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Abstract: In this paper we report the results of our calculations on the title compounds using the LCAO-MO Hartree-Fock-Slater
method, including relativistic effects. Excelient agreement is obtained between the computed and experimentally reported
ionization potentials for each of the molecules. The results point toward a new assignment of the ultraviolet photoelectron
spectra in the region of the d'° ionization bands. In particular, an ionization event from an orbital that contains a large component
of d, is stabilized in all of the compounds except Hg(CHj;),, relative to the spin—orbit components composed mainly of the
d, and d; orbitals. The net contribution of the metal d electrons to the overall bonding is only about 10% for the Hg compounds
but approaches 40% for the Au-PH; bond of the model compound Au(PH;)(CH,). Calculations also have been carried out
without the use of 6p orbitals to show that these orbitals contribute only slightly to the bond strength. The picture that emerges
is that at least 80% of the bonding for the Hg compounds is due to the 6s orbital on the Hg atom, and hence the bonding
is best described in terms of a three-center two-electron bond. This description is shown to be in agreement with the known
relative bond strengths of group 2 metal halides MX,, wherein removal of the first X atom to form MX requires much more

energy than the removal of the second X atom.

The electronic structure and bonding of Hg(CHj,), and of the
mercury halides HgX, have been studied extensively. For example,
the ultraviolet photoelectron (UP) spectra of these compounds
have been reported by several research groups,? and theoretical
molecular orbital studies also have been completed.> Nevertheless,
due to the complications of relativistic effects it is difficult to assign
the experimental UP spectra and to determine their bearing on
bonding issues, so it cannot be said that the overall bonding is well
understood for Hg(II) compounds.

It is the purpose of this work to examine thoroughly the nature
of the bonding for the title compounds using the Hartree—Fock—
Slater (HFS) method? including relativistic effects in our study.®
This method has been shown in a number of studies to give reliable
computed ionization potentials, for systems involving light® and
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heavy atoms.” As such the method can serve as a useful tool for
the assignment of UP spectra, particularly where substituent and
relative intensity effects do not make the assignment obvious from
an experimental viewpoint. In addition to comparing computed
ionization energies with those that have been experimentally re-
ported, we intend to study the importance of relativistic effects.
In the second part of the paper we examine the bonding in the
titte compounds, in particular the relative importance of the various
valence orbitals on the metal toward the bonding with the ligands.

The basic picture of the ¢ bonding is presented in Figure 1,
at both the nonrelativistic and the relativistic level. In all of our
discussion, we choose the z axis to be the axis of highest fold
symmetry, and we use the terminology of D.., symmetry whenever
it is convenient (o,,6). Let us first consider the nonrelativistic
interaction diagram. Bonding interactions with the metal atom
can take place via the 6s, 6p,, and 5d, orbitals. Since the 6p orbital
lies some 5 eV above the 6s orbital for atomic Hg,? its involvement
in the overall bonding is problematic. Although the 6p orbital
often is invoked in terms of an sp hybrid bonding model,’ an
analysis of the results of an HFS calculation on Hgl, (3a) seemed
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Figure 1. Schematic energy level diagrams for linear HgL, where L is
a ligand that has three o electrons. Depending upon the ligand, the
low-lying ¢ orbital might interact strongly or weakly with the Hg 5d,
orbital and hence this interaction is indicated with a question mark.

to indicate that there was little participation by the 6p orbitals
in the bonding.

The extent of 5d orbital bonding also is rather unknown. The
ionization pattern of the Hg “5d!®” electrons in the region of 15-17
eV at first glance appears to be very atomic-like, exhibiting a
spin-orbit splitting between 5ds;, and 5d;/, bands, at least for
HgX, and Hg(CH;),. In order to understand the ionization
pattern in the d region, we turn to the right side of Figure 1, which
presents the interaction diagram at the relativistic level. The
notation that we employ for D.., molecules is S1G, S1U, S3G,
S3U, ..., where the letter following S is twice the || value of the
state. The letters G or U show the effect of the inversion operation.
We do not draw all possible correlations in the diagram. Suffice
it to say that the situation is more complicated than that presented
at the nonrelativistic level. In principal, we can have five different
ionization events for the d electrons: S1G, S1G, S3G, S3G, and
S5G. For Hg(CHS,),, the latest interpretation of the experimental
results?® assigns a band at 15.0 eV to S3G and S5G, a weaker
band at 15.4 eV to S1G, and the third band at 16.9 eV to S1G
and S3G. Such an assignment is understandable on the basis of
the interaction diagram presented in Figure 1, where a high-lying
ligand orbital of S1G symmetry interacts more strongly with the
metal d orbitals than does the low-lying S1G orbital. The position
of the 3S1G peak (often denoted 23, ;) has been used to monitor
the d, involvement in bonding: simple crystal-field considerations
put d, above d,, d, so the reverse ordering indicates stabilization
of d, by covalent bonding effects>!%!! However, the relative
position of the 3S1G ionization event by itself does not provide
much insight into the amount of d, involvement in the bonding.
This is due to the presence of relativistic effects and the possible
involvement of low-lying ligand ¢ orbitals on the bonding (indi-
cated by a ? in Figure 1). What is meant by relativistic effects
is primarily the mixing of the different d orbitals by the spin—orbit
effect. Due to spin-orbit coupling the S1 representation contains
both d, and d, components. Relativistic effects also include the
shifting of the levels brought about by various terms (mass velocity,
Darwin, etc.) that will be discussed later.

We recently have become interested in the electronic structure
and bonding of Hg(CN), and Hg(CCCHj;), as a result of our work
on the related M(PR3),(CN), and M(PR;),(CCCH3), compounds
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where M = Pd and Pt.!> Comparatively less experimental and
theoretical work has been done on these mercury compounds than
on Hg(CH,), and HgX,. The UP spectra of both compounds and
of Hg(CH,)(CN) have been reported.!® For Hg(CN), and Hg-
(CH,)(CN) only the 5d'° ionization events in the region around
16-20 eV have been published. On the theoretical side a dis-
crete-variational-Xe calculation on Hg(CN), has been carried
out by Sano et al.,'* but this calculation did not make reference
to the UP work nor were relativistic corrections considered. In
view of the relatively complicated ionization pattern in the 5d!°
region, we considered it worthwhile to examine the bonding in
Hg(CN),, Hg(CH,)(CN), and Hg(CCCHj,),. It should be re-
marked that the ligand systems CCCH, and CN are very similar
since CCH is isoelectronic with CN. Therefore, any unusual
features in the bonding of one of these Hg compounds also should
be exhibited in the other.

Recently the He(I) and He(II) UP spectra of Au(PMe,;)(CH)
have been reported and Xa-SW calculations on the model com-
pound Au(PH,)(CH;) have been completed.!! Since the latter
molecule has the same number of valence electrons as Hg(CHj),,
it should provide insight into the overall bonding picture for the
mercury compounds. For this and the other molecules the assigned
spectrum of Hg(CHs), has served as a model in making the
empirical assignment of the spectra. One objective of our work
was to determine from the calculations if Hg(CH3), does serve
as a respectable model for the other molecules. In principal, d
orbital involvement should be more important for Au compounds
than for Hg compounds because the Au 5d orbitals are destabilized
about 4 eV compared to Hg® Hence the Au 5d orbitals are much
more “valence-like” than the more “core-like” Hg 5d orbitals. The
actual extent of 5d orbital involvement in Au vs. Hg compounds
is not known. Bancroft et al.!! have interpreted the UP spectrum
of Au(PMe;)(CH3,) to indicate that Au 5d orbitals are involved
in bonding only slightly more than Hg 5d orbitals, and Mason!4
has concluded from studies on the optical spectrum of Au(CN),"
that Au 5d orbitals are not strongly involved in bonding to the
CN ligand. Because of our interest in comparative 5d orbital
involvement for Hg and Au, we decided to include Au(PMe,)-
(CH,) in our study.

Calculations

We have carried out calculations on Hg(CH,),, Hg(CN),,
Hg(CH,)(CN), Hg(CCCHa),, and Au(PH;)(CH,). In each case
a linear framework of the non-hydrogen atoms was assumed in
either D.;, C;,, or D3, symmetry. We also have carried out a
calculation on Au(PMe;)(CH,) in order to determine the effects
of PMe; compared to PH; on the computed ionization potentials
and on the overall conclusions about the bonding. For all the
calculations the bond angles within the methyl group were taken
to be tetrahedral, and the C-H bond length was fixed at 1.09 A.
Our chosen Hg-CH,; bond length is the same as that taken by
Tse et al.’® in their study of Hg(CHj,),. For Hg(CN), we em-
ployed an Hg-CN bond length of 2.0 A and a CN bond length
of 1.16 A, close to those used by Sano et al."? in their study of
Hg(CN),. The bond lengths chosen within the propynyl ligand
are in accord with known crystallographic X-ray results for this
and related ligands:!%'¢ C-C of 1.20 A and C-CH; of 1.46 A.
The P-C-P bond angles were chosen to be 105° and a P-C bond
length of 1.82 A was used, in agreement with the structure of this
ligand system when coordinated to an oxygen atom.!” The same
bond angle was chosen for. the H-P-H bond in the PH; model
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Electronic Structure and Bonding

Table I. Symmetry Relations between Central Atom Basis
Orbitals in the Various Groups and Double Groups

Ry Ry¥* D., D,* Dy Dy* G, Gyt

S 51/2 og S1G al/ Si a S1
P Py»Py2 ou SIU ay” 85 a,; Sl
m, SIU,S3U ¢ S3,S5 e SI,S3
d d3/2, d5/2 og S1G al/ S1 a S1
wy S1G,S3G ¢’ SI,S3 e S1,83
& S3G,S5G ¢ 83,85 e SI,S3

8

Table II. Mulliken Population Analysis for the Occupied
Orbitals of Hg(CH,),*

percent character?

ionization
orbital energy Hg CH,
la)/ 19.30 5.3 6s 78.2 la,
14.7 5d
2a,’ 16.15 75.3 5d 16.9 1a,
7.0 2a;
3a,’ 9.22 56.9 6s 38.0 2a,
5.35d
lay” 18.72 99.3 1a,
2a,” 8.09 7.3 6p 88.7 2a,
le/ 17.15 99.9 5d
2¢’ 11.85 99.5 le
le” 17.39 93.3 5d 6.6 le
2e” 11.40 6.6 5d 93.0 le

¢Transition-state ionization energies (eV) are without relativistic
corrections. ®Occupations: Hg, (5d;)>%(5d,)>%(5d,)?!(6s)! -
(6,001 (6p,)*%; CHs, (12;)"7(2a,)'*(1€)>®. Fragment charges:
Hg, +0.55; CH;, -0.27.

ligand. The P-H bond length was taken to be the same as in free
PH,.!5 The Au-P and Au—C bond lengths were the same as those
chosen by Bancroft et al.!!

The calculations reported in this work were carried out utilizing
the HFS method developed in these laboratories.*” The basis
set was double { including double { 6p polarization functions on
the Hg atom, single { 2p orbitals on the H atoms ({ = 1.0), and
single ¢ 3d on the P atom ({ = 1.3). The cores Au(ls-5p),
Hg(1s-5p), C(1s), N(1s), and P(1s-2p) have been kept frozen.
In the calculation of ionization energies, we have employed either
the Slater transition-state method or the ASCF method using the
Ziegler transition-state energy.'® Either method gives identical
results to within a few hundredths of an electron volt. The latter
energy analysis also allows us to compute binding energies between
fragments in terms of a steric interaction term and an electronic
interaction term.

We also have carried out calculations with 5d orbitals in the
core to examine the effect of the 5d orbitals on the binding energy.
The effect of the 6p orbitals on the binding was determined both
by their contribution to the bond energy and by removing 6p
orbitals from the basis set.

In order to simplify the subsequent discussion, we present in
Table I a correlation diagram for the metal atom orbitals in the
various point groups that we employ, both single groups and double
groups.

Results and Discussion

(A) Comparison with the Photoelectron Spectra and Discussion
of the Importance of Relativistic Effects. (1) Hg(CH,),. We begin
our discussion with Hg(CHj),, the most well-understood molecule
of the series. A ground-state energy level diagram is presented
in Figure 2, calculated at the nonrelativistic level. Also presented
in Figure 2 are the calculated transition-state ionization energies
and the shifts in these values brought about by relativistic effects.

(18) Ziegler, T.; Rauk, A. Theor. Chim. Acta 1977, 46, 1. Ziegler, T,;
Rauk, A. Inorg. Chem. 1979, 18, 1558, 1755. Baerends, E. J.; Post, D. In
“Quantum Theory of Chemical Reactions”; Daudel, R., Pullman, A, Salem,
L., Veillard, A., Eds.; Reidel: Dordrecht, The Netherlands, 1982; Vol. III,
p 15.
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Figure 2. Orbital energy level diagram for Hg(CH,), obtained from the
HFS calculations. On the right we present the calculated ionization
energies obtained by using the transition-state method (HFS-TS) and
with the relativistic corrections (HFS-rel). These results are then further
compared with experiment. The ionization energy scale is the same as
the orbital energy scale except for a change in sign. The energy levels
presented for Hg and CHj are those calculated for these starting levels
in the molecular field.

Table ITI. Summary of Nonrelativistic and Relativistic HFS
Calculations for Five Orbitals of Hg(CH,), that Undergo
Significant Relativistic Shifts®

rel

nrel Amv  Qpar  Aso Asoind Apot rel state
Hg(CH;),

3a)” -9.22 -480 258 0.00 -0.12 0.87 -10.69 5SI
2a, -16.15 -1.22 -0.10 0.00 +0.47 211 -1489 3S1
le/. -17.15 -1.93 -0.02 0.66 -0.08 3.54 -1498 285
-1.93 -0.02 -0.66 -0.37 3.61 -16.52 1S3

le” -17.39 -2.01 0.18 0.28 0.33 352 -15.09 283
-2.01 0.18 -0.28 -0.51 3.68 -16.32 281

Hg Atom
s -7.70 -4.76 2.65 0.0 070 -9.11 §,,
d -169 -198 0.01 -1.02 3.52 -16.37 Dy,
-1.98 0.01 0.67 3.60 -14.60 Ds;

?Given are nonrelativistic transition-state energies (nrel) and
corrections due to the relativistic increase of mass with velocity (Apy),
Darwin correction (Apsr), direct (diagonal) spin-orbit interaction
(Ago), indirect (off-diagonal) spin-orbit interaction (Ago™), and
relativistic change in the electronic potential (Appr). In the final
columns the total relativistic energies are given and assigned.

Upon introduction of the relativistic shifts the overall agreement
between experiment and theory is excellent.

In Table II we present a Mulliken population analysis of the
nonrelativistic orbitals. We note that there is little mixing between
Hg AOs and CHj; orbitals in any of the MOs except 3a,”. This
penuitimate MO consists mainly of Hg 6s and the frontier hybrid
orbital of CH; (2a,). There is only small occupation of the 6p
orbitals; the 5d orbitals are nearly completely occupied. Only d,
is significantly less than 2.0, and it has an occupation of 1.9
electrons. The overall picture that emerges is that the bonding
is mainly brought about by the Hg 6s~CH; 2a, interaction in the
3a; orbital, but this effect will be examined more thoroughly in
the section on bonding contributions (section B).

We examine the relativistic effects more closely in Table III,
where we present a breakdown of the relativistic terms for the
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Table IV. Percent Analysis of the Relativistic Spinors for the
Ground-State Calculation on Hg(CH3), and Hg Atom?

contributions in percent

Hg atom
spinor Jm) d, d,, d,, d;, d;,
Dy 3/s 50 50
32 40 40 10 10
1/, 60 20 20
Ds/, 3/, 10 10 40 40
1, 40 30 30
Hg(CH,), contributions in percent
Spinor 2a 1/ 3a1’ lel" lezll lel’ lezl
281 39.6 09 291 291
381 55.2 23 208 208
581 23 905 0.1 0.1
183 257 257 237 237
283 21.8 21.8 260 26.0
285 496 49.6

?Each column contains the sum of « and 3 spin—orbital contri-
butions.

four orbitals that exhibit the largest effects due to relativity. Also
presented in Table III are the relativistic corrections for the Hg
atom. The composition of the MOs is reflected in the relativistic
corrections. For example, the 1¢’ and 1¢” MOs, being almost pure
5d (Table II), have mass—velocity corrections close to the atomic
one; the 2a,” (d,) has smaller corrections due to its stronger mixing
with the ligand orbitals. Notice from Figure 2 and Table III that
the relativistic shift in the 3a,” orbital is necessary to reproduce
the experimental splitting between the two Hg—C ionization events
(3a,” and 2a,”). The relativistic stabilization of 3a,’ is brought
about by the mass—velocity correction and is due to the 57% 6s
character in this orbital.

We next turn our attention to the 2a,” orbital, which is mainly
Hg 5d. Of all the mainly 5d MOs, it is this orbital that has most
captured the imagination of chemists because it exhibits the largest
effects due to bonding with ligand orbitals. Notice from Table
II that 2a,” contains not only bonding components with CH; 2a,
but also antibonding components with the 1a, orbital of CH;. The
net result is that 2a,’ is both “pushed from above” and “pushed
from below” so that at the nonrelativistic level it lies close to the
other mainly 5d MOs (1e’ and le”), as seen in Figure 2. If we
have, as in this case, levels of the same double group symmetry
lying close to each other, the spin-orbit (SO) operator will couple
these. If the d,, d,, and d; levels were purely atomic and strictly
degenerate this coupling would of course restore the ds/, and d;
atomic spinors. In Table ITI we distinguish between the first-order
SO shift in the nonrelativistic levels (the diagonal elements of the
SO operator) and the additional shift due to the coupling (the
off-diagonal or indirect Ago™). Only if the ligand field splitting
of the nonrelativistic levels is large compared to the off-diagonal
elements (which are of the same order as the atomic SO splitting)
may we ignore the molecular SO coupling (see ref 3a for an
extensive discussion of the analogous Hgl, case). This point will
be a recurrent theme in our discussion of the 5d region of the title
compounds.

For Hg(CH,), we examine more carefully the nature of the
relativistic orbitals by a percent analysis in Table IV of the
ground-state spinors that were given in Table III. Notice that
spinor 3S1 contains 55% 2a,’, 21% le,”, and 21% le,”. (The
subscripts 1 and 2 refer to the degenerate components of the
nonrelativistic orbitals of ¢”.) Since 2a,’ is 75% d, (Table II),
and the le” orbitals are nearly pure d,, and d,,, spinor 3S1
corresponds to about 40% d,, 20% d,,, and 20% d,,. Except for
the “dilution” of the d, orbitals in the 2a,” MO (75%), this spinor
is close in character to the |m,] = !/, component of ds /2 of atomic
Hg. Likewise, 2S1 corresponds to the [m,| = !/, component of
the d;,, spinor of atomic Hg.

The 2S5 spinor corresponds directly to the |m] = 3/, component
of the ds, state of atomic Hg. However, analysis of spinors 1S3
and 2S3 shows that they have a different distribution of d character
than do the corresponding ds/, and dy, (Im] = 3/,) states of atomic
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Figure 3. Orbital energy level diagram and calculated ionization energies
for Hg(CN),. The unobserved ionization events in starting levels in the
valence region are labeled in the traditional way since they involve less
relativistic mixing.

Hg. The reason that the S1 spinors correlate strongly with the
corresponding atomic state whereas the S3 spinors do not is readily
apparent from the ground-state energy level diagram presented
in Figure 2. Notice that the le”” and 2a,’ orbitals are nearly
degenerate as they were (exactly) in the free atom. Hence, these
states will couple through the SO operator as though they were
atomic in character. However, the 1e¢’ and le” orbitals are split
by 0.6 eV and therefore exhibit much more divergence from the
atomic distribution of d character for the S3 states.!”” In summary,
the 5d'° region of the photoelectron spectrum of Hg(CH3), ap-
pears to be atomic-like, but we find that the situation is somewhat
more complicated.

The calculation places the lower d-type (3S1) ionization event
at 14.9 eV, slightly lower than the experimentally assigned position
at about 15.4 eV.2 However, there is no a priori reason to choose
one assignment over another among these three closely spaced
ionization events (3S1, 283, and 2S85). In any case, due to
spin-orbit mixing of the 5d orbitals it is not possible to refer to
any single one of the 5d ionization events as being due to 5d, as
is often done. 210!

(2) Hg(CN),. We turn next to the energy level diagram and
computed ionization energies for Hg(CN), (Figure 3). The
reported He(I) UP spectrum!® is very rich in the 5d'° region
(17-20 eV), exhibiting four of the five bands that might be ex-
pected in the presence of the linear framework and the relativistic
effects. Our assignment is quite different in the d-band region
than that arrived at by reference to Hg(CH;),.!% The major
change in the assignment is that we now place the 2S1G ionization
event (containing a large component of d,), at 20.9 eV, rather
than at ~18 eV—a shift of almost 3 eV!

The reasons for this differential shift of the 5d, orbital are
readily apparent by comparing Figures 2 and 3. The CN ligand
presents three ¢ orbitals rather than the two orbitals (1a, and 2a,)

(19) This argument uses the ground-state 1-electron energies as depicted
in Figure 2, which exhibit a different ordering and spacing than the IE’s (equal
to transition-state 1-electron energies) in Table III. Any given transition-state
calculation, however, has a level spacing similar to that given by the ground
state, indicating the ground-state analysis to be adequate. Spinor analyses
we have carried out on selected transition states confirmed this.
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Table V. Mulliken Population Analysis for the Occupied
Orbitals of Hg(CN),*

percent character?

ionization
orbital energy Hg CN
lo, 2561 99.9 1o
20, 21.38 75.44d 8.1 20
9.6 30
30, 13.60 33.6 6s 39.6 20
19.6 5d 5.8 3¢
40, 11.17 13.7 6s 43.4 20
43.0 30
lo, 25.89 102 1o
20, 14.45 3.7 6p 68.1 2¢
23.7 3¢
30, 11.06 5.6 6p 31.8 20
61.9 3¢
lmg 19.95 97.3 5d
2wy 11.40 97.8 1w
1m, 11.70 99.3 Ir
16, 20.08 100 5d

¢Same as footnote a in Table II. ®Occupations: Hg, (5d;)>%®-
(Sd,)"”(Sd,)"93(65)"03(6p,)°'°°(6p,)°'“; CN, (10.)1.99(20.)1.91_
(3o) 4 (17)°(27)%01, Fragment charges: Hg, +0.75; CN, -0.38.

of CH,;. However, the 1o level of CN is so low in energy as to
alleviate any “pushing-from-below” effect as observed for Hg(C-
H,),. Also the d, level interacts strongly with both 2¢ and 3¢;
both of these ligand orbitals have a strong overlap with the Hg
5d orbital. (See ref 13 for contour diagrams of the CN fragment
orbitals). Furthermore, the 5d level is closer to 20 of CN than
to 2a, of CH; so the “pushing-from-above” effect is larger for
Hg(CN), than for Hg(CHj,),. Finally, the 3S1 (“5d,”) level of
Hg(CH;), was shifted relativistically by about 1 eV to lower
ionization energy whereas 2S1G of Hg(CN), is shifted by only
about 0.5 eV (vide infra). According to our prediction then, the
251G (5d,) ionization event of Hg(CN), has not been observed
yet, and He(II) photoelectron spectra will be required for its
detection.

The Mulliken population analysis (Table V) bears out the
qualitative analysis obtained from Figure 3. In addition, we see
that there is very little #* back-bonding to the CN ligand. The
CN ligand gains more charge in its upper o level than does CHj,
and this had tended to shift the whole 5d'° pattern to higher
ionization energy by 2-3 eV, as observed experimentally.

In Table VI we present a breakdown of the orbitals that exhibit
important relativistic effects for Hg(CN),, and in Table VII is
given the corresponding percent analysis of the spinors. The values
show that the 2S1G orbital correlates almost purely with the 20,
nonrelativistic orbital. The reason for lack of spin-orbit coupling
with the 1w, orbital is that the CN ligands have induced such a
strong bonding interaction with the 20, orbital as to drive it 2 eV
below the 1w, orbital at the nonrelativistic level (Figure 3). The
picture is now quite different than that for Hg(CH,),. The 2S1G
and 3S1G do not at all correspond to the |m,| = !/, components
of d3,; and d;, as they did for Hg(CH,),. It appears as if the
ligand field effect of the CN ligands has been sufficient to
“turn-off” the spin—orbit coupling of the d, and d, states.
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Figure 4. Correlation between theory and experiment for (CH;)HgCN.
In the assignment of the 5d derived bands, the predominant character
is that indicated first.

On the other hand, the S3 d-type states are more atomic-like
for Hg(CN), than they were for Hg(CH,),. This feature could
be expected from Figure 3, since the 17, and 14, orbitals are nearly
degenerate, and hence they will couple strongly via the spin—orbit
effect. Finally, the S5G d-type state is nearly pure atomic-like,
as expected. As seen in Figure 3, the lowest of the d-type IEs
is assigned to this 1S5G state. This also happens to be the sharpest
band in the UP spectrum. Thus the calculation agrees with the
experimentally favored assignment for this band.!%

The perturbation terms presented in Table VI show why the
orbital that contains the major component of d, (2S1G) for
Hg(CN), undergoes a lesser relativistic destabilization than the
corresponding orbital (3S1) of Hg(CH3),. The major difference
between the two lies in the “indirect” spin—orbit effect, which is
negative for 2S1G of Hg(CN), but positive for 3S1 of Hg(CHj,),.
This change in sign of the indirect spin—orbit effect is a direct
consequence of the different bonding characteristics of the CN
and CH, ligands. Since 2a, lies above 1e” for Hg(CH;),, the
indirect spin-orbit effect for the upper S1 component will of
necessity be positive. For Hg(CN), the reverse is true since the
20, level lies below the 1, orbital. Since the indirect spin-orbit
effect results from diagonalization of the spin-orbit matrix, this
change in sign can readily be understood in terms of second-order
perturbation language (e.g., pushing from above vs. pushing from
below).

The reported UP spectrum doe not present the low ionization
region. Our results for this region also are included in Figure 3
and Table VI. Briefly, we predict the lowest ionization event to
be of nitrogen lone pair character but with CN = ionization events
lying nearby in energy. We also have carried out broken symmetry
(C.,) calculations on these valence ionization energies. Although
the computed ionization energies shift to higher energy by about
1 eV, there is no “crossing over” of calculated ionization events
as found for Se(CN),.20

Table VI. Summary of Nonrelativistic and Relativistic HFS Calculations for Orbitals of Hg(CN),*

rel

nrel Amy Apar Ago Asoind Apot rel state

3o, -13.60 -3.63 1.55 0.00 -0.11 0.95 -14.84 6S1G
20, -21.38 -1.66 0.09 0.00 -0.41 2.42 -20.94 281G
lmg -19.95 -1.91 0.02 0.25 +0.41 3.25 -17.93 283G
-1.91 0.02 -0.25 +0.06 3.27 -18.76 3SIG

18, -20.08 -2.09 0.04 0.72 -0.06 3.51 -17.96 1S5G
-2.09 0.04 -0.72 -0.40 3.56 -19.69 183G

?Footnotes as in Table III.
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Table VII. Percent Analysis of the Relativistic Spinors for the
Ground-State Calculation on Hg(CN),

contributions in percent

spinor 20, 30, 4o, lm, Imy 1y 1p
281G 927 49 1.1 1.1

381G 34 23 00 47.0 470
6S1G 03 22 9638 0.1 0.1

183G 169 169 33.0 330
283G 327 327 170 170
185G 499 499

(3) Hg(CH,)(CN). The UP spectrum of Hg(CH;3)}(CN) ex-
hibits all five of the expected bands in the 5d!° region of 16-20
eV.!% In Figure 4 we present the calculated ionization energies,
both nonrelativistic and relativistic. The results again show good
agreement between experiment and theory. The first and fourth
bands are extremely sharp and on that basis they were assigned
to the spin—orbit split components of the d; ionization.!° This
is in apparent agreement with the calculated results, although due
to the lower symmetry of this complex (Cj,) the d orbitals belong
to only two representations (a, and e), and in the double group
there are also only two representations (S1 and S3). We have
not carried out an eigenvector analysis for (CH;)Hg(CN), so that
the predominant character of the ion states presented in Figure
4 is based on the experience we gleaned from out studies on
Hg(CN), and Hg(CH,),. With only one CN group replacing
a CH,;, the 5d, does split off to 3S1, not as far down as in Hg-
(CN),, but much further than the original assignment indicated.!%

For reference purposes the calculated ionization energies (eV)
including relativistic effects for Hg(CH;)}(CN) are?!

a,(S1) 26.0, 20.0, 18.0, 13.5, 11.5, 10.0
e(S3) 18.1, 16.5, 13.5, 11.5
e(S1) 17.0,16.4,13.5, 11.5

The Mulliken population analysis of the orbitals (not presented)
shows that the Hg 6s character is spread over 4a,, 5a,, and 6a,;
hence the mass-velocity correction to each of these orbitals is small.
The MO 4a, is mainly Hg—CN, 5a, is ¢ CN, and 6a, is Hg—-CH,.
In the e representation, 3e is almost pure CH;(1le) and 4e is
CN(l7). The destabilization of = CN relative to e CH; appears
to be due to the fact that the CN ligand has a calculated charge
of -0.41 whereas the CH; ligand is only -0.16.

(4) Hg(CCCH3),. The UP spectrum of Hg(CCCH}), in the
5d!° region exhibits five bands.!® In Figure 5 we compare our
calculated IEs with experiment. The agreement is very good, with
the Hg 5d experimental IEs calculated to within a few tenths of
an electron volt. We also note that the sequence of ion states is
calculated exactly the same as for Hg(CH,;)(CN), in agreement
with the close similarity between the UP spectra of the two
compounds. The lowest d-type ionization event is now designated
S5 rather than S1 due to the higher symmetry of Hg(CCCHj;),
compared to Hg(CH;3)(CN). The components containing a large
amount of d; character are again assigned to the first and fourth
bands, in agreement with the experimental assignment. However,
the fifth ionization event is predicted to be S1 and to correspond
to ionization of an orbital that is predominantly d, in character.
This latter prediction is based on the fact that in the ground-state
calculation,? the 3a,’ orbital lies almost 1.5 eV more stable than
le”, through which it couples in the spin-orbit matrix. As seen
in the case of Hg(CN),, this amount of splitting is sufficient to
severely decouple the components. Hence the 3S1 ionization event
must be due to ionization of the d, orbital, in distinct contrast

(20) Jonkers, G.; De Lange, C. A.; Noodleman, L.; Baerends, E. J. Mol.
Phys. 1982, 46, 609.

(21) The two a; ionization energies at 26.0 and 20.0 eV were obtained from
an average of results from the upper four a, transition-state calculations.

(22) As in footnote 19, the ground-state spinor analysis turns out to be
adequate for this compound.
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Figure 5. Correlation between theory and experiment for Hg(CCCH;),.

to the assignment arrived at by analogy with Hg(CHj,),.!%

In this case we also can compare the experimental and theo-
retical IEs for the low ionization bands since the complete spectrum
is reported. There is good agreement in this region of the spectrum
also, except that our calculated IEs are too low in each case by
about 3/4 eV. The Mulliken population analysis shows that the
«* orbitals of the propynyl ligand interact only slightly with the
Hg 5d, orbitals so that the resulting #* ligand population is only
0.02 electrons. For reference purposes our calculated IEs (eV)
including relativistic effects are??

a/(S1) 18.0, 13.4, 12.0
a,”(S5) 13.6,11.2

e'(S5) 156, 12.9, 8.9
e¢(S3) 173,129, 8.9
¢”(S3) 158, 12.9,8.3
e”(S1) 16.6,12.9, 8.3

We can now summarize our results on the Hg compounds by
pointing out that the mixing of the d, orbital with the other 5d
orbitals strictly depends upon the competition between the spin—-
orbit and ligand-field effects. The spin-orbit effects are more
important for Hg(CHs,),, but for the other compounds the ligand
field effect is the more important factor. We now turn to the
situation with the Au compound to see which factor will be most
important in that case.

(5) Au(PMe;)(CH,;). The He(I) and He(II) UP spectra of
Au(PMe;)(CH,) have been reported.!! In the He(II) spectrum
the peaks at 9.84, 10.55, and 11.33 eV exhibit an increase in
relative intensity and are therefore logically assigned to ionization
events involving the Au 5d orbitals. The first two peaks at 8.24
and 9.22 eV were assigned to ionizations from the Au-C and Au-P
orbitals, respectively, based on the results of the Xa-SW calcu-
lations.!! The remainder of the spectrum from 12 eV onward is
a series of overlapping peaks due to the host of ionizations involving
the e(CH;) and a,(CHj;) orbitals of the PMe; ligand.

One of the interesting features of this gold compound is that
it clearly has at least three of the five d-type ionizations to low
energy and close to the assigned IE of the Au-P bond. Also, we
suspect that the e(CH,) IE of the unique CHj is very close in
energy to that of the d IEs in view of the low onset of such
ionization events in, for example, W(CH,)¢.?* This is quite
different than the situation for Hg(CHj,),, where the CHj, ioni-

(23) Except for those ionization events involving the d band, we have
applied ground-state relativistic corrections to the transition-state energies.

(24) Green, J. C.; Lloyd, D. R.; Gayler, L.; Mertis, K.; Wilkinson, G. J.
Chem. Soc., Dalton Trans. 1978, 1403.
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Table VIII. Mulliken Population Analysis for the Upper
Occupied Orbitals of Au(PMe;)(CH,)

percent character®

ionization
orbital energy Au PMe; CH,
5a, 12.00 49.9 5d, 26.9 a, 6.5 2a,
63, 8.13 12.8 6s 534 a, 7.1 2a,
24.0 5d,
7a, 7.02 34.4 65 57.7 2a,
6.0 5d,
4e 11.86 8.4 5d, 878 ¢
Se 10.87 48.3 5d, 9.6¢ 40.1 ¢
6e 10.89 7.9 5d, 184 ¢
72.4 5d,
Te 9.76 29.8 5d, 399
26.9 5d;

eQccupations: Au, (5d;)>%(5d,)!*4(5d,)!°(6s)"92(6p,)°*°(6p,) %
PMe;, (4€)>%(4a,)16%; CH,, (1e)*®(2a,)!*. Fragment charges: Au,
+0.20; PMe;, +0.20; CH,;, -0.40.

zations occurred in the range 13-14.5 eV and the d ionizations
occurred at 15-17 eV. Consequently, the gold complex offers
unique advantages to study the possible increase in d orbital
involvement in bonding compared to mercury compounds.

We have completed HFS calculations on both Au(PH,)(CHj,)
and on Au(PMe;)(CH;). The overall eigenvalue spectrum and
the calculated orbital character was not appreciably different for
the upper occupied valence MOs (top three a; and top three ¢).
However, as we became interested in the precise details of the
UP spectrum, we decided to carry out a complete set of calcu-
lations on the PMe; complex, and we report these results here
rather than our calculations on the model PH; complex.

A ground-state energy level diagram is presented in Figure 6,
along with the calculated transition-state IEs and the shifts brought
about by relativistic effects. Once again there is excellent overall
agreement between theory and experiment. Due to the high-lying
position of the Au 5d orbitals compared to Hg 5d and the low-lying
PMe; donor orbital compared to that of CHjs, the Au 5d, and
PMe; a, orbitals lie close together in energy. This results in a
strong interaction and stabilizes the d, orbital at the nonrelativistic
level. Even with the relativistic corrections, we still predict a spinor
with a large component of d, to be the last of the five ionization
bands expected from the Au 5d orbitals. In fact, we predict it
to lie under the broad band that begins at 12 eV. In the prediction
of a relatively high IE for the ionization event involving a large
component of d, for Au(PMe;)(CH3), it is similar to Hg(CN),,
Hg(CH,)(CN), and Hg(CCCH,;),.

The second important feature that we notice in Figure 6 is that
the ¢(CH;) and Au 5d levels do lie close together in energy and
that there is extensive mixing of these fragment orbitals to form
the Se, 6¢, and 7e MOs. This qualitative analysis is borne out
by the population results presented in Table VIII. We further
notice from Table VIII that the Au 5d, orbital population is only
1.8 electrons compared to values close to 1.9 that were found for
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Figure 6. Orbital energy level diagram and calculated ionization energies
for Au(PMe;)(CHj,).

the corresponding orbital in the Hg compounds. This may lead
us to suspect that the Au 5d orbital is more involved in bonding
than Hg 5d, but that factor will be examined more thoroughly
in section B.

In Table IX we display the transition state and relativistic shift
effects for the upper occupied a; and ¢ MOs. As a result of
differential relaxation effects, the Se and 6e IEs are calculated
to be nearly identical at the nonrelativistic level. The relativistic
effects bring about a severe mixing of the 6e and 7e MOs as seen
from the relativistic eigenvector analysis (Table X). The final
calculated IEs for Se, 6e, and 7e all lie within about 1.2 eV.
Consequently, we assign the six resultant ionization events from
these three MOs to the three experimental bands that occur at
9.84, 10.55,and 11.33 eV. The assignment presented in Figure
6 is the most logical one and is not inconsistent with the relative
intensities of the bands observed in the experimental spectrum.!!
In other words, the qualitative assignment of these three ionization
bands is “d® + e(CH,)”. The eigenvector analysis (Table X) shows
that the 9S1 state consists mostly of the 5a; MO, which is mainly
the 5d, orbital (Table VIII). In fact, the 5d, ionization event is
calculated to lie slightly more stable than one of the ionizations
involving the 4¢ MO, which is mainly PMe; in character. Asin
the case of all the Hg compounds except Hg(CH,),, the ionization
event involving the major component of the 5d, orbital is predicted
to lie more stable than originally assigned.!! Closer examination
of the meaning of this for bonding is presented in section B.

Table IX. Summary of Nonrelativistic and Relativistic HFS Calculations for the Upper Occupied Orbitals of Au(PMe;)}(CH;)*?

rel

nrel Amy Apar Ago Asoind Apot rel state

Sa, -12.00 -1.07 0.24 0.00 -0.30 1.32 -11.81 9S1
6a, -8.13 -1.38 0.57 0.00 -0.03 0.20 -8.77 14S1
Ta, -7.02 -2.26 1.07 0.00 0.00 0.49 -7.72 15S1
4e -11.86 -0.05 0.00 -0.01 -0.21 0.34 -11.79 10S1
—0.05 0.00 0.01 -0.01 0.22 -11.69 483

Se -10.87 -0.64 0.02 -0.10 -0.43 1.12 -10.90 1181
—0.64 0.02 0.10 -0.62 .12 -10.89 583

6e -10.89 -1.24 0.04 0.35 0.12 1.76 -9.86 1281
-1.24 0.04 -0.35 -0.05 2.15 -10.34 6S3

Te -9.76 —0.69 -0.01 -0.08 -0.13 0.98 -9.69 13S1
—0.69 -0.01 0.08 0.24 0.92 -9.22 7S3

2Footnotes as in Table III.
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Table X. Percent Analysis of the Relativistic Spinors for the Ground-State Calculation on Au(PMe;)(CH;)

state Sa, 6a, Ta, 4e, 4e, Sey Se, 6e; 6¢, Te, Te,
981 92.6 3.5 3.5
10S1 429 429 2.3 2.3
1181 454 454 2.4 24
1281 34.0 2.2 2.2 30.0 30.0
1381 58.3 6.8 6.8 12.7 12.7
1481 6.2 14.9 334 334 4.0 4.0
1581 82.4 4.7 4.7
4S3 49.5 49.5
583 43.6 43.6 4.8 4.8
6S3 2.1 2.1 28.2 28.2 19.6 19.6
783 4.3 4.3 20.3 20.3 25.2 25.2
L hotchsl Table XI. Decomposition of the Total Bond Energy between Hg
. ° + REL and CH;-CH, at the Nonrelativistic Level (kcal/mol)*
Hg 5d Hg 5d
o term in valence in core
= AE(2H,C. — H,C~CH,) +50.1 +50.1
£ AE(steric) =57 =57
T 420 AE(a’) -123.8 -109.3
M AE(a,") -8.8 -8.6
] AE(e") -3.6 -37
Wl AE(e”) -24 -0.0
& g total nonrelativistic -94.2 -77.2
% {0 ¢The AE(2H;C- — H;C-.CH,) term represents the energy re-
z quired to go from a planar (unrestricted) -CHj, radical to HyC-+CH;,
] at the Hg(CH,), geometry and with the excited (a,")°(a,”)? con-
figuration for the odd electrons (see text).
120 35 4.0 45 _

HG-C DISTANCE (A.U)

Figure 7. Calculated potential energy curves with and without relativistic
effects for Hg(CHs),.

There is one method? involving a combination of experimental
data and empirical analysis of it that would allow a test of our
prediction that the ¢(CH;) MO lies in the region of the Au 5d
ionizations. This method requires a comparison of the Cls core
1Es of the methyl C atom bound to the Au atom with the cor-
responding IE for a “model” compound, in this case most probably
CH,. Then the ¢(CH;) IE is predicted to shift 0.8 times the
amount of the shift in the Clis IE. The Cls core IE has not been
reported for the gold complex. One of the difficulties with this
approach for the present gold compound is that it may prove
impossible to experimentally resolve the Cls IE of the methyl
groups attached to the P atom as compared to that attached to
the Au atom.

(B) Relative Participation in the Bonding by Metal 54, 6s, and
6p Orbitals. As mentioned in the introduction, the relative con-
tribution to bonding by the three types of valence metal orbitals
is an unknown quantity. Within the framework of the Ziegler
transition-state energy analysis,'® we are able to examine the
detailed nature of the bonding for these compounds.

(1) Hg(CH;),. We first examine the calculated binding energy
for Hg(CH,),, with and without relativistic corrections. The
results are presented in Figure 7, where the energy scale is with
respect to the Hg atom and two planar, unrestricted CH; groups.
It is seen that the relativistic correction contracts the equilibrium
bond length by only about 0.1 A, but the binding energy changes
significantly. The calculated equilibrium bond length is very near
the experimental value of 3.9571 au (2.09 A).

The binding energy with respect to Hg and CH; fragments has
been calculated at the experimental Hg—C bond length and is here
discussed on a per (Hg—CH,) bond basis. At the nonrelativistic
level the binding energy with respect to spin-restricted pyramidal
CHj; fragments is 71.5 kcal/mol. Allowing the free ligand CH;
fragment to be planar? provides a stabilization of 14.6 kcal/mol,

(25) Jolly, W. L.; Eyermann, C. J. J. Phys. Chem. 1982, 86, 4834.
(26) Herzberg, G. Proc. R. Soc. London 1961, 291, 262.

and a further stabilization of 9.8 kcal/mol results from doing the
calculation spin unrestricted; the corrected nonrelativistic binding
energy is 47.1 kcal/mol. The relativistic correction is 9.1 kcal/mol
so that the final calculated Hg-CH,; bond strength is 56.2
kcal/mol. This number is to be compared with the experimental
value of 57.5 kcal/mol—the energy required to remove the first
CH, ligand from Hg(CH,),.1%% A more realistic comparison is
with the standard enthalpy of dissociation to Hg, and 2CHj; this
value is 58 keal/mol or 29 kcal/mol of Hg-CHj bonds.!

We next turn to a detailed analysis of the binding in Hg(CHs),
in terms of steric and electronic interaction between fragments.
In order to properly do the analysis, we must have closed-shell
fragments. Hence, we choose as our fragments an Hg atom and
a single ligand fragment consisting of CH,--CHj, at the bond
length appropriate for “insertion” of the Hg atom. For the ligand
fragment the frontier CHj; orbitals (2a,”) combine to form sym-
metric (a,) and antisymmetric (a,”) orbitals. Obviously, the more
stable orbital is a,’, but we choose to pair up the odd electrons
of CH; in the orbital of a,” symmetry in the D,, point group. This
electron occupation places the “stretched” ligand in an excited
configuration (19.9 kcal/mol). However, such an occupation
allows the insertion of the Hg atom with no net change in the
number of orbitals occupied in each symmetry. The occupied a,”
orbital of the “prepared” ligand is available to interact with the
empty 6p, orbital of Hg, and the unoccupied a,” can receive
electrons from the filled Hg 6s orbital. This excited-state, stretched
ligand is repulsive with respect to two restricted, pyramidal CH;
groups by 1.3 kcal/mol.

In Table XI we present the fragment energy analysis for Hg-
(CH3),, for calculations both with and without the 5d orbital in
the core. We examine first the results with 5d electrons in the
valence shell. Notice that the steric interaction term is slightly
negative, as a result of taking an excited state for the ligand
fragment. The electronic interaction terms show that the major
part of the bonding has occurred in the a,” representation. This
is the representation to which the Hg 6s orbital belongs. Only
about 6% of the bonding is provided by the a,” representation,
containing the Hg 6p orbital. Negligible bonding is contributed
by the d, and d; representations (¢” and ¢’). These energy results
are in agreement with the qualitative results that we gleaned from
the Mulliken population analysis in Table II.
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Table XII. Decomposition of the Total Bond Energy between Hg
and NC-CN at the Nonrelativistic Level (kcal/mol)?

Hg 5d Hg 5d

term in valence in core
AE(2NC: — NC..CN) +41.7 +41.7
AE(steric) +10.2 +10.2
AE(ay) -190.9 -175.0
AE(o,) -10.4 -10.3
AE(m,) -6.0 -0.1
AE(r) -5.8 -73
AE(5;) -0.5 0.0
total nonrelativistic -161.7 -140.8

¢ AE(2NC: — NC-CN) is the energy required to go from two «CN
radicals to NC+CN in the excited (o,)%(s,)* configuration.

Turning now to the results presented in Table X1 with the 5d
orbitals in core, we see that the binding energy decreases only 12%.
As expected, the majority of the binding energy loss has occurred
in the a,” representation. This indicates that what little binding
was contributed by the 5d orbitals was due to the d, component.

We also have carried out calculations on Hg(CH,), without
the use of Hg 6p orbitals. We observe that the HOMO a,”
eigenvalue is destabilized by only 3.9 kcal/mol upon removing
the 6p orbital from the basis set. The total binding energy changes
by only 9.0 kcal/mol. These results, coupled with the small
contribution to binding by the a,” representation as shown in Table
X1, indicate that little binding is contributed by the Hg 6p orbitals.
The binding in Hg(CH,), is best described in terms of a three-
center 2-electron bond. We shall return to a more complete study
of 6p orbital participation when we examine the bonding in
Hg(CN), presently.

(2) Hg(CN),. We have carried out a similar binding energy
analysis for Hg(CN), as that presented for Hg(CH3),, and the
results are given in Table XII. The major portion of the binding
is due to the o, representation and the participation by the Hg
5d orbitals is negligible. Calculations without the use of Hg 6p
show a destabilization of the o, orbital by only 2.5 kcal/mol, and
the energy decreases by only 10.1 kcal/mol. Once again the major
part of the binding is attributed to the Hg 6s orbital and the «
levels of CN. The total nonrelativistic binding energy per Hg-CN
bond, after making the various corrections mentioned for Hg(C-
H,;),, is 80.8 kcal/mol. This is somewhat stronger than that
calculated for Hg(CHj;),. No experimental bond strength has
been reported for Hg(CN),.

We now examine more carefully the hypothesis that the Hg
6p orbital contributes little to the bonding in Hg(CN), and
Hg(CH;),. The usual interpretation of the bonding is that the
Hg atom undergoes sp hybridization in order to form bonds with
two ligands.® The comparative bond strengths in MX, compounds
where M is a group 2a or 2b metal atom and X is a halogen also
have been cited as evidence for np orbital involvement in such
compounds.?” For example, in the case of HgCl, the following
bond dissociation energies have been reported (kcal/mot):*

HgCl, T HgCl + Cl1 = Hg +Ci + Cl1

Such results, which are typical for group 2 metal halides, have
been interpreted to indicate that whereas the Hg atom has an
electronic configuration of s? in the free atom, it is sp hybridized
in HgCl and HgCl,. Consequently, the difference in the two bond
dissociation energies must be due to s — p promotion energy on
the Hg atom. Also, there are electron spin resonance data on a
variety of MX and MH free radicals where M is a group 2 metal
atom and X is a halogen. These ESR results have been interpreted
to indicate a sizable np orbital participation on the metal atom.
In the case of HgH the (squared) coefficient of the 6p orbital in
the MO containing the odd electron is thought to be around 0.50.%
These results seem to be at odds with our contention that there

(27) Hildebrand, D. L. In “Advances in High Temperature Chemistry”;
Eyring, L., Ed.; Academic Press: New York, 1967; Vol. 1, p 193.
(28) Knight, L. B,, Jr.; Weltner, W., Jr. J. Chem. Phys. 1971, 55, 2061.
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Figure 8, Schematic energy level diagram showing the relative impor-
tance of Hg 6p orbitals in HgL vs. HgL,.

is very little involvement of the Hg 6p orbital in the Hg compounds
currently under investigation.

In order to examine the problem more closely, we also have
completed HFS calculations on the free radical HgCN. The
calculated binding energies at the nonrelativistic level, with and
without 6p orbitals on the Hg atom, are presented herewith
(kcal/mol):

Hg(CN), HgCN + CN

with 6p, 48.4
no 6p, 26.9
Hg + CN + CN

These results clearly show that the 6p orbital participation is
important for the HgCN free radical, since the binding energy
nearly doubles upon inclusion of the Hg 6p orbital. However, the
6p contribution to the binding energy for the first dissociation step
of Hg(CN), is small, indicating that 6p orbital involvement here
is negligible. Our results for the 6p orbital coefficient in the MO
containing the odd electron in HgCN are also in agreement with
the reported results for HgH.2® The calculated 6p orbital coef-
ficient is 0.45 and the Mulliken population analysis shows 29.5%
contribution.

The reason behind the lack of 6p involvement in HgL, but its
importance for HgL is readily apparent from a simple ¢ MO
diagram for the two species (Figure 8). In HgL, the odd electron
occupies an antibonding MO, which tends to push it toward the
6p orbital. This has the effect of causing a significant amount
of 6p orbital contribution, but at the same time the HgL bond
is weakened due to the antibonding electron. On the other hand,
the symmetry of HgL, is such as to remove the antibonding
electron and place it along with the additional electron from L
in the HOMO ¢, orbital, which is nonbonding, except for a small
amount of bonding due to 6p orbital contribution. Thus, we see
why the 6p orbital involvement in HgL, is so much less than that
in HgL.. The argument strictly revolves around the energetic
closeness of the 6p orbital and the HOMO of the molecule in
question. Our results would argue that this is a real phenomenon
and not a calculational artifact. We have used a double ¢ basis
set, and the calculated s — p promotion energy for the Hg atom
is very close to that observed experimentally.®

(3) Au(PMe,)(CH;). Finally, we turn to our bond energy
calculations on the gold complex. As mentioned earlier, we carried
out a complete set of calculations on both the full PMe, complex
and on the model complex with the PH; ligand instead of PMe;.
There was no significant difference in the results for the upper
occupied MOs that were analyzed in section A. However, because
we were interested in the placement of the 9S1 ion state relative
to the states predominantly derived from the PMe, ligand, we
decided to do the calculations on the full complex. For the study
in this section with respect to the relative involvement of 5d, 6s,
and 6p orbitals, we have used the results from the mode! complex,
since the computation time was considerably less.

Part of the reason that PHj, serves as a good model for PMe,
is that we have chosen both the HPH and CPC bond angles to

————
with 6ép, 113.2
no 6p, 124.6
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Table XIII. Decomposition of the Total Bond Energy between
AuCHj; and PHj; (kcal/mol)

Au 5d Au 5d

term in valence in core
AE(steric) +10.3 +10.3
AE(a)) -29.7 -20.8
AE(e) -12.2 -37
total nonrelativistic -31.6 -14.2
relativistic correction -28.5 -23.2
relaxation of PH, +5.7 +5.7
total -54.4 -31.7

be 105° in our calculations. The effect of changing the bond angle
of PH; from its experimental value of 93 degrees to 105 degrees
is quite dramatic on the lowest computed ionization energy: 10.23
vs. 9.41 eV, respectively. Since the experimental IE of PMe; is
8.62 eV,!! the perturbed PH, ligand already is able to mimic this
donor orbital aspect of the PMe; ligand.
Our binding energy results indicate the following energetics
(including relativistic effects, kcal/mot):
Au(PH;)(CH;) with 5d, 54.4
no 5d, 31.7

Au(CH3) + PH3 Au + PH3 + CH3

with 5d, 78.5
no 5d, not calculated

The breakdown of the energy terms with respect to the Au(CHj)

and PH; fragments is presented in Table XIII both with and
without 5d orbitals in the valence set for the first step of this
reaction. We were particularly interested in determining whether
there was more d orbital involvement in the gold compound than
in the mercury compounds discussed earlier. Inspection of the
results given in Table XIII shows that such is indeed the case.
About 40% of the Au-PH; binding is lost upon removal of the
Au 5d orbitals from the basis set. This is as expected, since the
Au 5d orbitals are much more energetically available than the
Hg 5d orbitals. Our calculations indicate that the Au 5d orbital
involvement is large in contrast to the conclusions of Bancroft et
al.,'! based upon their interpretation of the UP spectra. The
increased involvement of Au 5d over Hg 5d is in line with the lesser
Mulliken population of the Au 5d, orbital compared to the Hg
5d, orbital (Tables II, V, and VIII).
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Abstract: The electrochemical behavior and electron spin resonance response of thin films of tetracyanoquinodimethane polyester
in contact with aqueous buffers have been studied. The results indicate that the coupling of electron- and proton-transfer
steps in the classical 3 X 3 square scheme, which describes quinone electrochemistry, can significantly influence the charge-transport
rate through the film, limiting the electroactivity to a fraction of the available electron-transfer sites and decreasing the effective
diffusion coefficient for charge transport through the polymer film by 100-fold for specific conditions. The acid—base chemistry
of the reduced acceptor sites in the film matrix accounts for the pH dependence of the voltammetric waves, the film passivation
in acidic solutions, and the film dissolution at negative potentials in simple salt electrolytes. The acid dissociation constants
of the reduced acceptor sites in the polymer matrix are estimated from the pH dependence of the E, /, values—for TCNQH,
pK, values of 6.9 £ 0.1 and 10 are obtained in aqueous phosphate buffers.

In the few years since the initial reports on the modification
of electrodes with electroactive polymers,?* the variety of systems
studied, and the concomitant theories and applications, have
mushroomed and are continuing to increase.® Intense interest
has focused on electrocatalysis using polymer modified electrodes®
and on electronically conducting polymer films based on poly-
(pyrrole),” poly(acetylene),? and related materials, although other
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significant applications have appeared on the horizon. Included
among the latter are electrochromic devices,!® electrochemical
desalination electrolysis,!! neurotransmitter stimulating elec-
trodes,'? coatings for the stabilization of semiconductor photo-
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