extinction coefficients, on the other hand, are found to
increase at the higher temperature (Table I and Figure
5), which would be expected if the polarity of the
medium is decreased.

In dioxane-water mixtures!4 (0-50 wt 97), the dielec-
tric constant is known to decrease by a constant frac-
tion, viz, 9-1097, as the temperature is increased from
25 to 45°, the value of this fraction being almost in-
dependent of the composition of the solvent mixture.
Assuming that similar decreases occur in ethylene glycol~
water mixtures, values of D at 45° may be estimated to
be 71.7, 59.9, and 33.9 for 0, 40, and 100 vol 97 eth-
ylene glycol, respectively. The observed increases in
€90 at 45° are about those expected from Figure 4, for
0 and 40 vol 7 ethylene glycol; the increase for pure
ethylene glycol is somewhat higher than the expected
value. In view of the approximate nature of the cal-
culations involved, the above agreements may be con-
sidered to be fair, Thus, the observed temperature
effect can be explained largely in terms of the decrease
in the polarity of the bulk medium at the higher tem-
perature.

If it is assumed that the shape of the pyridinium
bromide CT band, when log ¢ is plotted against A, re-
mains unchanged over the temperature range 25-45°,
as has been observed for pyridinium iodide® bands, then
the magnitudes of the red shifts for the same tempera-
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ture range are 1.3-1.4 myu for the three solvents. This
is comparable to the 2-my shift in the red observed for
the micellar CT band in dodecylpyridinium iodide.!!
The blue shifts in the pyridinium iodide CT bands, re-
ported by earlier workers,®!? due to cooling may be at
least partly because of an increase in the dielectric con-
stant of the medium at the lower temperature.

Assuming that the pyridinium bromide band shape
remains unaltered also over the dielectric constant range
78.5-37.7, the total red shift in going from water to
ethylene glycol is only 8.5 mu (Figure 5), considerably
less than the 30-mu red shift observed in the case of
pyridinium iodide.’® This indicates that the effect of
solvent polarity is actually less on the position of the
bromide band than on that of the iodide band.

The uv absorption behaviors at 25 and 45° for the
long-chain compound, dodecylpyridinium bromide®
(DPB), in 1009 ethylene glycol are found to be very
similar to those of EPB at these temperatures. The
observed OD’s are, however, slightly higher for DPB.
This might be due to some premicellar association effects
in DPB which presumably forms micelles!® in pure
ethylene glycol.
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Abstract:

Approximate nonempirical SCF—~MO calculations using a minimum basis of Slater atomic orbitals have

been made on the most likely structures of the nitric oxide dimer. The planar trans configuration has been found

to have the lowest energy, with the following optimum geometry:
The optimum cis geometry has an energy 3.5 kcal/mol higher, and the near-rectangular structure sug-
gested by X-ray evidence has an energy 66 kcal/mol higher.

104.6°.

R(NO) = 1.23, RINN) = 1.53 A, NNO =

Thedissociation energy of the dimer has been estimated

by calculating the energy for the reaction (NO): + H. — 2HNO and using an experimental energy for HNO —
0.5H; 4 NO. The resulting value of 3.6 kcal/mol is near the upper limit of the experimental estimates.

In this paper we report the results of ab initio mini-
mal-basis SCF calculations for the nitric oxide
dimer and for the molecule HNO. Our aim is to cal-
culate reliable bond lengths and angles of (NO), at
equilibrium in the gas phase, and assign a structure.
Calculations on the closed-shell molecule HNO are
carried out first to test the reliability of the method for a
species containing the N-O bond, and second to
estimate the energy of (NO), by calculating the energy
of
(NO): + H; —> 2HNO

and using an experimental energy for the reaction
HNO —»- 0.5H; + NO

o Addr_ess correspondence to this author at the Department of Chem-
istry, University of California, Berkeley, Calif. 94720,

(48] U S. Air Force Office of Scientific Research~National Research
Council postdoctoral fellow, 1969~1970.

The nitric oxide dimer has been postulated as an
important intermediate in several gas-phase reactions
of nitric oxide, most recently in a study of the chemi-
luminous NO -+ O reaction.? It was inferred some
years ago from X-ray crystallography of the solid?® and
from the magnetic susceptibility** and vibrational
spectra* of the liquid and solid that nitric oxide in its
condensed phases consists almost entirely of dimer
molecules. Only recently, however, has the gas-phase
dimer been observed directly, by mass spectroscopy?®
and in the infrared spectrum of NO gas.®

(2) D. Golomb and R. E. Good, J. Chem. Phys., 49, 4176 (1968).

(3) W.J.Dulmage, E. A. Meyers, and W. N. Lipscomb, 4Acta Crystal-
logr., 6, 760 (1953).

(4) (a) A.L.Smith, W. E. Keller, and H. L. Johnston, J. Chem. Phys.,
19, 189 (1951); (b) W. G. Fateley, H. A. Bent, and B. Crawford, ibid.,
31, 204 (1959).

(5) T. A. Milne and F. T. Greene, ibid., 47, 3668 (1967).
(6) C. E. Dinerman and G. E. Ewing, ibid., 53, 626 (1970).
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Dulmage, Meyers, and Lipscomb? concluded from
the X-ray diffraction of solid NO that (NO), was nearly
rectangular, having short N=O bonds but a distance
greater than 2 A between the two NO moieties. The
most recent analysis of their data’ gives a trapezoidal
structure with R(NO) = 1.12, R(NN) = 2.18, and
R(OO) = 2.62 A. Error estimates on the basis of iso-
tropic temperature factors were approximately = 0.03 A,
but it is stated that these errors would be larger if the
temperature factors were found to be anisotropic.
From the X-ray data it was also not possible to dis-
tinguish definitely between head-to-head and head-to-
tail arrangements of the two NO groups.

In the vibrational spectra of pure solid NO,* of
matrix-isolated NO clusters,*>® and of liquid and gase-
ous NO,™f two stretching frequencies are observed
which have been assigned to the same form of (NO)..
The higher of these, near 1860 cm~!, appears in the
Raman as well as the ir of the liquid** and is taken to be
the symmetric stretch; the lower, near 1770~1780 cm™!,
must therefore be assigned to the antisymmetric stretch-
ing mode. Since a centrosymmetric (NO), should not
have an infrared-active symmetric stretch, the most
abundant form of (NO), is apparently noncentrosym-
metric.

Isotopic substitution experiments, which show the
equivalence of the two nitrogen atoms and of the two
oxygen atoms, rule out structures such as O=N—O=N.?
The presence of an N-N bond in the dimer is further
suggested by the formation of (NO)., in an argon matrix
from N,O and atomic oxygen.? Cyclic structures, such
as

N—0O
]
N—O

in which one would expect a short O-O bond, are
eliminated by the fact that the observed stretching fre-
quencies are characteristic of N-O double bonds rather
than N-O single bonds.®®® The frequency of nitric
oxide itself is 1876 cm—1.°

The structure of (NO), is therefore generally taken to
be cis (I), and in the solid the X-ray data suggest it is

III v

nearly rectangular with a long N-N bond. The non-
planar skew forms (11I), derived from the cis by internal
rotation about the N-~N bond, and forms in which the
two NNO angles are unequal, of which the semilinear
structure IV is one extreme, are not ruled out by any of
the evidence from vibrational spectroscopy. There is
also evidence for a trans form of (NO),,*®® which has a
single frequency near 1740 cm~! assigned to an anti-
symmetric stretching mode. This frequency has been
observed alongside of the stronger absorption bands
attributed to the cis form, and its band shape has a
different temperature dependence.

(7) W.N. Lipscomb, F. E. Wang, W, R. May, and E. L, Lippert, Jr.,

Acta Crystallogr., 14, 1100 (1961).
(8) W. A. Guillory and C. E. Hunter, J. Chem. Phys., 50,3516 (1969).

Method of Calculation

Ab initio all-electron calculations were performed
using the Roothaan (LCAO) modification of the Har-
tree-Fock equations.® Molecular orbitals were ex-
panded in terms of a minimal set of Slater-type atomic
orbitals. The computer program was developed for an
ICT 1905 computer by V. Saunders. It has the merit
of being fast, and hence suitable for studies of potential
energy surfaces, at the expense of some accuracy in the
multicenter two-electron integrals. However, both
total energies and relative energies from this program
compare reasonably well with those from other pub-
lished calculations. 1

The results we shall present show energies minimized
with respect to molecular dimensions and orbital expo-
nents. In each case, optimization over » variables was
accomplished by finding total energies at '/s(n + 1)-
(n + 2) points scattered rather evenly about the sus-
pected minimum. These points were then used to
construct a quadratic fit, including cross terms, to the
potential surface being investigated. This procedure
worked well provided that one had an even distribution
of points about the minimum. We believe our opti-
mum points to be reliable, but a more serious question
is to what extent the optimum geometries from a mini-
mum-basis calculation can be expected to agree with
experimental geometries. With this aim in mind, we
quote first our results for HNO, for which an experi-
mental geometry is well established. This we felt was
preferable to an examination of NO itself, as it is diffi-
cult to compare the accuracy of SCF calculations for
open- and closed-shell molecules.

For the 1s atomic orbitals of nitrogen and oxygen, we
used the best free-atom exponents!! (6.665 and 7.658,
respectively), and for the valence orbitals we used the
values given as optimal for HNO in its experimental
geometry by Hehre, et al.;1? {5 =2 = 1.95 for ni-
trogen and {»s = {op = 2.25 for oxygen.

The hydrogen exponent changes significantly with
geometry and was therefore varied simultaneously with
the HNO geometrical parameters (H-N length, HNO
angle, and N-O length) in an overall optimization.
The results are shown in Table I. The hydrogen ex-

TableI. Calculated Geometry and Energy of HNO

Calcd Exptle
R(NH), A 1.116 1.063
R(N=0), A 1.223 1.212
ZHNO, deg 105.1 108.6
{E 1.211
—-vi2r 1.0011
E, au —126.3359

2 See L. E. Sutton, Ed., Chem. Soc., Spec. Publ., No. 18 (1965),

ponent has decreased by nearly 997 from the value 1.31
given by Hehre and coworkers.'? However, we found
that further variation of the N and O valence-orbital
exponents led to no significant change in the total en-
ergy. The agreement between the calculated and ex-

9) C.C.J. Roothaan, Rev. Mod. Phys., 23, 69 (1951).

(10) M. F. Guest, J. N. Murrell, and J. B. Pedley, Mol. Phys., 20,
81 (1971).

(11) E. Clementi and D. L. Raimondi, J. Chem. Phys., 38, 2686 (1963).

(12) W.J. Hehre, R. F. Stewart, and J. A. Pople, Symp. Faraday Soc.,
No. 2, 15 (1968).
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Table II. Calculated Geometries and Energies of (NO),*
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Energies,
keal/mol,
Structure R(NN) £ZNNO R(NO) —vier ~(E + 257.0) relative to trans

Trapezoidal (X-ray) (2.18) (90) a.1 1.0022 0.45550 66
Linear (2mg)4 (1.50) (180) (1.23) 1.0019 0.22083 214
Linear (5¢4)%2mg)? (1.50) (180) (1.23) 0.9983 0.30712 160
Semilinear (IV) 1.55 107.4 (180) (1.23) 1.0016 0.40529 98
Cis (D) 1.57 110.2 1.23 1.0017 0.55571 3.5
Skew (II) 45° (1.56) (108.8) (1.23) 1.0033 0.55791 2.1
Skew (III) 90° (1.55) (107.4) (1.23) 1.0033 0.55748 2.4
Skew (III) 135° (1.54) (106.0) (1.23) 1.0033 0.56104 0.2
Trans (IT) 1.53 104.6 1.23 1.0016 0.56132 0

¢ Bond lengths in angstroms, angles in degrees, and energies in atomic units (1 au = 627.5 kcal/mol).

optimized to an energy minimum,

perimental’® NO bond lengths is very encouraging.
The deviations of the NH bond length and HNO angle
from the experimental values are comparable with those
found by Pitzer and Merriifield!* in minimal-basis cal-
culations on H,0.

Calculations on (NO),

Using the same basis as for HNO, we performed cal-
culations for the various structures of (NO), sum-
marized in Table I1.

Several calculations were done for linear (NO).,
Convergence to an open-shell 27,2 configuration was
obtained from our SCF program in its normal form.
Our calculated energy is for a pseudo-closed-shell con-
figuration (27x,?), which is a mixed 'Z, and 'A, state.
Extended Hiickel calculations!s have suggested that the
linear NO dimer should have a closed-shell 27,* con-
figuration (obtained by promoting two electrons from
5¢4,). By choosing a starting density matrix appro-
priate to this, we were able to iterate to an SCF wave
function, but its energy was much higher than for the
open-shell configuration. As both energies were much
higher than for the cis or trans configurations, we did
not study them in more detail.

The near-rectangular structure deduced from the
X-ray analysis has a considerably higher energy than
the optimum cis or trans structures, and this can be
directly attributed to the absence of a short N-N bond.
We find very little difference between the optimum
bond lengths and angles for the cis and trans configura-
tions. The N-N bond length and ONN bond angle
are both slightly larger for the cis molecule, which sug-
gests that the type of calculation we have made is able
to represent features of geometry which would normally
be attributed to steric factors.

We calculate an N-N bond length for the cis and
trans configurations which is considerably shorter than
that of N,O, but slightly longer than that in hydrazine
(N:H,). The molecule cannot be adequately repre-
sented by two weakly interacting NO fragments,

Energies have been calculated for the skew geometry
at three twist angles. The bond lengths and NNO angle
were extrapolated from the cis and trans configurations
by assuming them to be linear functions of the twist angle.
No further optimization of these parameters was at-
tempted. We find a subsidiary energy maximum at a

(13) L. E. Sutton, Ed., Chem, Soc., Spec. Publ., Na. 18 (1965).

(14) R. M. Pitzer and D. P, Merrifield, J. Chem. Phys., 52, 4782

(1970).
(15) B. M. Gimare, J. Amer. Chem. Soc., 92, 266 (1970).

Values in parentheses have not been

90° twist, but in view of the incomplete geometry opti-
mization we place no significance on this.

Our calculations show that the cis configuration has
the maximum energy for variation in the twisting co-
ordinate. The situation is therefore different from that
encountered for butadiene (with which it is isoelectronic)
for which the skew (90°) configuration has an energy
maximum, !¢

If we examine the Mulliken overlap populations! for
the N-N bond in the cis, trans, and skew (90°) configu-
rations, which are defined by

pas = P2 FPLS,,
u v

where P,, and S,, are respectively the density-matrix
element and the overlap integral for orbitals x and » on
atoms A and B, respectively, we find

Pxx° Pxx"™ Puntot
Cis 0.304 0.017 0.321
Skew (90°) 0.348
Trans 0.336 0.021 0.357

The separate ¢ and = contributions have been quoted
for the cis and trans configurations. The results parallel
those of the total energy, the total NN population in-
creasing monotonically from cis to trans. We attribute
the difference between (NO), and butadiene to the fact
that in (NO), the nitrogen lone-pair orbitals can con-
tribute to N-N bonding in the skew configuration,
whereas the corresponding C~H bond electrons in buta-
diene cannot take part in C-C bonding without seri-
ously weakening the C~H bond.

Our calculations predict that the molecule would be
largely in the trans configuration in the gas phase.
However, the energy required to twist to a skew con-
figuration is very little and only 3.5 kcal/mol is required
to give the cis configuration. The vibrational spectrum
of gas-phase NO shows a dimer band at 1788 cm™!
which has P, Q, and R branches but no resolved rota-
tional structure. A second band has been suggested to
underlay the monomer absorption at 1880 cm—! on the
grounds of an irregular temperature dependence of the
absorption in this region. If two strong ir bands are
observed, then this would indicate a cis or skew con-
figuration, contrary to our calculations. We do not
feel that the evidence of the second band at 1860 cm~!is
strong enough for us to conclude that our calculations
are unreliable.

(16) E. L. Eliel, N. L. Allinger, S. J. Angyal, and G. A. Morrison,
“Conformational Analysis,” Interscience, New York, N. Y., 1965, and

references therein.
(17) R.S. Mulliken, J. Chem. Phys., 23, 1833 (1955).
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However, our finding that the trans molecule has the
lowest energy may be an artifact of our minimum-basis
calculation. There is some evidence from calculations
on H,O, that an extended basis, which includes d orbi-
tals on the central atoms, is needed to give the correct
stability to a skew configuration.’® We therefore ad-
mit the possibility that in the gas phase the skew con-
figuration is the stable form, but do not believe that the
cis configuration is the most stable.

Dinerman and Ewing® have estimated a geometry for
the gas-phase dimer from the contours of the 1788- and
1860-cm—! absorption bands. The 1788-cm~! band
appears as a parallel band of a near-symmetric top, and
the separation of the P and R branches determines the
smallest moment of inertia /.. The presence of the
1860-cm~! band, which underlies the monomer peak, is
shown by a temperature-dependent absorption in this
region. It is found to be a perpendicular band of
Gaussian shape, and from its half-width an asymmetry
parameter 8 = (I/I, — 1) is determined. By assuming
R(NO) = 1.15 A, the monomer bond length, they ob-
tain the best fit to their data with R(NN) = 1.75 A and
ZNNO = 90°. Anangle of 120° gives a slightly poorer
fit of the data.

Although there must be large error limits in this
analysis, the results do appear to be incompatible with
the long N-N bond (2.18 A) deduced from the X-ray
data. Lipscomb!® has suggested that further spectro-
scopic and other studies are needed to resolve this dis-
crepancy. Our calculations support the short N-N
bond length, but our calculated moments of inertia are
not close to those found by Dinerman and Ewing.
For comparison, we give those of our cis and trans
configurations below (amu A 2.

In Iy I,
Dinerman and Ewing 20 46 66
Cis 20 64 74
Trans 8 86 94

The trans configuration is seen to be closest to a sym-
metric-top molecule.

Although one can question the reliability of geome-
tries deduced from minimum-basis SCF calculations, it
is very unlikely that an extended basis or a calculation
with configuration interaction would lead to the X-ray
geometry, which in our calculation has an energy greater

(18) W. E. Palke and R. M. Pitzer, J. Chem. Phys., 46,3948 (1967);

A. Veillard, Theor. Chim. Acta, 18, 21 (1971).
(19) W. N. Lipscomb, J. Chem. Phys., 54,3659 (1971).

by 66 kcal/mol. Lipscomb!® has pointed out that there
are no abnormally short distances between different
dimers in the solid, which would suggest that crystal
forces are responsible for the gas and solid dimers hav-
ing markedly different structures. We therefore believe
that our calculations suggest that further X-ray studies
would be profitable in an attempt to resolve the diffi-
culty.

The Dissociation Energy of (NO).

Estimates of the enthalpy of dimerization of nitric
oxide have been made from the temperature dependence
of the intensities of the infrared absorptions of (NO),,’
the temperature dependence of the second virial coeffi-
cient,*?! and from other thermodynamic data.?2
These estimates fall in the range 1.4-2.9 kcal/mol.
SCF molecular orbital theory is not suitable for a direct
calculation of the dimerization energy, because the
correlation energy of 2NO and (NO), may be very differ-
ent. We have instead chosen to calculate the energy of
the reaction

2HNO —> H; + (NO) AE,
and to use experimental data for the reaction
2HNO —> 2NO + H; AE,

By subtraction, we have the dissociation energy of (NO),
equalto AE, — AE;.

The experimental H-N bond energy of HNO is 48.6
kcal/mol?? and the bond energy of H, is 104.2 kcal/
mol.?® After correcting for zero-point energy, AE,
becomes —7.1 kcal/mol. Our calculated AFE;, using
for H, the appropriate optimum s exponent,is —11.1
kcal/mol. Thus the calculated dissociation energy of
(NO); is 4.0 kcal/mol. If we make a small allowance
for the zero-point energy of the N-N stretching fre-
quency, say 0.7 kcal/mol,?* and correct AE, and AE, for
thermal energy changes (!/oRT), we obtain a value of 3.6
kcal/mol, which is reasonably close to the upper limit of
the experimental estimate for the dissociation energy.

(20) E. A. Guggenheim, Mol. Phys., 10, 401 (1966); 11, 403 (1966).

(21) R. L. Scott, ibid., 11, 399 (1966).

(22) M. A. A. Clyne and B. A, Thrush, Discuss. Faraday Soc., No. 33,
139 (1962); J. L. Holmes, Proc. Chem. Soc., London, 75 (1962).

(23) D. R. Stull, Ed., “JANAF Thermochemical Tables,” The Dow
Chemical Co., Midland, Mich., 1963,

(24) Assuming that the 262-cm~! fundamental in the Raman of the
liquid (ref 3) arises from the NN stretch, by analogy with NoOs [yny =
253 em~!; J. P. Devlin and 1. C. Hisatsune, Spectrochim. Acta, 17,

218 (1961)] and NO: [vyn = 265 cm~1: 1. C. Hisatsune, J. P, Devlin,
and §. Califano ibid., 16, 450 (1960)].
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