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THE ABSORPrION AND FLUORESCENCE SPECTRUM OF SnS AND SnO t 
MATRIX INDUCED INTERSYSTEM CROSSING 

J. J. Smith .,and Beat Meyer 

Chemistry Department, University of Washington, Seattle, Washington, 
... 'Inorganic ,Materials Research Divisiori" Lawrence Radiation Laboratory, 

University of California, Berkeley, California 

ABSTRACT 

The spectrum of SnS and SnO was studied in the 14,000 to 50,000 cm-l 

region in argon, krypton and xenon matrices at 20o K. The D lrr _ X l~ 

absorption system is 'reported. All SnO spectra show a vibrational band 

red of that earlier reported to be (0,0). This suggests that the numbering 
. -1 

should be corrected to yield a new T = 28,923 cm • Excitation of the 
" , 00 

D state of ' both molecules leads to strong red fluorescence but not to the 

resonance fluorescence observed in the gas phase. The red fluorescence is 

attributed to the transition a - X where a is believed to be 3rr• The 

fluorescence results from matrix induced intersystem crossing, a process 

which is unusual in diatomic molecules. Absorption,and fluorescence matrix 

shifts of T and ill are consistent with the heavy atom effect. 
00 0 
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The gas phase spectra of SnS and SnO have been studfed by several 

workers ' 0). Both molecules co.ntain ten valence electrons and are, there-

. fore, isoe~ectronic with CO, for which all theoretically predicted levels 

and transitions havebeen.observed (1). 

The lowest vibrationally and rotationally analysed transition O'r 
. 1 ] . 

SnS is the D II -: X '.1: sys tern for which a thorough isotope study \-las made' CD • 

Reference 3 also contains a listing of various, partially analyzed, vibra-

tional transitions which have not yet been conclusively assigned. A vibra-

tional study of the visible transitions indicates that many·bands can be 

fitted into two progressions belonging to as yet unidentified states Band C 

(!0 • 

In SnO the D'- X system has also been analyzed ~). It has an upper 

1 . . IT[ 
state rrwhich corresponds to the .state D in SnS and the ~ state of CO. 

The D - X transition corresponds to the Fourth· Positive System of CO. Various 
" 

bands of lower lying, weak and irregular visible systems of SnO have been 
') 

analyzed and were tentatively assigned to a transition involving the -III 

and 31(,+ state (6). 

The purpose of this work was to study the D _.': X transitions of SnS and 

SnO in matrices. 

EXPERIHENTAL: 

. 
SnS was prepared from high purity elements and excess sulfur was removed 

through heating under vacuum; SnO was made from stannous chloride and sodium 

carbonate. Research Grade Rare Gases (Linde Division Union Carbide Co.) 

were used without further treatment. Hir,h purity SnS and SnO ill vapors 

were made by heating the tin compounds in a carbon resistance furnace which 
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is dcscrih~d elsc\,,:\cre (D. A na tura.1. mixture of tin isotopes IIlas used. 

Tl1c molecular beam arraneement and the cryostat were similar to those 

described earlier (~). For several experiments a Cryo-tip refrigerator 

AC-2L (Air Products and Chemicals Co.) was used. 

In a typical experiment about 3 millimoles per· .. hour of rna trix ~as were 

deposited on a sapphire window which ,,,as'kept at 200 K. Theo1).)lecular beam 

.. , 0 
Knudsen cell '''as heated to 575-580 C for SnS and for SnO, correspond ing for 

-3 each to a vapor pressure of about 10 torr. The matrix-molcculi ratio was 

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

. -6 -7 
tion was 5xlO torr; during observation it was below 8x10 torr. 

a Jarcll-Ash 
Spectra were recorded on:,<:zerny-Turner f/6.3 spectrometer equipped 

with gratings blazed for 3000R, 5000R, and 7500R, giving a dispersion between 5 

t020R/rnm. Fluorescence was both photographed and photoelectrically recorded. 

For the latter, an f/5 McPherson spectrometer with a 1000 line grating 

blazed for soooR was employed, using an EMI photom~ltiplier tube 9502S as 

detector. 

For fluorescence excitation the target was irradiated with monochroma-

'tized light from a General Electric AH-6 high pressur'e. mercury arc. The 

monochromator was a Farrand f/3 instrument equipped with slits to give a band 

width of SORe The fluorescence frequency was both photoelectrically scanned 

and photographed for each soR interval over and beyond the entire absorption 

region of each molecule. For each experiment fluorescence blanks were re-

corded. Also, a spectrum of each pure matrix solvent was obtained. 

The tin compound beams were always started later and stopped earlier 

than the rare ~as flow so that SnS and SnO were only in contact·:,,,ith rare 

gas solvent. DepOSition time ranged from 2 hours to 10 hours. 
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l~r;SljI':l'S : 

In the 
-1 

15,000 to 45,000 em rccion hoth SnS and SnO show only nne 

clear and sll.,r? ahGorption Sjlcctrlllll COl1Disting of a progression of vl0ration,11 

banJs. No absorption corrcs~ondin~ to the wenk gas phase absorption bnnds 

~as found, Thick~t snmples than itudicd during this work would be needed 

to determine and observ~ such transitions. 

Fir;. ,1 S110"'5 
o ' 

the absorption spectrum of 5nS in Xe at 20 K.' The ab..., 

sorption j1ealcs of SnS and 5nO in' argon, kryptol1, and xenon solutions at 

20°l( are listed in Table 1. Fig. 1 indicates that SnS exhtbits stronr; 

Franck-Co l1don intensity pert.urbation~ at VI =4 and v I >6. 

Several VI levels above those reported for' the gas phase ,\vere found 

in both 5nS and SnO. In SnS the furthermost red I,lbsorption corresponc:ls 

well to the (0,0) gas phase band •. However, if the gas phase nur.1bering is 
, ' 

used, for 51).0, a level to the red of the (0',0) band is observed in all 

matrices. 

The half \.Jidth of vibrational ilbsorptions are given in Tabl,e II.. The 

absorption ban.ds have relatively sy;nmetricalshapes and do I10t exhibit any 

obvious fine ~tructure. 

\'Jhen the absorption regions of SnO and SnS were irradiated with mono-

chromatizeu light no resonance fluorescence was observed. Instead, a strong 

fluo.:-escence in the red was obtained fo~r both molecules. The fluorescence 

consists of a sharp and well develop~d progression of bands with frequencies 

\vhic)1 are characteristic fo~ the ground state' of the two molecules. The 

absolute. intensity, but not the relative intensity, of bands in the Franck-

COildon curve ci1anges as the excitinl', frequency is scanned. Fig. 2 shows the 

cnission s~ectrumof $nO in krypton ~s a function of exciting ii~ht fre-

Gucncy. Table III lists the emission peaks of SnS and SnO for argon, 

krypton, aild ~enoh. The relative inic~sities ~te not listed since bri~h the 
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~hotomultiplier response and the plate response decrease toward tiln red. 

The Franck-Condon maximum appears, therefore, on Fig. 2 probably hy one 

vibrational number too far to the blue. 

DISCUSS IO~: 

i\:>SORPTIO;\': 

Since both spectra of SnS and SnO 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 based 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 SnO matrices suegest that the r,as 

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

if the gas phase ori3in, T , is shifted to the red and Vi numbers are in-
00 

creOlsed 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 relOlbelled (0,1) a smooth Deslandres curve is obtained. This 

ne~ Vibrational numb~ring leads to the following set of corrected constants 

1 for the n II state of SnO: 

T 
00 

28923 cm- l w 
o 

... 579.0 -1 em 

, 18 
This net., assienmcnt should be tested with Sn 0 in the gns phase. 

Tl1e T and Vi of the matrix ~bsorption observed durin~ this work 
00 

fall well within 1% of the values for the ~~s phase constants of the D In 
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nt"tc::; of the th'O molecules. G:1S ph;';sc rotation:ll :m;11ysis of the: D ~)tiltCS 

in SnS (;!) nnd 'SnO (2) has shm-ln that both nrc III. 

The absorption spectyum of SnS shows a stron~ intensity chan~e at v'>6. 

It is possible that the weak levels listed with v'~6 in Tnblc I belon~ to a 

different electronic system. SnS andSnO have so many states close to D lIT 

that stron::; perturbations may be expected. This region ~Tas not studi.ed by 

earliel." Harkers (1). ' In analogy with CO the 'vibrational enerzies of close-

by levels are expected to be so similar to that of D that matrix measurements 

are not accurate enough to discriminate between transitions. The width of 

h b . b d . from 120 cm-l to 150 cm-l 
tea sorpt~on an s var~es This line wid th 

is si~ilar to that 'found in transitions of other diatomics with other multi-

plicitics, S2' for example. Therefore it seems probable that the line width 

is due to effects of the matrix enviroTh~ent rather than due to overlapping 

unresolved sublevels, as was suggested earlier (1). A portion of the line 

. width in the SnS and SnO is due to the large number of tin isotopes which 

are present in comparable concentrations in a natural mixture of the 

element. This effect contributes <10 cm-l for v'ar and <80 cm-l for v'all. 

It should be noted that it is not clear at this time why d::latomics have 

sharper absorptions than atoms (10), but much broader absorptions th.:m. 

many larger molecules such as benzene and porphyrins (Q, ll). 
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FLUORESCE~CE: 

In the gas phase resonance fluorescence ha~ been reported for the 

system D - X of SnO Q). Hhen the D levels of: SnS .1ndSnO a.re eY-d.ted in 

ma trice~ \.]0 observe fluorescence in the red nart of the specb~u;n. but 

not in the resonance region. The stron~ red fluorescence progressions fall 

into a rer.ion where no absorption has yet been observed. Therefore the 

assignment of the transitions is not immediately obvious. Several facts 
.. 

make it likely that the fluorescent bands of SnS and·SnO are both due to 

transitions between analogous electronic states: (1) the origin of the SnO 

system is somewhat more towards the blue than for SnS, as would.be expected 

because of the.lower molecular weir,ht of SnO; (2) tDe vibrational frequency 

of the well develo'Ped progressions corresp~nds closely to the ground state 

frequency of the t\010 respective molecules, and (3) the fluorescence appears 

only when the corresponding D - X absorption spectrum can be observed, and 

its intensity changes when the exciting frequency is changed over the·: ;"ranck-

Condon curve (Fig. 2 anG ·~ab. IV). 

Two processes could cause non-resonance fluorescence: (1) Emission from 

the D state to an intermediate state with subsequent quenching of the 

lower state to the ground state, or (2) radiationless relaxation of energy 

from the D state to a lower lying state from which fluorescence to the ground 

state is allowed. In order to discriminate bet\.]een the t\.]o processes the 

low lying electronic states of row IV-VI ten electron diatomics must be 

shortly diacussed: For CO, the lightest IV-VI ten electron diatomic, all 

theoretically predicted states have been observed and identified. The 

electronic transition ener~y and vibrational frequency of these 10\.] 1yinf, 

states arc listed in Table V and comDared with the known states of SnS nnd 

Sr.O. Tr.:lnsi tions between the In and intermedia te s t.:ltes and also het\.]een 
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:i.ntC1.';;w,iiatc :;t;:ttcs :mtl the r,round st.'lttl arc .f:orhiddcn, hut· O'l:tny h;lve h(:c;n 

observed in CO. These transitions becor.1e much more allo\o/cd yet in the 

heavier SnS and SnO which probably <l?proach Huna's spin cou!>lin~ case c. 

Fluorescence from the D state to a forbidcien intemediate state t-.'ould 

have to co~pete against the fully allowed D - X resonance fluorescence, and 

would be very weak. Only the state analogous to state 1!. of 'CO is low 
-tJd!. 

enour,h to correspond to\ lower state of the fluorescence from the state 

D of SnS and ShO if one assumes that the relative position and the relative 

.. internuclear distance of electronic states within anyone molecule does not 

nomally chan3c very drastically bet\veen different molecules with the sar:ie 

number of valence electrons • nowever even the.!!. state is expected to lie 

307. or more higher than the observed fluorescence energy suggests. Also 

the observed 10\ver state vibrational frequency is too high for the (as yet 

unknown) ~ state in SnS and SnO. 

Since resonance fluorescence was not detected in our experiments, and 

since the vibrational frequencies of the lower state in the fluorescence 

corresponds in both molecules to within 107. of the 2round state, it seems 

more likely that the fluorescence involves the ground sta,te 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 quenching is quite common in organic 

molecules in solid solutions (11 ), but is unexpected from.what has been 

reported for the few other diatomics so far studied (2). SnS ;ll1d SnO arc, 

however, much heavier than diatomics such asS
Z

' and approach Hund's case 

~. . Id 1 ' , , d ' 371 ' d 3,", c. .i.n~s wou rna <c trans~t~ons to l.ntermc ~ate states J'l an <"1 marc 

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

below D arc all expected to be very close to each other and surely must cross. 
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An in~ic~tion for such crossin~ is the Gtron~ vibrational perturbation in SnS 

at v ' =:4 and v' above 6 in the ahsorf.'tion system D. 

In our work/effective vibrational quenching is demonstrated. Neither 

frequency nor relative intensity of the vibration~l bannB~ but only.the ab-

solute intensity of the entire. system chan7es when the exciting frequency is 

scanned throu~h the range of the absorption. This fact might sug~est that 

weak secondary fluorescence observed. for example,in S2 is due to different 

sites rather thnn due to emission from v':::l as was suggested earlier (2). 

Of all intermediate electronic levels, the level analo3\o\lsto;;:. in CO 

is the lmolest. 
. 3rt It is l in CO and would in SnS and SuO presumably correspond 

3 to three states ,of. \olhich the ITI would give allowed transitions to both the 

D andX state. J" 3-.-. The ratio of the energy of A II to ~ Ii ~n CO corresponds very 

well to the energy of the observed SnS and "SnO fluorescence. Furthermore 

an internuclear distance of the order ~xpected for the a state is consistent 
the 

with/Franck-Condon curve of the fluorescence. 

Assuming that all intermediate levels intersect and that, therefore, 

fluorescence occurs from the lowest level, it seems sensible to assign 

tentatively the observed. transition to the Cameron analogue. This explana-

tion allows also for earlier tentative assignments of weak bands. One fact 

remaining for discussion is the assigTh~ent of the hishcr lying A and n bands 

of SnO which, based on partial rotational analysis, werc attributed to the 

sarne Caracron system. Our proposed assignment 'vould necessitate reassign­

ment of the A and B bands to the transition corresnonding to 0' 3r . However, . -
it is possible that 3rr and 3r could reverse relative position bct\,'een CO 

and the ~cavy SnO. In this case the fluorescence would ori~inRte from the 

3 .. 
~ . r st.1te corresponciinr- to the IIop£ield-nirge bands. ~fatrix spectra do not 

show rotational structure since both transitions are equally allowed. A 
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'1 
J~ coulrl only-he rnnrle throuph nnnlv~is in 

1 "llch ."n , .... nf'lys)'.s mj,.~.ht hmvever, not 1)('! ;lVnilahlc i.n the nC:lr the f,.1S ))1<lSe. ~ n , .• U -

future since the visible spectrum of SnS and SnO h::ls ';')roven to ;)c coo.:nlcx. 
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Atomic Energy Commission. Most of the liouid hyfirogen work '''as 'Ocrformerl at 

the Inorr.anic Matci"i:'lls Research Division of the Lawrence Radiation L::tboratory. 

University of California. nerkeley. The authors wish to thank Professor Leo 

Brewer for the use of his equinment and Professor Martin Gouterman for 

valuable discussion. 



TABLE 1 

Ahsorption B~1l1ds of SnS and SnO in argon, krypton and xenon ( in em-I) 

SnS SnO 

v' krypton krypton 
a 

argon :-cenon gas xenon gas 

-
0 28360 233 lfO 27990 28260 29210 29140 29023 

1 28750 28670 28300 23588 29990
b 29730b 29507 

2 29100 29000 23620 28915 30/f20 30190 30085 

3 29430 29300 28920 29238 31050 30730 30647 
i' 

4 29780 29620 29240 29560 31620 31240 31192 

5 30080 29940 29570 29878 32280 31780 

6 30370 30230 29880 30194 
, 

}-4 
}-4 , 

7 30720 30550 30150 30512 

8 30850 30lf40 30824 

9 31140 30790 
\ 

10 314LI0 31130 

.:l corrected vibrational numbering b strong perturbation 

g 
!:U 
t-f 
I 

}-4 
OJ 
0 
\J1 

'" 



TABLE II 

H:llf \':irlths of Vibra:tion:ll n.1nds of SnS and Sl~O Absorption and Fluorescence in Various Solvents 
( in cm-1) 

SoS SnO 

.1rgon krypto1\ xenon argon krypton xenon 
-----

Absorption 120 150 130 a 130 130 
. ,. 

Fluon~scence 220 200 200 300 320 300 

a not measured 

~ . 
• -.- .- -- _______ • ____ "_ ._ r.. ____ ~.6.._~ _______ . ---....· .• · ___ ~"_.~.....-Il~_ ... · ___ ·.r:::·~~ .......... ...::~.=_·,.....,.,.. ... ~""_·· ..... ._:..:. ....... · ... _ .... · - ...... ~.---- ........ -!.~ .... --.--..- .. ------... ----------------•. 

.r 

-l 
l\) 

I 

c:::: 
(") 

~ 
-l 

ro 
o 
Vl 
~ 
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TABLE III 

Fluorescence Banas of 5nS and SnO in Ar30n, Krypton and Xenon ( in em-I) 



TAstE IV 

.rnt~nsity Corrc.lation betHccn Ah:-:orption in the -D - X systc;n Rnd 

Fluorc!';cence in the ~ - X SystClll 

( in m)J ) 
:: 

SnO 

argon krypton xenon argon 
----------

~csicn of Fluorescence Excitation 300-325 30S-3/fO 300-340 300-400 

Excit,:.tion Yielding ~'t.:lxir.1U'n a - X Intcnisty 304 320 330 345 

\·:'.sv.::length of :':2xir::un Absorption in D - X 329 329 331 344 

_._--------
SnS 

krypton xenon 

32S-3/15 31S-350 

335 340 

334 333 

- - -- - . ----------. - -.-~-:-.------.. -----.----~---------,--.---.------- ....... -... _--_ ... _ .................. _-..... "":-.---".. ... -~.~ -"'.~-. --_ . .....,_ .. __ .. _.-.. --.... -.... --~- ..... ~- - "-'. - "'- . 

-l. 
~ 

I 

q 
(") 

~ 
-I. 

CQ 
o 
t8 



TABLE V 

Lei. Lying Electronic Energy Levels of CO, SnO and SnS 

CO a SnO SnS 

State Energy State Energy State ._~n~Ig~ __ ~ _____ 

A lrr 6/*747 D lrr 29023
b 

D 
1 

IT 28360 

e 3r 63709 

3£\ (1) 
iii 

(3 E) d 60647 B 24760 C 23613 

a' 3r 55354 A (0+) 21i200 B (3EJ 22756 

a 3
rr 48474 a (3rr) 20900

c a (3IT ) 18300
c 

X 1 r 0 X Ir 0 X IE 0 

a reference 2; b corrected vibrational numbering; observed in matrix,± 100 em 
-1 

e 

I 
~ 
\J1 
I 

g 
~ 
t"i 
I; 

h> o 
\J1 
\0 
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Density tracing of D ~'- x.~ absorption system of' SnS 

in xenon 'at 20o K. 
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3~00 

20400 
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6500 

Photoelectric tracing of fluorescence emission of SnO in 
argon at 20o K. The number in the upper left hand corner 
of each tracing indicates the wavelength of the center 
of the exciting band. 
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