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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for thé accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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TEMPERATURY, DEFENDENCE OF IUIFRSYSTEM CROSSING T
LIFETDE AND INIFNSITY OF 50, IHOSPHORESCENCE IN LOW-IEMPERATURE SOLIDS & - - -

R
B. Meyer, L. F. Falllips, and J, J. Smith

University of Washington, Seattle, Washington, and Lawrence Radiationi ’};f{
“Iaboratory, University of California, Berkeley ‘ L

Communicated by Ieo Brewer, July , 1968

Energy absorbed vy a moleculé in an allowed transition can be fe;fﬁfff*‘
~emitted as fluorescence, degraded to heat, or re—emitted'as ﬁhosphéreséégéé;ﬁ
by way of a spin-forbidden transition. The likelihood of phosphofescenééfff}
_depends on both the gize of the molecule that absorbé the light and théJffif
- nature of its enviromment., Atoms and diatomic molecules in the gasvphaée: [
.exhibit only fluorescence, vhile large molecules such as naphthalene in ;5'4

the solid state can glve both fluorescence and phosphorescence. The di-

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

. 1 ' ‘
solutions, Gaseous 502 glves pure fluorescence at low pressures, but

. . . o 2
strong prospnorescence above a few torr.

in Fig. 1 are 1llustrated the electronlc relaxation processes which\_,f‘lff
_are expected to be importaﬁt following absorption of light by a ﬁhosph6f~ ijj.
escent molecules For a molecule embedded in a'solid,\vibrutionél‘relaxa-::.x'5*

——%ion is usually rapid in comparison with radiative transitions from either -

the excited singlet level S. or the triplet level'Tl, so that transitions
‘ 2 b . , ' )

originate from the lowest vibrational levels of the exclted states.

= o
Current theoretilcal models.j ? assume that non-radiative electronic re-= -

. laxation is favored in the solid by a varlety of effects, which include

the broadening of vibrational levels as a result of interaction with the

lattice modes, change  in intrumolecnlar Franck-Condon factors, and

*  Worw performned portly in Seattle, parLly in Rerkeley.
%% On leave Trom the University of Canterbury, Christchurcn, New Zealand
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" increased miking 6f singlet and triplet levels. Ekperimentally it has:

appeared up to now that where phosphorescence ‘18 observed the rate constant -

k T for S

S - T, intersystem crossing is so large that any variation of

1 1

ST

" to affect the lifetime or intensity of emission from Tl' Changes in Tl

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

only T. and 8 .6 In this paper we report observations on the effect of"

1 0

temperature on the intensity and lifetime of 802 phosphorescence, in

solid solutions between 4° and 100°K, which result from a strong varia-

vtion of the intersystem crossing rate with temperature in this ranges

K. Wlth such parameters as temperature or pressure would not be expected K
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' EXPERIMENTAL = -

2

alone or as & lO’3 mole~fraction mixture in neon, argon, krypton, xenon,

" Two micromoles of SO

were deposited on.a sapphire window, either

-

nitrogen, CHh’ CDh’ SF6 or Chﬁa. The condensation temperature was eitherv,;t

L% in a helium glass dewar,7 or 20° in a Cryo-Tip cryostat.8 With this
- equipment the température can be raised, maintained, or lowered at will

. over the range from 4° to 100°K. Wafm-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 were measured during both warm-up and cool-down, and were

fully reproduéible. The optical system for exciting phosphorescence
consisted of an Al/T medium-pressure mercury lamp, minus the outer Jjacket,
and an' f/3 monochromator, with liquid and glass filters, giving a band,-

width of SOK. 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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" RESULTS -

Figure 2 shows the phosphorescence sbectrum’of‘soé’in SF6 at 20°K..

Other solid solutions give comparable spectra;ﬂthe spectrum of puie solid SOav‘,

' shows‘relétiVelj little vibfétional étrﬂctﬁre.' The emission spectrﬁm
consists of the progression §f0,0,0)+x(v1? Vo Q), and igareadily exgited.
through absorption in either the A<X or C«X system, with ﬁaximum phos~ .

- phorescence intensity upon irradiation at 29OQR and 2500&, fespectively.9 ‘
A - X fluorescence was not observed.

During anhealing 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 . _:4_/\¥ :

annealing, marked intenéity changes occurred with changes in temperatufe.
These chahges were fully reproduciblé-and reversible over any numbef of
cycles in thé‘temperature range between 4°K and O.h‘of the melting point
of the solvept;: 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 SO, in various solvents. The values

2
‘ plotted were obtained by measuring the intensity of the peak néar hl?SK,
correspon&ing to'the transition gﬁO,Q,OF+X(l;1}». 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

¢
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for dlfferent solutionsa' The curves in Fig. 3 show 1arge changes of

1ntensity with temperature, and all the curves appear to have similar

vshapes.

Table I lists measured lifetimes of SO2 phosphorescenee in different |

’solvents.at various temperatures, The value for 300°K is the gas-phase
o value. ‘reported by Caton and Duncan,lo and refers to the pressure range

~ between .‘1.0"3 torr and 1 torr. The value for the solid at T7°K wae

measured by Greenough and Duncan.11 The entire range of lifetime values, .

. with the exception of the reported value for pure SO, at T7°K, is within

2
a factor of 2,5 of the gas-phase value. The lifetime of pure solid SO2

obtained from our measurements is about intermediate in the observedb

range, and decreases significantly'with increasing'temperatnre, at least

2 to 60°K,

All the decay curves appeared exponential, althqugh_small deviations:”'

: might have escaped observation, In our concentration range the temperature

' dependence of intensity and lifetime were independent of concentration.

The lifetime in all solvents studied to 60°K or above showed a shallow
minimum at an intermediatevtemperature. It is noteworthy that the heavy
atom effect on the lifetime, although observed, is not as pronounced

as has been’reported for other molecules.12
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" prscusszow
The strong dependénce qf_intenéity oﬁ temberéture is\unexpeéted. -:-1Z;Lf f. f
Also, it is striking that while the'phosbhofesgencé intensity vﬁfieS"\v
by a factor of up to 100 the lifetime of the g;étate (Tl) in'any givenr;":
solvent varies by less than 50%, and that the lifetime in all solvents'{;ﬂ e
over the eﬁ;iré.rangg of temperatures.remain; within a factor of 2,5. 'Inff?¥5f _;
of the valte for S0, in the ‘gas phase. o
Several types of process might accéuhtlfor the dependénce of inten~
sity on temperature. Coﬁsidering experimental factors first,'we can -
exclude several possibilitiesy For exgmple,'the results do not depeﬁd'
on the formation of aggregate$ of SO2

phospnorescence is in some solvents lgrger than.for puré 802, and iﬁ. g

, since the measured lifetime of ./ . -

otner solvents smaller, Additional evidence against aggregate fbrmationf;
is provided by the observation of a different characteristic specérum | o s
for éach solvént.g 'Temperature-dependen£ quenching; arising from diffusioﬂ‘:,-:f 4
of,SOa or iﬁpuriﬁy molecules like 02, or from triplet—t?iplet interacfion{- -
is ruled out by factors which ineclude théhlack of é marked temperature'. -
variation of the triélet state lifetime and the observation that‘ﬁemperatuig
effects are sirong and smooth over a range from 5 to MO% of the melting
~point ~ a region where SO2 or impurities Eannot migrate, Therefore the.
observed effects must be due to Intramolecular, or solute-solvent inter-
“actions, ' ’ ‘ | 2
'Since the lifetime of the Tl state is relatively insensitive to
tewperature and little affected by the presence or absence of a solvent,
either kT rust be small (Fig. 1), or kP and kT must have equal and oppo-

site temperature coefficients. The second alternative is possible, but

seems an urlikely coincidence., If the observed change in quantum yield
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of phosphorescence_is;to_bé due to processes bétween Tl and SO alone,

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

o lifetimé variation bqéweeh the gas phase and 4°K makes it more likely
- that kP.is independent of temperature,:apd that kT is always small, 'Coﬁ- |

':"sequently the explanatibn 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 T, and S0 as a primary cause of our observations. The

1

minimum lifetime values obtained in the intermediate temperature range

suggest that k

T does change with temperature, but the change is too

. small to account for the observed intensity variations.

The populétion of Tl results from intersystem crossing from'Sl-v o -

with a rate coefficient ks ' This process competes with fluorescence:

T'
and internal conversion (kF and ks) and the observed variation of inten- =

sity with temperature must therefore reflect variations in the ratio

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

1

thermally activated process described by k leading to delayed

~-ST?

fluorescence. In relation to our experiments this effect seems unimpor-‘
tant because it would affect both the intensity and lifétime, because of
the large activation energy (k4000 cm-l),‘and because we observe phosphof-‘
escence only from the (0,0,0) level of T,. Delayed fluorescence has not

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

its long lifetime component might contfibute to the unusually long life-

11,13

time which is reported for the fluorescence, and ‘which is inconsistent

with calculations of integrated absorption intensity.l

Considering the rate coefficients k ks; and kF’ it is unlikely

sT?

that the large temperature variation is associated with k QThe quantity

P
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k. is analogous to kT’ for which it was suggested that the temperature

coefficient is small; thus a variation in ks is not likely to aceount for ...

the observed temperature effects Finally, RST itself may be teuperature .

sensitive, possibly as a result of interaction_betweeﬁ_the solvent field

and the extent of Sl - Ti mixing. As would be expected for such a case, -

different solvents appear to yleld significantly different emission
intensities. - Variation of kST with temperature. and solvent at oresent
. provides the most plausible explanation for our results.

‘
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We observe 1arge temperature dependent changes in intensity of

- "'f_A_ ‘QV*'IiiSOQ phosphorescence in weakly-interacting, low-temperature, solid solutions,

accompanied by small changes in the radiative lifetime. We conclude that N
" the rate of Sl —)Tl intersystem crossing, relative to the rates of

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

 The rate. of quenching from Tl to SO ‘shows onlyla small_temperature

dependence. :
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Table I. ‘Phosphorescent 11fet1mes of SO pure or in various eolvent§.§7iy' ',
~ Values are in milliseconds; vafues obtained in the present i
work are believed to be accurate to + l msec.. L

Temperature °®K  Xe _ Kr' . Ar - Ne  CH €D SFg
ke T T T agst 100 9.6 135
200 52 8k 9.0 T 10000 T 11

6 50 T2 T T T T A S

3000 o

- (a) 11fet1me not affected by anneallng ST

_(b) reference 10

(c) ges phase, reference ll
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:FIGURE CAPTIONS -

fig.fl, QfeElectronic relaxation processes follOW1ng absorptlon of llght

L by a phosphorescent molecule. Rate coefflclents are 1nd1catedi:

5,%T)

o intersysteh’croseing (k‘ ) delayed fluorescence (k

e .for fluorescence (kF)’ internal couver51on (k ) S >T

srhs

:phosphorescence (k ), and non-radlatlve trlplet-state f,:?t”%'

:fdeactlvatlon kT)

1“7:Figji2lfﬁ'cPhosphorescent spectrum of S0, in SF6 at 20°K

2

: Fig..3_;f’.Phosphorescent 1nten31ty of SO as a functlon of temperatur

2

. dn var1ousesolvents. v(Inten51ty in arbitrary unlts.)
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Makes any warranty or representation, expressed or
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this report.

As used in the above, "person.acting on behalf of the
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mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee-
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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