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THE ABSORPTION AND FtUQRESCENCE SPECTRUM COF SnS AND SnO:
- MATRIX INDUCED INTERSYSTEM CROSSING

J. J. Smith .and Beat Meyer
Chemistry Department, University of Washington, Seattle, Washington,

7r Inorganic ‘Materials Research Division, Lawrence Radiation Laboratory,
' University of California, Berkeley, California

ABSTRACT

The spectrum of SnS and SnO was studied in the 14,000 to 50,000 qm_l

region in argon,_krypﬁon and xenon matrices at 20°K, The D lH - X lZ
~absorption systeﬁ,is7reported. All SnO spectre show a vibrational band
red of ﬁuﬂ;earlier éeportéd to be (0,0). This suggests that the numbering.
| should be corrgcﬁed to yleld a new TOO = 28,9é3 cm-l. Excitation of the

D state ofboth molecules leads to strong red fluoréscence but not to the
resonance fluorescence observed In the gas phase. The red fluorescence is
attributed to the transition a - X where & 1s believed to be 5H. The
fluoreséence results from métrix induced intersystem cfossing, a process
which is unusual in diatomic molecules., Absorption.and fluorescence matrix

shifts of Too and wo are consistent with the heavy atom effect.
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 ‘INTRODUCTION: o 3
The gas phase spéétra of SnS ;nd Sno ﬁave been gtudigd by several
workers ' (1). Both molecules contain ten valence electrons and are, there-
'forg, isoélectronic with CO, for which all theoretically predicted lévels
and transitions have been observed (2).
- The lowest vibrationally and rotationally analysed transition of
nSqS is tﬁe D llIf X l'Xsyst:t.am for which a ﬁhorough isotope study was made (2).
, Refefence 3 glso contains a‘listing of various, partially analyzed, vibra-
tional transitions which have not yet been conclusively assigned. A vibra-
tional study of the visible transitioﬁs indicates that many bands can be
. fitted inté two progressions.belonging to as yet unidentified states B and C
. | |
In Sn0 the D - X system hés also been analyzed {2); It hés an upper
state ln.which corresponds to the‘étate.D in SnS and the 2.17T state of CO.
The D - X fransition’corresponds to the Fourth~Posi§ive System of CO. Various
bands of lower lying, weak and irregular visible systems of Sn0 have been’
analyzed and were tentatively assigned to a transition involving the 3Hl
and 3]6+ state (6). |
The purpose of this work was to study the D -'X transitions of SnS apd

Sn0 in matrices..

EXPERIMENTAL:

SnS was brepared from high purity elemenﬁs énd excess sulfur was removed
through heating under vacuum; Sn0 was made from stannous chloride and sodium
carbonate. Research Grade Rare Gases (Linde Divigion Union Carbide Co.)
were used without further tfeatment. Hiph purity SnS and Sn0 (7) vapors

were made by heating the tin compounds in a carbon resistance furnace which
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is described elsewhere (£). A natural mixture of tin isotopes was used,
Thae molecular bcgm arrangement and the cryostat were similar to those
descriﬁed carlicer (8). TFor several experiments a Cryo-tip refrigerator
AC-2L (Air Products and Chemicals Co. ) was ﬁsgd. ;
In a typical experiment about 3 millimoles per. hour of matrix pgas were
deposited on a sapphire window which was kept at ZOOK. The molecular beam
Knudsen cell was heated to 575-580°C for SnS and for Sn0, corresponding for

. -3 ‘ )
ecach to a vapor pressure of about 10 torr. The matrix-molecule ratio was

estimated to be about 1000. The pressure in the optical Dewar during deposi-

tion was leO_6 torr; during observation it was below 8):10_7 torr.

a Jarell-Ash -
Spectra were recorded on Lzerny-Turner £/6.3 spectrometer equipped

with gratings blazed for BOOOR, SOOOR, and 75008, glving a dispersion between 5
tOZOR/mm. Fluorescence was both photographed and photoelectrically recoxded.
Tor the latter, ﬁn £/5 McPherson‘spectrbmeter with a'1006 line grating

blazed for 50008 was employed, using an EMI photomﬁltiplier tube 95028 as
detector.

For fluorescence excitation the target was irradiated with monochroma-

"tized light from a General Electric AH~6 high pressuré-mercgry arc. The

monochromator was a Farrand £/3 instrument equipped with slits to give a band
width of 508. The fluorescence frequency was both photoelectrically scanned
and photographed for each 508 interval over and beyond the entire absorption
region o% each molecule. Tor each experiment ﬁluorescencé blanks were re-
corded. Alsq, a spectrum of each pure matrix solvent was ébtaincd.

The tin compound beams were always started later and sbopped.earlier '
than the rare gas flow so that SnS and SnO were only 1in contactuwith rare

ras solvent., Deposition time ranged from 2 hours to 10 hours.
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RESULLS:

I, O S
In the 15,000 to 45,000 cm repion both 5nS and Sn0 show only one

[

i,

lear and sharp absotption'sﬁegtrum éonsiécing of é pr_gréssién of vibratibnal
bands. NévabSOrpcioﬁvcorresﬁdnding to ;ﬁe weak gas phéée aBsofpéion bands
'was'found; Thic&er'samples than S;?Qicdvduring thié'ﬁark wQuld_be nccded“' :
- to decermine and obserye such.pyansitions. ' ) v »v j

_Fig. 1 shows thérabsorptiqﬁ sﬁectrum"of_SnS in Xq a£.20oK;” The ab;3
sorption pegks_pf_SnS and SnO in argon, krypton, and‘xenon_sdldtiéns at
2OQK are:i;stcd in TablerI;V-Figf,l-indicatgs~;ha;'SnS exhibits strong -
Franck-Condon iﬁténsifyApercuquﬁion§:aﬁ v;;é and V‘EGQ

‘éeverélAvf levels above_chdge-repdf;ed f@ff;hé'gas PﬁASE-WGFé féph&
vin both'SnS anduSnO; In SﬁS_the qufherﬁost'fed gbsorpﬁiqn cérre§ﬁonds-::
wéll to ﬁﬁe (0,0) gas phasé bgﬁdqf'Hbﬁever;‘if.ﬁhe gaé phasé gumbéfing‘is
used for SﬁQ, a lévgl to.the fed*bf the'Cb;O) band iS o$séf§ed’in aiix
métrices; o .." .‘f - i

"Thevﬂ#lf width of vibrationél qbsorptions.gre.giﬁéﬁ %niTaBiéfII;::The'
absdrption bands have'reiativeiy symme;fical.Shgpesbénd do.qoﬁ:e¥hiﬁit any
'oBviousvfine étrué:uﬁe;

when;the absbrption regiqns.of Sn0 and SAS werévi;radiafed Qith mono-
éhroma:izg& light‘no resonaﬁce‘fluo;escencevwas obééryea;. Instead; a strpng
flﬁores;encé in.the;rediwas obtained fér bdthjmoiécules.. Tﬁé leofeéceﬂqe
consis;s'of a sharp and_weli.deVéloped_progreséion of bands;with>f:eéuencies
.théh are_chafactetistic fox the_ground stateréf the'tﬁg_ﬁqléégleé..'The 

;

'absélﬁte intensity, but not the :elétive,intensity, of bands in the Franck-
. Condon cdrye changes as the exci;ing frequeﬁcy'is scanned. Fig..Z shows the
émission‘spectrum'of_sﬂo injkryptnn as a'function‘df exciting light fre-
quency. Téblg iII lists the emission peaks of SnS and S0 fof argon, . .
krjptdn, én& xéﬂoﬁ."fhe reiative inéeﬁ§ities are>n§t listed-giﬁée both the
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photomultiplicer responsc and the plate response decrease toward the red.,
The Tranck-Condon maximum appears, therefore, on Fig. 2 probably by one

vibrational number too far to the blue.

DISCUSSION:
BSORPTION:

Since both spectra of SnS and Sn0 are dependent on the presence of the

- tin compound beam the assignment of our bands to the D - X system seems

reasonable. The vibrational assignment of the matrix bands is base& on
correlation of many distinct intensity perturbations which are preserved in
all solids. This choice leads  to matrix shifts which»correspond'to the
expected heavy atom effect.

In SnS gas phase and,matrix‘spectra show the same origin. The fact

that bands to the red of (0~0) appear in Sn0 matrices suggest that the gas

phase vibrational numbering is in error. A satisfactory analysis is found

i1if the gas phase origin, Too’ 1s shifted to the red and v' numbers are in-'
creased by one; A gas phase level earlier labelled (2,2) fits the intensity
and frequency requirements for the new (0,0) band. If.the earlier (2,3)
level is now relabelled (0,1) a smooth Deélandres curve 1s obtained. This
new, vibrational aumbering leads to the following set of corrected constants
for the D lH state of Sn0:

1

T a 28923 em - ; w_ = 579.0 cm
00 ] o

1

. cor o 18 .
This new assignment should be tested with Sn™ 0 in the gas phase.
The Too and v' of the matrix absorption observed during this work

: 1
fall well within 1% of the values for the gas phase constants of the D "I
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states of the two molecules.  Gas phase rotational analysis of the D states
. . n . . 1
in SnS (3) and Snd (5) has shown that both are I,

The absorption spectrum of SnS shows a strons intensity change at v'>6,
It is possible that the weak levels listed with v'>6 in Table I belonp to a

different electronic system. SnS andSn0 have so many states close to D '

that strony perturbations may be expected. This repgion was not studied by
earlier workers (3). In analogy with CO the 'vibrational energieé’of close-
by ievels are expected to be so similar to that of D that matrix measurements
are not accurate enough to discriminate between transitions. The width of
the absorption bands varies from 120 cm-1 to 150 cm_l. This line width

is similar to that found in transitions-of other diatomics with other multi-
plicities, 82, for example. Therefore it seemé probable that the line width
is due to effects of the matrix environment rather than due to overlapping
‘unresolved sublevels, as was suggested earlier (9). A portion of the line
"width in the SnS and Sn0 is due to tﬁe large number of tin igotopes wnich
are present in comparable concentrations iﬂ a natural mixture of the
element. This effect contributes <10 cmml for v'=1l and <80 cm-1 for v'=1ll.
It should be noted that it is not clear‘ét this time wﬁy diatomics have
sharper absorptions than atoms ng), but much broader absorpcions than .

many larger molecules such as benzene and porphyrins (11, 12).

-
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FLUORESCENCE:

In the gas phnsé resonance fluorescence haxz been renorted for the
system D - X of Sn0 (1). When the D levels of SnS andSn0 are ezcited in
matrices we observe fluorescence in the red part of the speétrum, but
not in the resonance region. The strong red fluorescence progressions fall
into a region where no absorption has yet been observed. Therefore the
assignment of the transitions is not jimmediately obvious. Several facts
make it likély that the fluorescent bands of SnS and -Sn0 are both due to
transitions between analogous electronic states: (1) the origin of thé Sn0
system 1s somewhat more towards the blue than for SnS, as would be expected
because of the~lowgr molecular weipght of Sn0: (2) the vibrational frequenc&
of the well devélOped progressions corfesnpnds closely to the ground state
frequency of the two respeetive molecules, and (3) the fluorescence appears
only when the correspondiné D - X absorption spectrum can be observed, and
its intensity changes when the exciting frequency is changed over thet?ranck—
Condon curve (Fig. 2 and 'Tab. IV).

Two processes cguld cause non-resonance fluorescence: (1) Emission from
the D state to an intermediate state with subsequent quenchiﬁg of the
lower state to the ground state, or (2) radiationless reiaxation of energy
from the D state to a lower lying state from which fluorescence to the grouﬁd
state 1s allowed. In order to discriminate between the two procésses the
low lyi;g electronicvstates of row IV-VI ten eclectron diatomilcs must be
shortly discussed: Tor CO, the lightest IV~VI ten electran diatomic, ali
theoretically pre&icted states have been observed and identified. The
electronic transition energy and vibrational freéuency of these low lying
states are listed in Table V and compared with the known staées of SnS and

. 1 .
Sr0. Transitions between the ~JI and intermediate states and also between
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interaediate states aad the pround state are forbidden, but many have been
observed in CO. These transitions become much more allowed yet in the
heavier SnS and Sn0O which probably approach Fund's spin c0upiing case é.

TFluorescence from the D étate to a forbildden iﬁtermediate. state.would
have to compete against the fully allowed D ~ X resonance fluorescence, and
would be very weak., Only the state analogous to state a of 'CO is low

The
enouph to correspond cg\lower state of the fluorescence from the state
D of $nS and ShoO if one assumes that the relative position and t%e relative
. iaternuclear distance of electronic states within any one molecule does not
normall§ chanse very drastiecally between different molecules with the same
number of valence electrons. However even the a state is expected to lie
307 or more higher than the observed fluorescence energy suggests. Also
the observed lower state vibrational frequency is too high for the (as yet
unknown) a stafe in SnS and SnO.

Since resonance fluorcscence was not detected in our experiments, and
since the vibrational frequencies of the lower‘state in the fluorescence
corresponds in both molecules to within 10%Z of the ground state, it scems
more likely that the fluorescence involves the groundistqte of the molecules
and does not originate from state D. As the fluorescence was excited via the
D state this explanation necessitates rapid depopulation of the D state to
a lower emitting state. Such electronic quénching is quite common in orgaﬁic
molecules in solid solutions (1%), but is unexpected from what has been
reported for‘the few other diatomics so far studied (9). SnS and SnOlare,
however, much heavier than diatomics such as'Sz, and approach Hund's case
c. This would make transitions to intermediate states 3Hl qu 321 more

allowed. Such quenching would also be greatly enhanced since the four levels

below D are all expected to be very close to each other and surely must cross.
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An indication for such crossing is the strons vibrational perturbation in Sn$
at v'=4 aﬁd v' above 6 in the absorption systém D.

In our work, effective vibrational quenching 1s demonstrated. Neither
frequcnc& nor relative intensity of the vibrational bands, bué only, the abj
solute intensity of the entire system chanzes‘when the exciting frequency is
scannad through the range of the absorption. This fact might supzest that

weak secondary fluorescence observed, for example,in S, is due to different

2

sites rather than due to emission from v'=l as was suggested eariicr 9.

0f all intermediate electronic levels, the level analogbusto_g in CO
is the lowest. It is 3H in CO and would in SnS and Sn0 presumably correspond
to three states,of.which the BHI would give allowed transitions to both the
D andX state. The ratio of the energy of A%rto g}ﬁin CO corresponds very
well to the energy of the observed SnS and "Sn0 fluorescence. Furthermore
an internuclear distance of the order expected for the a state is consistent

the .
with/Franck-Condon curve of the fluorescence.

Assuming that all intermediate levels intersect and that, therefore,
fluoresccnce'occurs from the lowest level, it seems sensible to assign
tentatively the observed. transition to the Cameron analogue. This explana=-
tion all&ws also for earlier tentative assignments of weak bands, One fact
remaining for discussion is the assignment of the ﬁigher'lying A and B bands
of Sn0 ypich, based on partial rotational analysis, were attributed to the
same Cameron system. Our proposed assignment would necessitate reassign-
ment of the A-and P bands to the transition corresponding to a' 32. However,

. . 3 3 . . -
it is possible that "Il and "L could reverse relative position between CO

and the ueavy Sn0. In this case the fluorescence would origminate from the

'

3 . , . .
a L state corxrresponding to the Uopfield-Birge bands. Matrix spectra do not

show rotational structure since both transitions are equally allowed. A

.
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‘7 3 .
conclusive choice hotween 3W and “7 could only he made throush analysis in
he ras phase. Such an analysis might however not be available in the near

future since the visible spectrum of SnS and Sn0 has proven to he comnlex.
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Absorption Bands of Sn$ and Sn0O in argon, krypton and xenon ( in cm ™)

TABLE 1

SnS Sn0
v? argon krypton  xenon gas krypton  xenon gas 2
0 28360 23340 27990 28260 29210 29140 29023
1 28750 28670 28300 28588 290990°  20730° 29507
2 29100 29000 53620 © 28915 30420 30190 30085
3 29430 29300 28920 29238 31050 30730 30647
4 29730 29620 29240 29560 31620 31240 31192
5 30080 29940 29570 29878 32280 31780
6 30370 30230 29850~ 30194
7 30720 30550 30150 30512
8 i 30850 30440 . 30824
9 31140 30790
10 31440 31130

a corrected vibrational numbering ; b stroang perturbation .

6G08T~180N
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TABLE II

Half Widths of Vibrational Bands of SnS and Sn0 Absorption and Fluorescence in Various Solvents

( in cm—l)
SnS Sud
argon krypton xenon argon krypton  xenon
Absorption 120 150 - 130 a 130 130
' 320 300

Fluorescence 220 200 200 300

a not measured

e e e A A AL k. A . Y R g G e G S ¢TI DA WA B A A P,
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Fluorcscence Bands of SnS and Sn0 in Argon, Xrypton and Xenon ( in cmgl)

A}

TAPLE IIL

SnS Sno

v argon krypton  xenon argon , krytpdn xenon
0 13290 21100 21050 20890
1 17960 17870 20300 20260 20110
2- 17700 17380 19450 19430 19290
3 17500 17340 16920 18710 18630 18490
4 17070 16870 16460 17820 17840 17720
5 16610 16390 15970 17120 17050 16940
6 16110 15910 15550 16400 16290 16170_."
7 15650 15430 15020 15440 15520 . 15670
8 15210 14940 14650 14750

9 14760 14580 14300 13920
10 14380 |

- QIf

6G0QT-"TdoN
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TABLE IV

Intensity Correlation between Absorption in the D - X | system and

: Fluorescence in the a - X systenm
( in mu )
Sn0 Sn$
argon krypton Xenon argon krypton xenon
Regicn of Fluorescence Excitation 300-325 305-340  300-340 300-400  325-345 315-350
Fxcitation Yielding Maximum a - X Intenisty 304 320 330 345 335 340
Vavelength of Maximun Absorption in D - X = 329 329 331 344 334 338
: _ :
-
~
H
o
o
=
X
S
B
)

e = e . e ® 9 ar B T A Pt N P57 1P 0 N g g o, W
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TABLE V

 Low Lying Electronic Energy Levels of CO, SnO and SnS

co ? Sno SnS
State Eneray State Energ State Energy
A tm 64747 p 'n 29023 D I 28360
e 32 63709
3 ; s 3

a 3 60647 B (1) 24760 c n) 23613
a' 31 55354 A 0D 24200 3 (Cr) 22756
a O 48474 a Cm 20900° a Cm 18300°
x Yoo 0 x 1z 0 x 0

a reference 2; b

corrected vibrational numbering;

..t -
¢ observed in matrix,- 100 cm

1

“'QI"’
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Fige L Density tracing of D lH.— X“lz absorption system of SnS
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