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Summary. Pentacoordinated molecules are thought to undergo intramolecular
isomerization by the widely accepted Berry pseudorotation mechanism. Through
our investigations, we have found that the actual pseudorotation for the PH,F
system is more complex than that envisioned by Berry. The potential energy
surface of PH,F is mapped out at the RHF/6-311G(d, p) level. According to the
Berry mechanism, this system is expected to have two minima and two maxima;
however, the system actually has two transition states and one global minimum.
The minimum energy path from the highest transition state is followed to
the second transition state, which in turn has a minimum energy path leading
to the global minimum. Along the path between the two transition states there
is a branching region. This portion of the potential energy surface is probed
extensively.
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1 Introduction

The reactivity of pentacoordinated compounds, particularly those with silicon or
phosphorus centers, is profoundly influenced by the orientational preferences
and motions about the central atom. For pentacoordinated compounds with a
trigonal bipyramidal structure, Berry [1] proposed that conformational changes
occur via a square pyramidal transition state, as illustrated in Fig. 1. This
mechanism, termed Berry pseudorotation, was explicitly demonstrated for SiH;
by tracing the minimum energy path (MEP) connecting the two equivalent
trigonal bipyramidal minima [2].

When the central atom is surrounded by two or more different ligands, it is
generally accepted that several minima exist, such that each ligand can be placed
in either an axial or an equatorial position. Thus, for a compound AH,X, one
expects to find four stationary points: two minima with X either axial (1) or
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Fig. 1. Imaginary normal mode for square
pyramidal SiH;

equatorial (2) and two square pyramidal transition states with X either basal (3)
or apical (4). However, it has already been demonstrated [3] that in the case of
SiH,F—, structures 2 and 3 merge into a single transition state, leaving only one
minimum (1) on the conformational potential energy surface, if an adequate
level of theory is used (i.e. RHF/6-31+ 4+ G(d, p)). Since the minimum energy,
steepest descent path leading from 4 (F apical) to 2 (F equatorial) connects two
transition states (i.e., two structures, each of which has one imaginary frequency
corresponding to a downhill motion), it was suggested that (a) the pseudorota-
tional “mechanism” in compounds such as SiH,F~ can be more complex than
that envisioned in the Berry mechanism and (b) a bifurcation is to be expected
along the MEP.

The molecule PH,F is isoelectronic with SiH,F~ and is a simple pentacoor-
dinated phosphorus compound which is expected to have two minimum energy
structures (1 and 2) on its ground state conformational potential energy surface
(PES). In the present paper, the conformational PES of PH,F is explored in
detail in an attempt to understand the complex nature of its pseudorotational
mechanism.

While PH,F is as yet unknown experimentally, there have been several ab
initio studies of the species suggesting that PH,F is a minimum on the PES.
Several of these investigations {4] were limited to the structure with F in the axial
position. Stritch and Veillard [5], using idealized geometries, predicted the
equatorial (2) and square pyramidal (3) structures to be 15.8 and 7.9 kcal/mol
above the axial structure (1). Keil and Kutzelnigg [6], using constrained geome-
try optimizations, found the equatorial structure to be 23 kcal/mol above axial.
McDowell and Streitweiser [7] performed geometry optimizations and predicted
equatorial PH,F to be 7.5 kcal/mol above axial, but no Hessians were evaluated
to assess the nature of the stationary points. Most recently, Wang et al. [8]
carried out full geometry optimizations for the axial, equatorial, and square
pyramidal structures for several PH,X compounds. For X =F, these authors
found the equatorial structure to be a transition state 8.0 kcal/mol above axial.
The square pyramidal structure with F in the apical position (4) was predicted to
be 33.5 kcal/mol above axial. While the reactions PH,F —-PH,+ HF and
PH,F - PH,F + H, are exothermic (16.2 and 4.1 kcal/mol, respectively, at the
MP2/6-311G(d, p)/ /MP2/6-311G(d, p) level of theory), it is nonetheless a mini-
mum on the potential energy surface and therefore of interest from the point of
view of pseudorotation.
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2 Computational approach

In order to determine the dependence of the calculated energetics and stationary
points on the level of theory, the structures of all stationary points were
determined at several levels. The simplest level of theory used (referred to as
Level A) is the self-consistent field (SCF) method with the 6-31G(d) [9] basis set.
In Level B, the structures are again determined with SCF wavefunctions, but
with the larger 6-311G(d, p) [10] basis set. Finally, in Level C the 6-311G(d, p)
basis is used in conjunction with second order Moller—Plesset perturbation
theory [11]. All stationary points were characterized as minima or transition
states by calculating and diagonalizing the matrix of energy second derivatives
(Hessian) to determine the number of negative force constants (0 for minima, 1
for transition states).

To follow each minimum energy path (MEP), the fourth order Runge—Kutta
(RK4) and the Euler with stabilization (ES2) algorithms, developed in this
laboratory [12], were used with step sizes varying from 0.0001 to 0.05 bohr-amu'/*
depending on the convergence of the paths. All MEP’s were calculated at Level
B.

The projection method of Miller, Handy, and Adams [13], which projects out
the translations, rotations and gradient at non-stationary points, was used to
analyze the frequencies along the MEP’s. In addition, the purification method
developed in this laboratory [14] was used to obtain qualitative information
about the frequencies associated with the reaction path (see Appendix). The
purification method removes the rotations and translations from the vibrations.
This method provides only qualitative results, since the gradient is not projected
out. So, the eigenvalues of this purified but unprojected Hessian can be used to
obtain frequencies only when the gradient is small.

All calculations were performed using the electronic structure theory code
GAMESS [15] and a locally modified version of GAUSSIANS6 [16].

3 Results and discussion
3.1 Structures and energetics

At all levels of theory used in this work, only three stationary points are found
on the PH,F PES. The axial structure 1 is predicted to be a minimum, while the
equatorial (2) and apical (4) structures are found to be transition states. Thus, in
analogy with the previous calculations on SiH,F~ [3], the basal structure 3
merges with 2, and there is a minimum energy path connecting two transition
states 2 and 4. An important difference between PH,F and SiH,F~ is that in the
former molecule the equatorial structure is clearly a transition state even at the
SCF/6-31G(d) level of theory. The imaginary frequency in the equatorial struc-
ture is calculated to be 2613, 324i, and 298i cm~! according to Levels A, B, and
C, respectively. The corresponding values for the apical structure are 1067,
10314, and 1084i cm~!, respectively.

The structures of the three stationary points are illustrated in Fig. 2, and the
energetics are summarized in Table 1. The structures follow the generally
expected trends. The axial bonds are somewhat longer than the equatorial bonds
for both ligands, since the axial atoms are bound by a three-center, four-electron
bond. The apical PF bond is even shorter than that in the equatorial structure.
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1 2 4
Cay Coy, 29081 Cyy, 1084i

Fig. 2. MP2/6-311G(d, p) structures. Imaginary frequencies in cm—! are given for transition states.
Bond lengths are in Angstroms and bond angles are in degrees

Table 1. Total (hartree) and relative* energies (kcal/mol) for PH,F isomers

Level Axial Equatorial Apical

A —442.43020 (0.0) —442.41264 (11.0) —442.37744 (33.1)
B —442.49316 (0.0) —442.47829 (9.3) —442.43822 (34.5)
C —442.91968 (0.0) —442.90455 (9.5) —442.86447 (34.6)

2 Energies relative to the axial isomer are given in parentheses

The effects of both basis set and correlation on the calculated geometries are
small, with the largest change being the 0.03 A increase in the equatorial PF
bond length upon the addition of correlation.

Improving the basis set from 6-31G(d) to 6-311G(d, p) decreases the axial-
equatorial energy difference (Table 1) by 1.7 kcal/mol and increases the axial-apical
energy difference by 1.4 kcal/mol. Both of these energy differences are somewhat
larger than those found for SiH,F~. The addition of correlation has virtually no
effect on the calculated relative energies. The addition of zero point vibrational
energies changes the results in Table 1 by less than 1 kcal/mol in all cases.

The normal modes for the transition states (TS’s) are shown in Fig. 2. The
normal mode for 4 shows this to be the TS for the Berry pseudorotation
connecting two equivalent equatorial structures (2 — 2). However, 2 is itself a TS
which connects two equivalent axial structures (1 - 1). To illustrate, the normal
mode of 2 demonstrates that H, and F are moving into axial positions and H;,
H,, and H, are moving into equatorial positions, giving isomer 1. Indeed, the
mode shown for 2 in Fig. 2 is strikingly similar (although not identical) to the
turnstile TS discussed by several authors [17]. The difference is that one does not
expect the turnstile TS to occur at what is essentially the equatorial structure.
Therefore, it is of interest to explore the MEP’s that connect the stationary
structures to determine the nature of the potential energy surface.

When two TS’s are connected by a MEP, either a bifurcation or a branching
region must occur, because a second imaginary frequency associated with the
lower energy TS is building in somewhere along the path. This second imaginary
frequency (which indicates that the molecule may follow a motion not dictated
by the MEP) is not “recognized” by the MEP. This is because the MEP by
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definition follows the steepest descent (gradient) path and therefore may not break
symmetry. A bifurcation is identified by two imaginary frequencies, one associated
with each TS, in the same region. In a branching region, the first imaginary
frequency (associated with the higher energy TS) becomes real before the second
imaginary frequency (associated with the lower energy TS) builds in. In either case
(bifurcation or branching), a moiecule not constrained by symmetry may move
away from the MEP when it encounters a new imaginary mode. As will be
discussed below, a branching region occurs in the PH,F pseudorotation reaction.

3.2 MEP’s and branching region

To examine this surface, the MEP’s from 4 and 2 were calculated using the
methods mentioned in Sect. 2. The MEP’s that connect structures 4 and 2 and
structures 2 and 1 are displayed in Figs. 3 and 4, respectively. These will be
referred to as MEP4 — 2 and MEP2 — 1, respectively. MEP2 — 1 is relatively flat
at the beginning. This prompted the use of very small step sizes to obtain path
convergence. This is in contrast to MEP4 — 2 where the surface is not very flat
and larger step sizes could be used.

Since a MEP follows the gradient and the gradient is totally symmetric in
both cases, the MEP retains the symmetry of the molecule. So, MEP4 -2 is a
C,, path and therefore leads directly to 2. However, since there must be a
bifurcation or branching somewhere on the MEP, the molecule need not be
constrained to C,, symmetry; that is, it may leave the original MEP.

To discover the point on MEP4 — 2 at which the new imaginary mode first
appears, force fields were calculated at several points along this path. Figure 5 is
a plot of the projected normal modes along MEP4 — 2. The lowest A4, frequency
(the one associated with MEP4 — 2) is projected to zero by the projection scheme
and therefore the data for this frequency is obtained through the purification
method. The frequency for the lowest 4, mode goes from imaginary at small s
to 0 between s = 0.952 and s = 1.052 bohr-amu'/ to positive for large s. Also, by
examining the lowest B, mode (this is the mode initially followed for MEP2 — 1),
the associated frequency goes from positive at small s to 0 between s = 1.962 and
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Fig. 5. a. PH,F pseudorotation from C,, structure generalized harmonic frequencies — 4; and 4,
generalized normal models; b. PH,F pseudorotation from C,, structure generalized harmonic
frequencies — B, and B, generalized normal modes

s = 1.963 bohr-amu'”? to imaginary for large s. By comparing the s values at
which the two frequencies become zero, we see that the A, frequency becomes
zero (has an inflection point) before the B, frequency becomes imaginary. At the
point that the B, frequency becomes zero there is a branching point. As
discussed by Ruedenberg [18] and others [19], the downhill path from 4 can
proceed to 1 without passing through 2. In other words, the reaction could
continue to follow MEP4 — 2, follow the direction associated with the B, mode,
or some composite of the two. In reality, the amount of energy available to the
system (e.g., the temperature) will play a role in the actual motion.

In an attempt to further explore the branching region between s = 1.962 and
s =2.298, “jumps” were taken off of MEP4 — 2 in the direction dictated by the
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B, mode for several points in this region, and then the gradient was followed to
the minimum structure, 1. For clarity, these jumping off points will be referred
to as “path initiation points” (PIP’s) and the MEP’s from the PIP’s will be
referred to as “branching paths” (BP’s). The resulting plots of energy vs.
reaction coordinate for s = 1.963, 1.985, 2.086, and 2.286 bohr-amu'’? are given
in Figs. 6, 7, 8, and 9, respectively. The projected B, frequencies associated with
these points are 15.3i, 82.0i, 149.14, and 259.7i cm™!, respectively. The magni-
tudes of these frequencies suggest that the surface associated with the B, mode
starts out rather flat and gradually gains more curvature as the molecule
progresses farther along the branching region.

Several comments need to be made about Figs. 6-9. First, these plots have
an unusual shape at the top of the BP. This can be explained in the following
manner. The initial step from the PIP’s were taken such that the energy would
decrease by less than 1 x 10~ au. In cases where the surface is very flat this first
step can still be quite large. The large step with small energy decrease accounts
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for the singularities at s"=0.0 in Figs. 6, 7, and 8 [20]. Also, the resulting
gradient of the initial step from the PIP is only slightly changed from the
gradient of the PIP. As the molecule follows the BP, the gradient is changing
from a gradient similar to MEP4 — 2 to that of a gradient similar to MEP2 — 1;
until finally, the gradient is essentially that of MEP2 — 1. This change in the
nature of the gradient, and therefore the potential energy surface, is directly seen
in Figs. 6, 7, and 8. The initial points along the BP (those following a gradient
similar to MEP4 — 2) are following a faster changing portion of the surface than
are the points after the gradient has changed to that of MEP2 — 1. Therefore, we
see a characteristic change in the curvature of the plots.

Second, since the molecules tend to have gradients similar to MEP4 -2 at
the beginning of the BP and to have gradients similar to MEP2 — 1 after only a
drop of less than one kcal/mol, the molecule must stay in a reaction swath that
is rather narrow. The fact that the branching point is close to 2 also suggests that
the branching region of the surface must span a small volume near MEP4 - 2
and MEP2 - 1. This implies that while the reaction may not go exactly through
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2, it will come close to 2. This could have interesting effects on the dynamics of
this system.

As a final point, the “bump” in the BP’s starts to become smaller and flatten
out as we start at PIP’s farther along MEP4 — 2, until at PIP’s close to 2 it is
essentially gone. Figure 9, which is a BP from a structure close to that of 2, bears
this out. This trend is to be expected. The further along MEP4 — 2 the molecule
is before it takes its “jump”, the more the gradient of the molecule is going to
resemble that of MEP2—1. In other words, at the initial step from
s = 1.963 bohr-amu'”? the gradient is more like that of MEP4 — 2 than the initial
step from s =1.985 bohr-amu'/2. The latter is more of a composite of the
gradients for MEP4—2 and MEP2— 1. Also, if the molecule is starting at a
lower energy on MEP4 — 2 it has less of the reaction swath to follow than if it
had “jumped” from a point of higher energy.

4 Conclusions

The results reported here have shown that the simple Berry pseudorotational
model is not followed in the case of PH,F. In fact, we obtain two maxima and
one minimum as opposed to the two maxima and two minima that are expected.
The pseudorotational path is that of 1 <« 2 <> 4 with a branching region
occurring between 2 and 4. In the narrow branching region, the molecule can
proceed from 4 to 1 without going through 2. As shown by the BP’s from this
region, the molecule will stay close to MEP4 -2 and MEP2 — 1, but does not
necessarily need to be on these paths. While these results are interesting in their
own right, an analysis of the dynamics of this system is needed to fully
understand this complex reaction. This will be reported in a later paper.
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Appendix

To convert from cartesian coordinate space to internal coordinate space one uses
a B matrix such that:

ro=> B,x,.
7

This B matrix is formalily defined as a m x 3N (m = 3N — 6 for nonlinear or
3N — 5 for linear molecules) matrix where N is the number of atoms in the
system. In practice, however, B is a square matrix [21]. This allows B to be
inverted so we can also convert from internal coordinate space to cartesian
coordinate space. Therefore, a cartesian Hessian matrix is converted to an
internal Hessian matrix using:

h, =B Yh B!
and also an internal Hessian matrix is converted to a cartesian Hessian matrix using:
B'h,B=h,.
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Formally, the internal Hessian matrix should be m x m, but in practice, because
the B matrix is square, the internal Hessian matrix is 3N x 3N. The extra elements
in the matrix are associated with the rotations and translations, and should be
exactly zero, but quite often are not. In the purification method, these very small
non-zero elements are made to be exactly zero. Then, when the internal Hessian
matrix is converted back to the cartesian Hessian matrix, the five or six frequencies
associated with the rotations and translations are zero. In effect, the purification
separates the rotations and translations from the vibrations.
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