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Abstract Iritramolwular electron transfer of nlctal-containing spiro x-electron system was studied by AM1 method 
in the MOPAC-KT prograni developed by the present group. Thc  results indicated that with the increasing of the outer 
electric field F, the activation energy of the reaction dc~rrased.  When F reaches a certain threshold value, the activa- 
tion energy barrirr becomcs zero and the rate of rcaction achieves the largest value. The  results also indicated that elec- 
tron rransfer matrix elements Vm and reorganization energy A were not obviously affected by outer electric field while 
the exothermicity AE was directly proportional to it. 
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Electron transfer ( E T )  processes are of greatly important reactions, which have been quickly 

developed after thc availability of many radioactive isotopes and the introduction of related new in- 

strument since the late 1940s[". The researches in this area have now widely deepened in ET re- 

actions of chemistry and E T  reactions widely exist in biological processessuch as res- 

piration and photosynt hesis1'] , of which intramolecular electron transfer plays a central role. 

Since electron transfer in metal containing protein is the main object of the research in this 

fieldL5', we designed a metal containing organic compound in which electron can transfer from one 

"end" to another, as shown in fig. 1,  to 

simulate intramolecular El' in proteins. This 

molecule is separated by a rigid a bridge which LA Z n m Z n  I 

makes the plane of the left end perpendicular 
- 2  

to that of the right end. As shown in fig. 1, 
1A represents left-localized state A, 1B repre- 

sents right-localized state B. Theoretically, the 
1, z n w z n  

system can be taken as an ET reaction precess, 

of which the initial state and final state are 

composed by state A and state B, respectively. 
The electron hops back and forth between state 1 z n  

A and state B at a certain frequency, which is 

determined by the height and the shape of the 

tzn 15 

3 7 10 14 

potential barrier. The symmetry of the two 

potential surface will be broken when affected Fig. 1 .  Metal containing spirmx compound and atomic ID. 
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by outer factors (such as an cyxternal electric field), and the activation energy will also change ac- 

cordingly. Though this system is somewhat simple in simulating electron transfer in biological 

systems, i t  may rclease somc useful information for the research in metal-containing proteins in 

the future. Ab initio method has been used to study the electron t ran~fer '~"] .  Ah initio is an ac- 

curate quantum calculation method that has the predominant advantage; however, it requires ex- 

pensive computational facilities such as large memory, and high CPU speed for calculation of large 

biology systems. With the respect of such limitation, we introduced a new function into the semi- 

empirical quantum chemistry program package MOPAC, and developed a new program MOPAC- 

E?' that car1 be usctl to compute electron transfer. This program is proper for the larger molecules 

such as biological systems. We have compared the calculation results of ab initio and MOPAC-ET 

for a model compound, which shows the latter are reliableL8]. In this paper, we will report the 

calculation results for the E T  process of our designed metal-containing compound with the 

MOPACl-ET program. 

1 Theory and method 

A lot of theorctical studics on E T  reactions have been reportedL9.'01. Here we only briefly in- 

troduce .some simple concepts. As shown 

in fig. 2, the potential energy surface 

( PES ) of the left-localized electronic 

state, PA, has a global minimum at its 

equilibrium nuclear configuration QA ; 

similarly, the right-localized electronic 

state, Y E ,  has its own global minimum 

configuration at QB. Obviously, QA # 
Q13, and the two PESes cross at nuclear 

i i  I configuration Qc . The energy difference 
QA QC Q B  

ReactLon coordinate 
( A E )  between the two PES minima is de- 

fined as exothermicity. According to Mar- 

Fig. 2 .  Skrtch map for t t ~ ( ,  electnm tr;ir~sfcr ( El') reaction. 
cus modelL6', the rate of reaction may be 

expressed as 

k7.S7. ~ ( k ~ , T / h ) e x ~ ( ~ ~ ' / k ~ ) e x ~ (  - A H ' / ~ ~ T ) ,  (1) 

where K is the clcctronic transmission coefficient, kll is the Boltzmann's constant, AS' and AH' 
are the activation 1,ntropy and enthalpy, respectively. K depends on Vm, which may be calculat- 

ed by eq. ( 2 ) ,  i . c .  

V A I ~  A/2 = ( 1 - SA1)?) I / HAU - SAB( HAA + HBB)/2 1 ,  (2) 

where S A I ~  ( W A  I H.AA = (Y.4 I H I qA) , Huu = ( Y B  I H I Y u )  , and H is the electronic 
Hamiltonian. V;,I, is an important quantity that is used in every model of electron transfer reac- 

tion. Our program encoded into MOPAC can be used to calculate this parameter. Since AS' is 

sufficiently small, the activation energy E,,, is very close to AH'. There are three regions in the 

ET reaction according to the relative value of A and AE : in the field where A > I AE I , we have 

what is usually referred to as the "normal" region; with the increase of I A E  I , the activation en- 

ergy decreases and the rate of reaction increases, when A = I AE I , the E T  process came into 
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"barrier free" region where the activation energy is zero and the rate of reaction reaches its maxi- 

mum; if A < I A E  I , the region is named "inverted regionv where the activation energy will in- 

crease again. In this paper, we change the exothermicity of the reaction by applying external elec- 

tric field with different strengths, and convert the reaction from the normal region to the inverted 

region 

All the semiempirical calculations in this paper were performed with AM1 option of MOPAC- 

E T  method. The structure of molecule A is completely optimized by using unrestricted Hatree- 

Fock ( U H F )  method with C2\, symmetry. The structure of B is obtained from 2A frame by a 

180" rotation around y axis followed by a 90" rotation around z axis. For the systems we studied, 

thcre are no obvious conformational change. It is, therefore, reasonable to set up the reaction co- 

ordinate E as the linear mixture of Q A  and QB, i. e. 5 can be difined by eq. ( 3 ) ,  i . e .  

Q = E Q l < +  ( 1  - E)QAt ( 3 )  

where Q is the nuclear configuration at any point on the assumed reaction path. For the symmet- 

ric molecules, the two potential surfaces are crossed at the point = 0. 5 .  In the calculation of 

HAe, the separation of state A and state B is induced by the molecular wavefunction of QA and 

QJ*] .  

2 Results and discussion 

2 . 1  Geometry 

The atomic IT) of the stable geometries of state A and state B, and those of point at the reac- 

tion coordinate are shown in fig. 1 .  Thegeometry parametersof QA(E=O.O) ,  Q B ( E = l . O )  and 

Qc( E = 0 . 5 )  are listcd in table 1 .  

'f;il,lc. 1 (;cr,rnrtries of rnolrc~~le at the p i n t  where E-0 .0  (Q,).  E=0.5 ( Q c )  and € =  1 .0  ( Q u )  

when the t.xtrrnal electric field strength is zero 

.. 
Q A 

- - . . - - - 
Q,. Q A Qc QB 

0.  194 0.195 -bQ+.2-4 0.134 0.137 0.139 

Since the heavy atoms of the left and right parts of the system are located at two perpendicu- 

lar planes, and torsional angles of the system do not change too much during the ET process, the 

dihedral angles are not listed in table 1.  According to table 1 ,  the changes of the bond angles dur- 

ing the reaction are small, the maximum changes are 1 3 - 1 - 2  and 113-15-14.  which vary be- 
tween 95.219" and 98.534".  Obvious changes were found in the bonds C2-C4, C3-C5, 
C4-C5 , 1 1 - 3  C11--C12 and C12-C14. For example, the bond length of 

C2-(:4 and C3---C5 change from 0 .134  nm to 0 . 1 3 9  nm, that of C4-C5 changes from 
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0.154 nm to 0.145 nm. This indicated that double bonds C2=C4 and C3=C5 would be de- 

localized among atoms 2 to 5 when the system converted from state A to state B. Same phenome- 

na were found among bonds Cll-C13, Cll-C12 and C12-C14, but the localizing-de- 

localizing trend is opposite, i .  e .  the delwalized double bonds among atoms Cll to C14 changed to 

localized double bonds Cl l=C13, C12=C14 and single bond Cll-C12. 

2 . 2  Total energy, exothermicity and reorganization energy 

During the treatment of the title compound, we defined the spiro atom C at the origin of the 

coordinate and applied clcctric field F with different strengths in the direction of z axis. The 

trend in the changes of ~otal  energy with external electric field F can be scaled by the dipole mo- 

ments of statc A and state B qualitatively. For state A, charge is localized in the right part of the 

molecule and the dipole moment is in the negative direction of axis z ,  so the energy of state A will 

increase with the electric field strength ( the electric field is in the positive direction of z axis) . In 

the case of statc B, the total energy will decrease accordingly, as shown in fig. 3, this trend will 

inevitably cause the crossing point Ec to appear before 0 . 5  ; when F reaches a certain value (8 .29  
V/nm in this article), the electron transfer reaction achieved "barrier free" region at cC = 0 where 

the rate of reaction is maximal. 

I I I I I 

0.2 0.3 64 0.5 0.6 0.7 0.8 0 . 9  l !u 
Reaction coordinate E 

Fig. 3 .  Variation of  the total energy ( e V  versus rraction rmrdinate ( €1  under different external electric fields 
( X I ( )  ' V . n n ,  1 ) .  - 0.0. - - - 0 . 2 .  ...... 1) 4 . - . - . -  . . , . , . , 0.8. 

Fig. 4 .  Variation of reor~anizatl(~rl rr1c .r~~ arld exothermicity respectively. When F equals 8 . 2 9  V/nm, r\ = 
versus electric field strength. AE and cc = 0, the activation energy of the reac- 

-- 
We also calculated the intramolecular 

70 - 
reorganization energy A = E; - E: and exothermicity 

IAEI = E : - E ~  (fig. 4 ) .  The results of cal- 

culation show that with the increase of external 

electric field strength, the value of reorganiza- 

tion almost remains constant, and the exother- 

micity is in direct proportion to the electric field 

strength. For example, when the values of F 
are 0 . 0 ,  4 . 0  and 8 . 0  V/nm respectively, those 

60 

0 0 1 0 2 0 3 0 4 (1 5 (1  6 0 7 0 8 (1 9 0 10 O Of A are 47-87 .  49.03 and 50. 16 k ~ / ~ ~ l ,  while 
F Ieclr~c f~eld \trcnfith/V.rlm 

those of A E  are 0 . 0 ,  24 .24  and 48.47 kJ/mol, 

- 

/ ) 

, , - _ -- - I- ,- 
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tion decreases to zero accordingly. The insensitivity of A to F might be due to the reason that the 

coordinates of the configurations located in the lowest energy point in the reaction pathway cannot 

be changed seriously by the external electric field. 

2.3  Electron transfer element Vm I 
Figure 5 is the electron transfer matrix 

element, VAHs, with respect to the varia- - 
tion of the reaction coordinates. from which j , 
we can deduce that V,, is insensitive to the 5 
variation of reaction coordinates, especially 3 4 . 4 k  

> '  
near the point of Qc where the two PESes 

crossed. In addition, VAH is also insensitive 

to the external electric field strength F at ' " '  I 
0 .0  0 . 1  0 . 2  0 . 3  0 . 4  0 . 5  0 . 6  0 . 7  0.8  0 . 9  1.0 

reaction coordinate cc ; for example, the Reaction coordinate E 

values are 4 .  212 ( EC = ) * l3  ( EC = Fig. 5 .  Variation of V, with respect to the reaction coordinate e. 
0.259), and 4.218 U/mol (Er=0.017 7) 
when F are 0.0,  4.0 and 8.0 V/nm, respectively. 

2.4 Activation energy and the rate of reaction 

According to eq. ( 1  ), the rate of reaction is mainly affected by K and AH', in which AH' 
approximately equals diabatic activation energy Ed. According to the Landau-Zener model["], K 

depends on V, and the slopes of the diabatic potential curves of state A and state B at the cross- 

ing seam. We havc mentioned that none of these quantities changes significantly with F. Hence, 

the main contribution to the change in ET rate 
---- 

I comes from Ed. Fig. 6 is the variation of the 

activation energy Ed versus external electric 

field strength, from which we can see that Ed 
has its maximum value at zero field strength and 

then monotonously goes to zero at the field 

strength of 8.29 V/nm. Fig. 6 also shows the 

trend of adiabatic activation energy E, = Ed - 
VAB versus external electric field strength. In 

O . O  2 . 0  3 . 0  4 . 0  6 . 0  '.' 9 . 0  thenormalregion, Marcus' modelisapplicable 
Electr~c held strength/V.nrn 

and the E T  rate k,, ( F )  increases exponentially 
Fig. 6 .  Variation of the diabatic activation energy E,, (-1 as a function of F .  For instance, at room tern- 
and adiabatic activatior~ energy E ,  ( - - ) ( kJ /n~o l )  versus perature, k e , ( 0 . 0 ) : k , , ( 4 . 0 ) : k , , ( 8 . 2 9 ) = 1 : 3 8 :  
external electric field strength. 123. 

3 Conclusion 

In this paper, intramolecular electron transfer of the title compound is studied with AM1 

method in the MOPAC-ET program developed by the present group. The results show that the 

potential barrier of the reaction decreases with the increase of F, and reaches zero when F is 8.29 

V/nm, at this point the rate of reaction reaches maximum. Calculation also indicated that VAB 
and A were not obviously affected by external electric field while the A E  values were directly 
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