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Abstract approved:

The molecular structure of gaseous N2O4 has been reinvesti-
gated at -21°C by the method of electron diffraction. The results con-
firm the planar D,;, symmetry of the molecule, and indicate an even
longer N-N bond than found in previous investigations. Despite this
extraordinarily long bond (much longer than expected for an N-N_
single bond), the molecule appears to exhibit only a small amount of
torsional motion. The principal distance (ry) and mean amplitude

(£,) values found in the investigation are: r(N-N) =1.782 X(O. 0083),

a
r(N-0) = 1,190 & (0. 0018), /ONO = 135.39° (0.58), £(N-N) = 0.0816 &
(0.0178), £ (N-O) = 0, 0381 & (0. 0019), £(O. .. O) (across the nitro-

group oxygens) = 0. 0493 2;(0. 0040), 2(0O. .. O) (on the same side of the

molecule through two nitrogen atoms) = 0. 0970 2 (0.0167), #(O...0)



(across the molecule through two nitrogen atoms) = 0, 0730 2 (0.0114),
The parenthesizéd quantities are 2¢, and include estimates of sys-
tematic error.

The molecular structure of gaseous N,Og has been reinvestiga-
ted at -11°C by the method of electron diffraction, The results con-
firm the O,N-O-NO, configuration and are con-sistent with Cy,, sym-
metry for the O-NO, groups. The principal distance (r,) and mean
amplitude (£ ) values, as determined by a least squares procedure,
are: r(N-O) = 1.499 & (0.0060), r(N=0) = 1.188 & (0. 0015), / O=N=0
= 133.31° (0.82), L NON = 112-1169, g(N-0) = 0. 0669 & (0. 0064),
£(N=0O) = 0.0349 2 (0.0018), £(O...0O) (between the nitro group oxy-
gens) = 0. 0421 2 (0. 0045), £(0O..,0O) (between the central oxygen and
the nitro group oxygens) = 0. 0710 X(O. 0076), (The parenthesized
quantities are 20, and include estimates of systematic error.) The
range of values given for the NON angle reflects the difficulty of de-
termining the N,.,N distance in the presence of other nearly similar
distances, including some of those sensitive to torsional motion. The
potential involving torsional motion is undoubtedly complicated, but
the structural results can be explained in terms of strong steric re-

pulsions between oxygens of different nitro groups superimposed on

a moderate, restricted rotation of the groups.
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ELECTRON:DIFFRACTION INVESTIGATIONS OF THE
MOLECULAR STRUCTURES OF SOME OXIDES OF NITROGEN:
I. DINITROGEN TETROXIDE (N,O4)

II. DINITROGEN PENTOXIDE (N,Og)

GENERAL INTRODUCTION

The oxides of nitrogen have been of considerable interest to
chemists for many years; the recent concern with air pollution has
deepened that interest. Dinitrogen tetroxide (N,O4) and dinitrogen
pentoxide (N, Og) are the most complex of the nitrogen oxides, and
their chemistry has been the subject of many studies since the begin-
ning of this century. Yet it i's' only within the last 15 years that a
relatively complete description of the molecular structure of covalent
N,O4 has been established; and a reliable description of the shape of
covalent N, Og has been heretofore unknown.

The molecular structures of both N,Oy4 and N, Og may be studied
by the method of gaseous electron diffraction. The former is the
dimer of thé free radical nitrogen dioxide (NO,), and the well-known
equilibrium between them,

N,0,4 = 2NO,,
is strongly tempe~rature dependent: Kéq =1, 78v10'3 atm at -23.2°C;
Kéq = 5;18'101 atm at 126. 8°C (Hisatsune, 1961),. The high vapor
pressure of the solid (m.p. -11.2°C [ Weast, 1967]) at low tempera-

tures (where Kéq is small), e.g., 40 mm at -23. 9°C, makes the



collection of gaseous electron diffraction data for N, Oy straightfor-
ward. N205, on the other hand, is thermally unstable, the vapor
having a half-life of about ten days at 09C, and of less than eight hours
at 25°C (Schott and Davidson, 1958). Again, however, the high vapor
pressure of the solid (m.p. 30°C [W;ast] ) at low temperatures, e.g.,
10 mm at -16. 7°C, makes the collection of electron diffraction data
for NZOS relatively easy.

Since both the theory of gaseous electron diffraction and its use
in determining molecular structures have been adequately described
elsewhere, for example by Brockway (1936), Glauber and Schomaker
(1953), and Waser and Schomaker (1953), and repeatedly summarized
in theses from this department (Barnhart, 1964; Blank, 1964; Craw-
ford, 1959; Ryan, 1965), only a brief summary of the method will be-
given here,

When a stream of the vapor of the compound under investigation
is injected from a nozzle into a highly collimated beam of monochro-
matic electrons, the interaction of the electrons with the potential
field of the molecules produces a symmetric distribution of scattered
electrons in the form of cones coaxial with the undiffracted beam.
This diffraction pattern is recorded on a photographic plate mounted
perpendicular to the undiffracted beam. Since the intensity of the
scattered electrons decreases rapidly with the scattering angle, a

spiral-shaped ''rotating sector' is employed to mechanically reduce



the intensity at small angles relative to that at larger angles. It is
mounted parallel to and just above the photographic plate, with its ro-
tation axis coincident with the undiffracted beam. The intensity Ip re-
corded on the photographic plate is related to the total scattered in-
tensity It by Ip = Ita(r) . cos3 206, 'where a(r) is the sector correction,
and 20 is the scattering angle. The geometric factor c03326 takes
into account the fact that a flat photographic plate is not everywhere
equidistant from the scattering point. The total intensity It is com-
posed of essentially four parts, of which only one, Im/s4 (where s
is defined below), depends on the molecular structure. The other

three terms may be conveniently regarded as a background, Bt/s4,

that
so tha I

m
= — +
L 4

B
_t
t 4

s s
To obtain the structure sensitive part of the intensity, then, the density
of exposed photographic plates is measured on a microdensitometer
to obtain Ip as a function of s, and converted to S4It according to
s4I
P

a(r) cos329

4
I =
S Y

4
The background Bt is subtracted from s It to obtain Im’ which is

then multiplied by s to give sIm , defined by

AA, -ziz. s%/2
sI = kz L 1. Y * cos ITl.-T].I-sinr_,s , (1)
m r.. t ) 1)
i,j 1)



where the symbols have the following meaning:

4
s = Tw sin 6, where 20 is the scattering angle, and } is the
electron wavelength

k = scale constant
r.. = internuclear distance between atoms i and j

A. = electron scattering factors multiplied by s2

£,, = root-mean-square amplitudes of vibration associated
1
) with r,.
1)
7. = phase shift factor

The problem of determining the molecular structure becomes

one of analyzing the curve sI_ to obtain values of r ,and £, , . If sI
m ij ij m
is multiplied by Z,1 Zj /A A , where Z,l is the atomic number of atom
1)

i, to give I;n(s) having essentially constant coefficients, then the radial
distribution curve D(r), which gives the distribution of distances in
the molecule, may be obtained by calculating the Fourier transform of
I' (s) :
m

2 © .
D(r) = o Im(s) sin rs ds.

Since the curve Ir'n(s) is not continuous and is of finite length,
D(r) in practice is calculated according to

s
max
2
. -Bs .
As I' (s)e sin rs, (2)
m

Smin

D(r) =

ERIN

2

-B .
where the damping factor B is usually estimated from e ® =0.1
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at s = S hax’ D(r) consists of a sum of peaks, each one a Gaussian

(in the harmonic oscillator approximation used above), whose position
represents an internuclear distance r,,, whose area is proportional
1)

to nZiZj/rij , where n is the multiplicity of distance rij’ and

whose half-width at half-height Ar, is related to the root-mean-square
2

vibrational amplitude l'j by
1

2
1 !
- = —_ 2
2 eXp[zz,j+4B]’
1

From the radial distribution curve, a trial structure of the molecule
can often be deduced. Final values of the structural parameters are
usually obtained by least squares refinement of the trial structure,

which will be discussed more fully later.



PART I. DINITROGEN TETROXIDE (N, Oy4)

Introduction

The structure of N,O4 has been the subject of a considerable
number of experimental investigations. The first complete structure
determination came from the single crystal x-ray study by Broadley
and Robertson (1949) of the stable cubic crystalline material, They
found the N2 O4 molecule to have planar (D31,) symmetry in the solid
state, and reported the following geometrical parameters: N-N bond,
1.64 + 0.03 & N-Obond, 1.17 + 0.03 &; / ONO, 126° + 1°. The value
for the N-N bond length may be compared with the values 1. 45 Kin
N,Hy (hydrazine) (Morino, Iijima, and Muratu, 1960), and 1. 49 Rin
N, Fy4 (tetrafluorohydrazine) (Cardillo and Bauer, 1969; Gilbert, 1971).
Later, Wiener and Nixon (1957) carried out infrared studies on crys-
talline N, O4, and found their spectra to be consistent with the results
of Broadley and Robertson. In 1956, the results of a gaseous electron-
diffraction study of N, Oy were published (Smith and Hedberg, 1956).
Smith and Hedberg concluded that NOy4 was also planar in the vapor
state, but found values for the geometrical parameters that were dif-
ferent from those reported by Broadley and Robertson; these values
are shown in Table 11. At about the same time, Snyder and Hisatsune
(1957) concluded from infrared studies on solid, liquid, and gaseous

N204, that the molecule was planar in all three phases. In addition,



they estimated the barrier to internal rotation in the molecule to be
2.9 kcal/mole. In 1959, Fateley, Bent, and Crawford, Jr. (1959)
reported that their matrix isolation studies of N, Oy at liquid-helium
temperatures had yielded infrared spectroscopic evidence for two un-
stable forms of NZO4, which they identified as a staggered (D;4) form
and an unsymmetrical ONO-NO, form. In the next year, results of
similar studies carried out at liquid-nitrogen temperatures were pub-
lished (Hisatsune, Devlin, and Wada, 1960) which confirmed the ex-
istence of the two unstable N>, Oy species. In the same year, Hisatsune,
Devlin, and Califano (1960) reported the calculation of Urey-Bradley
potential constants for N,O4. They obtained a reasonable set of con-
stants using the electron-diffraction values of Smith and Hedberg for
the molecular parameters, Then, in 1963, an x-ray diffraction study
of the structure of an unstable monoclinic form of crystalline NZO4
was reported by Groth (1963), His results (N-N bond, 1.75 R, N-O
bond, 1.21 R, and /L ONO, 135°) were in satisfactory agreement with
those of Smith and Hedberg. Finally, Cartwright and Robertson

(1966) reinvestigated the cubic crystalline form of N0y, this time as
a function of temperature, and found, at -13°C, an N-N bond length

of 1,745 +0,014 &, an N-O bond length of 1.214 +0.010 &, and an ONO
angle of 133.7° +1. 2°, in good agreement with the results of Smith and

Hedberg and of Groth,



While the structure of N,O4 was apparently well established,
it was felt that a new electron-diffraction investigation of the molecule
would be worthwhile for several reasons. First, previous investiga-
tions of the gaseous compound did not entirely rule out the possibility
of the presence of a small amount of a non-planar form at normal
temperatures, and it was thought that a new investigation might yield
some additional information about this aspect of the structure. Sec-
ond, at the time that the earlier electron-diffraction study of Smith
and Hedberg was carried out, there was some uncertainty about the
electron wavelength in the Oslo electron-diffraction apparatus used in
collecting their data, which produced a corresponding uncertainty in
the overall size of the molecule. Experiments have shown that the
electron wavelength in the Oregon State apparatus is accurately known
(Plato, Hartford, and Hedberg, 1970), so that the molecular-size
problem could be virtually eliminated by a new investigation. Finally,
improved methods of analyzing electron-diffraction data have been
introduced since the work of Smith and Hedberg was undertaken, such
as the mechanical spinning of the electron-diffraction plates while
measuring photographic density (as opposed to the oscillation of the
plates), and the use of least-squares refinement procedures to deter-
mine the best values for the molecular parameters. These improve-

ments allow a more precise determination of the molecular-structure

parameters.



Experimental and Data Reduction

A mixture of NO, and NZO4 was prepared by condensing NO,
gas in a bulb equipped with a stopcock and ¥ joint which could be
affixed directly to the electron-diffraction apparatus. Commercial-
grade NO, (Matheson) was used without further purification. Elec-
tron-diffraction photographs were made with the Oregon State appara-
tus by Mr. William Hartford, using a rotating sector with angular
opening proportional to r3, on 5in. x 7 in. and 8 in. x 10 in. Kodak
process plates. Initially, it had been planned to study the NO,-N,O4
system equilibrium using electron-diffraction data, and so a large
number of photographs were prepared, at several different nozzle
temperatures. For the present study, however, only the best plates
at the lowest temperatures were used, so as to maximize the amount
of NZO4 present in the NOZ-NZO4 mixtures. Table 1 summarizes the
experimental data for these plates. To be particularly noted in Tablel
is that the plates at the middle nozzle-to-plate distance were expcsed
with an electron accelerating voltage of 47. 3 kV, while the long and
short distance plates were exposed with a 44. 0 kV beam. This will
be further discussed later.

Initially, ten plates prepared with a nozzle temperature of about
-219C were found to be of sufficiently good quality to analyze. Each of
these plates was scanned on a modified Joyce-l.oebl microdensito-

meter while being rotated about the axis of the diffraction rings
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(Gundersen and Hedberg, 1969). The resulting density data were re-
duced in the manner previously described (Gundersen and Hedberg;
Hedberg and Iwasaki, 1962), and the results plotted. Because of rela-
tively low signal-to-noise ratios, the data from two of the plates were
discarded.

Preliminary smoothed backgrounds were drawn through each of
the results of the data-reduction procedure, and the differences be-
tween these results and the backgrounds were calculated and multi-
plied by s to give preliminary experimental values of sIm, as defined
by (1). The data-reduction results, multiplied by appropriate factors
that put the curve-background differences sl on the same scale, to-
gether with the final backgrounds, are shown in Figure 1. These
final backgrounds include small corrections to the preliminary back-
grounds, corrections which were suggested as the structure refine-
ment proceeded. The final curves sIm, resulting from the subtraction
of the final backgrounds from the data-reduction results, are shown in
Figure 2 and listed in Tables 2-9.

It should be noted here that when the data reduction of the N, Oy
plates took place, no blackness correction (which takes into account
the non-linear response of photographic emulsions to exposing intensi-
ty) was available for Oregon State plates, After this study of N;Oy
was completed, and the figures for the thesis were made, it was dis-

covered that portions of the middle camera plates were unacceptably
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dense. A final refinement was therefore carried out using only ac-
ceptable data. The resulting parameter values differed very little
from those previously found, so thaf. the intensity and radial distribu-
tion curves were indetectably different, making it unnecessary to re-

draw the figures.

Preliminary Structure Analysis

In order to calculate an experimental radial distribution curve,
a composite curve was made by scaling and averaging the preliminary
curves sl in their overlap regions. Figure 3 shows the experimental
composite curve similarly calculated from the final curves sl,,. The
composite curve was then converted to the constant coefficient curve
Ih (s) by multiplying each point by (ZNZ o/AnAQ) Where Zy and Zg
are the atomic numbers of nitrogen and oxygen, respectively. A pre-
liminary experimental radial distribution curve D(r) was then calcula-
ted according to (2) using B = 0. 001, following which a theoretical
intensity curve was calculated according to (1) using the distance and
amplitude values suggested by the preliminary D(r) curve. These re-
sults were used to make small background corrections in the observed
intensity curves and to supply the missing intensity data in the range
0< s <0.75. The radial distribution curve was then recalculated
using data over the range 0 <s <47.75, with experimental data for

the range 3.25< s <47.75. When the structure refinement was
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completed and the final model for NZO4 determined, a final radial
distribution curve was calculated from the experimental curve of Fig-
ure 3 using theoretical data corresponding to that final model in the
region 0 < s <3.0; this final experimental D(r) curve is shown in Fig-
ure 4.

A planar Djj model for N>O4 (shown in Figure 5) was readily
seen to fit the peaks of the experimental radial distribution curve as
follows: 1.19 &, N-Obonds; 1.77 &, N-Nbond; 2.20 &, 0O, .. 0,;
2.58, N...0;2.78, 0,...0;3.478&, 0;...0,. Several details
were not obvious, however. Thus, the amount of NOZ present with
N,0O,4 when the plates were exposed could not immediately be ascer-
tained, since the corresponding N-O and O... O distances in the two
compounds are almost identical. Also, while a planar model appeared
to fit the radial distribution curve well, it was not obvious that a model
involving a small deviation from planarity might not provide an even
better fit. Least squares refinement procedures were therefore intro-

duced in order to elucidate these aspects of the structure, and to give

the best values for the N,O4 parameters.

Structure Refineme nt

Refinement of the structure was carried out by the method of
least squares based upon intensity curves (Hedberg and Iwasaki, 1964),

using the individual curves sl,,. Such a refinement consists of
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obtaining the best fit, within the least-squares criteria, of a theoreti-
cal intensity curve to each of the observed curves of Figure 2 simul-
taneously. The theoretical curves are calculated according to equa-
tion (1), where the modified scattering factors A; and the phase fac-
tors m; are functions of both the accelerating voltage and s. The com-
puter program that carries out the least-squares refinement (Hedberg,
Ryan, and Hedberg, 1968) can use a set of factors Ai and u for one
accelerating voltage only in operating with the curves sl . Before
refinement began, then, it was necessary to determine if the relatively
large difference between the accelerating voltage (47.3 kV) used for
the middle distance plates and the voltage (44. 0 kV) used for the long
and short distance plates might make the respective sets of data in-
compatible for such a refinement procedure. Evidently, if (A44' 0/
Ag7 3)N = (Ayy 0/A4.7‘ 3)0 = k, a constant for all s, and if (nN'nO)44,0
= MN-NO)47. 3 for all s, there would be no effect whatever in refining
the two sets of data simultaneously. Modified scattering factors Aj
and phase factors n; for oxygen and nitrogen at both 47.3 kV and
44. 0 kV were obtained from Cox and Bonham's table (Cox and Bonham,
1967) in the manner previously described (Gundersen and Hedberg),
and compared as indicated. It was found that (A44. 0/A47. 3)N =
(A44. 0/A47' 3)o = k, but that (T),N—T},o)44' 0 # (TlN-TI.O)47' 3. However,
since LN and ’r]b a1-'e nearly equal, the difference between (nN-no)44. 0

and (nN-nQl47, 3 was considered to be sufficiently small to be
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neglected over the s range that the data covered. Simultaneous re-
finement of the data from all three nozzle-to-plate distances was thus
carried out using scattering factors A; and phases m; for an accelera-
ting voltage of 44. 0 kV.

The refinement was carried out using a unitary weight matrix.
The parameters refined were the N-N bond length, the N-O bond
length, the ONO angle, all six NZO4 vibrational parameters, the mole

fraction of N, Oy, and the mole fraction of NO The molecular para-

>
meters for NO, were fixed at values found in a previous investigation
(Blank), and are listed in Table 10. Initially, the twist angle between
the NO, groups was fixed at 0°. At a late stage in the refinement
this angle was introduced as an additional parameter. The angle re-
fined to a value of about 5° i 109, and was felt to reflect torsional
vibrations about the N-N bond, rather than to represent a real devia-
tion from planarity. (The effects of such vibrations can be seen in the
slight asymmetry of the O;...0', peak at 3. 47 2 in the radial distri-
bution curve.) For the remainder of the refinement, then, the twist
angle was again held fixed at 0°.

The refinement proceeded smoothly, and converged to acceptable
values for all parameters, Table 11 gives what is considered the best
parameter values for NZO4’ and their associated error estimates.

These are based on the final refinement carried out using all the long

and short distance data and the middle distance data in the interval
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12.0< s <32.25 only. The error estimates were calculated from the
formulas

1/2
20, = 2[207,6% + (0. 0005r)%] "7,

26 = 2[20%g + (0.020)2]1/2, (3)

£

Zo’Lr 2 A2 015,
where the quantities O‘is are obtained directly from the least squares
analysis. The coefficient 2 associated with cris reflects possible cor-
relation among the observations, the factor 0. 0005 takes into account
errors in electron wavelength, camera distance, and sector calibra-
tion, and the factor 0. 02 reflects error in converting photographic
density to scattered intensity., Theoretical intensity and radial distri-
bution curves corresponding to the parameters from the refinement of
all the data, and the differences between these and the corresponding
experimental curves, are shown in Figures 3 and 4. The correlation
matrix for the final refinement resulting in the values of Table 11 is
given in Table 12.

Because of the significant amount of NO, apparently present in
the N,0Oy4-NO, sample mixture during the data collection, several
additional refinements were attempted. First, attempts were made
to refine the NO, parameters simultaneously with those of N,Og4.
However, all such attempts either failed to converge, or failed to con-

verge to reasonable values for the NO2 parameters. During such re-

finement attempts, however, the N, O4 parameters changed little.
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Second, because the NO, parameters held fixed during the N,O, re-
finement were for NO, at 107°C, whereas the N,04-NO, data being
refined was for sample at -219C, it was desirable to use NOZ vibra-
tional amplitudes for a temperature nearer -21°C and refine the N204
parameters as before, i.e., with all NOZ parameters held fixed.
Theoretical values for the vibrational amplitudes of NO, at 107°C and
0°C were supplied by Sven J. Cyvin of the Institute of Physical Chem-
istry, Technical University of Norway, Trondheim, and are given in
Table 10. The differences between the corresponding amplitudes at
the two temperatures were subtracted from the experimental values
at 107°C to give ''corrected' experimental amplitudes: these are also
givenAin Table 10. These '"corrected' experimental NO, amplitudes
were then used in a refinement of the N204 parameters based on the
composite intensity curve of Figure 3, all NO, parameters being held
fixed as before, and the results were compared with a similar refine-
ment using the experimental 107°C amplitudes for NO,. The compari-
son showed that the change in the NO, amplitudes made essentially no
difference in the values obtained for the N,O4 parameters: no attempt
was made, therefore, to redo the simultaneous refinement of the in-

dividual sI_  curves using the ""corrected' NO, vibrational amplitudes.
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Discussion

The results of the previous electron-diffraction work of Smith
and Hedberg are shown in Table 11. The present work essentially
confirms those results so far as the molecular shape is concerned.
However, a close comparison of the two sets of results indicates some
discrepancies in the values of some of the parameters. It is evident
that a scale-factor error in one of the investigations could account for
a large part of those discrepancies involving the geometrical para-
meters: the Smith and Hedberg model for N,O4 is smaller than the
model obtained from the present study. It is felt that this scale-factor
error is most likely to be found in the work of Smith and Hedberg and
could have resulted from an error in the electron wavelength: as indi-
cated earlier, there was some uncertainty in the electron wavelength
in the Oslo apparatus when the earlier NOy4 data were collected. Be-
yond this, the remaining differences between the two results may be
due to a more complete refinement of the data in the present study
than was carried out in the earlier work.

The present work confirms all the previous work on N2Oy
supporting the planar model for the molecule in the gas phase: the
experimental radial distribution curve (Figure 4) gives no indication
of internal rotation or of observable amounts of N,Oy with symmetry

D, 4 and both the experimental radial distribution curve and the least-
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squares refinement indicate that other deviations from planarity are
small or nonexistent.

Two features of the structure of NZO4 are notable. First, the
geometry of the NO, groups in NZO4 is very similar to the geometry
found for NO2 (Bird, 1956; Blank). Thus, when the NO2 radical di-
merizes, its geometry changes only a little., Second, the root-mean-
square amplitude associated with the N-N bond is very large. The
value of 0. 0816 & found in this study may be compared to the N-N am-
plitude found in N, F, of about 0, 046 R (Cardillo and Bauer; Gilbert),
This large amplitude is not surprising in view of the relative ease with
which N,O4 dissociates into NO, radicals.

Two other aspects of the structure of NZO4 are quite remark-
able; first, the very long (and weak) N-N bond; and second, the great-
er stability of the planar form relative to a twisted form. There have
been many attempts to explain these features in terms of the bonding
in the motecule. Smith and Hedberg proposed that the N-N bond is
largely of m rather than o character. The requirement of the overlap
of the orbitals involved in a m bond would account for the planarity of
the molecule, and the poor overlap qualities of such orbitals in the
bond direction would account for the length of the bond. Such a proposal
has been rejected, however (Brown and Harcourt, 1965; Pauling, 1960).
Pauling explains the long N-N bond in terms of the stability of the

three electron bond in each of the two NO, molecules that compose
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the dimer. This stability tends to keep the odd electrons in the two
NO, molecules from settling down on the nitrogen atoms so that the
required N-N bond can be formed. The observed planarity of the
molecule is explained by Pauling in terms of a small amount of
interaction. Other proposals to explain these features of the structure
of NZO4 are somewhat complex, -but most theoretical studies indicate
that nitrogen-nitrogen 7 bonding accounts for the planarity of NZO4‘
See Harcourt (1966), and Redmond and Wayland (1968), and the

references cited therein, for a review of these studies.
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PART II. DINITROGEN PENTOXIDE (N,Og)

Introduction

In contrast to N,O4, a complete picture of the geometry of N2Og
has not been established. However, considerable information about
the structure of the molecule has been'deduced from many different
types of experiments, and is summarized below. A model of N3 Og is
shownin Figure 6 tohelp clarify this discussion of the previous results.
For the sake of convenience, the symbols N-O and N=O will be adopted
to refer to the bonds corresponding to N;-Og and N-0Oy, respectively.
While the bond corresponding to N1-05 is a single bond, the bond
corresponding to Nj-O; is not a true double bond (Pauling), and the
symbolism N=O is not meant to imply that it is.

N2Og vapor consists of covalent N;Og molecules. However, it
has been shown that this vapor dissociates into NOZ + NO3 (Schott and
Davidson, and references cited therein). In highly polaf solvents,
N, Opg ionizes into NO;-+NO§ (Chedin, 1935), Also, an x-ray crystal-
lographic study (Grison, Eriks, and de Vries, 1950) and an infrared
study (Teranishi and Decius, 1954) have shown that in the crystalline
state, N,Og exists as the ionic compound nitronium nitrate (NOZ+NO3').
Rapid sublimination of the compound onto a cooled (-180°C) window of
a low temperature infrared cell, however, produces a solid containing

covalent molecules (Teranishi and Decius; Hisatsune, Devlin, and
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Wada, 1962). On the basis of their infrared spectra of covalent
N2Og in both the vapor and unstable solid states, and taking into ac-
count the earlier work, Hisatsune, Devlin, and Wada (1962) concluded
that the configuration of the covalent molecule is O,N-O-NO,, with
C, axis of the nitro groups coinciding with the central N-O bonds.
Taking into account the dipole moment of N,Og (Lewis and Smyth,
1939), Hisatsune, Devlin, and Wada (1962) also concluded that the
central N-O-N group was bent and of symmetry CZV' However, they
were unable to determine the relative orientation of the two -NO2
(nitro) groups or the value of the central valence angle NON, though
a Urey-Bradley force field calculation based on a planar molecule and
a central angle of 150° gave a reasonable correspondence of calculated
and observed infrared absorption frequencies.

Two electron-diffraction studies of N, Og have been carried out.
Akishin, et al. (1962) reported N,Og to be bent, with non-planar C,
symmetry. Geometrical parameters were also reported, and are
given in Table 26. Mean amplitudes of vibration were not given in
the report by Akishin, et al., however. Also included in Table 26
are the preliminary results of an electron-diffraction study carried
out by Hedberg and Hedberg (1965), which was never carried to com-
pletion. A comparison of the results of Akishin, et al., and Hedberg
and Hedberg indicate considerable disagreement in regards to the

values of the geometrical parameters of the molecule. Further,
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Hedberg and Hedberg could not determine the long range structure of
the N, Og molecule, due to the ''washed-out'' character of their experi-
mental radial distribution curve in the regionr > 2.5 8;; however,
their data did not allow the non-planar C,, symmetry reported for
the molecule by Akishin, et al. Hedberg and Hedberg also expressed
some uncertainty in the assumption of C,,, symmetry for the central
NON group because of the large amplitude of vibration that they found
associated with the N-O bond; it was felt that the large amplitude could
either be real, or else reflect the presence of two unresolved N-O
peaks.

Because of the inconclusiveness of the results of Hedberg and
Hedberg, and because of the conflicts of those results with those of
Akishin, et _ai , it was felt worthwhile to reopen the investigation of
the molecular structure of N,Og, using new electron-diffraction data.
Relative peak areas in the experimental radial distribution curve of
Hedberg and Hedberg suggested that some NO, (which is one of the
decomposition products of NZOS)’ and therefore some NZO4’ were
present when the data were collected. The presence of such impuri-
ties would tend to obscure the long range structural information about

N, Og in their radial distribution curve, as well as affect the apparent

2
values of the geometrical parameters of the molecule. It was hoped,

then, that new data obtained using pure N,Og might give more conclu-

sive results concerning the structure of the molecule.
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Experimental and Data Reduction

N, Og was prepared by the ozonolysis of NO,, according to the

equation

2NO, + O3 —3N,Og + O;.
The procedures and apparatus used were those given by Tyree (1967),
with modifications as follows. First, because of the unavailability of
a commercial ozonizer, a small ozonizer tube after the design of
Jolly (1960) was constructed, and energiied by a 12 kV neon sign
transformer. Second, oxygen used to generate the ozone was first
passed through a glass U-tube packed with glass wool and immersed
iﬁ a dry ice-methanol slush, then through a PZ‘O5 drying column, be-
fore being introduced into the ozonizer (Schott and Davidson). Third,
the NO; -0, mixture was cooled to 0°C before being mixed in the mix-
ing condensor containing glass helices. Because of the small ozone
source, the overall size of the preparative apparatus was substantially
smaller than that of Tyree.

Commercial (National Cylinder Gas) O, and commercial (Mathe-
son) NO, were used in all preparative runs. A typical preparative
run of three hours produced about one gram of N;Og. Each N,Og
sample prepared was checked for the presence of NO, by warming the
NOg to 0°C in an evacuated vessel one inch in diameter by eight
inches long and observing the presence or absence of the characteris-

tic brown color of NO, in the vapor above the N3 Og while looking
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through the length of the vessel (Schott and Davidson, 1958). Once
prepared and checked for purity, the NZOS samples were stored under
vacuum in liquid nitrogen until used.

Twenty-two electron-diffraction photographs of NZOS were pre-
pared, and of these, nine were analyzed in the same manner as de -
scribed for the N,Oy4 plates. The data from eight of these plates were
subsequently used in the structure determination. The experimental
data for these eight plates are given in Table 13.

As in the case of N,0Oy4, no blackness correction was available
when the data from the N;Og plates were initially analyzed. Con-
siderable work was done using the data uncorrected for blackness.
When the blackness correction became available (Neisess, 1971), it
was applied to three long-distance plates which were found to be un-
acceptably dense. The earlier work was corrected in those cases
where it was felt that omission of the blackness correction might con-
tribute to erroneous results. All figures, tables, results, and con-

clusions are based on blackness-corrected data.

Preliminary Structure Analysis

The results of the data-reduction procedure for N, Og were used
to calculate a preliminary radial distribution curve D(r) in the manner
described for N,O,4 using B = 0. 0007. This experimental curve D(r)

did not immediately suggest a suitable model for NZOS from which
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background changes, the necessity for which was clearly apparent,
could be calculated. It was therefore necessary to obtain these
changes without reference to a theoretical intensity curve by using
the criterion that D(rf_> 0 for all r> 0 (Hauptman and Karle, 1950),
which is approximately valid in the event that the various atoms in the
structure under study have nearly equal atomic numbers. Using
theoretical data in the interval O> s > 0. 75 from a theoretical curve
corresponding to a model suggested by the preliminary curve D(r) that
provided a good fit to that curve at r values less than 2.5 2;, but only
an approximate fit at r values greater than 2.5 X, backgrounds were
adjusted until D(r) > 0 was properly satisfied. The final curves sl ,
resulting from the subtraction of the final backgrounds from the data-
reduction results, are shown in Figure 7 and listed in Tables 14-21;
and the final composite curve, calculated from the final curves sly,,
is also shown in Figure 7. The final experimental radial distribution
curve, which was calculated from the final composite curve, is shown
in Figure 8. (In calculating the experimental curve D(r) of Figure 8,
data in the interval O> s > 2. 75 were obtained from the theoretical
intensity curve corresponding to a free-rotation model for N,Og, to
be described later. )

A preliminary analysis of the radial distribution curve con-
firmed some of what had been previously established about the N, Og

molecule. The distances from the first three peaks suggested the
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configuration OZN-O-NOZ, as follows: 1.19 X., N=0O double bonds;
1.50 2\., N-O single bonds; 2.2 X, the two different O... O distances
in an O-NO, group corresponding to an O=N=0 angle of about 135°,
The relative areas (and therefore the distance multiplicities) of the
first three peaks were in agreement with the indicated configuration:
experimental areas found were 4, 24:2:6. 56 for the 1.19 R, 1.50 jok,
and 2.2 & peaks, respectively, corresponding well to the theoretical
values 4:2:6.86. No other chemically logical arrangement of five
oxygen and two nitrogen atoms gives such a set of single and double
bond multiplication. Support for the idea that the molecule has a sym-
metrical N-O-N grouping was provided by the half-width at half-
height of the peak at 1. 50 &, which indicated a larger than normal,
but nonetheless reasonable amplitude for the N-O bond.

Further analysis of the experimental radial distribution curve
D(r) indicated that the central valence angle NON had a value in the
range 105°-130°. The lower limit was indicated by the relative areas
of the first three peaks: an angle smaller than 105° associates the
N...N distance with the 2.2 2 peak and gives to it too great a weight
relative to the other peaks. With an O=N=O angle of about 135° (clear-
ly indicated by the positions and shapes of the first three peaks), it
was found that no orientation of the nitro groups would give distances
less than about 2.6 X if the central NON angle was greater than 130°;

since the experimental D(r) curve was positive at 2. 5 K, and the
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corresponding area had to be assigned to rotation-sensitive distances,
an upper limit value of 130° for / NON appeared very likely. The re-
lative orientation of the NOZ groups was not immediately obvious, how-
ever, due to the '""washed-out' character of the experimental D(r)
curve in the regionr> 2.5 X.

In an attempt to determine the relative orientation of the nitro
groups, inter-nitro group distance distributions were calculated and
plotted for models of N, Og corresponding to every unique relative
orientation of the nitro groups obtained by incrementing the nitro group
twist angles about the N-O single bonds in amounts of 15°, for various
values of the central NON angle.. For these calculations, the geome-
try of the NO, group was that obtained from the preliminary analysis
of the first three peaks of the experimental radial distribution curve
D(r). The results indicated that only certain combinations of relative
orientation and NON angle provided approximate fits to D(r) at r values

o
greater than 2.5 A. Least-squares refinements were carried out using
these combinations and the preliminary amplitudes and distances ob-
tained from the first three peaks of the experimental curve D(r) as
starting values. Details of the refinement results are not important;
they may be simply summarized by saying they suggested rough com-
binations of nitro-group orientation and an associated NON angle, none
of which fit the experimental D(r) curve well at r values greater than

o
2.5 A. From careful study of the results it was concluded that no
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single orientation of the nitro groups could completely account for the
experimental D(r) curve in the region r> 2.5 K However, it was
found that the values of the distances and amplitudes associated with
the O-NO, groups obtained from the least-squares analyses were al-
ways the same to within very small limits, independent of the orienta-
tion of the NO, groups. Furthermore, these values provided a very
good fit to the experimental curve D(r) for r values less than 2.5 &
The parameter values for the O-NO, groups are shown in Table 22;
these values were used in all further calculations carried out in
attempts to elucidate the rotation-sensitive structure of the molecule,
Final values for these parameters (differiﬁg only slightly from these

in Table 22) will be given later.

Structure Refinement

The detailed structure analysis of N, Og involved two steps. The
first was concerned with the determination of the central NON angle
and the elucidation of the conformation of the molecule. The second
was concerned with obtaining the best values for the O-NO, group
parameters.

Since the preliminary work had indicated that no single orientation
of the nitro groups could entirely account for the longer-distance de-
tails of the experimental radial distribution curve, it became neces-

sary to consider models involving internal motions of these groups.
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Procedures for the calculation of theoretical intensity and radial
distribution curves for molecules in which torsional motion is impor-
tant are standard, and were applied to NZOS as follows. Each nitro
group was regarded as rotating about its C2 axis so that the two oxy-
gen atoms moved on a circle of rotation. To calculate an exact theo-
retical radial distribution curve requires that a suitable average be
taken over the infinite number of conformations reflecting all possible
orientations of the two NO, groups. Such an average, it was found,
could be satisfactorily approximated by designating on each of the two
circles of rotation 24 positions corresponding to torsional angles of
0°, 159, 300, etc. (where 0° corresponds to a nitro group being co-
planar with the central NON group, and the direction of positive angle
increase is defined as clockwise rotation), and assigning to each posi-
tion a weight derived from an assumed hindering potential. The num-
ber of conformations in this approximation are thus 242 = 576, of
which (because the NO groups were assumed to have a C) axis co-
linear with an N-O bond) only 43 are unique. Of these, conformations
having Cp or Cg symmetry occur eight times, C,, symmetry four
times, and all others 16 times, Calculations of theoretical radial
distribution curves for models having torsional motion thus required
the calculation of individual theoretical radial distribution curves cor-
responding to the 43 unique conformations using the parameter values

in Table 22 with an assumed value of /NON, multiplication of each of
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these curves by the appropriate frequency of occurrence and weight,
summation of the weighted curves, and finally, multiplication by an
overall scale factor. Results of this calculation were immediately
encouraging. For example, crude models with a zero torsional
barrier (free rotation) gave generally better fits to the experimental
radial distribution curve in the region r > 2.5 f& than any of the static
models. Figure 9 shows the curve (designated FR) for such a model
having an NON angle equal to 114.5° The difference curve shown in
the same figure was obtained using the experimental radial distribu-
tion curve (shown in Figure 8) calculated with data in the interval
0< s <2.75 from the theoretical intensity curve corresponding to
this free-rotation model.

Despite the improved agreement between the experimental and
theoretical radial distribution curves, the free-rotation model of
N2Og is quite unreali‘stic, for it includes planar and near planar con-
formations which place oxygen atoms from different nitro groups much
too close: this distance is 2.2 R for a central angle of 116, 3°, for
example, whereas the O...O van der Waals distance is about 2. 8 ]
(Pauling). A simple variant of the free-rotation model obtained by re-
jecting all conformations having inter-nitro group O... O distances
less than 2.5 X was therefore tested. The results were disappointing:
the fits to the experimental radial distribution curve were poorer than

those given by the free-rotation model. Curve FR' of Figure 9 shows
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this for / NON 114, 5°,
Tests of more sophisticated restricted-rotation models were.
carried out by weighting the individual conformation according to

WoE W W, where w and w, were of the form w,, = a + b- cos(2u) +

u u

c- cos(4u) + d- cos(bu) with u and v the torsional angles of the two
NO2 groups, and forming the theoretical radial distribution curves
for the models as described above. Coefficients a, b, c, d for the
several weighting functions used ére given in Table 23. Two radial
distribution curves were usually calculated from
these weighting functions, with the second calcula-
tion.involving the rejection of conformation with inter-nitro
group O...O distances less than 2.5 z:f (The weighting functions

for these latter calculations will be hereafter designated as 1A', 3C',
etc., after the designation given in Table 23 of the corresponding
weighting function involving all conformations.) The calculations were
initially carried out with / NON 116.3°, Because several features in
the difference curves obtained by subtracting the theoretical radial
distribution curves from the experimental curve were found to be in-
dependent of internal motion, many of the calculations were repeated
for central angles of 109,39, 112,8°, 114.5°, and 123.3° The dif-
ference curves were best for 114, 5%, and from a study of the changes
it was concluded that roughly equally good fits would be obtained over

the range 112°-116° for / NON. Some of the curves resulting from
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these calculations of restricted-rotation models are shown in Figure 9
for an NON angle of 114, 5°. (All difference curves shown in Figure 9
were calculated from the experimental radial distribution curve shown
in Figure 8.)

An examination of the difference curves in Figure 9 is revealing.
In addition to the free-rotation model already mentioned, there are
many models representing restricted rotation which provide good fits
to the experimental radial distribution curve. Of these fits, several
appear to be somewhat better than those from free-rotation models.
For the models from which these better fitting curves were calculated,
conformations with nitro-group torsional angles near 45° and 135% are
found to have somewhat higher weights relative to those conformations
with torsional angles near 90° and relative to those with torsional
angles near 0° and 1809 (or inter-nitro group O... O distances less
than 2.5 Bx ). Weighting functions such as 1B, 1C, and 4D of Table 23
give too much weight to conformations with torsional angles near 0°
and 180°; weighting functions such as FR', 4A', and most of the series
3 functions givé too much weight to conformations with torsional angles
near 90°, It is~evident from the number of very good fits shown in
Figure 9 that the experimental radial distribution curve for N Og does
not contain sufficient information for r values greater than 2.5 X to

allow the determination of the form of the hindering potential.
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The calculations just described included contributions from con-
formations having inter-nitro group O... O distances greater than
2.5 R. Because this lower limit is rather smaller than the sum of
the van der Waals radii, it seemed important to investigate the effect
of increasing this limiting value. Accordingly, theoretical radial dis-
tribution curves were calculated for models having NON angles of
112. 8° and 114.5° using weighting function 1C of rI"able 23, and adapt-
ing 2.6 .K, 2.7 X’ and 2.8 & for minimum-allowed inter-nitro group
O...O distances. Comparison of the resulting curves, shown in Figure

10 for a central angle of 114. 50, with curve 1C' of Figure 9 and the
corresponding curve for / NON 112. 80, indicated that the 2.6 & limit
provides the best fit for weighting function 1C. However, this fit is not
better than that obtained by using the 2.5 & limit with other functions.

A step weight function based on values of TS o between nitro

groups was recognized to be somewhat artificial. A more realistic

)6forr <1l +

(r 0...0=

weighting scheme might be w

R6 - O... O~ 'min

r ., , otherwise w =1, wherer _, is a selected constant. This
min R6 min

weighting function may be considered to be expressive of a ''soft"
O...O interaction. Weights for o T 1.8 8 andr . =1.7& were

min

calculated for the shortest inter-nitro group O... O distance of each

of the unique N_O_ conformations having a central angle NON of 114. 5°.

25
(The value 1.8 was chosen since it gave a value of Wee o 1.0 for
T < 2. 8 X, which is the sum of the van der Waals radii for two

0...0

oxygen atoms.) The theoretical radial distribution curves
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corresponding to individual conformations were then given a weight
WS Wp et Wy where wic is the weight from function 1C, and the
curves were summed and normalized as before. The results of the
calculation for rmin =1.8 X are shown in Figure 10, and are thought
to be slightly better than those for weighting function 1C'. However,
the results are not better than either those obtained with the 2. 6 R
limit or some of the results shown in Figure 9 which were based on
other weighting schemes for conformations having nitro group torsional
angles near 00, such as those for weighting functions 2A and 2B. The
calculation for T in =1.7 ggave slightly poorer results.

Additional calculations of the type just described seemed to yield
no information of importance, and accordingly, further work on the
torsional problem was abandoned and attention turned to refinement
of the short-range structure of the molecule.

To get the best O-NO2 group parameters, further least-squares
refinements were carried out on a trial structure having an NON
angle of 116. 30, nitro group torsion angles of 30. 12° and 130. 340,
respectively, and values of the remaining parameters as given in
Table 22. Using a unitary weight matrix and the composite intensity
curve of Figure 7, and allowing all parameters except EN. N

to vary, two cycles of refinement led to the

] and IN. .

0...0 .0

results shown in Table 24. All non- O-NO2 group parameters were

then fixed at their final values, and a series of additional refinements
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involving only the O-NO, group parameters was carried out. Ini-
tially, all O-NO, group parameters were allowed to refine. Then,
because of the high correlation among the parameters IOI' .0y
EOZ. - 05, and L O=N=0O, the values of which are involved in the shape
and position of the single experimental radial distribution curve peak
of 2.2 g, two additional refinements were carried out, holding first
/L O=N=0 and then lol. e fixed at values near to the final values
found for N,O, ([ O=N=0' 135.3% £5 = 0.0485&). The results
of these refinements are given in Table 24, and the theoretical radial
distribution and difference curves in the region r < 2.5 Bx are shown
in Figure 11. (The experimental curve shown in Figure 11 was cal-
culated using theoretical data in the interval O < s <2.75 correspond-
ing to refinement A. Each difference curve shown in Figure 11 was
calculated from the experimental curve resulting from use of theore-
tical data corresponding to that refinement.) From comparison of
the difference curves and the values of the agreement factor R, it was
concluded that refinement A gave the best O=NO, group parameter
values. The correlation matrix for refinement A is given in Table 25.
The final values for the O-NO, parameters, and the associated error
limits calculated from equations (3), are given in Table 26.

The refinements of the O-NO2 parameter values were carried out
assuming that the C, axis of each nitro group coincided with the cor-

responding N-O bond. Two deviations from this assumption are
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possible. First, the C, axis of the nitro group could be out of the
plane of the central NON group, i.e., the O-NO, group could be non-
planar. This would result in a shorter O,... Og distance for the same
value of O=N=0 angle. The good fit between the experimental and
theoretical radical distribution curves assuming planar O-NO, groups
preclude significant deviation from planarity. Second, the C, axis of
the nitro group could be in the plane of the second NON group yet not
coincide with the N-O bond, i.e., the O-NO, group could be planar
but not of C,,, symmetry. This would give two different O;. .. Og dis-
tances which have a mean of the same value as the single distance
resulting from the assumption of coincidence. A least-squares re-
finement assuming coincidence would then yield a larger than expected
mean amplitude of vibration fOZ’ _ Og» and perhaps (because of cor-
relation) a larger than expected mean amplitude fol. 0y However,
in the present study both IZOI‘ .0, and /£ O, Os have been found to
have reasonable values, and, if anything, { 01...0, is somewhat
small. Thus, it is concluded that the assumption made in the refine-

ments is a reasonable one.
Discussion

The results of the present study are in agreement with what has
been previously established about the general structure of N;Og, i.e.,

the configuration O;N-O-NO, and C,  symmetry for the O-NO, groups.
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There are some important differences (Table 26) in the results of the
various electron-diffraction studies, however, which deserve comment.

The present results are in general agreement with the prelimin-
ary results given by Hedberg and Hedberg. However, they report a
0.02 & larger N-O mean amplitude and a 0. 02 R shorter N-O bond
length than those found in this study. It is felt that both these discre-
pancies may well result from NOj impurity in the N, Og sample used
by them, since the possible presence of this impurity was not taken
into account in their preliminary refinements. Further refinement of
their data in which the presence of NO, is included would quite prob-
ably bring their results and the present results into better agreement.

The present results are not in agreement with those of Akishin,
et al. Their values for the N=O-and N-O bond lengths are, respec-
tively, 0. 02 X longer and 0. 04 K shorter than those found in this
study, differences which are outside their own (larger) error limits,
The value 95° for / NON reported by them is not allowed by the ex-
perimental data of the present study. Also, the present study clearly
indicates that no single conformation of N2Og can account for the ex-
perimental data, and is in disagreement with the non-planar C,,
structure reported for the molecule by Akishin, et al. There is

agreement between the two studies in regard to the value for [ O=N=0,

however.
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While the present study fails to elucidate completely the rotation-
sensitive geometry of covalent NpOg, important information about this
aspect of the structure has been obtained. The discovery that a large
amount of nitro-group torsional motion attends the free molecule is
very important, though in fact the motion is responsible for a larger
part of the difficulty in determining the value for the central valence
NON angle. (The observance of the nitro-group torsional motion
supports Hisatsune, Devlin, and Wada [1962] in their statement that
their data suggested that in the gas phase the potential barrier against
internal rotation of the nitro groups is low.) It would appear, too,
that a free-rotation model for the compound is not the best model,
since several restricted-rotation models provide better fits to the
experimental radial distribution curve. Because these better models
tend to have conformations with nitro group torsional angles near 45°
and 135° more heavily weighted, one is tempted to conclude that there
are intra-molecular interactions which tend to stabilize the coplanar
conformations but which are countered by other interactions, such as
van der Waals interactions, which prevent the molecule from assum-
ing planarity. The two types of interactions appear to be approxi-
mately balanced, since the best fits to the experimental radial distri-
bution curve result from models which include significant contribu-
tions from conformations with nitro group torsional angles near both

0° and 90°. The form of the latter interactions is not well determined,
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since several variations of weighting for twist angles near 0° (or for
distances corresponding to angles near 0°) seem to give good fits,
This failure to determine the form of the forces governing the nitro-
group rotational motion arises from the fact that differences between
the theoretical radial distribution curves corresponding to many of
the different rotational models are smaller than the errors in the
experimental radial distribution curve. Thus, the experiment itself
is incapable of providing enough information to differentiate between
various models.

Several aspects of the O-NO, group structure are of interest.
First, the nitro group geometry is, as it was in NpOy4, very similar
to the geometry of free NO, radical (Tables 10, 11, and 26). For the
three cases of N, Og, N Oy, and NOZ, the O=N=0 angle values are
included in a range of only 2. 08°, and the N=O bond lengths in a range
of only 0. 014 . If the difference in temperatures at which the three
studies were carried out were to be taken into account, the deviatim
in the values of the N=O bond length might be even smaller. Also of
interest is the somewhat large mean amplitude associated with the
N-O bond. (The value 0. 0669 b4 may be compared to the N-F ampli-
tude found in N2F4 of about 0, 045 ?&[ Cardillo and Bauer; Gilbert]).
This large amplitude is reasonable when it is considered that the
thermal decomposition of N, Og involves the breaking of an N-O bond

to form NOZ and NO3.



Table 1.. Experimental data for electron-diffraction photographs used in the structure determination of gaseous N,O,

24

Plate Agcelerating Electron a Beam Exposure Bath Nozzle Run-in Camera
Plate Size Voltage Wavelength Current Time Temp. Temp. Pressure Height s
ldentification  (in) (volts) (A) (12) (sec) °c) (°c) (mm Hg) (cm) Range
1-108-6 8x10 43772 0. 057401 0.10 30 -39 -24 1.0 x 10_5 75.075 1.0-11.75
1-100-3 5x7 43943 0.057285 0. 06 20 -33 -21 3.0 x 10-5 75.075 1.0-7.50
1-100-4 5x7 43925 0.057297 0.07 40 -36 -22 3.0x 10-5 75.075 1.0-8.0
1-100-6 5x7 43895 0.057318 0.07 15 -32 -20 3.0 x 10-5 75.075 1.0-8.0
1-80-5 8x10 47240 0. 055165 0.09 270 -28 -22 1.6 x 10-5 28.718 12.0-32.25
1-78-5 8x10 47469 0. 055025 0.10 150 -31 -19 2.0x 10_5 28.770 9.75-32. 25°
[-214-44 5x7 44400 0. 056977 0.70 180 -37 -21 4.8 x 10_6 12.359 26.0-47.75
1-214-45 5x7 44383 0. 056989 0.70 170 -36 -20 4.2 x 10-6 12. 359 24,0-47.75

aThe wavelengths were calculated from the accelerating voltage, which was calibrated against gaseous co > using r (C-O) =1.1642 2 and
a
ra(O. ..0)=2.3244 R. See Plato, Hartford, and Hedberg (1970) for details.

b
There is some doubt that the recorded values of the beam strength are correct, but the values are unimportant.

c
For the final least-squaresrefinement, only the interval 12.0 S €32.25 of the data were used.
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Table 2. Experimental intensity curve (sly,) for N,O4. Data from

long camera distance plate I-108-6.

w
>
w

. 00 .25 .50 .15
1. 19 30 28 12
2. -2 114 -7 16
3. -11 -84 -244 -481
4. -768 -1031 -1171 -1055
5. -668 31 770 1280
6. 1459 1324 989 751
7. 778 831 912 694
8. 203 -362 -935 -1423
9. -1609 -1563 -1445 -1273
10. -=-998 -679 -248 224
11. 777 1329 1607 1665

Table 3. Experimental intensity curve (sl,) for N;O4. Data from

long camera distance plate I-100-3.

AsS
S .00

.25 . 50 .75
1. 20 29 28 12
2. -3 -14 -7 9
3. -24 -103 -255 -478
4. -746 -1005 -1130 -985
5. -567 76 760 1234
6. 1437 1276 945 732
7. 650 814 908

Table 4. Experimental intensity curve (sly,)

long camera distance plate I-100-4.

for N,O4. Data from

N 2s

s \\ . 00 .25 .50 .75
1. 20 34 29 7
2. -13 -19 -9 5
3, -24 -110 -288 -529
4, -824 -1089 -1205 -1004
5. -539 143 863 1313
6. 1468 1321 1015 775
7. 720 829 882 743
8. 337
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Table 5.

Experimental intensity curve (sL ) for N;O4. Data from

long camera distance plate I-100-6,

As

\:\\\ .00 .25 .50 .75
1. 20 33 30 12
2. -4 -17 -8 6
3. =27 108 -276 -509
4, -786 -1028 -1155 -991
5. -580 63 819 1325
6. 1493 1306 967 723
7. 679 785 865 728
8. 276

Experimental intensity curve (sl) for N,Oy4. Data from

middle camera distance plate I-80-5,

AS
s .00

.25 . 50 .75
12. 1494 1362 1186 908
13. 440 -289 -1099 -1712
14. -1945 -1809 -1426 -919
15. -548 -286 -115 -2
16. 179 453 710 931
17. 1201 1356 1469 1550
18. 1453 1062 311 -608
19. -1524 -2109 -2322 -2108
20, -1576 -933 -292 103
21. 402 582 736 800
22, 999 1197 1267 1344
23. 1401 1180 806 246
24, -495 -1305 -1871 -2168
25, -2018 -1658 -1127 -487
26. -9 414 692 932
27. 969 1019 1063 1044
28. 867 936 646 488
29. 192 -207 -571 -1121
30. -1492 -1570 -1549 -1361
31. -1022 -581 -125 358
32. 652 924
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Table 7. Experimental intensity curve (sly,) for NpOy4. Data from
middle distance plate I-78-5.2

As
s . 00 .25 .50 .75

9. v oo cee ~1244
10. -1027 -734 -360 172
11. 750 1177 1469 1520
12. 1453 1322 1183 932
13. 512 -126 -937 -1591
14. -1956 -1919 -1527 -1019
15. -585 . =273 -73 71
16. 242 508 808 1061
17. 1212 1331 1446 1498
18. 1357 1008 424 -476
19. -1408 -2126 -2339 -2191
20. -1701 -1124 -509 -52
21. 309 515 667 787
22. 948 1092 1240 1334
23, 1264 1109 769 265
24, -391 -999 -1570 -2094
25, -2126 -1727 -1102 -485
26. 4 412 676 821
27, 865 955 1019 1145
28. 1170 1194 1023 776
29. 443 -6 -619 -1047
30. -1391 -1585 -1570 -1370
31. -868 -655 -112 431
32. 600 985

@ Data in the interval 12,0< s <32.25 only was used in the
final refinement.



Table 8. Experimental intensity curve (sl,,) for N;Oy4.
short camera distance curve I-214-44,

44

Data from

As
S,

. 00 .25 .50 .75
26. -358 165 503 819
27. 1018 1129 1190 1257
28. 1236 1094 809 526
29. 194 -225 -664 -981
30. -=1335 -1551 -1513 -1323
31. -1059 -649 -334 78
32. 372 688 957 1185
33. 1180 1112 1130 886
34. 643 257 -134 -350
35. -550 -805 -1057 -1223
36. -1119 -852 -821 -479
37. -174 ~-148 354 460
38. 761 784 792 749
39. 684 277 174 25
40. -312 -375 -494 -606
41. -580 -535 -489 -500
42, -338 -149 111 394
43, 673 703 736 596
44, 597 361 305 2
45, -252 -341 ~-458 -574
46. -453 -412 ~-419 -402
47. -283 -107 ~-=-35 58




Table 9. Experimental intensity curve (sl,,) for N;Oy4.
short camera distance plate I-214-45,

Data from

N\

. 00 .25 .50 .75
24. ~19 -890 -1735 -2181
25, -2301 -2108 -1636 -798
26. -167 247 601 883
27. 1068 1230 1226 1127
28. 1178 1099 821 721
29. 344 -40 -463 -657
30. -1157 -1481 -1508 -1437
31. -1188 -700 -233 76
32. 471 629 795 965
33. 1026 958 897 847
34. 596 181 -15 -62
35. - =446 -623 -839 -861
36. -898 -860 -672 -493
37. -61 252 506 838
38. 1015 868 843 829
39. 389 98 -98 -258
40. -332 -413 -521 -517
41. -314 -682 -598 -256
42. -257 -1 179 397
43, 360 492 619 454
44, 602 506 299 185
45. 38 -251 -556 -556
46. -440 -502 -516 -394
47. -182 2 -39 122
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Table 10. Gaseous NO, parameter values used in least-squares
refinements of gaseous NZOA;‘L

b. "Corrected"
Parameter Experimental®’ Calculated® Experimentald
I'N-0O(1070C) 1.202
rQ. ., 0(107°C) 2.213
LONO(1070C) 134, 02
(1070C) 0. 0382 0. 0389 e
N-0O (poc) .. 0. 0387 0. 0380
'eO o (107°C) 0. 0470 0. 0484 e
77 (00C) ... 0.0471 0. 0457

an. . .
Distances r, and root-mean-square amplitudes {, in angstroms,
angles in degrees.

PThe r, values were used in all refinements. The {, values were
used in the refinements for which the final N> O, parameters were
reported. The values are taken from Blank (1964).

CThe values were suppiied by Sven J. Cyvin, and were used to cal-
culate the '"'corrected' experimental amplitudes.

dThe values were obtained by subtracting the differences between the
calculated amplitudes for 107°C and 0°C from the experimental
amplitudes.



Table 11. Parameter values for NZO4;.i 47

Parameter? .. This Work Smith and Hedberg®

Ta, {a 2o Tas fa

% N, Oy 77.5 .8 >75 (est. )

% NO, 22.5 .4 <25 (est.)

IN-N 1. 782 . 0083 1.750

'N.O 1.190 . 0018 1.180

ro; O, 2.201 . 0049 2.170

ro; O, 3. 472 . 0071 3. 448

N o) 2.490 . 0065 2.465

T 2.685 . 0100 2.678

©1...%1

IN-N 0.0816 . 0178 0. 0664

IN-O 0. 0381 . 0019 0.0424

to, o, 0. 0493 . 0040 0. 0469

to; 0y 0.0730 . 0114 0.0707

N e} 0.0729 . 0061 0. 0707

0. 0970 . 0167 .

to, oy 9 6 0. 0848

LONO 135, 39 .58 133, 7

Rd 0.137

angles in degrees.
temic and random error.
See Hedberg and Iwasaki (1962).

e-

bsee Figure 5 for the molecule.

CSmith and Hedberg (1956)

d R = [Sw.42/5 .12 (obs)]
ii ii

L

aDistances r, and root-mean-square amplitudes £, in angstroms,
The 20 values include estimates of both sys-
The r, and {, values differ slightly from

E, where A,1= Ii(obs) - I,l(ca.lc) .



Table 12. Correlation matrix for N204 parametersa.
®N Oy WNO,  Uyy ZN-OESL”.QZZOL._OZ o fo, op NN N0 To; 0, ‘0;.. 0 ™...0'01..0q [ONO
1.00 -0.93 0.19 = 0.32 . 0.04 031 0.53 0.13 -0.19. 0.72 = 0.24 ., 0.25 . 0.0l . 0.12 . -0.18
1.00 -0.20 -0.04 0.07 -0.29 -0.49 -0.12 0.19 -0.77 -0.25  -0.28  -0.03  -0.14 0.19
1.00 0.03 -0.10 0.08 0.06 -0.03 0.03 0.13  0.09 0.07 0.05 0.02 0.01
1.00 0.20 0.09 0.18 0.06 -0.02 0.04 0.02 -0.01  -0.02  -0.02 0.00
1.00 002 0.03 -0.00 -0.11 -0.03 -0.02 -0.13  -0.14  -0.10  0.00
1.00 0.14 0.03 -0.04 0.21  0.09 0.06 0.00 0.02  -0.03
1.00 0.34 -0.09 0.40  0.23 0.07 -0.04 -0.03  -0.00
1.00 -0.08 0.10 0.13  -0.11  -0.13  -0.14  0.07
1.00 -0.30  0.40 0.38 0.79 0.17 0.55
1.00  0.22 0.40 0.03 0.25  -0.35
1.00  -0.28  -0.04  -0.61 0.84
1.00 0.86 0.93  -0.50
1.00 0.73  -0.05
1.00  -0.72
1.00

a.. R . - _— .
Distances and root-mean-square amplitudes in angstroms, angles in degrees. The matrix is symmetric..
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Table13. Experimental data for electron-diffraction photographs used in the structure determination of gaseous N 205.
Plate Accelerating Electron Beam Exposure Bath Nozzle Run-in Camera
Plate Size Voltage Wave lengtha Current Time Temp. Temp. Pressure Height s
Identification (in) (volts) ( S ) (M=) (sec) (°C) (OC) (mm Hg) (cm) range
[-287-6 5x7 43773 0.057401 0. 46 20 -9.7 -10 3.0x 10_‘5 74.894 1.0-8.50
1-287-7 5x7 43774 0.057400 0.46 30 -9.7 -12 3.0x 10-6 74.894 1.0-8.50
[-287-8 8x10 43777 0.057398 0. 46 30 -9.5 -13 3.0x 10_6 74. 905 1.0-13.25
[-287-9 8x10 43778’ 0.057397 0. 46 40 -9.5 -12 2.9 x 10-6 74. 905 1.0-13.25
[-286-7 8x10 43756 0.057412 0.50 120 -10 -11 4.0 x 10-6 29. 922 8.0-32.25
[-286-3 8x10 43792 0.057388 0.48 150 -11 -10 3.3 x 10-6 29. 922 8.0-32.25
[-291-3 8x10 43835 0.057358 0. 38 540 -9 -11 3.0x 10-6 11.948 25.0-55.50
[-291-2 8x10 43826 0.057365 0.38 480 -9 -10 3.5 x 10-6 11.948 25.0-48.50

aThe wavelengths were calculated from the accelerating voltage, which was calibrated
Q
r,(O...0)=2.3244 A. See Plato, Hartford, and Hedberg for details.

against gaseous CO

2

using 1_(C-0) = 1.1642 R and

6¥%
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Table 14. Experimental intensity curve (sly,) for N,Og. Data from
long camera distance plate I-287-6.

“

s\ . 00 .25 .50 75
1. 10 17 15 9
2. -1 -17 -36 -58
3. =77 -89 -125 212
4, -340 -464 -536 -490
5. -321 -36 313 632
6. 879 971 897 658
7. 373 60 -238 -428
8. -581 -603 -501

Table 15. Experimental intensity curve (sl ) for NOg. Data from
long camera distance plate I-287-7.

As

‘:\\‘ . 00 .25 .50 .75
1. 15 21 16 8
2. -4 -23 -47 -64
3. -78 -96 -142 -252
4, - -405 -558 -641 -599
5. -408 -64 370 804
6. 1128 1252 1143 858
7. 467 76 -278 -548
8. -746 -812  -734

Table 16, Experimental intensity curve (sI ) for N, Og. Data from
long camera distance plate 1-287-8.

As
S . 00 .25 .50 .75
1. 16 28 22 9
2, -7 ) -30 -57 -83
3. -112 -132 -192 -323
4, -520 -724 -851 -818
5. -579 -126 463 1052
6. 1498 1663 1532 1154
7. 608 80 -381 -731
8. -934 -946" -739 -399
9. -105 74 -44 -379
10. -749 -964 -980 -708
11. -234 423 1034 1478
12. 1628 1514 1200 711

13. 270 -113
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Table 17. Experimental intensity curve (sly) for N,Og. Data from
long camera distance plate I-287-9.

1)
>
0

.00 .25 .50 .75
1. 19 32 29 19
2. 2 -23 -64 -99
3. -143 -177 -249 -404
4, -635 -886 -1043 -1034
5. =777 -262 438 1183
6. 1835 . 2093 1884 1328
7. 662 -0 -554 -967
8. -1201 -1192 -952 -509
9. -112 104 -55 -446
10. -858 -1170 -1183 -847
11. -263 579 1335 1919
12, 2075 1933 1450 854
13. 303 -138

Table 18. Experimental intensity curve (sIlm) for NpOg. Data from
middle distance plate I-286-7.

N2s . 00 .25 . 50 .75

8. -1033 =992 -730 ~389
9, -101 52 -66 =367
10. -746 -1036 -1028 -723
11, -176 617 1306 1819
12. 1942 1773 1299 628
13. 50 -486 -914 -1161
14, -1200 -996 -724 -510
15, -532 -680 -892 -975
16. -763 =311 299 928
17. 1598 2010 2211 2123
18. 1650 844 -79 -916
19. -1616 -2032 -2189 -1957
20. -1547 -1062 -551 -198
21, 20 257 423 714
22. 947 1158 1357 1410
23, 1432 1324 790 292
24, -400 -1044 -1626 -1760
25. -1729 -1622 -1130 -625
26. -232 266 584 761
217. 954 1060 869 836
28. 793 655 445 310
29. 84 =77 -625 -911
30. -1272 -1382 -1305 -1375
31, -1089 -815 -384 =27

32. 321 525




Table 19.

Experimental intensity curve (sl,) for N, Os.
middle distance plate 1-286-3,

52

Data from

N

. 00 .25 .50 .75
8. -1051 -1049 -840 -429
9. -67 62 -93 -405
10. -760 -1076 -1080 -778
11. -149 647 1367 1826
12, 1929 1754 1300 687
13. 42 -520 -961 -1263
14. -1269 -1095 -818 -588
15, -533 -750 -932 -998
16. -897 -456 204 847
17. 1510 2004 2190 2155
18, 1733 1008 75 -799
19. -1592 -2031 -2206 -2050
20. -1637 -1056 -574 -161
21, 89 319 505 801
22, 1020 1177 1346 1452
23. 1441 1345 904 296
24, -289 -939 -1487 -1775
25, -1773 -1466 -1051 -532
26. -32 374 742 920
27, 965 1086 1027 940
28. 833 738 515 392
29. 220 -40 -472 ~870
30. -1075 -1375 -1368 -1373
31. -1208 -906 -428 93
32. 434 895
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Table 20. Experimental intensity curve (sly,) for N2 Og. Data from
short camera distance plate I-291-3.

N\, 2s

;\\ . 00 .25 .50 .75
25, -1861 -1771 -1346 -725
26. -198 367 775 1016
217. 1137 1142 1100 1119
28. 1098 1044 974 858
29. 506 111 -358 -832
_30. -1227 -1528 -1588 -1429
31. -1392 -1041 -375 315
32. 840 968 1189 1413
33, 1482 1291 1138 936
34, 572 435 -236 -707
35, -906 -1012 -1048 -1149
36. -1180 -1021 -990 -814
37. -304 95 486 918
38. 1080 1501 1321 1336
39. 968 513 1 -308
40, -337 -359 -534 -750
41, -513 -786 -732 -385
42, -365 -373 7 372
43, 560 782 1141 1366
44, 1068 759 682 478
45, -110 -251 -473 -452
46, -621 -801 -724 -594
47, -488 -446 -293 -132
48, 39 450 420 555
49, 803 661 598 238
50. 44 -85 -203 -322 .
51. -567 -632 -537 -421
52. -326 -214 -147 54
53, 211 219 466 459
54, 236 365 200 15
55. 250 213 193




Table 21.

Experimental intensity curve (sIm) for N, Og.
short camera distance plate I-291-2,

54

Data from

As
s

. 00 .25 .50 .75
25, -2598 -2331 -1676 -828
26. -115 548 1113 1472
27. 1764 1822 1491 1546
28. 1358 1082 1128 1221
29. 1029 483 -80 -667
30. -1357 -1974 -2004 -2050
31. -1410 -1029 -495 328
32. 906 1413 1687 1819
33. 1808 1553 1230 966
34, 445 194 184 -99
35, -474 -832 -1102 -1262
36. -1364 -1409 -1357 -1191
37. -700 -16 465 626
38. 1124 1663 1280 1116
39. 1128 478 -255 -511
40. -476 -814 -738 -1002
41. -999 -969 -666 -474
42, -436 -83 92 325
43. 774 1173 1345 1249
44, 1096 907 778 400
45. 10 43 -260 -249
46. -557 -880 -1288 -1010
47. -587 -479 -450 -64
48. 108 -101 625
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Table 22. Parameter values assumed in calculating theoretical
radial distribution curves for NZO;L

Parameter P T [}
N;-Og 1.500 0. 0667
N1-04 1.188 0. 0348
01...0, 2.181 0. 0419
O,... 05 2.252 0.0715
LOIN; O, 133, 39

/NON 109.3-123.

[u®€ 0°-900°

VA 0°-165°

N...N 2.447-2.640 0.0920
N...O 0.1000
0...0 0.1400
(other than

above)

@Distances r, and root-mean-square amplitudes la in angstroms,
angles in degrees,

PThe molecule is O] O2N1-0Og-N,0304. See Figure 6.

CNitro group torsional angles. 0° corresponds to a nitro group being
coplanar with the central NON group, and positive angle increase is
in the clockwise direction, The range of values indicated give all
unique conformations for a given /NON.
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Table 23. Coefficients for the weighting functions wy, = a+b- cos(2u)+
c- cos(4uld- cos(bu) used in calculating theoretical radial
distribution curves for restricted-rotation models of NZO?,'.

Function a b c d
1A 0.750 0.250 0 0
1B 0.625 0.375 0 0
1C 0.500 0.500 0 0
2A 0. 750 0 -0.250 0
2B 0. 625 0 -0.375 0
2C 0.500 0 -0.500 0
3A : 0.750 0 0 -0.250
3B 0. 625 0 0 -0.375
3C 0.500 0 0 -0.500
4A 0.625 0.250 0 -0.250
4B 0.700 0.300 0 -0.150
4C 0. 625 0.375 0 -0.188
4D 0.500 0.500 0 -0.250
4E 0. 625 0.450 0 -0.150
4F 0.563 0. 525 0 -0.175

4u is the nitro group torsional angle, and is defined such that u = 0°

corresponds to the nitro group being coplanar with the central NON
group, and such that the direction of positive angle increase is clock-
wise rotation.



Table 24. Results of least-squares refinements of O-NO_ parameter values in NZOSa

2
ParameterP 2 A B C

ra, Za I‘a, la O1s ra, ? a OLs ra, fa OLs
(N, -O,) 1.499 . 1.499 . 0,0021 1.501 0.0023 1.498 0. 0022
®(N,-O,) 1.188 1.188 0. 0003 1.187 0. 0004 1.187 0. 0004
0, 0, 2.181 2.181 0.0023 (2.196) 2.186 0. 0035
fO, O 2.251 2.251 0.0020 (2. 240) 2.246 0. 0024
4N, -0,) 0. 0669 0. 0669 0. 0021 0. 0671 0.0022 0. 0674 0. 0021
(N -0)) 0. 0349 0.0350 0. 0004 0. 0351 0. 0004 0. 0352 0. 0004
4o, o, 0. 0421 0. 0421 0. 0015 0. 0460 0.0016 (0. 0485)
fo, o 0.0710 0.0710 0.0025 0. 0831 0.0024 0.0758 0.0030
[oNO, 133.31 133.31 0.29 (135. 30) 133.94 0.43
RS 0.1144 0.1144 0.1224 0.1186
/NON 115.75 (115.75) (115. 75) (115.75)
[u 29.82 (29.82) (29.82) (29.82)
Iv 130.13 (130.13) (130. 13) (130. 13)

a
Distances r and root-mean-square amplitudes £ a in angstroms, angles in degrees. The standard errors do not include estimates of systematic
error. Parenthesized values not refined. Other amplitudes fixed as follows: £(N.,.N)=0.092;{ (N...O) = 0.100; £(O.,.0) = 0.140

The molecule is 0102N O5 N 01304. See Figure 6.

°R = [Zw A /Zcol (obs)]2 | where A, =1 (obs) - L{cale),

LS



Table 25. Correlation matrix for O-NO2 refinement A of N_O 3

275

2

£(N;-0,) £(N;-0,) £©, ©, ko, Oy  xN;-Oy r(N;-0y) 70,0 r(O, Of LONPO
1.00 0.18 . 0.07 0. 06 -0.02 0.03 0.00 -0.00 -0.01
1.00 0.20 0.19 0.04 0.03 0.03 0.02 0.02
1.00 0.49 -0.12 -0.03 0. 41 -0.49 0.42
1.00 0.24 0.06 0.77 -0.45 0.74
1.00 -0.18 0.35 0.51 0.39
1.00 0.09 0.14 -0.18
1.00 -0.55 0.96
1.00 -0.58
1.00

aDistances and root-mean-square amplitudes in angstroms, angles in degrees. Only elements of the matrix for the O-NO2 group

parameters are included. The matrix is symmetric.
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Table 26. Parameter values for N.O

2°5°
b c L. d e
Parameter This Work Akishin, et al, Hedberg and Hedberg
r 20 ] 20 r r Ji
a a a a
N1—O5 1,499 0.0060 0.0669 0. 0064 1,46 +£0.02 1.48 0.087
N1-O1 1,188 0.0015 0.0349 0.0018 1,21+ 0.01 1.19 0.039
O1 O2 2,181 0.0069 0.0421 0.0045 2,18 0.045
O1 O5 2,251 0.0061 0.0710 0.0076 2,23 (0. 100)
N...N [2.514] (0.0920) [2.15] 2,50 0.075
ya O,N. O, 133,31 0.82 134+ 9 134
/ NON 114 2 95+ 2 115

a_. . - . . . :
Distances r and root-mean-amplitudes £ in angstroms, angles in degrees, The errors include estimates of both systematic and random
error, Values in parenthesis assumed, Values in brackets calculated from other parameter values,

b
lecule i O_N_-O_-N, . See Fi 6.
The molecule is O1 »Ny~Os 20304 ee Figure
CThe values for the O-NO2 parameters are from refinement A Table 24.

d
Akishin, et al, (1962).

®Hedberg and Hedberg (1965),

69
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Figure 1. Data-reduction results and final backgrounds for N,O,. Middle distance data in the

interval 6.0 < s < 11.75 was not used in the final refinement.
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LONG CAMERA

MIDDLE CAMERA

SHORT CAMERA

0 10 15 20 25 30 35 40 45 50 S
Figure 2. Experimental intensity curves sl__ for N,O,4. Middle distance data in the interval

6.0 < s < 11.75 was not used in the final refinement.
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EXPERIMENTAL

THEORETICAL

DIFFERENCE
N, yv/\iv\/Aw/\A“w/\\wM S
1 1 1 1 1 1 L L 1 ' 1 '
o 5 ¢} 15 20 25 30 35 40 45 50 S
Figure 3. Intensity curves for N,O,. The experimental curve is a composite from the curves of

Figure 2. The theoretical curve corresponds to the best model obtained from use of all
the data of Figure 2.
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Figure 4. Radial distribution curves for N,Oy. The curves were calculated from the curves of
Figure 3, using theoretical data in the interval 0 < s < 3.0 with the composite curve.
B = 0.001.
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Figure 5.

Final model for NZO
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Distances in angstroms, angle in degrees.
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Figure 6.

Planar conformation of N
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LONG CAMERA
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Figure 7. Experimental intensity curves for N, Og.



EXPERIMENTAL

.

1 2 3 4 S A

Figure 8. Experimental radial distribution curve for N,O.. The curve was calculated from the

5
composite curve of Figure 7 using theoretica% data in the interval 0 < s < 2,75 corres-
ponding to a free-rotation model for NZOS' B = 0.0007.
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THEORE TICAL DIFFERENCE
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* * X *
Figure 9. Theoretical radial distribution curves for rotational

models of NZO5. Curve FR is the free-rotation curve.
The other curves were calculated using the weighting
functions of Table 23. (See text.) The prime indicates
that conformations with inter-nitro group O. .. O dis-
tances less than 2.5 & were assigned zero weight, The
difference curves were calculated from the experimental
curve of Figure 8,
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THEORETICAL

A

\
\ :

DIFFERENCE
A

M B

2 3 4 S A

Figure 10. Theoretical radial distribution curves for various models
of inter-nitro group oxygen-oxygen interactions in N, Og.
For all curves, weighting scheme 1C of Table 24 was
used. Curves A, B, and C were calculated by rejecting
conformations with inter-nitro group O... O distances
less than 2.6 &, 2.7 &, and 2.8 R, respectively.
Curve D was calculated using w = w] ¢ WRe» Where
WR6 is defined in the text. The difference curves were
calculated using the experimental curve of Figure 8.
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THEORETICAL

I )\
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DIFFERENCE
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A . B
et \ g A=
c
I o e g g et e e
1 2 3 A

Figure 11. Radial distribution curves for NZO5' Curves A, B, and
C correspond to the refinements A, B, and C of Table 24,
respectively. The experimental curve was calculated
using theoretical data in the interval 0< s< 2.75
corresponding to refinement A, Each difference curve
was calculated from the experimental curve obtained
from use of theoretical data in the interval 0<s<2.75
corresponding to that refinement.
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