Trends in inversion barriers. I. Group-15 hydrides
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Inversion barriers for the group-15 hydrides NH,, PH;, AsH;, SbH; and BiH, have been
studied using ab initio self-consistent-field methods including electron correlation and
relativistic effects. A modified symmetric inversion potential is introduced to describe the
inversion from the minimum Cj, arrangement through the D;, transition state. Tunneling
rates and frequencies are calculated at the Hartree—-Fock and Méller—Plesset (MP2) level
within the Wentzel-Kramers—Brillouin approximation. At the MP2 level the calculated
0*/0~ v, frequency splitting of the vibronic ground state of NH,/ND, (0.729 cm™'/0.041
cm™!) is in excellent agreement with the experimental values (0.794 cm~'/0.053 cm™!). The
tunneling rate for PH, suggests that previously published values are wrong by orders of
magnitude. Correlation effects do not change the barriers significantly in accordance with
Freed’s theorem. This has been studied in more detail for BiH; at the quadratic configuration-
interaction (QCI) level. Relativistic effects increase the barrier height of BiH, by 81.6 kJ/mol
at the QCI level. Nonrelativistic and relativistic extended Hiickel calculations suggest that the
a, highest occupied molecular orbital, which is antibonding to the Bi 6s, relieves part of its
antibonding character near equilibrium geometry due to the relativistic radial contraction of
the 6s orbital and hence increases the barrier height. In the planar transition state this orbital is
a nonbonding aj. The increasing trend in barrier heights from NH; to BiH, can be explained
by a second-order Jahn-Teller distortion of the trigonal planar geometry. Vibrational

frequencies are predicted for BiH,.

I. INTRODUCTION

Pyramidal atomic inversion normally involves a passage
through a transition state, in which the molecule possesses a
local D,,, symmetry if all 7 ligands are equivalent.'” This is,
for example, the case for the group-15 hydrides>* MH, with
M = N, P, As, or Sb and for NF,.? In the inversion process
the lone pair at the central atom turns from “sp®” in the bent
arrangement to a pure p orbital in the transition state. Dixon
and co-workers®'* recently showed that some of the group-
15 fluorides rather prefer a T-shaped transition structure
with an F-M-F angle of almost 90°. The heaviest element in
this series, bismuth, has not been studied extensively and the
transition-state structures of the BiL,; inversion are un-
known.!>'® Relativistic effects may contribute strongly to
the structures and energy barriers of BiH, since the relativ-
istic stabilization of the 6s orbital is quite large in bismuth
and s participation plays an important role in the inversion
process.! This has been shown recently by one of us in a
semiempirical relativistic (R) vs nonrelativistic (NR) ex-
tended Hiickel study (REX and EHT, respectively)!” of
MH; (M = N,...,Bi), and is reported below.

*) Present address: Department of Physiology and Biophysics, Mount Sinai
School of Medicine, City University of New York, New York, NY 10029.
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It is well known that the barrier height in the inversion
of the group-15 hydrides NH; to SbH, increases with de-
creasing H-M-H angle o (Fig. 1).! This has been rationa-
lized by several authors using simple molecular orbital
(MO) pictures.>*!32! The barrier height increases sharply
from NH, to PH; but varies only slightly from PH; to
BiH,, (Fig. 2).2! It is widely accepted that electronegative
ligands increase the inversion barrier.>?22°> However, com-
paring the data given by Clotet, Rubio, and Illas® and Dixon
and co-workers®'%2¢27 suggests that the fluorides along the
series NF; to SbF, follow the reverse trend compared to the
hydrides. This is shown in Fig. 2. The reason for this behav-
ior is not immediately understood and is not related to the
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FIG. 1. MP2 inversion barriers E, vs bonding angle y for the group-15
hydrides (¥ = 90° is defined as the planar MH; arrangement).

unusual transition states of the fluorides.?* Hence, trends in
barrier heights along the series N, P, As, Sb, and Bi cannot be
explained by simply using the H-M-H angles.

For calculating tunneling frequencies v, and tunneling
rates 7 of the MH; molecules, the shape of the inversion
potential has to be known. However, the calculation of the
potential-energy curve can become quite expensive in com-
puter time, especially for systems containing heavier atoms,
when correlation and relativistic effects are taken into ac-
count. Moreover, most formulas for symmetric double-well
potentials, which are easy to adjust to calculated or experi-
mental values, are quite inaccurate and often do not repre-
sent very well the calculated one-dimensional inversion po-
tentials. As a result, published tunneling rates differ often by
orders of magnitude depending on the approximation used.
For example, tunneling rates for AsH, published so far lie
between 53 s and 1.4 years.?®>! It is therefore desirable to
find a suitable but accurate functional form describing the
inversion process, which contains some simple adjustable
parameters. This is certainly useful for ab initio calculations
of accurate tunneling rates of more general MR; molecules
(R, for example, an organic substituent) in order to evaluate
whether optically active compounds may exist on an experi-
mental time scale.

In this paper we present simple but straightforward
REX/EHT analysis of trends and relativistic effects on the
MH; (M = N,...,Bi) inversion barriers and compare the re-
sults with credible ab initio calculations using quasirelativis-
tic (QR) pseudopotentials (PP) for the heavier elements.
We introduce a modified symmetric Gaussian barrier for
computing tunneling rates within the Wentzel--Kramers—
Brillouin approximation (WKB). The methods used are de-
scribed in detail in the next section. Results and discussion
are presented in Sec. ITI. A summary is given in Sec. IV.

{kJ/mol]

FIG. 2. MP2 inversion barriers for the group-15 hydrides MH, and fluor-
ides MF, (M = N, P, As, Sb, and Bi). The values for the group-15 fluorides
are taken from Ref. 25.

1. METHODS
A. REX calculations

The calculations were carried out using the ITEREX-87
program®? (and consumed about 10 s of PC time/point)."”
The default parameters®® were used for the group-15 atoms.
The hydrogen parameters were taken as ay = — 10 eV
(Ref. 34) and £;; = 1.3. The M-H distances were kept fixed
at 1.02, 1.41, 1.51, 1.71, and 1.79 A for N, P, As, Sb, and Bi,
respectively. The Bi~H distance was estimated, the other
distances were experimental.>® The experimental H-M-H
angles a (107.6°, 93.6°, 92.0°, and 91.6°) were used for N to
Sb, respectively. For Bi, the difference between 90° and 120°
is discussed below.

B. Ab initio calculations

The quantum-chemical program packages GAUS-
SIANS8*¢ and TURBOMOLE?"® have been used for all calcu-
lations. The geometries are optimized at the Hartree-Fock
(HF) as well as the correlated level of theory [ M¢ller—Ples-
set perturbation theory of second order (MP2)]. BiH, has
been investigated at the MP3, MP4, and the quadratic con-
figuration-interaction level (QCI) including triples correc-
tions,***? which is known to perform extremely well com-
pared to other correlation procedures.** For H we took a
contracted Huzinaga (9s)/[6s] basis set* with two p-polar-
ization functions given by Lie and Clementi** and a diffuse s
function with exponent 0.01. Trucks et al.* pointed out that
for an accurate description of the v, (4, ) bending mode of
NH, large basis sets are needed. Therefore, for N and P a 6-
311 + G* basis set was taken,>**” but these basis sets have
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been decontracted to a 6-2111 + G* set to allow more flexi-
bility in s—p mixing for the inversion process. For As we took
a Binning—Curtiss (6111111111s/6111111p/411d) basis
set*® including diffuse functions with exponents 0.021 for s
and p, and 0.273 for d. For Sb and Bi we applied energy-
adjusted pseudopotentials***® since relativistic effects have
to be included for the heavier atoms. For Sb we took a
(7s/5p/1d) basis set*® with d exponent 0.211.*° For Bi a
nonrelativistic (NR) and relativistic (R) (7s/6p/1d) basis
set®™ with d exponent 0.17 (Ref. 51) was taken. The force
constants are defined according to Wilson, Decius, and
Cross.>® The harmonic generalized force fields have been
obtained using the program viB,> which fits the force field
to fundamental frequencies according to Wilson’s GF ma-
trix method.

C. The inversion potential

We use a modified symmetric Gaussian barrier for all
inversion potentials,

V(x) = (@+bx* + ex*)e™ %,  — |Xpun | << | Xonin |

(D

with the boundary conditions V(x,;,) =0, x,., =0, and
V(Xax ) = E,. This leads to simple formulas for the coeffi-
cients a, b, ¢, and d,

E

b= —-—2, === o (2)

4
x%nin Xmin

a=FE,

The fourth coefficient d will be chosen to fit one point of the
potential curve lying in the region between x_;, and x,,,,
which we denote as X1/ d= —x;}
XIn[¥(x,,, ) (a+ bxl,, + cxt),) ~']). In order to obtain
the adjustable parameters of Eq. (1), the following steps for
calculating the tunneling splitting for the ground-state vi-
brational level have to be performed (x = y — 90°):

(1) Calculate the minimum geometry of the ML, molecule
to find ¥, and the L-M-L bending mode frequency
v (=0w,).

(2) Calculate the transition-state geometry (¥ = 90°) and
the barrier height E,,.

(3) Take the midpoint ¥,,, = Y72 + 45° and optimize
the M-L bond distances at ¥, ,, to obtain E(y,,,).

(4) Calculate the coefficients a, b, ¢, and d of Eq. (1) and
perform a numerical integration to obtain the tunneling fre-
quency v, and the tunneling rate 7, = (2v;) ~ ' by using
the well-known WKB formula® for symmetric bar-

riers’28.29,55
vy = Yo gt 3)
T
with the integral
So
1=~ 2 (" (W) —E,]7ds (4)
%o

and the tunneling coordinate s,
s =rcos(180° — y). (5)

rdenotes the M—H bond distance, i the effective mass of the
ML, molecule,

o= 3mym; (my +3my )" (6)
and

Sg =7 [cos(180°) — %1

Yo = Vin + [¥(Eo) — Yimin- (7

y(Ey) is the angle ¢ at the energy E,, which can be obtained
from Eq. (1). Note that only three geometry optimizations
at the three different angles, ¥, ¥ = 90° and ¥, ,, are neces-
sary to obtain an accurate potential curve for the inversion
process. For calculating the integral I [Eq. (4)] we per-
formed a numerical integration using the extended Simpson
formula with a mesh of 2000 points between y(E,) and
y = 90°.>2 The M-H bond distance r changes slightly with
changing angle y, the difference in bond distances between
the minimum structure and the inversion state is between
0.01 and 0.09 A depending on the atomic center M (the
differenice increases from M =N to M = Bi; Table I).
Therefore, for calculating the tunneling coordinate s we took
that change into account by using a linear correlation be-
tween s and 7 (nonrigid bender approach® ). We also includ-
ed a correction for the angle dependence of the reduced
mass, i.e., £(¥) = pu(l + 3my sin?(y — 90°)/my),>>¢ p as
defined in Eq. (6). We should remark that there are more
sophisticated analytical formulas available in literature,”
like those by Manning,*® Chan et al.,® Campoy, Palma, and
Sandoval,*® or Papousek and co-workers,***! which, in con-
trast to ansatz (1), describe the repulsive outer part of the
inversion potential quite accurately and are therefore more
useful for solving the vibronic Schrédinger equation. How-
ever, these formulas do not lead to simple relations for the
adjustable coefficients like those in Eq. (1). Also, the coeffi-
cients a, b, ¢, and d of Eq. (1) have simple physical interpre-
tations; the adjustable parameter d, for example, is a mea-
sure of the deviation from a simple polynomial behavior,

V(x) =a + bx* + cx*. (8)

Moreover, the vibronic Schrédinger equation for a one-di-
mensional double-well potential is normally solved by nu-
merical techniques,*® and for this purpose an additional po-
tential for the repulsive part may be added to ansatz (1). It
has also been shown by Papousek and co-workers®? that the
WXKB approximation is excellent compared to the numerical
solution of the Schrédinger equation, especially in lower re-
gions of the inversion potential. Hence, the errors intro-
duced by the various approximations used within the ab ini-
tio procedure are expected to be large compared to the
inaccuracy of the WK B approximation. Moreover, for very
small inversion splittings the numerical solution of the
Schrédinger equation becomes extremely difficult and the
WKB approximation seems to be the only available accurate
method to calculate small frequency splittings.

IlIl. RESULTS AND DISCUSSION
A. Molecular properties

The calculated geometries at the MP2 level for the
group-15 hydrides are all in excellent agreement with experi-

mental values (Table I). In most cases the accuracy in the
calculated M—H bond distance is better than 0.01 A. For
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TARLEI Malecnlar nronertise for MH. comnomnde A M — N taRiY. M_H hand dictancec » in A anolesv in
1ADLE L Moiecuiar properties ior MM, compounds (M = Nig B M-noonadsiances 7z, in A, angies 7, in

deg, dipole moments z, in D, and barrier height E, in kJ/mol. » T denotes the M~H bond distance at the
trigonal planar transition state. Experimental geometries and dipole moments are from Refs. 63 and 64, respec-
tively. The signs in front of the experimental dipole moments are assumed. NR values are set in parentheses.

r! yt ,“C r Z‘ Eﬂ
N HF  1.000 111.22 —1.60 0.986 220
MP2 1011 112.05 —1.56 0.995 25.1
Expt. 1012 112.14 (—)1471 (24.2)*
P HF 1412 121.35 —0.76 1.376 150.2
MP2 1413 122.98 —0.61 1.375 146.8
Expt. 1420 122.86 (—)0.578 (132)®
As HF 1510 122.10 —045 1.461 171.1
MP2  1.509 123.61 —0.35 1.457 164.0
Expt. 1.511 123.78
Sb HF  1.688 122.43 0.14 1.630 1925
MP2  1.692 123.80 0.33 1.633 183.5
Expt.  1.704 124.1 (+)0.116
Bi HF  1.806 (1.825)  123.45 (122.44) 1.44 (0.46) 1.715 (1.763)  271.5 (194.8)
MP2  1.809 (1.827)  124.70 (123.59) 1.48 (0.62) 1.721 (1.764)  264.2 (186.5)

*Reference 6.
b Reference 5.

NH, the MP2 geometry is in good agreement with MP2
results published by Simandiras, Handy, and Amos
(r, =1.009 A, y, =111.71°),° who used extensive basis
sets for both the nitrogen and the hydrogen atom. Experi-
mental data for gas-phase BiH; are not available. However,
we can compare our QCI bond distance (1.826 A; Table IT)
with a complete-active-space self-consistent-field second or-
der configuration-interaction (CASSCF/SOCI) value by
Dai and Balasubramanian'® (1.865 A). Table II shows that
electron correlation increases the Bi-H bond length by max-
imal 0.02 A. Hence the difference of our QCI bond length
with the CASSCF/SOCI value of about 0.04 A for BiH, is
probably due to differences in the pseudopotentials and basis
sets used. For NH; an accurate expérimental value for the
(effective) barrier height E, has been published [24.2
kJ/mol (Ref. 6) ], which is in excellent agreement with our
calculated MP2 value (25.1 kJ/mol). Near HF limit calcu-
lations®*° suggest that the correlation contribution to the

barrier height is small and of ca. 2.5 kJ/mol, which is close to
our MP2 value (3.1 kJ/mol), but larger than a coupled-
electron-pair approximation (CEPA) value given by Ahl-
richs ef al.”® (1.7 kJ/mol). Less close agreement, however,
is obtained for the PH; molecule if we compare our MP2
value (146.8 kJ/mol; Table I) with an experimentally esti-
mated barrier height [132 kJ/mol (Ref. 5)], but we like to
point out that it is difficult to estimate high activation bar-
riers on an experimental basis. Moreover, our value is in
agreement with a previously published result by Ahlrichs ez
al”' (1458 kJ/mol) or Marynick and Dixon™ (143.9
kJ/mol). We therefore conclude that the MP2 values are
encouraging for calculating inversion barriers.

To investigate the role of electron correlation in more
detail we performed MP3, MP4, and QCI calculations for
the least-studied molecule so far, BiH;. The results are pre-
sented in Table II. The BiH, inversion barriers at different
levels of electron correlation do not vary much. This is in

TABLE I Molecular properties for BiH; at various levels of the theory. Bi-H bond distances 7, in A,H-Bi-H
bond angles ¢, in deg, symmetric stretching force constants k, (per Bi-L bond) in mdyn A ~, and the barrier
height E, in kJ/mol. T denotes the molecular properties at the trigonal planar transition state. NR values are
set in parentheses.

HF MP2 MP3 MP4 QcI
BiH, 7, 1.806 (1.825)  1.809 (1.826)  1.816 (1.831)  1.820(1.835)  1.826 (1.839)
a. 92.5 (93.9) 90.8 (92.2) 90.7 (92.0) 90.8 (92.0) 90.7 (91.9)
k, 2.13 (2.28) 2.03 (2.17) 1.96 (2.13) 1.92 (2.09) 1.85 (2.03)
BiH, rT 1715 (1.763) 1721 (1.764) 1727 (1.769) 1730 (L772) . 1.735 (1.775)
(D) kT 2.76 (2.77) 2.56 (2.65) 247 (2.57) 2.42 (2.53) 233 (2.47)
E, 2715 (194.8)  264.2(186.5)  268.5(189.0) 2709 (190.9)  270.6 (189.0)

J. Chem. Phys., Vol. 96, No. 9, 1 May 1992
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accordance with electron correlation studies on NH,.” In
fact, the NR and R HF values are close to the QCI results in
agreement with Freed’s theorem.” Therefore, HF describes
accurately the barrier height despite the fact that the barrier
height itself is quite large.”® Electron correlation contribu-
tions to E, vary between 3.1 kJ/mol (NH,) and —9.0
kJ/mol (SbH,; ) at the MP2 level. Note that except for NH,
electron correlation lowers the barrier height. Table II also
demonstrates that the MP2 approximation is sufficient for
obtaining good inversion barriers.

In Table IH calculated frequencies are listed in compari-
son with experimental results. The 6-2111 + G* basis set for
N performs extremely well, i.e., for NH; our HF harmonic
frequencies are in very good agreement with values pub-
lished recently by Amos (v, =3691 cm~}, v, = 1099
cm~', v, =3815em ™%, v, = 1787 cm~!),% who used ba-
sis sets of HF-limit quality. For an accurate description of
the v, bending mode a CI with very large basis sets is re-
quired.*® However, our MP2 value for the v, mode (1069
cm ~'; Table IIT) is in good agreement with the estimated

6811
harmonic experimental frequency (1022 cm~').”¢

Table IV shows the adjusted force field including off-
diagonal elements. In all cases the fit procedure yields the
exact input frequencies. Several local and global minima
with quite different off-diagonal force constants appeared in
the fit procedure. Most of these off-diagonal force constants
are relatively small, but essential for obtaining a satisfying fit
to given frequencies. Off-diagonal force constants can be
very sensitive to basis-set effects and to the method of elec-
tron correlation applied. We therefore chose the fit which
kept the off-diagonal elements as small as possible. This dis-
tinguishes our force fields from first-principle ab initio deter-
mined force fields which may show larger off-diagonal force
constants. HF and MP2 M—H stretching and H-M-H bend-
ing force constants are overestimated (by about 10% at the
MP2 level) compared to results obtained from fitting experi-
mental frequencies. We therefore chose a scaling factor of
Jfs =0.9 for BiH; (Table IV) using the MP2 off-diagonal
force constants to predict the fundamental frequencies for
this molecule (Table III), which are unknown.

TABLE IIL Vibrational frequencies vin cm ~ ' and infrared intensities in 10° m/mol (set in parentheses behind
the wave numbers) for the MH; compounds in C;, symmetry (M = N to Bi). If not otherwise indicated, HF
and MP2 refer to NRHF and NRMP?2, respectively. Experimental frequencies from Refs. 76-80. Experimen-
tal intensities for NH, from Ref. 81. The frequencies for ND; (D = deuterium) are calculated using the NH,

force field of Table IV.
Molecule v (4,) v, (4,) =, v (E) v, (E)
NH; HF 3692(0.8) 1123(184) 3817(6) 1795(19)
MP2 3524(3) 1069(148) 3672(6) 1710(14)
Harm.* 3506 1022 3577 1691
Expt. 3336(8)° .950(138)° 3414(4) 1628(32)
ND, HF 2664 875 2820 1301
MP2 2543 809 2717 1250
(Expt.ff)° 2401 719 2524 1192
Expt. 2419 749 2555 1191
PH, HF 2520(43) 1099(31) 2519(92) 1232(20)
MP2 2468(39) 1036(28) 2474(67) 1179(17)
Expt. 23219 991° 23274 1121
AsH; HF 2317(84) 1008(44) 2317(151) 1108(22)
MP2 2248(74) 941(35) 2262(110) 1053(17)
Expt. 2122 906 2185 1005
SbH, RHF 2084(131) 903(115) 2074(232) 946(37)
RMP2 2023(119) 834(87) 2022(182) 887(29)
Expt. 1891 782 1894 831
BiH, HF 1978(181) 816(146) 1967(291) 840(45)
MP2 1927(169) 755(111) 1922(235) 785(35)
RHF 1904(309) 835(81) 1903 (409) 846(23)
RMP2 1857(253) 759(56) 1863(298) 780(16)
Predicted® 1760 720 1770 750

* Due to strong anharmonicity effects the 0— 1 transitions are substantially different from the (experimental)

harmonic frequencies given in Ref. 76.

® Averaged over Fermi resonance splitting.
¢expt.fi: Calculated frequencies for NDj; using the NH; force field obtained from experimental frequencies

(Table IV).

4The often used frequencies for the v, (2327 cm ') and v, (2421 cm~*) mode of gas-phase PH,, for example,
given in Nakamoto (Ref. 79) or Corbridge (Ref. 82), are those of Lee and Wu from 1939 (Ref. 83) and
should be replaced by the frequencies published in Refs. 77 and 78.

¢ The predicted BiH; frequencies include anharmonicity effects.

. Chel
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TABLE IV. HF and MP2 and adjusted experimental force constants for the group-15 hydrides (in mdyn/A).
k ! is the off-diagonal force constant between the M~H bond and the adjacent HMH plane.

Molecule Method K, k, K, ko k., [ 3
NH, HF 7.895 0.677 —0.012 —0.056 0.002 0.001
MP2 7.251 0.615 —0.060 — 0.064 —0.093 0.068
Expt. 6.364 0.536 0.028 —0.078 0.040 —0.011
PH, HF 3.639 0.419 0.001 —0.003 0.170 0.018
MP2 3.514 0.368 0.003 —0.025 0.002 0.009
Expt. 3.102 0.336 — 0.005 —0.020 — 0.045 0.009
AsH, HF 3.141 0.343 — 0.002 — 0.009 0.089 0.007
MP2 2.982 0.306 —0.013 —0.012 0.075 0.009 _
Expt. 2.742 0.279 — 0.054 — 0.009 0.055 0.026
SbH, HF 2.532 0.262 0.002 0.004 0.094 —0.003
MP2 2.399 0.229 — 0.007 0.003 0.094 0.003
Expt. 2.099 0.203 —0.011 0.004 0.094 — 0.005
. BiH, (NR) HF 2.284 0.211 0.001 0.007 0.091 — 0.004
MP2 2.173 0.185 — 0.007 0.007 0.098 0.002
BiH; (R) HF 2.130 0.216 —0.008 0.010 0.087 0.001
MP2 2.033 0.185 —0.015 0.008 0.095 - 0.003
Scaled 1.83 0.17 —0.015 0.008 0.095 —0.003

Figure 3 shows &, and k,, for the whole series from NH,
to BiH; . Both force constants decrease monotonically from
NH, to BiH;, as expected. The irregularity in the bending
mode frequency from NH, (950cm~') toPH, (991cm ™)
no longer shows up in the force constants. Due to very strong
anharmonicities in the NH, bending potential curve the
0-1 v,(4,) transition is 64 cm~' above the Ov,(4,)
ground-state vibrational level (886 cm ~'). PH; is expected

6.0 4

[mdyn/A]

4
=3
3

k

2.0 1
101
00X [ As Sb Bl

FIG. 3. MP2 M-H stretching and H-M-H bending force constants for the
group-15 hydrides. -

to show smaller anharmonicity effects compared to NH,
due to the larger barrier height of the PH, inversion, i.e.,
compare the difference of the calculated MP2 frequencies to
the experimental 0— 1 transitions (Table I) for NH; (119
cm~!) and PH; (60 cm™ 1y. This makes a harmonic fre-
quency analysis using only second derivatives of the total
energy questionable. However, the calculated frequencies
for ND; using the force field obtained from experimental
frequencies of NH, which include anharmonicity effects are
in very good agreement with measured results (Table III).
Moreover, harmonic frequencies adjusted from experimen-
tal frequencies are available for NH,,’S and are in good
agreement with our MP2 values (Table III).

The HF infrared intensities for NH; (Table III) are in
reasonable agreement with near HF-limit results of Amos.?*
The trends in the MP2 infrared intensities are depicted in
Fig. 4. There is an increasing trend in the intensities of all
four modes from NH; to BiH,, except for the v, modes of
NH, and BiH, and the v, mode of BiH,;. In the case of BiH,
this is related to relativistic effects, i.e., compare the
NRMP2 and RMP2 values given in Table III. For MH, the
measured 0— 1 v, (4, ) frequencies also show an irregularity
fromM = N toM = P; however, the v, frequency is increas-
ing from NH, to PH,. Hence, the high intensity of the NH,
0-1 v, transition compared to PH; must be due to the
change of the dipole moment in the symmetric bending
which deserves more detailed investigation. Perhaps the
very large (absolute value of the) dipole moment plus the
relatively small bonding angle of NH,; compared to PH, is
responsible for the intense v, mode. Note that the intensities
of the symmetric stretching modes are above the antisymme-
tric ones in contrast to the bending modes.

J. Chem. Phys., Vol. 86, No. 9, 1 May 1992.
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Relativistic effects in the BiH, force field are relatively
small and within the accuracy of our chosen methods (for a
detailed discussion of relativistic effects in the main group
hydrides and along the sixth period see Refs. 85 and 86).
Figure 5 indicates that the NR and R potential curves are
similar in shape around the minimum, the R curve being
shifted to a slightly smaller angle ¥ (for the region ¥ < 90°).
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FIG. 5. Nonrelativistic and relativistic HF inversion potential curves
AE(y) of BiH;.
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moment (Azu = — 0.9 D). The dipole moments increase
monotonically from NH; (u= —1.56 D) to BiH,
(u = + 1.48 D), in accordance with the increase in the
gross atomic charges ¢ obtained by a Mulliken population
analysis (Table VI), i.e., for NH, we have gy = — 0.60
increasing to ¢, = 4+ 1.04 for BiH;. This can be rationa-
lized as being due to the decreasing electronegativity from
nitrogen down to bismuth.

The inversion barriers of pyramidal ML, and ML, mol-
ecules have been reviewed by Boldyrev and Charkin.>' The
trend in the inversion barrier heights E, is shown in Figs. 1
and 2, and is almost linear with respect to the angle ¥ (taking
the NR value for BiH;), E,(y)=12.793y — 1409
(kJ/mol). The common explanation for this increase is that
the H-M-H angle « is decreasing along the series NH,,
PH,;, AsH,, SbH;, and BiH,;, i.e., the larger the deviation
Aca from the planar D, structure the higher the barrier
height E,.! The decreasing trend in the L-M-L bond angles
from M = N to M = Bi is consistent for both the hydrides
(L =H) and fluorides (L. = F) and may be explained in
terms of simple models.®”*® However, the barrier heights
and L-M~L bond angles do not seem to be related in a trans-
parent way. The trend in barrier heights with decreasing L~
M-L angle shows the reverse behavior for the fluorides com-
pared to the hydrides (Fig. 2). As a consequence, SbF, and
BiF, have lower barrier heights than SbH, and BiH,, re-
spectively. Hence, electrostatic models, as used for example
in Ref. 21, are not adequate. We can rationalize this trend by
applying a pseudo-Jahn-Teller (JT) symmetry breaking of
the D, into the C,, structure.®**® The frontier orbitals for
the group-15 hydrides in the D;, arrangement are collected
in Table V. These data show that the highest occupied mo-
lecular orbital (HOMO) a3} orbital energy is increasing from
NH, to BiH,. This a3 orbital is mainly responsible for the
second-order JT distortion because it mixes with the unoc-
cupied @] orbital, also shown in Table V. The difference in
orbital energies Ae= [€*°°(a)) — €""*“(a])| decreases
from NH; to BiH;, and therefore the second-order JT dis-
tortion is expected to increase within this series.”! The a}
orbital energies for SbH; and BiH; are similar and we can-
not explain the sudden increase in the BiH, barrier height
compared to SbH; using this qualitative model. We should
point out that the unusual T-shaped structures of most of the
group-15 fluorides can also be explained through a second-
order JT distortion involving ¢’ with a; orbital mixing, as

TABLE V. HF orbital energies of the group-15 hydrides (in a.u.).

Occupied Unoccupied

a; e ay a; 4
NH, —1.127 —0.653 —0.391 0.015 0.022
PH, —0.859 —0.574 --0302 0.015 0.023
AsH, —0.840 —0.552 -—0.288 0.012 0.021
SbH, —0.762 —0523 —0.266 0.011 0.022
BiH; (R) —0.800 —0.501 —0.254 0.004 0.022
BiH; (NR) —0.696 —0.504 —0.258 0.011 0.022
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this is the case for CIF,;.*® The valence ¢’ orbitals in the
hydride series are, however, low lying energetically and this
explains why the hydrides prefer a trigonal planar transition
state instead of a T-shaped arrangement.

Dai and Balasubramanian'® have shown by calculation
that the inversion barrier of BiH; is unusually high com-
pared with those of its lighter congeners, and they have as-
sumed that this is due to relativistic effects. We investigated
the transition state in more detail at the QCI level. As in the
case for the other group-15 hydrides, the inversion barrier
for BiH, goes through a trigonal planar (D, ) arrangement
with a slightly shorter Bi-H bond length than that of the
ground state, i.e., 1.735 A forthe D,, structure at the relativ-
istic QCI level. Figure 6 demonstrates that BiH; has no sec-
ond transition state at a T-shaped arrangement at neither the
nonrelativistic nor the relativistic level of theory. The QCI
inversion barrier E, is calculated to be 270.6 kJ/mol at the
relativistic level and 189.0 kJ/mol at the nonrelativistic lev-
el. Hence, the unusually large inversion barrier of BiH, is
indeed a relativistic effect. Is this due to the relativistic 6s
contraction, which often is related to the inert pair ef-
fect?'®%¢ The inversion process C,, —D;;, —C;, is usually
explained as a change in hybridization, sp®—sp®—sp’
Hence, one may expect more s and less p involvement in the
M-H bond at the D,, transition state compared to the C,,
ground state. Indeed, a Mulliken population analysis shows
a large increase in the p, orbital populations for all com-
pounds changing from the C,, to the D,, structure (Table
VI). Relativistically frozen 6s electrons may hamper this
process resulting in an increased activation barrier. As
shown in Table VI, the Mulliken population analysis for the

440 .
420
400
250

AE [kd/Mol]

3601
3401
3201
300
280 1
260 1 NR
2401
220 1

200 1

« [deg)

180 +—————1r——r T

v . v
70 80 90 100 110 120

FIG. 6. Nonrelativistic and relativistic HF angle bending potential curves
AE(a) for planar BiH;.

TABLE VL HF and MP2 Mulliken orbital populations n,, n ,»and n, (to-
tal p population) and gross metal charges ¢ for the group-15 hydrides. T
denotes the trigonal planar transition state. The C, axis is defined in z direc-
tion.

HF MP2
B, n, N, q R, Ry By q
NH, 1.68 1.72 3.87 —0.58 1.66 1.70 3.87 —0.58
T 143 1.87 416 —0.61 141 1.84 416 —0.60
PH,; 1.59 1.36 2.91 037 1.63 1.29 2.93 0.29
T 138 1.89 3.50 0.02 1.37 1.86 3.50 0.00
AsH, 1.56 1.28 2.83 0.50 1.57 1.22 2.87 0.38
T 130 1.90 3.43 0.19 1.33 1.86 3.45 0.11
SbH, 146 1.20 2.42 1.05 1.51 1.15 2.48 0.92
T 117 192 3.11 0.69 1.20 1.88 3.11 0.62
BiH, (R) 1.67 1.03 2.20 1.19 1.71 099 2.28 1.04
T 132 1.92 3.03 0.73 1.38 1.88 3.01 0.66
BiH, (NR) 1.54 1.15 2.29 1.30 1.59 1.11 2.27 1.17
T 1.12 1.93 2.98 097 1.16 1.89 2.98 0.89

transition state shows a lower value of the 6s population,
n, = 1.38 at the RMP2 level and n, = 1.16 at the NRMP2
level. This may indicate that the relativistically increased
inertness of the 65 electron pair is responsible for the high
activation barrier in BiH,.

REX calculations show that the relativistic change of
the MH, inversion barriers increases roughly as Z? and
reaches about 40% for M = Bi. This is the first explicit esti-
mate of the importance of relativistic effects on inversion
barriers.'” A Walsh diagram for REX/EHT orbital energies
shows that the a;, HOMO is the orbital whose energy in-
creases with the angle a. The three lower energy levels suffer
aslight decrease. This agrees with Dixon and Arduengo.®*
The spin—orbit averaged (QR) value for BiH, in Table VII
is very close to the REX one, suggesting that the spin—orbit
effects are not important. In fact, the relativistic 6p param-

TABLE VII. Calculated inversion barriers E, in kJ/mol and their relativis-
tic changes C = [ E,(R) — E,(NR)]/E, (NR) in percent. For the REX
and EHT parameters, see text.

Eﬂ
Nonrelativistic Relativistic C
Molecule EHT MP2 REX MP2 REX PP
NH, 19 25 19 ces 0.0
PH, 37 147 38 .- 2.2
AsH; 75 164 80 e 72
SbH; 124 e 143 184 14.8
BiH, 151 187 211 264 40.4 41.6
215
222°
201°¢
~ 150¢
*QR 6p.
*NR 6p
°NR a,,
INR £,

J. Chem. Phys., Vol. 96, No. 9, 1 May 1992
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TABLE VIII. HF and MP2 parameters for formula (1) using x = y — 180°. Energy in kJ/mol and angle in

degrees. The values in parentheses are defined as follows: x(p) denotes x X 10”.

Molecule Method a b d
NH, HF 2.200(1) —9.790( —2) 1.089( —4) 2.582(—4)
MP2 2.510(1) —1.024(—1) 1.045( — 4) 1.481(—3)
PH, HF 1.323(2) —2.804(—1) 1.486( — 4) 6.188( —4)
MP2 1.280(2) —2460(—-1) 1.182( — 4) 5.572( —4)
AsH, HF 1.711(2) —3321(-1) 1.611( —4) 7.829( —4)
MP2 1.640(2) —2904(-1) 1.286( —4) 7.035( —4)
SbH, HF 1.925(2) —3.660( — 1) 1.740( — 4) 9.125( —4)
MP2 1.835(2) —3.212(-1) 1.406( —4) 8.327( —4)
BiH; (NR) HF 1.948(2) —3.702(—1) 1.759( — 4) 1.035( —3)
MP2 1.865(2) —3.306(—1) 1.465( —4) 9.729( — 4)
BiH; (R) HF 2.715(2) —4855(—-1) 2.171( —4) 1.647( — 3)
MP2 2.642(2) —4.391(—-1) 1.824( —4) 1.649( — 3)

eters can be replaced with nonrelativistic ones with little
change in the barrier (footnote b, Table VII). Thus relativis-
tic effects on the Bi 6s must cause the relativistic change of
E,. More precisely, its energetic stabilization (footnote c,
Table VII) is not important, but its radial contraction (foot-
note d, Table VII) is. The effect of changing ¢, on the total
energy (sum of the occupied orbital energies!) is small near
the transition state and large at @ = 90°. Hence, as the q,

HOMO is antibonding to the Bi 6s, its relativistic radial con-
traction relieves a part of this antibonding near equilibrium
geometry, in the REX/EHT picture.

250 .
2601 E‘ RHF

4= eq.1
20 Eg A 8
20 &4
2001 ®

<

180 1

160 1
140 1

70 80 90 100 110 120 130

FIG. 7. Relativistic HF inversion potential curves for BiH, using Egs. (1),
(8), (9), and (10).

B. Tunneling frequencies and rates

The adjusted parameters for Eq. (1) are collected in
Table VIII for both the HF and the MP2 approximation.
Figure 7 shows the fit of Eq. (1) to calculated HF values for
the relativistic BiH, inversion using as the tunneling coordi-
nate x =y — 90°. Figure 7 also includes other formulas
which have been used in the past,?®3°

Via) = A(Aa)?, 9
V(y) = 4B, {1 — cos[ 180°(s — s, )5t |1, (10)

280 e . . . T IR

2601
2401
2201

2001

1801

1601
1401

1201

50 60 70 80 90 100 110 120 130

FIG. 8. MP2 inversion potential curves for the group-15 hydrides using Eq.
(1) and the parameters given in Table VIII. The barrier height is monotoni-
cally increasing from NH, to BiH;.
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where Aa = (a,;,, — @) and o is the LML angle, 4 is an
adjustable parameter for the barrier height E, . y and  (Fig.
1) are related through the well-known formula for C;, sym-
metry, a=2sin"" [sin(180° — ) cos(30°)]. Figure 7
shows that Eq. (1) is an excellent choice for the inversion
potential curve. The deviations from the ideal curve are of
some kJ/mol and within the range of error in the electron
correlation and relativistic contributions. A comparison be-

Schwerdtfeger, Laakkonen, and Pyykkd: Trends in inversion barriers. |

tween the two curves of Egs. (1) and (8) demonstrates that
a simple polynomial fit may not be sufficient. Finally, in Fig.
8 we collect all inversion potentials for the group-15 hy-
drides which have been used for the numerical integration of
integral I, Eq. (4).

The tunneling frequencies v, and rates 7, = (2vy) ~!
are collected in Table IX. Note that the harmonic approxi-
mation has been used for both the HF and MP2 frequency

TABLE IX. HF and MP2 tunneling frequencies v, (incm~'and s™'), tunneling rates 7, (s) for the v,(4,)
bending mode, (E,) in degrees, and the integral  [Eq. (4)] in (mol/g)'/* for the MH, compounds (M =N
to Bi) and ND; (D = deuterium). If not otherwise indicated, HF and MP2 refer to NRHF and NRMP2,
respectively. Reduced masses (¥ = 90°): NH;, 2.4870; ND;, 4.2006; PH, 2.7549; AsH;, 2.9066; SbH;, 2.9506;
BiH,, 2.9808. Experimental values from Refs. 76, 92, and 93. x(y) denotes x X 10*. HO: zero-order harmonic-
oscillator approximation (Ref. 94); P: four-order polynomial [Eq. (8) ]; MSGB: modified symmetric Gaus-

sian barrier, Eq. (1).

Molecule Method Y(E) I(mol/g)'* v, (em™!) vr (571 Tr
NH, HF HO B et 8.081( —2) 2423(+9) 2.064( — 10)
P 104.18 —3.231 2.189(0) 6.563( + 10) 7.618( —12)
MSGB 103.96 —3.169 2.413(0) 7.233( 4+ 10) 6.913(—11)
MP2 HO 4,740( — 2) 1.421(+9) 3.518( — 10)
P 105.58 — 3.942 6.788( — 1) 2.035( + 10) 2457(—11)
MSGB 105.22 — 3.897 7.289( — 1) 2.185( +10) 2.288( —11)
Expt. 7.935(—1) 2.379( 4+ 10)  2.102( —11)
ND, HF HO 2.340( — 3) 7.016(+7) 7.127(—9)
P 105.17 — 3.583 1.802( — 1) 6.158(+9) _ 9.254( —11)
MSGB 104.96 —3.519 2045(—-1) 5.403( +9) 8.119( — 11)
MP2 HO ) e 1.720( — 3) 5.156( +7) 9.697( — 9)
P 106.59 —4.315 3.714( = 2) 1.114( +9) 4.490( — 10)
MSGB 106.45 —4.269 4.082( —2) 1.224( +9) 4.086( — 10)
Expt. 5.337( —2) 1.600( +9) 3.125( — 10)
PH, HF HO ree s 7.750¢ — 18) 2.323(-=-7) 2.152( + 6)
P 117.08 —23.226 6.329( — 15) 1.897( —4) 2.635(+3)
MSGB 116.15 —21.748 7.357( — 14) 2.206( — 3) 2.267( 4+ 2)
MP2 HO 1.470( — 18) 4.407( —8) 1L.135(+7)
P 118.49 — 23.986 1.690( — 15) 5.067( —35) 9.867( + 3)
MSGB 117.53 —22.479 2.061( —14) 6.179( —4) 8.092( + 3)
AsH, HF HO e B 4269(—21) 1.280(—10) 3.907(+9)
P 118.92 — 29.966 2.085( —20) 6.250( — 10) 8.000( + 8)
MSGB 117.73 — 27.488 1.425( —18) 4.272(-8) LI170(+7)
MP2 HO 2.095( —21) 6.281( —11) 7.960(+9)
P 120.35 — 30.649 6.069( —21) 1.819( —10) 2.749( +9)
MSGB 119.12 — 28.161 4.224( —19) 1.266( —8) 3.949(+7)
SbH, RHF HO 6.170( — 25) 1.850( — 14) 2.703( + 13)
P 119.96 — 36.226 2.713( —25) 8.134(—15) 6.147( 4 13)
MSGB 118.26 — 32.781 1.009( —25) 3.024( —12) 1.653(+11)
RMP2 HO v 6.245( — 24y 1.872( —14) 2.671( +13)
P 120.90 — 36.902 7.849( —26) 2.353( —15) 2.125(+ 14)
MSGB 119.53 —33.439  3.007(-—23) 9.015(~—13) 5.546(+11)
BiH, HF HO 7.200( —27) 2.158( —16) 2.316( + 15)
P 119.77 — 39.570 5.554( —28) 1.665( —17) 3.003( 4+ 16)
MSGB 118.29 — 35391 7.557( —25) 2.266( —14) 2.207( + 13)
MP2 HO - 1.697( —26) 5.089( —16) 9.826( + 14)
P 120.86 — 40.089 2.096( —28) 6.282( —18) 7.958( + 16)
MSGB 119.35 — 35.849 3.171(—25) 9.505(—15) 5.260(+13)
BiH, RHF HO re 1.363( —28) 4.086( — 18) 1.224( +17)
P 12111 —47.864  3434(—34) 1029( —23) 4.857(+22)
MSGB 118.65 — 40.039 2.530( —28) 7.584( —18) 6.593( + 16)
RMP2 HO 8.949( —28) 2.683( —17) 1.864( + 16)
P 122.32 — 49.034 4.138( —35) 1.241(—24) 4.031(+23)
MSGB 119.63 —40.578 9.064( —29) 2.717( —18) 1.840( 4 17)

J. Chem. Phys., Vol. 86, No. 8, 1 May 1992
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splittings within the WKB approximation. The angles
y(E,) differ from 3, by about 4°-8° depending on the ele-
ment M. There is, however, a decreasing trend in this differ-
ence with increasing barrier height. For NH; the experimen-
tal 0* /0~ v, tunneling splitting is known (v, = 0.793
cm~1),769293 which compares extremely well with our cal-
culated MP2 value (v, = 0.729 cm ~ !). However, the tun-
neling frequencies are sensitive to small changes in the mo-
lecular properties. For example, if we apply the experimental
data listed in Table I (v, =886 cm™’, r, = 1.012 A,
v. = 112.14°, E, = 24.2kJ/mol) which include anharmoni-
city effects, we obtain a smaller frequency splitting of
vy = 0.486 cm ~ 1.9 This is still in satisfying agreement with
the experimental value. The angle dependence of the re-
duced mass may be neglected, i.e., £(y) = u in Eq. (6) for
all angles y yields v, = 0.737 cm~! for NH, at the MP2
level. Also, the effect of constant bond length (7 = 7, ) in Eq.
(7) for all angles ¢ changes the results only slightly, i.e.,
applying r=r, = 1.011 A for NH, at the MP2 level yields
vy =0.717 cm ~ !, Table IX demonstrates that a simple pol-
ynomial fit [Eq. (8)] for the inversion potential can lead to
substantial errors in the tunneling frequencies. This is espe-
cially the case for the hydrides of the heavier elements.
Hence, the results are sensitive to the potential ansatz chosen
(see Fig. 7 for BiH, ) and this explains the large differences
in published tunneling rates for PH; or AsH,.2%%*¢2 How-
ever, Fig. 7 leads to the assumption that our potential form
(1) is accurate and therefore, the tunneling rates should be
reasonably good.

Except for NH, the tunneling frequencies for the
ground-state vibrational level are too small to be detected
experimentally (even with ultrahigh-resolution spectrosco-
py), in contrast to earlier conclusions.?*** For example, Di-
Lonardo and Fusina® did not observe any frequency split-
ting in the 1, bending mode of AsH; claiming a resolution of
0.006 cm ~ ', Figure 9 collects the MP2 tunneling rates for all
molecules on a logarithmic scale. There is a relatively
smooth increasing trend in the tunneling rates from NH;
(210~ "' s) to BiH,; (6X 10° years). Clearly, relativistic
effects change the tunneling rate of BiH, by orders of magni-
tude, as expected from the relativistic increase in the barrier
height.

The inversion potentials [Eq. {1)] can be used for cal-
culating tunneling splittings in excited vibronic states. For
example, taking the published value of
Av=1v, —0v, =950 cm™~' for the difference of the
ground and first excited vibronic state of the H-N-H bend-
ing mode we obtain v, = 43.2cm ~ 'forthe 1 * /1~ v, levels
(using the MP2 inversion potential and experimental fre-
quencies) in very good agreement with the measured fre-
quency splitting (v, = 36 cm~').%® Maki, Sams, and Ol
son®® concluded from vibrational studies on PH, that the
excited 4v, levelis split by less than their achieved resolution
of 0.02 cm~!. This agrees with our finding, i.e., using
E(4v,) =4375 cm~',% we obtain a tunneling splitting of
vy = 1.2X 10~ % cm ! which could be measured by ultra-
high-resolution spectroscopy (compare to the lower values
of Spirko, Stone, and Papousek,*’ v, =3X 10" °cm~}, or
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FIG. 9. Logarithmic curve for the MP2 tunneling rates 7y of the group-15
hydrides.

Civis, Carsky, and Spirko,”” v, = 1.6 X107 cm ™).

If we assume that ND, follows the same inversion po-
tential as NH, (compare, for example, the molecular prop-
erties for ND, and NH, published by Papousek and
Spirko®® ), we obtain the values listed in Table IX. Our
calculated MP2 value (4.08X10~2 ecm~!) is in excel-
lent agreement with the experimental value (5.34x 102
cm~!). Table IX also includes the calculated data using a
first-order harmonic-oscillator approximation published by
Harmony.** This formula is easy to use since it contains only
the properties v, and ¥,,,, for a molecule and is not depen-
dent on the barrier height E, or the shape of the inversion
potential. This formula, however, does not perform very well
even for very small tunneling frequencies and the agreement
with experimental values obtained earlier for the NH, mole-
cule®® seems to be fortuitous. This is mainly so because Har-
mony’s qualitative formula is very sensitive to small changes
in v, and ¥, -

IV. CONCLUSION

HF and MP2 calculations for the inversion process of
the group-15 hydrides have been performed. A modified
one-dimensional symmetric Gaussian barrier has been intro-
duced in order to calculate tunneling rates and frequencies
for all molecules, which should be useful for a wider range of
applications (see, for example, Ref, 98) where a one-dimen-
sional potential curve is sufficient to describe the inversion of
a molecule. The results obtained are in good agreement with
experiment. This gives some confidence in the harmonic
one-dimensional WKB approach for inversion tunneling.
There have been, however, multidimensional approaches in
order to calculate vibronic states of NH;, which gave good
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equency v, for the Ov, level de-

11+ +h i
results on the tunneling fr

spite the fact that only a SCF hypersurface was used.”® The
tunneling splitting in the 4v, vibronic state of PH; may be
large enough to be observed by ultrahigh-resolution spec-
troscopy. REX calculations suggest that the relativistic, ra-
dial 6s contraction causes the large relativistic increase of the
BiH, inversion barrier. The monotonic increase in the inver-

“rrT Ty

sion barriers from NH, towards BiH, can be explained quai-
itatively by a second-order Jahn-Teller distortion.
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