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I. INTRODUCTION

Compounds containing the OO linkage are key species in oxidation reactions.
Knowledge of their chemical properties is essential in the elucidation of atmospheric and
stratospheric chemistry, the chemistry of combustion and flames, pollution, polymeri-
zation, biochemical synthesis and metabolism. This has been shown in previous
monographs and review articles on hydrogen peroxide!? and organic peroxides®~’,
oxidation reactions”°, especially those involving singlet oxygen'®!! and ozone'?
combustion'?, decomposition of peroxides’!4~!¢ smog reactions'”-'®, degradation of
polymers!®, oxidation in biochemical and biological systems'!?%?! and metal-dioxygen
complexes??:23,

In most cases where a_peroxo compound is formed its precursor has been molecular
oxygen. Since O, is the second most abundant molecule in the atmosphere, one might ask
why only a vanishing small amount is converted to per- or poly-oxides. What force
prevents O, from polymerizing in chains and rings held together by O —O single bonds?

The presentation given here is an attempt to answer this, and related questions, by
providing aninsight into the electronic features of molecules possessing OO bonds. In order
to establish the scenario of per- and poly-oxide chemistry, it seems appropriate to first
compare and contrast the OO group with other groups of chemical importance.

Table 1 contains some data relevant to the question of the stability of the O —O single
bond. The average bond energies* listed in Table 1 indicate that oxygen prefers bonding
to H, C, N or F rather than to another O atom. Actually, this tendency has been traced to
the difference in electronegativities of singly bonded atoms X and O *. The larger this
difference, the more ionic the X—O bond (Table 1). Since bond strength is always
enhanced by ionic character, X—O bond energies are generally larger than the
34kcalmol™! of the O—O bond.

TABLE 1. Bond parameters of molecules containing a X —O single bond

Parameter H—0O0 C—-O N—-O O0-0 F—0 Ref.
Bond energy (kcal mol™?) 110 84 53 34 44 24
Electronegativity difference

g0 — &x° 1.4 1 0.5 0 —-05 25
Ionic character of bond (%) 18 15 7 0 6 24

®According to the Pauling scale the electronegativity of oxygen is 3.5.
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The average O —O single-bond energy, however, is also smallest when compared with
values for X —X single bonds where X is a neighbouring atom of the same period (Table 2)
or the same group (Table 3). For example, the C—C bond energy is 50 kcal mol ! larger
than that of the O—O bond while the S—S bond energy is more than 20kcalmol™
larger. Table 3 reveals that single-bond energies of Group VI elements do not decrease
with atomic number as double-bond energies do. Both the S—S and Se—Se bond are
stronger than O —O and Te —Te bonds, the latter being comparable in strength. In this
respect, O is similar to N and F, both of which also form weaker homonuclear single bonds
than their higher homologues. This anomaly of N, O and F also becomes apparent when
looking at average X —X bond lengths. These are larger by 5-12 95 than bond lengths
predicted from covalent radii, which have been derived from C—X bond lengths.

Both these anomalies of the O —O bond are indicative of the weakenmg effect of lone-
pair—lone-pair repulsion. If destabilization resulting from lone-pair repulsion is lowered, a
strengthening of the OO linkage occurs. This is best achieved in the O, molecule where
two of the four lone pairs are no longer localized at one atom. By delocalization they gain
bonding character (see Section III.A.1). This explains the high bond energy of O,
(119.2kcalmol ~ !, Table 3).

Lone-pair-lone-pair repulsion also causes a weakening of SS or SeSe bonds. However,
due to the larger covalent radii of these atoms (Table 3) and the corresponding increase of
the bond lengths the effect is much smaller than for the OO linkage. This difference
constitutes the source of the anomaly of Group V1 single-bond energies discussed above.

The atomization energy of O, is 59.6kcalmol ™' of atoms to be compared with
34 kcalmol~! of atoms for an oxygen polymer. This means that polymerization of O,
would be endothermic by 26 kcal mol ™! of atoms, which corresponds to a change in the
free enthalpy larger than 26 kcalmol™" as polymerization would be accompanied by a
decrease of entropy. Therefore, oxygen polymers are not likely to occur in nature.

The fact that the O —O single bond can easily be broken is responsible for the unusual
reactivity of peroxo compounds.

TABLE 2. Bond parameters of homonuclear single bonds X —X*

Parameter H—H Cc—C N—N 0—-0 F—F
Bond energy (kcal mol~!) 104° 84 38 34 38*

Bond length (A) 0.71 1.54 1.47 1.46 1.43
Covalent radius r, of X (A) — 0.77 0.74 0.73 0.71

(0.70y (0.66) (0.64)

“All values from Ref. 24.
*Dissociation enthalpy of X—X.
‘Evaluated from X—C bond lengths.

TABLE 3. Average bond energies and covalent radii of Group VI elements®

Parameter 00 SS SeSe TeTe
Single-bond energy (kcal mol™") 34 58 44 34
Double-bond energy (kcal mol™?) 119 102 63 53
Covalent radius r, (A) 0.73 1.04 1.16 1.35

“All values from Ref. 24.
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ll. STRUCTURE

Molecules with the stoichiometric formulas XO, or X,0, will be considered in this
chapter provided that they contain the subunit OO, ie. that there exists some kind of
bonding interaction between the O atoms. At the moment, it suffices to indicate these
interactions by a string v tying the atoms together. Then, the following question has to
be answered: What are the possible structures of molecules XO, and X,0,?

A. Topology of Atomic Assemblies XO, and X,0,

If the number of bonding interactions involving X and O is not limited, two
topologically different structures can be expected for XO, and ten for X,0,. These are
shown in Figure 1.

To distinguish between them we may term them chain (1, 3,4), Y or branched (5), cyclic
or polycyclic (2, 6—12) forms. Since X,X interactions are of secondary interest, we can
consider 4, 6 and 9 as special cases of 1 and 2 and, similarly, 7, 11 and 12 as being special
cases of 5, 8 and 10. If we assume that both atoms X interact in a similar manner with the
OO moiety, then 8 can be dropped as an unlikely candidate for a peroxide structure*.
That leaves us with the chain structures 1, 3, the branched or Y structure 5, the cyclic
structure 2 and the bicyclic or bridged one (10).

X
A
XAnp Ao ow0 XAMOAMO Amn X XAAX QA0
(1) (2) 3) (4)
0w0°’”Px O, I, ™,
My gﬁxwx %(éfoWo %Jﬂwx
(5) (6) (7) (8)
OO JﬁxLL) Xnan X o)
s 3 Qw0 S8 oﬂ%&x
XnX KT 00 Q,
X X
(9) (10) an (12)

FIGURE 1. Topologically different structures of XO, and X,0, compounds.

* Actually, this line of reasoning can only be followed if the stability of 8 is compared with those of the
other peroxide structures. We anticipate the result of such a stability analysis in order to simplify the
topological analysis. However, if two different substituents X and Y are attached to the OO moiety,

cannot be dropped.
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B. The Configuration Space of X0, and X,0,

In order to get a better understanding of the topological arrangements 1, 2, 3, S and 10,
we shall now discuss specific geometrical forms generated from these structures. The
configuration space of XO, can be spanned by the three internal coordinates R, R’ and
o, where R and R’ denote the OO and OX bond length, respectively, and « is the OOX
bond angle. In Figure 2 the interconversion of 1 to 2 is depicted. It involves linear, bent and
cyclic geometries of XO,, which are related by the angle «. In this respect interconversion
can be viewed as corresponding to a movement approximately parallel to the « axis of the
X0, space. This is indicated in Figure 2. Movements roughly parallel to the R or R’ axis
ultimately lead to dissociation of XO,.

As for X,0,, the chain structure 3 is certainly the one most familiar to chemists.
Geometries generated from 3 comprise linear—linear, linear-bent and bent—bent forms.
The latter can be further distinguished by the dihedral angle 7. Characteristic geometries
are obtained for © = 0° (cis form), t = 180° (trans form) or 0° < 7 < 180° (skewed forms).
They are shown in Figure 3.

The Y structure (5) was historically one of the first discussed in connection with the
elucidation of the hydrogen peroxide structure’. It can be either planar or pyramidal as
shown in Figure 3. A similar distinction can be made for the bicyclic or bridged geometries,
which have hardly been considered in peroxide chemistry.

The main interconversional modes together with some dissociative paths of X,0,
molecules are sketched in Figure 3. There the total six-dimensional space of the four-atom
system has been projected onto a four-dimensional subspace by keeping the two R’ and
two o coordinates equal. Again, movements in geometrical space have been constrained to
occur roughly parallel to one of the four axes, defined by R, R’, « and «.

lll. ORBITAL DESCRIPTION

A. Qualitative Valence Bond Treatment

In order to understand the bonding situation in XO, and X,0, it is helpful to
‘synthesize’ them in a step-by-step manner from atoms O and X via the ‘intermediate’ O,.

X+0=0 X0+0
R’ R
—-0—0
‘a
X
N
0—0
X
+ X
0=0 % 20N
w ' R/‘O Y
/x\
0—o0

FIGURE 2. Possible interconversions occurring in the XO, configuration space approximately
parallel to the space axes (R, R’, «). Note that lines between atoms symbolize bonding interactions
rather than electron-pair bonds.
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FIGURE 3. Possible interconversions occurring in the X,0, configuration space. See caption of
Figure 2.

1. Molecular oxygen

Atomic oxygen possesses the electron configuration (1s)? (2s)? (2p)*, which leads to a *P
ground state and 'D and 'S excited states. Ignoring the low-lying and doubly occupied 1s
and 2s AOs, the O(®P) state can be visualized as:

y

—

1

D= o (D
o O

/X
t

There are 81 different ways of combining two O(*P) atoms leading to a total of 81 0,
states. If a strong & bond is formed by coupling of the 2p. AOs, essentially two possibilities

(o}
I
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a and b remain to combine the other 2p electrons. Each combination mode splits into a
singlet (S) and a triplet (T) state of O,:

or

Combination mode a is clearly preferred, since it allows the electron pair on one O atom to
delocalize onto the second O atom, thus reducing destabilizing Coulomb repulsions
typical for combination mode b. The delocalization effect involving three 2pn electrons has
been estimated to account for about 30 kcal mol ™! of the bond strength?®. Accordingly, ©
bonding should contribute 60 kcalmol ™! to the total bond strength of O,. The singly
occupied orbitals are orthogonal in case a. Exchange interactions stabilize the triplet but
destabilize the singlet state, just as would be predicted if Hund’s rule of maximum

multiplicity would be applied. Hence T, represents the ground state (GS) of O,, while S,,
S, and T, describe excited states.

Sp

2. Radical, biradical and ionic states of XO,

Ifan atom X, with a single electron in a s, 2s or 2pc AO, approaches O,, itcan form a ¢
bond with O via one of the singly occupied 2p orbitals of the T, state. A bent XO, radical
results. This should be the GS if X is a monovalent atom or group, like H, Li, CH3, NH,,
etc. The GS is characterized by the term symbol 12(3n) where the plane containing the
three atoms serves to classify the symmetry of the singly occupied orbital (¢ or n) and the
total number of 7 electrons is given in parentheses (see Figure 4).

Excited states of XO, are derived from the 12rn(3n) state by po — pn promotion or a pr
- pn charge transfer. Thus, a covalent (cov) 12c(4n) state with the single electron
occupying the po orbital and a ionic 2?nt(37) state of XO,, both with bent geometries, are
obtained. They are shown in Figure 4.

A cyclic XO, state becomes possible when X has a second unpaired electron available
for bonding. If X = O, F*, S etc, there is in addition an electron lone pair and the
configuration at atom X may beeither (po)!(pr)? or (po)?(pr)'. Asindicated in Figure 5, the
latter is more favourable since it avoids the destabilizing pair-pair Coulomb repulsion
between 7 electrons at adjacent atomic centres of XO,. Accordingly, the 4r states of XO,
should be more stable than its 5z states.

If the pr orbitals at atom X and the terminal oxygen did not overlap, the biradical XO,
would be more stable in the T state 3nrn(4n) according to Hund’s rule. But pr orbitals
separzated by more than 2 A still have a finite overlap. This brings the S (47) state below the T
state?®,

Excited 5w and 67 states are generated from the 4n states by pc — pn promotion(s). The
'oo(67) state, characterized by bad Coulomb repulsions, can stabilize itself by decreasing
o and forming a three membered ring. lonic states of XO, are obtained by pn — pr or
po — pr charge transfer to one of the terminal atoms (Figure 5). They correspond
to resonance descriptions of XO, in terms of Lewis structures.
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(+)

ionic 2 2r (3n) ‘ g 22p”
@
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cov 12 (4n) ‘ 8 124’
O

cov 1 2 (3n) ‘ " 12p"
@

x/o\o X=H

FIGURE 4. Schematic representation of low-lying states of XO, with monovalent X. Sigma bonds
are denoted by solid lines, o orbitals by lobes, T orbitals by circles and electrons by dots. Appropriate
state symbols are given for HO,. The covalent (cov) or ionic nature of each state is indicated.

3. X,0, geometries with chain, Y or bridged structures

In Figure 6, four different geometries of X,0, are rationalized by adding another
monovalent atom X to each of the three lowest states of XO,. Assuming that the energy
content of XO, is carried over to X,0,, the orthogonal bent-bent geometry should be
more stable than both trans and cis forms, which in turn should be more stable than the
pyramidal Y form.

Some of the other possible X,0, geometries can only be derived from high-lying XO,
states (Figure 6). Accordingly, their energies should be considerably higher than those of
the bent—bent geometries. This can be verified by counting the number of electron-
pair—electron-pair repulsions.

Bridged geometries of X,0, cannot be rationalized in this way. However, one can
predict that the planar bridged form is also destabilized because of pair-pair repulsions.

B. Qualitative Molecular Orbital Treatment

1. MO description of O,

One of the early triumphs of MO theory was the explanation of the paramagnetism of
molecular oxygen. In Figure 7, the MOs of O, are schematically shown?’. With respect to
their shape and energy (Figure 7, left-hand side), they differ from those which one obtains
by a simple pairwise combination of oxygen 2s and 2p AOs (Figure 7, right-hand side and
middle). This is due to mixing of valence MOs with the same symmetry as indicated by the
interaction lines of Figure 7.
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FIGURE 5. Schematic representation of low-lying states of XO, with divalent X. Note that the
c};;der of states depends on the nature of X. Appropriate state symbols are given for O;. See caption of
tgure 4.

Assigning 18 electrons to the MOs of O, the electron configuration
0,:(16,4)*(16,)*(20,)*(26,)* (30, *(1m,)* (Im,)* = [N, ](1m,)?

results. Ten electrons occupy bonding o, and n, MOs, while six are in antibonding &, and
L .MOs. Hence, O, possesses two bonds, one formed by the 36, and one by a 17, electron
pair.

There are only two electrons occupying the 1m, set, which can hold a total of four
electrons. When spin is considered, there exist

4 —4X3—-6
2l 2
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FIGURE 6. Formal ‘syntheses’ of X,0, geometries. From top to bottom the energy of the XO,
‘precursor’ increases. Compare with Figure 4.

possible assignments of the two electrons to the four 1w, spin orbitals. They are given in
Table 4. By writing for each assignment the corresponding Slater determinant, six state
functions are obtained, which are depicted in Table 5 in terms of both real and complex
spin orbitals?®,

The real state functions gain physical significance if O, is approached by a reacting
molecule. For the free molecule, however, the distinction between the x and y directions is
completely arbitrary. Then, the state functions have to be expressed in terms of complex
spin orbitals 7" The cylindrical symmetry of the latter complies with the requirements of
the cylindrical point group D, of the O, molecule.

The six state functions describe the three electronic states *Z;, 'A, and 'Z; of O,
(Tables 4 and 5). According to Hund’s rule of maximum multiplicity and the orbital
diagrams shown in Table 5 for the real state functions of O,, these states should
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FIGURE7. Qualitative MO correlation diagram for O,. The shape of the MOs before (middle) and
after (left-hand side) mixing is indicated. Solid lines between different MO levels denote orbital
mixing.

TABLE 4. Assignments of the r, electrons of O,**

Assignment mho us ny o ng B M, Mg Term

1 1 1 0 0 2 0 1A,

2 1 0 1 0 0 1 o

3¢ 1 0 0 1 0 0 3):;, 12;
& 0 1 1 0 0 0 g Iny
5 0 1 0 1 0 -1 3):;

6 0 0 1 1 -2 0 1A

“M, and M are the eigenvalues of the total orbital and spin angular momentum operator L;and S,.
. . . 1 . 1 .
b Assignments are given for complex spin orbitals 1t} = —(n + in})and 1, ' = —(nj — in}) where
2 2

the superscript + 1 corresponds to the eigenvalue m, of the operator [,. The complex spin orbitals 7"
are more easily obtained when starting from complex atomic orbitals 2p,,, = f(r, )+ e""*® expressed in
terms of spherical polar coordinates r, 8, ¢. For a more detailed description, see, for example, Ref. 28.
“Assignments are degenerate. To obtain the correct state functions, in-phase and out-of-phase
combinations of the corresponding Slater determinants have to be taken.
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TABLE 5. Complex and real state functions of O,*

State Complex state functions Description

T L @) + g ()m2)]
5
1
=2 [B0) ~ 1)

[mg (D)mg(2)] 1 AH_ _
¢ x ﬁ [a(1)B(2) — p(1)a(2)]
[ (g ()] S _ﬁ
R \%["g‘(l)ﬂ;‘m - (Om(2)] 47 +
a(1)ef2)
1
x 7% [2(1)B2) + p(1)a(2)]

BIQ) + T

State Real state functions Description

3 mOmE + gome !
5RO 1()()1 5 +
xﬁ[a(l)ﬂ(Z)—ﬂ(l)a(Z)] . I
/ii[n:mn;(z) — R B )
i,
% (R()RR) + BOBE))
f }

x \/ii (1)) — B1))]

zy [mg(1)m3(2) — my(1)m(2)]

f
) ]
! }
|

Sl

x ﬁ[a(l)ﬁﬁ) + B(1)a(2)]
B(1)B2)

“Complex state functions have been obtained by expanding the Slater determinants derived from
Table 4. Their form is schematically represented by orbital diagrams. The two linear combinations
correspond to degenerate electron assignments (Table 4, footnote c). The real state functions have
been obtained using the relation between complex and real MOs (Table 4, footnote b). In case of the
two 'A, functions linear combinations of the resulting functions have to be taken in order to cancel
imaginary terms.
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correspond to the GS and the first and second excited state of O, ie.
ECE;) < E('A,) < E('ZY),

which is experimentally confirmed (Section IV.A).

2. The hydrogenperoxyl radical

The MOs of the HO, radical are closely related to those of molecular oxygen, as can be
judged from a comparison of Figures 7 and 8. Figure 8 contains contour-line
representations of the actual MOs of HO,, calculated with HF theory for the linear (13),
bent (14) and bridged (15) geometries. For each MO the appropriate symmetry notation is
given. They should be used to understand Figure 9 where a qualitative MO correlation
diagram for O, and HO,, the latter with varying bond angle o, is given.

Figure 9 can be analysed in terms of increasing or decreasing bonding overlap?®. Since
the 2n—7a’ MO is stabilized for 90° < a < 180°, bent geometries of HO, should be the
most stable ones, irrespective of the occupation of the 2n—-2a” MO. This means that the
HO, cation, radical and anion should all prefer geometry 14 rather than 15 or 13.

3. X0,. ozone

If X disposes of suitable 2pmt AOs three degenerate pairs of 1 MOs determine the
electronic features of the linear XO, form. They possess OO bonding, nonbonding and
antibonding character (Figure 10). In case of bending of the molecule, degeneracy is
removed and the MO levels split (Figure 11). Both the in-plane (o) and out-of-plane (w)
nonbonding MOs are destabilized, while the two other o,n pairs, bonding and
antibonding, become more stable. This is due to developing 1,3 bonding or antibonding
interactions in the bent form as can be seen from inspection of the corresponding MOs of
ozone depicted in Figure 10.

Depending on the occupancy of these MOs XO, prefers the bent rather than the linear
structure. This is demonstrated in Table 6 where predictions with regard to the most
probable GS geometry of XO, systems with 14-20 valence electrons are given. These are
based on Figures 10 and 11 and suggest that XO, peroxides with 14-16 valence electrons
are linear, while those with 17-20 valence electrons adopt bent geometries with
100 < o < 130°3032,

As indicated in Figure 11 conversion of bent to cyclic ozone is symmetry forbidden and,
therefore, should be characterized by a relatively high energy barrier. The orbital diagram
of Figure 11 suggests that the cyclic state of O3 should be more stable than the bent one. A
guantitative analysis of O3, however, reveals that configuration interaction (CI), especially
between the GS electron configuration and the ... (1a,)°(4b,)*(6a,)*(2b, )* configuration
leads to stabilization of the bent form below the cyclic structure. So far only one XO,
system has been observed experimentally in a cyclic form, namely dioxirane (X = CH,) **.

4. Hydrogen peroxide

Linear H,0; (16) possesses degenerate m, and , MOs, similar to those of O,, but fully
occupied. The 'Z; state is the GS of 16. In the Y (17) and the bridged form (18), the in-
plane components of the 1 MOs gain OH bonding character (Figure 12), thus leading to a
lowering of the corresponding orbital energies (Figure 13) and an overall stabilization of
these forms. According to the qualitative MO diagram of Figure 13, one can expect 17 to
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FIGUREY. Qualitative MO correlation diagram for O, and linear (13), bent (14) and bridged (15)
HO, based on UHF calculations and experimental ionization potentials. A crossing of the 5a’” and 6a’
MO, indicated by dashed lines, is symmetry forbidden (noncrossing rule). Compare with Figure 8.

be more stable than 18. In both cases the nonplanar forms, i.e. the pyramidal Y form (19)
and the puckered bridged form (20), are characterized by additional OH bonding as one
(20) or both (19)?° © MOs can mix with the 1s(H) orbitals. Hence, Figures 12 and 13
suggest the following ordering of total energies:

E(16) > E(18) > E(20) > E(17) > E(19).

Undoubtedly the argument of increased stabilization due to developing OH bonding in
the highest occupied MOs applies even more strongly to the bent-bent forms with t = 0°
(21), 120° (22) or 180° (23). This is documented by the shape of the 3b,-4b-1b, and
la,—5a—4a, MOs depicted in Figure 14. (A quantitative MO correlation diagram for the
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, bent and cyclic O ;. See caption of

FIGURE 10. Three-dimensional plots of valence MOs of linear
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D.h

FIGURE11. Qualitative MO correlation diagram for linear, bent and cyclic O 3based on UHF and
RHF calculations and experimental ionization potentials. The symmetry-forbldde_n crossing of the
2b,-le” and 4b,-4a,’ MOs is indicated. Note sthat the 2b, MO—if occupied—possesses a
considerably lower energy. Compare with Figure 10.

bent-bent geometries is shown in Section IV.B, Figure 19). B

According to an argument given by Gimarc?®, the higher stability of skewed H,O, can
be explained in the following way: The change of the orbital energy of.the 4b and 5a MO
for T increasing from 0° to 180° is approximately parallel to th_e change in the 1s(H)-2p(O)
orbital overlap, which in turn depends on cos . For simplicity the 2px.and 2p, AOs are
kept fixed and interconversion from 21 to 23 is considered to comprise clockwise and
counterclockwise rotation of the OH groups by ' = 90°. At ¢’ = 45° (t = 90°) the 4b aqd
Sa MO cross, both possessing then some OH bonding character (Figure 14). Overlap in
the orthogonal form is larger than for 21 and 23 by a factor of 2 cos45° = 1.7. Hence
skewed H,O, with 7 close to 90° should be the most stable bent—bent form. Actually,_ the
lowest energy is found for 22, since 7 depends on a delicate balance among various

electronic factors (see Section IV.B).
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TABLE 6. Ground-state geometry of XO, peroxides

Valence
electrons Molecule Electron configuration® State” Geometry  a(deg.)®
14 BeOO s (Im)*(Img)? 3T, Linear 180¢
15 BOO L (Im)*(1wy)? 211 Linear
16 BOO~ (Im)t(im)t g} Linear
HBOO Linear 180¢
NOO* Linear
17 NOO ...(1a;)*(4b,)*(6a,)* 2A, Bent 122
000" Bent 132
18 H,COO ...(1a,)*(4b,)*(6a,)? A, Bent 120°
HNOO Bent 119
NOO~ Bent 118
000 Bent 118
FOO* Bent 113
19 000~ ...(1a,)*(4b,)*(6a,)? B, Bent 116
FOO (2by)! Bent 109
20 FOO~ ...(1a;)*(4b,)%(6a,)? 'A, Bent
(2b,)?

“Electron configuration and appropriate state symbol are given for the isoelectronic ozoneion (O5**,
...03%7). Compare with Figures 10 and 11.

*Sources of « values are given in Section V.A.1.

‘Cyclic form is more stable; see Table 36, Section V.A.l.

5. X,0,:F,0,

X,0, compounds with 26 valence electrons are best known in peroxide chemistry. They
prefer bent—bent geometries®® as is revealed by Figures 15 and 16, which depict the valence
MOs and the corresponding orbital correlation diagram of F,0,. Overlap arguments
similar to those used in the H,O, case suggest the existence of a stable skewed form.

Knowledge of X,0, compounds with 16-24 valence electrons is scarce. Some of these
peroxides can be formed as diradical intermediates by a homolytic X—X cleavage reaction

of cyclic peroxides X-O—O-X. As can be inferred from studies on dioxetanes!'®,
decomposition to X=0O fragments (X = Be, BH, CH,, NH, O) should be rapid in all
cases.

According to theory, stable X,0, systems with 18 (X = BeH) or 22 (X = BH,) valence
electrons should exist32. Their orbital diagrams differ considerably from that of F,0,.
Predictions with regard to their geometry are difficult to make without a complete MO
analysis (see Section V.A.2).

IV. PROPERTIES OF XO, AND X,0, PROTOTYPES

A. Stationary Points on the Potential Hypersurface

Few molecules have been studied as extensively, both theoretically and experimentally,
as the O, molecule. The vast literature on O, through early 1971 has been reviewed by
Krupenie®®. Since then several very accurate calculations of GS and excited states of O,
and its ions have been carried out3’—** They confirm the qualitative ordering of the three
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FIGURE 13. Qualitative MO correlation diagram for linear HO,, linear (16), Y (17) and bridged
(18) H,0, based on UHF and RHF calculations. Compare with Figures 8 and 12.

lowest states with the *Z, GS being more stable by 22.5 and 37.5 kcalmol ™' than the 'A,
and 'Z; states®®.

Also available are detailed theoretical data on special features of the O;
hypersurface*3-!, some of which are summarized in Table 7. They show that calculations
which go beyond the HF level of theory predict the bent 4 state to be more stable by
5-40kcalmol ! than the cyclic state of O3 with 67 electrons. More recent calculations
seem to suggest a value of about 23-28 kcal mol ~* 1:°°. Bent ozone is separated from its
cyclic form by a barrier of about 30-40 kcal mol ™! 22:37:62,

Wright has suggested that cyclic O, with C,, symmetry may be an intermediate on the
decomposition path leading to O,(*Z; ) and O(*P)*°. His assumption is based on the
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discovery of an ozone precursor in radiolysis experiments. An experimental estimate of the
activation energy of O; decomposition (24 kcalmol™'), reported by Benson and
Axworthy®3, excludes this possibility by describing O3 decomposition as an endothermic
process with no activation barrier. A recent theoretical evaluation of the decomposition
surface of the bent form is in line with this estimate®®. (For a different view see Reference
56.)

Widening of the angle « is accompanied by an increase of the energy. Linear Oj is
less stable than the bent form by 774° to 89kcalmol ~* *°. It adopts a triplet GS, X,
(see Figure 11), which correlates with the first *B, state of bent ozone (Figure 5). The 'A,
GS of ozone, however, correlates with a degenerate 'A, state of the linear configuration
lying about 13kcalmol~* above the 3, state*®.

In the past, the GS of ozone has been mostly described by a zwitterionic structure in
order to explain the observed reactivity of O;. Recent calculations carried out with
different methods unanimously find a relative high biradical character for this and related
X0, species in the gas phase?®4—%8 (Table 8). Harding and Goddard have shown that
biradical character is consistent with the electrophilic nature observed for ozone and that
there is no need to postulate zwitterionic structures®®. The latter can become important in
solution-phase reactions of XO, systems, especially when X bears a n-donating
substituent R(X = NR, CR,)38:%%.

Several theoretical investigations on the HO, radical in its most stable GS configuration
have been published recently”'~®!. They describe HO, as possessing C, symmetry with an
equilibrium angle « close to 104° which is in accordance with qualitative MO arguments
(Section I11.B.2, Figure 9) and experiment®2. Specific results are compared in Table 9.

In recent studies by Melius and Blint”® and Langhoff and Jaffe”® large portions of the
HO, potential energy surface have been computed employing CI methods and augmented
basis sets. Contour plots of various sections of the theoretical surface’® are presented in
Figure 17. They indicate that either widening or closing of the angle o causes an increase of
the total energy with the linear form being more destabilized than the bridged one. The
lowest linear HO, state, 2IT, correlates with the 12A” GS and the 12A’ excited state. The
barrier to linearity is computed to be 60-70 kcal mol ~* 72-83 1t is interesting to note that
ClI calculations describe the linear state to be ionic because of a transfer of the H electron to
the m, MO of O, 7°.

Unfortunately, only a C, geometry (R’ = 0.968 and 1.198 A at & = 60°) of bridged HO,
has been computed’®. It lies about 40 kcal mol~* above the GS of bent HO,. Geometry
optimization should lead to a value of about 35 kcal mol " !. An early estimate of the energy
of the bridged form®* suggesting a minimum is unreliable because it is based on ab initio
calculations of HO," and HO, ™ rather than a direct calculation of HO,.

The theoretical analysis of the HO, surface suggests a small barrier (<2 kcalmol™!) at
a = 120°, R’ = 1.99 and R = 1.23 A (Figure 17) for the reaction H + O, —» HO, due to
partial breaking of the m bond of O,. HO, is more stable by 44kcalmol™! than the
reactants, which has to be compared with an experimental value of 46 kcal mol ™! 83,
Breaking of the O —O bond of HO, requires 56 kcalmol™! (63 kcalmol ™ ?, obs.2%). The
corresponding reaction channel proceeds uphill directly towards the products HO and O,
i.e. there is no activation barrier for the reverse process leading to HO,.

Although H,O, has been the subject of numerous quantum-chemical calculations, only
the conformational subspace of its bent—bent form (see Section IV.B) has been explored so
far. Therefore, we have carried out ab initio calculations on forms 1620 at various levels of
theory®”. Some of our results are listed in Table 10. They confirm the order of stabilities
given in Section I11.B.4. Thus, inversion at one of the O atoms of 23 is an unlikely process
(AE = 71 kcalmol !, Table 10). Equally unstable are the bridged forms 18 and 20. The Y
form, however, may occur under certain conditions. Depending on the level of theory
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TABLE 7. Energies and geometries of bent (C,,) and cyclic ozone”

Geometry

Absolute Relative Bent Cyclic

energy energy
Method (bent) (cyclic) R o R o Ref.
HF/DZb —224.2386 -70 1.244 118 1397 (60) 52
INO CI/DZb —224.4226 16.1 1.322 115 1482 62 52
CEPA/DZb —224.7710 46° 1.264 117.3 1.435 (60) 56
GVB-CI/DZd —224.78578¢ 28.1 1.299 116 1.449 (60) 50
HF-CI/DZd —224.80065 210 (1.278)  (116.8)(1.44) (60) 55
RSMP/DZd —225.05309 38.6 1.289 116.8 1.450 (60) 58
Exp! —225.557 23-28 1272 117.8 1.45 (60) 70

aAbsolute energies in hartree, relative energies in kcal mol ™!, distances in A, angles in deg.; values in
parentheses are assumed.

®In a more recent study, Burton proposes a value of 12 kcalmol~* ¢,

“Calculated at experimental geometries.

YExperimental r, geometry of ozone (C,, ). Absolute energy from Table 14, Section IV.C. Estimates of
relative energy from Refs. 60 and 51.

TABLE 8. Biradical character y of some XO, compounds (%)

RHEF/CI GVB* UHF/CI° VB¢ MC SCF-C1
Molecule (Ref. 64) (Ref. 26) (Ref. 66) (Ref. 67) (Ref. 68)
000 30° 48 55 59 23°
‘NHOO- 55
‘CH,00- 42 43
‘00 100 100 100 100 100

“Calculated from coefficients of ¥ = 1/\/' [Cy®(...(12,)%(2b;)°) + C,®(...(1a;)°(2b)*)];

1 = 100C,/(1/4/2)* = 200C,>.

bCalculated from overlap S in the highest occupied orbital set: y = [1 — 28/(1 + §%)] x 100;
§ = 0.28 (GVB) and 0.24 (UHF/CI) for Os.

“Calculated by expanding Wy in terms of VB functions.

TABLE 9. Energies and geometries for the 2A” state of the HO, radical®

Geometry
Absolute
Method energy R R’ o Ref.
UHF/MBS —148.1967 1.357 1.004 104.1 74
UHF/DZ —150.1579 1.384 0.968 106.8 71
UHF/DZ —150.2360 1.315 0.948 105.7 79
CI/DZ —150.2448 1.458 0.973 104.6 75
MC SCF-CI/DZdp” —150.2998 1.365 0.995 104.2 78
GVB-CI/DZdp —150.4271 1.369 0.991 103.3 81
Exp. 1.335 0977 104.1 82

*Energies in hartree, distances in A, angles in deg.
*MCSCEF energy given.
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FIGURE 17. Equal potential energy contour plots of the HO, potential surface: (a) « versus R’
(R = 1233 A), (b) R versus R’ (@ = 120°), (c) R versus R’ (« = 104°) and (d) & versus R(R’ = 0.979 A).

The contour spacings are 0.2¢V. The zero-energy contour is taken with respect to the H + O,

1. General and theoretical aspects of the peroxide group 35

(d)

reactants. Contour levels greater than 1.2¢V are not included. ao = 0.52918 A. Reproduced by
permission of North-Holland Publishing Company from C. F. Melius and R. J. Blint, Chem. Phys.
Letters, 64, 183 (1979).
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TABLE 10. Theoretical energies and geometries of various H,O, structures®

Structure Form R R’ o Energy

Chain Bent-bept (23) 1.476 0.967 972 —151.15613
Linear (16) 1.333 0.941 180.0 1554
Linear-bent 1.406 0.945 180.0 70.7

0971 99.6
Y Planar (17) 1.487 0.959 119.8 632
Pyramidal (19) 1.521 0.969 100.7 52.8

108.7
Bridged Planar (18) 1.720 1.167 425 714
Puckered (20) 1.662 1.179 452 68.3

aRSMP/SVdp calculations, Ref. 87. Absolute energy of 23 in hartree, relative energies in kcal mol~ R
bond lengths in A, angles in deg.

The puckering angle & is 57°. It corresponds to 7 = 123° (6 = 180 — 7). The puckering amplitude q is
0.40 A.

employed, the relative energy of 17 ranges from 26-63 kcal mol~* 87, Form 17 can gain
about 10kcalmol~! by pyramidalization. Since the dipole moment of the pyramidal
geometry 19 is rather high (43D, RHF/SVdp), solvation in polar solvents will lead to
further stabilization of the Y form.

B. The Conformational Subspace of H,O,

One of the benchmark tests in quantum chemistry is the computation of the rotational
potential of H,O,. The pros and cons of newly developed methods and techniques have
been scrutinized by comparing computed and observed barrier data®®-1°7 In addition,
attempts to explain the origin of the H,O, barriers have revealed merits and limitations of
interpretative models'°® 112, Aspects relevant to this work have been discussed in several
reviews on the quantum-chemical treatment of internal rotation in molecules!4-117,

Despite the fact that H, O, is the simplest molecule to show internal rotation, it was not
until the early seventies that a reasonable account of the rotational barriers could be
provided by ab initio calculations of the RHF type.

In Figure 18 15 selected H,O, barriers and the corresponding RHF molecular
energies are plotted, where the latter may be considered as ro ughtly reflecting the size of the
basis set employed. It is obvious that only with elaborate basis sets are reliable barrier
values obtained.

In contrast to the situation for ethane where RHF/MBS calculations performed for a
rigid rotor model are satisfactory, ab initio calculations of H,0, must fulfill at least two
criteria: (1) The basis set employed has to be augmented by polarization functions. (2)All
geometrical parameters have to be optimized for all values of  to be considered.

Cremer has demonstrated that rescaling of the basis set functions during rotation leads
to a further improvement of the barrier values!?”. Inclusion of correlation effects into the
theoretical approach does not lead to more accurate results!®”. This is in line with purely
theoretical considerations by Freed who has shown that correlation effects should
contribute little to rotation or inversion barriers''®.

In Table 11 experimental® 122 and ab initio barriers'°**°” are compared. There exists
no ambiguity with regard to the stability of the skew form at T = 120° and its trans barrier.
A value of 1.1 kcal mol~ ! has been widely accepted. With regard to the cis barrier, reported
barrier data, both experimental and theoretical, are less conclusive (Table 11). Ewig and
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FIGURE 18. Total molecular energies E(crosses: x) and barrier values AE (dots: @) of H,0,
according to 15 selected RHF calculations taken from References 101 and 107.

Harris!2? have demonstrated that small changes in the torsional frequencies of H,O,
increase the cis barrier height from 7.6 to 14.4kcal mol ~*, while the trans barrier and the
shape of the torsional potential between 140° and 220° remain unchanged. A value of
7.4 keal mol ~ 1, predicted on the basis of large basis set calculations’°7, seems to be the best
estimate of the cis barrier available at present.

The preference of the skewed conformation has also been observed in gas-phase
investigations of substituted peroxides'?*~*27. Depending on the size and the electronic
features of the group X replacing H, the dihedral angle t may vary from 90 to 170°. Smaller
angles © are observed for persulphides!28-13°,

Various hypotheses have been put forward concerning the origin of the rotational
barriers of ethane-like molecules. A critical review, published by Payne and Allen'!’,
compares no less than 14 distinctly different models for explaining conformational
behaviour.
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TABLE 11. Comparison of experimental and ab initio barriers of H,0,

AE (trans) AE (cis)
Authors Year Reference  (kcal mol™?) (kcal mol™!) 7 (deg)
Redington, Olson and
Cross* 1962 119 0.85 3.71 109.5
Hunt and coworkers* 1965 120 1.10 7.03 111.5
Oclfke and Gordy® 1969 121 1.1 70 120
Ewig and Harris” 1969 122 1.10 7.57 112.8
Dunning and Winter¢ 1975 101 1.10 8.35 113.7
Cremer® 1978 107 0.94 7.69 119.3¢

“From infrared spectrum.

*From millimetre-wave spectrum.
‘From RHF calculations.

4From RSMP calculations.

Despite the appealing character of some of the proposed models, their quantitative
verification turns out to be especially difficult in the case of H,O,. Rather inconclusive
have been attempts to trace the origin of the cis and trans barriers back to orbital
orthogonality or exchange contributions imposed by the Pauli Principle! 12,131
interference effects between the weak vicinal ‘tails’ of OH or lone-pair (n) LMOs''"132,
bond-antibond interactions'®®, the dominance of attractive or repulsive energy
terms!99:116:134.135 ¢ the prevailing role of special MOs.

In Figure 19, RHF/SVd orbital energies ¢; for the five highest occupied MOs of H,0,
are plotted as functions of 7. They reveal that reliable predictions with regard to the
relative stabilities of 21, 22 and 23 cannot be made with the aid of ¢; values. This holds for
the two HOMOs discussed in Section 111.B.4 as well as for the total orbital energy 2 Z{*¢;
as was first shown by Fink and Allen®’.

An elegant way to avoid these difficulties has been pursued by Radom, Hehre and
Pople!°°. These authors have expanded the ab initio rotational potential of H,O, in form
of a truncated Fourier series (equation 1) and have used the constants V§ to analyse the cis
and trans barriers. Figure 20 illustrates this procedure. In Table 12, the corresponding V7
constants of H,O, are compared with those of some other peroxides.

V() = V(1) + Va(z) + Va(7)
=1¥5(1 — cost) + 3 V5(1 — cos2t) + 3V5(1 — cos 31) M

The V,(t) term can be considered as indicating repulsive (V§ < 0, H,0,, Table 12) or
attractive (VS > 0, HOOF, Figure 21) interactions between OH or OX bond dipole
moments. The V§ term has been connected with the degree of lone-pair (n) delocalization.
According to Pople and coworkers! °°, there seems to be a general tendency of n orbitals to
become coplanar with adjacent polar bonds, thus guaranteeing an overall stabilization of
N or O containing rotors in the corresponding conformation'°®. Hence, a negative V5 is
indicative of maximum n delocalization at t = 90°. Actually, this description is related to
the explanation of the anomeric effect given by Altona and coworkers'*”. Both ways of
interpreting V,(t) are illustrated in Figure 21. :

Figure 20 as well as Table 12 reveal that the rotational minimum at t = 120° results
from a delicate balance of ¥, (z) and V,(z), which clearly dominate the conformational
behaviour of H,O, and other peroxides. The V§ term is relatively small and negative
suggesting a slight preference for staggering of bonds.

12 39
71—“

F13

-e.eV

20

1 21
0" 20° 40° 60" 80" 100" 120° 140° 160" 180"
FIGURE 19. Functional dependence of RHF/SVd orbital energi Icul
(D. Cremer, unpublished results). gies on 7 caleulated for H,0,

T,deg
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£, kcal mol
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FIGURE20. Fourier decomposition of potential function V(z)for H,0,. Adapted from L. Radom,

Ww.J. Hehre and J. A. Pople, J. Amer. Chem. Soc., 94, 2371 (1972), by permission of the American
Chemical Society.
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TABLE 12. Potential constants (kcal mol ') for internal rotation in peroxides®

Molecule Vi Vs Vs Method Ref.
HO—OH -71 -35 -02 RHF/SV 100

—80 -37 -03 RHF/SVdp 114
CH,O0—OH -75 -29 —-04 RHF/SV 100
FO—OH 42 -52 —0.1 RHF/SV 100
CF;0—OH -56 -39 —-04 RHF/SV 136
CF,0—OF —-41 —6.1 -07 RHF/SV 136

“Energy of the cis form (t = 0°) is taken as the reference point.

X\Q/:Q 0 O

5O 0 O

FIGURE 21. Schematic illustration of lone-pair delocalization, interaction between bond dipole
moments, and the anomeric effect.

C. Total Energies, Heats of Formation and Bond Dissociation
Enthalpies

Thermochemical data on XO, and X,0, compounds are sparse'3*'!. That is why
Benson and Shaw in their review on the thermochemistry of organic per- and poly-
oxides'*? have dwelt on empirical methods to estimate heats of formation AH{(298)
and bond dissociation enthalpies DH®(298). Subsequent work of Benson and
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coworkers'#3~'*8 based on group additivity principles, has led to an improvement and
extension of AHY estimates for polyoxides and polyoxide radicals. Some of these values are
listed in Table 13143-148,

A theoretical determination of AH? is only possible with recourse to an appropriate
reference state and its experimental AH? value (equation 2). By calculating molecular
(MOL) and reference state (REF) energies and using known AH{ (0)*F data, AH? (0)M°"
can be determined from equation (2). The crucial point is the evaluation of the
‘experimental’ energy E(EXP)'#°. As is illustrated in Figure 22, this requires the
knowledge of (a) HF limit energies E(HF), (b) their correlation corrections E(CORR) to
obtain Schrodinger energies E(S), (c) relativistic corrections E(REL) to obtain true
theoretical energies E(THEO) and (d) vibrational corrections E(VIB), which primarily
comprise zero-point vibrational energies ZPE.

E(EXP)MOL — Z‘(:E(EXP)REF = AH? (0)°L — iAH? (O)REF (2)

For polyatomic molecules none of these energies can be accurately determined by
theory. However, it is possible to obtain estimates of the molecular energies E(HF), E(S),
E(THEO) and E(EXP) if ab initio and experimental data are combined'*®. In Table 14
E(EXP) values as well as some other characteristic molecular energies, obtained in this
way, are given for O,, H,0,, O3, H,03, MeO,H and MeO,Me '*°. The theoretical
estimates lead to AH? values, generally not more accurate than + 5kcal mol ™ *. Thisis also
true when differences AE(EXP) are approximated by computed SCF energies E(X) (X: SV
or DZ basis)!*%:151:153 or estimates of E(HF) !°? using closed-shell molecules (H,, H,O,
H,0,, XH,, XOH, etc.) or ions (O,2") as reference states!*%-133,

Due to the relatively large uncertainties of theoretical AH? values, the data of Table 13
are used to discuss dissociation enthalpies DH® of peroxo compounds. A cleavage of the
0O —O0 bond of H,0, requires'*?:

DH°(HO—OH) = 2 AH? (HO-) — AH? (H,0,) = 51 kcalmol ™!

TABLE 13. Estimated AH? (298) values (kcal mol ™ !) for polyoxides and polyoxide radicals!4®:148

Xl, X2

H,H Me, Me t-Bu, t-Bu Me, H t-Bu, H
Polyoxides
X!'0,X? —32.5° —30.0° —83.4° —-313 —58.0°
X'0;X? —157 —132 —66.6 —14.5 —41.2
X'0,X? 1.1 36 —49.8 23 —244
X'04X? 17.9 204 —330 19.1 -76
Polyoxide Radicals
X'0O- 9.4¢ 39 -228
X'0,- 30 6.2 —225
X0y 17.8 230 -77
X'y 326 39.8 7.1
X'Oy 47.4 56.0 219

“Experimental values.
bAdapted with permission from P. S. Nangia and S. W. Benson, J. Phys. Chem., 83, 1138 (1979).
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FIGURE 22. Theoretical determination of dissociation energies D, and D, for a molecule AB. (See
text for an explanation of the various energies.) Note that different energy scales are used on the right-
and left-hand sides of the drawing.

TABLE 14. Theoretical energies (hartree) and heats of formation (kcal mol~!) of some compounds
containing the OO moiety®

Energy 0, H,0, MeOOH MeOOMe O, H,0,
E(HF) —149.670  —150.860  —189.901 —228.956  —224.391 —225.678
E(CORR) -0.647 —0.693 —0.946 —1.199 —-1.032 —1.024
E(REL) —0.100 —-0.100 —0.128 —0.150 —0.150 -0.150
E(THEO) —150417 —151653  —190.961 —230.283 —222.573  —226.852
ZPE 0.004 0.025 0.054 0.083 0.008 0.030
E(EXP) —150.408  —151.621 —190.898  —230.188  —225.557  —226.814
AH?(0) 0 -31.1 —23.1 —232 34.8 —242
AH? (298) 0 —326 —26.5 —28.5 34.1 —26.5

aTaken from Ref. 149. For O,, H,0, and O; experimental AH? values have been used to obtain

correlation energy increments upon which the estimation of E(CORR ) energies of higher peroxides is

based. ZPE values have to be enlarged by corrections for the nuclear motion relative to the centre of
3k~-6

mass when calculating E(VIB); ZPE = Eh Na ¥ v;, where k is the number of atoms and the v; are the

1
experimental frequencies. Reference states are the atoms H, O and C.

and that of the O —H bond!*3:
DH°(HO, —H) = AH? (HO,*) + AH? (H-) — AH? (H,0,)
= 88 kcalmol ™!,

Thus, DH® (O —O) nicely fits into the series of DH® (X —X) values of isoelectronic X,H,,
molecules as can be seen from Table 15 (compare also with Table 2, Section I).
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TABLE 15. Dissociation enthalpies DH® (kcal mol~?) of isoelectronic
X,;H,, molecules

Molecule DH°(X—X) DH°(X—H) Reference
C,H, 88 99 141
N,H, 69 104¢ 141
0,H, 51 88 142
F, 38 — 141

“Estimated value. -

It is interesting to compare O —O, C —O and O —H dissociation enthalpies for organic
polyoxides. According to the data listed in Table 16, the O—O bond is considerably
weakened if H is replaced by Me or an additional O atom is inserted into the O—O
linkage. Delocalization of the 37 electrons of a peroxyl radical (see Section I1L.A.2)
strengthens the O —O bond by about 15kcalmol™'. The same effect makes the O—H
bond of H,0, more susceptible to bond rupture than that of an alcohol. This holds also for
C—O bonds (Table 16).

The = delocalization energy of O can be estimated by the formal reaction'*®

HOOOH - -:000- + 2H-

where the unpaired electrons of the -OOO- fragment are thought not to interact and the
enthalpy change is taken as twice the DH® (O —H) value of H,O,. Thus,a AH 2 value for
the hypothetical -OOO- species with 100 % biradical character (i.e. when the overlap (S)
equals zero, see Table 8, Section IV.A) can be evaluated and compared with the
experimental heat of formation of ozone. Depending on the value of AH 9 (H,0,), the 4n
delocalization energy has been predicted to be 17-19 kcal mol ™! ©%-14%_Since the actual
dissociation enthalpy of Oj is 25kcalmol~! (Table 16), only 6-8kcalmol™' can be
assigned to the O—O o bond.
A heterolytic cleavage of the O —O bond

X!0—0X? - X'0* + ~0OX?
requires a considerably higher amount of energy if X' and X* cannot stabilize the

emerging ions. The reaction energy AE can be estimated utilizing the dissociation enthalpy
for homolytic cleavage (equation 3)'#*. From experimental ionization potentials I and

TABLE 16. Dissociation enthalpies DH® (kcalmol~!) of molecules containing O —O, C—O and
O_H bondsl41,l43.l48,154

Molecule DH°(O—H) Molecule DH®(O—0) Molecule DH°(C—O0)
H—O- 102 0=0 119 CH,;—OH 91
H—OH 119 HO —0O- 66 CH;—05 28
H—OCH, 104 CH,0—0- 59 CH;—0O,H 70
H—0, 49 HO—-—-OH 51 HCO—OH 107
H—O,H 88 CH;0—OH 45 HCO—O,H 86
H—0,CH, 90 CH,O—OCH; 38
e
H—O, 68 0=0—-0 25

HO,—OH 30
CH,0,—OCH, 23
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electron affinities EA'4%-147  the energy of heterolytic O —O cleavage in the gas phase is
predicted to be 5-8 times larger than homolytic cleavage (Table 17).

AE ~ DH°(X'0—0X?) + I(X'O-) + EA(X?0O") (3)

However, heterolytic cleavage needs less energy if (a) an ion pair is formed at a distance
r,, separating the effective charge centres, and (b) formation of the ion pair occurs in
solution. Then the energy of heterolytic cleavage is given by equation (4). Benson and
coworkers'4*147 have estimated r;, to be 2.65 + 0.05 A. This leads to a Coulomb
attraction energy of 124 + 2kcalmol™'. Accordingly, a dialky! trioxide can undergo
heterolytic cleavage, provided the solvation energy AE,,, of the ion pair compensates for a
difference of about 20 kcal mol ~ . The energy AE,,,, can be approximated by Kirkwood’s
formulal® (equation 5), where ¢ is the dielectric constant of the solvent, u the dipole
moment (u = 2.65 x 4.8 = 12.72D) and a the radius of a spherical cavity formed by
solvent molecules surrounding the ion pair. With a = 3.5A'#7 the solvation energy of a
typical hydrocarbon solvent (¢ = 2) is predicted to be 11kcal mol~*. This energy will
increase to 20 kcalmol ™! if a solvent with € = 5.2 is used.

AE,  (solvent) = AE — /r,, — AE,, (4)
e—1 p?
=3

2+1 a (5)

AEg,, ~ 14.39-

D. Orbital Energies and lonization Potentials

According to Koopmans’ theorem®*® the values —g; of UHF orbital energies provide
reasonable approximations to vertical ionization potentials (IPs), I, As can be seen
from Table 18, magnitudes of the energies ¢; obtained with UHF theory for O, 157 are of the
same order as the experimental I Ps measured with ESCA '°8-16°, An exception occurs in
the case of the 3o, and 11, MOs where the experimentally observed order is reversed. This
failure of UHF theory results from the neglect of (a) Coulomb correlation of electrons and
(b) MO relaxation effects upon ionization.

The correct MO sequence of O, has been obtained by the AEscr approach, ie. by
separately calculating the GS of O, and the ground and excited ‘hole states’ of O, * listed
in Table 1861, In this way relaxation effects are accounted for. Electron propagator
calculations, which consider in addition correlation effects, provide the best agreement
between experiment and theory (Table 18)'37.

A similar discrepancy between Koopmans’ values and experimental IPs has been
observed in the case of ozone. The experimental PE spectrum!¢2-164 reveals considerable

TABLE 17. Energy for heterolytic O —O cleavage estimated according
to equation (3)*

Products I(eV) EA(eV) AE(kcal mol™!)
HO* + "OH 132 1.83 313
CH,0* + "OH 8.3 1.83 194
CH,O0* + "OCH; 83 1.57 193
HO* + "OH 132 1.85 292
HO,* + "OH 11.5 1.83 253
CH,;0,* + "OCH; 6.75 1.57 142

¢ and E values from Refs. 146 and 147.
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TABLE 18. Theoretical and experimental ionization potentials I, (V) of O,

Spip Ton Electron

orbital state UHF** AEge** propagator™®  Expt.*
Imga o, 153 13.1 1138 121
1n.p [, 15.8 143 170 16.1
1na 1, 228 15.6 17.4 170

3o,f ‘z, 19.3 173 18.0 18.2
Jo,u 2z 208 210 19.5 203

20,8 o5 215 260 24.1 246

20,0 x5 330 335 26.7 279

20,8 “Z 433 410 390 39.6

:;.ogo/; 2z, 46.6 459 402 416
o, bl 563.4 5427

10,8 x, 563.5 3544 5428 5431
1o, iy 564.9 544.5

Loy 5 5650 3366 544.5 >44.2

“Ref. 157.

bRef. 161.

‘Ref. 158 (above 28eV) and Ref. 159 (below 28 eV).
?Koopmans’ values.
‘From calculation of the ion states.

vibrational structure for the first ionization. This is not consistent with depopulation from
the nonbonding 1a, MO as suggested by HF calculations (see Table 19). Investigations,
which go beyond the HF level of theory, agree on the assignment of the first I P as resulting
from 6a, ionization*®-33:62:165-167 T addition, they provide sufficient evidence for the
MO sequence 6a,, 4b,, la,, 1b,. This has been taken into consideration when
summarizing the relevant data in Table 19 (see also Figure 11).

Available data on the IPs of the HO, radical are sparse. Foner and Hudson®® deduced a
preliminary value for the first IP, which has been confirmed theoretically by Shih and
coworkers (Table 20)7”. It corresponds to ionization of a 7a’ electron resulting in a triplet
state, namely the >A” GS of the HO, * ion”#. Shih and coworkers have tentatively assigned
;t;)e 7s7econd IP to 2a” ionization. Again, Koopmans’ values lead to a different order of

s’

TABLE 19. Theoretical and experimental ionization potentials I, (eV) of O,

Ion RHF? MBPT? CI® GVB® Expt.
MO state (Ref. 59) (Ref. 166)  (Ref. 53) (Ref. 49) (Refs. 162-164)
6a, A, 152 129 12.5 129 12.75
4b, 2B, 155 133 126 130 13.02
la, 2%A, 133 132 13.0 13.6 13.57
b, B, 211
b, B, 217 20.1

Sa, 2A, 226
4a; A, 300

“Koopmans’ values.
®From calculations of the ion states.
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TABLE 20. Ionization potentials I,.,, (¢V) of the HO, radical

SCF* MRD-CI* Exp.
MO Ion state (Ref. 77) (Ref. 77) (Refs. 85, 168)
7a’ 3A7E 10.9 116 11.5
2a” A’ 129 123 122
Ta’ 1A 122 12.6

“From calculations of the ion states.
"Note that a ‘synthesis’ of HO,* from O, and H* also leads to a triplet GS:

OEEOERN

PE spectra of H,0, are obscured due to decomposition of the sample to H;O and O, in
the electron source!®®~!7!. Because of the contaminants, the uncertainty of the
experimental IPs is rather large (0.2-1eV)'7!. The Koopmans’ values obtained with
augmented basis sets'®” are 8-10 % larger than the observed IPs (Table 21), which is in
accordance with Robin’s 8% rule!’2.

The first band of the PE spectrum of H,0, reveals some vibrational fine structure
(v" = 1050cm ™). Brown'’? has argued that ionization from an O —O antibonding MO
should lead to a strengthening of the bond and, hence, to an increase of the O—O
stretching frequency vs of H,O, (v; = 863cm ™!, see Section IV.E). Comparison with
Figure 14 shows that both the 4b and 5a MO possess O —O antibonding character. With
the auxiliary information about 7 being larger than 90° and, hence, 5a below 4b (Figure
19), an assignment of the first and second IP to the 4b and 5a MO is straightforward.

The third IP resulting from ionization of the O — O bonding 4a electron (Figure 14) also
exhibits a vibrational progression (v* = 1100cm™!). Arguments have been given, which
connect this progression with an excitation of the symmetric OOH bending vibration v,
(1393cm™*)! 7!, If correct, the same reasoning, of course, could apply to the first PE band.

TABLE 21. Theoretical and experimental ionization potentials I,.,, (¢V) of H,O,

_Sia ‘eib EXp Ivcr(

MO RHF/SVd RHF/SVd
Ref. 169 Ref. 171

4b 129 119 11.7 11.7
Sa 14.1 130 12.7 130
4a 16.3 150 153 15.4
3a 189 174 174 175
3b 19.2 17.7 174 18.5
2b 329 303
2a 39.8 36.6
1b 561.5 516.6
la : :

*Koopmans’ values obtained with an augmented SV basis. See Section IV.B, Figure 19. '
bCorrected according to Robins 8 9; rule, Ref. 172. !
‘,
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Assignment of 3a and 3b ionization on the basis of theoretical Koopmans’ values
depends very much on the use of the correct 7 value (z = 120°) of skewed H,O,. Figure 19
reveals that the 3a and 3b MOs cross at T ~ 116°. Hence, any calculation witht < 116°1!73
leads to a wrong assignment.

For a series of organic peroxides PE spectra have been recorded!’%171:174-177 The
spacing of the first two IPs has been used to determine the conformation of a peroxide.
According to Figure 19 the splitting Ae; = g(5a) — €(4b) = — Al varies with 7, which can
be described analytically by a truncated Fourier expansion (Figure 23) (equation 6).
Rademacher and Elling ’® have calibrated equation (6) experimentally by utilizing known
< values of organic peroxides in conjunction with PE measurements. The function A, (t)
thus obtained is depicted in Figure 23. It has been used to estimate the dihedral angle 1 of
cyclic peroxides (Table 22), for which ¢ < 90° and, hence, the sign of AI, is known' 7. Since
the magnitude of both I, and Al is influenced by the substituents attached to the peroxo
group (compare with Figure 23), 7 values determined with equation (6) on the basis of PE
investigations are rather inaccurate. This becomes obvious when applying the analytic
form of Al (r) given in Reference 176 to alicyclic organic peroxides (Al, = 0.45¢V for
ROOH; R = pentyl, hexyl or heptyl'"?).

Al {(t)=Acost + Bcos2t + C (6)

E. Geometry and Vibrational Analysis

Pert_inent to a discussion of the O —O bond strength measured by the depth of the
potential function (see, for example, Figure 22) is the analysis of the O —O bond length
(location of the potential minimum) and its stretching frequency and force constant (width

T4 7ev
+3
+2

+1

FIGURE 23. Functional dependence of the spacings Al, = I(4b) — I(5a)and AI, = I(3b) — I(3a)
on the dihedral angle = of H,0, as obtained with RHF/SVd calculations [AI,(t): A =2.7,B = 0.2,
C=03eV]. Experimental measurements of AI; are denoted by dots. They lead to
Al (1) = 208 cos T + 0.15 (dashed line)!"®.
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TABLE 22. Determination of the dihedral angle  from measured ionization potentials I, '7°

Molecule® I(b) (eV) I(a) (eV) Al (eV) 7 (deg.) Ref.
HO —OH* 11.51 12.56 ~1.05 120 170
MeO—OMe 9.71 11.61 -1.90 170 177
¢-BuO —OBu-t* 8.83 10.57 —~1.74 166 176
I‘—‘T 10.94 8.98 1.96 30 170
0—-O0
11.13 9.86 127 57 175
0—0
10.40 9.25 1.15 61 170, 174
0—0
0 »
( > 124 10.96 1.44 50 175
0—0
{ ) 10.35 10.17 0.18 89 176
O_
>(_>< 9.76 935 031 86 170, 174
0—0
QEKO 10.71 8.42 229 10 170
/
0
680 10.36 8.50 1.86 35 170
/
0

agtarred molecules have been used for determining the functional dependence Al(7).
of the potential function). In Table 23 some relevant data for O, and its iong3®-151:178-182
are summarized. The dependence of these properties on the electron configuration is
evident. Depopulation of the antibonding ©, MOs of O, increases the bond order (Section
[11B.1, Figure 7) and bond strength. The strengthening of the OO bond is reflected by
lower R, and higher v, and D, values. Conversely, if the partially vacant 1, MOs of O, are
filled, thus lowering the bond order to 1.5 (superoxide jon) and 1 (peroxide ion), the OO
distance increases, while stretching frequency and dissociation energy decrease.

The r, and v parameter of ozone’®'®3'# suggest that its OO bonds resemble more
O, than 0,2~ despite its low dissociation energy'®® (Table 24). Even its anion, O;",
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TABLE 23. Electronic configuration and properties of O, and its ions

Bond R, Ve D, T.

Molecule Configuration State  order P¢ (A) {ecm™') (eV) (eV) Ref.
0,%** . (1r)°(30,)° TS 3 1.034* 151
0,* (1) (30,)° 1, 25 1.123 18764 6.55 36
0, . (Im)*(30,)° 3%y 2 1207 1580.2 521 0 36

‘A, 2 1216 15093 4.23 0.98 36

'zS 2 1.227 14327 3.58 1.63 36
0, ...(Im)*(3c,)° 11, 1.5 1.341 1089  4.09° 178, 179
0,2~ ...(Im)*(3c,)° N 1 1.50¢ 848° 180, 182
(0%7), . (r)*(Bo,)? N 0 Large 0

ap = p, — P,; Py, P,: number of electron pairs occupying bonding or antibonding MOs.
*RHF/DZ value; see also Ref. 181 for RHF/SV calculations.

¢D, value.

4Distance observed for alkali peroxides, Ref. 180.

*Average of the A, vibrational frequencies computed for Li,O,, Ref. 182.

TABLE 24. Electron configuration and molecular properties of ozone and some of its ions

Bond R, o, v Dy
Molecule Configuration State  order P¢ (A) (deg) (cm™!) (eV) Ref.
0,* ...(6a;)'(2by)° 2A, 1.72 126> 1317 1.85 185, 189
0, ...(6a,)%(2b,)° 'A, 1.66 1272 1178 1103  1.05° 70, 184
0;” ...(6a,)?(2by)! B, 1.22

138 (2) 116 (2) 982  1.39¢ 186,188
241°

135% 1141 189

aEvaluated with the aid of Pauling’s bond-order relationship 25:R, = (a — b)In P, where a = 1.452 A
[R(H,0,) for P=1] and b= —~0.353A from R, = 1.207A for P(O,) = 2.

bTheoretical value of Ref. 189, corrected with the aid of exp. and theoret. ozone parameters.
“Hiller and Vestal'®8 suggest a value of <0.75 eV on the basis of photodissociation measurements on

0;".
dDo(Oz '—O_ )
¢Do(0—0;7).

possesses an OO distance and stretching frequency '8 closer to the superoxide than the
peroxide ion. Noteworthy is the reduction of the angle « in the series Oy * 03,057, which
is parallel to the stepwise occupation of 1,3 bonding MOs (Figure 10).

A first direct measurement of R for H,O, was obtained by Giguére and Shomaker as
early as 19431°°. Subsequent work on the r, structure of H,O, by Redington, Olson and
Cross''® led to a complete set of geometrical data. However, the experimental
determination of a r, structure of H,O, has to cope with the dilemma of extracting four
internal parameters out of three rotational B, constants, since no accurate spectroscopic
data on D,0, are available. This problem has been solved by assumingan O —H length.
Recently, convincing evidence has been gathered from neutron diffraction results of
H,0, %1192 D,0, %% and D,0 '**, from the microwave study of HOF*'®3 and an
elaborate ab initio study'®’, which suggest R, (OH)= Ro(OH) = 0965 A. With this
parameter the r, structure of H,O, published by Redington and coworkers!!® has been
revised!©7196:197 I addition, r, parameters have been derived utilizing published
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vibrational—rotational constants'®®. In Table 25, the r, and r. geometries are compared.
Both theory and experiment support a R, value qf 1.452 A for H,O,. The cqrrespondmg
difference R, — R, obtained by Cremer and Christen'®” is rather large, which has been
criticized by Giguére and Srinivasan'®®. o

Out of the wealth of computed ab initio geometries of H,0, a 'rather confusing picture
emerges as is illustrated in Figure 24. Some theoretical R, distances cluster ar(.)u.n.d
1.39-1.40 A, while the others are scattered between 1.40 and 1.56 A, i.e. most gb initio
distances are clearly outside the range of error of spectroscopic ‘H 20, geometries. Th!s
indicates that the calculation of the O —O bond length of H,O, is very sensitive to basis
set and correlation errors of the HF approach. HF calculations with extended basis sets

TABLE 25. Geometrical parameters of H,O, as determined by experiment and theory

a r.’ T, r,
;OR IR, MW RHF/SV RSMP/DZdp
Parameter  (Ref. 197) (Ref. 196) (Ref. 107) (Ref. 107)
R'(A) 0.965° 0.965° 0.965 0.967
R(A) 1.464 1.452 1.460 1.451
a (deg.) 99.4 100.0 1023 99.3
7 (deg) 120.2 119.1 120.0° 1193

sReinterpretation of infrared data of Ref. 119.
bDeduced from infrared and microwave data of Refs. 119 and 121.

¢ Assumed value.

4
4 a (OOH), deg
6 H,0,
4 1 .
.... . [} *
° 24
o © ° 4
* [ ] 1 | 1 % r l: S. T »>
5 5 e ,5 2 1 e ® ® o ARI(00),pm
e I o0
_2-4 o
° °
-4,
-6 4
v

FIGURE 24. Deviation of ab initio geometries for skewed H,0,. Origin at R, = 1..45.2A and
% = 100° 1%, AR, measured in picometre. Uncertainty of experimental r. geometry is indicated.
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severely underestimate R, . This is the result of an artificial accumulation of electron charge
close to the O nuclei, which increases the stabilizing Coulomb interactions between
electrons and nuclei. The latter are shielded by the surrounding electron charge. Coulomb
repulsion between the O nuclei is considerably reduced, which explains the short O —Q
bond lengths. As soon as electron correlation is considered, accumulation of charge in one
area is no longer possible. Removal of electron charge from the inner to the outer valence
sphere of the O nuclei causes a lengthening of the theoretical O —O bond towards the true
R, value!®’,

Because of a distinctively different description of the inner and outer valence spheres of
O and the polarity of the OH bond with MBS, SV, DZ or augmented DZ basis sets!°71%9,
theoretical R, values of H,O, depend strongly on the size of the basis set. This dependence
is qualitatively described in Figure 25. It is responsible for the scattering of ab initio values
of R, reflected by Figure 24. In addition, it indicates that calculations carried out with
relatively small basis sets can lead to reasonable R, and R, values due to a fortuitous
cancellation of basis set and correlation errors'®’.

Crystallographic data on the O—O bond length in H,0, '°"°2 D,0,!°* and
perhydrates°°~2°¢ vary between 1.44 and 1.47 A. It has been noted?°° that R of H,0,
molecules in solids is generally smaller than for peroxides due to the presence of water.
Correcting for this effect and the thermal motion in the crystal, Pedersen has predicted the
average R value of H,0, to be 1.456 A 2°°, which is in line with R, = 1.452A.

The six normal modes of vibrational motion of H,0, are sketched in Figure 26.
Harmonized frequencies have been published by Khachkuruzov and Przhevalskii?®’, who
examined the available spectroscopic data of H,0, and D,0,. Recent Raman
measurements of H,0, vapour?®® provide evidence for an O —O stretching frequency,
significantly different from liquid- or solid-phase values (Table 26). However, these

Correlation corrected

HF method

Size of basis set —

FIGURE 25. Qualitative illustration of the dependence of the theoretical O —O bond length R, on
the size of the basis set and the method. Two ‘Pauling points’ found for HF/small-basis-set
calculations are indicated.
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FIGURE 26. Normal modes of vibrational motion for H,0,.
TABLE 26. Vibrational frequencies (cm~*) of HO; and H;0,
HO,
H,0,
c d
Frequency  Character Exp* UHF? GVB-CI Exp.
v OH stretch 3414 3488 3655 3607
v; OOH bend 1389 1357 1416 1393
vy 0O stretch 1101 1083 1181 863
Va HOOH torsion 2(1);
vs© OH stretch ?266
ve© OOH bend

aFrom matrix isolation studies, Ref. 209. Recently, vy = 1097cm ™! has been found in the gas
210

phase“™".

vScaled UHF/DZdp calculations, Ref. 80.

¢GVB-CI/DZdp values from Ref. 81. )
dRef. 208. In the infrared spectra of liquid and solid H ,0, avalue of880cm ™! has been observed for vs.

¢ Asymmetric modes of H,O, (Figure 26).

differences are still within the margin of error of theoretical v values as is revealed by a
comparison of ab initio®°8* and experimental HO, fr;:quenpi.eszog’21° (Table 26).
Theoretical attempts at evaluating absolute infrared intensities of HO; (via qalcui;lgt1on
of derivatives of the dipole moment with respect to the nprmal mogllels of vibration)® and
H,O, (via determination of a suitable hydrogen atomic tensor) hgve recently bgen
published. Because of the extreme difficulties of meas.urmg.these quantities, the theoretical
data, although only accurate to within 50 %, help to investigate the existence of H,0, and
HO, in planetary atmospheres. '
AzgenSral harrillonic ag) initio force field of H,0, has been calculateq by Botschwm?l,
Meyer and Semkow at the HF level of theory!®2. Theoretical values of diagonal quadraglc
force constants are considerably overestimated, e.g. stretching force constants by 10-459,.
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Correcting for correlation effects proves as important as in the case of r. values.
Alternatively, diagonal force constants can be adjusted empirically with the aid of
observed frequencies. Force constants obtained in this way for H,0, 102 are compared in
Table 27 with experimentally based values published by Khachkuruzov and
Przhevalskii?!2.

Trends in theoretical quadratic and cubic force constants of FOH, H,0,, NH,OH and
CH,OH are extensively discussed by Meyer and coworkers' °%. Absolute values of f,,, frrs
.- and frrr increase monotonically from FOH to CH;OH. The diagonal cubic stretching
force constants are negative (f,, = —60.8, frrr = —36.7al A~3) and dominate the
anharmonicity of the potential energy function.

The OO stretching force constants, either experimentally or theoretically determined,
clearly indicate the weakening of the OO bond along the series O, *,0,,0,7,0,% or O3,
0;~ or O,, HO,, H,0,. Evidence for these trends is summarized in Table 28, which
complements Tables 23 and 24.

F. Charge Density and One-electron Properties

The electron density distribution p of H,O, has been computed by ab initio methods
and analysed with the aid of a Mulliken population analysis®?36:101:107:215 Gross
atomic charges q and overlap populations p obtained in this way reflect changes of the
electron density distribution during rotation around the O —O bond as can be seen from
Table 29. They can be used to substantiate the qualitative models discussed in Section
IV.B. On the other hand, g and p values have to be interpreted with care since the Mulliken
population analysis suffers from serious drawbacks®!®?!”. For certain basis sets p(OO)

TABLE 27. Quadratic force constants of H,O, at its equilibrium

geometry

Force Exp. Ab initioj/empirical
constant’ (Ref. 212)° (Ref. 102)°
Joe 8311 8.009
JrR 4.493 4322
Jaa 0.696 0.894
Sons —0.045 —0.020
T 0.069 —0.083
Jra -0.370 —-0.040
four ~0.002 —0.001
fra 0.385 0.605
Jrar 0.074 0.079

*For reasons of simplicity the symbols designated in the text as R(OH)
and R(OO) are abbreviated here to rand R. All values inaJ A~"wheren
is the number of stretching coordinates involved in the partial
differential quotient of the potential energy. 1 aJ (atto joule) = 10°18]
= 1 mdynA = 0.2294 hartree = 6.24¢V. See I. M. Mills in Theoretical
Chemistry, Vol. I, The Chemical Society, London, 1974.

*Based on v, = 1390cm ™! and v; = 880cm ™.

‘Least squares adjustment to v values of Table 26; OH vibrations
harmonized (v,: +176; vs: + 188 cm™') with anharmonicity constants
of H,0 and D,0: K. Kuchitsu and Y. Morino, Bull. Chem. Soc. Japan,
38, 814 (1965).
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TABLE 28. Experimental and theoretical OO stretching force constants of molecules containing the
02 unit

frr @ A7?)

Molecule State Exp. Theory Ref.

+ oy 16.5 213
82 Sk 11.8° 152 213,73
’ A, 10.7° 15.1 21373

- o 56 214

822' ixd 40 182
0. ™ 62 106 184, 73

0," 2B, 38 186
HO 27" 59 74 209, 73

H,0, A 6.7 7
H,0, A 45 6.3 212,73

af = 58883 x 1077 y,v.[aJ A™?]; yi, = reduced mass.
bCalculated for Li,O,.
‘Assumed.

TABLE 29. Mulliken population analysis of RHF/SVdp calculations

on H,0,"®

Parameter cis skew trans
q(0) 8.348 8.365 8.371
q(H) 0.652 0.635 0.629
p(O0) 0.123 0.138 0.128
p(OH) 0.599 0.616 0.620
p(HH) -0.019 0.003 0.007

2All values in atomic units.
*From Ref. 107.

may even become negative®?, which is in clear conflict with the chemical picture of the
O —O0 bond. o _

Another way of analysing the electron density distribution at the O—O bond is to
evaluate the deformation density function (equation 7) as suggested b)A/ Daudel a.nd
coworkers?!8. In equation (7) p(r) is the electron density at a point r and Zp*(r) that which
would result if the atoms forming the molecule could be added together v'v1Fhout
perturbing each other. In the case of the O atom the function p is_ not spherical and it is not
self-evident how to form p*. One eludes this problem by averaging the electron density of
O(P) over all orientations in space, thus reintroducing spherical symmetry.

Ap(r) =p(r) — Y p*m) )

ATOM

Applying this method to O,, the O lone-pair electronzs can be pictured. But at the same
time a negative Ap(r)is found in the internuclear region 18 This has been mterpreted asa
result of strong Coulomb repulsion between bonding.electrons of O?, which forces
electron density to a region outside the space surrounding the bond axis.
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A similar result has been obtained for H,O, by Coppens and Stevens?!® using the RHF
wave function published by Dunning and Winter!°!, The computed deformation density
Ap is negative in the O—O bond region. This has been verified by X-ray and neutron
diffraction studies on H,O, '°2. On the other hand, a theoretical determination of Ap for
H,S, ?*°leads to Ap > 0 along the bond axis. Obviously the interpretative value of density
difference descriptions is poor in the case of bonds between valence-electron-rich atoms
like oxygen.

A more appealing way of analysing p has been worked out by Bader and
coworkers??'7224 It involves the evaluation of the gradient vector field Vp(r) from ab initio
(or experimental) electron density functions and the determination of its critical points at
which the field vanishes. In Figures 27 and 28 a contour line diagram and the
corresponding gradient vector field of 23 are shown??*. All the gradient paths terminating
at one of the four nuclei define a subspace of the total molecular space, which can be
assigned to the atom in question. There is a saddle point of p, at location r, between each
pair of bonded atoms. This is an O —O or O —H bond critical point of p, which serves as
the origin for two gradient paths connecting neighbouring nuclei. Together they define the
bond path, along which the charge density is a maximum with regard to a lateral
displacement. Gradient paths terminating at r, form the interatomic surfaces between the
O and H atoms??2t,

In Table 30, p(r.), V?p(r.) and the eigenvalues 2,(i = 1,2, 3) of the Hessian matrix of p at
r,(0O—O0) are listed for H,O, 22°. The negative sign of V2p(r,) is indicative of O—O
bonding. The curvature of p along the internuclear axis is positive (4, > 0), while it is
negative perpendicular to the axis (4,,4; <0). Normally, accumulation of electron
density between the nuclei, characteristic of a strengthening of the bond, reduces the

FIGURE 27. Contour plot of p(r) for trans H,0,. (Wave function and geometry from Reference
101.)
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FIGURE 28. Representation of gradient paths of p(r) for trans H,0,. Bond paths connecting the
nuclei are indicated by heavy lines. The bond critical points are marked by dots. (R. F. W. Bader,
private communication.)

TABLE 30. Properties of the electron density distribution at the O —O
bond critical point of H,0, ¢

Position cis skew trans
r.(0O0O) (21) (22) (23)

p 0.329 0.352 0.328
V2p —-0.225 —-0.231 —0.218
A 1.328 1.346 1.323
Aa —-0.822 —0.807 —0.813
A3 -0.730 -0.770 -0.729

aR. F. W. Bader, unpublished results; geometry and wave function from
Ref. 101.
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magnitude of 1, thus making V?p(r.) more negative. Although both p(r.) and Vip(r,)
suggest a maximum of the O —O bond strength for the skewed form, the eigenvalues of the
Hessian matrix reveal that the decrease of 1, rather than 4, influences the value of V2p(r,).

In the planar forms |4,| > |14], i.e. a lower curvature perpendicular to the molecular
plane signalizes a ‘n-like’ nature of the charge distribution in this direction. The fact that at
7 = 120° the value of 13 adjusts to that of 1,, thus causing the decrease of V2p(r.) in skewed
H,0,, indicates that ‘n-like’ charge arranges more uniformly around the O —O bond.
This is in line with the MO description of n delocalization discussed in Section IV.B.

Noteworthy is the computed deviation of the O —O bond path from the internuclear
axis for t < 180°. At r, a displacement of 0.012 A for 22 and 0.032 A for 21 is computed.
This is strongly suggestive of the bent-bond picture of strained molecules and, therefore,
may be interpreted as increasing strain for t going to 0° 223,

RHF calculations close to the HF limit'°7-226 predict a molecular dipole moment y for
skewed H,0,, which is 0.3-0.6D lower than the experimental value of 2.26 D 227,
Although RHF dipole moments cannot directly be compared with vibrationally averaged
values, such alarge difference is indicative of a sizeable contribution to the theoretical value
of u due to correlation effects. The importance of correlation corrections has been
demonstrated in calculations on O, *°. In this case, RHF theory leads to an overestimation
of 4 by 0.3 D* while GVB-CI/DZd calculations yield x = —0.54D*°, in line with an
experimental value of 0.53 D28, Recently, a value of 2.0 D has been predicted for HO, 8°.

One-electron properties of H,0O, have been determined at various levels of
theory®#98:106.215 At present the only quantity which can be compared with an
experimental value seems to be the ' 7O nuclear quadrupole coupling constant K observed
in the '’O nuclear quadrupole resonance spectrum of a 90% H,O, solution?2°. The
calculated K values are 5-15%; too large, while the theoretical values of the asymmetry
parameter 7, which describes how the electric field gradient q departs from cylindrical
symmetry (0 < < 1; 5 = 0 corresponds to axial symmetry around the principal axis z’,
see footnote a of Table 31), exceed the observed value by 20-40 9 (Table 31).

In Table 32 some selected one-electron properties of skewed H,0, are listed®3196,
Although the comparison of values obtained by different methods reveals no dramatic
changes, the accuracy of one-electron properties may vary considerably. At least this is
suggested by RHF/DZd calculations on O5. Rothenberg and Schaefer*’ have found
surprisingly good agreement between experimental and RHF second moments of the
electronic charge distribution while, for example, the computed quadrupole moment
tensor elements bear little resemblance to experimental values.

TABLE 31. Theoretical and experimental quadrupole coupling constants (MHz) at *’O of H,0,

RHF/DZ RHF/MBS*  RHF/DZdp  Exp.
Property® (Ref. 215) (Ref. 98) (Ref. 106) (Ref. 229)
Koo = eq,Q/h —17.11 —1823 —~18.70 16.31(7)
n 0.814 0.930 0953 0.687(11)

“Q(*’0) = —0.0256 barn from H. F. Schaefer, R. A. Klemm and F. E. Harris, Phys. Rev., 176, 49
(1968). 1 = (qyy ~ qux')/qz» With |q,,) < |grrl < |gz2]; gy, etc. are zero in the principal axes
system of H,O,, which is defined in footnote a of Table 32. See T. D. Das and E. L. Hahn, Nuclear
Quadrupole Resonance Spectroscopy, Academic Press, New York, 1958.

®MBS calculations with STFs,
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TABLE 32. Selected one-electron properties for skewed H,0,

RHF/MBS RHF/DZdp -APSG*

Property” (Ref. 98) (Ref. 106) (Ref. 106)
Quadrupole moment® Oy s 5.48 5.83 5.64
(10726 esucm?) 0,, ~135 ~134 -139
0, —4.12 —4.49 —4.25
v 325 36.1 367
Electric field gradient Gex 0.95 098 093
at 0 a,, 0.03 0.02 ~001
(10" *%esucm™3) Gzz —0.98 -1.01 -0.92
at H Gxx 0.10 0.09 0.09
Ayy 0.07 0.06 0.06
. -0.17 —0.15 ~0.15
Asymmetry parameter ™ 0.19 0.20 0.21

2The molecular x and z axes are parallel to the C, symmetry axis and the O —O bond, respectively.
Primed coordinates denote the principal axes of the tensor. The eulerian angles (¥, ¢ = 90°,
9 = —90°) relate these axes to the molecular axes.

bCalculated with the centre of mass as origin.

‘Calculations with the antisymmetrized product of strongly orthogonal geminals (APSG) only
consider intrapair electron correlation.

G. Excited States

Because of the importance of O, and Oj in atmospheric chemistry and photo-
chemistry, their excited states have been theoretically studied by various
groups?6-38—40,42,48-50,53.54.230.231 ' A detailed discussion of these investigations would
go beyond the scope of this chapter. Therefore, just some of the results for ozone are cited
here.

Table 33 contains computed vertical transition energies to the excited states shown in
Figure 5 (Section I11.A.2). MRD-CI results of Thunemann, Peyerimhoff and Buenker®?
agree quite well with observed spectral features, while HF calculations lead to a false order
of states and an underestimation of excitation energies. Hay, Dunning and Goddard*8-3°
have reported state diagrams, adiabatic excitation energies, geometries, force constants,
frequencies and dipole moments for excited states of bent, cyclic and linear O;. In a recent
MCSCF-CI investigation the potential surface of the 3B, state has been explored®2. This
state is found to be bound with an O, —O binding energy of 0.4eV.

The importance of the HO, radical in atmospheric chemistry has triggered elaborate
studies on its excited states only recently. In Table 34, vertical excitation energies and
oscillator strengths taken from MRD-CI calculations of Shih, Peyerimhoff and Buenker”’
and an extensive CI investigation of Langhoff and Jaffe’® are compared with the available
experimental data?32-23%, Adiabatic potential energy curves for the covalent 1?A’, the
ionic22A” (Figure 4, Section I11.A.2) and the ionic 2?A’ state, can be found in Reference 79.
Covalent or ionic character is reflected by theoretical dipole moments of 4 D (22A”) and
3D (22A’) as compared with 23D (12A”) and 2D (1%A")"°.

In the 12A’ (47) state the O —O bond is elongated to about 1.41 A, which causes a
decrease of the O—O stretching frequency to 968cm ™! 7 (exp. 951232, 881cm ™! 233),
This is indicative of the higher O —O antibonding character of the 2a” MO (Figure 8,
Section I11.B.2). Shih and coworkers”” have calculated a radiation lifetime of the 12A’ state
of 7,,, = 7.6 x 10™%s as compared with 1.1 x 10~ s found by Langhoff and Jaffe”® and
Buenker and Peyerimhoff’>.
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TABLE 33. Calculated vertical transition energies (eV) of ozone®

HF MRD-CI
No. State Excitation DZb + diff Exp.?
1 1'A,(4n)  ...1a2,4b3,6a2 0 0 0
2 1°B,(4n) la, - 2b, -2.27 120
3 13A,(51) 4b, - 2b, 0.73 1.44 Peaks at 1.29, 1.43, 1.55,
4  1°B,5m)  6a, —2b, 0.69 1.59 1.67, 1.80, 1.92eV
5 1'A,(5m)  4b, - 2b, 1.18 1.72
6 1'B,(5Sm)  6a, —2b, 1.51 195 2.1 (Chappuis)
7 23By(6m)  4b,, 6a, — 2b? ~0.55 3.27
8  21A\(6m) 36 4b% > 2b? 3.60 3.5-4.2 (Huggins)
+45% 6a? - 2b?
9 1'B,dm)  la,—2b, 3.73 497 4.86 (Hartley)
10 3'A,(4n) 509 laZ - 2b? 7.60
+23% 1b, — 2b,
11 23%A,(5m)  6a,, la, » 2b? 438 5.58
12 2%B,(5m)  4b,, la, — 2b? 498 6.50
13 2'A,(51)  6a,, la, = 2b? 5.10 6.37
14 2'B,(5m)  4b,, la, — 2b 6.14 7.26 7.18

"Rcf. 53. Calculated at R = 1.277 A and a« = 116.8° with a DZ basis augmented by bond functions and
diffuse Rydberg functions.
*For quotations of the experimental work see Ref. 53.

TABLE 34. Vertical excitation energies (eV) and oscillator strengths for HO,

Vertical excitation energies Oscillator

o strength
State Excitation Ref. 79 Ref. 77 Exp. (Ref. 77)
12A"(3m) .7a' a0 0 0 0
12A'(4n) Ta’—2a" 1.02 093 0.887,0.87° 39x10°°
22A"(3m) la" —2a” 6.26 5.90 5.9-6.2° 0.065
22A'(4m) 6a’ — 2a” 6.73 6.49 0.0012
“Ref. 232.
bRef. 233,

‘Refs. 234 and 235.

According to Table 34 the UV spectrum of HO, is dominated by a single continuous
feature corresponding to the 2*A” « 12A” transition with a peak near 2100A. The
22A’ — 1?A" transition is far too weak to be observed. Theory suggests that if the 1A’
state is appreciably populated, it may be possible to observe photoabsorption at about
2500 A corresponding to the 22A’ « 12A’ transition.

Some excited states of H,O, have been investigated by Rauk and Barriel?3® with the aid
of perturbative CI calculations. Only singly excited configurations were considered and an
empirical correction for correlation and orbital relaxation effects applied. This was based
on the. assumption that computed Rydberg state energies of H,O, may suffer from an
error similar in magnitude to that found for the Koopmans’ value — ¢, of the occupied MO
¢; from which excitation takes place?*® (equation 8), where I°*® is the experimentally
observed vertical IP.

AEcor = AEcalc + IiCXP + & (8)
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In Table 35 results of Rauk and Barriel?3® are summarized. The experimental UV
spectrum of H,0, lacks any absorption bands below 6.7 eV (1850 A)**”. The absorption
increases towards 10.3eV (1200 A) where the spectrum becomes obscured due to H,O
contamination. There is a single broad maximum at 7.5 eV (1650 A) and the suggestion of a
shoulder at 7eV (1770 A). Corrected excitation energies for the third and fourth singlet
states, !B and 'A, are of comparable magnitude (Table 35). These states arise from
excitation to a bonding (a symmetry) combination of the 3s(O) orbitals and, hence, should
be bound states.

Excitation to the corresponding antibonding combination (b symmetry) from the
n MOs yields two states in the 4-6 eV region, which are probably dissociative. Rauk and
Barriel?¢ assume on the basis of the higher oscillator strength of the 'B state that
photolytic decomposition of H,O, occurs via this state. Rupture of the O —O bond of
alkyl peroxides has been observed in the first absorption region, 3100-2500 A, while below
2300£ C—O rupture appears as a new primary dissociative mode?*®.

Rupture of the O—O bond in peroxides has been classified by Dauben, Salem and
Turro?®® as being of the tetratopic (o) (on) type, thus yielding the four pairs of diradical
states shown in Figure 29. In the case of H,O,, only the GS is bonding while the three
excited S states and all the T states are repulsive in nature. These states correlate with the
GS of two OH radicals as has been confirmed by Evieth on the basis of CNDO-CI
calculations?4%-2#!, The key to this correlation lies in the doubly degenerate character of
the 2IT ground state of OH, which leads in double combination to four S and four T states.
This eightfold energetic degeneracy is an essential feature of O —O bond rupture. It is
responsible for an extreme complexity of surfaces in O —O dissociation processes of larger
peroxides.

TABLE 35. Vertical excitation energies and oscillator strengths for H,O,*

Energy (eV)
Oscillator
State Excitation® AE ;. AE.,S AE,,, strength

A n(db)— 3sc* 6.2 40 0.0013
'B 819 n(5a)

+14% n(4a)}—» 3sc* 75 56 0.0207

1B n(db)- 3sc 9.1 69 7.0 0.0054
A 73% n(5a)

N N i 65’ n gb;}_, 3so 9.7 78 75 0.0078
5% n(5a

1 +;20§ n“:)} - 3s0* 10.5 8.3 0.0131
B 1% n(4b)

+20% n(4a)}—>3p7r 1.1 8.9 0.1371

!B n(5a)— 3pn* 112 9.3 0.0388

Ref. 236. Computed at R = 1.475A, R’ = 0.95 A, o = 94.8°, t = 111.5° with a DZ basis augmented
by diffuse Rydberg functions.

bFractional excitations out of more than one occupied MO are given in percent. Rydberg character of
excited states is indicated. Note that valence or Rydberg character of computed states also depends on
the inclusion of double excitations. Compare with Ref. 241.

Correction for n(4b) calculated with ¢ = —13.71, Iy, = 11.4eV and for n(5a) withe = —14.47 and
Iven = 12.56€V (Ref. 236).
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FIGURE29. Photoexcitation and dissociation of H,O,. Mode of excitation and diradical states of
OH fragments are given.

V. SUBSTITUENT EFFECTS
A. General Trends

1. Peroxy compounds X0,

Apar} from the parent compounds HO, and O; only scattered data on XO, peroxides
are available. Experimental and/or theoretical investigations on structure and bonding in
L102 182,214,242—246’ Me02 247’ NH202 248’ HO3 (X = HO) 73,249, F02 189,250-252 and
ClO, *** withmonovalent X have been reported. As for XO, systems with divalent X, most
attention has been focused on carbonyl oxide and dioxirane®®:7:6%:254-25% pecause of
their important role in the ozonolysis'* and other oxidation reactions of hydrocarbons!>,
Dlox‘lrane has recently been detected by microwave spectroscopy in the low-temperature
reaction of O; with ethylene®?. Other theoretical investigations considered the bent or
cyclic form of NOO?6%261 NOO~ 262 and HNQQS®7-263.264,

When varying the monovalent substituent X from F to Li, the O—O bond strength
decreases. This is reflected by corresponding changes in the bond distance, stretching
frequency and force constant (e.g. frg = 10.5, 9.7, 5.6aJ A~2 for X = F?%°, CI?%3 and
Li'®2). Spratiey and Pimente]?®® have suggested that—depending on the electronegativity
of X—electron charge is either withdrawn from or donated to the antibonding n, MO of
O,, thus stengthening or weakening the OO bond. This description h;s been
corroborated by McCain and Palke?*2, who have investigated trends in electron spin g
valugs for peroxy radicals on the basis of ab initio calculations on HO, and FO,. They
consider bonding in XOO to result from Lewis acid—base reactions between a diamagnetic
group XandaO,* or O, radical. The unoccupied 1, MO inO," is an electron acceptor
which acts as a Lewis o acid, whereas the filled level of O, ~ is an electron donor or Lewis ¢
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base. In addition, the open shell 1, MO on either O,* or O, can act as a Lewis n acid or
base toward a pm orbital on X.

Strong acid-base interactions lead to relatively strong XO bonding. Conversely, weak
interactions lead to ionic bonding. The latter situation obtains when X is a weak o/m donor
(X = BF,~, AsF¢ ") or a weak o/r acceptor (X = Li*, Na*). Accordingly, ionicity of the
XO bond is revealed by OO bond features typical for O, or O,".

This prediction has been verified in the case of LiO,. Bonding between Li and O, is
essentially jonic with at least 0.77 e transferred from the alkali metal to the O, moiety?4®,
In order to maximize Coulomb attraction between a positively charged Li and the
negatively charged O atoms, the molecule adopts the C,, symmetrical cyclic structure 2.
This has been confirmed by matrix IR measurements?!#242:243 and ab initio
calculations®*424¢ (R =130A, R =177A, a=685° o =43°24%;  (0O—0O
stretch) = 1097 cm ™! 2!4; compare with Tables 9 and 23 of Section IV). Alkali-metal
superoxides all seem to prefer structure 2 since the ionic character varies only slightly for
X = Li, Na (maximum), K, Rb, Cs, as is indicated by the corresponding O —O stretching
frequencies?*3.

For X = BeH or BH, the equilibrium geometry should also correspond to an isosceles
triangle, yet with less ionic X —O bonding character. This, at least, is suggested by the
relative energies of XO, peroxides with divalent X (Table 36), which we have calculated in
order to compare OO bonding in these compounds at a consistent level of theory?®.
From Be to F* the energy difference AE between bent (linear) and cyclic XO, increases
steadily from —80 to 80 kcal mol !, i.e.for X = Be, BH and CH,, structure 2 is more stable
than 1, while for X = NH, O and F* the reverse is true (see Table 6, Section II1.B.3). Cyclic
NO,” withAE = 27kcalmol ™! (R = 1.47A, R’ = 1.50 A, &’ = 59°)*%2 nicely fits into this
trend. Parallel to the increase in AE, the O —O bond length R and the angle « of structures
1 and 2 decrease. Again, this is indicative of a stepwise depopulation of the n, MOs of O, ~
and a smooth change from ionic to covalent XO bonding. For example, the charge of the
O, moiety changes from a surplus of 0.55-0.65 € for Be and BH to a lack of 0.13 e for F*.

It is interesting to note that peroxynitrene, HNO,, prefers the syn form by about
2kcalmol ™!, probably due to Coulomb attraction between H and the terminal oxygen
atom?°®, A similar effect has been found for alkyl-substituted carbonyl oxides®®2¢7.

TABLE 36. Energies and geometries of some XO, peroxides calculated at the RSMP/SVd level of

theory®8:266

Geometry® Geometry*
No. of Abs. —_—
valence No. of & energy® R« AE* R R«

R
electrons electrons® Molecule (hartree) (A) (A) (deg) (kcalmol™?) A) Ay  (deg)

20 8/4 BeOO —164.5230 134 133 180 —82 1.66 144 70
22 8/4 HBOO —175.2611 136 121 180 -70 162 137 72
24 4/6 H,COO? —189.0528 129 130 120 —34 1.53 140 66
24 4/6 HNOO —205.0625 127 138 119 10 149 145 62
24 4/6 000 —224.8768 131 131 116 35 148 148 60
24 4/6 FOO* —2489809 128 133 113 78 143 159 54

“Number of n electrons in the chain/cyclic state.

® Absolute energy and geometry (linear or bent) of chain structure 1.

‘Relative energy and geometry of cyclic structure 2. The angle OXO is denoted by a'.
“r, geometry of dioxirane: R = 1.516 A, R’ = 1.388, &’ = 66.2° 33,

¢r, geometry of ozone: R = 12716 A, a = 117.79°7°.
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There, through-space interactions between a pseudo-r orbital of a methylene group and
the 2pr AO of the terminal O atom (homoaromatic 6n system) can lead to additional
stabilization of the syn forms. In this respect, the configurational and conformational
preferences of carbonyl oxides may be considered to represent examples of the cis effect 267,

Rupture of the XO or OO bond in the acyclic GS of XO, leads to XO(*no) and
O(*P) or X(*no) and O,(*%, ) (compare with Figure 5, Section IIL.A.2). In the case of
carbonyl oxide, these processes have been calculated to require about 43 and
56 kcalmol ™", respectively?>*. Hence, the 4n state of H,CO, is stable with respect to
dissociation although it is actually higher in energy than H,CO('A ) + O(®P). Because of
the high reactivity of carbonyl oxide in the presence of electrophilic, nucleophilic or
dipolarophilic agents, there is only indirect evidence for its existence!2.

2. Peroxides XOOH and XO0OX

A number of theoretical investigations have been carried out in order to establish
equilibrium geometry and conformational behaviour of closed-shell peroxides. To be
mentioned are ab initio studies on the hydroperoxides LIOOH 2%%, MeOOH 100:150.269
EtOOH?’°,  PhOOH?’!, CF;O00H!%%, NH,00H!*°, HOOQOQOH’3:150.272.273
FOOH '°*13° and the peroxides LiOOLi 182:246:267:274.275 'NaOONa 275, KOOK 275,
BH,00BH, 7%, MeOOMe?"", CF;00CF;2"", CF;00F 3, HOOOOH 22 and
FOOF ?7%. We have supplemented these investigations by RHF/SV calculations on
XOOH and XOOX varying X systematically from Li to F 2°°, Our results are condensed
into Table 37.

Almost all hydroperoxides adopt a bent-bent form. Exceptions are LiIOOH and
HBeOOH which seem to prefer a linear—bent form with a positively charged X(~ 4 0.7 ¢)
and a bent OOH moiety with some anionic character. However, the stability of the bridged
forms may be underestimated by as much as 20 kcal mol ™' (compare with RSMP/SVdp
results for H,O,, Table 10, Section IV.A) due to basis set and correlation errors at the
RHF/SV level. Accordingly, the bridged form of LIOOH is likely to be the most stable one
as has been suggested by Peslak2°®.

If both hydrogens are replaced by Lior BeH, the stability of the bridged form increases.
This is in line with experimental'#%-2!% and theoretical results!82-246.268:274.275 4 a1k 4l
metal peroxides. For Li, Na and K, the planar rhombic form is the most stable one since it
minimizes Coulomb repulsion between the positively charged metal atoms. Puckering
leads to an energy increase?®®27#. Obviously, the electrostatic factor outweighs stabilizing
orbital interactions found for the puckered form of H,0,. As soon as the ionic character of
the X—O bond is reduced, puckering will lead to stabilization. This is true for the
persulphide analogue of Li,O, 274, namely Li,S,, which is more stable in the puckered
geometry (puckering angle 6 = 53°%74; compare with Table 10). According to RHF/SV
calculations the planar form is destabilized by 1.7 kcalmol ! 274,

On the other hand, increased covalent bonding between X and O leads to destabilization
of the bridged forms. For X = NH,, OH and F the bicyclic forms open to monocyclic
forms with very weak O —O interactions. Their relative energy is considerably larger than

the usual O —O dissociation energies (Table 16, Section IV.C). For example, AE of OFOF
is 2.5 times larger than D, (FO —OF) (ca. 62 kcalmol = 27%). This holds also for the linear
geometries, which represent the most unstable peroxide forms of Table 37. Their relative
energy increases steadily from X = Li towards X = F, probably because of enhanced
repulsion between electron lone pairs.

The data of Table 37 suggest that Y forms are stable under certain experimental
conditions. The relative energies of the planar geometries represent an upper limit of their



BH, CH, NH, OH

TABLE 37. Absolute and relative energies (in hartree and kcal mol™!) of hydroperoxides XOOH and peroxides XOOX calculated at the
BeH

RHF/SV level of theory for optimized geometries?$S

Structure
(geometry)
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actual stability since pyramidalization and solvent effects will decrease this energy. The

XOO0H

first experimental evidence for the existence of Y forms was found in persulphide
¥ N chemistry. Kuczkowski?®? identified by microwave and mass-spectrometric studies two
© 2 stable F,S, isomers, namely FSSF and F,SS, the latter with pyramidal geometry. Recent
2Ze 524 ab initio calculations of Hinchliffe?®! suggest that a H,SS isomer may also exist.
Tz Zxreq h ; . 82 - : .
'T | In connection with the reaction of 'O, with alkenes, the intermediacy of the peroxirane
24 has been discussed!%*!. Dewar and Thiel?®2 have predicted the formation of 24 on the
Q I basis of MINDO/3 calculations. However, more recent GVB/CI?®** and HF
8 & investigations?84-286 indicate that 24 is much higher in energy than other possible
S8 2323 reaction intermediates.
o — (\Il -— N
I
7
[¥e) —
g 2 /N
28T E38% el ENe
) | (24)
— o :
@ § | Unambiguous evidence for the existence of a peroxide with Y structure has recently been
qnem BRO® iven by Atwood and coworkers?®”. They have synthesized the stable complex
S ANnw g oy Y _ p
T T T [K - dibenzo-18-crown-6] [Al,MeqO,], which according to X-ray measurements
contains the Y structure 25 with normal AlO single bonds and a long O —O bond. Since
a © v(O—0) of 25 (851cm™') is similar to the O—O stretching frequency found for
Q E hemerythrins (844cm™1)28% a group of oxygen-carrying proteins, it is likely that 25
Cas 23 SR models the bonding situation in these compounds?®’.
| |
3 o (l)
Qo S 1.47
o0
5 3
| ‘ 186 O
CRE By®” ANl
S 2 128°
| | El
0
L %8 (25)
g 37
S ¢ 0o Additional information about the influence of the group X is provided by the RHF/SV
- - bond separation energy (BSE) of formal reactions leading to H,O, and XOH (Table 38).
; . csep ergy (5 na‘ _cacing, .
Positive BSEs are indicative of stabilizing bond interactions, probably via an electron
2 ) transfer of the type
a E
883 < xL0Ld o XX NoH
| . )
E I
'L; E Q TABLE 38. RHF/SV bond separation energies (kcal mol ™) of the formal reactions (1), (2) and (3)°
B8
- = _ & E E § Bond separation reaction for X = Li BeH BH, CH; NH, OH F
5% 5 35 §8<=
&5 5 g EEZS (1) XOOH + H,0 - H,0, + XOH -32 —192 —16 57 53 47 31
=& E5 8 R (2) XOOX + 2H,0 - H,0, + 2XOH 305 05 —41 113 111 438 1.0
23 . 223, | Bbg g (3) XOOX + H,0, —» 2XOOH 369 389 —09 -01 05 ~46 —52
Leoss ladg | 8888 e
9 g 239 g ! . .
g g 5 >°< § N 5 é-:i LS l;l 5:5 *Geometries of molecules XOH and XOOX have been completely optimized at the RHF/SV level?®¢,
BSE values at standard geometries are 6.0, 7.8, 9.3 and 6.3 kcalmol ™! for XOOH with X = CHj,,
NH,, OH and F, respectively!3°.
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involving n-type donation and - or n-type acceptance of electrons as shown in Figure 21
of Section IV.B. These stabilizing interactions are smaller for X! OX? than for X'CH,X? or
X'NHX? !5°. An electropositive substituent like Li, BeH or BH, leads to destabilization,
which, however, is partially offset by attractive Coulomb interactions, especially if a
second Li or BeH substituent is attached to the O —O group. Disproportionation of
XOOX (reaction 3 of Table 38) becomes more likely with increasing electronegativity of
the substituent X. In this case the BSEs decrease rather than double upon going from
XOOH to XOOX (reactions 1 and 2 of Table 38).

The o,n interactions discussed in Section IV.B and illustrated in Figure 21 are primarily
responsible for stabilization of skewed forms of peroxides. The equilibrium angle 7 is close
to 90° if X is both a  donor and a strong & acceptor like OH or F (dominance of V, term in
equation 1, Section 1V.B). However, if X is a o electron donor with weak 7 acceptor
property, repulsion between bond dipoles *X —O ™ leads to a shift of the conformational
minimum towards 180° (dominance of V; term). These trends are confirmed by the
geometrical data of Table 39 which provides a comparison between peroxide and
persulphide geometries determined by gas-phase measurements or ab initio calculations.

Noteworthy are the changes in R for increasing electronegativity of the group X. The
O—O0 and S —S bond lengths in the difluoro derivatives are abnormally short, being close
to bond lengths in O, (1.207 A, Table 23) and S, (1.888 A, Reference 281). A simple
explanation in descriptive VB terms is that structures like F"O=O*F and F~$S=S*F
are very important. Ab initio theory is presently unable to reproduce the experimental R
values of F,0, and F,S, (see Table 39).

If the substituent X possesses a low-lying unoccupied n* or pseudo-n* orbital,
secondary overlap with the occupied n* MO of the peroxo group will increase stabilizing
two-electron interactions. This explains why conformation 26 rather than 27 is more stable

for methyl- or amino-peroxides?®®.
‘\\(ﬂ% secondary
overlap

e
g8

(26)

B. Special Compounds

1. Peroxy acids and acyl peroxides

The structure of organic peroxy acids poses some interesting questions. IR
measurements have led to the proposal of a planar conformation of the —C(O)OOH
moiety with a cis—cis (28) rather than a cis—trans (29) geometry, the former being stabilized
by an intramolecular hydrogen bond. Recent RHF/SV calculations of the harmonic and
anharmonic force field and the fundamental frequencies of performic acid published by
Bock, Trachtman and George?®® add support to this argument as do ab initio

o.... 0
......... H
R——C< / R-——C/
900 So—o
H
(28) (29)

geometries (distances in A, angles in deg.) and barriers for

internal rotation (kcal mol~*!) obtained for some peroxides and persulphides

TABLE 39. Comparison between experimental and theoretical

Geometry

Barriers

Ref.

Method*®

(trans; cis)

Molecule
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197,122
100
124
136

RHF/SV
RHF/SV

IRMW
ED

1.1; 74
8.0
6.9
9.0; 19.6

0.1;
09;

1200

140
95°
90*

109.5; 109.5°
106.1; 100.3

1.441; 0.960 104.5; 104.2

1.460

1.399

99.4
109.5?
1.376; 0974 107.6; 100°

1.404; 0.96°

0.965
1.43°
0.98

1.464
1.46°
1.447
1.436
1.442

1419

HOOH
CH,00H
CF,00H

266,100
123
185
124
136

RSMP/SVd 272
RHF/SV

ED

ED

ED

RHF/SV

4.6
84; 14.6

54;

78.5
81.8
165.8
1233
97.1

103.9

107.2
1.419; 1.449 108.2; 104.5
1.423; 1.440 110.0; 1050 97

1.372;1.699 108.1; 110.8

1.480°
1419
1.366
1.417

CMe;00CMe,

HOOOH
FOOH
CF,00CF,
CF,00F

124
123
289
127
126
278
278
128

ED
ED

93.2
106.6 143.5

1.681
1.667
1.66

1.447

1.480

CF,00Cl1
SiMe;O00SiMe;,

136.5 RHE/SV
ED
MW

101.2
105
109.5

1.575

1.447
147
1.217

SF;OO0SF5
FOOF

RHF/SV
CI/DZd*
MMW

8.1;118

-
S e
< o —
SS
==
Saa
A
—
vy Dal
oW
aNO
— - N
T
A
A
es

6-12(?)

129

RHF/FSGO 290

ED

7.6; 12.7

95.9
104.1
103.2

1.298
1.806
1.816

1922

2.022

CH,SSCH,

130
130

ED
ED
MM

103.2¢

1.817¢
1.821°
1.635
207
224

2.031

2029

CH,SSC,H;

291
280
292
292

MW
ED
ED

104.0¢ 83.5

1.888¢ 71.7 87.9
825

83.5

2.030
1.97
1.98

FSSF
CISSCl
BrSSBr

107
105

microwave, MMW = millimetre-wave, MM = molecular mechanics.

electron diffraction, MW =

infrared, ED =

‘IR =

b Assumed values.

¢Averaged values.
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4Only O-centred polarization functions used.

*RHF/DZd: 1957 A, Ref. 281.
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investigations on peroxyacetic acid?*?°> and peroxytrifluoroacetic acid?®5. Another
RHF/SV study?°® on performic acid, however, has described 29 to be more stable than 28
by about 1 kcalmol ™", the two forms being separated by a rotational barrier of less than
2kcalmol ™ 1.

Since none of these studies has employed an augmented basis set, care has to be taken
when referring to the published ab initio results. On the other hand, both theory and
experiment clearly establish the cis conformation of the O =C—0—O0 fragment. The cis
arrangement is stabilized by secondary overlap effects between the n* orbitals of C=0O
and O —O, similar to those encountered in methyl- or amino-peroxides (Section V.A).
These overlap effects are also responsible for an equilibrium value of 7, equal to 0 or 180°.

Organic peroxy acids convert alkenes to oxiranes by an electrophilic attack on the
double bond. The cis—cis form (28) plays an important part in the epoxidation reaction.
Exploratory RHF/MBS calculations by Plesni¢ar and coworkers??7-28 on the oxidation
of ethylene and methylenimine with performic acid suggest that the reaction is
characterized by an asymmetric but highly ordered transition state and an intramolecular
transfer of the proton. Since the O atoms of 28 all bear negative charges, it has been
argued2®® that the electrophilic attack is overlap- rather than charge-controlled. The
availability of a low-lying peroxide * MO, especially in compounds like peroxytrifluoro-
acetic acid, is in line with this reasoning.

A low-lying 6* MO of the peroxo group seems to play a similar role in the radical-
induced decomposition of dibenzoyl peroxide:

(I? [ ﬁ
I
Ph—-C—00—C—Ph+R- Ph—C—OR +Ph—C—O-

Semiempirical MINDO-CI calculations?®® on the decomposition of diformyl peroxide
(DFP) reveal that a charge transfer from the SOMO of the radical to the LUMO of DFP
(6*00) is very important in the TS of the reaction. Therefore, an electron-withdrawing
substituent at the acyl group and an electron-donating group at the radical enlarge the
charge transfer and, hence, speed up the reaction.

Some of the attention, which acyl peroxides and acylperoxy radicals have received in the
past years, has stemmed from their role in the chemistry of polluted atmospheres!”18:300,
In photochemical smog, the latter are formed in a rapid reaction between O, and an acyl
radical. This can lead to the 2A’ excited state rather than the 2A” GS of the peroxy radical
(Figure 4, Section I1L.A.2). HF/DZ calculations on the formylperoxy radical (FPR)3°!
show that the reaction

HCO(?A’) + 0,(*S; ) » HC(0)O,(*A")

is exothermic by 36 kcalmol™! whereas the 2A” — %A’ excitation energy is lower than
20kcal mol~1. In the A’ state the SOMO is in the right position to facilitate H migration
(Figure 4) and, hence, the decomposition to CO, and an OH radical. This mechanism isin
line with the observed generation of methoxy radicals from acetyl radicals via
MeC(0)0,(*A") 302,

2. Polyoxides

The structural and conformational features of the polyoxides H,0, and their F, Me and
CF, derivatives are affected by nelectron-pair interactions?’ 2.273,277,303 The determining
electronic factor is the tendency of a n electron pair to delocalize into a coplanar vicinal
bond (Section IV.B). This leads to stable helix conformations of H,0, with dihedral angles
of 80-90° (Figure 30), as has been demonstrated by ab initio calculations?7%:273-277,

For H,0; the theoretically determined conformational surface?’?, spanned by two
rotational angles 1, and 1,, is shown in Figure 31 in form of a contour-line diagram. Least-
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energy paths connecting the potential minima (two global minima, GMIN, at
7y = 7, = 78° and —78° corresponding to helix forms of H,O;; two local minima, LMIN,
at 1, = +92° 1, = F92° corresponding to forms with both OH bonds either above or’
below the heavy-atom plane) are shown by dashed lines. There are barriers of
6.5 kcal mol ! (S pointsin Figure 31), which have to be surmounted to convert one GMIN
form into the other. This interconversion corresponds to successive rotations of the OH
bonds through the heavy-atom plane (flip-flop rotation, see Figure 32). It needs
16kcal mol ~ ! less energy than synchronous rotation of the OH bonds. Flip-flop rotations
are the preferred conformational modes of geminal double rotors since they involve only
smooth changes of the electronic stucture and, hence, the geometry of the rotor molecuie as
hgs been demonstrated extensively for H,O; (see Figures 12, 13 and 14 in Reference 273). If
flip-flop rotations of adjacent bonds of a cyclic compound are coupled, ring pseudorotation
results. Pseudorotation generally requires less energy than ring-inversion3°#, which can be
understood by inspection of Figures 31 and 32273,

Tetr_oxides are probably intermediates in the self-reaction of peroxyl radicals.
Experimental observations suggest that the gas-phase reaction between HO, radicals:

HOZ + HOZ d H202 + 02

proceeds via a H,O, conformer with an intramolecular hydrogen bond3°%. (Actually, a
double hydrogen-bonded association complex could not be excluded by experimen,t.)
Such a conformer is probably 6kcalmol~! less stable than the helix conformation of
H,0,272. Both '®0 labelling experiments®®> and semiempirical CI calculations3°®
exclude a four-centre TS involving a H,O,4 conformer with strong n pair repulsions.

The observation of the isotopic exchange reaction between 10, and 180, has led to the
proposal of a four-membered oxygen ring®°”*°%. According to ab initio calculations*” the
formgtlon of O, is endothermic (AE > 30 kcal mol~'). This holds also for the hypothetical
Oj ring formed from O; and 'O, **°. The average O—O bond length in O5 would be
1.46 A while the actual bond lengths range from 1.43 to 1.48 A. The ring is expected to be
strongly puckered and, like cyclopentane, a free pseudorotor296,

Knowledge on HO, (n > 3) molecules is meagre. Recent experiments have revealed the
existence of HO,,* ions3°°. UHF/SV calculations®'? show that these are clusters of O
molecules sharing a common proton. :

FIGURE 30. Helix conformation of H,03, H,O,4 and H,O;.

3. Ozonides and other cyclic peroxides

Interactions between the n electron pairs of oxygen influence the geometry and
conformation of cyclic peroxides. If the size of the ring implies a small value of 7, the O—O
bond turns out to be rather long. For example, dioxirane contains one of the longest O —O
bonds so far observed*3. With increasing ring size, the cyclic peroxide can pucker more
strongly. Accordingly n-pair delocalization as described for alicyclic peroxides becomes a
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FIGURE 31. Internal rotational potential for H,O3; (RSMP/C calculations) as a functiop pf the
dihedral angles 1, and t,. Contours indicate kcal mol ™! above the energy of the global minimum
GMIN. The dashed lines represent the steepest descent and ascent paths to and from the saddle-
points S. Adapted by permission of the American Institute of Physics from D. Cremer, J. Chem. Phys.,

69, 4456 (1978).
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FIGURE 32. lllustration of the relationship between a flip-flop internal rotation of the double rotor
H,0, and the pseudorotation of a five-membered ring. GMAX: global maximum; GMIN: glgbal
minimum; LMIN: local minimum; S: saddlepoint. Reproduced by permission of the American
Institute of Physics from D. Cremer, J. Chem. Phys., 69, 4456 (1978).

1. General and theoretical aspects of the peroxide group 71

stabilizing factor. This is reflected by the ab initio and experimental geometrical data
compiled in Table 40.

In a ring of given size, the tendency for puckering is stronger the more O atoms are
incorporated into the ring framework. Thus, 1,2,3-trioxolane (primary ozonide) and
tetroxolane with 3 and 4 adjacent O atoms are more strongly puckered than 1,2-dioxolane
or 1,2,4-trioxolane (final ozonide). Parallel to this trend increases the barrier to inversion
(Table 40), which is determined by the energy of the planar ring form.

The mode of puckering is also influenced by n,n interactions. We have shown this by
analysing the HOMO:s of the trioxolanes, which are primarily out-of-phase combinations
of the 2pn(O) orbitals*’%-3!¢. Antibonding overlap of the HOMOs is reduced if the
rotational angle of the O —O rather than the C—O or C—C bond becomes large. This
leads to stable C,-symmetrical twist (T) forms for 32, 33 and 35 but a C-symmetrical
envelope (E) form for 34 (Table 40). Along the same lines stabilizing or destabilizing
substituent effects can be explained?7%:31°,

TABLE 40. Geometries and conformational barriers or cyclic peroxides as determined by
experiment or theory

R R’ T q° @° AEpg AE¢
Molecule Ay A) (deg) (A) (deg.) {(kcalmol ') Method Ref.
(30) //\\ 1516 1388 0 MW 33
0—o0 1.529 1398 O RSMP/DZd 58
(31) 1491 1475¢ 221 0.28 X-ray*® 311
0—0 1497 1473 0 0 0 RHF/SV 285
(32) 1.483 1.4514 20 X-ray’ 312
o_g 1461 1439 50.2 045 90;270 22 5.7 RHF/Svd 313
0
(33) 1461 1415 494 046 90;270 MW 314
1467 1433 474 045 90;270 3.3 6.3 RHF/Svd 269
00
AN
(34) O O 1454 1437 489 047 0;180 3.0 79 RHF/SVd 269
N
(35) O\ /0 14507 1.441 523 049 90;270 25 109 RHF/Svd 313
00
0—0
(36) < > 145 146 602 X-ray® 315
0—0 68.3 PE* 176

“Puckering amplitude ¢ and pseudorotational phase angle ¢ of most stable conformer; ¢ = 0° or 180°
corresponds to envelope, ¢ = 90° or 270° to twist forms. See Refs. 269 and 317.
*Pseudorotational barrier.

‘Inversion barrier of most stable conformer.

¢ Averaged value.

“X-ray analysis of dispiro(adamantane-2,3'-(1,2)dioxetane-4'2"-adamantane) (‘adamantylidene-
adamantane peroxide’).

IX-ray analysis of 10,10-dimethyl-3,4-dioxatricyclo[5.2.1.0"% |decane-2-spiro-2’-adamantane. See
also Table 22, Section 1V.D.

£X-ray analysis of 3,3,6,6-tetra(bromomethyl)-1,2,4,5-tetroxane. Average value of R’ is given. Ideal
chair form assumed: the ¢ value corresponds to g3, g, is zero (see Refs. 317 and 318).

"PE analysis of 3,3,6,6-tetramethyl-1,2,4,5-tetroxane.
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In Figure 33 the theoretically determined conformational surface of the final ozonide
(33) is shown in the form of a contour-line diagram?®. There the conformational space of
the five-membered ring is spanned by the puckering amplitude g and the phase angle ¢
(0° < ¢ < 360°)17318, The dashed line indicates the energetically most favourable
psuedorotation itinerary. The energy difference between E and T forms determines the
pseudorotational barriers. For compounds 32-35 these are <3kcalmol~! (Table 40),
which means that five-membered ring peroxides and ozonides are rather flexible in spite of
relatively large barriers to ring inversion. Again, this is due to relatively small changes of
the electronic structure during pseudorotation.
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FIGURE 33. Pseudorotational surface of 1,2,3-trioxolane (RHF/C calculations). The potential is
zero at the centre of the (g, ¢) diagram, the innermost contour line corresponds to —0.5 kcal mol™ !
The vertical spacing of two contour lines is 0.5 kcal mol ™ !. The dashed line indicates the energetically
most favourable pseudorotation path. Conformers are shown along this path in intervals of 18°.
Substituents X, Y, Z correspond to hydrogen. Reproduced by permission of the American Institute of
Physics from D. Cremer, J. Chem. Phys., 70, 1898 (1979).
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Since the ozonides are important intermediates in the ozonolysis reaction, their
conformational properties have been extensively discussed on both experimental'? and
theoretical grounds31%-32°,

VI. ABBREVIATIONS, SYMBOLS, CONSTANTS AND
CONVERSION FACTORS

A. List of Abbreviations

AO Atomic Orbital

APSG Antisymmetrized Product of Strongly-orthogonal Geminals

BSE Bond Separation Energy

CEPA Coupled Electron Pair Approximation

CI Configuration Interaction

DZ Double Zeta (Basis with 2 GTFs or STFs per AO)

DZb Double Zeta basis augmented by bond functions

DZb + diff Double Zeta basis augmented by bond functions and diffuse Rydberg
functions

DZd Double Zeta basis augmented by 3d functionsin the heavy-atom part

DZdp Double Zeta basis augmented by 3d functionsin the heavy-atom part
and 2p functions in the H part

ED Electron Diffraction spectroscopy

ESCA Electron Spectroscopy for Chemical Analysis

FSGO Floating Spherical Gaussian Orbital

GS Ground State

GTF, GTO Gaussian Type Function, GT Orbital

GVB Generalized Valence Bond

HF Hartree-Fock

HOMO Highest Occupied Molecular Orbital

INDO Intermediate Neglect of Differential Overlap

1P Ionization Potential

IR Infrared spectroscopy

INO Iterative Natural Orbital

LMO Localized Molecular Orbital

LUMO Lowest Unoccupied Molecular Orbital :

MB, MBS Minimal Basis Set (1 GTF or STF per AO; e.g. STO-3G)

MBPT Many-Body Perturbation Theory

MCSCF MultiConfiguration Self-Consistent Field

MINDO Modified Intermediate Neglect of Differential Overlap

MM Molecular Mechanics

MMW MilliMetre-Wave spectroscopy

MO Molecular Orbital

MOL Molecule

MRD-CI Multi-Reference Double-excitation Configuration Interaction

MW Microwave spectroscopy

PE Photoelectron spectroscopy

REF Reference State

RHF Restricted Hartree-Fock

RSMP Rayleigh—Schrédinger Moller—Plesset perturbation theory

SCF Self-Consistent Field
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SOMO
STF, STO
Sv

Svd

Svdp

TS
UHF

ZPE

Dieter Cremer

Singly Occupied Molecular Orbital

Slater Type Function, ST Orbital

Split-Valence basis (basis with two functions per AO of the valence
shell; e.g. Pople’s 4-31G or 6-31G basis sets)

Split-valence basis augmented by 3d functions in the heavy-atom part
(e.g. Pople’s 6-31G* basis)

Split-valence basis augmented by 3d functions in the heavy-atom part
and 2p functions in the H part (e.g. Pople’s 6-31G** basis)
Transition State

Unrestricted Hartree—Fock

Valence Bond

Zero-Point vibrational Energy

B. List of Symbols

A
AB
A

a
alJ
do
a.u.
By
C.

D

D

D,

Dy

DH®, DH(T)
E

E
E(EXP)

E(CORR)
E(HF)
E(HF/X)
E(REL)
E(S)
E(THEO)
E(VIP)
E(X)

EA

€

A
e
fRRa frr

fl”R’ ﬁr’

Arbitrary atom

Term symbols for nonlinear molecules

Angstrom; 1A =10"'"m

Radius of spherical cavity (A) (Section 1V.C)

Atto Joule

Bohr radius: Atomic unit of length (see conversion factors)
Atomic unit

Rotational constant of lowest vibrational level of ground state
Coefficient of linear combination

Atomic term symbol

Debye; unit of dipole moment

Dissociation energy measured relative to the minimum of the
potential energy function (D, = Do + ZPE).

Dissociation energy measured relative to the lowest vibrational level
Dissociation enthalpy measured at temperature T

Envelope form of five-membered ring (Section V.B)

Energy

Absolute energy (hartree) at lowest vibrational level of molecular
ground state

Correlation energy (hartree)

Hartree-Fock limit energy (hartree)

SCF energy (hartree) obtained with basis set X

Relativistic energy (hartree)

Schrodinger energy (hartree)

Theoretical molecular energy (hartree) for fixed nuclei
Vibrational energy. (hartree)

SCF energy (hartree) obtained with basis set X

Electron affinity

Electron charge (see conversion factors)

Force constant (aJ A~"; see conversion factors)

Equilibrium molecular force constant

Quadratic OO and HO stretching force constants (aJ A=?)
Quadratic HOO bending force constant (alJ).

HO,00 and HO,0H stretch—stretch coupling constants (aJ A~?2)
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f}(aa f"’aa ﬁu’

faa’ .
fRRR’ ,/rrr
f(r,0)

P, P(AB)

p, p(AB)
pm

0. Q(A)
q

q

qs

g, 9(A)
x'x's etc.

R, R(OO)
R,

R,

R’, R(OH), R(OX)
R, Ry

rC
r.(AB)
re

Io

OOHOO, HOHOO and HO,O0H stretch-bend coupling
constants (aJ A~ 1)

HOO,O0H bend-bend coupling constant (alJ)

Cubic OO and HO stretching constants (aJ A~ 3)

Common radial function of 2p AOs

Electron spin g tensor (Section V.A)

Subscript used to denote a ‘gerade’ function

Planck’s constant (see conversion factors)

Ionization potential (eV) (Section IV.D)

Vertical ionization potential (eV)

Experimentally observed vertical ionization potential (eV)
Subscript used to denote molecular orbitals, orbital energies, etc.
V-1

Nuclear quadrupole coupling constant (MHz) (Section IV.F)
Number of atoms

z component of total orbital angular momentum operator

z component of orbital angular momentum operator for a specific
electron

Eigenvalue of L, operator

Eigenvalue of S, operator

Eigenvalue of [, operator

Eigenvalue of $, operator

Avogadro number

Electron lone pair

Occupied orbitals (summation limit)

Atomic term symbol

Bond order of bond AB

Overlap population between atoms A and B

Picometer; 1 pm = 107 !2m

Electric quadrupole moment of nucleus A (barn, see conversion
factors) (Section IV.F)

Puckering amplitude (A) of a nonplanar ring compound; if not
otherwise denoted g corresponds to g,

Puckering amplitude (A) of four- and five-membered rings
Puckering amplitude (A) of chair form of six-membered ring
Charge at atom A (e)

Diagonal elements of electric field gradient tensor measured in
principal axes system {esucm~3) (Section IV.F)

Interatomic OO distance

Equilibrium distance between O atoms of a peroxide at the minimum
of the potential energy function

Effective OO distance derived directly from ground-state rotational
constants

Interatomic OH or OX distance

See corresponding definitions of R, and R,

Covalent radius of an atom A

AB bond critical point of p

Equilibrium geometry determined at the minimum of the potential
energy function

Effective geometry derived directly from ground-state rotational
constants
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Effective geometry derived from rotational constants via
Kraitchman’s equations for a sequence of isotopic substitutions
Distance between the centres of charge in an ion pair

Polar coordinates

Singlet state

Overlap integral

Atomic term symbol

z component of total spin angular momentum operator

z component of spin angular momentum operator for a specitic
electron

Triplet state

Temperature (Kelvin)

Energy of excited state relative to the minimum of the ground-state
potential energy function

Subscript used to denote an ‘ungerade’ function

Fourier constant

Fourier term

Arbitrary basis set

Cartesian coordinates (arbitrary axes system)

Cartesian coordinates (principal axes system)

Bond angle OOH or OOX

Equilibrium OOH or OOX bond angle at the minimum of the
potential energy function

Bond angle OXO

Spin functions with m, = } and my = —3%
Term symbol for linear molecules
Difference between various energy levels

Solvation energy

Enthalpy (heat) of formation

Enthalpy of formation at 0° and 7° Kelvin

Difference between succeeding ionization potentials

Deviation from equilibrium distance R,

Deviation from equilibrium bond angle «,

Deformation (difference) density function (ea, ~*)

Gradient vector field of electron density distribution

Puckering angle of a four-membered ring

Dielectric constant

Electronegativity of atom A

Energy of orbital ¢;

Asymmetry parameter of atom A (dimensionless) (Section 1V.F)
Diagonal elements of molecular quadrupole moment tensor in
principal axes system (esucm?) (Section IV.F)

Eigenvalue i of Hessian matrix of p (matrix of second derivatives)
(Section IV.F)

Dipole moment (Debye)

Reduced mass (atomic-weight units)

Fundamental vibrational frequency i (cm™!)

Equilibrium vibrational frequency (cm ')

Term symbol for linear molecules

Orbitals being antisymmetrical with respect to the molecular plane
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T* Antibonding n orbitals

p,p* Electron density of atom A (ea, ™ 3)

p(r) Electron density distribution at point r (eay ™ 3)

z Term symbol for linear molecules

¥ Summation symbol

c Orbital being symmetrical with respect to molecular plane or
specified bond axis

c* Antibonding ¢ orbital

T HOOH or XOOX dihedral angle

11, T3, €tC. Dihedral angles in a polyoxide

7' Angle between HOO plane and plane defined by OO bond and C,
axis

T1)2 Radiation lifetime of excited state(s) (Section IV.G)

® Slater determinant

&, Molecular orbital i

o,y Eulerian angles (Section IV.F)

X Biradical character given in percent (Section IV.A)

b 4 Molecular wave function

C. Constants and Conversion Factors

2o = 0.52918 x 10~ %cm
e =4.803 x 107 %esu = 1.6022 x 1071°C
h=6.6256 x 10~ %7 ergs = 6.6256 x 107 3*Js
N, = 6.0225 x 10**mol !
1eV = 23.06 kcalmol !
1 hartree = 27.211eV = 627.525kcalmol ~*
1 kcalmol™! = 4.184kJmol~! = 349.74cm ™!
1a)J =10"'%J = 1 mdynA
= 0.2294 hartree = 6.24eV
1 barn = 10724 cm?
1 Debye = 10~ '8 esucm
1 eay = 2.54158 Debye
1eag? = 1.34492 x 10~ 26 esucm? = 1.34492 Buckingham
lea,™ % =17.1524 x 10°esucm 2
lea,™® = 32.4140 x 10 esucm™3
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