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Energy absorbed by a molecule in an allowed transition can be re-. 

emitted as fluorescence, degra.ded to heat, or re-emitted as phosphorescence. 

by way of a spin-forbidden transition. The likelihood of phosphorescel'lce· 

. depends o~ ,botn t.he abe of t.he molecule that absorbs the light nnd the . 

nature of its environment.' Atoms and diatomic molecules in the gas phase' 

exhibit only fluorescence, "Ihile large molecules such as naphthalene in 

the solid state can give both D.uorescence and phospnorescence. Tne di-

atomic molecules SnO and SnS phosphoresce strongly in rigid low-temperature 

1 ,j..' 1 so u,,~ons. Gaseous S02 gives pure fluorescence at 10' .. , pressures, but 

2 
strong phosphorescence above a fe .. T. torr. 

Iii Fig. 1 are illustrated the electronic relaxation processes which 

are expected to be importnnt follmlin('; absorption of light by a p'hosphor-

escent rwlecule. For n molec1.lle embedded :f.n a' solid., ,vibrational relaxa- .. 

_,_:tion is usually rapid in compa.rison "lith radiative transitions from either 

the excited singlet level S1 ,,!r the triplet level TI' so that transitions 

originate from the lowest vibrl;l.tional levels of the excited states. 
I 

Current theoretical modelf33- 5 aSlJumc thut non-radiative electronic re-

laxation is favored in the solid by a variety of effects) "Ihicn include 

the broao.erling of vibrl.1tionRl levels AS a reslllt of inte:cacti,on with the 

lattice modes, ci1ane;e' in lllLnlJllolp.cl11nr }i'rnllcl~-Condon factors, and 

·x· :~7o!':: pCl·J:"'o:r;; .. ~d I'Dl't.l:r jn fk!l.lt.tlp., portly in B~rl:eleY4 
.x--;.:. 0:1 }eave from tile University of Canterbury, Christchurci1, Xew Zealand 
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increased mixing of singlet and triplet levels~ Experimentally it has 

appeared up to now that where p'hosphorescence '1s observed the rate constant 
• 

kST for Sl ~Tl intersystem crossing is so large that anyvar1ation of 

kST with such parameters as temperature or pressure would not be expected j 

, to affect the lifetime or intensity of emission from Tl • Changes in Tl 

lifetimes ,~.:ave therefore been interpreted in terms of processes involving 

6 only Tl and SO. In this paper we report observations on the effect of 

temperature on the intensity and lifetime of S02 phosphorescence, in 

solid sOlutio'ns between 40 and 100oK, 'Which result from 'a strong varia-

tion of the intersystem cro~sing rate with temperature in this range • 
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o 
EXPERIMENTAL . 

Two micromoles of SO~ were deposited on,a sa~phire window, either 
3 '. . . . ~ 

alone or as a 10- mole-fraction mixture in neon, argon, krypton, xenon, 

nitrogen, CH4, CD4, SF6 or Cl~F8' The condensation temperature was either 

4° in a helium glass dewar,7 or 20° in a Cryo-Tip cryostat. 8 With this 

equipment the temperature can be raised, maintained, or lowered at will 

over the range from 4° to 1000K. Warm-up and cool-down rates were or-

dinarily about 2°K per minute. Temperatures were measured with gOld-iron 

or gold-cobalt versus copper thermocouples. Samples were normally an-

nealed for one hour at 1/3 of the melting point of the solvent. All 

. reported data wer.e measured during both warm-up and cool-down, and were 

fully reproducible. The optical system for exciting phosphorescence 

consisted of ~n A11/T medium-pressure mercury lamp, minus the outer. jacket, 

and an f /3 monochromator, with liquid and glass filters , giving a band 

width of 50K. The phosphorescent emission was analyzed with a mono-

chromator and photomultiplier. For lifetime measurements a rotating 

chopper was used to modulate the exciting light, with rise and fall times 

of 0.05 msec. Phosphorescence decay curves were photographed as 

oscilloscope traces. 

.' 
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RESlJVfS - .' " 

Figure 2 shows the phosphorescence spectrum ofS02 in: SF6 at 20oK. 

Other solid solutions give comparable spectra; _ the spectrum of pure solid S02 

shows relativelY little vibrational structure. The emission spectrum 

consists of the progression ~(o,O,O)-+X(Vl' v
2

, 0), and is readily excited 

through absorption in either the A+X or C+X system, with maximum phos-

-phorescence intensity upon irradiation at 2900A and 2500A, respectively.9 

A ~X fluorescence was pot observea. 

During annealing of the solids two temperature effects on the 

phosphorescence intensity were noted. First, the intensity increased 

during annealing for any given temperature. After annealing was complete 

the intensity remained constant at constant temperature. This effect 

was probably due to decreases in scattering losses. Second, after 

annealing, marked intensity changes occurred with changes in temperature. 

These changes were fully reproducible -and reversible over any number of 

cycles in the temperature range between 4°K and 0.4 of the melting point 

of the solvent.- Above 0.4 of the melting point diffusion became 

important and irreversible effects set in. 

Figure 3 is a plot of the phosphorescence intensity (in arbitrary 

units) versus temperature for S02 in various solvents. The values 

plotted were obtained by measuring the intensity of the peak n~ar 4l75~, 

corresponding to' the transition ~(O,O,OhX(l,l,O). Although the individual 

peaks in the spectrum broadened to some extent as the temperature was 

increased, the factor connecting the measured peak intensity to the 

integrated intensity remained constant to within 10%. 

No attempt was made to determine precise relative intensities 

-It 
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for different,solutionso 'The curves in Fig. 3 show large changes' of 

intensity with temperature, and all the curves appear to have similar 

shapes. 

Table I lists measured lifetimes of 802 phosphorescence in different 

solvents at various 'temperatures. The value for 3000 Kis the gas-phase 

10 value, 'reported by Caton and Duncan, and refers to the pressure range 

, betwee~ 10~3 torr and 1 torr. The value for the solid at 77°K was 

U measured by Greenough and Duncan. The entire range of lifetime values,' 

with the exception of the reported value for pure 802 at 77°K, is within 

a factor of 2.5 of the gas-phase value. The lifetime of pure solid 802 

obtained from our measurements is about intermediate in the observed 

range, and decreases significantly w'1th increasing temperature, at least 

All the decay curves appeared exponential, although small deviations 

might have escaped observation. In our concentration range the temperature 

dependence of intensity and lifetime were in<:lependent of concentration .. 

The lifetime in all solvents studied to 60 0 K or above showed a shallow 

minimum at an intermediate temperature. It is noteworthy that the heavy 

atom effect on the lifetime, although observed, is not as pronounced 

12 as has been reported for other molecules • 
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The strong dependence of intensity on temperature is,unexpected. 

Also, it is striking that while the phosphorescence intensity varies' 

by a factor of up to 100 the lifetime of the ~-state (T
l

) in 'any given 

, solvent varies by less than 50%, and that the lifetime in all solvents 

over the e.'·_tire range of temperatures, remains within a factor of 2.5· 

of the value for S02 in the 'gas phase. 

Several types of process might account ,for the dependence of intenN 

sity on temperature& Considering experimental factors first, we can 

exclude several possibilities. For eX,ample" the resUlts do not depend' 

on the formation of aggregates of S02' since the measured lifetime of 

phosphorescence is in some solvents larger than for pure 8°2 , and in 

other solvents smaller. Additional evidence against aggregate formation 

is provided by the observation of a different characteristic spectrum 

, .. ' 

for each sOlv~nt.9 , Temperature-dependent quenching; arising from diffusion 

of 802 or itipurity molecules like 02' ,or from triplet-triplet interaction, 

is ruled out by factors which include the lack of a marked temperature 

variation of the triplet state lifetime and the observation that temperature 

effects are strong andsmooth ov~r a range from 5 to 40% of the melting 

point - a region where 802 ?r impurities cannot migrate. Therefore the 

observed e,ffects must be due to intramolecular, I or solute-solvent inter-

, actions. 

Since the lifetime of the Tl state is relatively insensitive to 

terr.:,;crature ar.d little affected by the presence or absence of a solvent, 

eit:-:er ~T r;.ust be small (Fig. 1), or kp and kT must have equal and oppo-

site "Ge;;-;:,Je:ca ture coefficients. The second alternative is poss ible, but 

sec:::..:: an u'.li}~~ly coincidence. If the observed change in quuntllII1 yield 
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of phosphorescence is to be due to processes between Tl and So alone, 

~ and kT must both change strongly with temperature. However, the small. 

lifetime variation between the gas phase and 4°K makes it more likely 

that ~. is independent of temperature ,and that kT is always small, Con­

. sequently the· explanation for the variation of intensity with temperature 

must be sought in the population mechanism, rather than the decay mech-

anism, for Tl' This also enables us to rule out varying Franck-Condon 

factors between Tl and So asa primary cause of our observations, The 

minimum lifetime values obtained in the intermediate temperature range 

suggest that kT does change with temperature, but ·the change is too 

small to account for the observed inten~ity variations, 

The population of Tl results from intersystem crossing from Sl' 

with a rate coefficient kST ' This process competes with fluorescence 

and internal conversion (kF and kS ) and the observe4 variation of inten~ 

sity with temperature must therefore reflect variations in the ratio 

kST/(kS + kF), The population of Tl might also be affected by the 

thermally activated process described by k_ST' leading to delayed 

fluorescence, In relation to our experiments this effect seems unimpor-

tant because it would affect both the intensity and lifetime, because of 

the large activation energy (4000 em -1), and because we observe phosphor- . 

escence only from the (0,0,0) level of Tl' Delayed fluorescence has not 

previously been assumed to occur, even in the gas phase, If it did occur 

its long lifetime component might contribute to the unusually long life­

time ,{hich is reported for the fluorescence ,11,13 and which is incon::listent 

with calculations of integrated fl.bsorption intensity,14 

Considering the rate coefficients kST ,' kS' and kF' it is unlikely 

that the large temperature varintion is associated with kF'jThe quantity 
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kS is analogolls to k~" fo'r '~id.ch it WflS suggested tha.t the ter.:?€ratlu'e 
.'.' ' 

c002fficient is sJn.'3.ll;· thus a veriHtioll in kS i~' not li'~celjr to accollritfor::. ': 

the oose:"Ved. temperature effect .. 

se:1sitive, possibly as a result of l.nteraction ,bet"reen the solvent field:', 

a:1Q.the extent of 8
1 

..: Ti mixing. An l'o'Ould be expected for sllch a case J . 

different solvents Dppear to yield sic;nificantly different e:-::ission . J~,', " .' - .,' 

inter.sities. Varia.tion of ks;r "lith temperature, and solvent at :present 

. provides the most plansible explnim tiOll for our result's. 
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S02Phosphorescenceinweakly-inte racting, .low ... tempera ture J solid sol~tions i __ .~'" 
" ,'-, , 

accompanied by small changes1n the radiative lifetime. We conclude. that:; .:"" 

the rate of 8
1

-+ Tl intersystem cros'sing, relative to the rates of 

fluorescence and internal conversion, is a strong function of temperature. 

The rate of quenching from Tl to BOshow's onlY a small tempe:rature 

dependence •. 
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FIGURE CAPTIONS 
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Electronicrelaxat.ion proeesses folloving'l3.bsorption ot light, 
'. , 

" ' . " . 
by a phosphorescent molec,ule. Rate coefficients are indicated 

for fluorescence (kF), int~rnal c()nve~s~on'(kS)' Sl-+-Tl 

intersystem cr~8~ing (kST)' del~ed fluorescence (k.,.ST), 

phosphorescence (kp)' and non-radiative tripl~t-state 

deactivation (~) . 

Phosphorescent 8p~ctrwn of 802 in SF6 at 20oK> 
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