 1512.9728° 57
R(1)  1655.11032 24 P(16) 1382.04463 19 R(26) 1710.6657° 10 R(9) 1518.9936° -2t
R(2)  1664.33244 28 P(15) 1395 .80718 53 R(27) 1710.5232° -14 R(11) 1529.9943% -111
R(3) 1673.24394 19 P(14) 1409 33768 12 vr=3-—2 R(12) 1534.9624* -400
R(4)  1681.84072 23 P(13) 1422 63305 20 P(16) 1322.75350 -75

R(5) 1690.11819 16 P(12) 1435.68829 13 P(15) 1336.24425 11

H(6) 1698.07218 12 P(11) 1448 49801 19 P(14) 1349.50149 107

2 observed minus calculated line positions using the mass-reduced Dunham constants of Table IV.

b absorption lines from Urban ef al. (16}, diode laser spectroscopy.
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TABLE II

Observed Line Positions of BiD (in cm™')

o.-—c.® o.-~c. o0.~¢. 0.—¢.

J" observed /10-8 J" observed  /107% J” observed /10-% J" observed /1078
v=1—=0 v=1—40 v=2— v=2-—1
P(25) 1016.35987 -121 R(7) 1210.44929 -40 P(15) 1055.50977 205 R(21) 1222.92497 -129
P(24) 1023.68773 -5 R(8) 1214 58014 -9 P(14) 1061 .89508 134 R(22) 1225.22366 -101
P(23) 1030.93471 -138 R(9) 1218.59475 15 P(13) 1068.19045 79 R(23) 1227.38965 -212
P(22) 1038.10527 40 R(10) 1222.49141 -28 P(12) 1074.39454 22 R(24) 1229.42438 -212
P(21) 1045.19336 38 R(11) 1226.27043 2 P(11) 1080.50645 -14 R(25) 1231.32379 -401
P(20) 1052.19939 12 R(12) 1229.92976 7 P(10) 1086.52558 28 R(26) 1233.09213 -248
P(19) 1050.12233 24  R(13) 1233.46863 18  P(8) 1098.27769 23  R(27) 1234.72265 -324
P(18) 1065.96167 -8  R(14) 1236.88574 13  P(7) 1104.01013 152  R(28) 1236.21651 -408
P(17) 1072.71554 -10  R(15) 1240.18017 7  P(6) 1109.64245 84  R(29) 1237.57334 —430
P(16) 1079.38328 20 R(16) 1243.35076 -12 P(5) 1115.17673 142 R(30) 1238.79191 408
P(15) 1085.96312 22 R(17) 1246 .39703 16 P(4) 1120.61041 184 R(32) 1240.81067 -184
P(14) 109245260 -134  R(18) 1249.31745 43  P(3) 1125.94191 166  R(33) 1241.60528 -308
P13}  1098.85525 21 R(19) 1252.11101 71 P(2) 1131.16842 -76 v=3—
P(12) 1105.16494 -10  R(20) 1254.77564 -1  R(2) 1155.73612 302  R(4) 1132.21324 13
P(11) 1111.38253 -23  R(21) 1257.31207 2  R(3) 1160.32196 16  R(7) 1144.65015 5
P(10) 1117.50632 -72 R(22) 1259.71926 81 R(4) 1164 .80030 45 R(8) 114856869 204
P(9) 1123 53629 —44 R(23) 1261.99455 72 R(5) 1169 .16705 93 R(9) 1152.36660 -19
P(8) 1120.47028 36  R(24) 1264.13740 22  R(6) 1173.41898 47  R(10) 1156.04888 -5
P(7) 1135.30733 -31 R(25) 1266.14807 61 R(T) 1177 .55920 31 R(11) 1159.61452 i1
P(6) 1141 .04593 61 R(26) 1268.02505 138 R(8) 1181 .58354 37 R(12) 1163.05689 -78
P(5) 1146.68556 65  R(27) 1260.76636 157  R(9) 1185.49244 121  R(13) 1166.38054 56
P(4) 1152.22406 -142 R(28) 1271.37153 171 R(10) 1189.28241 43 R(14) 1169.58244 -15
P(3) 1157 .66298 -22 R(29) 1272.83936 160 R(11) 1192.95525 94 R(15) 1172.66103 -2
P(2) 1162 .99796 -25 R(30) 1274.16973 213 R(12) 1196.50780 65 R(i16) 1175.61622 85
P(1) 1168.22720 -219 R(31) 1275.35938 104 R(13) 1199.93966 28 R(17) 1178.44547 101
R(0) 1178.37809 246 R(32) 1276.40983 83 R(14) 1203.25003 9 R(18) 1181.1452F1 -201
R(1) 1183.29216 373  R(33) 1277.31839 -19  R(15) 1206.43749 -24  R(19) 1183.72232 -25
R(2) 1188.09191 -92 R(34) 1278.08722 112 R(16) 1209.50140 -29 R(20) 1186.16699 -241
R(3) 1192 . 78682 -90 R(35) 1278.71080 25 R(17) 1212.44039 -33 R(21) 1188.48711 49
R(4) 1197 .37150 —46 R(36) 1279.19204 107 R(18) 1215.25305 71 R(22) 1190.67182 -132
R(5) 1201 .84440 -4 R(37) 1279.52610 -26 R(19) 1217.93866 -109 R(23) 1192.72773 -14
R(6) 1206 . 20396 -10 R(20) 1220.49625 -135

2 observed minus calculated line positions using the mass-reduced Dunham constants of Table 1V.

Absorption spectra were taken up to a temperature of 700°C. These spectra showed
no features belonging to BiH or BiD. At a temperature of 700°C the light source
(globar) was switched off and emission spectra were taken. At this temperature weak
emission features around 1600 cm ! (BiH) or 1200 cm ™' (BiD) were observed. The
intensities of the bands increased with increasing temperature and showed a maximum
at about 1000°C. Figures 1 and 2 show the rovibrational emission spectra of BiH and
BiD observed at a temperature of 1000°C.

RESULTS

The spectral analysis program PC-DECOMP, developed by J. W. Brault, was used
for data analysis. The line profiles were fit to Voigt lineshape functions. The signal-
to-noise ratio for the strongest lines in the BiH and BiD spectra was about 40. The
precision of the line positions is better than 0.0003 cm™', but several of the weaker
lines were determined only to about +0.001 cm™'. The absolute calibration for BiH
was accomplished with some impurity H,O (/8) lines in the cell. The BiD lines were
calibrated against the absolute positions of BiH lines which were also present in the
BiD experiment.
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TABLE 11l

Dunham Coefficients for BiH and BiD (in cm™)

Coefficient BiH BiD
Yio 1699.51700(42)* 1205 .42257(34)
Yo -31.92533(35) ~16 . 050 00(21)
Yao 0.03825(11) 0.013017(37)
103 Yyo -7.692(12) -1.9498
Yo 5. 138301 9(28) 2.5807410(45)
Yu -0.1488362(25)  -0.0531061(16)
10° Yy, 0.2219(12) 0.3973(78)
10° Yy, -0.07350(15) -0.1070(12)
10° Yo, -0.1860228(81)  -0.47593(13)
10° Yaz 1.1635(70) 0. 205 6(20)
108 Yy, -0.1743(23) -0 .02078(36)
10° Yoy 2.3464(69) 0.350(12)
10°Yys -0.1840(73) -0.0231(16)
10° Yo -0.0413(24) -0.00248"

¢ Errors quoted in parentheses are one standard deviation.

b Calculated using the isotope relationship (Eq.2) and fixed.

Bands with v = 1 ~ 0 to v = 3 — 2 for BiH and BiD were picked out using an
interactive color Loomis-Wood program. Data reduction was made by using the well-
known Dunham equation ( /9) for the energy levels,

T(v, )= 2 Yi/(”‘*’%)’ [J(J + DY, (1)
i

where v and J are the vibrational and rotational quantum numbers. The Dunham
coeflicients are isotope-dependent and vary approximately with powers of the reduced
mass ratio u/u*,

(2)

/2+)

}l_*
where the asterisk designates an isotopically substituted species. Table III gives the
Dunham constants calculated in separate least-squares fits for BiH and BiD from our
infrared data (Tables I and I1) and BiH infrared data for v = 4 <- 3, as well as some
high-J transitions forv = | < Qand v = 2 < 1 by Urban et al. (16).

Finally, all infrared transitions of BiH and BiD were combined and fitted to the
mass-reduced Dunham expression including Watson’s correction due to the breakdown
of the Born-Oppenheimer approximation (20, 21),

Y, = w202 U,-,-[l + (_Lni_)A‘tluo], (3)
My/p

where u is the reduced mass, Uj; are the mass-independent parameters, #1y,p are the
atomic masses for hydrogen and deuterium, m, is the electron mass, and A are the

mass scaling factors for the nuclei. The mass-independent Dunham constants are
listed in Table IV.
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TABLE IV

Mass-Reduced Dunham Coefficients for BiH/BiD (in em™!)

Coefficient value
Ure 1703 . 04287(33)°
Uz —32.02889(26)
Uso 0.037753(93)
10° U ~7.6751(97)
Uny 5.1787902(77)
Uy ~0.149903 2(23)
10° Uy 0.2147(11)
10° Ly, ~0.07278(15)
10% Uy, ~0.191373(19)
10° U, 1.1516(69)
10 Uy ~0.1681(23)
10% Uz 2.3634(73)
10° Uy ~0.1699(70)
10° Uiy -0.0479(23)
A ~1.06956(36)
Ao ~0.5985(67)
An ~8.9182(28)
A ~5.077(15)
Agz —40.73(15)

¢ Errors quoted in parentheses are one standard deviation.

The spectroscopic constants of Tables IlI and IV are similar to those reported pre-
viously by Urban e al. (16), but they are about an order of magnitude more precise.
The increase in precision (and accuracy ) is due to the more extensive data set provided
by the increased spectral coverage and the higher precision possible with a Fourier
transform spectrometer. Although infrared Fourier transform emission spectroscopy
at long wavelengths is not as sensitive as diode laser spectroscopy, it is more sensitive
than traditional absorption spectroscopy.
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