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Infrared Spectra of Antimony and Bismuth Hydrides in Solid Matrixes
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Laser-ablated Sb and Bi atoms react with hydrogen during condensation in excess hydrogen, neon, and argon

to form the SbH and BiH diatomic molecules. In addition the new Group 15 Mkydride radicals and the

MH3 trihydrides are observed for Sb and Bi

metals. Although BiHof limited stability in the gas phase,

BiH; is formed by further H atom reactions with Bilih solid hydrogen and neon. No evidence is found for

the thermochemically unstable Bikiholecule.

Introduction

Bismuthine is of interest as the heaviest member of the
ammonia family of molecules, in part, because of limited
stability and relativistic contributions to bonding and structure.
An important reference book states that “bismuthine is too
unstable to be of any importanceHowever, Bikt was prepared

in 19612 Recently this demanding synthesis was repeated, and

the BiHz product was verified during its 2830 min lifetime

by high-resolution spectroscopySeveral electronic structure
calculations have been performed on Bibl explore relativistic
effects on the structure, inversion barrier, and vibrational
frequencies8 In addition, BiHs has been computed by two

Infrared spectra were recorded at 0.5 @émmesolution on a
Nicolet 750 spectrometer with 0.1 crhaccuracy using a
mercury cadmium telluride detector down to 400¢nMatrix
samples were annealed at different temperatures, and selected
samples were subjected to photolysis using glass filters and a
medium-pressure mercury lamp ¢ 240 nm) with the globe
removed.

Density functional theory (DFT) calculations were performed
to help identify small reaction products using the GAUSSIAN
98 progrant’ Two generalized gradient approximations consist-
ing of Becke's exchange and Perdew-Wang's correlation
(BPW91) functional® and the hybrid HartreeFock B3LYP

research groups; the average bond energy is less than found fo
BiH3,5> and BiH; is less stable than BigH H».°

The monohydride BiH has been investigated in the gas phas
by diode laser spectroscopy, and accurate bond length and
vibrational frequency measurements have been rHadeA Results
number of electronic structure calculations have been performed | aser-ablated Bi and Sb atoms were reacted with pure

Eunctional29 were chosen. The 6-3%HG** basis set was used
or hydrogert® and the SDD effective core potential and basis
gwere used for Bi and SH.

on BiH with spin—orbit splitting and relativistic effects a major
part of the motivatior?:”14-1° There are no experimental data
on the BiH radical, but its ionization energy has been
calculated® Finally, sixth-row p-block metal hydride dimers

hydrogen, Ne/ld and Ar/H, samples, and density functional

calculations were done for potential product molecules.
Bismuth. Figure 1 illustrates the 176@1580 cnt?! region

of the spectrum of laser-ablated Bi co-deposited with pure

have been explored by theory, and a trans structure has beemhygrogen. A sharp, strong 1867.6 thiband (not shown)

proposed for BiH,.2°

increases relative to the other absorptions with increasing laser

Laser-ablated metal atom reactions with pure hydrogen haveenergy, and it will be assigned to aBiuster vibronic transition
been employed in our laboratory to synthesize such reactivein a |ater report. The next strongest feature on deposition is the

hydrides as (B)CrH; and PbH?'??2 and by other research
groups?324Therefore we use this method for BiH, BiFBiHs3,

and BpH, investigation and take advantage of straightforward
deuterium substitution. Similar experiments were done with
antimony for comparison of heavy Group 15 hydrides.

Experimental and Computational Methods

The experimental method for laser-ablation and matrix-
isolation has been described in detail previod8kf Briefly,
the Nd:YAG laser fundamental (1064 nm, 10 Hz repetition rate
with 10 ns pulse width) was focused to irradiate rotating metal
targets (Johnson-Matthey). Typically, low laser power$3anJ/

1622.7, 1630.0, 1633.3 crhband group (labeled BiH), followed
by 1692.7 cm?, 1699.1 cmi! (labeled Bik), and a weak 1726.2
cm! band (labeled Bikg). Annealing to 6.1 K changed relative
intensities in the BiH group favoring the sharp 1633.37¢m
band (Figure 1b). Irradiation dt> 470 nm had little effect on
the BiH group, and increased the Bilgroup (not shown).
Similar 4 > 380 nm photolysis altered relative intensities in
the BiH group and increased the BiHand (Figure 1c), and

> 290 nm photolysis continued this trend. Irradiationlat

240 nm increased the two broader members of the BiH group,
completed destruction of the intervening bands, markedly
increased the Biklgroup, and destroyed the weak BiHand

pulse) was used to ablate metal atoms into condensing hydrogen(Figure 1d). A subsequent 6.6 K annealing restored the sharp

neon/k, or argon/H on a 3.5 K Csl window. Normal hydrogen,
deuterium (Matheson), HD (Cambridge Isotopic Laboratories),
and H + D, mixtures were used in different experiments.

* Corresponding author. E-mail: Isa@Uvirginia.edu

1633.3 cmi! BiH band at the expense of the broader bands,
restored the Bikl set, and restored some of the BiHand
(Figure 1e). Another experiment gave similar results.

A marked simplification is found for Bi in pure D The
strongest feature is 1163.4 ch{labeled BiD) with weak 1218.4

10.1021/jp034379y CCC: $25.00 © 2003 American Chemical Society
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Figure 1. Infrared spectra in the 174580 cnt! and 1256-1150
cm! regions for laser-ablated Bi atoms co-deposited with normal H
and Oy at 3.5 K. (a) Bi and 60 STPcc of ftondensed at 3.5 K, (b)
after annealing to 6.1 K, (c) aftér > 380 nm photolysis, (d) aftet

> 240 nm photolysis, (e) after annealing to 6.6 K, (f) Bi and 60 STPcc
of D, condensed at 3.5 K, (g) after annealing to 7.2 K, (h) after

290 nm photolysis, (i) afte > 240 nm photolysis, and (j) after
annealing to 8.5 K.

TABLE 1: Infrared Absorptions (cm ~1) Observed from
Co-deposition of Laser-Ablated Bi Atoms and with Ne/H,
Pure H,, and Ar/H, at 3.5 K

Ne/H, Ne/D, Ha D, Ar/H» Ar/D» ident.
2439.4 2438 2438.5 - 2468.8 2469 Bi
2157.0 2156 2156.8 2151.4 2185.7 2186  Bi
1867.0 1866.4 1867.6 1866.1 1894.3 1894.5, Bi
1733.6 1243.4 1726.2 1239.0 BiH
1708.4 1690.9 1213.1 Bitsite
1701.5 1684.0 1208.3 Bitsite
17049 1223.0 1699.1 1218.4 1693.2 1214.4 BiH(by)
1698.0 12185 1692.7 1214.4 1686.4 1209.5 BiH(a)
1670.9 1672.4 11954 Ry
1666.9 1662.0 BHy
1661.2 BiHy
1661.4 1191.0 1655.1 1189.7 Bl
1633.3 BiH site
1630.0 1165.0 BiH site
1635.9 11719 1622.7 1163.4 16219 1161.6 BiH
1612.3 1156.7 BHy
1609.1 1609.8 1154.3 Ry
1596.4 1596.4 1598.3 1597.3 1590.0 1590.0,0H

cml, 1214.4 cm! (BiDy), and 1239.0 cm! (BiD3) bands,
which are shown in the lower region of Figure 1. The Band

at 1866.1 cm? is substantially weaker. Ultraviolet photolysis
had a similar effect on the band groups: BiD and Biizreased
(Figure 1h,i). However, annealing to 8.5 K increased BiD and
BiD, even more (Figure 1j). Subsequént 240 nm irradiation
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Figure 2. Infrared spectra in the 1740610 cnm! and 1256-1150
cm! regions for laser-ablated Bi atoms co-deposited with mixed
isotopic hydrogen at 3.5 K. (a) Bi and 50% H+ 50% D, (b) afterd

> 380 nm photolysis, (c) aftet > 240 nm photolysis, (d) after
annealing to 6.6 K, (e) Bi and pure HD, (f) afte 290 nm photolysis,
and (g) after annealing to 7.1 K. The label T denotes,BiHx +y =

3).
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Figure 3. Infrared spectra in the 1740610 cn1! and 1256-1150
cm! regions for laser-ablated Bi atoms co-deposited with Nelhtl
Ne/D; at 3.5 K. (a) Bi and 10% Kin neon, (b) after annealing to 6.2
K, (c) afterA > 380 nm photolysis, (d) aftet > 290 nm photolysis,
(e) after annealing to 6.5 K, (f) Bi and 10%,Dn neon, (g) after
annealing to 6.1 K, (h) aftet > 380 nm photolysis, (i) aftet > 240
nm photolysis, and (j) after annealing to 6.6 K.

Both H, and D reactions with Bi in excess neon are
illustrated in Figure 3. The major features are 1635.9%(BiH)

and 8.8 K annealing reproduced the above spectra. The producand 1171.9 cm! (BiD), minor absorptions are 1704.9 (BiH

absorptions are listed in Table 1.

and 1223.0 cm! (BiD), and weak new bands are 1733.6 (BiH

Experiments were performed with 50/50 and 30/70 mixtures and 1243.4 cm! (BiD3).

of H, and D, and spectra in both regions are shown in Figure
2. Strong absorptions at 1623.3 ch(BiH) and 1163.2 cm!
(BID) are slightly different from those of pure hydrogen and

The argon matrix spectra of Bi and:lfeaction products are
shown in Figure 4a. The major peak at 1621.9 ¢r(BiH)
increases on annealing as do weaker 1693.2, 16864 cm

deuterium matrix samples. Sharp triplet bands were observedfeatures with still weaker 1690.9, 1684.0 chsatellites (BiH),

for the dihydrides and slightly shifted 1726.0 and 1238.5tm  and the Bj cluster absorption at 1894.3 ci The corresponding
peaks were observed for the trihydrides. An experiment with D, spectra are compared in Figure 4, which reveals a strong
pure HD is shown at the top of Figure 2; the BiH (1628.8, 1161.6 cn! absorption (BiD) and weaker 1214.4, 1209.5¢ém
1627.1, 1624.0 crmt) and BiD (1167.1, 1166.1, 1164.0 c#) bands (BiB). The H + D, experiment gave the same product
bands are split, major 1696.2 and 1216.4-érhands acquire absorptions. Similar investigations with HD yielded the same
weaker sidebands on photolysis and annealing, and weak newstrong bands and sharp weaker intermediate features at 1690.0
bands are found at 1727.7 and 1239.7ém and 1211.3 cmt, as illustrated at the top of Figure 4.
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Figure 4. Infrared spectra in the 174580 cnt! and 1256-1150
cm! regions for laser-ablated Bi atoms co-deposited withD4, and
HD in excess argon at 3.5 K. (a) Bi and 10% id argon, (b) after
annealing to 17 K, (c) after annealing to 25 K, (d) Bi and 10% HD in
argon, (e) after photolysis and annealing to 35 K, (f) Bi and 1096 D
in argon, (g) after annealing to 19 K, (h) after annealing to 25 K, (i) Bi
and 10% HD in argon, (j) after photolysis and annealing to 35 K.
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Figure 5. Infrared spectra in the 192780 and 13761300 cnt?
regions for laser-ablated Sb atoms co-deposited with normaind
D; at 3.5 K. (a) Sb and 60 STPcc otldondensed at 3.5 K, (b) after
A > 380 nm photolysis, (¢} > 290 nm photolysis, (d) after annealing
to 6.3 K, (e) Sb and 50% H+ 50% D, afterA > 290 nm photolysis,
(f) Sb and 60 STPcc of Pcondensed at 3.5 K, (g) aftér> 380 nm
photolysis, (h). > 290 nm photolysis, (i) after annealing to 9 K, and
() Sb and 50% H + 50% D, afterA > 290 nm photolysis. The label
T denotes SbiD, (x +y = 3).

Antimony. Infrared spectra of laser-ablated Sb in purg H
are complicated, but the spectrum in pure B relatively

Wang et al.

TABLE 2: Infrared Absorptions (cm ~1) Observed from
Co-deposition of Laser-Ablated Sb Atoms and with Ne/H,
Pure H,, and Ar/H, at 3.5 K

Ne/H, Ne/D, H, D, Ar/H,  Ar/D; ident.

1896 1886.4 1350.4 Shidite
1894.4 1360.8 1892.6 1357.3 1885.0 1350.1 $bH
1888.4 1353.5 1882.4 1349.4 Shsite

1883 ShH,
1883.9 1352.0 1878 13458 1869.0 1341.8 Shi(a)
1879.0 1349.4 1869.7 13419 1863.7 1337.6 ShHb,)

1860 1333 SpH,
1858.2 1331.8 1846.1 13248 1842.0 1320.9 SbH
1853.8 1328.7 1843.2 1838.3 1318.8 SbH site
1814.6 1306.3 1817.9 g

1815.1 1301.3 Shi

the lower region. An experiment with HD gave the same
monohydride bands, but slightly shifted dihydride bands, as
shown at the top of Figure 6.

The spectra of Sb and,Hn excess argon are simpler, as
argon freezes more rapidly. A strong 1842.0, 1838.3tm
doublet (labeled SbH) with an 1846.5 thshoulder and a
weaker 1869.0, 1863.7 crhdoublet with 1866.8, 1861.7 crh
satellites (labeled Sbiiare noteworthy (Figure 7). The weak
1882.4 cn1! band is near that assigned previously to St
solid argon, using a synthesized Shéample3? Annealing to
11 K to allow diffusion increases both upper features (Figure
7b), butA > 380 nm photolysis decreases the Sktdublet
and increases the ShHband, which continues with > 290
andA > 240 nm irradiation (Figure 7¢). A subsequent annealing
to 20 K sharpens and increases all features, particularly, SbH
and a final 25 K annealing increases Slgeéaks at the expense
of SbH (Figure 7d,e). Analogous spectra were observed for D
in excess argon. The HD experiment again gave the same
monohydride bands, but the dihydride absorptions formed
triplets in both Sb-H and Sk-D stretching regions (Figure 7f).

Calculations. Density functional calculations using pseudo-
potentials were performed to assist with vibrational assignments
of new hydride species. Since BiH is isovalent with NHza
ground state is expected, but Hund’s case (c) coupling splits
the 3%, and 325~ spin components and gives Al and XO
statest* 1933 Since the XO staté* is mostly (76%)°=, it is
no surprise that our B3LYP calculations fifd~ below 1=,

Our computed 1853.8 cmhharmonic frequency is substantially
higher than the 1699 cm gas-phase value and the 1635.7ém
gas-phase fundamentdi;’® but this systematic error holds
throughout our bismuth hydride calculations. Higher level
calculations predict a more appropriate 1619 ¢rfrequency
for BiH.14

The BiH; radical is predicted to have two observable-Bi
stretching fundamentals about 12 chabove BiH. The physi-
cally stable BiH molecule is found to have slightly higher
frequency fundamentals, but our B3LYP frequencies are 100
cm~1 above values computed at a higher level of theory. The

straightforward, as illustrated in Figure 5. The absorption bands latter are in good agreement with gas-phase observations.

are given in Table 2. The spectrum of Sb with H D, is
dominated by strong 1846.1 and 1324.8 ¢érbands for the
monohydride, triplets at 1873.8, 1871.4, 1869.0 ¢rand at
1346.0, 1343.8, 1342.0 crh for the dihydride, and weaker
bands appear at 1888.3, 1885.1émand at 1350.5, 1348.9 cth

Attempts to calculate the Bitradical found repulsive structures
in Cy, andCs, symmetry. The Bigmolecule D3y) is physically
stable, but the strong mode is 65 chlower than the BiH
fundamental, which is in accord with a previous calculation of
weaker bond8.We find BiH; to be 14 kcal/mol more stable

for the trihydride. Such a spectrum is shown at the top of Figure than BiH + H,; however, Bik is 80 kcal/mol less stable than

5.

BiH3 + H,, which is comparable to the 75 kcal/mol value

Antimony and H react in excess neon and reveal a strong calculated at the RHF level. Hence, Biglannot be formed in
1858.2, 1853.8 cmt doublet (labeled SbH) and weaker features these experiments.

at 1894.4 and 1883.9, 1879.0 ch(labeled Sbi and SbH)
(Figure 6). The broad absorption at 1814.6érincreases on

The dibismuth species Bil, and BipH,4 are predicted to have
high intensity infrared modes with slightly lower frequencies

final annealing. Deuterium counterparts follow accordingly in than their monomers.
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TABLE 3: Calculated (B3LYP/6-311++G**) Structures and Frequencies for Bismuth Hydride Molecules

molecule lengths, A, angles frequencies; gifintensities, km/mol)
BiH (3=7)aP 1.821 1854(318)
BiH (1=7)ab 1.818 1869(310)
BiH (?By) 1.816, 90.0 1867(h, 342), 1864(a 280), 778(a 22)
(Ca)
BiH3 (*A1) 1.813,91.0 1871(e, 330« 2), 1868(a, 240), 781(e, 1% 2), 771(a, 43)
(C3rr')
BiHs (*Ay')¢ 1.889, 1.815 1820 (9 0), 1789(& 270x 2), 1512 (&, 0),
(Dan) 1509 (2", 717), 983 (&, 0 x 2), 837 (2", 469),

744 (8,307 x 2), 422 (&, 22 x 2)

BioH, (*Ag)? 1.821, 2.808, 1851(h, 600), 1837(g 0), 598(a, 0), 486(a, 17),
(Can) 90.8 401(h, 18), 166(g, 0)
BioHa (*Ag)® 1.817, 3.032, 1859(a, 575), 1854(k 542), 1845(g 0), 1844(k, 0),
(Can) 90.5, 90.6 776 (h, 37), 768(g, O)

aBPWO91 functional finds a 31 kcal/mol low8E~ state with 1.830 A bond length, 1820 chfrequency, and=~ state with 1.828 A length and
1834 cm* frequency.” B3LYP functional finds®=~ lower by 27 kcal/mol¢ BiHs is 80 kcal/mol higher energy than BiH- Ha,. @ BioH, is 44
kcal/mol lower energy than 2BiH¥"). ¢ BioH, is 35 kcal/mol lower energy than 2BiH?B;). f Plus six lower real frequencies.

TABLE 4: Calculated (B3LYP/6-311++G**) Structures and Frequencies for Antimony Hydride Molecules

molecule lengths, A, angles frequencies, ¢ifintensities, km/mol)
SbH €2°) 1.721 1952(264)
SbH, (°B1) 1.715,90.3 1981(a, 216), 1976(k 265), 876(a 51)
(CZI/)
ShH; (*A1) 1.709,91.8 2010(a, 156), 2002(e, 246 2), 880(e, 22« 2), 843(a, 76)
(C3U)
ShH, (*Ag)? 1.714, 2.687 1981(h, 441), 1968(g 0), 692(a, 0), 545(a, 12),
(Can) 91.0 476(h, 22), 219(g, 0)
ShH4 (*Ag)° 1.711, 2.925, 1992(a, 419), 1992(h 400), 1987(g 0), 1980(l, 0),
(Car) 90.6,91.0 874(h, 74), 864(g, OF
ShH (?A") 1.719, 2.711, 1937(3, 219), 505(5 20), 186(4 0)
(Cy 92.6°

aShyH, is 43 kcal/mol lower energy than 2SbPShH, is 34 kcal/mol lower energy than 2ShH Plus six lower real frequencies.
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SbHD T SbD
SbHD SbHD  SbH
T Sb,H \
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8 8
g SbH ) g
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. . » Figure 7. Infrared spectra in the 1920780 and 13781300 cnt?
1
F'9¥"e 6f' ITfraredbslptecérggn E[he 192(1d780 et_?dd13791300c;:rLTD regions for laser-ablated Sb atoms co-deposited withD5, and HD
regions for laser-ablaté atoms co-deposited Wil an in excess argon at 3.5 K. (a) Sb and 6%itargon, (b) after annealing

in excess neon at 3.5 K. (a) Sb and G%ihi_neon, (b) after annealing to 11 K, (c) afterA > 380 nm photolysis, (d) aftet > 290 nm
to 6.8 K, (c) afteri > 290 nm photolysis, (d) afE)eia > 240 hm photolysis(, ze) after annealing top25 K),/ ® S(b)and 6% HD in argon,
photonS|so, (e)_ after annealing to 8 K, .(f) Sb and GA’_ HD in neon, (g) spectrum after deposition, annealing, photolysis, and annealing to 25
Sb and 6% Rin neon, (h) after annealing to 7.5 K, (i) after> 380 K, (g) Sb and 6% Bin argon, (h) after annealing to 19 K, (i) after
nm photolysis, (j) afte# > 24Q nm photolysis, (k) after annealing to annealing to 25 K, (j) aftet > 240 nm photolysis, (k) after annealing
10 K, and (I) Sb and 6% HD in neon. The label T denotes Bhix to 30 K, and (I) Sb and 6% HD in argon, spectrum after deposition,
ty=3). annealing, photolysis, and annealing to 25 K. The label T denotes
SbHD, (x + y = 3).

Our calculation foB=~ ground-state SbH finds a 1952 cin
harmonic frequency, which is slightly higher than the experi- 50-58 cnt! higher than SbH, which is in agreement with earlier
mental value @e, 1923 cml; v,, 1855 cmY)34 and in accord  frequency calculations.
with a recent 1886 cri ab initio value3® We predict the Sbk Analogous B3LYP calculations predict stable diantimony
radical to have observable modes-20 cntt higher than those  species SiH, and SkhH,4 with absorptions above their monomers
of SbH. The stable ShHmnoleculé32:3%is predicted to absorb  and ShH with strong absorption below SbH.
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Discussion

The metal hydride product absorptions will be assigned on
the basis of isotopic shifts, matrix shifts, comparison to trends
in calculated frequencies, and known vibrational spectra.

Monohydrides. The strongest product absorption in each

laser-ablated metal and hydrogen system is the monohydride,

diatomic molecule SbH or BiH. First, the SbH bands at 1858.2,
1846.1, and 1842.0 cm in solid neon, hydrogen, and argon,

respectively, exhibit 1.395, 1.394, and 1.394 SbH/ShD frequency
ratios, which are nearly the same as the 1.393 ratio observed

for the 1854.8 cm! gas-phase fundamental vibrati#hSecond,
the SbH and SbD bands are invariant whemtHD, or HD is

used as the reagent gas, hence one H(D) atom is involved in

the vibration.

The BiH absorptions at 1635.9, 1622.7, and 1621.9%im
solid neon, hydrogen, and argon, respectively, exhibit 1.395,
1.395, and 1.396 BiH/BID ratios, which are almost identical to
the 1.394 ratio found for the gas-phase 1635.7 twibrational
fundamental®-13 Again, note that the neon matrix value is
slightly higher and the hydrogen and argon matrix values are
slightly lower than the gas-phase observation. Although the BiH
and BiD bands are invariant with the H D,, and HD reagents
in neon and argon matrixes, and BiD is invariant indhd H
+ D, samples, the BiH bands are perturbed by the solid normal
hydrogen (ortho and paf)matrix environment. The BiH band
is 1623.3 cmi! with H, 4+ D, mixtures and split 1628.8, 1627.1,
1624.0 cm! in pure HD. On annealing to 6.1 K, the 1622.7
and 1630.0 cm! features give way to a sharp 1633.3 @m
absorption (Figure 1b); however, ultraviolet photolysis restores
and increases the 1630.0 and 1622.7 tbands (Figure 1c,d),
and a subsequent 6.6 K annealing restores the sharp 1633'3 cm
feature (Figure 1e). The 1163.4 c&BiD band in normal solid
deuterium is little affected by similar operations (Figure-pf
The central difference between solid normal hydrogen and
deuterium is that 3/4 of the Hnolecules are in thd = 1 state
(ortho) with 354 cm? of rotational energy, but only 1/3 of the
D, molecules are in thd = 1 state (para) with 179 cm of
rotational energy’ Hence the largely)=- ground-state BiH
molecule is sustaining more perturbation from the solid hydro-
gen matrix than BiD in solid deuterium. This is true to a lesser
extent for SbH, where the major absorption at 1843.2cim
solid hydrogen gives way to a strong 1846.1¢rand in mixed
H, + D2 (Figure 5e,f).

The BiH molecules are produced here in the endothermic
reaction 1 that is activated by excess electronic/kinetic en-
ergy?>2% in the laser-ablated Bi atoms. This reaction occurs
inside a heat pipe oven for the gas-phase measurefierte.
reaction energies are estimated by B3LYP/SDD computations.

Bi + H,—~BiH + H [AE = 47 kcal/mol] (1)
Dihydrides. The sharp doublet at 1869.0 and 1863.7-ém
with Sb and H in solid argon shifts to 1341.8 and 1337.6Tm
with deuterium substitution. These bands exhibit 1.3929 and
1.3933 H/D frequency ratios. Single intermediate 1866.5 and
1339.6 cn! bands were dominant with the HD reagent (Figure

7f). Note that these intermediate features are within experimental

accuracy 40.1 cntl) of the average doublet component
frequency. This points to the (symmetric and antisymmetric)
vibrations of two equivalent hydrogen atoms usingad the
single intermediate feature is due to the single H(D) vibration

Wang et al.

Although the deuterium matrix exhibited a sharp 1345.8 and
1341.9 cm? doublet, the hydrogen matrix spectrum is again
complicated by matrix interaction, but the sharp 1869.7tm
bands appears to be due to this species. However, pure H
D, again gave triplet patterns, at 1873.8, 1871.4, and 1869.0
cm~!and at 1346.0, 1343.8, and 1342.0¢nwhere the central
intermediate component is again a result of the mixed isotopic
molecule. The above isotopic patterns identify the SbH
molecule from two (aand b) stretching vibrations.

This assignment to Skt supported by B3LYP calculations,
which predict two observable stretching modes above SbH by
24—29 cnl, in agreement with the 2227 cn! displacements
observed.

In a former investigation with Sb{(SbDs) in solid argon,
full-arc photolysis produced weak new 1840.5 (1320.2)&m
bands®? Since an early RECP calculati®npredicted SbH
absorption much lower at 1763 ci the 1840.5 cm! absorp-
tion was assigned to the Spkadical in solid argon. The present
work shows that the weak photolysis product bands are due to
SbH(SbD), in accord with flash photolysis of Shi the gas
phase®®

The strongest sharp bands at 1699.1 and 16927 gvith
Bi in pure hydrogen aftef > 240 nm photolysis exhibit the
same behavior and are a result of Biirst, the shift to 1218.4
and 1214.4 cm! in pure deuterium provides H/D frequency
ratios 1.3945 and 1.3938, which are appropriate for BiH(D)
vibrations. Second, the Ht+ D, and HD experiments produce
triplet bands with intermediate components for the BiHD
molecule. These triplets change relative intensities wightH
D, composition for the three molecules BiHBiHD, and BiD;,
formed; with pure HD the central BiHD components clearly
dominate. Similar partially resolved bands are observed for neon
samples, but the bands are sharp in solid argon and three bands
are again observed in each region with By, and HD samples
(Figure 4). These three bands, two for antisymmetric and
symmetric Bi-H, modes and one intermediate peak for-Bi
in BiHD, confirm the identification of a dihydride. The BjH
bands are slightly higher in solid neon and slightly lower in
solid argon (with the same 6:46.9 cnT! b,—a; mode separa-
tion), which is the same trend observed for $hBnH,, and
PbH.4° The weaker satellites at 1708.4 and 1701.5 &in
solid hydrogen are believed to be a result of different matrix
interactions (sites).

This assignment is supported by B3LYP calculations, which
predict two separate modes slightly higher than BiH, but the
agreement is not as good as found for @bFhis work reports
the first experimental evidence for the Shéhd BiH; radicals.

The BiH, radical can be formed by two routes: the H atom
reaction 2 or the kreaction 3. Hydrogen atoms are a byproduct
of reaction 1 and impact with laser-ablated Bi atoms or photons
from the emission plum&.?® It appears that reaction 3 is
promoted byl > 240 nm photolysis in these experiments. Even
though reaction 3 appears to be exothermic, the growth of BiH
on annealing in solid argon is most likely a result of reaction 2.

BiH (327) + H — BiH, (°B,)
[AE = —58 kcal/mol, B3LYP] (2)

Bi (“S)+ H, (‘=¢") — BiH, (°B,) [AE=—11 kcal/m?%
3

Trihydrides. The weak 1885.0 and 1350.1 chbands with

in each region. The neon matrix samples gave a slightly resolvedSb and H, and Sb and Bin excess argon are near very strong
version of the argon matrix spectrum at slightly higher frequen- 1882.2 and 1352.7 cm absorptions measured with the authentic
cies, and HD substitution produced an intermediate peak. material®2 These bands shift slightly to 1894.4 and 1360.8€m
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