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degrees of freedom. In the simple version developed here, we
have included only R g and the center-of-mass coordinate r.
The center-of-mass motion accepts the energy released in the
deactivating vibronic transitions originating from levels i of
(A«B)*,

In general, of course, a variety of modes may strongly par-
ticipate in the dynamics of either relaxation process (see eq 2
and 3). For example, like the COM mode of AB, the orienta-
tional mode of AB or the COM (or orientational) modes of the
solvent (S) molecules are of relatively low frequency and could
function to accept relatively small amounts of energy. Hence,
these modes should efficiently mediate relatively low-energy
vibronic transitions. On the other hand, the internal vibrational
modes of AB or S are of relatively high frequency and could,
by single or few-quantum excitations, with the assistance of
the lower frequency COM modes, provide many pathways by
which higher energy vibronic transitions could be mediated.
The efficiency of these various pathways depends, of course,
upon the strength of coupling between R g and the accepting
mode.

It is of interest to note the close analogy that exists between
the present view of photodissociation processes and the pre-
viously described model for the photosynthetic primary light
reaction.2’ The photoactivation of (A--B)* followed by the
primary dissociative reaction to yield the A* and B* fragments
in the present case corresponds formally to the photoexcitation
of the charge transfer (CT) state in the reaction-center chlo-
rophyll {Chl a} resulting in the oxidation of {Chl a} and the re-
duction of the primary electron acceptor A in the photosyn-
thesis problem (compare Figure | with Figure | of ref 25). In
both cases, the quasi-bound state (A«B)* and the CT state in
{Chl a} are envisaged to be electronically excited states of the
reactants. Both of these states are photophysically connected
with their respective ground-state species through nonreactive
pathways with associated rate constants given approximately
by eq 9.

We close by emphasizing that our concept of the reactive
complex differs fundamentally from that of the activated
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complex in transition-state theory. Unlike the activated
complex, a transient species located at the top of the barrier
to chemical reaction, the reactive complex in our theory is a
stable molecular entity (in the zeroth order of time-dependent
perturbation theory). Aside from this conceptual difference,
the present formulation provides explicit expressions for the
rate constant, eq 4 and 9, in terms of molecular parameters and
thermodynamic state variables (e.g., temperature). Numerical
fits of rate data using eq 4 and 9 should therefore furnish useful
information about the microscopic properties of the system
which are most influential in determining its dynamical be-
havior.
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Strengths of A-A Single Bonds in Symmetric A;B»,
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Abstract: In symmetric A;B4 molecules and jons with 34 and 38 valence electrons, two AB, monomers are joined by an A-A
single bond. In 50-electron ethanelike A,Bg structures, two AB3 monomers are also linked by an A-A single bond. Symmetric
BAAB systems with 18 and 26 electrons have A-A single bonds. A qualitative MO model of the electronic structures of these
systems is developed and then used to explain observed trends of increasing A-A bond strength with increasing electronegativi-
ty difference AX between central atoms A and substituents B, An increase in AX tends to strengthen the A-A bond in the A;By
and A,Bg classes. For example, the central bond in F,B-BF, is much stronger than that in O,N-NOj. Larger AX increases
the weighting and extent of hybridization of the central atom AOs in the orbitals responsible for net bonding in these systems.
While the same rule holds for the 26-electron BAAB series, the reverse is true for the 18-electron examples. For instance, the
central C-C bond in PCCP is stronger than that in NCCN for which AX is larger. The same principles apply in these cases but
the rule reverses because of different properties of the MO that provides net bonding. The electronegativity rule is used to ra-
tionalize the nonexistence of certain compounds or to explain their preference for less symmetric structures,

We develop here a qualitative MO model3 of the electron-
ic structures of certain molecules and ions with the general
formulas A;B,,. The model is based on extended Hiickel cal-

0002-7863/78/1500-1996$01.00/0

culations? for a number of different A,B,, A;B4, and A,Bg
systems. The calculations and the qualitative model assume
that MOs are formed from a basis set consisting of a single s

© 1978 American Chemical Society
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Table I. A,B4. 34 Valence Electron Series
B2F4 C2042_ N204

B,Cl4

R(A-A),A 1.754 1.57 1.78¢  1.75¢
2ra, A 1.60 1.54 148 1.60
Ar A 0.15 003 030 0.15
«(BAB, deg 1204 126 134¢  120¢
D(B2A-ABy), kcal/mol 88 & 15 134 83+ 4
AX 2.0 0.9 0.4 1.1

@ References 18 and 22. ® Reference 10. ¢ References S and 6.
4 References 6 and 14. ¢ References 24-26.

and three p AOs on each component atom. The A;B> molecules
and ions with 18 and 26 valence electrons, the A;B, species
with 34 and 38 electrons, and the 50-¢electron A,Bg series all
have structures in which single bonds link AB,, monomers in
symmetric dimers B,A-AB,. We show how trends in the A-A
bond strength can be understood within the MO framework
as a function of the electronegativity difference AX between
central atoms A and substituent or terminal atoms B. We also
use these trends to account for the nonexistence of some A;B,,
compounds or to rationalize their preference for less symmetric
structures. Electronegativity differences can also be invoked
to explain what may be conformational differences between
the isoelectronic molecules B,F4 and N,O,.

AB4. Table I contains the A-A bond distances in some,
A,B4 molecules and ions with 34 valence electrons. Two trends
in this data are worthy of note. First, the A-A bond distance
is longer for N,Oy4 than for C;042~. One might expect the
N-N distance to be shorter as a larger nuclear charge contracts
the 2s and 2p valence AOs of the central atoms. The value 274,
twice the covalent single bond radius of A, is smaller for N>Oy4
than for C;042~. We use the quantity Ar = R(A-A) — 2ra to
measure the deviation from the atomic radius additivity rule.
One could hope that the radius additivity concept might apply
through the series ByFy4, C;0427, and N,Oy, since these species
have the same set of MOs occupied by the same number of
valence electrons. Compare the N-N single bond in N,O4
(1.78 A)3:6 with N-N single bonds in N,F, (1.492 A)78 and
N,H, (1.449 A). The B-B bond distance in B,Fy is probably
more nearly a “normal” B-B distance than is twice the value
quoted as the boron radius in most tables of covalent single-
bond radii. Clearly, the C-C bond in C,042~ (1.57 A)10 is
rather long compared with single bonds in ethane (1.536 A)
and diamond (1.545 A).1! In summary, the central bond in
C,042" is a little longer than expected and that in NOy is
much longer. A second point of interest is the large difference
in A-A bond strength between B,F4 and N,O4. We can cor-
relate these trends in bond length and bond strength with the
electronegativity difference AX between the central atoms A
and the substituents B.

There is a third important anomaly in the A,By series. N2Oy4
is planar D,y with a barrier to rotation about the N-N bond
that is large (2-3 kcal/mol)!213 considering the long and weak
(13 keal/mol)6:14 N-N bond. The Raman spectra of gaseous
and solid B,F,4 are consistent with a planar molecular structure
in these states.!s Previous infrared!6:17 and electron diffrac-
tion!® studies were interpreted as indicating nonplanar,
staggered D,y geometry in the gas phase.103 Ab initio SCF MO
calculations favor the staggered conformation for ByF,4.19-21
All studies agree that the barrier to internal rotation about the
B-B bond is small (0.5-1.8 kcal/mol). X-ray diffraction ex-
periments show that B,F4 is planar in the solid.22 B,Cl,23-28
and B,Br42® are both staggered in the gas phase. In the crys-
talline state C,042~ is usually planar but in some cases the two
CO; groups may be twisted out of coplanarity by as much as
26°.30 Vibrational spectra suggest that C,042~ may be
staggered in aqueous solutions.3!32 Thus, molecules and ions

—_ KL
Q_Q O &
‘ & ‘ 4q, '
N
0~ 0
linear AB, bent

Figure 1. The relationships between some important AB; MOs in linear
and bent geometry. The 4a; orbital is less A-B antibonding than its 2x,
partner in linear geometry. The energy of 5a, is strongly affected by mixing
(not shown) with 4a,.

of the 34-electron A,B, series may violate a Walsh-type rule
that isoelectronic species should have the same molecular
shape.33 We show that the conformational trend in this series
is also a function of the electronegativity difference between
central atoms and substituents.

The 34 valence electrons of the A;By series occupy 17 mo-
lecular orbitals. The highest occupied MO is the o-bonding
MO 4a,. Among the 16 MOs of lower energy there are equal
numbers of A-A bonding and A-A antibonding MOs. Thus,
there is no net A-A bonding for A,B4 molecules with 32 va-
lence electrons and, indeed, none are known with a direct A-A
bond. Instead, the 32-electron molecules BesF434 and Be,Clgs
apparently have planar D structures that involve bridging
atoms. If two 16-electron AB; monomers were brought to-
gether in coplanar fashion in an attempt to form an A-A link,
not only would the A-A interactions be repulsive but the net
out-of-phase interactions between B substituents on opposed
monomers would be minimized if the monomers were rotated
to the staggered D,; conformation.

In the 34-electron planar D5y, system, the highest occupied
MO, 4a,, is responsible for the symmetric A-A bonding of two
AB; monomers. The 4a; MO can be formed by the in-phase
combination of two 4a; MOs from a pair of bent (C,,) AB;
monomers. To develop an appreciation for the AO composition
of the 4a; MO and its position in energy relative to some vacant
higher energy MOs, it will be necessary to see how the MOs
of bent AB, relate to those of linear geometry. Figure 1 shows
that 4a; (C,,) is related to the 2w, MOs of linear (D) AB;.
In a 16-¢electron AB, molecule such a8 CO, the 27, orbitals
are empty and lower occupied MOs maintain linear geometry.
The 17th electron that is present in BF;, CO; ™, and NO; goes
into the 27, (Dwp)-4a; (Cyy) MO system. Bending removes
the degeneracy of the completely antibonding 27, MOs. The
in-phase w-type B—B overlap in 2b; (C5,) tends to lower
slightly the energy of this orbital relative to 27y (Dwp). A
much larger energy lowering occurs for 4a; (Cy,) in which
adjacent lobes on parallel p AOs that were A-B antibonding
in 27y (D) become A-B bonding in bent geometry. It is the
4a; Mo that gives AB, molecules with 17-20 valence electrons
their bent shape. In BF,, CO;,~, and NO,, 4a, is only singly
occupied and the bond angles are rather wide, about 135° for
NO;,3 and CO,~.37 The angle in BF, is apparently closer to
120°.38 In AB, molecules with 18 electrons such as NO,~ 3
and 03,%0 da, is doubly occupied and the bond angles are near
116°. In the coplanar dimerization of two 17-¢lectron AB;
monomers the singly occupied 4a; MOs combine in-phase to
form the doubly occupied 4a; MO of A,B4 for net bonding and
a stable dimer.

Considerations of electronegativity differences and orbital
mixing produce modifications of 4a; (AB,) and 4ag (A2B4).
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Figure 2. MOs of two AB, monomers come together to form bonding and
antibonding MOs of the dimer.

large AX

Figure 3. The effect on relative AO contributions of the electronegativity
difference AX between central atom A and terminals B.

small &X

In bent AB, the 3a; and 4a; MOs are composed primarily of
parallel p AOs in the molecular plane. These are shown in
Figure 3. Both 3a; and 4a; are related to components of the
two my; MOs of the linear AB, system. Suppose the central
atom A is much less electronegative than the two terminals B,
as in BF,. Here we use electronegativity as a rough measure
of the energies of the AOs. The contributions of the terminal
p AOs in 3a; would be large because these AOs have low en-
ergy and the contribution of the p orbital on the central atom
would be small. The relative contributions of AOs in 4a; would
be just the opposite; this higher energy MO would be primarily
the high energy p AO of the central atom with small coeffi-
cients for the p’s on the terminals. As the electronegativity
difference between the central atom and the terminals de-
creases, the situation reverses. Take Oj for example. The
central atom coefficient in 3a; would be larger than those for
the terminals, just as the lowest energy wave function for the
particle in the one-dimensional box is higher in the center than
at the ends. Again, the relative contributions of central atom
and terminal atom p AOs are just the opposite in 4a;.

Lying above 4a, in the MO systems of bent AB, is another
orbital of a; symmetry. This MO, Say, is related to the 30, MO
of linear AB;, as shown in Figure 1. Since 4a, and 5a, are close
in energy and the highest energy MOs of a; symmetry they
should mix as shown in Figure 4. The extent of this mixing will
be greater the smaller the energy gap between 27, and 3o,
(Dwp), the unmixable MOs of linear geometry from which 4a,
and 5a, originate. Now the energy gap between 27, and 3o,
is governed by the electronegativity difference between A and
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before after
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Figure 4. The mixing of 4a; and Sa; gives added stability to 4a; and pro-

duces a hybrid-type AO on the central atom capable of forming strong
A-A bonds.

OB

)0
O 0

Cea)
B===B

Figure 5. The higher the energy of the AOs of A, the weaker the interaction
with the orbitals of B---B, narrowing the energy gap between 27, and
3a4(AB)).

B-A-B A

Figure 6. AO composition extremes in 4a; (AB;). BF; (AX large) and NO,
(AX small).

B. Figure 5 shows how 27, and 3¢5 are formed by out-of-phase
interactions between the s and p AOs of A and the symme-
try-adapted orbitals of B---B, two substituent atoms separated
by their distance in B-A-B. These B---b orbitals have energies
that are slightly lower than those of pure p AOs on isolated
substituent atoms. Consider BF, and NO; as extreme exam-
ples and assume linear geometry. The energies of the boron
AO:s are well above those of the fluorines since AX is large.
Therefore, the antibonding perturbation interactions between
my (B---B) and p(A) and between o and s produce 2, and 30,
(AB,), respectively, for BF, that are relatively close together
in energy. For the NO; case (small AX) the B---B orbitals of
oxygen fall between the s and p AOs of nitrogen and the re-
sulting perturbation interactions are large, producing a larger
energy gap between 27, and 305 Therefore, the greater the
difference in electronegativity between A and B, the greater
the extent of mixing between 4a; and 5a;.

The pictures of 4a, for BF; and NO; in Figure 6 are ex-
aggerated to emphasize AO composition differences due to
electronegativity differences. In BF; the central atom p AO
coefficient of 4a, is large and the mixing with 5a, is extensive,
yielding a large sp-type hybrid orbital on boron pointing away
from the vertex of the FBF angle. The small p AOs on the
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Figure 7. AO composition extremes in 4ag (A2By).

Table II. A,B,4. 38 Valence Electron Series

N2F4 P2 F4 82042_
R(A-A), A 1.494 2.281¢ 2.3894
2ra, A 1.48 2.20 2.08
ar, A 0.01 0.08 0.31

20.46 574106 2]e

D(BzA—ABz), kcal/mol
AX 0.9 1.8 0.8

@ References 7 and 8. ¢ Reference 46. ¢ Reference 45, 4 Reference
43. ¢ Reference 44.

fluorines point toward the rear nub of the boron hybrid. The
extra stabilization of 4a; due to mixing with 5a; may account
for the smaller angle in BF; compared to NO,. For NO, the
mixing between 4a; and 5a, is small (neglected all together in
Figure 6), leaving 4a; with a small p AO on the central N and
large parallel p AOs on the terminal O’s. Figure 7 combines
the 4a; MOs of AB; to form the bonding 4a, of A;B4. The
large hybrid orbitals pointing towards each other from the two
borons form a strong B-B bond in B,F4. The small p AOs on
the fluorines cannot interact strongly with those on the other
end of the B-B bond. Net end-end antibonding interactions
from the lower occupied MOs may dominate to give B,F4 the
staggered conformation. In N,O4 the small nitrogen p AOs
on the N-N axis overlap to form a weak dimer. On the other
hand, large p AOs on the oxygens of opposite monomers
overlap in phase to overcome the antibonding interactions of
the lower orbitals and to stabilize a planar conformation for
N204.

The rule of weaker central A-A bonds with decreasing
electronegativity difference between A and B predicts that the
B-B bond in B,Cly4 should be longer and weaker than that in
B;F4. The experimental bond distances24-26 and dissociation
energies suggest that this might be true, although the large
uncertainties in those values make the comparison question-
able. However, the large size of the terminal atom AOs could
also lengthen and weaken the B-B bond in B,Cl, by increasing
the out-of-phase interactions in the lower occupied valence
MO:s. In the series ByF4, C50427, and N»Oy, all central atoms
are from the same row of the periodic table and all terminals
are also from the same row. For the comparison of B,F,4 and
B,Cly the terminals are from different rows. The higher
principal quantum number of the valence AOs on chlorine
gives those orbitals a larger effective radius, and therefore, the
net antibonding or repulsive interactions from the 16 lower
occupied MOs would be larger, lengthening and weakening
the B-B bond of B,Cl4 compared to that of B;F,. These larger
antibonding interactions are apparently responsible for the
increase in the barrier to internal rotation from B,F4 (0.5
kcal/mol)20 to B,Cly (1.5-2.5)20.25-27 to B,Br, (2.11-
3.75).%

The electronegativity rule can also be used to rationalize the
nonexistence of the thicoxalate anion, C,S42~. For this ion AX
is smaller than that for N,O4 and one would predict an even
weaker dimer bond. The larger sulfur atoms could also weaken
the bond.

Note that we are not comparing the strengths of A-A bonds
between elements from different rows of the periodic table.
Such differences are not yet understood. For example, we do
not claim that Al,F4 should be more strongly bound than B,F;,
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Figure 8. Folding causes parallel p AOs that are A-B antibonding in 2b,,
(D2x) to become less 5o in ag (Can), lowering the energy of the nonplanar
structure. A similar effect occurs for 2by, (D).

Figure 9. The AO composition of the 4a; MO, responsible for A-A bonding
in B,F4, is not greatly changed by folding to nonplanar geometry as in
N,F,.

even though AX is larger in the AL F4 case. Al;F4is unknown,
In fact, there are no known 34-electron A,B4 examples in
which A is a second-row element.

The orbital 4a, is formed by the in-phase combination of two
4a; MOs from the AB, monomers. The corresponding out-
of-phase combination 4b3, is much higher in energy. Between
4a, and 4bs, lie 2b;, and 2b,g, which are, respectively, the
bonding and antibonding combinations of the 2b; MOs of the
AB; monomers. Refer once more to Figure 2. The 2b;, MO
makes the 7 bond in 36-electron molecules such as C;F,. In
38-electron molecules the antibonding 2by, MO is occupied,
canceling the = bond and yielding another A-A single-bonded
series that includes N,F4 and S,042~. If 40 electrons were to
occupy this MO system, the antibonding 4bs, orbital would
be filled, canceling the ¢ A-A link of 4a,. The 40-clectron
molecule S;F4 is known®! but it has the unsymmetrical
structure F3S-SF rather than the symmetrical B,AAB; pat-
tern that is ruled out by MO considerations.

The A;B, class contains two series of singly bonded dimers.
Molecules in the 38-electron series have nonplanar trans Cy,
conformations with possible rotational isomers of gauche C,
symmetry. An explanation of the rotational conformations is
the subject of another story*Z but it is easy to see from Figure
8 why the B,A-AB; system prefers to be nonplanar with 38
electrons. Out-of-plane folding changes the 2b;, and 2by, MOs
from A-B antibonding orbitals of planar geometry to A-B
bonding orbitals of pyramidal geometry about A. Orbital
overlaps change in exactly the same way as for the conversion
of 27, (AB3, Day) into 4a; (AB,, Cy,) shown in Figure 1.
Folding the A;Bg structure to trans shape changes 4a, (D,;)
into 4ag (Cyp). Thus, the 4a; MOs that are responsible for
A-A bonding in both the 34 (D5;) and 38 (Ca,) electron series
are directly related through AO composition, as shown in
Figure 9, and the same electronegativity rule applies. Table
II contains data for some 38-electron A,B4 molecules. As ex-
pected the A-A bond in S,042~4344 s longer and weaker than
that in P,F4.4346 There is some uncertainty about the elec-
tronegativity rule in the diphosphines. Estimates of P-P bond
energies seem to increase through the series PoF4 (57 £ 10
kcal/mol), P,Cly (62), P14 (71-80),% but the uncertainties
in these estimates are quite large. The P-P bond distance in
P,F4 (2.28 A)*5is longer than that in P,14 (2.21 A).4” On the
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Table II1. A,B¢. SO Valence Electron Series
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SiyFeg P2064_ 82062_ Si,Clg P2864_ P28664_
R(A-A), A 2.32¢ 2,176 2.15¢ 2.324 2.20¢ 2.24¢
2ra, A 2.34 2.20 2.08 2.34 2.20 2.20
Ar, A -0.02 -0.03 +0.07 —-0.02 0 0.04
AX 2.1 1.2 0.8 1.2 0.4 0.4

@ Reference 75. ® Reference 67. ¢ Reference 76. 4 J. Haase, Z. Naturforsch. A, 28, 542 (1973). ¢ Reference 68.

Figure 10. The 3a; and 4a; MOs of pyramidal AB3 are formed from par-
allel p AOs, just like 3a; and 4a; in AB,.

other hand, the calculated P-P stretching force constant for
P,Cly, is greater than that for P,14.48 The compounds X,04 (X
= halogen) are known. A study of the MOs for AB, molecules
concludes that those orbitals with considerable end-atom
character (because of nodes passing through the central atom)
are much more stable if the more electronegative element oc-
cupies a terminal position.*® Thus, the expected arrangement
of O,F is FOO, which has been observed experimentally,30
rather than OFO, which is unknown. Even assuming an OFO
monomer, the AX rule would not predict a stable dimer
O,F-FO, for which the central atoms are highly electroneg-
ative compared to the terminals. Instead, F,O4 has the per-
oxide-type structure FOOOOF.5! The electronegativities of
Cl and O are close (AX = 0.3) and one would not expect a
strong Cl-Cl bond in Cl,Qy4. Instead, this compound has the
unsymmetrical structure O3Cl-O-Cl.32 Symmetrical Br,O4
is more likely since AX is larger (0.5) and indeed vibrational
spectra favor the structure O,Br-BrQ,.53 The Mossbauer
spectrum of 1,04 in frozen H,SQy4 solution suggests 0,10 -
--JO*34, which is related to the structure of the polymeric
solid.3% Our electronegativity rule predicts a symmetrical
structure because AX is larger (0.8) than for Br,Oy4. Finally,
N,04 and N,F, offer one comparison between the 34- and
38-electron series. The larger electronegativity difference in
N,F4 makes its N-N bond shorter and stronger® than that in
N,0;.

AsBg. Table I11 lists some known ethanelike A;Bg molecules
and ions containing 50 valence electrons. These electrons oc-
cupy 25 MOs, the highest of which is the A-A o bonding 4a,,
MO. Below 4a;, lie 24 MOs among which are equal numbers
of A-A bonding and A-A antibonding orbitals. The net effect
of these 24 underlying MOs is therefore repulsive, giving
50-electron molecules their staggered D3y conformation. Al-
though there are many 48-electron A,Bg molecules, none has
a direct A-A bond between the two AB; monomers. Instead,
the 48-electron molecules have diborane-like structures with
a pair of bridging atoms. Examples are Al,1¢,57 Ga,Clg,>® and
Ge,Set™ 59

The 4a;; MO of A;B¢ forms the bond between two AB;
monomers. This MO is the in-phase combination of singly
occupied 4a; MOs of the two AB3 monomers. The 4a; MO
gives 25- and 26-electron AB3 molecules their pyramidal (Cs,)
shape as shown in Figure 10. The change from planar to py-
ramidal shape moves parallel p AOs from A-B antibonding

positions into A-B bonding positions, just like that for 4a,
(AB,, Cy,). Compare Figures | and 10. Furthermore, the same
relationship holds between the 3a; and 4a; MOs of ABj that
we found for the 3a; and 4a; MOs of AB,. Both sets consist of
p AOs that lie parallel to the rotational axis of the monomer.
Therefore, there is a direct relationship between 4a;, (A;Bs)
and 4a, (A;B,) and the electronegativity rule that we found
for 34- and 38-electron A,B4 molecules holds for the 50-elec-
tron A,Bg series as well.

The only A-A bond energy comparison for the 50-¢lectron
A,Bg series is between CFg (96.5 kcal/mol)60 and C,Clg
(72.4).6! However, the substituents have valence AOs of dif-
ferent principal quantum number and the larger substitutent
AOs could also act to weaken the C-C bond. Larger substit-
uent orbitals are presumably responsible for the increasing
barrier to internal rotation from C,Fg (3.91 kcal/mol)$2 to
C1Clg (10.8-17.5)83 to CyBrg (13-507).6* Most comparisons
of A-A bond distances are for systems in which variations
might be due to both the electronegativity rule and substituent
orbital size. The two series Ga,Clg2™ (2.390 A),65 Ga,Brg2~
(2.419)66 and P2064_ (2.17),67 P2564_ (220), PzSCe4_
(2.24)%8 show clear lengthening of the central A-A bond with
increasing substituent orbital size and decreasing AX. The
difference of 0.02 A between observed C-C bond distances in
C,Fs (1.545 A)%% and C,Clg (1.564)70 is surprisingly small
considering the 24 kcal/mol difference in dissociation energies
D(X3C-CX3). The reported C-C bond distance in C;Brg
(1.526 A)7! is shorter than that in either C,F4 or C,Cls.
However, these central bond distances are difficult to measure
accurately by x-ray or electron diffraction techniques because
the two carbons are virtually surrounded and, therefore, ob-
scured by six strongly scattering halogen atoms.

Another measure for the comparison of A-A bond strengths
is calculated A-A stretching force constants. A pattern of
decreasing Si-Si stretching force constants has been observed
in the Si,Xg series: Si;Fg (2.4 mdyn/A), Si,Clg (2.4), SizBrg
(2.1), SiyI6 (1.9).72 The In-In stretching constants in In;X¢2~
seem to follow a similar trend: In;Clg2~ (0.64 + 0.08 mdyn/
A), In,Brg2~ (0.69 £ 0.06), InyIs2~ (0.24 £ 0.01).73 One might
hope to find the same pattern for the C-C stretches in the
perhaloethanes C;Xg. The vibrational spectral data are
available but apparently force constants for this series have
never been calculated without the assumption of equal C-C
stretching force constants throughout.”

In the series Si;Fg,”® P20¢%~, S20627,7¢ and Cl,04 all
central atoms A come from the same row of the periodic table
and all substituents B come from the same row. Therefore, it
should be possible to isolate the effect of electronegativity
differences on A-A bond strengths or distances. Table III
compares the observed bond distances R(A-A) with twice the
covalent radii 27 . The difference Ar = R(A-A) — 2raisa
measure of the deviation of R(A-A) from the radius additivity
rule. For Si,Fg and P,O¢*~, Ar is negligible, the negative value
perhaps indicating that the A-A distance is even a little shorter
than predicted by the radius additivity rule. The small value
and negative sign of Ar for P,Og*~ also eases concern that the
large charge in this ion might produce an expansion of the ion
and a lengthening of the P-P bond. The value of Ar = +0.07
A for S,042" signals a lengthening of the S-S bond. The
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Table IV. $;X,. 26 Valence Electron Series

S,F, S,Cl, S,Br, S42_
R(S-S),A 1.89¢% 1.93¢ 1.984 2.07¢
Ar, A2 -0.19 -0.15 -0.10 -0.01
AX 1.4 0.6 0.4 0

a2r, = 2,08 A. & Reference 83. ¢ Reference 84. ¢ Reference 85.
¢ Reference 93.

compound Cl,Og has long been known.”” AX is very small.
Recent spectroscopic measurements of the liquid indicate that
the ClO; dimer is not symmetric or ethanelike but rather it has
the unsymmetrical structure O;C1-0O-Cl0,."8

A,B;. Both the 18- and the 26-electron series of the BAAB
class have A-A single bonds. Members of the 18-electron series
are C,N,, C,P5, B50,, and B,S,. C;N; has a linear symmetric
structure N=C-C=N and bond distances are known accu-
rately from x-ray diffraction measurements.” The infrared
spectrum of B,O, is consistent with a linear symmetric mole-
cule OBBO80 and this is the structure we assume, although
thermodynamic data have recently been used to argue in favor
of a bent unsymmetrical molecule.8! The 26-¢lectron series
includes O,F,,%2 S;F,,8% S,Cl5,%4 S,Br,,8% SesCl,,86 and
Se,Br,.86 These molecules are known to have chainlike, non-
planar, gauche C; shapes like hydrogen peroxide. The molecule
S,I5 is stable only at low temperatures. Its structure is un-
known.8” The shapes of A;B, molecules and ions have been
discussed in detail elsewhere.38

The members of the 26-electron series seem to follow the
electronegativity rule for A-A bond strengths that we have
developed for single bonded A,B4 and A;Bg systems. The data
in Table IV show that the S-S bond grows longer through the
series S,F5, S»Cl,, S»Br; as AX decreases. For O,F, the dis-
sociation energy D(FO-OF) is estimated to be 62.1 kcal/
mol.® The Cl,0, dimer, however, is very weakly bound and
it possibly has the unsymmetrical structure ClO-Cl0O.%¢ The
26-electron homonuclear ions S42~ and 142 are weakly bound
as the electronegativity rule would predict. The dissociation
energy of 142* into 21,* is estimated to be 10 kcal/mol.?! In
liquid solutions S42- is in equilibrium with the radical ions
2S,7.92 The x-ray crystal structure of BaS, has been deter-
mined®? and the central S-S bond in the S42~ ion is long (2.07
A) compared to that in S,Cl, (1.93 A), a molecule containing
terminal atoms of greater electronegativity but with valence
AOs of the same principal quantum number as the sulfur
terminals in the homonuclear ion S42~. In contrast, the 18-
electron series does not appear to follow the electronegativity
rule. It turns out that exactly the same principles apply but the
result is a reversal of the effect for the linear 18-electron series.
The electronegativities of C and N are fairly close, yet the
central bond in N=C-C=N has a dissociation energy of 128
kcal/mol,%4 very strong and short (1.38 A) compared to the
C-C bond in C,F¢ (96.5 kcal/mol; 1.545 A). Apparently the
central bond in OB-BO is weaker than that in NC-CN despite
the larger electronegativity difference AX between B and O
than between C and N, Estimates of D(OB-BO) range from
100 to 120 kcal/mol .20:95 The B-B distance in B,O; is un-
known. From the heats of atomization of CP and C,P,%° one
can calculate D(PC-CP) = 149 + 8 kcal/mol. In this case, AX
is smaller than for C;N, and the carbon-carbon bond is
stronger.

Figure 11 shows some of the higher energy valence MOs for
linear BAAB. Molecular shapes and qualitative MOs for the
BAAB class have been discussed in detail elsewhere.®8 In the
18-electron BAAB series the highest occupied MO is the 3o,
orbital formed by the in-phase overlap of the collinear p AOs
on the four atoms BAAB. Below 3a,, 16 electrons occupy 8
MOs of which half are A-A bonding and half are A-A anti-

ac,

X 6-6-6-0

2O @O
) 10

Q
)
299 6-6-6-9
50
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AAAHA 6-6-6-6

Figure 11, Some of the valence MOs of linear A;B;. The 3o, MO that lies
between 27z and 4a, has been omitted here because it plays no part in our
discussion.

3z, CBEATLFATSBD

large 48X small 08X

Figure 12, Relative AO compositions in 3o for extremes in AX, Smaller
AX forms the stronger A-A bond.

bonding. Thus, it is 3¢, that provides the A-A single bond
which links the two AB monomers in the linear A;B,; dimer.
As just stated our model would not account for 16-electron
A,B; species with a direct A-A bond. In fact, C4 (16 electrons)
has been detected in the vapor over graphite at high temper-
atures. The abundance of Cy is less than that of either C3 or
Cs.%7 Now 30,4 and 1y are close in energy and their order is
poorly determined by qualitative considerations. They might
be reversed in the case of Cy4. If 30, were below L, then two
C, monomers would be joined by the bonding 30, MO and C4
would be an open shell or triplet state because 17, would be
only half filled, a configuration supported by the calculations
of Pitzer and Clementi.®®

For large AX the p AOs from the terminal B atoms would
make the larger contribution to 30 because the B atom p’s
have lower energy than those from the central atoms A. For
small AX the central A-A p contributions are large, again by
analogy with the lowest energy wave function for the particle
in the one-dimensional box. Figure 12 illustrates these two
extremes. The larger the p coefficients on A, the stronger the
A-A bond. Thus, for larger AX we predict weaker A-A bonds
for the linear 18-electron series.

Moving from the 18-electron A;B; series to the 26-electron
series, 8 electrons are added to two sets of doubly degenerate
MOs, 2w, and 2w, The A-A bonding character of the 2,
orbitals is canceled by the antibonding nature of 2v, and
therefore the 26-electron series should have A-A single bonds,
which they do. If that single bond were due to the same 30,
MO responsible for bonding in the 18-electron series, then one
would expect weaker A-A bonds for larger AX, a trend op-
posite to that observed for the 26-¢electron series. The resolution
of this dilemma is based on the fact that the 26-electron mol-
ecules are not linear. Although the 26-electron species are
actually nonplanar or gauche C5, we assume planar, trans Cay
geometry for representational convenience, If 30, were bent
trans, one would expect its energy to rise because collinear p
AO overlaps between atoms & and B would be reduced. Above
2mg is 404, the A-B antibonding combination of collinear p
AO:s related to 304 On bending, the energy of 4o, ought to
lower because A-B out-of-phase overlaps are relaxed. Both 30,
and 40y produce MOs of a, symmetry in trans geometry.
Bending produces a reversal of order of the two a, MOs derived
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Figure 13, The intended correlations of # MOs of trans-oriented AB mo-
nomers with the ¢ MOs of the linear dimer A,Bs.

AB, (D,,)

from 304 and 40,. That this must be so can be seen from Figure
13, in which these same MOs are formed through in-phase
combinations of the appropriate MOs of two AB monomers
to form directly the trans-bent dimer. Figure 13 shows that by
the in-phase combination of two A-B bonding | = MOs of trans
associated AB monomers one can form an ag dimer orbital that
has the same phase relationships among component p AOs as
those in 4¢, of the linear structure. Similarly, the in-phase
combination of two antibonding 27 MOs of AB monomers
leads to the 30, MO of the linear dimer. The dashed lines
connecting 17 (AB) and 40, (A;B>) and between 27 (AB) and
304 (A,B;) represent intended correlations that are not allowed
by the noncrossing rule. The actual picture is even more
complicated because of the mixing of other MOs of ag sym-
metry since there are six a, MOs that can be made from our
AO basis set. The a; MO that maintains net A-A bonding in
the nonlinear 26-electron series is that made by combining the
two 27 (AB) MOs. It is, after all, related to 304 (A2B;) by AO
phases. But Figure 13 shows how the a; MO related to 40,
(A,B,) slips underneath in nonlinear geometry.

Now consider how the [ r and 27 MOs of the AB monomer
are influenced by AX. As for AB, (Figure 3) and AB; (Figure
10), we are concerned with a pair of monomer MOs formed
from parallel p AOs. If AX is zero (homonuclear case) the two
p AO coefficients must be equal in both 1= and the higher
energy 27. If AX is large then the p AO contribution of B in
1= will be larger than that of A because the AO energies of B
are lower. Conversely, the p AO contribution from A will be
larger in the higher energy combination 2. Figure 14 protrays
the extreme cases. Since the size of the A atom p contribution
determines the strength of the A-A bond, then large AX sys-
tems will form strong A-A bonds, just as they did in the A;B4
and A,Bg classes. There is a difference, however. For AX =
0, the A and B p AO coefficients in 27 must be equal; small AX
does not diminish the A atom p contribution below that of the
B atom, a consequence that can occur in the comparable MOs
of AB; and AB;. The requirement that the p contribution from
A to 27 cannot be smaller than that from B, therefore, limits
the weakening suffered by the BA-AB bond for small AX cases
and accounts for the existence of homonuclear ions S42~ and
I,2* which have no counterparts in the A;B; and A;Bg
classes.

Semiquantitative Comparisons. The conclusions of the
qualitative arguments agree with the results of extended
Hiickel calculations. For example, as AX increases (as re-
flected in the calculations by differences in input parameters
for atomic ionization potentials) there is an increase in the ratio
of the s AO coefficient to the p coefficient for the central atom
A in the 4a, orbital of bent AB,, indicating a greater extent
of hybridization of the central atom AOs as represented in
Figure 6. Larger AX also produces greater A-A bond orders
and smaller end-end B---B bond orders in the 4ag MO of
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Figure 14. Relative AO compositions of the 2= MO of the AB monomer,
assuming the electronegativity of B to be greater than or equal to that of
A.

planar A;By4 as shown in Figure 7. The energy order of the
MOs pictured in Figure 2 agrees with the order of MOs for
B,F4, C,0427, and N,O4 obtained by extended Hiickel cal-
culations. Calculations for A,Bg and A;B, classes lend similar
support to the qualitative arguments for those systems.

The calculated relative order of the 17y and 364 MOs for
linear BAAB molecules depends on the parameter values used
in the calculations. Similar difficulties occur in the ordering
of the 17, and 2¢, orbitals of linear AB; and the |7, and 20,
orbitals of A,. A reversal of the order of 17, and 30, does not
affect the qualitative conclusions about A-A bond strengths
in the 18-electron BAAB series. In the other cases studied here
the agreement between energy level orderings obtained by
qualitative arguments and by semiquantitative calculations
is excellent.

Other Models. Several papers by other investigators have
an important relationship to this work. Brown and Harcourt
have studied the strengths of A-A bonds in the 34-, 36-, and
38-valence electron A,By series.® They too note weaker A-A
bonds as A and B approach each other in electronegativity, a
trend that is in accord with A-A bond populations from their
semiempirical MO calculations. They explain that the trend
results from the delocalization of lone pairs of the B atoms into
the A-A o-antibonding MO. Harcourt has rationalized bond
properties in A,B4 molecules in terms of expanded valence
electron dot diagrams.190 Moore!©! was the first to do extended
Hiickel calculations for B,F4 and N,O4 in planar and
staggered conformations. His calculated bond populations
reflect a strong B-B bond in B,Fy, a slightly weaker bond in
B,Cly, and a considerably weaker bond in N;Oy4. Furthermore,
bond populations between substituents on opposite monomers
are weak in B,F4 but considerably larger in N,O4. Redmond
and Wayland!92 performed extended Hiickel calculations for
NO, and N0, and recognized 4a, as the MO responsible for
the dimerization of NO,. Bibart and Ewing!2 include pictures
of the 4a; MOs of two NO; monomers and the 4a; MO of
N,O, which are very similar to those in Figures 6 and 7 of this
paper. They use those diagrams to rationalize the planar
conformation of N»O4. Howell and Van Wazer?! have done
both extended Hiickel and ab initio SCF MO calculations to
study conformational differences between B,F4 and N»Ou.
Although their qualitative interpretation is somewhat different
from ours, the two explanations are in no way contradictory.
A strengthening of central bonds by more electronegative
substituents has been noted by Bartell,*5 who also pointed out
that this rule may fail for diphosphines. Hofler, Sawodny, and
Hengge’? have described the declining Si-Si stretching force
constants with decreasing electronegativity of substituent in
perhalodisilanes. Beagley and co-workers pointed out the
electronegative substituent effect of shortened S-S bonds in
the series S;X,.84 Our work provides a qualitative MO
framework that helps rationalize these various observations
and calculations,
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