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SPECTRAL DIFFUSION AND RELAXATION OF PHOTOCHEMICAL HOLES ON 

LOGARITHMIC TIME SCALES 

3 .  Friedrich and D. Haarer 

PkysikaZisches I n s t i t u t  der Universitiit  Bayreutk, 0-8580 Bayreutk, F.R.G. 

Abstract:  Photochemical holes b u r n t  i n  doped organic glasses evolve on 
logarithmic time scales. The characterist ic time dependet features can be  
described us ing the  concepts o f  spectral d i f fus ion.  Since the  model has no 
adjustable parameter the  results p rov ide  detailed ins igh t  i n  the long time 
relaxation behavior o f  the  glasses. 

INTRODUCTION: 
Glasses a re  well described as frozen l iqu ids w i th  a temperature dependent vis- 
cos i ty  as g i ven  b y  the Vogel-Fulcher-law 

rl = no exp  A / k (T -To )  ( 1 )  

wi th  parameters 'lo, A, and T . The above equation can be  in terpreted w i th in  the 
frame o f  an Arrhentus-law w i t f i  a temperature dependent ba r r i e r  

which the system has t o  overcome f o r  thermally act ivated s t ruc tu ra l  relaxation 
processes. A t  T = To the  bar r ie r  heights d iverge  formally, ind icat ing tha t  on  the 
average the  thermally act ivated relaxation processes become inf inete ly  slow. T 
cannot be defined i n  a s t ra igh t  forward fashion. Within the  f ree volume model O? 
amorphous solids it can be in terpreted as the  temperature a t  which the free 
volume vanishes / I / .  Since in an amorphous sol id the  ba r r i e r  heights can no t  be 
expected t o  be  uni form b u t  are characterized b y  a d is t r ibut ion,  there are s t i l l  
relaxation processes even a t  v e r y  low temperatures. Th is  demonstrates that  a 
glass does no t  reach equi l ibr ium on  experimental time scales. Hence, some of i t s  
physical parameters are no t  well def ined as i n  the  case o f  crysta ls ,  b u t  change 
as a funct ion o f  time. Th is  was demonstrated f i ve  years ago f o r  the  specific heat 
/ 2 / ,  Ve r y  recently, we succeded in measuring the time dependence of  some optical 
propert ies, l ike the area and  the w id th  o f  "persistent" spectral holes. The hole 
bu rn i ng  technique has proven t o  be  a powerfu l  tool for  the  invest igat ion of the 
amorphous state 1 3 1 .  Th is  i s  due  t o  the fact that,  a t  low temperatures, the width 
o f  a spectral hole may be  several thousand times narrower than t he  inhomogeneous 
width, which ref lects the  average intermolecular interact ion. Hence, a pers is tent  
spectral hole i s  an  extremely sensit ive probe fo r  s t ruc tu ra l  ( o r  so called secon- 
da r y )  relaxation processes which can occur on v e r y  long time scales. I n  th is  
paper we demonstrate how one can ge t  detailed quant i ta t ive information on the 
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s t r u c t u r a l  relaxat ion dynamics o f  a glass us ing  spect ra l  holes as probes. We 
invest igated quin izar in  i n  alcohol glass, whose photochemistry has been described 
elsewhere 131. For  comparison we invest igated also the  photophysical hole b u r n i n g  
system tetracene i n  ethanol 141. 

EXPERIMENTAL RESULTS 
Fig.1 shows a s u r v e y  spectrum o f  the  syske,m qu in iza r in  i n  an EtOHIMeOH ( 3 : l )  
alass a t  1.3 K. The  small d i ~  a t  19440 cm is the  ~ho tochemica l  hole. which is 
ghown on  an expanded scale 'in t h e  inser t .  I t s  time ;?volution is shown. in Figs.2 
and  3. We found tha t  
1) i t s  area decreases l inear ly  on  a logari thmic scale 
2) i t s  w i d t h  increases l inear ly  on  a logari thmic scale 
3) b o t h  relaxat ion processes occur o rders  o f  magnitude slower i n  

deuterated glass 
4) i t s  degreee o f  polar izat ion remains constant 

Fig.4 shows the  photophysical hole b u r n i n g  system, tetracene in ethanol. Again, 
the  hole area decays l inear ly  on  a logari thmic scale and  i t s  polar izat ion is constant 
th roughou t  the  experimental per iod o f  r o u g h l y  1 week. 
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Fig. 1 : Survey  spectrum o f  qu in iza r in  i n  
alcohol glass: T h e  photochemical hole is 
shown on  an  expanded scale. B u r n i n g  
time: 2 min. 

Fig.2: Area and  degree o f  polariza- 
t i on  o f  a photochemical hole as a 
funct ion o f  time. System: qu in iza r in  
in alcohol glass. 

Fig.3: Hole w i d t h  as a funct ion o f  time. 
System: qu in iza r in  in alcohol glass. 

Fig.4: Area and  degree o f  polariza- 
t i on  o f  a spect ra l  hole as a func- 
t i on  o f  time. System: tetracene 
i n  alcohol glass. 



DISCUSSION 
The  above resul ts  can b e  in te rp re ted  v e r y  consis tent ly  w i t h i n  t h e  frame o f  the 
TLS-model o f  the  amorphous state 151: 

1) T h e  relaxat ion o f  t h e  hole area: From low temperature specif ic heat exper i -  
ments it is well known t h a t  t h e  energies o f  two level tunnel ing states (TLS) a re  
un i fo rm ly  d is t r ibuted.  Consistent w i t h  a uni form d is t r ibu t ion  in energy  i s  a 
un i fo rm d is t r ibu t ion  in b o t h  parameters, which character ize a TLS, namely the  
energy  asymmetry A and  the  tunne l  parameterX . A consequence o f  a un i fo rm 
d is t r ibu t ion  o f  A and X i s  a v e r y  asymmetric d is t r ibu t ion  o f  tunnel ing relaxat ion 
rates R, r o u g h l y  g iven  by 

Equ.3 is the  s t a r t i n g  po in t  o f  ou r  theoret ical model 161. Since t h e  above d is t r i -  
b u t i o n  has t o  b e  normalized, the re  ex is t  two cut -of f  values Rmin a n d  Rmax, 
represent ing t h e  slowest and  the  fastest tunnel ing processes o f  t h e  system cons!- 
dered. Once Rm.,, and  R a r e  known t h e  complete dynamics o f  the  TLS-system 
u n d e r  considerafton is kn!%%. For  t h e  f i r s t  time, we cou ld  estimate these parame- 
te rs  from hole b u r n i n g  experiments. O u r  arguments are the  fol lowing: I n  b o t h  
cases, qu in iza r in  and tetracene, the  photoproduct  i s  t rapped i n  some tunnel ing 
state which is subject t o  a d is t r ibu t ion  o f  relaxat ion rates accord ing t o  (3) re-  
f lect ing t h e  local d isorder .  A t  time t one observes mainly those centers re lax 
which are governed  b y  rates on the  o rder  R = l l t .  Hence, t h e  hole area is g iven  
b y  in tegra t ing  t h e  above ra te  d is t r ibu t ion  f rom Rmin t o  R = l l t .  T h i s  in tegra l  
y ie lds the  number o f  tunnel ing centers being, a t  t ~ m e  t, i n  t h e  photoproduct  
state, and, thus,  is propor t ional  t o  t h e  hole area. One der ives f o r  the hole area 
A ( t )  a logari thmic decay law: 

A1 normalizes the  decay funct ion a t  the  time tl. The  slope o f  t h e  above l inear 
re la t ion i s  g iven  b y  t h e  logari thm o f  t h e  t o  rates R1 lR,i, R l= l / t l  i s  an 
experimental parameter on the  o rder  o f  l l m i n .  Hence, R . , can b e  d i rec t l y  
determined f rom the  measured slope. T h e  d ispers ion o f  ra tesm#I l~min is huge. We 
g e t  f o r  qu in iza r in  i n  t h e  protonated and  i n  the  deuterated glass, respect ively, 
t h e  values 

8 
[R1IRminIH = 1 0 ,  [R~IR,~,]~ = 

For tetracene i n  ethanol we found: Rl lRmin = 10". 

2 )  T h e  time evolut ion o f  the  1inewidth:The time evolut ion o f  the  l inewidth occurs 
on  t h e  same time scale as t h e  decay o f  the  hole area. T o  expla in  the  observed 
features we employ the  concept o f  spect ra l  d i f fus ion.  We consider a molecule, l e f t  
i n  t h e  educt  state, which has, a t  a time tl, a sharp  t rans i t ion f requency.  As time 
evolves, t h e  molecules re lax ing  f rom the  p r o d u c t  t o  t h e  educt  s tate create s t r a i n  
f ields which lead to  a d i f fus ion  o f  exc i ta t ion energies o f  t h e  p robe  molecules i n  
f requency space. As shown b y  several authors /7,8/, t h e  lineshape o f  the  diffu- 
s ing  molecules is, u n d e r  ce r ta in  condit ions, Lorentzian. I t s  w i d t h  is propor t ional  
to  t h e  number n ( t - t l )  o f  molecules hav ing  ' f l ipped' w i th in  the  time in te rva l  t-tl: 

I f  we consider t h e  case t = l / R  then  t h e  above equ. represents t h e  full 
w i d t h  due t o  spectral  d i f h s i o n .  ve?; similar t o  t h e  procedure out l ined above 
n( t -1  /Rm ) can b e  determined by in tegra t ing  Equ.3 from R = l l t  to  R = Rmax. 
The  resu?l?is again a logari thmic law w i t h  a slope factor  which depends on several 
experimental parameters l i ke  the  temperature T ,  the  total  number o f  photochemi- 
ca l ly  conver ted centers N and  the  concentrat ion C: 
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The measured w id th  y i s  the sum o f  a dif fusional w id th  and  a time independent 
w id th  y, which may be  the  homogeneous width. If one suceeds in measuring 
separately the d i f fus ional  w id th  Y = Y;Yo, then  it i s  easy t o  show 191 tha t  a 
reduced p lo t  yD(t)/yD(tl) y ie lds a logar~ thmic  law w i t h  a slope factor determined 
solely b y  Rmax, the  maximum ra te  constant: 

R can be  determined experimentally from the  measured slope. I n  our  experi-  
mPd& 191 we estimated yo from the deuterat ion effect.  As seen in Fig.3, the 
extrapolated lines o f  the  protonated and deuterated sample show a cross over  a t  a 
time ro o f  12 s. Clearly-r marks the  onset o f  spectral d i f fus ion and t hus  
y( r 1 =yo . Equ.7 allows @to g i ve  a'n estimate o f  the  maxiqum ra te  constant. For 
quiRizarrn i n  the  EtOHIMeOH glass we ge t  Rm = 0.025 s . We stress tha t  Rmax 
does no t  show any  s igni f icant  dependence on deuterat ion. 

THE DEUTERATION EFFECT 
I n  case o f  the quin izar in  system it i s  well known tha t  the hole bu rn i ng  photoche- 
m i s t r y  i s  due  t o  a proton t rans fe r  reaction, hence, a change in t he  relaxation 
rates o f  t he  deuterated system is t o  be  expected. Deuterat ion changes the tunne- 
l i ng  mat r i x  element A which depends i n  an exponential fashion on the  mass m o f  
the tunnel ing particle0 

i s  determined b y  t he  bar r ie r  height  Vo and the tunnel ing distance d 

2 112 At = ( V  d 2 / %  ) (91 
It i s  clear &at, if A' i s  large, and hence the  ra te  constant small, deuterat ion may 
b r i n g  about a change o f  many orders o f  magnitude. On the  other  hand, if A '  is 
small, the deuterat ion ef fect  wi l l  be  small and  wi l l  be  ha rd l y  noticeable in the 
logarithmic slope factor. Since the slope factors fo r  both, the decay o f  the nor-  
malized hole area (Equ.4) and  the  absolute w id th  (Equ.6) are governed b y  R 
the slowest rate o f  t he  total system, a large deuterat ion ef fect  is expected. Y~I?; 
i s  indeed observed 161. R . changes b y  more than  10 orders o f  magnitude. A 
most in terest ing observatio%'?s the  fact  tha t  the isotope effect i n  the l inewidth 
data (Fig.3) vanish, if they are scaled according t o  Equ.7. Fig.5 shows tha t  all 
the data points o f  Fig.3 l ie  on the  same uni form plot: 

Or6nizarin m EtOH / MeOH 3 : 1 
T = 4,BK T=1,35K o 

Ouinizarin in c~D,DD/ CD,OD 3 : 1 
T=4.21K* T=1,35Ko . .. 

Fig.5: The  data o f  Fig.3, re- 
scaled according t o  Equ.7. Note 
the un i f ied  behavior o f  the data 
points. 



T h i s  behavior can be understood on  the  basis o f  Equ.7. Due t o  the rescal ing 
procedure, Rmin (and also f )  cancel. Rma , however, shows o n l y  a small isotope 
ef fect  as discussed above, which is o f  negSgible in f luence on  t h e  logari thmic slope 
factor.  From t h e  measured isotope e f fec t  we can estimate the  maximum b a r r i e r  
heights. Assuming tunne l ing  distances on  the  o rder  o f  a few Angstroms, one 
calculates maximum b a r r i e r  he ights  on t h e  o rder  o f  several thousand wave num- 
bers, i.e. much h igher  than the  thermal energy  a t  t h e  glass t rans i t i on  tempera- 
t u r e  k T g '  Such b a r r i e r  he ights  are, however, qu i te  const is tent  w i th  t h e  Vogel- 
Fulcher-law (Equ.1). ind icat ing t h a t  b a r r i e r  formation is most l i ke ly  a col lect ive 
phenomenon. 

POLARIZATION DIFFUSION 
From the constant  degree o f  polar izat ion we conclude tha t  o n  the  time scale o f  the  
experiment, the re  is no  reor ientat ion o f  d y e  molecules l e f t  in t h e  g r o u n d  state. 
T h i s  ru les o u t  the  poss ib i l i ty  tha t  the  d y e  molecules themselves a re  an act ive p a r t  
o f  t h e  TLS-system o f  t h e  glass 141. 
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