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Abstract 

The internal reorganization energies X,, for return electron transfer (ET) reactions within geminate radical ion pairs were s~udied using the 
extended Nelsen melho& In the El" systems studied, the common accepter was 9,10-dicyanoamhraceue (DCA). The donors were methyl- 
substituted compounds of benzene, biphenyl, naphthalene and phenanthrene. The calculated results indicated that the K, valaeswem associ~d 
mainly with the carbon atoms of the aromatic rings and the atoms linked directly to the aromatic rings. Systems with similar substituted 
conditions are expected to have similar internal reorganization energies, For systems in which the two aromatic rings of the donor can rotate 
relative to each other, th" calculated ;~, values include a contribution from lhe change in torsional angle in the ET process. Compared wilh 
the system in which the donor is a iiuorene molecule, the contributions of the torsional angles (low-frequency vibration) to A,, were esximated. 
© 1997 Elsevier Science S.A. 
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1. Introduction 

Electron transfer (ET) reactions play an imporlant role in 
the processes of chemistry and biology, h has been the goal 
of many researchers [ I-3] to understand the factors control- 
ling the rate of ET reactions. Aithough much work has been 
published on this topic, many questions remain unanswered. 
According to Marcus theory [4,5], the ~T rate can be 
expressed as the product of the square of the electronic cou- 
pling matrix element V and the Franck--Condon w~ighted 
density of  state ( FCWD ), i.e. 

kE-r = ~ V z-FCWD (la)  

/' 1 '~,/z 
FCWD= ~4-"~kB T ) -e - i'ac;°* A?i"4"~r. ( Ib)  

where AG ° is the change in the standard free energy of  the 
reaction, which can be obtained from the reduction potential 
of the accepter and the oxidation potential of the donor, and 
corrected for solvation energy and Coulomb work terms [ i -  
3], and A is the reorganization energy, which includes the 
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internal reorganization energy Av and tire solvent reorg~mi- 
zation energy ~ .  The former can be derived from the vibra- 
tion of the molecule and the latter can be derived from the 
polarization changes in the dielectric solvent envirtmnmnt. 
According to Marcus theory, A~ can be oblained by consid- 
ering the solvent as a dielectric continuum [4,5] 

+ . . . . .  (2) 
2a~ r 

where Ae is the transferred electric charge, at,  a~ and r ate 
the radii of the donor and accepter molecules and the ce~ 'e -  
to-centre distance between them respectively, Dop is the opti- 
cal dielectric constant of the solvent (the square of the refrac- 
tive index) and D~ is the static dielectric constant of  &e 
solvent. 

The internal reorganization energy h~ is concerned with 
the change in the nuclear degrees of freedom, which is diffi- 
cult to measme. X-Ray crystallography o¢ extended X-ray 
absorption fine structure (EXAFS) analyses are usually used 
[6--8], but the structures obtained from a crystal may not 
always be relevant to the reaction in solution. M ~ r s  [9] 
recently used resonance Raman spectroscopy to obtain A,,. 
Similar vibrational frequencies were adopted for ~ exc i t ed  
and ground states. This makes the resulls improved confin~ 
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ously, in general, we can obtain Av by a curve-fitting proce- 
dure [ 10,11 ] in which the ET rate and driving force AG o are 
fitted. It is obvious from Eq. ( l a )  and Eq. ( Ib)  that the fitting 
result of Av cannot be unique because of the variation in V 
and A,. Gould et el. [ I 1-16] studied the return El" reactions 
D + + A - - ,  D + A, where A was 9,10-dicyanoanthracene 
( DCA ) (ucceptor) and D was a simple aromatic hydrocarbon 
(donor). They suggested that the internal reorganization 
energy should be the same for systems with donors of similar 
size. Their preliminary curve-fitting results indicated that. for 
systems containing donors with two aromatic rings, Av ~ 0.6 v 

eV [ 12], and for systems containing donors with one aro- 
matic ring, .~_<0.3 eV [13]. In their later experiments, Dt 
& =0.25 eV was used to fit systems containing donors with / 
one, two and three aromatic dogs [ I I ]. In their study of 
intramolecutar ET, Ctosset  al. [ IO] found that this series of 
molecular systems should not be treated with a constant inter- 
nat reorganization energy. Because of the lack ofdiruct exper- D~ 
imontal results on A~ values, the same A~ values are used for 
diffe: ~: ~ys~.ems. It is therefore important to obtain A~ values 
by,;,~. : n chemical calculations [17]. 3 2 1' 3' 

To o ~  knowledge, the calculation of A~ for ET reactions 4 ~ 4 '  
of  heteromolecular systems has not been reported in the lit- x.._¢ ~ s  6 e s' 
erature. In this paper, Nelsen's method [ i8 -20] ,  which is 
used to calculate the internal reorganization energy in self- Dll 
exchange El" reactions A + A  + ~ A  + +A,  is extended to 7 
treat the return El" reaction within geminate radical ion pairs. 3 ~ x 1 ~ '  
Oar studies focus on the outer-sphere ET reaction which 4~ t~k-.~t, ~ ¢ 
occurs between minimally interacting electron donors and 5"~6 61m'5. 
~eeptors  [21,221. New results and information were Dis 
obtained. 

2. Models and  methods of  calculation 

The calculation model is the return ET reaction 
D + + A - - )  D + A, where D denotes the electron donor and 
A denotes the electron accepter (DCA) (Fig. l ), Donors for 
systems ( t ) - ( 1 0 ) ,  ( ! 1 ) - ( 1 5 ) ,  ( 1 6 ) - ( t 8 )  and (19) - (21)  
are methyl- or methylene-substit-ted benzene, bipbenyl, 
naphthalene and phenanthrene respectively, shown in Fig. 2 
and Fig. 3. These systems have been studied extensively by 
experimental methods [ 12-16] and were chosen for ease. of 
comparison. 

in the outer-sphere El" reaction within radical ion pairs, 
the interactions between the donor and accepter were ignored 
because of the shielding of the solvent molecules. The internal 
reorganization energy for the retmn ET reaction within rad- 
ical ion pairs can be expressed approximately as the sum of 
the contribution of the donor and accepter as follows 

A~--Av(D)+Av(A) (3) 

which can be derived from the changes in the Gibbs free 
energy corresponding to the changes in the nuclear configu- 
ration in the El" reaction. If the changes in entropy ate 

CN 

C"N 

Fig. I. Accepter 9.10-dicyanoamhracen¢ (DCA). 
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I)7 DS 139 Di0 
Fig. 2 Donor with one aromatic ring. 
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Fig. 3. Donor with two o[ thrc~ aromatic tings, 

neglected [18,19], hv(D) can be obtained approximately 
from the changes in enthalpy 

~ ( D I = A H ° ( D c O ) - A H ° ( D n O )  (4)  

where Do0 and De0 indicate the donor molecules without net 
charge, but with the geometry of the neutral species andcation 
radical respectively, In the same way, Av(A) can be obtained 
as 

A,,( A )=AHr°( AaO) -AH~(  AnO) (5) 

where An0 and An0 indicate the accepter molecules without 
net charge, but with the geometry of the anion radical and 
neutral species respectively. 

The AM 1 hamiltonian [ 23 ] in the MOPAC program [ 24] 
( version 6.12 ) was used. All the geometrical parameters were 
optimized by the eigenvector following (EF) method [25] 
until the gradient norm was less than 0.01 keal ]k-t .  The 
neutral species were calculated at the restricted Hartrox~Fock 
(RHF) level and, for the open-shall radical anions and carl- 
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ons, the unrestricted Hartree-Foek (Ol-lF) level was used. In 
order to confirm the reasonable nature of the AM I-optimized 
results, ab initio calculations at the HF/3-21G level were 
completed for donors with two aromatic rings, biphenyl 
(DI 1 ) and fluorene (DI4) ,  using the GAUSSIAN 92/DFT 
program [ 26]. Atoms in each aromatic ring remained co#a-  
nar. The biphenyl and fluorene were restricted in symmetry 
C., and C2~ respectively. 

3. Results and discussion 

3,1. Geometrical structares 

Fluorene (DI5)  and biphenyl ( D l l )  have C~, and C2 
symmetry respectively. The numbering of the atoms is 
depicted in Fig. 3. The optimized bond lengths, bond angles 
and torsional articles of the biphenyl moleeule for both neutral 
species and radical cation (AM I and ab initio calculations at 
the HF/3-21G level) are displayed in Table 1. The corre- 
sponding results from other HF calculations at the STO-3G 
[ 27 ], 6-3 IG* and 6-31G'" [ 28 ] levels and from experimental 
studies [ 29] are also included for comparison. For the neutral 
species, the AMI-opdmizad bond lengths and bond angles 
are in good agreement with the X-ray results. The AMI- 
optimized torsional angle C2C IC I 'C2'  between the two aro- 
matic rings of biphenyl is 40.6 °, which !s 10% lower than the 
experimental value o f44A ° [291. It is obvious that the two 
aromatic rings of the neutral biphenyl molecule are twisted 
considerably in the ground state. 

For tluorene, the calculated geometrical parame;ers a~ the 
AMI and HF/3-2 tG levels are listed in Table 2. The calcu- 
lated geometrical parameters orLee and Boo [ 30] at the HF/ 
6-31G', MP2/6-31G" and $3LYP/6-31G" levels a.'e also 
shown, as well as the corresponding X-ray results [31 ]. The 

2 4 9  

AM 1-calculated bond length C] C2 is overestimated in cm~- : 
trast with the urMerestimation of the other HF results. The 
bond length C2C3 is underestimated by all methods. Forth, 
other bond lengths, the AMl-caleutated va t~s  are c k ~  m 
the X-ray results and as good as the other more precise meth- 
ods. The calculated bond angles by AM1 are close to hhosc 
of the other methods, and do not deviate significamly from 
the X-ray results. 

The calculated (AM 1 method) geometrical parameters of 
the radical cations of biphenyl and fluorene are also Iht~l  i,a 
Table I and Table 2 respectively. The borKI length CIL"2 irt 
biphenyi increases from !.402 A in the neutrai ~ i ~  to 
1.434 ~. in the radical cation. In contms~ with C1C2, C l C l '  
of biphenyl decreases from i.462 A in the neutral species to 
1.416/~ in the radical cation. This is probably due to the loss 
o f a  ~r electron, the decrease in the interaction between rdae ~r 
orbitals of the two aromatic rings and the decrease in the 
torsional angle C2ClCI 'C2'  for biphenyI. This is confirmed 
by the computational results which show that tim angle 
C2CICl 'C2 '  decreases from 40.60 in the neutral species to 
15.9 ° in the radical cation of biphenyL For fluorene, CIC2 
increases from 1.429 ~. in the neulral species to !.458 ,~ in 
the radical cation. C I C I '  decreases from 1.461/~. to 1.412 
A. This is similar to the case of biphenyl. In addition, C4C5 
increases from !.392 A to 1.411 A and C5C6 decreases from 
1.402 A. to 1.385 A. The other bond lengths ate not chaaged 
significantly in the ET process, 

For the d~mors st,Jdi:xl in this paper, the carbon atoms in 
each aroma',ic iing ar~ r .¢ar 'y coplanar in both ,.he neuw~l 
species and ~i-~ radical cation. 

7.2 The int, -~'al reo:ganization energy 

3.2. i. Systems containing donors with one aromatic ring 
The enthalpies of formation AHr ° for donors DI-DIO, 

calculated by the AM I molec,,lar orbital method, are listed 

Table 1 
Optimized geomctrica| parameters of biphenyt { b~ad leng,bs in ~gstmms a~d bond angles in degg'cs ) 

AMt ~ HF/STO-3G b HF.t3-2 IG I-IFI6-3 IG " HF/6-31G "" E x ~ l e t  tal ~ 

CIC2 1.402 { 1,434) 1.395 1.300 1.393 1.393 1.406{4) 
C2C3 1,393 (1382) 1,385 1.383 1.384 1.384 1.397(5) 
C3C4 1.395 (1.407) 1.386 1.384 1385 1,385 L.395{5) 
C ICI" 1,462 (1,416) 1.508 1.490 1.492 IA92 1.509{4) 
C2H2 I .'.00 { 1.103) !.082 1.072 1.075 i.076 1,102(2fl) 
C3H3 1,100 (1.104) 1.083 1.072 1.076 1.076 1.102(20) 
C4H4 I, ifJ0 ( I. 10t) 1.082 1.072 1.075 1.076 1.I02(20) 
CIC2H2 119.7 (119,9) t 19.7 f !9.4 119,6 1 I96 119.8 
C2C3H3 1 t9,8 (120.0) 119.8 119.g 119.7 119.7 119.8 
CIC2C3 120.3 (121.0) t20.9 120.s 120.9 120.8 119.9(4) 
C2C3C4 1202 { 120,5) 120.2 120,2 120,3 120,2 |20.9{5) 
C'3 C4C5 119.g { 119.6) 119.6 119.6 i 19.4 I [9,5 119.0(6) 
c~-c 1 c I 'c2' 40,6 { 15.9) 38.12 51.9 46, I 46.3 44A(1.2) 

"The values in parenthese~ are for the radical cation. 
~' Ref. [271. 

rcf. [2sl.  
d Ref. [29]. 
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T,~blc 2 
Optimized georc~trical pm'm'nclers of fluorene (bond [engths in angsuom.s and bond ansles in degrees) 

AMI ~' HF/.%-21G HF/6-31G "~ MP2/6-3 IG "~ R3LYPI6-3 IG -b Expenmen.tal ,~ 

C 1 C2 I A29 ( 1.458 ) 1 396 1.395 1.409 1.411 1.41 
C2C3 1.382 (1_378) 1.377 1,381 !.393 !.390 1,43 
C3CA I A03 ( I AIO) 1389 1389 1.399 1.400 1.38 
C4C5 1,392 ( I A I 1 ) 1,386 1.388 1,401 1.399 1.38 
C5C6 1.402 (1.385) [ 387 1386 1.396 1.396 1.4.0 
CICI'  1.46] (1AI2} 1.476 1.475 1.465 t.4"/0 1.48 
C2C7 1.504 { 1.501 ) 1.524 t.5 ! 4 1.511 1.516 1.47 
C1C6 1.385 (I.416) 1.381 1,385 1.397 1.397 i,41 
C3H3 1.099 (1,103) 1.073 1.076 1.089 1.088 
C#H4 1. ! 00 [ I. 104) 1.072 1.076 1.0Sg 1.087 
C5H5 1.100 (1.104) 1,072 1,076 1.088 1.087 
C6H6 1.099 [ 1,10£) 1.072 1.076 1.089 1.087 
C'7H7 1.119 (1.123) 1.085 !.087 1.098 1.099 
C1C'2C3 120.5 (120.4) 19.0.5 120.5 120.5 120.4 118.50 
C2C3C4 I 18.7 ( i 18,7) 119.0 119,0 118.9 119. I I [9,24 
C3C.4C5 ~ 20.9 ( 12 I, 3 ) 120.5 120.5 120,6 120.5 120.59 
C4~C6  120.9 ( 121.1 ) 120.6 120.6 120.7 120.4 118.50 
C5C6CI 118.6 [ 118.7) 118.8 118.9 118.6 118.9 116.4"/ 
C2CIC6 120.5 (119,8) 120.6 120.5 120.7 120.4 122.30 
C2CIC1' 108,3 (108.8) 108.7 108.5 108.5 I08.6 107.34 
C2C7C2' 103.3 (103.3) 102.1 102,3 102.7 102.8 105.38 
CIC2C7 110.0 (109.5) 110.3 110.3 110. ] 110.0 109.35 
HTCTH7' 108.5 ( I08.01 109.0 107.2 106.8 106.3 
H3C3C4 120.3 (120.0) 120,2 120.2 120.2 120.2 
H4C4C5 119.8 (119.4) 119.7 119.7 119.6 119.7 
H5C5C6 11.¢'.3 ( i 19.9) 119,7 119.7 119.7 119.7 
HfiC6C I 120.9 ( [20.l ) 120.9 121,0 121.0 120.8 

l lm "values in parcnllmses m~ for ihe radical ca, lion. 
bReL [301. 
~Ref. [311. 

in Table 3, The enthalpies of formation AHr°(Dn0). 
AH~(Dc + ) and AH°(Dc0 ) decrease with increasing num- 
ber of methyl substitueets. The internal reorganization ener- 
gies ca lcu la ted  f rom Eq,  (3 )  are a lso  listed in Table  3. In the 

calcula t ion,  the cont r ibut ion  o f  the D C A  acceptor  to A,,, 

Av(A ) = 0 . 0 9  eV,  w a s  inclndcd.  The  internal reorganizat ion 

energies  .'L, for  sys tems  ( 1 ) - ( 1 0 )  are located in the range  

0 . 2 3 - 0 . 2 6  eV.  G o . q d  ¢t  el. previous ly  obta ined  fitted internal  

reo~'ganization energies  o f  0 .30  eV or  less [ 12] and  0 .25 eV 

[ ! i ] fo r  these sys tems.  O u r  ca lcula ted  results  are located in 

the region  o f  their  exper imenta l  results.  

Table 3 

Systems (4) and (8), (5) and (9), and (7) and (10) 
possess similar A~ values. Since all the ET systoms studied 
contain the same acccptor molecule DCA and different 
donors, this similarity must originate from the donors. 

The changes in the atomic charge distributions AO of the 
donor couples D4 and D8, D5 and D9, and D7 and DI0 in 
the ET processes are shown ia Fig. 4, Lot us compare D4 and 
DS. The Ap values of atoms 1, 2, 3 and 4 (and also I ' ,  2', 3' 
and  4 '  ) for  D4 and  D8 arc  near ly  the same.  The  Ap values o f  

a toms 5 and  5 '  for  138 are insignif icantly ( 2 5 % )  smal le r  than 

thoso o f  D4. The &p values  o f  a toms  6 and  6 '  for D8 are 

Eml,~py of fommion A//f ° (keel ..noV*) a~4 in,real g'organi/.01ion ~erg~ A, toY) for systems containing dono~ with one aromatic ring (for acccplor 
o l Q 1 o DCA, A/'/f {An0) = 130.70 kca] tool- , AH r ( A a - )  =71.405 kcal tool- , AH r (An0) = 132.88 kcal mol- ', A,(A) =0.09 eV) 

DI b2  D3 D4 D5 D6 D7 D8 D9 DIO 

AH~(Dn0 ) 22.02 6.79 -0.69 -5 .04 - 7.09 - 1 I, 14 - 14,58 - 13.20 - 21,52 - 30.19 
AHr°(Dc + ) 231.49 201.72 194.81 185.20 181.08 175,44 170AI 176.13 163.69 152,73 
~ff~(l~0) 25.67 10,64 2.75 - 1,41 -4.01 -8.00 - I l.I I -9 .58 - 18,39 - 26.83 
A~ 0,25 0.26 0.24 0,25 0.23 0.23 0.24 025 0.23 0.24 
~ "  (e~p) 0.30 0.30 0.30 0.30 0.30 0.30 0,30 
~,B (cxp) 0,25 0.25 0.25 0.25 0.25 0.25 0.25 

• R a f s .  [1~:4]_ 
"Ref, l l gL  
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'1 0.105 4,057 -9~J63 -~A~$T 
-9.030 ~ . O ~ S  

0,15D @,1SO 

O.02B 
~ 4 2 S  

-005| . ' -O.~T -O,OQ$ -0.~' 

D 4 Ds 
-O.~ 

-O.OtS C.+10~ -0',047 ,0.,0~'~ -0.041 
-0,0011 .024 .O.Of:l .0.013 

.o.oo, ~ .  s' ,,.'g..7 ~>";,,~ 

,V 
-0.0~ 

D8 D9 
Fig. 4. Change in charge distribution. 

much smaller than those of the other atoms, and atoms 6 and 
6' ate not directly connected to the aromatic ring. In this 
context, molecules 134 and D8 are in a "'similar substituted 
condition". 

It is well known that changes in the molecular geometry 
and high-frequency and low-frequency vibrations arc finally 
determined by the changes in the electronic structure. The 
only difference between molecules D4 and D8 is the existence 
of atoms 6 and 6' in D8. As mentioned above, the Ap values 
of atoms 6 and 6' are much smaller than those of the other 
atoms, and therefore their contribution to the A~ value should 
be much smaller than the total A~ value. Thus the similarity 
between the ;% values of systems (4) and (8) is understand- 
able (and also tbr the couples (5) and (9) and (7) and (10)). 

This phenomenon shows that, forET systems with donors, 
each containing one aromatic ring, the internal reorganization 
energies ate mainly determined by the condition of the methyl 
substituents. Systems with "similar substituted conditions" 
arc expected to have similar internal reorganization energies. 

Table ,'~ 

-O.~! 

0.q49 Q.q4O 

0,14Q ~. 1'10 

-G • • 41 

D7 

-0.0~ 

-0. $ -O.M? -0.~,$ 
" O ' O * ~ . O . l l 4 ~ e  

-0.045 -Q~7 -0.045 

° °+2 '1  - 

D i e  

3.2.2. Systems containing donors with two or three 
aromatic rings 

The calculated enthalpies of formation for the ngum~l spe- 
cies and radical cations of donors v~ith two or three aromatic 
rings (D1 I-D21) are listed in Table 4, The eoffe~lding 
internal reorganization energies am also shown. For sys~ms 
(15)-(21), the internal reorganization energies arc locked 
at 0.25-0.28 eV. slightly larger than those of systems ( 1 ) -  
(10). For systems ( 15)-(21 ), the differenc.cs be~ecn 
torsional angles of the neuacJ, species and radical cations axe 
nearly zero, and the internal reorganization erg~rgies nmialy 
originate from the contribution of the high-frequency V~Cg- 
Lion corresponding to the changes in bond lengths and bond 
angles. For systems ( I 1 )-(14), the internal reorganization 
energ,_'es ate located at 0.32-0.42 eV. 

In order to understand these differences in A,, between 
systems ( 1 I)-(14) and (15)-(21), some comparisons have 
been ,nude. The atoms in each aromatic ring for the D I t -  
DI4 and DI5-D21 molecules remain neatly eoplaaat in the 

0 I Entl~lpy of  formalion AH, (kcal mot- ), torsional angle (degree) and internal reorganization energ~ ,L (eV) for sysmms containing d~aots wi~  two or 
three an~mafi¢ flags (for acceptar DCA, ~Ht°(Aa0) ffi t30,70 kcal raal - t ,  M-/tu(Aa - ) -71.405 kcal moV',  A/-/f°(Aa0) = 132.88 ~ a l  tool- ' ,  g , (A) ffi 
0.09 eV ) 

DI | Dr2 DI3 DI4 DI5 DI6 DI7 DI8 DI9 D20 D21 

AH°(D~L0) 47,00 32,25 32.48 35.99 54.36 40,58 32.88 25.19 57,44 49,75 42,18 
AH~°(Dc+) 235.53 213,87 217.57 225.24 237,95 228.01 217.62 207.13 239.50 234,07 219.55 
AH~°(Dc0) 52.83 37,51 37.61 43.39 5~.44 44,44 36,80 29,16 61.80 53A2 46.56 
Torsional angle" ('~) 40.6 ( 15.9} 40.0 ( 15.4] 40.9 ( 17.1 ) 84.8 (42, I) 0.0 (0.0) 
A~ 0.32 0.32 0.32 0.42 0.27 0.26 0.26 0.27 0,28 0.25 0.28 
,~v b texp) 0.~ 0.25 0.~ 0.25 0,25 0.25 0.25 0.25 0.25 0.25 

a Values for ~he neutral species. Those ~n ~ t l w ,  s~s am for I1~ radical cation. 
~Ref. [ I t ] ,  
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ET processes, but the changes in the torsional angl¢s are m~ch 
different as shown in Table 4. For molecules DIS--D21, the 
changes in the torsional angle~ are nearly zero, and the cor- 
responding A, values mainly originate from the changes in 
bond lengths and bond angles (high-frequency vibration). 
For molecules D1 I, DI2, DI3 and DI4, the changes in the, 
torsional angles are 24.7 ° , 24.6 ° , 23.8 ° and 42.7 ° respectively, 
and the corresponding ~ values are 0.32, 0.32, 0.32 and 0.0,2 
eV. It is obvious that, in addition to the contribution of the 
high- frequency vibration, the influence of the changes in the 
torsional angles (low-frequency vibration) on the Av values 
is considerable. Comparing the ~_~ values of  systems ( l i ), 
{ 12), (13) and (14) with system ( 151, we can estimate the 
contributions of the low-frequeney vibration to be 0.05, 0.03. 
0.05 and 0.15 eV respectively. 

The calculated internal reorganization energies of  systems 
containing donors with three aromatic rings, systems { 19), 

20) and ( 21 ), are 0.28, 0.25 and 0.28 eV respectively. These 
values cannot be clearly distinguished from those of systems 
containing donors with two aromatic rings. 

Milleret at. [ 32 ] obtained the internal reorganization ener- 
/~ies in intramolecular ET reactions for systems containing 
the donors bipheny! and flqorene when the donors and accep- 
tots were linked 0y a rigid spacer group. They found an 
eighffold change in the El" rate between systems with 
biphenyl and fluvrene. This difference can be attributed to 
the additional reorganization energy of 0.13 eV due to the 
torsional vib:.~fion of  biphenyl. We also calculated the inter- 
n:., reorgznilation energies in intramolccular ET of  these 
systems using the sparkle method to imitate the solvent polar- 
ization, and obtained a contribution of the torsional vibration 
to A,~ of 0.10 eV. In the process of intramolecular ET, the 
donor, spacer and acceptor are linked rigidly; the torsional 
movement o f  biphenyl may affect the structure of the spacer 
and acceptor more strongly than in an intermolecutar ET 
process. There is a bigger contribution of the torsional move. 
merit to internal reorganization in an intramolecular ET sys- 
tems than that in a radical ion pair. 

4, Conclusions 

The internal reorganization energies in ET reactions within 
geminate radical ion pairs were calculated using the extended 
Nelsen method. The calculated values of  hv were associated 
with the carbon atoms linked directly to the aromatic ring in 
systems containing donors with one aromatic ring. in con- 
trust, the values of  Av were not affected significantly by the 
carbon atoms linked indirectly to the aromatic ring. 

The calculated values of h~ for systems containing donors 
with two or three aromatic rings are slightly larger than those 
for systems containing donors with one aromatic ring. The 
two aromatic rings in DI I -DI , ;  can rotate relative to each 
other in the ET process. In comparison with fluorene D I5, in 
which the two aromatic rings are linked rigidly, it can be seen 
tha'. the values of A~ for systems ( 11 ) - (14 )  include contri- 
butions from torsional movement of  0.05, 0.05, 0.05 and 0.15 

eV respectively, which corr,'spond to changes in the torsional 
angle of  24.7 °, 24.6 °, 23.60 and 42.7 °. These results show that 
the internal reorganization energy is derived from the low- 
frequency torsional movement as well as the high-frequency 
bond length and bond angle vibration. 
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