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nm results directly from dissociation of ketene, and 15% of 
the 3Bi is formed by collisional deactivation of 1Ai.3 6 
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In the AH3 isoelectronic series with eight valence elec
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mol,3 the difference indicating an effect of extremely large 
magnitude. The experimentally determined barriers to in
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confidently state that no theoretical explanation of the rela
tionship between the electronic nature of the central atom 
and the magnitude of the barrier has been advanced. In this 
paper, we present a one-electron MO approach that is capa
ble of rationalizing the observed trend of the magnitude of 
the inversion barrier in the AH3 isoelectronic series. 

First, we shall briefly review the factors which seem to be 
responsible for the nonplanar geometry of AH3 molecules.4 

The correlation diagram for the planar and pyramidal 
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MO (HOMO) in either the planar or pyramidal form is a 
"lone pair" MO. Upon bending, the lowest valence 
MO(Ai) is changed little in energy and its effect on geome
try preference is negligible. On the other hand, the energy 
of the degenerate pair of MO's (£ ) increases, and this in
crease has been ascribed to two effects: first, there is a de
crease in the in-phase (bonding) overlap between the cen
tral atoms p AO's and the Is atomic orbitals of the hydro
gen, and, secondly, there is an increase in the out-of-phase 
(antibonding) overlap of any two hydrogens as they are 
moved closer together. Finally, the energy of the HOMO of 
the planar AH3 molecule decreases considerably upon pyra-
midalization due to its mixing with the lowest unoccupied 
MO (LUMO) which is a <r*-type MO. Since the energy 
lowering of the lone pair MO is greater than twice the ener
gy increase of one of the degenerate MO's, the molecule as
sumes a nonplanar geometry. The extent of interaction be
tween the HOMO and LUMO in these molecules deter
mines not only the geometry but also, as we shall see, the 
inversion barrier. 

Perturbation theory5 provides a convenient framework 
for discussing orbital interactions. If there is no degeneracy 
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Table I. Experimentally Determined Inversion Barriers for 
Several Molecules 
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Figure 1. The correlation diagram for an AH3 molecule in the planar 
and pyramidal geometries. Ammonia was taken as a typical example. 

between the interacting MO's, which will be the case of in
terest to us, the change in energy of orbital 4>m due to its in
teraction with orbital 4>„ is given by the expression 

AEm = (4>m\H\4>n)2/{Em-En) (1) 

where Em and En are the unperturbed energies of <j>m and 
4>n, respectively. The off-diagonal matrix element may be 
approximated by the Longuet-Higgins and Roberts6 equa
tion 

where Smn 
gives 

<</>m|#l<iU = fc(<Am|0n) = kSmn (2) 

is the overlap integral. Substituting into eq 1 

A£ m = (kSmn)
2/(Em - En) (3) 

We shall now apply these theoretical arguments to the 
case of AH3 molecules and inquire how the magnitude of 
their inversion barrier depends on the nature of A.7 Our ap
proach is best illustrated by comparing NH3 and PH3 . In 
the planar geometry, the HOMO and the LUMO cannot 
interact because they are mutually orthogonal. However, as 
pyramidalization occurs, the two orbitals begin to interact, 
and the magnitude of their interaction is inversely propor
tional to their energy separation and directly proportional 
to the square of their overlap (see eq 3). We have carried 
out C N D O / 2 8 calculations of the planar NH3 and PH 3 

molecules to determine the initial H O M O / L U M O energy 
separation as well as the H O M O / L U M O eigenvectors and 
also C N D O / 2 calculations of the pyramidal NH3 and PH 3 

molecules in order to determine the appropriate AO overlap 
integrals. The calculations of these overlap integrals were 
carried out in two different ways: (a) calculations assuming 
the N H 3 and PH3 molecules to be in their experimentally 
determined geometries (experimental geometry model);9 

(b) calculations assuming the NH3 and PH3 to have a com
mon pyramidal geometry (standard geometry model). Both 
models were found to lead to identical qualitative trends. 

The C N D O / 2 calculations revealed that the HOMO and 
LUMO in planar PH 3 are much closer energetically than in 
NH 3 . The eigenvalues for both planar molecules are shown 
in Figure 2. The actual differences are 0.4143 and 0.8245 
au for PH 3 and NH3, respectively. Clearly, the energy-sep
aration factor favors a greater H O M O / L U M O interaction 
in PH 3 than in NH3. The overlap factor also favors a great
er H O M O / L U M O interaction in PH3 . The overlap integral 
between the central atom pz AO and <r* is given by 

(Apr |a*> = <ApJcAAs - CiHiS - C2H2S - cjHss) 
(4) 

= 2ci(Apz\His) 

where c, is the atomic orbital coefficient of the /th hydrogen 
Is AO, and CA is the atomic orbital coefficient of ns AO of 
A in the a* MO. Due to symmetry, all the hydrogens will 
have the same coefficients, i.e., Ci = ci = C3. These coeffi
cients were obtained from the calculations of the planar 
form. Using the experimental geometry model, the actual 
calculated values for the <Apz|cr*> overlap integrals are 
0.4182 and 0.2000 for PH 3 and NH 3 , respectively. Using 
the above values for the energy difference and overlap inte
gral of the interacting orbitals, we can calculate the stabili
zation energy which accompanies pyramidalization by 
means of eq 3. The stabilization energy in the case of NH 3 

is found to be 0.1034, while that of PH 3 is 0.8988. That is, 
the stabilization of the lone pair as a result of pyramidaliza
tion is much greater for PH 3 than for NH 3 . This is the pri
mary cause of the increased barrier as the central atom is 
changed from N to P. 

As mentioned above, the trend in the stabilization of the 
lone pair is independent of the model used in calculating the 
overlap integral between the HOMO and LUMO. If the 
stabilization energies of N H 3 and PH 3 are calculated using 
the standard geometry model with an HAH angle of 
109.5°, the computed values become 0.1034 and 0.3034 for 
N H 3 and PH3 , respectively. In addition, it should be men
tioned that, in all cases, the energy of the LUMO was taken 
from the calculation of the planar molecule. As bending oc
curs, this MO would decrease in energy if it had not mixed 
with the HOMO. The energy decrease is due to the in
creased overlap of the in-phase hydrogen AO's. For NH 3 
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Table II. Theoretical and Experimental Ionization Potentials for 
NH, and PH, 

NH3 

Planar 
Pyramidal 
PH3 

Planar 
Pyramidal 
Pyramidal 

Ab initio 

0.39086 .c 

0.427&b,c 

0.300Sf.c 

0.3867/>£ 

Ionization potentials, 

CNDO/2* 

0.5456<* 
0.5898<* 

0.3964<* 
0.4556<* 
0.5081? 

au 

Experimental 

0.3735e 

0.3640e 

aThis work. b Reference 11. cOptimized geometry used in the 
calculations. d Standard geometry used in the calculations. eD. W. 
Turner, C. Baker, A. D. Baker, and C. R. Brundle, "Molecular 
Photoelectron Spectroscopy", Wiley-Interscience, Inc. New York, 
N.Y., 1970. /Reference 10. ̂ Experimental geometry used in the 
calculations. 

A* 

Table IH. Stabilization Energies for AH3 Pyramidalization and 
Theoretical and Experimental Inversion Barriers 

CH 3
-

SiH3
-

NH3 

PH3 

OH3
+ 

SH3
+ 

Stabilization 

energy of 
HOMO 

0.1238 
0.2982 
0.1034 

(0.1034)" 
0.3034 

(0.8988)" 
0.0770 
0.2456 

Ab initio 

5.46 
39.6 

5.08 
5.08 

37.2 

30.0 

Inversion barrier* 

CNDO/2 

17.8 

13.5 
13.5 

0.1 
29.3 

Experimental 

5.78 
5.78 

" The stabilization energy in parentheses was calculated using the 
experimental geometry. 6 Cited in ref 1. 

and PH3, the increase of the overlap integral between any 
two of the hydrogens is 0.0306 and 0.0162, respectively, if 
standard geometries are used, and 0.0306 and 0.0652 if ex
perimental geometries are used. This leaves some uncertain
ty as to the exact unperturbed energy that should be used 
for the LUMO in these calculations. In the second case 
where experimental geometries are used, the LUMO of the 
PH3 decreases in energy more than the LUMO of NH3 and 
will consequently only reinforce our conclusions. In the first 
case, the LUMO of N H 3 will decrease slightly more in en
ergy. However, in both cases this change in energy is small 
and is not expected to have a large effect upon the differ
ence between the H O M O / L U M O energy separation in 
NH 3 and PH3. 

An index of the relative magnitude (and, hence, the ac
companying stabilization) of the H O M O - L U M O interac
tion upon pyramidalization in NH 3 and PH 3 is provided by 
the ionization potentials of these two molecules in their 
equilibrium geometry. In their planar form, the phosphorus 
lone pair is less tightly bound than the nitrogen lone pair 
and, thus, according to Koopman's theorem, the energy of 
the N H 3 HOMO is much lower than the energy of the PH 3 

HOMO, their difference being 0.1492 au according to 
C N D O / 2 and 0.0903 au according to ab initio calculations. 
The calculated ionization potentials are shown in Table II. 
As pyramidalization occurs, the H O M O - L U M O interac
tion in PH3 is much greater than that in NH 3 and tends to 
depress the energy of the PH3 HOMO much more than the 
energy of the NH 3 HOMO; e.g., as pyramidalization oc
curs, the relative energy of the NH 3 and PH 3 HOMO's 
tend to be reversed. The energy difference between these 
two orbitals is 0.1342 (or 0.0817) au according to C N D O / 2 
and 0.0411 au according to ab initio'0 1 1 and only 0.26 eV 
(0.0096 au) according to experiment. 

1 

NH3 PH3 

Figure 2. The relative energies of the valence MO's for planar NH3 
and PH3 as calculated by CNDO/2 methods. The energy difference 
between the HOMO and LUMO (Ae) is indicated (AeN > Atp). 

These simple ideas can be extended to include all the 
members in this isoelectronic series, i.e., C H 3 " S i H 3

- , 
NH 3 , PH3 , OH 3

+ , and SH 3
+ . We have performed the same 

type of calculations on all members in this series. The re
sults are shown in Table III. The first column shows the cal
culated stabilization energy of the lone pair as bending oc
curs. It should be noted here that the HAH angle in the py
ramidal molecules was taken as 109.5° for the sake of uni
formity and lack of good data for several of the molecules. 
In column 2 are the inversion barriers for the molecules ob
tained from the various methods shown. The agreement be
tween the trends of the stabilization energy and those of the 
inversion barrier are remarkable. 

An alternative approach would be to partition the AH 3 

molecule into two fragments: the A atom and H3 taken in 
the appropriate geometry. One can then recombine these 
fragments and, using second-order perturbation theory,5 

calculate the stabilization energy for the planar and pyra
midal forms of the molecule. The energy ordering of the in
teracting MO's, i.e., the AO's of A and the group MO's of 
H3 (HGMO's), can only be qualitatively assessed from 
knowledge of valence-state ionization energies of A and H. 
The interaction diagrams12 for planar N H 3 and PH 3 shown 
in Figure 3 have been constructed with reference to known 
ionization potentials of the neutral atoms'3 and assuming 
the splitting of the hydrogen GMO's is small compared 
with the difference between the ionization potentials of the 
atoms. 

In the planar geometry, the lowest HGMO (<f>\) can only 
mix with the valence s AO on A thus forming the IAi and 
2Ai MO's of the molecule. Similarly, the degenerate pair of 
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" "r '3 "3 r n 3 

Figure 3. The interaction diagrams for NH3 and PH3 in their planar geometry. The fragments used to construct the molecules are the central-atom 
AO's and the hydrogen-group MO's. 

• • 

2P, 2P„ 2P„ 

Figure 4. The interaction diagram for NH3 and PH3 in their pyramidal geometry. The fragments used to construct the molecules are the central-
atom AO's and the hydrogen-group MO's. 

HGMO's each interact with the px AO and py AO of A to 
form the IE' and 2E' MO's of the molecule. As expected, 
the p r AO of A does not mix with a HGMO and represents 
the lone pair AO. The qualitative ordering of the resulting 
MO's of the complete AH3 molecule agrees with those ob
tained in our explicit CNDO/2 calculations and with calcu
lations of others."-14 

The analogous interaction diagram for the pyramidal 
molecules is shown in Figure 4.12 The interactions are qual
itatively the same, except now the pz AO can interact with 
the lowest HGMO {<j>\). However, before considering this 
interaction in detail, we will consider the changes in the 
other interactions common to both geometries. 

The mixing between <j>\ and the valence s AO of A re
mains almost unchanged in the planar and pyramidal forms 
of the molecule. However, the interaction of $2 and fa with 
the valence p AO's of A will be decreased in the pyramidal 
molecule due to the decrease in overlap. The decrease in the 
Px-4>2 and Py-4>3 interactions can be evaluated using eq 3. 
We shall consider only the px-<t>2 interaction, but the results 
will be the same for the py-<t>3 interaction. Using eq 3, the 
change in the interaction is given by 

SED| - SEnv = 4 i (Spi
2 - Spy

2) (5) 1 P i ' -py AE 

where SEpi and SEpy are the lowering in energy of the px 
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AO due to its interaction with 02 in the planar and pyrami
dal geometries, respectively. We have evaluated the neces
sary overlap integrals for both forms of NH3 and PH3 by 
using the atomic overlap integrals from our C N D O / 2 cal 
culations. These are given below along with the Spi2 

term. 
<» 2 

NH3 

0.5346 
0.2493 
0.2236 

PH3 

0.6207 
0.5083 
0.1269 

From these results, we can conclude that the planar 
forms of both PH3 and NH3 will be favored by this interac
tion. Now, the overlap term will tend to favor a greater 
preference for the planar form in NH3 while the energy sep
aration term will tend to favor a greater preference for the 
planar form in PH3 . Actually, the overlap factor changes 
faster than the energy-separation factor and this interaction 
would favor greater pyramidal preference for PH3. How
ever, the effect is likely to be small. 

Returning now to the Ap z -0 i interaction, we see from 
Figure 4 that this interaction will be greater in the PH 3 case 
than in the N H 3 case. This is due to a smaller energy sepa
ration and greater overlap of Ppz and 0i as compared with 
Np z and <j>\. It should be mentioned that the HGMO's in 
both molecules will not be exactly the same. In particular, 
the splitting is expected to be larger in the N case than in 
the P case. However, this slight difference will be small 
compared with the difference between the ionization poten
tials of the N pz AO and P pz AO. 

In short, the key interaction which is responsible for the 
greater pyramidal preference of PH3 vs. N H 3 is the p z -0 i 
interaction, a conclusion also reached on the basis of the 
previous alternative approach. 

Any change in the system that will increase the interac
tion between the HOMO and the LUMO in these AH 3 

molecules will increase the barrier to inversion. Such a 
change can be effected by altering the electronegativity of 
the substituents. The change in energy of an MO upon in
troduction of a more electronegative substituent and due 
solely to the inductive effect of this substituent is given by 
the expression5 

AeM = I>Mi2Aa,- (6) 

where AeM is the change in energy of the /uth MO, Aa, is the 
change in the Coulomb integral, and aM, is the coefficient of 
the ith AO in the #th MO. As the electronegativity of the 
substituent is increased, the LUMO should decrease in en
ergy. This decrease allows a greater interaction between the 
H O M O (which will not decrease in energy since it is a pure 
p AO on the central atom) and the LUMO. The increase in 
the inversion barrier in N H 3 as the electronegativity of hy
drogen is artificially increased has been demonstrated by 
the ab initio calculations of Mislow, Rauk, and Allen.15 Ex
perimental results supporting these theoretical conclusions 
are shown by entries c to f in Table I, where the change 
from a methyl or methylene group to a hydroxy or oxygen, 
respectively, doubles the barrier. Undoubtedly, part of this 
increase in the barrier of NR2OH relative to that of 
NR2CH3 is due to 7r-type conjugative effects. This point is 
illustrated by the interaction diagram of Figure 5. In the 
case of CH3-NR2, the four-electron destabilizing 0i-xo in
teraction as well as the two-electron 02-Xo interaction in
crease as one goes from pyramidal to planar form and tend 
to counteract each other. These effects can be easily under
stood by reference to the expressions (including overlap) for 
the two-electron stabilization,16 Ae2, and four-electron de-

Figure S. Dominant orbital interactions in planar (solid lines) and py
ramidal (broken lines) substituted amines: (a) R2N-OH; (b) R2N-
CH3. 

stabilization,17 Ae4, given below. 

Ae2 = 
(JCj-E2)

2S02
2 

Ae' •[ 
Eo - E2 

E0 + Ex \£&\ 
(7) 

(8) 

As the nitrogen center is transformed from pyramidal to 
planar the following changes occur: (a) EQ increases and, 
thus both £0 — E2 and ( £ 0 + E])/2 decrease, while k - E0 

increases; (b) both So\ and S02 increase. These changes 
give rise to an increased Ae2 as well as an increased Ae4, the 
two effects tending to cancel each other. On the other hand, 
there is only a four-electron destabilizing I/M-XO interaction 
in the case of NR2OH which increases as the molecule be
comes planar, for reasons which are the same as the ones 
discussed in the previous case. Hence, Tr-type conjugative 
effects also predict a higher barrier in NR2OH relative to 
NR2-CH3. However, the electronegativity effect is certain
ly responsible for some part of the increase. Numerous 
other examples of this "electronegativity effect" have been 
noted, although the accompanying ir conjugative effect is 
also present.18 

Finally, we wish to emphasize a particularly valuable use 
of the ideas presented in this paper relating to the construc
tion of Walsh diagrams.4 If the eigenvalues of the valence 
MO's for the planar AH3 molecule are known, one can con
struct the Walsh diagram just by considering overlap argu
ments. Recognition of the importance of the energy-separa
tion term in determining the magnitude of the MO interac
tions, as illustrated in this paper, can lead to a qualitative 
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prediction of the changes of the Walsh diagram due to a 
change of the central atom A. 

These qualitative ideas can be used to understand the in
version barrier in AH3 radicals and their substituted analo
gues as well as barriers to pyramidalization in AH3 cations 
and their substituted analogues,19 
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Preface 

This paper gives a full account of the application of the 
combined phase-space/trajectory method to the hydrogen 
iodide and hydrogen-iodine exchange reactions. A summa
ry1 of results of this study has been published previously. 
More recent calculations2 by identical procedures with a 
modified potential energy surface have also been reported. 
In these it was found that adjustment of the potential ener
gy surface to promote reaction of HI with HI via a collinear 
configuration led to reaction products molecular hydrogen 
[H2] and either separated iodine atoms [I + I] or molecular 
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(8) J. A. Pople and D. L. Beveridge, "Approximate Molecular Orbital Theo
ry", McGraw-Hill, New York, N.Y., 1970. The d orbitals were sup
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(10) J. M. Lehn, A. Veillard, and B. Munsch, Theor. Chim. Acta, 9, 275 
(1968). 
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tween the As AO and 01 gives rise to a coupling. This coupling is mani
fested by a small repulsion between the (Ap* + 0,) MO and the (As + 
</>i) MO initially formed by the union of the A atom and H3 fragment. For 
this reason, the lone pair orbital in the pyramidal molecule is higher in 
energy than the degenerate pair of MO's. Since overlap has been ne
glected, this repulsion has no net energetic effect. In general, neglect 
of overlap is justified because two electron-stabilizing effects are more 
important than four electron-destabilizing effects. 
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turbation theory with inclusion of overlap; for example, see: L. Salem, 
J. Am. Chem. Soc., 90, 543 (1968). The qualitative trend remains the 
same whether overlap is included or neglected (e.g., see eq 2). 

(17) The expression for the four-electron destabilization is obtained by solv
ing the two orbital-four electron interaction problem variationally; for 
example, see: N. C. Baird and R. M. West, J. Am. Chem. Soc, 93, 
4427 (1971); K. Mijller, HeIv. ChIm. Acta, 53, 1112 (1970). Here inclu
sion of overlap is necessary to get the correct trend since, when over
lap is neglected, AE* is always zero. 
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iodine vibrationally excited near the dissociation limit [I2 
(hi v)]. It was concluded that slight additional modification 
of the potential energy surface might favor either set of re
action products. 

The validity of the combined phase-space/trajectory 
method has now been demonstrated for a number of sys
tems3"7 and is regarded by some as obvious.8 The calcula
tions reported in the main body of this paper are supple
mented by a larger number of conventional trajectories for 
H2 + I2 encounters likely to produce reaction as indicated 
by the combined phase-space/trajectory results. Although 
there is a large statistical uncertainty in any of the proper
ties calculated for the supplemental set of trajectories, there 
is essential agreement with the results of the combined 
phase-space/trajectory method. 
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Abstract: A combined phase-space/trajectory study of the hydrogen iodide (HI + HI -» H2 + I2) and the hydrogen-iodine 
(H2 + h -» HI + HI) exchange reactions was carried out using the semiempirical potential energy surface derived by Raff 
et al. From a minimum of computation effort the calculations yield overall reaction rates and mechanisms, reactant and 
product configurations, and energy distributions among reactants and products for thermal reactants at 700 K. The ex
change reactions are found to occur through both the Civ trapezoidal and the symmetric linear transition configurations of 
the potential energy surface used. In reaction of HI + HI via the trapezoidal configuration only stable H2 and h occur as 
products. In reaction via the linear configuration the products are primarily stable H2 molecules and separated I atom pairs 
with lesser amounts of stable and quasibound I2 molecules. The calculated overall rate is approximately Vi 0 that from experi
mental measurements. With adjustment of the relative barrier heights for the two transition configurations to favor the 
atomic mechanism (H2 + 21 -» HI + HI) it may be possible to produce agreement with Sullivan's photochemical experi
ments. The calculated vibrational excitation of reacting HI molecules is in accord with experimental measurements by Jaffe 
and Anderson. Where directly comparable the results are in agreement with those of a standard quasiclassical trajectory 
study by Raff et al. However, in the work by Raff et al. a complete statistical investigation of the reactions H2 + I2 -*• HI + 
HI and H2 + 21 -* HI + HI was precluded by excessive computer time requirements and the rates of these reactions were 
underestimated. 
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