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Absorption Spectrum of BS, at 4°K

J. M. Brom, Jr. AND W. WELTNER, [R.

Department of Chemistry, University of Florida, Gainesville, Florida 326011

BS,, trapped in neon matrices at 4°K, exhibits extensive progressions in the AT, «— X2I,
and B2Z,* « XI, systems. From these transitions, those observed in the infrared, and a
reinterpretation of gas-phase data, the following molecular constants (in solid neon) are
obtained for linear symmetric 1BS; (in cm™):

B2z, T, = 24,072 w= 516
A, Ty = 13,766 w= 506
Ao = —- 263 Ve = 311

vy = 1535

ing 1\(, - 440 vy — 510
vy = ~120

vs = 1013

Vibronic coupling (Renner-Teller effect), although present in the A%, state, is small,
as are also any Fermi resonance effects.

INTRODUCTION

Johns () has made a detailed spectroscopic investigation of the BO, molecule in
the gas phase. From a rotational analysis of the two electronic transitions, A2IT, < X?II,
and B%Z,* < X1, observed in absorption, he has shown that the molecule is linear
and symmetric in all the observed states. Both II states exhibit vibronic coupling in-
volving the bending frequency ». (Renner-Teller effect), in addition to spin-orbit
interaction. As has generally been found to be true of svmmetric triatomics with 15
valence electrons (2) the vibronic interaction in the excited 2II state is much smaller
than in the ground state.

BS; is expected to be similar but with larger spin-orbit coupling constants in the
IT states. However, only sketchy reports of spectroscopic investigations of boron sulfide
molecules are available in the literature (3-5). All the previous studies involved obser-
vations of the complex vapor over some condensed phase at high temperatures and
were therefore difficult to analyze.

A remarkably detailed absorption spectrum of the BS, molecule, containing many
analyzable progressions in the region of 7200 to 4000 A, is reported here. Along with
the IR spectrum of the ground state molecule, these data confirm the expected similarity
to BO:» and yield extensive information about its vibrational, vibronic, and spin-orbit
properties in the various states.
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1t should also be mentioned that BS: has a role in the high temperature chemistry
of the boron-sulfur vapor system. Vaporization studies of sulfur rich samples of BsS;(s)
(6) and BSz(s) (7) have shown that the polymers (BSs). are major constituents of the
vapor so that the monomer, BS., can serve as a starting point in understanding such
complex systems.

EXPERIMENTAL

The liquid helium Dewar and furnace arrangement used for the matrix isolation work
have been described previousty (8). BSa{g) molecules were produced by vaporizing zinc
sulfide and boron mixtures in a double Knudsen cell made of tungsten, shown in Fig. 1.
The ZnS-B sample was heated in the cooler portion of the cell at temperatures near
900°C. Mass spectrometric studies (4) have shown that the vapor species Zn, BS;, B.Ss,
and ByS; are thus produced in the approximate ratio of 30:1:2:8. Enhancement of
the BS, partial pressure in the effusing molecular beam was accomplished by passing
the saturated vapor through the hotter cell, independently heated to about 1750°C.,

The ZnS powder (Matheson, Coleman, and Bell, reagent grade) and isotopically
cnriched B powder (Union Carbide Nuclear Company, ~959, enrichment of ¥B and
of "B) were used without further purification except for outgassing at several hundred
degrees prior to an experiment.

Neon matrices were prepared by the simultaneous deposition of the boron sulfides
and rare gas upon a (sl window cooled to 4°K. The neon flow rate was maintained at
~0.5 ] atm/h, and the gas was precooled with a liquid nitrogen bath immediately
before entering the Dewar.

Optical spectra were recorded over the range 3500 A-12,000 A. A Jarrell-Ash 0.5
Ebert scanning spectrophotometer with gratings blazed at 5000 and 10,000 A, and
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F1G. 2. Absorption spectrum of the A system of 'BS; isolated in Ne at 4°K. Wavelengths are in A.

equipped with RCA 931A or 7102 photomultiplier tubes, was used in the regions
35007500 A and 7000-12,000 A, respectively. A tungsten lamp was used as the con-
tinuum light source. Relative band positions are generally measureable to =40.5 A
although absolute positions as determined by Hg arc lines are considered accurate to
about ==1 A. Infrared spectra were recorded from 4000-200 cm™ using a Perkin-Elmer

621 grating spectrophotometer.
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Fic. 3. Expanded scale spectrum of the "BS, 6507.8 and 6462.8 A bands showing sub-bands due to
multiple trapping sites in Ne at 4°K. The weak band labeled with an asterisk is due to "BS; in the sample.
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Ay cevmsmymessar DD aacine A \
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AL A Intensities® A, Ax Intensities®
7216.0 0.93 6111.2 0.10
6962.3 1.00 6076.7 0.04
6903.0 0.16 6029.3 (.00
6784.3 .01 34931.0 0.03
6723.8 0.91 3907.3 0.09
6674.0 (.21 3763.8 0.01
0609.3 0.1 5739.0 012
06365.5 .04 5704.3 0.01
6507.8 0.80 3580.4 009
6462.5 0.15 5551.7 0.02
6404.5 0.01 5432.0 (.05
6361.3 0.01 5407.0 0.01
6302.8 0.36 32925 0.02
6263.0 0.08 3269.5 0.01
0211.5 0.01 5161.0 0.00
6168.5 0.00 3140.0 0.00

= Band positions are for sub-band b due to BS, in the predominant trapping site.
b Approximate intensities from peak height measurements are given relative to the 6962.5 A hand.

RESULTS
1. Visible Absor ption Specira

The observed visible spectra of BS: consist of two systems designated A and B in
analogy with BO. (Z): system A beginning at 7200 A with an extensive series of pro-
gressions developed out to 5100 A ; system B at 4116 A und extending to 3952 A.

o sess
5254 T529%
% sap 543
5538- 558
5695- 5739
5860°
6446 -
6463 6884 -
6903
6658 - | \
6674
6501 - 6508
6957 6962

6296 6303
6720- 6726

7210 7216

Fis. 4. Absorption spectrum of the A svstem of BS: for a sample containing equal amounts of R
and "B isotopes. Wavelengths are in A.
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TABLE 11

ABSORPTION BANDS oF YBS, A SysTEM IN NEON AT 4°K

\, A0 Intensitiesh A, &= Intensities?
7210.0 0.93 6104.8 0.10
6956.8 1.00 6062.3 0.04
6883.9 0.16 6007.0 0.00
6766.8 0.01 5923.5 0.03
6719.8 0.91 3859.7 0.09
6657.9 0.21 5756.3 0.01
6580.5 0.01 5694.0 0.12
6549.3 0.01 5652.7 0.01
6501.5 0.80 5537.9 0.09
6446.4 0.15 5502.5 0.02
6376.8 0.01 5391.7 0.05
6344.5 0.01 3360.2 0.01
6296.0 0.36 5253.35 0.02
6248.5 0.08 32247 0.0t
6185.8 0.01 3121.5 0.00
6153.5 0.00 5098.5 0.00

» Band positions are for sub-band & due to BS; in the predominant trapping site.
b The relative intensities ohserved were similar to the "BS, hands and are listed as such.

4 system. Figure 2 shows a spectrum of the A system obtained from vaporizing a
ZnS-"B sample into a neon matrix at 4°K. The shape of each band in the system is
very similar and consists of a group of four or five sharp peaks. These sub-bands are
attributed to multiple trapping sites of the BS; molecule in the solid neon matrix.
An expanded view of the site splitting of the 6462.8 and 6507.8 A bands is shown in
Fig. 3. Absorption peaks due to sites labeled a to d were observed for medium to strong
intensity bands. An additional sub-band e was observed for very strong intensity bands.
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IiG. 5. Absorption spectrum of the B system of BS, isolated in Ne at 4°K
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TABLE JI1

ABsorpTION BANDS oF BS, B SysTeEM IN NEON AT 4°K

A y, cm! (v, 00, 0y AG, cm™
1155 24,292 0, 00, 0)
500
4031.0 24,801 i oo
195
3952.0 25,206 (2,00

= Isotope shifts between ®BS,—1BS; were not measured.
b See analysis in text for explanation.
¢ 505 cm™ in gas phase spectra of (5).

The weaker bands in the system showed only the peak due to the predominant trapping
site b. The bandwidths observed were 4-8 cm™! and allowed peak positions to be mea-
sured within 0.5 A (or 1-2 em™). Progressions formed from the various sub-bands
belonging to the different sites all gave uniform term %cparations As such, we shall

/\nlx refer to |]r\n nredomina nt cite suh-hand 1n fi n‘f]n;x an ‘\ mc Tahle T l}c,tc, thc 'alb-

..... TGI8 O Priuuiiiiiie ant siie sup-pand 1n nurtaer ar 1aDie 1

sorptlon bands observed for 'BS; trapped in site b.

Similar spectra were obtained using ZnS-B samples, and the appearances of the
bands due to multiple trapping sites of ®BS, in neon were the same as for 1BS,. Figure
4 shows the spectrum observed when a boron sample containing approximately equal
proportions of B and "B was used. The important result here is that the absorption
bands are grouped into doublets. This is the expected isotope effect for a transition
belongmg to a molecule containing a smgle B atom, namely "“BS; and "BS;. The posi-
tinne of the handg far VRQ, in the nredam nt site in neon at 4°K are h 3

tions of the bands for YBS; in the predominant site in necn a

B system. The spectrum of BS, observed in the 4100 A region is shown in Fig. 5. At
higher resolution the shape of the bands indicate the presence of multiple site effects.
although not as pronounced as for the A system bands. Isotope shifts between the
BS, and “BS, bands were not determined due to their small magnitude and to un-
certainties from site splittings. An estimated upper limit for the “B-"'B shift in the
4116 A band is 6 em™. Table IIT lists the observed band positions.

Un z'dentifetl Bands. Analysis of the visible spectra, as given below, has shown that all
but of the laree number of bands observed throughout the region 3500-12.000 A

a few of the large nun of bands observed throughout the region 3300-12,000
can be assigned to the two systems of BS,. Occasionally, weak bands were measured at
1750, 4563, 4400, 4367, 4354, 4045, and 4021 A that remain unidentified. Although BS.
is the predominant molecule in the matrix, the IR spectra reveal that several additional
molecules are present so that added absorption bands are not unexpected. The concen-
tration of Zn atoms in the matrix ought to be high (4); however, the spectrum expected
for Zn lies in the ultraviolet (9).

Aunalysis of Visible Specira

The analysis of the visible spectrum of BS; parallels that of the gas phase spectrum
of BO: (1). Supported by the analysis presented here, we may assume that the electronic
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configurations giving rise to the ground and excited states of BS, are the satie as those
for BO,:
(UR)2(Uu)z(Ug)z(gu)2(7rll)4(7rx)3y ing( inverted)

(0'2)2 (‘7'u)2 (7"'u)3 (7rg)4, A2H\1 (inverted),
and
(UE) 2 (o'u)l (7ru)4 (7rg) 4) B22u+-

The 7200 A and 4100 A systems of BS, are then assigned to A’I[,~X?%I, and B2+
X1, transitions, respectively.

At 4°K each band is considered to arise in transition from the zero-point I, ; vibronic
level of the ground state. The bands are identified by (v, v2’%, v5’) which designates
the particular *Iy,; or 2, vibronic levels of the A%, or BZ,* excited states, respec-
tively, where [ is the angular momentum quantum number associated with the bending
vibration of a linear triatomic molecule. By the Franck-Condon principle for
linear-linear transitions, the vi’ progressions involving the symmetric stretching vibra-
tion are strongly allowed, whereas progressions of the 2vy’ bending and 2v;’ antisym-
metric stretching vibrations are expected to be weak.

A system. The strongest bands in the A system form the (v//, 0°, 0) progression, as
expected, and the isotopic data support this assignment. Table IV lists the (vi', 0°, 0)
bands and gives the resulting vibrational constants for *BS; and “BS,. There is no iso-
tope shift predicted for the symmetric stretching frequencies, and the w,"" values are
observed to be the same for both molecules.

TABLE LV

(vi’. 0%, 0) PROGRESSTONS OF 19BS, anp 1BS,

RS, RS,
N A v, em™ (v, 00 0)  AG, cm! A A y,em™t (v, 00 0)  AG, cm!
72100 13866 (0, (P, 0) 72160 13.85% (0,00 0)
508 505
6956.8 14,371 (1,000 6962.5 14,359 (1, 0, 0
506 505
6719.8 14,877 (2,00, 0) 67258 14,864 (2,00 0)
500 498
65015 15377 (3,00, 0) 6507.8 15362 (3,00 0)
501 499
62960  IS878 (4,00 0) 6302.8 15861 (4,00, 0)
498 198
61048 16376 (5,00, 0) 6111.2 16359 (5, 0)
501 497
5923.6 16877 (6,05 0) 5931.0 16856 (6, 0%, 0)
490 489
57563 17367 (7,00,0) 5763.8 17,345 (7,000
@ = 506(1) cm™1 w = 506(1) cmt

|

X" = —1(1) cm™! Xn¥ = —1(1) ecm™?!
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TABLE V

(v, 20, 0) AND (v/’, 0% 2) PROGRESSIONS OF BS, axp 1BS,

RS, YBS,

A v, em™t (vy), 20 0) AG, cm™! A A yoem™ (v 2000) AG, em?
0883.9 14,523 0, 20,0y 6903.0) 14,482 (0, 20,0

193 496
0657.9 15,016 (1,200 0674.0 14,978 (1, 2" 0)

492 492
0446.4 15,508 (2,2 0) 6462.5 15,470 (2,20

491 192
6248.5 15.999 (3, 2", 0) 6©263.0) 15.962 (3,2, 0)

402 490
6062.3 16,491 (4, 20, 0) 6076.7 16,452 4, 2

XNt = —6(1) em™! X" = —4(1) cm™!?

5859.7 17,061 0,00 2) 3907.3 16924 (0, 0", 2y

490 190
5694.0 17,357 (1, 00, 2) 5739.0 17,420 (1,00 2)

495 495
53379 18,052 (2,08, 2} 3380.4 17913 (2,00 2)

490 489
S391.7 18,5342 (3, v, 2) 5432.0 18,404 (3,00, 2)

488 485
5253.5 19.030 (4, 00, 2) 3292.5 18,889 4,0 2)

490 482
SIS 19520 05,00 2) S161.0 19371 (5,00 2)

X = —6(1) cm™! N = =5() cm™?

For the two nontotally symmetric vibrations, »; and »;, the ratio of the isotopic fre-
quencies of "BS; to "BS; is calculated to be 1.04138 in the harmonic approximation
and in the absence of Fermi resonance effects. The bands at 6883.9 and 6903.3 A arc
then assigned to the (0, 2% 0) transition of ¥BS, and "BS,, respectively, because the
resulting 2v," values of 653(2) em™ (®¥BS,) and 629(2) cm™ (UBS.), as averaged from
all the sub-bands, give an observed isotopic ratio of 1.041(3) and are the right order of
magnitude to be expected for bending frequencies. The (0, 2°, 0) bands are also the
origin of another progression, namely (vy’, 2% 0), as listed in Table V. Similar consider-
ations apply to the weak bands at 5859.7 and 5907.3 A, that are assigned to the (0, (¢, 2)
transition of “BS, and “BS,, respectively. The average 2v;" values are then 3192(3)
em~t ("BS,) and 3069(2) cm™! ("BS,) with an observed isotopic ratio of 1.0401(9).
The (0, 0, 2) bands also serve as the origin of the (vy/, 0" 2) progressions which arc
included in Table V.

Very weak bands are observed at 5652.7 and 5704.5 A which are 625 and 601 cm !
above the (0, 0% 2) bands af YBS, and 'BS., respectively. These are assigned as the
(0, 2%, 2) transitions, and they are the origins for another progression in v/, the (v/’, 2°, 2)
progression which is listed in Table V1. Similarly, weak bands at 6580.5 and 6609.3 A
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TABLE VI

(vi’, 20, 2) PROGRESSIONS OF WBS, aND 1'BS.

1BS, uBs,

N A v,em™t (v, 202) AG, cm! A A v,em™ (v, 292) AG, cm™t
56527 17,686 (0,2 2) 57045 17,525 (0,2,2)

483 483
55025 18,169 (1,2 2) 55517 18,008 (1,2 2)

182 481
53602 18,651 (2, 2,2) 54070 18480 (2,20 2)

484 483
52247 19,135 (3,2,2) 52695 18972 (3,20 2)

473 478

5098.5 19,608 (4,29, 2) 51400 19450 (4,29, 2)

are 669 and 644 cm™* above the (0, 2, 0) bands of “BS, and "'BS,. respectively, The
intensities and wavenumber shifts suggest that these are the (0, 4°, 0) bands. Weak
intensity progressions are also observed and assigned to (vy/, 4°, 0) bands, as listed in
Table VIL

As observed, the (0, 2%, 0) and (0, 4°, 0) bands imply that the wy" values are 324(2)
and 311(2) cm™, with X" anharmonicity constants of +2(1) cm™, for “BS, and
UBS,, respectively. These results give an isotopic ratio of 1.040(3) compared to the
calculated value of 1.04138.

A large number of bands in system A have been assigned without necessary considera-
tion of spin-orbit or vibronic (Renner-Teller) interactions. In the absence of any
Renner-Teller effect the spin-orbit effects should not be observed since it is presumed
that all BS; molecules are present in the ?II3 level of the ground state at 4°K and the
selection rule AZ = 0 holds for Hund’s case a coupling (Z0). With vibronic interaction
the selection rule AP = 0, where P = [A + I + 2|, allows a transition from the (0, 0°, 0)

TABLE VII

(v{/, 4, 0) PROGRESSIONS OF 1°BS, aAND 1BS;

10BS, ups,

N A v, cm™ (v)/, 49 0) AG, cm™! N A v, cm™ (v, 49, 0) AG, cm™!
6580.5 15,192 0, 4%, 0) 6609.3 15,126 O, #, 0)

486 484
6376.8 15,678 (1,4 0) 6404.5 15,610 (1,40, 0)

484 485
6185.8 16,162 2,4,0) 6211.5 16,095 (2, 40, 0)

481 186

6007.0 16,643 (3, 4, 0) 00203 10381 (3, 4, 0)
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TABLE VI

(v, 22, 0) ProgrEssions or WBS, axp 1BS,

WBS, "BS.

A v, em™ (v, 22,00 AG, em! AA voem™ vy, 28 0) AG, cm?
6766.8 14774 10,220 67843 11736 0,220

191 491
0549.3 15,265 (1. 22 0) 0565.5 15,227 (1,25 0)

192 489
03445 15737 (2,250 63613 15716 (2.2, 0)

489 J91
6153.3 16,240 (3,2 0) 0168.5 16,207 (3,25, 0)

*11; vibronic level of the ground state to the (0, 2%, 0) 2II; vibronic level of the A2l
excited state (). Again, the transition intensity is predicted to be weak by the Franck-
Condon principle. The weak bands at 6766.8 and 6784.3 A in the *BS, and !BS; spectra,
respectively, are assigned as the (0, 22, 0) bands and a progression of (v(/, 22, 0) bands
is also observed as listed in Table VIIT. The splitting of the (0, 2°, 0) and (0, 22, 0)
bands is due to the combined effects of spin—orbit and vibronic interactions (11).
However, the vibronic interaction parameter, ew”, in the excited state is likely to be
small (1) compared to the bending frequency and the spin-orbit constant. Then the
(0, 2, 0) band splitting gives an approximate value for the spin-orbit splitting of the
AII, state of —253 cm™!. The observation of weak bhands due to vibronic interactions
aives support to the assignment of the excited state of the A system as a degenerate
clectronic state. Support for this value of the spin-orbit constant of the A2I, state is
also derived from the analysis of a very weak system assigned to the AMI-X2II,
transition, as presented below.

~ufo
(.0°0) (20°0)
13.0°0)
s
gl 40°0)
2 50°0)
= ®0°0) 5 o
@ 0,200[12°0) 0002 50
E ‘ : ‘ (2.290)(3.2° 0) . 0_‘ <0 ,2)(29 .2)(3.09‘2) 14,002
T . 4 [“h: J[ 1‘. I‘ l! ;5
(0220) 1,2201(2,220)(3,220) 0.2°2) 11,2°2) 12,2021 (3,2°2

(0.4°0) (14°0)(2,4°0}(3.4%0)

0 1000 2000 3000 4000 5000

Aviem ')

1916, 6. Schematic of the \*H, X211, spwlrumtnl‘ BS..
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A schemaltic of the overall spectrum of the A system is shown in Fig. 6. All of the
progressions in »;" are remarkably regular and are consistent with the derived vibrational
constants. In each progression the band having »1” = 1 is the most intense indicating a
substantial change in the B-S bond length between the two states.

B system. Only three bands are observed in the B system spectrum of BS,. The bands
fit a progression and the absence of an isotope shift along with the similarity of the term
separations with the symmetric stretching frequency of the A’IT, state allows them to be
assigned as the (vi, 0, 0) progression, as listed in Table I11. The vibrational constants
obtained for the B2Z,* state are then w," = 316 cm™ and X, = —7 cm™. This
assignment is in agreement with »;’ = 505 cm™' given by Koryazhkin and Mal'tsev (5)
from gas phase spectra (see Discussion).

AI-X2I1; system. As mentioned above, the AL, ;—X11, s transition is not allowed
in case a coupling due to the selection rule AZ = 0. However, for large values of the
spin—orbit constant in one of the II states the coupling may approach case ¢, and then
the 2II4~2I1; transition becomes weakly allowed (10). Very weak intensity bands are
observed at 7076 and 6831 A in the YBS, spectrum, and at 7081 and 6837 A in the 'BS*
spectrum which may be discerned in Fig. 2. The 7076 and 7081 A bands are assigned to
the (0, 0°, 0) 2II; transitions giving a spin-orbit constant of —263(2) cm™ for the
AT, state. The 6831 and 6837 A bands are then the (1, G, 0) 21T, bands at 507(2) and
504(2) cm~! above the (0, 0°, 0) *I1; bands of "BS, and "BS,, respectively.

The true spin—orbit constant determined here is close to the value, —2353 cm™, esti-
mated from the separation of the (0, 2, 0) *II; and (0, 2%, 0) I3 bands. [t would be
expected that the splitting of the (0, 2%, 0) bands would be larger in absolute value than
the spin-orbit splitting if vibronic effects occur (11), as in BO.. This may be seen from

’* I

—«— Absorption

320 220 o 1020
v{em™

Iic. 7. Infrared absorption spectra of B-S samples isolated in Ne at 4°K: A, samples containing
predominantly "B isotope; B, samples containing predominantly B isotope.
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F'ABLE IX
e sy Termane Datne or Turpanen Ranne won N Al arnree v JVK
AW R ¥N LKVLII IDUTUFE ALK U INFRKAKE) IDDANUD FUR NFULN DAL RLIU LD AL T N
10y Il
v, cm} Assignment v, cm
1036.7 v, BS. 1014.6
1207.3 v BS 1165.3
1254.8 1211.2
1294.0 12443
13124 1261.3

ig. 1 of Johns (f) which shows that any value of the Renner parameter, ew,’, will in-
crease the effective A’ value, since states with the same £ quantum number repel each
other. The fact that the splitting is smaller in absolute magnitude than —263 cm™
indicates only a small degree of vibronic coupling in the A%, state. Fermi resonance

effects (12) might explain the smaller value since in BOy v/ > 2v)/ whereas here v’ <
2v." and the resonance would shift the (0, 2°, 0) level closer to th

2 and resonance would shif evel closer to the (0, 2%, 0). How
the splittings of all the (v, 2¢, 0) *1; b;md s are very regular, and mdced the lack <)l
irregularities in cach of the observed progressions would seem to indicate that Fermi
resonance effects in the A®II, state are quite small. The change in the spin—orbit sphtting
may then reflect a small variation of the A’ value with the bending vibrational quantum
number, although the exact way that A’ should vary with v’ is not known (/7). Of
course, the other indications demonstrate that vibronic interaction is present, but it
must be hidden here by these other small effects. Note that the intensity of the (0, 22, 0)
u H bdud is }‘di‘;:(:‘l «ham ‘thlt ()f thﬁ (0, 0 B ﬂ) ,H or (1, O”, \()) ”- umu]h UJdu,dLiug ‘Lhii'l
1hc transition allowed by vibronic interaction is stronger than that allowed by the
approach to case ¢ coupling.

1
F]

11, Tnfrared Lbsorption Spectra

[N SO A T ot TOMMY 1293 o =1 Tt £ el T
A\ umerous ¢lUDUJ]JL1UIl U(Lll\lb were UUDC[VL l i e n IUU 1340 Cl1l [CZI0I1 O c 1is

spectrum. Spectra obtained when samples containing predominantly the Y'B or B
isotope were used indicated several isotopic pairs of bands, as shown in Fig. 7 and listed
in Table IX. The spectrum of a sample containing approximately equal amounts of VB
and "B, shown in Fig. 8, was interesting since it indicated that the isotopic spectra were
almost additive. No strong bands due to a mixed YB-1'B species were observed.

BS. spectrum. The very strong bands at 1014.6 and 1056.7 cm! are assigned to the
asymmetric stretching frequency, »s, of BS; and BS., respectively. Although the
absoiute frequencies are measured to 0.5 cm™, the relative frequencies have an un-
certainty of 0.2 cm~. The observed frequency ratio for the isotopic bands is 1.0415(5)
and is in reasonable agreement with the Teller-Redlich ratio of 1.04158 calculated for
linear symmetric BS;. The symmetric stretching band of linear BS; is forbidden in the
IR, and the bending vibration is estimated to lie below the 200 cm™! limit of the spec-
trometer {see Discussion).
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12306
\ @47 T a0 /\ﬁ(//

1324 -

Lipaaol 12445

— Absorption

sy
vl

FiG. 8. Infrared absorption spectrum of B-S sample containing equal amounts of B and B isotopes.

The »; frequency measured here may be compared to a tentative value of 910 cm™*
assigned to BS, by Greene (13). Sommer, Walsh, and White (4) observed bands at 993
and 1052 cm™ in IR emission from the gas phase over heated "B-ZnS and "B-ZnS
samples, respectively. The bands were assigned to a B-S stretching frequency although
it was uncertain whether they belonged to BS; or to BsS;. Their hands are fairly close
to the 1014.6 and 1056.7 cm™! bands observed here for BS..

BS and ByS, spectrum. Weak bands observed at 1165.3 and 1207.3 cm™ are assigned
to UBS and YBS, respectively (I4, 15). Similarly, weak bands observed at 1211.2 and
1254.8 cm~! are a551gned to the asymmetric stretching frequency of linear symmetric
11B,S, and 1°B,S,, respectively. The observed frequency ratio is 1.0360(5) which is close
to the value calculated by the Teller-Redlich rule of 1.03635. The band due to the mixed
species YB!'BS; is observed at 1230.6 co? (this was the only band which was assignable
to a ¥B-'B species in the spectrum shown in Fig. 8). These B.S. data are in agreement
with the gas phase results of Sommer, Walsh, and White (4).

B3S3(?) spectrum. In the 1250 and 1300 cmi~! regions several bands of strong to medium

intensity were ohserved for B and YB samnles vpcnprhvpl\ The VB group consists of

intensity were observed samples, respectively

bands at 1294.0, 1304.2, 1312.4, and 1318.4 cm™ while a similar group for "B samples
appears at 1244.5, 1254.8 (overlapped with “B,S; band), 1261.3, and 1266.5 cm™
These bands are in the region where vibrations of B:S; would be expected to appear
(3, 4, 13), and the bands at 1294.0 and 1312.4 cm™ and at 1244.5 and 1261.3 cm™ can
be assigned to »; (B = S sym. str.} and »¢ (B = S asym. str.) of “B,S; and "B.S;, re-
spectively, by analogy with B;O; studies (&, 16). However, there are difficulties with

this assignment since the mixed isotope spectrum shows no strong bands due to ’'BUBS;;
however, a similar situation did occur in the IR qfndv of B»0;. Also, there should be

several additional bands due to B.2S; in other regions of the IR spectrum which are not
observed. These assignments must then be considered tentative until additional data

can clarify the situation.

IV. Visible Emission Spectrum

Attempts to observe the optical emission spectra in the usual manner were not per-
formed in this series of experiments. However, a weak emission band, shown in Fig. 9,
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I16. 9. Spectrum of BS, in Ne at 4°K showing 7493 & band observed in emission along with intense
7210 A band observed in absorption.

was consistently observed at 7493 A during the recording of the absorption spectra.
The 510 cm™ separation to longer wavelengths suggests that the emission is due to the
transition from the (0, 0°, 0) level of the A1, state to the (1, (°, 0) level of the ground
state. If this is correct then the symmetric stretching frequency for each of the three
observed states of BS. is about the same, a result similar to that found for BO, (7).

DISCUSSION

The analysis of the BS, spectrum presented here differs from the conclusions given by
Koryazhkin and Mal’tsev (KM) (3). These authors observed the electronic spectrum of
the vapors over B.S;(s), B(s) + S(s), or B2Os(s) + ALS;(s) samples heated to 900-
1200°C. Similarly, they recorded bands in the 8000-6100 A and 4100 A regions which
they assigned to AI[,~X2II, and B2Z,+X11, transitions of BS,, respectively. Their B
system bands at 4095 and 4012 A agree well with our matrix results, and they have
assigned them similarly. They also observed a band at 4171 A which they assigned
to a (0, 0° 0)-(1, 0° 0) transition. However, the 4171 A band is 440 cm™ to
the red of the 4095 A (0, 0°, 0) 2=+-(0, 0°, 2) I3 band, and it is more likely that the
former is a (0, 0°, 0) B2Z*t-(0, 0°, 0) X211y hot band. If this is correct then the spin-
orbit splitting in the XII, state of BSs would be —440 cm™, a value which is in agree-
ment with that for CSs* in its ground state, as determined by Callomon (7). This is
in accord with the similar findings of Johns (1, &) when comparing the isoelectronic
BO, and COst molecules. The r, molecular orbital of BS, is essentially pure S(3pm)
since it is nonbonding, and Callomon (17) has shown that the spin-orbit splitting of
—440 cm~! in the X1, state of CSs* is consistent with this fact. Excitation to a bonding
7, orbital, involving both B(2p7) and S(3pw), as occurs in the AMI, state of BS.,
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TABLE X

ComPARISON OF GAs PHASE AND NEON MaTRrIX SPECTRA OF UBS,

Transition Matrix® A AG, cm™! Gas,® A AG, cm™!

0, 0°, 0) 7216.0 6923.7

505 496
(1, 00, 0) 6962.5 6693.7

505 192
(2, 00, 0) 6725.8 0481.2

498 473
(3,000 6507.8 0287

199 490
(4, 0°, 0) 6302.8 ~6100

» Data here are same as those in Table IV.
b Reinterpretation of data presented by Koryazhkin and Mal'tsev (5.

should lead to a decrease in spin-orbit splitting because of the smaller constant for
boron and our measured value of —263 cm™ reflects this.

Furthermore, KM have interpreted their A system spectrum to present evidence
that BS. is bent in either the A1, or X211, state, but their analysis of the A system con-
tains several inconsistencies. A reinterpretation of their data can reasonably be given
which brings their results into much closer agreement with ours. Such a reinterpretation
is presented in Table X along with a comparison with the matrix data. Their intense
6923.7 A band is there reassigned as the (0, 0°, 0) 2[I; band to obtain a (vi', (°, 0) pro-
gression consistent with ours. We would then assign their 7004.2 A band as a hot band
due to the (0, 0°, 0) AI;—(0, 0°, 0) X?II, transition; the shoulders observed on their
(vi, 0, 0% 2II; progression then belong to the (v, 0° 0) *II; progression. (Other hot
bands involving the bending frequency of the X?II, state are also likely in their spectra
and probably contribute to the width of their bands.) The above interpretation of their
data implies that the difference in the spin-orbit splitting of the two II states is ~166
cm~! compared to our estimate of ~177 cm™. The ill-defined bands in the 7200-8000 A

TABLE XI

VIBRATIONAL FREQUENCIES AND FORCE CONSTANTS OF BS,

X1, A1,
v (e 510 506
v2 (I,) ~120 311
vs (Bt 1015 1535
£p 39 5.7
fre 1.0 —0.9
£,/12 0.02 0.14

* Frequencies are in cm™.
b Force constants are in mdyn/A.
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region of their spectrum are probably due to other species in the vapor over their
samples.

All of the vibrational frequencies in the AL, state, and all but the bending frequency
in the X?I1, state have been measured directly from the observed spectra; Table XI
lists the results. A reliable estimate of the bending frequency in the ground state is
available from the isotope shift in the (0, (%, 0) band of system 4. Assuming tha
vo("BSs)/v2 (MBSs) = 1.0416, the data gives »2(*'BS;) >~ 120 cm™. A larger value for
the bending frequency in the A’[l, state is consistent with the stabilizing influence
that the number of m, electrons has on the linear conformation of the molecule. as
discussed by Herzberg (2).

Force constants have been calculated from the observed frequencies in the two lowest
states of BS, and are included in Table XI. The magnitude of f, allows an estimate to be
made for the B-S bond distance in the molecule, for both electronic states, by using the
appropriate Laurie-Herschbach relation (19)

r =202 — 0.53 log /.
The values obtained for 7(B-S) are 1.7 and 1.6 A in the XII, and Al, states, respec-
tively. (Similar calculations using the BO; data (I) give #(B-0) distances within 0.1 A
of the observed values.) The BS. bond distances are consistent with the signs and

magnitudes of the f,, interaction constants calculated in the two different electronic
states. If the dissociation products of BS; are given by

BS,(X211,) — BS(X2) 4+ S(*P)
r=1.7 r=106 Ar = +0.1,
and
BSa(A2L,) — BS(A2IL,) +  SCP)
r=16 r=18 Ar = —0.2,

then the correlation (20) between the sign of the f,, constant and the change in bond
length as the triatomic molecule dissociates to the diatomic does predict a rather large
positive and negative interaction constant in the X*II, and A%, state, respectively,
as observed
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