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CORRELATION BETWEEN THE PROPERTIES OF HOLE-BURNING MATERIALS AND 
INTERMOLECULAR INTERACTION PARAMETERS 

INDREK RENGE 
I n s t i t u t e  o f  Physics, Estonian Academy o f  Sciences, 
202400 Tartu, Estonia 

Abstract  Relat ive zero-phonon e l e c t r o n i c  t r a n s i t i o n  i n t e n s i t i e s  
v l 3 a l  l e r  factors)  , quasi homogeneous holewi dths and i nhomoge- 
neous bandwidths o f  organic impur i t i es  i n  amorphous hosts have 
been co r re la ted  w i t h  the changes o f  molecular p o l a r i z a b i l i t i e s  
and d ipo le  moments on e lec t ron i c  exc i ta t ion.  

INTRODUCTION 

Broad-band spect ra l  contours can be o f t e n  regarded as a convolut ion o f  
the spectrum o f  a s i n g l e  centre ( the homogeneous spectrum) and the  d i s -  
t r i b u t i o n  funct ion o f  the resonance frequencies i n  disordered environ- 
ment. The homogeneous spectrum i s  described as a superposi t ion o f  a 
narrow zero-phonon l i n e  and a broad side-band o f  v ib ron ic  origin.' It 

w i l l  be shown below t h a t  such a parameters o f  hole-burning mater ia ls  
as the i nhomogeneous spect ra l  bandwidth, the quasi homogeneous holewidth 
(which may be a funct ion o f  the time scale o f  measurement) and the i n -  
t eg ra l  zero-phonon 1 i n e  t o  zero-phonon-1 ine-p l  us-phonon-wing i n t e n s i t y  
r a t i o  ( t he  Debye-Waller factor ,  DWF) depend on the  change of host-guest 
in termolecular  i n t e r a c t i o n  po ten t i a l s  on e l e c t r o n i c  e x c i t a t i o n  o f  the 
impur i t y  centre ("guest"). 

According t o  the Franck-Condon p r inc ip le ,  t he  p r o b a b i l i t y  o f  ex- 
c i t i n g  low-frequency in termolecular  v ib ra t i ons  i n  the course o f  an e lec-  
t r o n i c  t r a n s i t i o n  i s  higher when the minima o f  t he  in termolecular  i n -  
t e r a c t i o n  po ten t i a l s  are displaced ( l i n e a r  electron-phonon coupling). 
I n  o ther  words, i n  case o f  l a rge  d i f f e rence  between the van der Waals 
forces i n  the ground and exc i ted  states,  small DWF values are expected 
and v ice versa. 

The 1 i fetime-1 i m i  t ed  width o f  a zero-phonon resonance broadens a t  
f i n i t e  temperature as a r e s u l t  o f  d i f f e r e n t  frequencies o f  actua l  low- 
energy v ib ron ic  modes i n  t h e  i n i t i a l  and f i n a l  states. Addi t ional  broa- 
dening o f  spect ra l  holes i n  time may occur as a r e s u l t  o f  the zero-pho- 
non t r a n s i t i o n  frequency s h i f t s  due t o  the f l i p s  i n  the two- level  sys-  
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122/[390] I. RENGE 

tems (molecules or groups having several spacial positions of close 
energy), B o t h  the quadratic vibronic coupling and the sensitivity t o  
the changes of local fields should be directly related with the polari- 
zability a n d  dipole moment differences between the ground-state and 
electronically excited dopant molecules. 

ESTIMATION OF POLARIZABILITY CHANGES ( b a )  FROM SOLVENT-SHIFT 
MEASUREMENTS 

The contribution of dispersion interaction (London forces) t o  the spec- 
tral  solvent sh i f t  i s  described by the Bakhshievls equation: 2 

where v and vo  are the band peak maxima i n  the solution and gas phase, 
respectively; I and I '  are the ionization potentials of the solute and 
solvent molecules; a and ae are the polarizabilities of the solute mo- 
lecule in the ini t ia l  and final s ta te ;  h i s  the Planck constant; c i s  
the velocity of l ight;  r i s  the Onsager cavity radius of the solute; 
n i s  the refractive index of the solvent a t  a given transition wave- 
length. 

ty function ( n  - l ) / ( n  t 2 )  i n  a series of n-alkanes from pentane t o  he- 
xadecane are perfectly linear for most compounds. The extrapolation of 
the 0-0 band maximum t o  n =  1 yields the t ransi t ion frequency, which i s  
very close (within 100 cm-') t o  the purely electronic o r i g i n  of a j e t -  
cooled molecule. Absorption spectra of ionic compounds were studied i n  
a series o f  highly polar aprotic solvents w i t h  different refractive i n -  
dices (acetoni tri le,  y-butyrolactone, 

A linear relationship was established between the ~ a =  1/3 TrAa 
(in fi) from electrochromic  measurement^^-^ and the slope y ( i n  cm-') 
of the solvatochromic plot (Eq. 1) for aromatic hydrocarbons (9 values 
Of h a ) :  

9 

The plots of spectral band maxima versus the solvent polarizabili- 
2 2 

n i  trobenzene, etc.), 

( 2 )  
-5 Aa = 0.3 t 1.82010 y*M.W., R = 0.98, 

where M.W. i s  the molecular weight, which assumed t o  be proportional 
to  the volume of solute cavity; R i s  the linear correlation coeffi- 
cient. 

Equation ( 2 )  was preferably used for calculating the ha values, 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
49

 1
8 

Fe
br

ua
ry

 2
01

3 



HOLE-BURNING MATERIALS [39 111 123 

s ince  t h e  i o n i z a t i o n  p o t e n t i a l s  and t h e  s o l u t e  c a v i t y  r a d i i  i n  Eq. (1) 
were n o t  ava i lab le ,  

NON-POLAR IMPURITIES 

The n -e l  e c t r o n i  c sys tems o f  many po rphy r i  ns , po lycyc l  i c arenes , po ly -  
methine dyes and polyenes are  centrosymmetric and f o r m a l l y  devoid o f  
d i p o l e  moments i n  bo th  S1 and So states, S o l v e n t - s h i f t  s tud ies  show 
t h a t  d i spe rs ion  fo rces  l a r g e l y  predominate dipole- induced-dipole i n t e -  
r a c t i o n s  even i n  very p o l a r  environments, The change o f  t h e  d i spe rs ion  
energy on e x c i t a t i o n  was cha rac te r i zed  by t h e  r a t i o  A~/M.W. (Table 1). 

T e t r a p y r r o l  i c  pigments possess ou ts tand ing l y  s t r o n g  zero-phonon 
l i n e s  (Table 1). Moreover, spec t ra l  ho les  have been observed even a t  
80 K f o r  phthalocyanine and t e t r a p h e n y l p ~ r p h i n e . ~  The ha and A~/M.W. 
values a re  much smal le r  f o r  porphyr ins than f o r  t h e  o the r  n-conjugated 
molecules. I n  case o f  cyanine dyes t h e  DWFs are  sma l le r  than those f o r  
arenes s ince  t h e  t o r s i o n a l  modes o f  t h e  polymethine cha in  may c o n t r i -  
bute t o  the  phonon wing i n t e n s i t y .  To ou r  knowledge, no zero-phonon 
l i n e s  have been detected f o r  polyenes i n  amorphous hosts, i n  accor-  
dance w i t h  t h e i r  f l e x i b i l i t y  and very  h igh  Aa values, 

Q u i t e  remarkable c o r r e l a t i o n  between t h e  quasi  homogeneous 1 i n e -  
w i d t h  and AU/M,W. e x i s t s  i n  t h e  same m a t r i x  (Table 1). I n  p o l a r  PMMA 
m a t r i x  t h e  pure  dephasing t imes are  much s h o r t e r  than i n  po lye thy lene 
(1.5 and 53 ns f o r  porphine a t  1.2 K, respec t ive ly ) .  

6 

11 8 

POLAR IMPURITIES 

Molecules w i t h o u t  t he  cen t re  o f  symmetry have permanent d i p o l e  moments 
i n  both S1 and So s ta tes  which are  u s u a l l y  d i f f e r e n t .  Small d i p o l e  mo- 
ment changes ( A V )  can be r e l i a b l y  c a l c u l a t e d  from t h e  l i n e a r  S ta rk  
s h i f t s  on narrow zero-phonon l i n e s  i n  c r y s t a l l i n e  hos ts  20,25 o r  spec- 
t r a l  holes i n  amorphous matr ices22 (see Table 2). 

With i nc reas ing  AV t h e  maximum hole-to-background c o n t r a s t  (DWF) 
sharp ly  decreases. I t  seems t h a t  zero-phonon t r a n s i t i o n s  i n  g lassy  
hosts are observable on l y  f o r  t h e  molecules w i t h  A~.I  n o t  exceeding 2D. 
Besides s t rong  coup1 i n g  t o  low-frequency i n te rmo lecu la r  v ib ra t i ons ,  t h e  
l a r g e  value o f  AU i s  always accompanied by a d r a s t i c  inc rease i n  t h e  
i n t e n s i t i e s  of t he  l o c a l  v i b r a t i o n s  and t h e i r  overtones. Thus t h e  0-0 
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126/[394] I. RENGE 

band o f  2-aminoanthracene and the l a s e r  dye DCM can be d is t inguished 
as a shoulder only i n  non-polar alkane solvents. 

homogeneous l i new id th  (ro) turns ou t  t o  be a l so  f a i r l y  sens i t i ve  to -  
wards AV i n  a ser ies o f  compounds: ch lo r i n ,  resoruf in ,  oxazine 4 and 
cresy l  v i o l e t  i n  PVB ma t r i x  a t  1.7 K2' (Table 2). I n  accordance w i t h  
much smal ler  ACC, the ro o f  c h l o r i n  i s  by a f a c t o r  o f  two narrower than 
t h i s  o f  resorufin. 

The ground-state d ipo le  moment creates a react ion f i e l d  i n  a po la r  
1 iqu ide2 This react ion f i e l d  produces a Stark s h i f t  o f  t h e  t r a n s i t i o n  
frequency. I n  the l i q u i d  s t a t e  the react ion f i e l d  i s  perturbed by mole- 
cu la r  movement, which gives r i s e  t o  the inhomogeneous broadening. Appro- 
ximate p r o p o r t i o n a l i t y  between Ap and the ha l f -w id th  a t  ha1 f maximum 
(HWHM) o f  the spectral  bands i n  p o l a r  a c e t o n i t r i l e  a t  2OoC i s  evident 
(Table 2). 

The reac t i on  f i e l d  s t rength i n  a s o l i d  m a t r i x  corresponds t o  the 
r e l a t i v e l y  high d i e l e c t r i c  p e r m i t t i v i t y  ( E )  value a t  some temperature 
close t o  the glass t r a n s i t i o n  point. The d r a s t i c  drop o f  E on mat r i x  
s o l i d i f i c a t i o n  i s  not  accompanied by corresponding spect ra l  e f fects .  

place on cool ing down a l i q u i d  t o  form a glass, we assume, that ,  a t  
l e a s t  i n  case o f  po la r  dyes i n  p o l a r  hosts, the HWHMs i n  the  l i q u i d  
and s o l i d  phase as wel l  as the low-temperature inhomogeneous s i t e - d i -  
s t r i b u t i o n  funct ions are corre la ted w i t h  each other. 

Another important parameter o f  hole-burning mater ia ls ,  the quasi- 

Since no remarkable reduct ion o f  t he  spect ra l  bandwidth takes 

CONCLUSIONS 

Both the  cha rac te r i s t i cs  o f  t he  hole-burning mater ia ls  and t h e  spect- 
r a l  ma t r i x  s h i f t s  are dependent on the changes o f  in termolecular  i n t e -  
r a c t i o n  po ten t i a l s  upon e lec t ron i c  exc i ta t ion.  Both l i n e a r  and quadra- 
t i c  electron-phonon coupl ing ( the Debye-Waller f a c t o r  and the T; p a r t  
o f  the holewidth) as w e l l  as the coupl ing t o  the  two-level systems 
(spectral  d i f f u s i o n  p a r t  o f  the holewidth) are co r re la ted  w i t h  the  po- 
l a r i z a b i l i t y  d i f ference between the S1 and So s ta tes  and, i n  p a r t i c u -  
l a r ,  w i t h  the d ipo le moment change upon e l e c t r o n i c  exc i ta t ion.  

tory. Thus, a dye w i t h  r e l a t i v e l y  l a rge  A~.I has such a des i rab le proper- 
Several requirements t o  the hole-burning mater ia ls  are contradic-  
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HOLE-BURNING MATERIALS [395]/127 

t i e s  l i k e  broad inhomogeneous bandwidths and h igh s e n s i t i v i t y  o f  holes 
t o  the external  e l e c t r i c  f i e ld ,  However, l a rge  AN unfavourably i n f l uen -  
ces the l i m i t i n g  holedepth (DWF) and -width (rO). 

basing on t e t r a p y r r o l i c  pigments. Because o f  very small ha values the 
a1 ky l -subst i  t u t e d  porphyrins seem t o  be p a r t i c u l a r l y  promising. 

S t i l l  the best hole-burning systems f o r  in format ion storage are 
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