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Abstract: On the basis of a formulation of the chemical reaction coordinate previously proposed the nuclear displacement on 
the reaction coordinate is discussed in terms of the potential energy gradient which is determined by the aid of the HeIl-
mann-Feynman theorem from the electron density distribution and the nuclear arrangement -of the total reacting system. 
The electron density is partitioned into several physically significant terms including exchange, delocalization, and polariza
tion densities by the use of configuration interaction procedure, so that the potential gradient is also divided into the corre
sponding terms to discuss the origin of the favorableness or unfavorableness of a reaction path. An application is made to the 
methane-tritium reaction by the employment of an ab initio unrestricted Hartree-Fock molecular orbital method. Theoreti
cal information is obtained with regard to submolecular mechanisms of the reaction. 

The molecular orbital (MO) theory has been utilized in 
multifarious fashions to interpret the process of chemical 
reactions from an early stage of its development.1 Various 
theories of orientation23 and stereoselection2 have been pro
posed essentially in the frame of the activation energy crite
rion.1-2 A progress has been made in that the partitioning of 
interaction energy,3 for instance into Coulomb, exchange, 
delocalization, and polarization energies,313 assisted us in 
understanding the nature of phenomena occurring on the 
reaction path. An MO theoretical reasoning was given to 
the concept of a "favorable" path. The important role of the 
electron delocalization through the interaction of particular 
MO's (i.e., the highest occupied (HO) MO, the lowest un
occupied (LU) MO, and the singly occupied (SO) MO) has 
been recognized.3-4 

The description of the chemical process employed in 
these studies has mostly involved some assumptions con
cerning the reaction path, i.e., the change in molecular ge
ometry of each reactant along the reaction path. But this 
would be known by obtaining theoretically the complete 
surface for the potential energy of the reacting system. 
Such calculations were performed by the use of semiempiri-
cal and ab initio MO procedures.5 These studies afforded 
useful information with respect to the reaction path, activa
tion energy, or height of other barriers, geometry of the 
transition state, and so on. The only difficulty in this meth
od lies in the drawing of a multidimensional potential ener
gy surface for rather complicated systems. 

In view of these circumstances it is desirable to obtain di
rectly the information concerning the process along the 
reaction path. Bader6a gave the force acting along the reac
tion coordinate and discussed the change of electron density 

distribution and molecular geometry. Bader and Chandra,6b 

with the use of very accurate wave functions, calculated the 
interatomic binding force in the hydrogen formation reac
tion by means of the Hellmann-Feynman theorem.7 This 
theorem was applied by Nakatsuji8 to the discussion of mo
lecular geometry and to the chemical interaction by the use 
of a chemically intuitive partitioning of forces into atomic 
dipole, exchange, and gross charge forces. Wang and Kar-
plus9a obtained the trajectory of the path of methane for
mation from CH2 and H2 by calculating directly the forces, 
without the use of the Hellmann-Feynman force, given 
from the CNDO 1 0 potential surface. Mclver and Komor-
nicki9b presented a method to search for the transition state 
geometry by calculating the potential gradients. 

The advantage of the physical simplicity and visuality in 
such force calculations will be multiplied by the combina
tion with the theoretical formulation of reaction coordi
nate. '1 , 4 c An information on the reaction path would be ob
tained without resort to the potential-surface calculation. 

The present paper treats the nuclear displacement along 
the reaction coordinate, analyzing constituents of the poten
tial energy gradient in terms of various modes of configura
tion interaction between reactant molecules. This is for the 
purpose of elucidating what is the most important factor for 
determining the favorable reaction path. An application is 
made to a simple system; i.e., the substitution of a hydrogen 
atom of methane by tritium.12 

CH4 + T — - CH3T + H 

Description of Reaction Coordinate 

In order *o describe a reacting system, the nuclei are 
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commonly treated as material particles which follow classi
cal mechanics. The trajectory is given as a solution of a set 
of Lagrange's equations of motion 

space variables. The diagonal element of the first-order 
density matrix is given as 

d 9L 

at a (, 
3L 

Hi 

P(I) = M , / ^ W S 1 C i T 2 . . . d T „ (7) 

= 0 (;». 1, 2, ,/:) (D 

where L is the Lagrangian, £,• and £, are generalized coor
dinate and velocity, respectively, and / is the number of in
ternal degrees of freedom. The Lagrangian is given as 

L = ( 1 /2 )£ a „ ( | ) y , - W(I) (2) 

in which W is the potential energy function and £ stands for 
the set of £, 's. The coefficients fly in the quadratic form are 
easily obtained from the corresponding formula expressed 
in the Cartesian coordinates by eliminating the translations 
and the rotations of the whole system. 

To solve eq 1, one must determine the initial condition. 
But the initial condition is associated with the statistical 
distribution of molecular states, and the solutions obtained, 
i.e., trajectories, depend on the choice of initial conditions.9 

If we permit an infinitely slow motion of nuclei, one can get 
a unique trajectory. This definition of trajectory corre
sponds to the reaction coordinate which is imagined in the 
discussion of chemical reactions based on the enthalpy cri
terion. This was defined and named as the "intrinsic" reac
tion coordinate by one of the present authors.11 

Direction of Nuclear Displacement. Let us consider one 
nonequilibrium point on the reaction coordinate. By solving 
eq 1 under the condition mentioned above, one can get the 
infinitesimal displacements of coordinates as the solution of 
the following simultaneous equations13 

in which n e is the number of electrons of the system, and s 
and T are the spin and the spin-space variables. It is well 
known that the Hellmann-Feynman relation holds only for 
the exact wave function or "stable" wave function like the 
exact Hartree-Fock approximation.14 

In the treatment of a mutually interacting system, the 
wave function is conveniently approximated by a combina
tion of configuration functions, corresponding to charge-
transferred, locally excited, and various other configura
tions, which are represented in terms of the MO's of each 
reactant molecule.15,16 This configuration interaction (CI) 
representation gives a chemically graspable picture con
cerning the nature of the intermolecular interaction and 
chemical reactions. The perturbation method15 can be used 
for the system of weaker interactions, but for stronger ones 
the configuration analysis,16 that is, the method using the 
Hartree-Fock wave function expanded in terms of such 
configuration functions, gave a more reliable result.17 

In these considerations, the configuration analysis tech
nique is employed also in the present treatment. Since the 
details of configuration analysis have been described pre
viously, 17a-b we present here the outline pertinent to the 
purpose to treat the (CH4 + T) system. To calculate the 
wave function of open-shell system, we employ the unre
stricted Hartree-Fock (UHF) method.18 Performing the 
configuration analysis, we can represent the wave function 
of the reacting system, ^ , in the following CI form 

UDO OCC 

const occ uno occ uno 

« = 1,2,...,/) (3) E E c . . . . A - . . + I I V ' , V , + - - - {8) 

where A£,- is the value of displacement of coordinate £,-. 
Furthermore, if we write the matrix (ay) as A and put B = 
A - 1 , eq 3 is transformed to 

H1 

V ^ tt\dW 

const (i = 1, 2, . . . , / ) (4) 

where Ay is the matrix element to B. Thus, when^ne A£,- is 
determined, all other A|/s (J = /') are determined by eq 4 
to give the direction of nuclear displacement. 

Next, at an equilibrium point which corresponds to the 
initial, final, transition, or an intermediate state, the energy 
gradients sW/d^i vanish, and we can obtain A|,-'s by simply 
putting 

aw J, d2w 
Hj (i = 1, 2, , / ) (5) 

where O indicates the zero configuration, that is the original 
one, ia and i @ are the occupied and unoccupied orbitals of 
tritium, and Ic a^ and / a^ mean an occupied and an unoccu
pied MO of methane, respectively. The symbols S000 and 
Suno imply the summation over occupied and unoccupied 
MO's, respectively, and ia — lm for instance, stands for the 
one a-electron transfer from the z'th MO to the /th MO. 
The coefficients of eq 8, C0, Qa — /„, etc., are given in the 
same manner as in our previous papers17 with some modifi
cations characteristic to the UHF case. 

Partitioning of Density Matrix. Using the CI representa
tion of the wave function of the reacting system, eq 8, we 
construct the first-order density matrix which is directly 
connected with the energy gradient through the Hellmann-
Feynman theorem. The electron density of the reacting sys
tem, p(CH4 + T), is first divided into two parts 

in eq 4. Thus, it is shown that the reaction coordinate starts 
from one of the normal coordinates at an equilibrium point, 
provided that they are nondegenerate. 

Intermolecular Interaction Mode. In order to calculate 
the energy gradient, we use the Hellmann-Feynman theo-

P(CH4 + T) = IP(CH4) + per)} + AP 1 (9) 

Hi - ^ 1 M , - ' * ' - J p ( 1 ) Hi 

(1) , dV 
dr(l) + v' 

(6) 
Hi 

where ^ is the electronic wave function, H is the Hamilto-
nian, V „e 

and Knn are the electron-nuclear and the nuclear-
nuclear potentials in H, respectively, and r implies the 

where p(CH4) and p(T) are the densities of CH4 are T in 
their isolated states, respectively. The term Ap1 is the differ
ence density which is caused by the effect of interference 
between two interacting species and is termed the interfer
ence density.19 Integration over all space provides 

/p(CH4)dr = 10, /p(T)dr = 1 (10) 

The interference density is further decomposed into the ex
change, derealization, polarization density, and so on. 
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Ap1 = P K + P(CH 4TiCH 4-T+) + 

P(CH 4 -T + ICH 4 -T + )+ P(CH4TICH4
+T-) + 

P(CH 4
+T-ICH 4

+T")+ P(CH4T | C H 4 T ) + 

p(CH4*T|CH4*T) + . . . (12) 

where the notation CH4~T+ implies the state of one-elec
tron transfer from T to CH4, and CH4* stands for the mo-
noexcited states of CH4. The definitions of specialized in
terference densities are as follows 

and 

exchange density 

ft, = P00 - Jp(CH4) + p(T)} 

derealization density 
cross terms 

uno 

P(CH4TJCH4-T+) = 2 £ C 0 C i Q . ! a ( p \ ( a . , a 

(13) 

- S " 
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P(CH4TlCH4
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pure terms 
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polarization density 
cross term 

P(CH4T I CH4*T) = 
( o c 9 uno 

2 l Z Z c o C * Q - ! a ( p a o , f t a - ! a - so,ka-iaP
aoo + 

occ uno \ 

Z Z C 0 C , . , (P8O,* . , - S0 , , r , P8O0)^ (16) 
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P(CH4*T|CH4*T) = 
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(v.* K a. 'fti'r 

a a a Ot a a ' a a 
a ' a a* * a 

occ uno 

" a " " VWV 6 fi 8 6 

( P B » . i . » - « ' - s * -« .* ' - I 'P8Oo) (I?) e a s e e a s e 
where pa and p® are the a-spin and /3-spin components of 
density, respectively. The other kinds of terms of smaller 
contributions are neglected since the terms taken above can 
always cover large fractions of the total density (see Table 
III). 

I n e q l 3 - 1 7 2 0 

P°oo + Psoo = " J V # 0 d S l d T 2 • • • <*\ (18) 

p ° o . < a - ' a + P 8 M 0 - I 0 = » . / * 0 * * j „ - i o d M T 2 - • • * \ 

(19) 

P ' o - ' a - i a - ' a ' + PSia-'a,'a-'a' = 

w e / * i o - i 0 * i a - : 0 ' d s i d r 2 . . . dr„e (20) 

J o . i , = / * o * * i -< d r (21) 

The physical meaning of these interference densities is easi
ly understood. Also each density vanishes upon integration 
over the whole space. 

Using the Hellmann-Feynman theorem, we can divide 
the energy gradient in terms of the contribution of each 
electron configuration. The quasi-classical contribution, 
p(CH4) + p(T), is partitioned into two parts: the intramo
lecular and the in termodular Coulombic parts. The nucle
ar part of the Hellmann-Feynman force is also divided into 
the intramolecular and the intermolecular contributions. 
The interference density is decomposed into various contri
butions according to the density partitioning. The formula
tion of these partitioned energy gradients is made in a 
straightforward fashion and is not given. 

Result of Calculation 

Some MO calculations (CNDO and extended Hiickel) 
have been carried out on the potential energy surface for 
the CH4 + H system and the results have been compared 
with respect to several different types of reaction, i.e., ab
straction, substitution, and so forth.21 Recently ab initio 
calculations for this system were performed by Morokuma 
and Davis22a (RHF) and Ehrenson and Newton22b (UHF), 
and the potential energy surface was obtained to get reli
able values of the transition state geometry and energy dif
ferences between these types of reactions. These studies 
suggest that the most favorable type of reaction is abstrac
tion. Experimental results show that the normal reaction is 
abstraction and in high-energy conditions the substitution 
occurs additionally. 

Notwithstanding these results, the present calculation is 
made with respect to substitution, since this is suitable for 
examining the utility of the method proposed. As the substi
tution, the inversion model is adopted here because the re
tention path requires much more energy than the for
mer, 22a 'b although experimentally the occurrence of both 
inversion and retention is reported.220 

We first calculated the potential energy surface for this 
model by the U H F - M O method with the minimal basis set 
of Slater type orbitals (STO). The integrals are calculated 
by expanding STO's with three-term Gaussian functions 
(STO-3G).2 3 '2 4 The orbital exponents of STO's are 5.67 
for C(IS) , 1.72 for C(2S) and C(2P), and 1.18 for H( IS) . 
The reacting system is assumed to maintain C?,v symmetry. 
Parameters used to describe the system are shown in Figure 
1. The nonreactive C-H distances, -/?CH2, ^ C H 3 , and /?CH 4 , 

are fixed to be 1.097 A throughout, which is the optimized 
value for the isolated methane molecule with the basis set 
used here. The two parameters, 0H,CH 2 and i?cH,, are opti
mized with respect to various C-T distances, R C_T- In Fig
ure 2a, the minimum energy curve for Rd is plotted. The 
calculated barrier height is 71.2 kcal/mol, which is compa
rable with the results of Morokuma and Davis.22a-25 We 
show in Figure 2b the correlation of three parameters along 
the minimum energy reaction path. The geometry of the 
saddle point is calculated to be Rd = RCH, = 1.33 A, 
OH1CH2 = 90°. 

In order to calculate the direction of nuclear displace
ment, we must determine the internal coordinates. Al
though the number of internal degrees of freedom for the 
six-atomic system is 12 as indicated in Table I, we can re
duce it to 4 (^1, £2. £3, £4) by the symmetry property of the 
reacting system. These four coordinates are not orthogonal 
to each other but are suitable for representing the nuclear 
rearrangements in this reaction model. If we assume that 
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Figure 1. Model and parameters used for the reacting system. 

Table I. Twelve Internal Coordinates 

| l = i?CT 

{2 = —p- ( S H 1 C H 8 + S H 1 O H I + 0HiCH4 — 

V 6 
£3 = ^CHi 

£4 = —7= (RcB2 + -RcHj + -RcHi) 
V 3 

£o = —7= (20TCH2 — 0TCH3 — 0TCHi) 

V 6 

32CH3 — 0H3CH1 — 0H(CH2) 

?6 = —Y- (0TCH3 

V 2 
0TCHj) 

?7 = —T- (20H1CH2 — 0HiCH3 — 0HiCH1) 
V 6 

& = —~p (20H2CH3 — 0H3CH1 — 0H1CH2) 
V 6 

£9 = — 7 ^ (0HiCH3 — 0HiCH1) 

V 2 
£10 = —7= (0H3CH1 — 0H1CH2) 

V 2 

SlI = —77: (2i?CH2 — .RcH3 — i?CH () 

V 6 
Il2 = —7= (-^CH3 — & H ( ) 

V 2 

tritium approaches the C atom by Ax, i.e., A£i = Ax (<0) , 
we can determine the displacements of the other three coor
dinates by eq 4. We calculated them at one point on the 
reaction coordinate where £1 = 1.6 A. The result is given in 
Table II. The relative nuclear displacements calculated 
from the potential energy relations of Figure 2 give results 
of A£2/A£i ~ 0.1 and A£3/A£i ~ - 0 . 3 at £1 = 1.6 A, which 
are in good agreement with those values of Table II. This 

Table II. Direction of Nuclear Displacement at Ji = 1.6 A" 

a wi^i 
dW 

Ii 

0.04577 

0.05028 

Ax 

I2 

0.00597 

0.C0479 

0.0953Ax 

fc 
-0.00788 

-0.01240 

-0.246Ax 

£4 

0.00040 

0.00244 

0.0485Ax 
0 The values in this table are given in atomic units. 

seems to imply that the Hellmann-Feynman theorem is suf
ficiently applicable to the present system which contains no 
lone-pair electrons and consists of several small atoms lo
cated around the central large atom. The direction of nucle
ar displacement climbing the potential barrier is opposite to 
that of the coupled force, 2 / = i12 bjj(—dW/d£j), and corre
sponds to the steepest ascending path on the potential ener
gy surface. In general, the reacting system which involves 
an activation energy must ascend the potential energy bar
rier opposing the "forces." Actually, the energy which is 
needed to overcome the barrier is introduced from the ki
netic energy of nuclei initially furnished. 

It may be of interest to discuss the energy change caused 
by the infinitesimal nuclear displacement. On the reaction 
coordinate, S, both W and all £1, £2, £3, and £4 are functions 
of a single variable S; i.e.. 

RCT(A) 

b) 

15 2.0 1.5 

RCT(A) RCT<A) 

Figure 2. (a) Change of potential energy along the reaction path, (b) 
Correlations of three parameters. 

W W(S), I1 = ^1(S), I2 = I2(S), | 3 «s(S), 

= I4(S) (22) 

Hence, the small energy change on the reaction coordinate 
is written as 

AW 
AW. 8Wd£, -IF"- » ' " = (=1 d ? i 

(23) 

At the point £1 = 1.6 A, AW is calculated to be 0.0483Ax 
au (30.3Ax kcal/mol) and its components are 28.7 Ax for 
£4 in kcal/mol unit. The energy change associated with the 
tritium approach onto the carbon atom is largest at this 
point. 

Origin of the Potential Energy Gradient 

We have seen the acclivity of potential energy surface 
which the reacting system has to ascend to reach the transi
tion state. We now analyze the slope of potential surface 
along the reaction coordinate in terms of the mode of inter-
molecular interaction and clarify the essential factors for 
raising and lowering the gradient. 

Electronic Structure of the Reacting System. Before ana
lyzing the potential energy gradient, we will give a brief dis
cussion on the electronic structure of the reacting system. If 
we apply the configuration analysis, the CI representation 
of the wave function of the system contains all possible con
figurations in principle. Then we truncate the wave function 
to include the zero (original) and all one-electron trans
ferred and all one-electron excited configurations. We col
lect contributions from the configuration functions of the 
same character in one term and express it in a more chemi
cally graspable form. For example, the configuration wave 
function of one-electron transfer from tritium to methane is 
given as 

uno 

^CH4-T*) = & „ . , > „ - , „ / 
' a 

(
uno uno \ 

V TC, ., C1 „ -S, . , , . , . ) (24) 
1 /v * a ' 
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In Table III, the coefficients of various electronic config-

Table III. Coefficients of Various Configuration Wave Functions 

<KCH4T) 
./-(CH4-T

+) 
VKCH4

+T-) 
<KCH4*T) 
Total wt 

2.0 

0.9855 
0.0316 
0.0569 
0.0141 

99.97 

1.8 

0.9709 
0.0520 
0.0799 
0.0287 

99.88 

1.6 

0.9376 
0.0892 
0.1132 
0.0612 

99.37 

1.4 

0.8336 
0.1651 
0.1721 
0.1458 

95.44 

1.35 

0.7028 
0.2153 
0.2222 
0.2341 

86.62 

urations and the total weight of the limited number of CI 
wave functions taken there are shown for several values of 
I i . These configurations cover the total weight of more than 
99 except near the transition state. At an early stage of the 
reaction, the contributions from the transferred and the ex
cited configurations are small (the former is the delocaliza-
tion term and the latter is the polarization term). As the 
reaction proceeds, however, their contributions increase and 
the cross terms with the zero configuration become impor
tant. In particular the a-electron transfer from tritium to 
4a i26 unoccupied orbitals of the methane system and the /S-
electron transfer from 3ai occupied orbital to tritium play 
dominant roles in the increase of the contribution of trans
ferred configurations, which is shown in Figure 3. The 
MO's of deformed methane (C^) are also indicated in Fig
ure 4. It is seen that the nodal property of unoccupied 4ai 
orbital serves to weaken the C-H bond to be broken. 

Energy Gradient. As shown in eq 23, the energy gradient 
along the reaction coordinate, S, can be divided into the 
terms which correspond to each internal coordinate. There
fore, we can examine them independently in relation to the 
electronic structure of the reacting system. In this system 
the sign of displacement is negative for A|i and 
A^2 and positive for AI3, and hence the terms which con
tribute to making (dW/dl-i)A£i negative are considered to 
lower the energy gradient and to make the reaction easier. 

The first matter to be considered is the freedom of tri
tium approach to the carbon atom. We give the components 
of —dW/di-i at three points on the reaction coordinate, £1 = 
1.8, 1.6, and 1.4 A in Table IV. It is shown in Table IV that 

Table IV. Constituents of Energy Gradient with Respect to £1 

Intramolecular 
Coulombic 
Exchange 
(CH4TiCH4-T

+) 
(CH4-T+ICH4-T+) 
(CH4TlCH4

+T-) 
(CH4

+T-ICH4
+T-) 

(CH4T ICH4* T) 
(CH4*T|CH4*T) 

1.8 

0.00047 
0.00301 
0.02835 

-0.00208 
-0.00017 
-0.00467 

0.00023 
0.00082 

-0.00001 

1.6 

0.00052 
0.00556 
0.05616 

-0.00654 
-0.00093 
-0.00842 

0.00079 
0.00342 

-0.00005 

1.4 

0.00060 
0.00825 
0.09261 

-0.01905 
-0.00494 
-0.01419 

0.00275 
0.01027 

-0.00066 

the exchange term increases mainly the gradient, while the 
cross term of transferred configurations (of both directions 
of electron transfer) with the zero configuration contributes 
dominantly to lower it. In a neutral system such as CH4 + 
T, as expected, the Coulombic interaction is not important. 
The cross term coming from excited configurations with the 
zero one acts as repulsive. The effects of the pure term of 
both the delocalized and the polarized structures are small 
in comparison with the cross terms. In order to clarify the 
different roles between the exchange term and the cross 
terms coming from the transferred and the zero configura
tions, the electron population of the reacting system may be 
partitioned according to the density partitioning mentioned 
above. The partitioned population at ^i = 1.6 A is shown in 
Table V. The exchange term yields a strong antibonding 
population in the carbon-tritium region, indicating the re
pulsion between the occupied orbitals. On the other hand, 

Figure 3. Change of coefficients of several transferred configurations 
along the reaction path: (a) from tritium Is to 4ai of Civ methane; (b) 
from tritium Is to 5aj of C-$v methane; (c) from 3a 1 of Cjv methane to 
tritium Is; (d) from 2ai of Cjv methane to tritium Is. 

2e 

5(I1 

Aa1 

3 a, 

Ie 

2a, 

Ia1 - < 
Figure 4. Schematic representation of MO's of Civ methane. 

the cross terms create bonding components, which are 
mainly caused by the overlapping of the occupied orbitals of 
one subsystem with the unoccupied orbitals of the other. 
Consequently, the contribution of a-electron transfer is can
celed by the exchange repulsion and the ^-electron transfer 
plays a significant role for the new bond formation.150 

Of interest next is the origin of Walden inversion. This is 
involved in the energy gradient with respect to £2- The com
ponents of — BW/a%2 are shown in Table VI. The exchange 
repulsion term extremely reduces the energy slope, which is 
caused by the strong antibonding densities between tritium 
and nonreactive hydrogen atoms. The contribution of the 
cross term of polarized configurations with the zero one 
causes the change of hybridization on the carbon atom and 
acts to promote the methyl inversion next to the exchange 
term. The exchange interaction is the intermolecular origin 
and the polarization is the intramolecular one for bringing 
about the Walden inversion. On the contrary, the deformed 
methane is forced to get loose to its equilibrium geometry. 
Hence the intramolecular contribution raises the energy 
gradient. The cross term coming from the configurations of 
electron-transfer from methane to tritium with the zero 
configuration creates the bonding components between tri-
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Table V. Change of Electron Population due to the Interaction 
between CH4 and T 

P(CH1) + p(T) 
PK 
P(CH4T[CH4-T+) 
P(CH4-T+ICH4-T+) 
P(CH4TlCH4

+T") 
P(CH4

+T-ICH4
+T-) 

p(CH4T|CH4*T) 
p(CH4*T|CH4*T) 

T C 

(i) Atom Population 
1.0 6.16273 
0 -0 .00800 

-0 .01120 -0 .00094 
-0 .00796 +0.00501 
+0.03241 -0 .01319 
+0.01282 -0 .00646 

0 -0 .04349 
0 -0 .00008 

C-T 

H i H2 

0.97623 0.95368 
+0.00685 +0.00038 
+0.00819 +0.00132 
+0.00256 +0.00013 
-0 .00994 -0 .00309 
-0 .00401 -0 .00078 
+0.04255 +0.00031 
+0.00007 +0.00001 

T-H2 

(ii) Atom Bond Population mtermolecular 
P(CH4) + p(T) 
PK 
p(CH4T|CH4-T+) 
P(CH4-T+ICH4-T+) 
P(CH4TlCH4

+T-) 
P(CH4

+T-ICH4
+T-) 

p(CH4T|CH4*T) 
p(CH4*T|CH4*T) 

P(CH4) + p(T) 
PK 
p(CH4T|CH4-T+) 
p(CH4"T|CH4-T+) 
p(CH4T|CH4

+T-) 
P(CH4

+T-ICH4
+T-) 

p(CH4T|CH4*T) 
p(CH4*T|CH4*T) 

0 
-0 .20437 
+0.06519 
+0.00163 
+0.04137 
-0 .00085 
+0.00242 
+0.00009 

C - H i C—H2 

Intramolecular 
0.72697 0.77348 

-0 .00467 0.02365 
0.00995 0.00339 

-0 .00509 -0 .00166 
-0 .00174 -0 .00715 
-0 .00249 -0 .00055 
-0 .01738 0.00413 
-0 .00518 -0 .00063 

0 
-0 .04772 
-0.01391 
+0.00038 
+0.00932 
-0 .00021 
+0.00041 
+0.00004 

H i - H2 H-2~H:i 

-0 .05624 -0 .04036 
-0.C0426 0.00378 
-0 .00447 0.00229 
-0 .00114 0.00010 

0.00299 -0 .00148 
0.00054 -0 .00017 

-0 .00016 0.00014 
-0 .00011 -0 .00008 

Table VI. Constituents of Energy Gradient with 
Respect to £2 (au) 

Intramolecular 
Coulombic 
Exchange 
(CH4TlCH4-T+) 
(CH4-T+ICH4-T+) 
(CH4TlCH4

+T-) 
(CH4

+T-ICH4
+T-) 

(CH4T|CH4*T) 
(CH4*T|CH4*T) 

1.8 

0.01353 
-0 .00119 
-0 .01448 
-0 .00020 
-0 .00027 

0.00271 
-0 .00013 
-0 .00365 
-0 .00004 

1.6 

0.02540 
-0 .00241 
-0 .02027 
-0 .00061 
-0 .00094 

0.00413 
-0 .00028 
-0 .00651 
-0 ,00029 

1.4 

0.04707 
-0 .00412 
-0.03101 
-0 .00146 
-0 .00313 

0.00438 
-0 .00058 
-0 .00865 
-0 .00215 

tium and nonreactive hydrogens, as shown in Table V, and 
is obstructive of the inversion. 

Lastly, we examine the leaving of the hydrogen atom, H] . 
The components of dW/&£•$ are shown in Table VII. The in-

Table VII. Constituents of Energy Gradient with 
Respect to £3 (au) 

Intramolecular 
Coulombic 
Exchange 
(CH4TlCH4-T+) 
(CH4-T+[CH4-T+) 
(CH4TlCH4

+T-) 
(CH4

+T-ICH4
+T-) 

(CH4T|CH4*T) 
(CH4*T|CH4*T) 

1.8 

0.02717 
0.00040 
0.00259 

-0 .00073 
-0 .00013 
-0 .00203 
-0 .00110 
-0 .01583 
-0 .00021 

1.6 

0.04603 
0.00056 
0.00419 

-0 .00114 
-0 .00032 
-0 .00354 
-0 .00204 
-0 .02838 
-0 .00091 

1.4 

0.07275 
0.00071 
0.00422 

-0 .00148 
-0 .00085 
-0 .00588 
-0 .00435 
-0 .04976 
-0 .00458 

ure 4)) with the zero configuration plays the most impor
tant role to weaken the carbon-hydrogen bond. It is clear 
from Table V that this term decreases the carbon-hydro
gen- 1 overlap population most distinctly. The importance of 
the 3a 1 —- 4a ] excitation is easily seen from the characteris
tic feature of a radical reaction. 

Notice should be taken here of the use of the Hellmann-
Feynman theorem which yields a chemically graspable pic
ture in the constituent analysis of energy gradient. As is 
well known, however, the condition to satisfy this theorem is 
very rigid. It is expected that any calculation with a limited 
basis set causes an appreciable error attributable to the 
nonsatisfaction of this condition. Nevertheless, we believe 
that the essential results obtained in the present paper will 
not be altered by the use of more rigorous calculations 
which are employable in principle with no difficulty except 
a larger consumption of computer time. 
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companying ionization. Thus ab initio SCF calculations 
using MOLE programs53 were executed on IBM 360-67 and 
91 systems with basis set D of ref 2. The calculations were 
carried out over a C-C and C-H bond distance mesh for a 
linear acetylene. The C - C - H angle was then allowed to 
vary using the optimized linear C-C and C-H bond dis
tances. Besides geometry, the stretching force constants are 
also calculated. 

In general, near Hartree-Fock wave functions predict 
molecular geometries closer to experimental values (within 
a few per cent) than they do vibrational .frequencies (usual
ly off by 20-30%);5b i.e., Hartree-Fock wave functions are 
more capable of describing the position of a potential sur
face minimum than the shape in the vicinity of the mini
mum. We thus regard comparison of calculated and experi
mental ground state geometries as a test of the adequacy of 
the double-f basis set. Qualitative comparison of predicted 
force constants vs. the experimental values provides an ad
ditional test (see below). 
1 S 8 Ground State 

The predicted equilibrium C-C and C-H distances 
(Table I) for the ground state are 1.06 and 1.20 A, respec-
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Abstract: Ab initio SCF-MO calculations on the geometry of acetylene 2IIU cation, 2ng anion, and ' 2 g neutral ground state 
using a double-f basis set are reported. The SCF calculation with double-f basis seems capable of reproducing accurately the 
ground state experimental geometry and reasonably the C-C and C-H stretching force constants. The anion is predicted to 
possess stable trans and cis isomers. From a Walsh type analysis the driving force for the bent geometry is found to be due to 
stabilization of the open shell 7rg orbital through a-iz mixing. The 2IIu cation is predicted to be linear. The predicted equilib
rium C-C bond lengthening is 0.05 A for the cation and 0.08 A for the anion relative to the ground state. The main reason 
for bond lengthening arises from removal of a bonding TTU electron on going to the cation and from addition of an antibonding 
7Tg electron in the anion. The effects of electronic reorganization on the geometry are discussed. Principal results are that TTU 
is much more bonding in the cation than in the ground state, and wave functions which do not take into account electron re
circulation predict the ionized state geometry poorly. The geometric rearrangement stabilization energy relative to vertical 
formation of the ions is —1.4 eV for the anion (leading to a predicted electron affinity of —1.3 eV) but only —0.12 eV for the 
cation. Thus Rydberg absorption spectra converging to the cation is predicted to have short vibrational progressions. 
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