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ABSTRACT 

I n t e n s i t i e s  and decay r a t e s  o f  C02-laser induced 

delayed f luorescence a r e  used t o  probe c o l l i s i o n a l  r e -  

l a x a t i o n  o f  v i b r a t i o n a l l y  exci ted f luorenone d i l u t e d  

with b a t h  gases: He, N2, K r .  The average enezgies <AX) 

t r ans fe r r ed  per c o l l i s i o n  a r e  found t o  vary wi th  vib- 

r a t i o n a l  energy, t he  energy dependences o f  the  c o l l i -  

s iona l  e f f i c i ency  eventua l ly  l e v e l  o f f .  
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1352 ZALESSKAYA AND GOLOLOBOV 

INTRODUCTION 

The c o l l i s i o n a l  t r ans fe r  of v ibra t iona l  energy i s  

o f  primary importance f o r  a wide range of physical  and 

chemical phenomena. I n  pa r t i cu la r ,  i t  cont ro ls  any che- 

mical and photochemical reac t ions  which a re  o f  o b v i o u s  

i n d u s t r i a l  i n t e r e s t .  Thus ,  a number o f  gas-phase reac- 

t i ons  a r e  o f  c ruc i a l  ilnportance i n  combustion systems, 

pyrolysis ,  f r e e  r ad ica l  combinations, plasmas, dischar- 

ge-pumped l a s e r s  and laser-induced chemistry. 

It s h o u l d  be noted tha t  today c o l l i s i o n a l  energy 

t r a n s f e r  i n  highly excited molecules i s  not a well 

understood process [ '1,2].  The s t u d y  of the  re levant  

energy t r ans fe r  i s  very urgent f o r  polyatomic co l l i de r s  

which have r e l a t i v e l y  l a rge  l i f e t i m e s  a t  v ibra t iona l  

energies much higher than the energy of the photochemi- 

c a l  react ions.  Several  sirnplifying assumptions connect- 

ed wi th  c h a r a c t e r i s t i c s  of COlliSiOnal energy t ransfer  

a s  func t ions  o f  molecular species ,  temperature, pres- 

sure  and degree o f  i n i t i a l  exc i t a t ion  a r e  used, a s  a 

ru l e ,  t o  e luc ida te  the mechanism o f  the reac t ions  under 

study fl]. However, many r e s u l t s  of d i r e c t  experiments 

cont rad ic t  these assumptions. That i s  why the question 

of c o l l i s i o n a l  energy t r ans fe r  f r o m  l a rge  molecules 

with high energies remains open. 

Direct  measurements of  v ibra t iona l  energy t rans-  

f e r  have recent ly  become ava i lab le  [I]. They are  based 
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COLLISIONAL ENERGY TRANSFER 1353 

on l a s e r  exc i ta t ion  methods. Most  o f  these experiments 

used e lec t ronic  exc i t a t ion  followed by rapid i n t e r n a l  

conversion [3] and d i r e c t  absorption o f  I R  photons from 

a C02 l a s e r  [1,141. Direct monitoring o f  h o t  molecules 

absorption spectra  [ 3 1  o r  de tec t ion  of in f ra red  f l u o -  

rescence f 4 1  a r e  used t o  inves t iga te  the  re laxa t ion  of 

v ib ra t iona l ly  excited molecules. 

Recently we have developed a method o f  d i r e c t  

multiphoton C02-laser exc i t a t ion  of  t r i p l e t - s t a t e  mo- 

l ecu le s  [ 5 , 6 ] .  Rapid disturbance of the  thermal equi- 

libriuin d i s t r i b u t i o n  o f  uolecules over the v ibra t iona l  

l e v e l s  i n  the long-lived t r i p l e t - s t a t e  i n i t i a t e d  t ran-  

s i e n t  changes i n  delayed luminescence. In l a t e r  works 

i t  was shown t h a t  delayed fluorescence induced by d i -  

r e c t  in f ra red  multiphoton exc i t a t ion  o f  t r i p l e t - s t a t e  

molecules can be successful ly  used t o  control  c o l l i -  

s iona l  deact ivat ion of highly v ib ra t iona l ly  excited 

molecules. In  the  present work, we have studied the  

c o l l i s i o n a l  energy t r ans fe r  between h ighly  v ibra t iona l -  

l y  excited t r i p l e t  f luorenone and bath gases by using 

the  proposed method. 

The chosen molecule of  fluorenone (C H 0) emits 

long-lived luminescence i n  the  gas phase, which exhi- 

b i t s  a f a s t  (lo-’ s )  and a s l o w  component [13]. The 

decay time of  the l a t t e r  changes with increasing tem- 

perature f r o m  mill iseconds t o  hundreds o f  microseconds. 

13 8 
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1354 ZALESSKAYA AND GOLOLOBOV 

The emission f ea tu res  a r e  due t o  the  high quantum yie ld  

and intersystem crossing r a t e s  f rom S. t o  the t r i p l e t -  

s t a t e  T,,. Fluorenone i s  character ized by a la rge  ener- 

gy gap, 5400 < EsT<7000 cm", between the f i r s t  exci t -  

ed s i n g l e t  s t a t e  S1 and t r i p l e t  TI-state. These proper- 

t i e s  make i t  possible  t o  observe thermally act ivated 

delayed fluorescence i n  the vapour phase a t  tempera- 

t u r e  lower than 500 K: Fluorescence has I R  absorption 

bands i n  the C02-laser r ad ia t ion  Iegion and can be ex- 

c i t e d  by C02-laser r ad ia t ion  both i n  the  ground e l ec t -  

ron ic  and the t r i p l e t - s t a t e  TI. 

1 

EXPERIMENTAL RESULTS 

The experimental technique used i n  the  present 

work were described previously [5,6,7]. In o u r  experi- 

ments, rapid intersystem crossing S1-Tl o f  fluorenone 

i s  exploi ted t o  prepare i t  i n  the t r i p l e t - s t a t e  T," 

The frequency-doubled mode-locked ruby l a s e r  i s  used 

t o  exc i t e  fluorenone t o  the  Sl s i n g l e t  s t a t e .  When the 

v ib ra t iona l  equilibrium was establ ished i n  the  TI s t a -  

t e ,  the  t r i p l e t  molecules were exci ted by C02-laser 

rad ia t ion .  The pulsed atmospheric-pressure C02-laser 

beam was focused by lenses  f r o m  blenched Ge and was 

passed through the c e l l  beam t o  beam w i t h  v i s i b l e  

l i g h t .  The samples t o  be i r r ad ia t ed  were prepared i n  

a cy l ind r i ca l  heated quartz  c e l l  with NaCl windows 
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COLLISIONAL ENERGY TRANSFER 1355 

u s i n g  a high vacuum l ine .  Zone ref ined fluorenone was 

s tored i n  a s ide  arm of the quartz  c e l l ,  which had been 

evacuated t o  l e s s  than lom6 t o r r  and was kept a t  a tem- 

perature  o f  453 KO The vapor pressure was control led 

by the temperature of  the thermostated s ide  reservoi r  

and was equal t o  O . 1 1 5  t o m .  Luminescence was observed 

i n  the d i r ec t ion  normal t o  the exc i ta t ion .  The s igna l  

f r o m  the  photomultiplier which was placed behind the 

monochromator s l i t  came t o  the oscil loscope. The s ig-  

na l  was averaged over several  pulses  by a small micro- 

computer. 

The fluorenone vapors were d i lu t ed  with a la rge  

quant i ty  o f  ba th  gases: He, K r ,  N2 ( O < P < 3 0  t o r r ) .  

T h i s  permitted considering only the e f f e c t s  o f  c o l l i -  

s iona l  deac t iva t ion  of  excited molecules by the added 

fore ign  gas. The d i r e c t  in f ra red  multiphoton exci ta-  

t i o n  of fluorenone t r i p l e t - s t a t e  molecules induced 

pulses  o f  delayed fluorescence i n  the  spec t r a l  region 

coinciding with usual f luorescence (Pig. I ) .  A s  d i s -  

cussed i n  o u r  previous papers [6,7,8]  C02-laser-acti- 

vated fluorescence exh ib i t s  the two exponentional de- 

cay behavior characterized by two d i s t i n c t  decay r a -  

t e s  which a r e  equal t o  1-Id - 1.10 
- 1 e 1 0 3  s-1, respect ively.  

6 and 1 e 1 0 2  - 

The added fo re ign  gas causes changes i n  both  the 

i n t e n s i t y  and the decay r a t e s  of C02-laser ac t iva ted  

fluorescence which can be summarized a s  f o l l o w s .  
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1356 ZALESSKAYA AND GOLOLOBOV 

I 

15 20 5 0 25 10 

TIME (Ps 

Fig. 1. Typical s igna l  of  laser-induced delayed f l u o -  
rescence f r o m  mixture of fluorenone with K r  (7 torr) ,  
observed near 470 nm. Curves 1 and 2 a re  f o r  36’,ib = 
= 19300 cm” and EVib= 16300 cm” respect ively.  Dashed 
l i n e  i s  cont r ibu t ion  due t o  long component. 

I .  A t  a constant of C02-laser energy densi ty  the 

decay r a t e s  o f  the  f a s t  component of delayed f luores-  

cence l i n e a r l y  increase with increasing ba th  gas pres- 

sure  P only i n  a l imi ted  range of pressures.  A t  a 

higher pressure,  the  decay r a t e s  remain unaltered. 
bg 

2. A t  f i r s t  the decay r a t e s  of the l o n g  compo- 

nent decrease with the mixture pressure. Further in-  

crease i n  the fore ign  gas pressure leads  t o  opposite 

changes (Fig. 2) .  

3. The time-resolved i n t e n s i t y  a t  the  maximum of 

induced fluorescence pulses  I ( t )  which was measured 

a t  453 nm i s  decreased w i t h  pressure.  
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COLLISIONAL ENERGY TRANSFER 1357 

4 
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xt 
I 
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7 3  

2 1 I I 

10 20 30 
( torr ) P K r  

Fig. 2. P l o t s  of the long decay r a t e s  o f  laser-induced 
f luorescence versus  krypton pressures  f o r  t o i n i t i a l  
average v i b r a t i o n a l  energies:  (a) 19300 ~ r n ‘ ~ ,  ( b )  
16300 cm” 

4. The pressure dependence of  the f luorescence 

i n t e n s i t y  poin ts  t o  a decrease i n  the  t ine- in tegra ted  

i n t e n s i t y  wi th  increas ing  fo re ign  gas pressure.  A t  

h igh C02-laser energy d e n s i t i e s  the  changes i n  the  

f a s t  and the  long components of the  in t eg ra t ed  in ten-  

s i t y  a r e  d i f f e r e n t  (Fig.  3 ) .  

DISCUSSION 

On the  whole, ana lys i s  of the  spectrum and the k i -  

n e t i c s  of I R  WE-induced luminescence shows t h a t  t he  
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1358 ZALESSKAYA AND GOLOLOBOV 

0.5 

0 

FLUORENON + Kr 

10 20 

Fig. 3. The time-integrated i n t e n s i t y  o f  laser-induced 
fluorescence versus krypton pressure a t  i n i t i a l  vibra- 
t i o n a l  energy 19300 cm-’. Curve I is  f o r  whole inten- 
s i t y  o f  f luorescence s igna l ,  curve 2 and 3 a r e  pa r t  
f o r  f a s t  and long components 

delayed fluorescence i s  a t t r i b u t e d  t o  the emission o f  

s ing le t - s t a t e  molecules s ince the t r i p l e t  molecules 

a r e  v ib ra t iona l ly  exci ted t o  t he  energy region where 

the  t r i p l e t - s t a t e  T,, i s  e f f e c t i v e l y  coupled t o  S,. A t  

a given energy dens i ty  luminescence d i d  not manifest 

i t s e l f  w i t h o u t  preliminary exc i t a t ion  of  vapors by 

u l t r a v i o l e t  r ad ia t ion  pulse. The ac t iva ted  emission 

spectrum coincides wi th  the spectrum a t  single-quan- 

t u m  op t i ca l  exc i t a t ion  i n  the e l ec t ron ic  absorption 
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COLLISIONAL ENERGY TRANSFER 1359 

band. The lminescence was absent i n  the other spec- 

t r a l  regions. The population of high v ibra t iona l  l e -  

v e l s  of the t r i p l e t - s t a t e  due t o  the v ibra t iona l  ener- 

gy exchange between the v ib ra t iona l ly  exci ted fluoreno- 

ne molecules i n  the  ground e lec t ronic  and the t r i p l e t -  

s t a t e  was unimportant because the fluorenone molecules 

were highly deluted with the ba th  gas. Before experi-  

mental r e s u l t s  a r e  described, l e t  u s  consider the in-  

formation on the shape o f  the energy d i s t r i b u t i o n  pre- 

pared by multiphoton inf ra red  exc i ta t ion .  There have 

been a number of s tud ies  o f  the d i s t r i b u t i o n  funct ion 

and i t s  dependences on both  the l e v e l  o f  v ibra t iona l  

exc i t a t ion  and ac t iva ted  aolecule complexity /9,10). 

Conclusions regarding the shape o f  d i s t r i b u t i o n  a r e  

contradictory s ince the necessary key molecular para- 

meters a t  high energy l eve l s  have not been experimen- 

t a l l y  determined, I n  s p i t e  of  d i f f i c u l t i e s  some gene- 

r a l  t rends,  a t  l e a s t ,  can be noticed. The molecular 

d i s t r i b u t i o n  a f t e r  in f ra red  multiphoton exc i t a t ion  i s  

c lose  t o  a thermal i n  quasicontinuum of  c lose ly  spaced 

v ibra t iona l  leve l ,  The time evolut ion of this d i s t r i -  

but ion a f t e r  the l a s e r  pulse cessa t ion  i s  t o  make i n  

more thermal due t o  the e f f e c t  of  the  up and down 

transmissions induced by co l l i s ions .  

A important f ea tu re  o f  multiphoton-excited (1ivE'h) 

fluorenone molecules, which have 60 v ib ra t iona l  degre- 
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1360 ZALESSKAYA AND GOLOLOBOV 

e s  o f  freedom, is  the rapid c o l l i s i o n l e s s  red is t r ibu-  

t i o n  o f  exc i t a t ion  energy between the v ib ra t iona l  mo- 

des during the  I R  l a s e r  pulse. B o t h  the high densi ty  

o f  v ib ra t iona l  l e v e l s  i n  TI which reaches a value of 

3.l$ l/cm-’ a t  the  average v ibra t iona l  energy B = 

= 3500 cm” (T = 453 I() and the e f f ec t ive  anharmonic 

i n t e r a c t i o n  of modes typ ica l  f o r  l a rge  molecules favor 

a rapid f l o w , o f  the  v ib ra t iona l  energy on a picose- 

cond time scale .  Therefore, by the time o f  l a s e r  exci- 

t a t i o n  m o s t  of  the molecules a r e  i n  v ibra t iona l  quasi- 

continuum. 

dxperimentally, we have obtained number of evi- 

dence t h a t  Boltemann d i s t r i b u t i o n  i s  a su i t ab le  appro- 

ximation f o r  the population d i s t r i b u t i o n  of  IRMP exci-  

ted molecules. Among them we d i s t ingu i sh  next. 1. The 

time- resolved delay luminescence spec t ra  prepared by 

I R  l a s e r  i r r a d i a t i o n  and by thermal heating a r e  s i m i -  

l a r  during decay process. 2 .  The enhancement of absor- 

p t ion  cross  sec t ion  a t  l a s e r  frequency by a ba th  gas 

i s  unimportant f o r  l a rge  polyatomic laolecules a s  f l u o -  

renone [IqJ. Unlike the  small molecules f o r  the  la rge  

onces i t  i s n ’ t  observed experimentally the  absorption 

energy growth a s  the pressure of ba th  gas i s  increas- 

ed. T h i s  phenomenon i s  usually t r ea t ed  a s  evidence 

that e f f e c t  of bottleneckirig i s  negl igible .  
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COLLISIONAL ENERGY TRANSFER 1361 

Col l i s ions  between fluorenone and the  b a t h  gas 

molecules change the condi t ions o f  k.Pli which now depend 

on E 

on the  experimental condi t ions,  we can con t ro l  t he  

condi t ions  o f  e s t ab l i sh ing  v i b r a t i o n a l  d i s t r i b u t i o n  

during the l a s e r  pulse.  As pbg increases  and E 

c reases  the  population d i s t r i b u t i o n  over the  v ibra-  

t i o n a l  l e v e l s  i n  the  t r i p l e t - s t a t e  i s  s h i f t e d  t o  the  

reg ion  of lower energies .  T h i s  ineans that  a smaller  

number o f  molecules can go f r o m  TI t o  the s inglet-ex-  

c i t e d  s t a t e  S1 due t o  the  intersystem cross ing  T,,-S1. 

and Pbg. By varying these values  which depend 
c02 

de- 
c02 

Now we s h a l l  d i scuss  the  r e l a x a t i o n  o f  the  vibra- 

t i o n a l  d i s t r i b u t i o n  f o l l o w i n g  MPE o f  the  t r i p l e t  nole- 

cules .  The decay of the  luminescence which appears 

a f t e r  the  nonequilibrium v i b r a t i o n a l  e x c i t a t i o n  of 

some p a r t  o f  t r i p l e t  molecules i s  due t o  s eve ra l  pro- 

cesses ,  o f  which those depending on the  pressure a r e  

important. The intermolecular  v i b r a t i o n a l  r e l a x a t i o n  

i n  the  t r i p l e t  s t a t e  a t  t h e  r a t e  Kv and the c o l l i s i o n a l  

quenching of  t r i p l e t  ao lecules  a t  t he  r a t e  X can be 

o f  g rea t  s ign i f i cance  under o u r  experimental condi- 

t ions .  Analysis o f  the  f a s t  coinponent decay r a t e  alone 

i s  not  enough t o  s epa ra t e  the  e f f e c t  o f  these two pro-  

cesses  i n  the  decrease o f  the f luorescence decay time 

wi th  P 

9 

bg' 
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1362 ZALESSKAYAANDGOLOLOBOV 

Tnerefore,  we s h a l l  a l so  consider  the  pressure 

dependence of t he  long-lived component. An example of 

t h i s  i s  shown i n  Fig.  3.  The s t u d i e s  of C02-laser a c t i -  

vated delayed f luorescence of  many molecules have shown 

t h a t  tne  decay r a t e s  o f  the  l o n g  component change, 

f i r s t  o f  a l l ,  wi th  the  equi l ibr ium temperature which 

s e t t l e s  upon completion o f  t h e r n a l i z a t i o n  process 161. 

AS the  b a t h  gas  pressure  i s  increased ,  t h i s  temperature 

decreases  due t o  the decrease i n  t h e  maximum vibra t ion-  

a l  temperature reached a t  MI33 and due t o  the increased 

inixture hea t  capaci ty .  A t  a low gas  pressure  the Tq- 

So in te rsys tem cross ing  whose r a t e  I(rll.s is  a s t rongly  

inc reas ing  func t ion  o f  temperature may be determining 

f o r  t he  long component decay. F i r s t  of  all i t s  decay 

r a t e  decrease with t h e  gas pressure  due t o  the decrea- 

s e  i n  the in te rsys tem cross ing  r a t e s .  Further  increase  

o f  P r e s u l t i n g  i n  opposi te  changes po in t s  t o  a col-  

l i s i o n a l  process whose r a t e s  increase  wi th  incxeasing 

pressure  can complete with the  r a t e  Krs . The c o l l i -  

s i o n a l  quenching of  the t r i p l e t  molecules by a fo re ign  

gas i s  l i k e l y  t o  be t h i s  same process.  

0 

bg 

0 

For f u r t h e r  check we have v e r i f i e d  the  pressure 

dependence of t he  time in t eg ra t ed  f luorescence in ten-  

s i t y  Iint, which involves  both f a s t  I' and s l o w  emis- 

s i o n  1" i n t e n s i t i e s ,  aneastxed a t  the wavelength 450m. 

S i n c e  the  spectrum shape of  f luorenone f luorescence 
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COLLlSION AL ENERGY TRANSFER 1363 

under study i s  independent of the fore ign  gas pres- 

sure ,  the  time-integrated i n t e n s i t y  was measured a t  

the  band maxinun. A t  a l l  exc i t a t ion  energies the f a s t  

f luorescence i n t e n s i t y  and the decay time decrease 

w i t h  pressure. 

Such dependences may be only due t o  a reduction 

of some pa r t  of t r i p l e t  molecules excited above the  

s i n g l e t  s t a t e  S,, when the v ib ra t iona l  re laxa t ion  i n  

the  t r i p l e t  s t a t e  becomes f a s t e r .  It i s  c l ea r  t h a t  in -  

t e n s i t y  o f  the "thermalized" fluorescence I" induced 

by c o l l i s i o n s  with the  foreign gas can increase with 

Pbg. A s  shown by curve 3 o f  Fig. 3 ,  a t  P C 7  torr ,  the 

long-lived fluorescence i n t e n s i t y  increases  and i t s  

decay r a t e  decreases. The foregoing shows t h a t  the 

c o l l i s i o n a l  quenching of t r i p l e t  molecules i s  negl igi-  

b l e  under the  considered conditions.  Generally, the  

pressure dependence o f  the f a s t  component decay r a t e  

i s  determined by the  v ibra t iona l  re laxa t ion  i n  the 

t r i p l e t  manifold I,, and can be used t o  obtain the pa- 

rameters describing the v ib ra t iona l  energy t r ans fe r  o f  

highly excited molecules. 

The experimental information on both  the in t ens i -  

t y  of  f a s t  f luorescence and i t s  decay r a t e s  a s  a func- 

t i o n  of the i n i t i a l  v ibra t iona l  energy and fore ign  gas 

pressure was used f o r  t h i s  purpose. F i r s t  o f  a l l  we 

determined the average amount of energy t ransfer red  
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1364 ZALESSKAYA AND GOLOLOBOV 

per c o l l i s i o n  (AE). Two pieces o f  information a r e  es- 

s e n t i a l  t o  carry o u t  the  analysis :  the c o l l i s i o n  r a t e  

constant Z and the v ibra t iona l  energy residing i n  the 

molecule a f t e r  bi€’E a s  well  a s  a f t e r  the thermalization 

process . 
The complete s t a t i s t i c a l  r e d i s t r i b u t i o n  of exci ta-  

t i o n  energy i n t o  60 v ibra t iona l  inodes enables u s  t o  

deterinine the  i n i t i a l  energy o f  C02 l a se r  excited tri- 

p l e t  molecules and the i n i t i a l  v ibra t iona l  temperature 

i n  the  gas mixtuxe i f  these values were determined i n  

the  fluorenone vapor under the same conditions. 

With t h i s  purpose the  numerical r e s u l t s  f o r  the r a t i o  

of I( 3 ,  t ) / Io(d ,  t )  can be used. Here I ( d , k t >  and 
Io( 3, t )  a r e  the ac t iva ted  fluorescence i n t e n s i t i e s  

a t  the  pulse maximum measured i n  the gas mixture and 

pure fluorenone vapors, respect ively.  As discussed 

elsewhere [ 7 ,  81, a t  IXlWl3, t r i p l e t  fluorenone mole- 

cu les  reach energy regions where the densi ty  o f  vibra- 

t i o n a l  l e v e l s  i n  the s i n g l e t  S,, and the t r i p l e t  TI 

s t a t e  i s  high. ‘Therefore, the  i n t e n s i t i e s  of activated 

fluorescence can be expressed i n  terms of a k i n e t i c  

model [ I 2 1  ., To ca l cu la t e  the v ibra t iona l  temperature 

by using the  fluorescence i n t e n s i t i e s ,  we taken the 

fluorenone r ad ia t ive  decay r a t e s  $ 
= 3*106 s-’ and the  s i n g l e t - t r i p l e t  energy gap AEST = 

= 7000 cm”. The obtained v ibra t iona l  temperature a l -  

- - -1 ’ KSI = 5 s 
1 
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COLLISIONAL ENERGY TRANSFER 1365 

lowed u s  t o  c a l c u l a t e  both the  average number o f  quan- 

t a  per  molecule <n) required t o  a t t a i n  such Tvib and 

the  corresgonding v ib ra t iona l  energy bVib = E + cn>.hr), 

Here s is  the  average v ib ra t iona l  energy o f  molecules 

a t  equilibrium temperature T. To t h i s  end, the tempera- 

t u r e  dependence of the v i b r a t i o n a l  hea t  capaci ty  o f  

f luorenone was determined preliminary.  As computations 

show, the experimental  condi t ions permitted u s  t o  vary 

t h e  i n i t i a l  Yvib i n  t he  gas  inixture from 10000 t o  

28000 cm-I. 

- 

The c o l l i s i o n a l  process decreases  the v i b r a t i o n a l  

energy of  C02 l aser -exc i ted  t r i p l e t  molecules. The pre- 

v ious ly  s tud ied  temperature dependences o f  the decay 

r a t e s  of  thermally ac t iva t ed  delayed f luorescence were 

used t o  evaluate  the  temperature a t  t he  end o f  t he  

thermal iza t ion  process.  The compared decay r a t e s  o f  

t he  long component were measured a t  the  same vapor 

pressure a s  i n  the temperature s tud ies .  For energy i n -  

t e r v a l s  which a r e  small compared t o  the v i b r a t i o n a l  

energy EVib, t he  r a t e s  o f  energy v a r i a t i o n  a r e  given 

approximatsly by: dBvib/dt = zPbg(dE) [4J. The values  

of <Ah) were obtained then on the assumption o f  the  

Lennard-Jones c o l l i s i o n  frequency. The ca lcu la ted  va- 

l u e s  o f  the  gas  Kine t ic  c o l l i s i o n a l  r a t e  constant  2 

a r e  2.45; 1.27 and 2.06*107 s-ltorr-’ f o r  f luorenone 

v a p o r  and i t s  mixtures with K r  and N2. 
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1366 ZALESSKAYAANDGOLOLOBOV 

The thus  obtained average v i b r a t i o n a l  energies  

t r a n s f e r r e d  per c o l l i s i o n  depend on the  e x c i t a t i o n  

energy. The (AE) values  increase  from 4 t o  12 cm-I f o r  

t he  fluorenone-Kr u i x t u r e  i n  t h e  v i b r a t i o n a l  energy 
i n t e r v a l  which i s  equal t o  7000 cm-I (19300-12400 cm I ). 

For  fluorenone with a v i b r a t i o n a l  energy excess rang- 

ing  f r o m  11200 t o  209i)O cm” N2 a s  a c o l l i d e r  gave va-  

l u e s  (AH) o f  2-9 cm”. 

Addit ional  i n s i g h t  i n t o  the  c o l l i s i o n a l  dynamics 

can be gained by consider ing the  c o l l i s i o n a l  e f f i c i e n -  

cy fj . The v a l u e s  of obtained by t h e  method of  [I41 

a s  (Ali)/ { E > f a r  the  r e l a x a t i o n  o f  a number of  poly- 

a t o n i c  molecules i n  the  K r  ba th  and the corresponding 

v i b r a t i o n a l  energ ies  a r e  given i n  the t ab le .  The v i b -  

r a t i o n a l  energy t r a n s f e r  i s  only considered f o r  highly 

exc i ted  molecules which a r e  exc i ted  t o  the  region of  

quasicontinuum s t a t e s  and manifest  exponential  decay. 

Pure fluorenone a s  wel l  a s  i t s  mixtures with K r  and 

It2 a s  c o l l i d e r s ,  gave siiailar dependences of  

Yvib (Fig. 4). The dependences of p on Pvib vary with 

l e v e l  o f  exc i t a t ion ,  they a r e  not l i n e a r .  A t  l o w  ener- 

g i e s ,  ,ll i s  faund t o  have a s t ronger  than l i n e a r  depen- 

dence; a t  intermediate  l e v e l s  of e x c i t a t i o n ,  17000 cml, 

fJ i s  propor t iona l  t o  isvib. Linear dependences h o l d  up 

22000 cm”. A t  a l l  e x c i t a t i o n  energ ies  the e f f i c i -  

B On 

t o  

ency of f luorenone deac t iva t ion  by fluorenone i s  con- 
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T A B U  1 

Col l i s iona l  Bf f i c i enc ie s  /3 f o r  Vibra t iona l  Relaxation 
of Polyatomic LIolecules i n  Bath Gases 

Molecule I IBath gas 1 1 EVib 1 fi*lo4 /References 
I 1 

1 I 1 (cm-'> 

28300 158.0 ?resent s tudy  
I 

'1 3H80 '1 3H80 
19300 6.2 Present study 

K r  20000 4-5 13 
36000 7.7 

"6 Kr I a800 4.1 14 

'1 3*8' 
cs2 

C7H8 52000 25.0 3 
'1 $8 30600 63.0 4 

'1 3H80 20900 4.3 Present s t u d y  

13 20000 13.0 
36000 20.0 

cs2 

'SH6 52400 10.9 3 

C7H8 52000 25.0 3 

'1 $8 30600 96.0 4 

'gH12 41 600 48.0 3 

s ide rab le  lower than i t  i s  usua l ly  supposed f o r  the 

case of  s t rong c o l l i s i o n s  [2 ] .  For the  fluorenone with 

K r  and N2, the  present  r e s u l t s  a r e  c lose  t o  the values  

3.4 x I c 4  and 1*10'4 t h a t  a r e  evaluated a s p =  Kcol/Z 

a t  the condi t ions,  when r a t e  constant  s a t i s f i e d  the  

Stern-Volmer r e l a t i o n ,  
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-8 43 

12 
- 

r? 
I 
0 

I I I I I I 

12000 16000 20000 
Fib ( om") 

Fig.4.Relative c o l l i s i o n a l  efficiencies f o r  relaxation of 
v i b r a t i o n a l l y  exc i ted  fluorenon molecules as a func- 
t i o n  of the ini t ia l  average v i b r a t i o n a l  energy; 1 , f o r  

mixture with K r ;  3 ,  for mixtures with N2 
pure fluorenone (no bath gas) ( l e f t  s c a l e ) ;  2 ,  f o r  

It s h o u l d  be noted t h a t  the l a t t e r  method of eva- 

l u a t i n g  the c o l l i s i o n a l  e f f i c i ency  by using the con- 

s t a n t  o f  the Stern-Volmer r e l a t i o n  has not provided a 

r e a l i s t i c  p i c tu re  f o r  a gas  mixture. A t  a constant l a -  

s e r  energy dens i ty ,  however, i t  g ives  the value of 

averaged ove r  Evib due t o  a change i n  the  i n i t i a l  v i b -  

r a t i o n a l  energy w i t h  ba th  gas pressure P bg' 
In  the  case o f  fluorenone, t h e  values o f  aE> and 

f i  a r e  s l i g h t l y  lower a s  compared with those found f o r  

some molecules. This discrepancy may be due t o  severa l  

d i f f e r e n t  causes. F i r s t  o f  a l l ,  comparison o f  the re-  

s u l t s  obsained i n  d i f f e r e n t  ways depend upon both the 
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COLLISIONAL ENERGY TRANSFER 1369 

experimental  error b a r s  and the unce r t a in t i e s  a s s o c i a t -  

ed wi th  the  eva lua t ion  o f  the i n t e r n a l  energy. 

A s  a r u l e ,  a coinparison o f  energy t r a n s f e r  quan- 

t i t i e s  from d i f f e r e n t  research  groups c a l l s  f o r  ex t r a  

caution. Espec ia l ly ,  i t s  appears d i f f i c u l t  t o  draw si- 

mi la r  conclusions f r o m  experiments u s i n g  d i f f e r e n t  

methods. A t  appropr ia te  v i b r a t i o n a l  energy o u r  r e s u l t s  

a r e  much c lose  t o  those examples of GO2 l a s e r  exc i t a -  

t i o n  f o r  which s i n g l e  populat ion func t ion  cha rac t e r i -  

zer  ove ra l l  population d i s t r i b u t i o n  i s  approximately 

va l id .  Calcu la t ions  based upon two d i s t i n c t  ensembles 

wi th  "cold" and "hot" molecules g ive  much g rea t e r  va- 

l u e s  o f ( A 6 )  and p , a s  wel l  a s  numerous da t a  obtain- 

ed by i n t e r n a l  conversion method using u n r e a l i s t i c  

assumption regarding monoenergetic a i s s r i b u t i o n  o f  

v i b r a t i o n a l  energy i n  the ground e l ec t ron ic  s t a t e  131. 

Noreover, t he  tendency f o r  increase  in<A E >  w i t h  

increas ing  number of v i b r a t i o n a l  degrees o f  freedom 

should be taken i n t o  account when consider ing the  va- 

l u e s  of (AS, and p f o r  f luorenone which i s  one of the  

l a r g e s t  molecules tabula ted  i n  the  t a b l e  [ILC-I?]. I n  

the  second place,  the energy-transfer paraineters depend 

on the  na ture  of  the r e l a x a t i o n  process.  The energy 

t r a n s f e r  between the h ighly  v i b r a t i o n a l l y  exci ted mole- 

cu les  and the surrounding bath gases  can be accompanied 

by acce ra t ion  of  the v ib ra t iona l -v ib ra t iona l  energy 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
4
9
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



1370 ZALESSKAYA AND GOLOLOBOV 

t r ans fe r  i f  an energy d i s t r i b u t i o n  i n  a small subset 

o f  i n t e r n a l l y  exci ted molecules i s  pre2ared. The s t u -  

d i e s  employing such an exc i t a t ion  method demonstrate 

a higher e f f ic iency  o f  v ib ra t iona l  energy t ransfer .  In 

o u r  case,  the d i r e c t  absorption o f  I R  photons from a 

C02 l a s e r  produce an ensemble of excited molecules, 

which become v ib ra t iona l ly  equilibrium during the I R  

l a s e r  pulse. Therefore, only a l e s s  e f f i c i e n t  process 

energy t r ans fe r  between v ibra t iona l  and t r ans l a t iona l  

degrees of freedom can take place, 

In  summary, energy t r ans fe r  processes i n  mixtures 

of fluorenone and ba th  gases have been invest igated 

using the  new method developed a t  o u r  laboratory based 

on d i r e c t  absorption of  I R  photon from the C02 l a s e r  

t o  exc i t e  t r i p l e t  molecules up t o  high v ibra t iona l  

energy. It i s  shown t h a t  by studying both the inten- 

s i t i e s  and decay r a t e s  o f  C 0 2  l a s e r  induced delayed 

fluorescence a s  a func t ion  of i n i t i a l  exc i t a t ion  ener- 

gy and gas pressure,  we a r e  ab le  t o  reveal  r a t e s  of 

v ib ra t iona l  energy t r ans fe r ,  c o l l i s i o n a l  e f f ic iency  

and average energy t ransfer red  per co l l i s ion .  

Spec i f ic  d e t a i l s  o f  energy t r ans fe r  between f l u o -  

renone and K r ,  N2 a s  co l l i de r  a r e  s imi la r  t o  those ob- 

ta ined f o r  l a rge  molecules which a r e  excited i n  a v i b -  

r a t i o n a l  quasicontinuum. The deac t iva t ion  o f  vibra- 

t i o n a l l y  excited fluorenone by ba th  gas i s  found t o  be 
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COLLISIONAL ENERGY TRANSFER 1371 

r e l a t i v e l y  s l o w  because the co l l i s iona l  mechanism lead- 

ing t o  relaxation of  highly excited t r i p l e t  molecules 

i s  the V-T energy t r ans fe r  between v ibra t iona l  and 

t r ans l a t iona l  degree of freedom, i t  d i f f e r s  f r o m  those 

t h a t  favor rad ia t ion less  re laxa t ion  f r o m  t r i p l e t  t o  

the  ground e lec t ronic  s t a t e .  
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