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NECHANISM OF THE PHOTOCHEMICAL HYDROGEN TRANSFER 
REACTION I N  DOPED FLUORENE CRYSTALS 

DIETMAR STEHLIK AND HANS-MARTIN VIETH 
F r e i e  U n i v e r s i t a t  B e r l i n ,  Fachbereich Physik, 
Arn imal lee 14, D-1000 B e r l i n  33 

Abs t rac t  New k i n e t i c  data from t ime reso lved ONP-data 
are presented f o r  t he  s o l i d  s t a t e  photoreact ion o f  a 
hydrogen t r a n s f e r  from f luorene t o  photoexci t e d  a c r i -  
d ine i n  doped f luorene s i n g l e  c r y s t a l s .  They remove 
e x i s t i n g  unce r ta in t i es  about the  reac t i on  pathway which 
proceeds v i a  the lowest  exc i ted  t r i p l e t  s t a t e  o f  the  
acceptor. I n  con t ras t  t o  general be1 ie f ,  t h i s  (m*) 
abs t rac t i on  shows comparable k i n e t i c  parameters t o  

(nn*) abs t rac t ions  observed i n  so l  i d  g lass ma t r i x .  

INTRODUCTION 

Complete de te rmina t ion  of  a photchemical r e a c t i o n  mechanism 

is considered t o  be achieved wi th  t h e  knowledge of (a )  

a l l  s i g n i f i c a n t  t r a n s i t i o n s t r u c t u r e s  a long t h e  r e a c t i o n  pa th-  

way (b) t h e  rate cons tan t s  of conversion from one i n t e r -  

mediate  s t r u c t u r e  t o  i t s  successor  s t r u c t u r e  and ( c )  t h e  

f o r c e s  respons ib le  f o r  t h e  observed s t r u c t u r e s .  I n  t h e  

genera l  s i t u a t i o n  of photoreac t ions  i n  gases  and l i q u i d s ,  

it w i l l  remain unclear  f o r  some t i m e  how such complete 

knowledge can be achieved except  f o r  molecular  beam exper i -  

ments which can be performed only  f o r  t h e  very  smallest mole- 

c u l e s .  I n  c o n t r a s t ,  f o r  photoreac t ions  i n  ordered  systems 

p r e c i s e  d a t a  concerning t h e  above mentioned informat ion  can 

be obta ined  i n  p r i n c i p l e  as w i l l  be shown i n  t h i s  cont r ibu-  

t i o n  f o r  a s o l i d  s ta te  photochemical model r e a c t i o n .  The 

1 

83 

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

1:
17

 2
1 

Fe
br

ua
ry

 2
01

3 



84 D. STEHLM and H. M. WTH 

main disadvantage i s  the small number of reactive systems 
known in so l id  matrixes so far. 

PHOTOCHEMICAL MODEL REACTION IN CRYSTALLINE MATRIX 

One such model reaction i s  the intermolecular photochemical 
hydrogen transfer observed in f l  uorene crystals doped with 

Following selective light excitation of the acceptor a ther- 
mally activated hydrogen transfer takes place and a hydrogen 
atom i s  transferred from the donor fluorene t o  the acceptor 
guest leading to a radical p a i r  (RP) product i n  i t s  t r ip le t  
state. Structural da ta  for bo th  the acceptor and  RP t r ip le t  
state are virtually complete as summarized earlier in 
The hydrogen transfer affects atomic coordinates only i n  the 
"reaction plane" which i s  parallel t o  the crystalline a,b- 

plane and runs t h r o u g h  the molecular centers of bo th  reac- 
tants. As shown in F i g .  1 this plane i s  perpendicular t o  
the aromatic planes of the reactants and parallel to the 
crystalline a,b-plane. I t  constitutes a symmetry plane for 
b o t h ,  the precursor reactants as well as the final product 
and i t  is reasonable t o  assume t h a t  i t  will be preserved 
along the whole reaction pathway. 

The radical pa i r  
product reacts back to the original reactant molecules i n  
their ground state from which a new reaction cycle can be 
started. 

acceptor molecules like acridine, phenazine and anthracene 2 . 

3 . 

The reaction i s  fully reversible. 

THEORETICAL CONSIDERATIONS FOR A REACTION SCHEME 

Given this structurally we1 1 characterized model reaction 
available theoretical predictions for the reaction scheme 
can be subject t o  a rather rigorous tes t .  Considering the 
complexity of the reacting molecules quantitative theoretic- 
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SOLID STATE HYDROGEN ABSTRACTION 85 

a1 treatments are so f a r  ou t  o f  the question. 

p lace some crude general r u l e s  have been formulated concern- 
i n g  the geometrical requirements f o r  r e a c t i v i t y  i n  the  s o l i d  
s t a t e  and have been tes ted  f o r  in t ramolecu la r  hydrogen ab- 
s t r a c t i o n  reac t ions .  According t o  the  main r u l e  s ta ted  the  

d is tance between the abst racted hydrogen H I  and t h e  ab- 
s t r a c t i n g  n i t rogen  N i n  F ig .  1 (rNHl = 2.55 8 )  should be and 

indeed i s  here smal ler  than the  sum o f  the  van der Waals r a -  
d i i  , i.e. r 

A more subs tan t i a l  t h e o r e t i c a l  p r e d i c t i o n  i s  assoc ia t -  

ed w i t h  the  s p e c i f i c  advantage o f  photoreact ions i n  ordered 
systems, t h a t  symmetry considerat ions can be app l i ed  r i g o -  

rous ly .  Salem has t rea ted  main ly  the  case o f  "coplanar" 
hydrogen abStrdCtiOn and concludes otherwise ( i  .e. f o r  a 

noncoplanar abs t rac t ion ,  i n  f a c t  i n  our  case perpendicu lar  
t o  the molecular p1anes)that a t r i p l e t  RP-product can be 
formed on ly  by ad iabat ic  conversion from the lowest  t r i p l e t  

precursor s ta te .  

cons iderat ions a l low ing  f o r  var ious symmetry planes t o  be 
conserved w i l l  be pub1 ished separa te ly  . 

I n  the  f i r s t  

4 

= 1.2 w + 1.5 = 2.7 w .  5 
H '  + rN 

6 

A thorough t reatment  o f  Salem's symmetry 

7 

DETERMINATION OF THE REACTION KINETICS 

The photoreact ion i n  the ac r id ine - f l uo rene  system can be 

i n i t i a t e d  by a se lec t i ve  l i g h t  absorp t ion  o f  the acceptor 
ac r id ine .  Given the very f a s t  r e l a x a t i o n  o f  any v i b r a t i o n -  
a l l y  unrelaxed s ta tes  on ly  the  lowest  exc i ted  s i n g l e t  S,A 

' (nn*)  o r  t r i p l e t  T,A 3(m*) s t a t e  a re  poss ib le  precursors. 
Although i t  appears t o  be an easy problem the determinat ion 
o f  the c o r r e c t  precursor requ i red  considerable experimental 
e f f o r t .  Standard techniques l i k e  a s e l e c t i v e  d i r e c t  T I A -  
e x c i t a t i o n  o r  t he  use o f  a T,,.,-selective s e n s i t i z e r  molecule 
are e i t h e r  too i n s e n s i t i v e  o r  i n e f f e c t i v e  i n  the  s o l i d  l a t -  

a 
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86 D. STEHLIK and H.M.  VIETH 

FIGURE 1 .  riqht: Molecular structure o f  the donor 
(fluorene) and acceptor (acridine) when rotated around 
the short in-plane axes i n t o  the aromatic plane. 

( A )  t o  product  (0) as  seen i n  the projection a long  the 
long molecular in-plane axes i n t o  the "reaction plane" 
parallel t o  the crystalline a,b-plane. The reactant 
molecules occupy translationally equivalent s i tes  i n  
adjacent u n i t  cells .  
unit cell dimensions a = 8.49 1, b = 5.72 A.  Zm de- 
notes the direction of the molecular o u t  o f  plane axis 
o f  fluorene. z* i s  the main principal axis of the zero 
field splitting tensor of the RP product and represents 
roughly the direction between the spin density centers 
on each o f  the radicals contributing t o  the RP-product3. 

l e f t :  Change of atomic positions from reactants 

Distances are t o  scale w i t h  the 
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SOLID STATE HYDROGEN ABSTRACTION 87 

t ice.  
the temperature dependence of the reaction kinetics. 
decay rate of T , A ,  one possible precursor s ta te ,  and the 
production rate of the R P  product are experimentally acces- 
sible v i a  the following observables which are s t i l l  avail- 
able a t  high temperatures: 
( 1 )  secondary t r iplet  absorption and 
( 2 )  
temperature dependence of the T 

lat ion of an additional high temperature decay channel which 
originates from a thermally activated process, i s  fluorene 
specific and shows a considerable D-isotope effect with 
respect t o  the transferred hydrogen atom. Therefore i t  
shows essential characteristics expected f o r  the H-transfer 
reaction. On the other hand,  the temperature dependence of 
the steady s ta te  O N P I *  identifies another apparently unique 
thermally activated process for the RP-formation which a t  
f i r s t  has t o  be interpreted as a different process if  com- 
pared with the one found i n  the TIA-decay . On this basis, 
T1A cannot  be the precursor”. Time dependent E S R I 2  also 
turned ou t  t o  be unable t o  decide the question about  the 
precursor state. Hence independent experimental d a t a  are 
needed t o  determine whether the observed T,A-decay and RP- 

formation are due t o  different processes or whether bo th  
processes are nevertheless based on a common H-transfer re- 
ac t ion  scheme. In  this case, the incompatability of the 
temperature dependencies discussed i n  ’’ must be accounted 
for by an accidental convolution of various temperature de- 
pendent processes. We will see now t h a t  the second pos- 
s ibi l i ty  has t o  apply here. 

Another standard technique is  the investigation of 
The 

2 the magnetic resonance signals of ESR and ONP . The 

l i f e  time 9 require‘s postu- 1 A  

2 
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aa D. STEHLK and H.M. VIETH 

TIME RESOLVED ONP-EXPERIMENTS 

Optical Nuclear Polarization (ONP)  i n  acridine doped fluo- 
rene crystals i s  known t o  result from contact of the elec- 
tron and nuclear spin reservoirs by hyperfine coupling in 
the RP product t r ip le t  state TRpZb. We describe now how the 
rate limiting step of the optical pumping cycle passing 
th rough  the TRP state can be measured in a time resolved 
ONP-experiment. 
between the electron and nuclear reservoir can be allowed t o  
take place i n  a gated fashion. 
ways : 
( a )  
level crossing areas in which strong electron nuclear hyper- 

( b )  the electron and nuclear spin reservoirs can be coupled 
by resonant rad io  frequency irradiation 

Typical d a t a  with the f i r s t  technique are presented in 
F ig .  2. 
plet states, T I A  o f  the unreacted acceptor and TRP of the 
RP-product, can be observed, the time resolved experiment 
can be performed for each t r ip le t  s ta te  separately. 
tained nuclear polarizations are plotted i n  Fig. 2 as a 
function of the delay time 7 after the light pulse when the 
contact between electron and nuclear spins i s  turned off by 
applying a f ield switch of amp1 i tude AB o u t  of the 1 eve1 
crossing region. In order to compare the da ta  for the two 
t r iplet  states they are normalized t o  an equal ONP-level 
when no f ield switch i s  applied, i.e. B i s  kept constant. 
Distinctly different results are observed depending on 
whether the ONP-active pumping cycle through the T ,A or  TRP 
t r iplet  state i s  considered. 

Following pulsed l ight excitation contact 

This may be realized i n  two 

the polarizing field B can be switched in and o u t  of P 

fine coup1 i ng occurs 13914 and 

13 . 
Since distinct ONP signals due to both excited t r i -  

The ob- 

P 

They are explained most easily 
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SOLID STATE HYDROGEN ABSTRACTION 89 

0 200 400 600 T/PS 800 
I 
! 

TRP 

-2*0} P 

ti I r 
1 1 

J 

0 20 10 60 ~ t p s  80 

FIGURE 2. 
function of the delay time 7 between laser pulse and 
applied f ie ld  switch of AB which cuts off the contact 

Normalized ONP-signals are plotted a s  a 

hntwnnn thn n lnr t rnn and n i i r l n a r  c n i n  r n c n r v n i r c  Tho 
d a t a  are taken with the following parameters: 

: 

TI*: 
Note the different time scale for the two curves! 

B IIz* (see Fig. l ) ,  B = 180 G, LIB = +55 G. 
BPI  Ix (long in plane axis),.B = 4 1 0  G , A B  = +I00 G. 

TRP p P 
P 
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90 D. STEHLIK and H. M. VIEW 

if we assume right away, as actually justified ,by the results, 
two extreme models of t r ip le t  kinetics: 
spin selective popula t ion  b u t  no decay selectivity and TRP 
w i t h  non selective population b u t  high decay selectivity. 

The result for T1A i s  described in more detail else- 
13 where . Init ially enhanced ONP i s  consistent with the 

known high init ial  electron spin polarization of the T I A -  
s tate which i s ,  however, subject to  fas t  electron spin rela- 
x a t i o n .  
tron nuclear contact i s  turned off in times short or com- 
parable t o  the electron spin relaxation time, in agreement 
with the fast  time constant of 14 ps observed for T I A  i n  
Fig. 2. 

For TRP the ONP i s  exclusively due t o  the decay selec- 
t ivity.  The maximum ONP level i s  reached only when al l  ONP 
active TRP states had a chance to decay while the contact 
between electron and nuclear spins remains established. 
Note t h a t  the ONP doesn't s tart  from zero for short delay 
times. 
switch by AB i s  n o t  sufficiently large a s  was the case here. 

The important result here i s  t h a t  an ONP-rate of 300 ps 

i s  evaluated from Fig. 2 t o p ,  which is identical t o  the T1A- 
l i f e  time a t  room temperature obtained from the transient 

9 t r iplet  absorption experiment . Identical rates have also 
been confirmed over a wider temperature rangeI3. The most 
straightforward conclusion i s  t h a t  the rate limiting step i n  
the optical pumping cycle o f  TRP i s  the RP formation rate 
which i s  then identical t o  the T I A  decay time. 
ly, T1A i s  shown t o  be the precursor for the hydrogen trans- 
fer reaction. Furthermore we have t o  conclude t h a t  the rad- 
ical pair decay rate kRP must be large compared t o  the T,A 
decay rate. Otherwise the la t te r  could not  be the rate lim- 

T1A with highly 

The enhanced ONP can be saved only when the elec- 

Such a background O N P  i s  expected if  the field 

Consequent- D
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SOLID STATE HYDROGEN ABSTRACIlON 91 

i t i n g  s tep i n  the o p t i c a l  pumping cyc le  o f  TRp. 

SUMMARY OF THE REACTION K INETICS 

With the i d e n t i f i c a t i o n  o f  the T,A-precursor a q u i t e  com- 
p l e t e  k i n e t i c  scheme emerges f o r  the  reac t i on  k i n e t i c s  from 
the  ava i l ab le  t ime resolved experiments 9 9 1 2 9 1 3 .  It i s  sum- 

marized best  w i t h  re ference t o  F ig .  3. 

I 

SO ----+ A* - RP 
(acceptor)* product ground 

state 

FIGURE 3. 
ac t ions  s t a r t i n g  from the  acceptor-donor reac tan ts  
A*+H-D, reac t i ng  t o  the  product RP and back t o  the  
ground s ta te .  

L i g h t  absorpt ion i n t o  the s i n g l e t  acceptor bands i s  fo l lowed 
by very f a s t  v i b r a t i o n a l  r e l a x a t i o n  and e f f i c i e n t  i n t e r s y s -  
tem cross ing t o  T,A 3m* w i t h  a r a t e  constant kST - 30 ps . 
The weakly temperature dependent in t ramolecu la r  decay o f  T I A  

i s  dominated a t  h igh  temperatures (> 200 K) by a decay 
r a t e  " 1 3  which i s  now a l s o  the  reac t i on  r a t e  and can be ex- 
pressed by 

K i n e t i c  scheme f o r  the  hydrogen t r a n s f e r  r e -  

8 
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92 D. STEHLK and H.M. WETH 

w i t h  an a c t i v a t i o n  energy o f  EA = 1600 cm" 2 4.6 kJ/Mol. 
The room temperature r a t e  kTR (300 K) = 3 x 10 s-' cor re -  
sponds t o  the preexponential f a c t o r  ko = 6 x 10 s - I .  The 

3 
6 

TRP 
r a t  
1.5 
sa t  
the 
the 

decay r a t e  kRP must be f a s t  compared t o  the  format ion 

x l o 5  s-1 evaluated from t ime resolved ESR data12 would 
s f y  t h i s  requirement. A more d e t a i l e d  eva lua t ion  o f  
temperature dependence o f  the T1A decay r a t e  kTR and 
steady s t a t e  ONP-signals w i l l  be publ ished else- 

where 15910 .  
c a l  reac t ion  r a t e  can f o l l o w  the exper imental ly we l l  v e r i -  
f i e d  Arrhenius equation (1).  I n  a most simple fashion the 
exponential f a c t o r  gives the average popu la t ion  o f  a t he r -  
ma l ly  accessible low energy s t a t e  o f  energy EA above the 
lowest exc i ted  t r i p l e t  s t a t e  TIA. The preexponential then 
represents the reac t i on  p r o b a b i l i t y  from t h i s  s ta te .  

I n  t h i s  context  i t  i s  most s u r p r i s i n g  t h a t  the k i n e t i c  
parameters i n  the  reac t i on  r a t e  kTR studied i n  t h i s  work 
a re  very s i m i l a r  t o  data known f o r  completely d i f f e r e n t  r e -  
act ions i n  ordered systems. Most c l o s e l y  r e l a t e d  are hydro- 
gen abs t rac t ion  reactions. by exc i ted  acceptors 1 i ke benzo- 
phenone16 and pyrazine17 i n  f rozen ethanol g lass s o l u t i o n  
which g ive  both preexponentials and a c t i v a t i o n  energies i n  
the same range as observed here. This i s  q u i t e  unexpected 
as the remaining m o b i l i t y  i n  the glass ma t r i x  al lows f o r  an 
optimal, a t  l e a s t  angular con f igu ra t i on  between acceptor 
and donor on the t ime scale o f  t he  reac t i on  ra te .  Further-  
more, general chemical considerations' tend t o  general i z e  
t h a t  H-abstractions from nn* s ta tes  are p re fe r red  t o  those 

kTR << kRp. A room temperature r a t e  kRP (300 K) = 

It i s  n o t  obvious how the  observed photochemi- 
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SOLID STATE HYDROGEN ABSTRACTION 93 

from m* states.  I n  cont ras t ,  the  H-abst ract ion by the  
3m* s t a t e  o f  ac r id ine  from a f luorene donor s tud ied  i n  t h i s  
work renders near ly  the same k i n e t i c  parameters as the ab- 
s t r a c t i o n  r e a c t i o n  o f  t he  nn* s ta tes  o f  benzophenone16 and 
pyrazine17 i n  f rozen ethanol .  A f u r t h e r  d iscuss ion  o f  t h i s  
s u r p r i s i n g  r e s u l t  i s  found elsewhere . 
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