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pected that, when the unknown dyz —- dz2 promotion energy 
barrier is exceeded by an appropriate interaction with external 
sources of energy, even the square-planar complex could react 
with dioxygen. 
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chemical reactions commonly used by the chemist. Thus, it 
seems of practical value to seek convenient procedures which 
could give us chemically meaningful visualization and inter
pretation of chemical reactions, with the concept of an electron 
pair bond preserved. Efforts along this line would indeed be 
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rewarding if they could serve to establish a bridge between the 
conventional ideas of chemical reactions and the wave-me
chanical pictures of chemical interactions. 

We think that one of the most appealing procedures is the 
use of localized molecular orbitals (LMO). Perhaps the most 
successful and widely used procedure for obtaining LMO's has 
been the one which was put forth by Lennard-Jones and Pople4 

and developed by Edmiston and Ruedenberg.5 The theory has 
already been applied to a number of molecules in the closed-
shell ground singlet state, and the results in most cases are in 
harmony with the conventional pictures of chemical bonding. 
Applications to interacting systems such as the protonated 
complexes of aldehyde,6 methane,7 and ethylene8 have been 
reported recently. However, there have been few calculations 
available so far for open-shell molecules,9"11 still less for their 
chemical interactions. 

In this paper, we deal with the abstraction and addition re
actions of doublet radicals in terms of the unrestricted Har-
tree-Fock (UHF) LMO's. Our specific aim is to elucidate 
mechanistic details of the bond rearrangement involved in 
radical reactions. To this end, we will map the UHF LMO's 
of an entire reacting system at given path points over those for 
isolated molecules in order to analyze the course of bond de
formations. Also, the UHF wave functions of the reacting 
system will be expanded as a superposition of various electronic 
configurations of reactant molecules. Prototype reactions 
worked out along these lines show that both abstraction and 
addition reactions of radicals appear to proceed by a three-
stage mechanism which involves successive /3- and a-spin 
electron transfer followed by spin polarization of the reacting 
bond. 

I. General Consideration 
A. Three-Electron Model. Localized molecular orbital 

studies of chemical reactions have one unique merit in that the 
behavior of electrons during reaction can be visualized in close 
relation to the deformation of the bonds and nonbonding or
bitals present. Thus, a substantial part of the reaction mech
anism can be reduced to the local behavior of particular LMO's 
directly associated with the reaction site. Under this notion, 
we will here outline a characteristic feature of radical reactions 
in a simple but general manner. 

In the LMO treatment of the abstraction and addition re
actions of doublet radicals, it may suffice to consider only the 
two electrons in the reaction bond of the substrate and one 
a-spin electron from the radical. Denote the occupied and 
vacant LMO's of the bond by a and a*, respectively, and the 
LMO of the radical by b. These LMO's will suffer deformation 
as the substrate and radical interact with each other. The oc
cupied LMO's thus deformed may be expressed as 

Ip0 = k\a + k2a* + k^b (1) 

\pa
 = ki,a + kid* + k(,b (2) 

ip b = knb + k%a* + k9a (3) 

where a bar over LMO stands for the /3-spin. 
Using eq 1-3, we can expand the UHF single-determinantal 

wave function of the interacting system ^UHF as a superposi
tion of various electronic configurations of reactant molecules: 

^UHF = \4'aipa4'b\ 

= E CK$K (4) 
K 

where $A:'S are the configurations specified as follows: 

*G = \aab\ (5) 

3>CT = \abb\ (6) 

$BCT = I aaa*\ (7) 

*LE S = (V2)~l[\aa*b\ - |da*b\] (8) 

*LE T = (V6)-1 [\aa*b\ + \aa*b\ - 2\aa*b\ ] (9) 

* L E Q = (V3)-l[\aa*b\ +\aa*b\ + \aa*b\] (10) 

QCT-LE = \a*bb\ (11) 

* B C T - L E = | a a * a * | (12) 

and 

<i>LDE = \a*a*b\ (13) 

Here, $G is the lowest energy configuration; $CT> the config
uration arising from the /3-spin electron transfer from substrate 
to radical; "^BCT, the back a-spin electron transfer from radical 
to substrate; $LES , the local singlet excitation of the substrate; 
3>LET, the local triplet excitation of the substrate; *LE Q is the 
quartet component which is inevitably involved in ^UHF as an 
undesirable contamination; 3>CM_E> the (3-spin electron transfer 
from substrate to radical followed by the local excitation of the 
substrate; $BCT-LE> the back a-spin electron transfer from 
radical to substrate followed by the local excitation of the 
substrate; and $LDE, the local double excitation of the sub
strate. The configurational coefficients CK are dependent on 
the various coefficients km appearing in eq 1 -3 . 

Let us assume for a moment that k\ = k* = k1 = 1 and A: 3 
— kg = O. The assumption is in fact permissible at an early 
stage of reaction, as will be shown later. Neglecting the terms 
second order in the remaining coefficients km, one can rewrite 
eq 4 into 

^UHF =* *G + &6*CT + ^8*BCT + ( V 7 I ) - ' ( * 2 + &5)*LES 

+ (V^)-I(Ar5 - A:2)$LET + (V^)-1OtJ - £2)*LE
Q (14) 

In eq 14, (Ar2 + ks) must be small in magnitude as compared 
with (ks — A:2), because A;2 and ks should take on values in 
different signs. Thus, the mixing of the antibonding LMO a * 
into bonding LMO a with different signs for the a- and /3-spin 
electrons is tantamount to the inducement of triplet excitation 
<3>LET in the substrate bond. However, the mixing involves the 
quartet excitation <£>LEQ also. The coefficients k6 and A:8 are, 
as they should be, related with the /3-spin electron transfer from 
substrate to radical 3>CT and the back a-spin electron transfer 
from radical to substrate *BCT, respectively. 

It is apparent from the foregoing considerations that the 
evaluation of the coefficients A:„,'s in eq 1-3 is of fundamental 
value for the understanding of the variation in electronic 
structure of a chemical bond undergoing radical reaction. The 
deformation, rearrangement, and spin polarization of a re
acting bond can be disclosed most conveniently by this method. 
It is for this merit that we here propose the use of LMO map
pings for the studies of reactions of open-shell molecules. 

B. General Cases. In more precise treatments we take ac
count of all the LMO's involved. As a chemical reaction pro
ceeds, the LMO's of two interacting molecules are more or less 
delocalized from one molecule to the other. Some of the initial 
LMO's are thus deformed progressively, until they are col
lapsed and other newly definable LMO's begin to take over. 
The process is no doubt closely related to the rearrangement 
of chemical bonds during reaction. 

Consider two molecules R and S with the LMO's \p^ and 
^s7 . respectively, where the superscript y denotes the a- or 
/3-spin. Each spin set of LMO's, involving both the occupied 
and vacant orbitals, are usually expressed as a linear combi
nation of atomic orbitals XR or Xs. In the absence of interac
tion, the LMO's \poy of the entire system are written as 

^ = XC0T (15) 

Nagase, Takatsuka, Fueno / MO Studies of Bonds Involved in Radical Reactions 
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with the row vectors 

^o7 = i+Ry rhy), X = (XR X S ) (16) 

and a square matrix 

where CR7 and Cs7 are the LCAO matrices for ^ R 7 and ^s7 , 
respectively. The LMO's ^7 deformed by the perturbation in 
the interacting system can also be represented by use of a 
similar notation 

^T = X C 7 (18) 

The matrix C7 can no longer be expressed in such a block form 
as eq 17. 

We now define a matrix T7 such that 

TT = (Co7)" 1C7 (19) 

If the AO's XR and Xs are orthogonal and normalized in such 
a way as in the INDO approximation, C7, as well as Co7, is a 
unitary matrix and so is T7. From eq 15, 18, and 19, it follows 
that 

+y = ^07T7 (20) 

which, in an algebraic form, is 

i>C = E ?™ 7 vW + E tniy^sny (2i) 
m n 

where the first sum is over the LMO's of molecule R while the 
second over those of molecule S. The LMO's for the interacting 
system is thus mapped over those for the isolated molecules R 
and S. 

A chemical reaction generally involves the displacement of 
nuclei in the reactant molecules, which should alter the phase 
(or nodal) structures of the LMO's. For example, bendings and 
stretchings at a certain center would alter the hybridization 
of the basis functions on that center, and a twist would alter 
the orientation of the p-type basis functions on the affected 
center. In order to cope with the situation, we adopt Trindle's 
mapping method12 and make the LMO's of reactant molecules 
match those of interacting molecules as much as possible in a 
topological sense. That is, we employ as ^o7 those LMO's 
constrained to a topological identity. 

A set of UHF LMO's obtained at a given path point may 
then be used to construct the UHF ground-state wave function 
^UHF at that point. The function can be expanded into various 
electronic configurations: 

*UHF = \hah^ • • • TpP
aTppHp+\°\ 

= CG$G + LZ CKj$Kj (22) 
K i 

where <I>G is the ground configuration and where $KJ is they'th 
configuration of the type K—local excitations, charge transfer, 
back charge transfer, etc. The configurational coefficients, CG 
and CK/S, are related to the elements of TT. Variations in T7 

and hence CK/s with the progress of reaction should delineate 
the mechanistic details of the reaction in question. 

In what follows, we will deal with two reactions 

CH4 + H - C H 3 + H2 

and 

CH2=CH2 + CH3 — CH2CH2CH3 

along the lines described above. Significance of the results 
obtained will be reinforced by schematic representation of the 
movement of the LMO charge centroids. 

Journal of the American Chemical Society / 98:13 / June 

II. Calculation Method 
The canonical molecular orbitals (CMO) for isolated mol

ecules as well as the entire reacting systems were calculated 
by the UHF method13 in the INDO approximation.14 The 
UHF LMO's were generated by the energy-localization 
method of Edmiston and Ruedenberg.5 In practice, the orbital 
transformation matrices which minimize the exchange com
ponent of the total energy were obtained by applying the suc
cessive 2X2 rotation method5 to a- and /3-spin electrons sep
arately. All possible two-orbital transformations were repeated 
until further increase in the sum of intraorbital Coulomb 
energies did not exceed 1O-6 eV. The convergence was ascer
tained by applying several random transformations to the 
starting CMO's. Vacant CMO's were also localized by the 
same method. 

The LMO mapping matrix T7 was obtained by the proce
dure described in the preceding section. Calculations of the 
configurational coefficients CKj were performed by the tech
nique15 similar to the one used by Baba et al.16 All computa
tions were carried out on a FACOM 230-60 at the Kyoto 
University Computation Center. 

III. Results of Calculation 
A. Abstraction Reaction. We considered the reaction of the 

hydrogen atom with methane as an example of an abstraction 
reaction. The reaction path considered is that of the axial at
tack as shown in Figure 1. It involves the approach of the in
coming hydrogen atom (denoted by H') along a C-H axis of 
methane with subsequent departure in the opposite directiqn 
along the same axis, maintaining the C3l, symmetry through
out. 

We specify the reaction coordinates with a notation (r\, r2), 
where r\ is the distance in units of angstroms between the 
carbon atom and the hydrogen atom to be abstracted, while 
r2 is the distance between this hydrogen atom and the incoming 
H' atom. Calculations were carried out at six path points: 
A(1.1, 1.6), B(1.2, 1.1), C(1.3, 0.95), D(1.38, 0.85), E(1.5, 
0.8), and F(1.7, 0.75), which are very nearly on the potential 
valley deduced by ab initio calculations.17 

In the first place, we have examined how each LMO would 
be deformed with the progress of the reaction. It was confirmed 
that only the LMO's which reside over the reaction center 
deserve attention, the remaining LMO's being transferred from 
reactant to product with virtually no experience of deforma
tion. Figure 2 schematically shows the movements of the 
charge centroids for the particular LMO's of our interest. The 
results are in harmony with the intuitive reaction mechanism 
of Scheme I. 

Scheme I 

H3CfIH + (H' —» K1C- - -1|--- H ---| H' — H1Cf + HH' 

A better insight into the mechanism of bond rearrangement 
can be gained from the results of the LMO mapping analysis 
(Table I). As Table I shows, the /3-spin C-H bond orbital is so 
deformed as to be delocalized onto the incoming H' atom in 
a strongly bonding way, while the a-spin bond orbital is delo
calized to a lesser extent on H' in an antibonding way. Further, 
the former bond orbital allows the antibonding (C-H)* orbital 
to mix in with the negative sign, while the latter does so with 
the positive sign. The mixing of the antibonding (C-H)* into 
the bonding orbital (C-H) with different signs for the a- and 
0-spin electrons is what is called spin polarization, which is in 
effect equivalent to the local triplet excitation mentioned in 
the preceding section. In the meantime, the a-spin orbital of 
the incoming H' atom first overlaps with (C-H)* and then with 
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(A) - - 4 - - H - - m 1 

Figure 1. Coordinate system for the axial attack model of the reaction 
between CH4 and H'. 

(B) 

(C) 

(0) 

(E) 

- - 1 - i - H - -*T 

1 i-H 1H' 

• - - 1 iH IH' 

•--1 Hi VH' 

Table I. LMO Mapping Analysis of the CH4-H' System 
(F) _ 1 _ . 

Path 
Spin point 

(A) 
(B) 
(C) 
(D) 
(E) 
(F) 

/3 (A) 
(B) 
(C) 
(D) 
(E) 
(F) 

a (A) 
(B) 
(C) 
(D) 
(E) 
(F) 

Mapped LMO" 

C-H Bond Orbital 
0.999(CH) + 0.009(CH)* - 0.002(H') 
0.998(CH) + 0.059(CH)* - 0.018(H') 
0.987(CH) + 0.147(CH)* - 0.049(H') 
0.954(CH) + 0.270(CH)* - 0.097(H') 
0.888(CH) + 0.418(CH)* - 0.132(H') 
0.796(CH) + 0.564(CH)* - 0.116(H') 

+0.101[(CH1) + (CH2) + (CH3)] 
0.992(CH) - 0.009(CH)* + 0.126(H') 
0.959(CH) - 0.048(CH)* + 0.278(H') 
0.926(CH) - 0.105(CH)* 4- 0.362(H') 
0.879(CH) - 0.171(CH)* + 0.442(H') 
0.816(CH) - 0.242(CH)* + 0.522(H') 
0.724(CH) - 0.310(CH)* + 0.614(H') 

H' Orbital 
0.999(H') - 0.039(CH)* + 0.003(CH) 
0.993(H') - 0.110(CH)* + 0.025(CH) 
0.978(H') - 0.192(CH)* + 0.078(CH) 
0.942(H') - 0.282(CH)* + 0.178(CH) 
0.879(H') - 0.362(CH)* + 0.306(CH) 
0.793(H') - 0.429(CH)* + 0.429(CH) 

•H-i—1--H' 

" The bond orbitals, (CH) and (CH)*, of the isolated methane 
are as follows: (CH) = 0.367x(Cs) + 0.60Ox(Cpx) + 0.71Ox(H) 
- 0.010[x(H') + x(H2) + x(H3)]; (CH)* = 0.339X(Cs) + 
0.624x(Cpx) - 0.704X(H) - 0.010[X(H') + X(H2) + X(H3)]. 

(C-H) . The odd electron is thus delocalized onto H in a 
bonding way and onto C in an antibonding manner. 

The deformation of the bond orbitals should naturally be 
accompanied by the variation in spin density distribution. 
Calculated spin densities on atoms C, H, and H ' are given in 
Table II. Accurate values for the spin densities generally lie 
between the UHF results before and after spin projection.18"20 

In Table II, therefore, both the data before and after spin an
nihilation are listed. 

The UHF ground-state wave function ^ U H F was then ex
panded into various component configurations at the various 
path points. The results are summarized in Table III. The 
expansion coefficients listed are for the respective lowest energy 
configurations of given types, which are similar to the ones used 
for a simple three-electron model (eq 5-13). 

Inspection of Table III shows that the radical reaction 
proceeds by a three-stage mechanism as follows. The main 
driving force at the initial stage of reaction is the /3-spin electron 
transfer ( * C T ) from methane to the incoming H' atom. At the 
middle stage, the back transfer ( $ B C T ) of the a-spin odd 
electron of the H' atom to the antibonding (C-H)* orbital 
becomes appreciable. These two spin delocalization stages 

u ' u 1-0 2.0 3,0 (A) 

Figure 2. Schematic description of the centroids of LMO charge distri
butions in the abstraction reaction, CH4 + H' —• CH3 + HH'. 

Table II. Variations in the Spin Densities on Atoms C, H, and H' 
in the CH4-H' System 

Path point 

(A) 
(B) 
(C) 
(D) 
(E) 
(F) 

PC 

0.028 (0.019) 
0.160(0.108) 
0.333 (0.236) 
0.543 (0.424) 
0.753 (0.650) 
0.927 (0.856) 

Spin density* 
PH 

-0.009 (-0.001) 
-0.061 (-0.011) 
-0.143 (-0.039) 
-0.214 (-0.065) 
-0.231 (-0.072) 
-0.146 (-0.046) 

PH' 

0.982 (0.982) 
0.909 (0.904) 
0.827 (0.804) 
0.700(0.641) 
0.517(0.420) 
0.266(0.183) 

" The values in parentheses are those after spin-annihilation. 

together contribute to the charge accumulation in the area 
between H and H', to assist the formation of the H - H ' bond 
at sacrifice of the strength of the old C-H bond. As the reaction 
approaches the final stage, the contribution of the local triplet 
excitation ( $ L E T ) in the C-H bond is accelerated and becomes 
even the most dominant. This spin polarization stage is con
sidered to be responsible exclusively for the bond cleavage. 
These features are believed to be common to reactions of 
open-shell molecules in general. The contribution of the locally 
excited states was ignored in a recent study by Fujimoto et 
al.,2 ' but we would like to lay emphasis on the importance of 
this effect, especially in the neighborhood of the transition 
state. 

B. Addition Reaction. The reaction studied here is the ad
dition of the methyl radical to the double bond of ethylene, the 
product being the propyl radical. Since the potential surface 
for the reaction was thoroughly calculated by Hoyland,22 we 
employed it for our purpose. 

The whole aspect of the reaction can be pictorially demon
strated by schematic description of the centroids of LMO 
charge distributions. Figure 3 illustrates the centroids at path 
points (A)-(D). As the reaction proceeds, the electron pair in 
the banana bond (B+) of ethylene on the side of the methyl 
radical becomes highly decoupled. Consequently, the /3-spin 
electron in the bond migrates toward the methyl radical to form 
a new pair with the unpaired a-spin electron of the methyl 
radical, while the a-spin electron in the bond migrates in the 
opposite direction. At the same time, hybridization of the un-
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Table III. Variations in the Configurational Coefficients for the Abstraction Reaction, CH4 + H' -*• CH3 + HH' 

Coefficient (A) (B) 

Reaction path point 

(C) (D) (E) (F) 

C G 

CcT 
C BCT 
CLES 

CLET 

CLEQ 
C-CT-LE 
CBCT-LE 
CLDE 

0.991 
0.126 

-0.039 
0.000 

-0.011 
-0.008 
0.000 
0.000 
0.000 

0.951 
0.275 

-0.107 
0.007 

-0.068 
-0.043 
0.017 
0.000 
0.000 

0.897 
0.349 

-0.186 
0.018 

-0.151 
-0.089 
0.049 
0.021 
0.014 

0.806 
0.403 

-0.280 
0.034 

-0.260 
-0.126 

0.101 
0.054 
0.039 

0.673 
0.426 

-0.371 
0.050 

-0.382 
-0.133 
0.170 
0.109 
0.079 

0.497 
0.418 

-0.430 
0.061 

-0.503 
-0.085 
0.249 
0.183 
0.126 

L 

Table IV. LMO Mapping Analysis of the C2H4-CH3 System0 

CC) 

CW , - - 1 " I v 
, T C*) 

- 4 
CD) 

. - - H 

CO * * * c c ) 

C*) 

Figure 3. Schematic description of the centroids of LMO charge distri
butions in the addition of the methyl radical to ethylene. 

paired orbital (N) of the methyl radical changes from sp4 J to 
sp1-9. In the meantime, the paired electrons in the banana bond 
(B-) on the side not facing the methyl radical are somewhat 
decoupled and move toward the midpoint of the double bond, 
thus deforming the bond from the bent type (sp3-4) to the linear 
a type (sp'-4). These results closely agree with the conventional 
representation shown in Scheme II. 

Scheme II 
ICE1 

Path 
Spin point" Mapped LMO 

a (A) 

(B) 

(C) 

(D) 

0 (A) 

(B) 

(C) 

(D) 

a (A) 

(B) 

(C) 

(D) 

B+ Bond Orbital 
0.999B+ - 0.000B- + 0.002B+* -

0.002B-* 
0.998B+ - 0.003B- + 0.042B+* -

0.039B-* 
0.983B+ - 0.072B- + 0.116B+* -

0.108B-* 
0.711B+ - 0.511B- + 0.329B+* -

0.314B-* 
0.999B+ - 0.001 B_ - 0.002B+* + 

0.002B-* + 0.037N* 
0.984B+ - 0.012B- - 0.037B+* + 

0.031B_* + 0.169N* 
0.918B+ - 0.190B- - 0.092B+* + 

0.078B_* + 0.322N* 
0.658B+ - 0.452B- - 0.154B+* + 

0.148B_* + 0.525N* 

N Orbital 
0.999N + 0.000B+ - 0.000B- -

0.020B+* + 0.022B-* 
0.989N + 0.012B+ - 0.01 IB- -

0.101B+*4-0.102B_* 
0.958N + 0.057B+ - 0.046B- -

0.193B+*+ 0.186B-* 
0.821N + 0.254B+ - 0.195B- -

0.31 IB+*+ 0.305B-* 

" For the coordinate system, see Figure 3. * B± and B±*, respec
tively, denote the bondir 
ed ethylene: B 
X(C2Px)I ± 0. 
+ X(H3) + 

ig and antibonding banana bonds of isolat-
± = 0.339[x(C's) + X(C2S)] + 0.368[X(C1P^) -
SOO[X(C 
X(H4)]; 

1Pz) + X(C2P2)] - 0.002[x(H') + x(H2) 
B±* = 0.322[x(Cs) - X(C2S)] + 

0.383[X(Cp1) + X(C2Px)] ± 0.500[X(Cpz) - X(C2p2)] 
0.010[X(H1) + x(H2) - x(H3) - x(H4)]. N and N* stand for the 
occupied and vacant unpaired orbitals of the methyl radical, re
spectively, which have the following forms at path point (A), for 
example: N = 0.435X(C3s) - 0.256x(C

3Px) - 0.858x(C
3pz); N* 

= 0.165X(C3s) - 0.282x(C3px) - 0.942x(C3pz). 

Table IV shows the results of LMO mapping analysis. As 
can be seen in Table IV, the a-spin B + orbital of ethylene is 
subject solely to the intramolecular deformation, while the 
unpaired N orbital of the methyl radical is subject to the in-
termolecular bond formation. The i3-spin B + orbital suffers 
both types of deformation. Note that the a- and j3-spin B + 

orbitals mix with B + * in different signs. 
Inspection of Table IV shows that the mapping coefficients 

for the antibonding orbitals B + * and B_* are mutually in 
different signs and nearly identical in magnitude at every path 
point. This indicates that the customary antibonding w orbital 

** = [X(C1Pz) - x ( C 2
P z ) ] A / 2 = [B+* - B.*]/V2 (23) 

is responsible for the deformation of the three LMO's under 
consideration. Bearing this in mind, one may notice in Table 
IV the following succession of bond deformation: (1) The /?-
spin B+ bond first starts to delocalize onto the methyl group; 
(2) the methyl N orbital is so deformed as to be delocalized 
over the TT* orbital of ethylene; and (3) local triplet excitation, 
i.e., spin polarization, of the ethylene 7r bond becomes appre
ciable. 

Listed in Table V are the total weights of various types of 
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Table V. Total Weights of the Composite Configurations in the Addition of Methyl Radical (M) to Ethylene(E) 

Path 
point" 

(A) 

(B) 

(C) 

(D)* 

Spin 

a 
8 

Sum 
a 
8 

Sum 
a 
8 

Sum 
a 
8 

Sum 

CG2 

(EM) 

0.996 

0.909 

0.729 

0.407 

Z cLE,,2 

i 

(E*M) 

0.000 
0.000 
0.000 
0.006 
0.004 
0.010 
0.036 
0.017 
0.053 
0.103 
0.024 
0.127 

E CCT,k2 

k 

(E+M-) 

0.000 
0.003 
0.003 
0.001 
0.056 
0.057 
0.003 
0.125 
0.128 
0.006 
0.187 
0.193 

IL CBCTJ1 

I 

(E-M+) 

0.001 
0.000 
0.001 
0.021 
0.001 
0.022 
0.076 
0.001 
0.077 
0.209 
0.001 
0.210 

r<w 
; 
(EM*) 

0.000 
0.000 
0.000 
0.000 
0.001 
0.001 
0.001 
0.004 
0.005 
0.001 
0.010 
0.011 

" The path points (A)-(D) are indicated in Figure 3. * Other highly transferred and highly excited configurations are also mixed into the 
configuration 4G(EM) to some extent. The weights of these configurations are not given here, however. 

configurations K contributing to ^ U H F at different reaction 
path points. It can be seen here also that the reaction proceeds 
by way of the successive (3- and a-spin electron transfers fol
lowed by the local triplet excitation of ethylene. The first two 
spin delocalization stages are responsible for the formation of 
a new bond between one of the ethylene carbons and the methyl 
radical and for weakening the old banana bond B+ . The last 
spin polarization stage is considered to be responsible for the 
cleavage of the banana bond. The interchange of the pairings 
of opposite spins takes place smoothly via these stages. 

IV. Discussion 

The main conclusion of this work is that both the abstraction 
and addition reactions of radicals are considered to proceed 
through a three-stage mechanism. The course of reaction 
should depend on how smoothly the interchange of the pairings 
of opposite spins could take place. 

A brief comment on the relationship between the inter
change of spin pairings in our three-stage mechanism and the 
implication of the conventional orbital correlation diagrams 
may be worthwhile. The most dominant orbital interactions 
at an intermediary stage of radical reaction are as illustrated 
in Figure 4. Obviously, the interaction of a doubly occupied 
orbital of substrate with a singly occupied orbital of radical 
results in the stabilization of the former orbital and the de-
stabilization of the latter. As a result, the energy level for the 
singly occupied orbital approaches that of a vacant orbital of 
the substrate. With further progress of reaction a crossing of 
these two energy levels may take place (Figure 4a). When the 
interaction of the singly occupied orbital with the vacant orbital 
(and hence the back charge transfer from radical to substrate) 
is permissible for some geometrical reason, the two orbitals are 
stabilized and destabilized, respectively, and hence the crossing 
of the two energy levels can be avoided (Figure 4b). Thus, the 
occurrence of a smooth interchange of spin pairings in the 
three-stage process is in a sense equivalent to an avoidance of 
the orbital crossing in the orbital correlation diagram.23 No 
doubt, an intermediary stage involving both the forward and 
back charge transfer processes is more stabilized energetically 
as compared with that involving only the forward charge 
transfer process.24 In addition, the nodal character of the singly 
occupied orbital should be conserved in Figure 4b, while it is 
generally not in Figure 4a. 

The back charge transfer (BCT) process should thus play 
an important role in determining the course of addition and 
abstraction reactions.25 In the case of the reaction between 
CH4 and H', the BCT apparently favors the axial approach 

Substrate Radical 

U) (b) 

Figure 4. Orbital interaction diagrams for radical reactions, (a) Only the 
charge transfer from substrate to radical is permissible, (b) Both the charge 
transfer and back charge transfer are permissible. 

(Figure 1) of reactants. If the incoming H' atom approached 
methane by way of the insertion-like motion with a large angle 
to the C-H axis of methane, the contribution of the back a-spin 
electron transfer would be reduced considerably because of the 
diminishing intermolecular overlap of the LMO's associated 
with the interaction. The new bond formation, i.e., the new 
pairing of opposite spins, would then be seriously obstructed. 
These expectations were confirmed by separate calculations.25 

Similar considerations apply to the reaction of methyl rad
ical with ethylene. The methyl radical initially approaches 
ethylene along the perpendicular bisector of the double bond 
because of the dominant contribution of the /3-spin electron 
delocalization from ethylene to the methyl radical. With the 
progress of reaction, however, it should veer to one side of the 
space in search of a path favorable for the back a-spin delo
calization and the concomitant spin polarization. Conse
quently, the central attack to the double bond is considered to 
be less favorable. 

Generally speaking, if no pathway favorable for the BCT 
can be found during reaction, the reaction will not proceed 
easily despite the existing charge transfer. Back charge transfer 
seems to be an important factor in determining the course of 
reactions.26 

Conclusions 

The UHF-LMO description of chemically interacting 
systems provides useful pictures of deformation and rear
rangement of bonds involved in chemical reactions of species 
with unpaired electron spins. The LMO mapping analysis 
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shows that only the LMO's which constitute the reaction 
centers suffer appreciable deformation during reaction; other 
LMO's have great transferability. Chemical reactions can thus 
be deemed as local properties of reactant molecules. The par
ticular LMO's associated with reaction centers reveal a pattern 
that the reactions of open-shell molecules proceed through a 
three-stage mechanism. The successive /3- and a-spin electron 
transfers which take place between reactant molecules should 
lead to a new electron-pair bond via a three-center bond. The 
concomitant spin polarization of the old bond plays an im
portant role in the cleavage of that bond. The whole aspect of 
the reactions is well in accord with the customarily accepted 
mechanistic scheme. In conclusion, the U H F - L M O treat
ments do not only shed light on the mechanism of radical re
actions, but provide a sound theoretical foundation for con
ventional concepts already familiar in chemistry. 
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optical devices. (SN) x remains metallic to very low tempera
tures and becomes superconducting near 0.3 K,7 thus extending 
the phenomenon of superconductivity into a new region of the 
periodic table. 

Experimental studies3,7"9 have shown no indication of the 
instabilities expected for pseudo-one-dimensional systems. 
Moreover, optical studies on single crystals and epitaxial 
films6b imply that (SN)x is not to be regarded as a one-di
mensional, but as an anisotropic two- or possibly three-di
mensional, metal. These experimental studies thus suggest 
relatively strong interactions between polymer chains. 

In this communication we report detailed structural infor
mation on10 (SN) x obtained using x-ray techniques together 
with the x-ray determined structures of S2N2 and of a crystal 
of S2N2 which has been allowed to partially polymerize. Using 
these data, a model of the solid state polymerization of S2N2 
to (SN) x is proposed and discussed. The polymerization pro
cess implies relatively strong interactions between chains in 
the (SN) x crystal structure. 

Solid State Polymerization of S2N2 to (SN)x
1 

Marshall J. Cohen,2ac A. F. Garito,2ac A. J. Heeger,2ae A. G. MacDiarmid,*2bc 

C. M. Mikulski,2b>c M. S. Saran,2bc and J. Kleppinger2bc 

Contribution from the Departments of Physics and Chemistry and Laboratory for Research 
on the Structure of Matter, University of Pennsylvania, Philadelphia, Pennsylvania 19174. 
Received September 18, 1975 

Abstract: A model of the solid state polymerization of S2N2 to (SN)x is presented using x-ray structure results for S2N2, 
(SN)x, and a crystal of S2N2 which has been allowed to partially polymerize. (SN)x has the monoclinic space group P2\/c 
with two crystallographically equivalent chains per unit cell and two SN units per chain: a = 4.153 (6), b = 4.439 (5), c = 
7.637 (12) A, with /3 = 109.7 (I)0 . The structure of a single chain consists of nearly equal bond lengths with successive values 
of 1.593 (5) and 1.628 (7) A; the NSN and SNS bond angles are 106.2 (2)° and 119.9 (4)°, respectively. S2N2 forms in the 
monoclinic space group P2\/c with two S2N2 molecules per unit cell: a = 4.485 (2), b = 3.767 (1), c = 8.452 (3) A, with @ = 
106.43 (3)°. The S2N2 molecule is cyclic and nearly square planar with SN bond lengths of 1.657 (1) and 1.651 ( I )A and 
NSN and SNS bond angles of 89.58 (6)° and 90.42 (6)°, respectively. 
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