Halogen Nitrates

toward the highest and lowest ¥, particularly with Pr and Sc
alloys. The present study corroborates these effects for
both systems RCo,-RAl, and RFe,;-RAl,.

One of the most striking features of the present investiga-
tion concerns the aberrant behavior of volumes per atom
in systems containing either the rare earth Pr or the transition
metal Mn. Strong negative deviations from Vegard’s law are
observed, particularly in systems PrNi,-PrAl, and PrCo,-
PrAl,. In these systems it appears as though deviations from
the ideal binary solution behavior are due to a gradual change
of valence of Pr from 3+ to 4+. The opposite is observed
on Fe and Mn substitution for Al in PrAl,.

It may be of interest in this connection to discuss the
relevance of these findings to the problem of hydride forma-
tion. Hydrogen has been recently found to be absorbed in
CaCug type materials (e.g., LaNis) easily and reversibly at a
few atmospheres of pressure (van Vucht, et 2. **). In Ce-
Nis, however, hydrogen did not dissolve up to relatively high
pressure, presumably due to the 4+ ionic nature of Ce in this
material. Judging from the findings of the present study Fe
substitution may counteract ionization into the 4+ state
possibly on account of size factors. Moreover, electron
transfer from Al to Fe should result in a relatively filled d-
shell configuration (“pseudo Ni’*). This configuration
appears to facilitate hydrogen take-up. Suitably substituted
alloys on the basis of Ce, Pr, Fe, Ni, and Al, therefore, may
become of technological interest as hydrogen storage materi-
als.

Alloys containing Mn uniformly show positive deviations
from Vegard’s law. Moreover, values of ¥, drop considerably
toward the Mn-rich phase boundary. Magnetic studies show
that Mn is either in its 3+% or 4+2¢ state in Laves phase
intermetallics. The tendencies in ¥, therefore, would seem
to indicate that toward binaries RMn,, Mn changes from the
3+ to 4+ ionic state. The pronounced step in values of 7,
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from C14 PrtMn, Al,_, to PrMn, (ThgMn,; structure) would
seem to indicate considerable electronic rearrangement on
both Pr and Mn. PrMn, has been investigated magnetically?’
but the situation is too complex to allow for conclusions
concerning the electronic nature of both constituents.

While transition metals Fe, Co, Ni, and Cu can be consid-
ered to contribute less to the delocalized electrons than
Al, Mn is of either comparable or higher valence. The stabili-
ty of C14 structures PrMn, Al,_, and ErtMn,Al,_,, therefore,
appears to involve different electronic criteria than the one of
Fe- and Co-containing compounds.

The discontinuities in ¥, between C15 and C14 materials
observed most pronouncedly with Co-containing pseudo-
binaries indicate an improved packing efficiency which in
turn suggests an ordered arrangement between T and Al. In
the C14 structure ordering is possible on 2a and 6h sites. In
an independent X-ray study we have shown that at the Al-
rich phase boundary ordering between Al and Co does indeed
occur with Co occupying site 2a. This corresponds to a
superstructure of MgZn, which can be written R, TAl;.%

When T = Fe, tendencies for ordering are less pronounced.
Again the transition metal tends preferentially to occupy 2a
sites but now only at the Al-poor phase boundary. At the
Al-rich phase boundary no deviation from random occupancy
between Fe and Al was observed. Similar conclusions were
also drawn on evidence from Mossbauer spectroscopy.!’

Only with the rare earths does the T element prefer the 2a
site. Several examples of a superstructure to MgZn, are

known, for instance, U,Fe3Al,!” Nb,Co3Ge,”® or Mg,Cus-
Si,° but in these cases the T element occupies the 6h site.
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The low-temperature infrared and Raman spectra of I(NO,); and the Raman spectra of liquid CIONO,, FONO,, FNO,,
and CINO, have been recorded. Comparison of the vibrational spectra within the series NO,, FNO,, CINO,, FONO,, and
CIONO, allows unambiguous assignments for the halogen nitrate molecules. Raman polarization measurements show that
in halogen nitrates the halogen atom is perpendicular to the ONO, plane contrary to previous assumptions and to the
known planar structure of HONO, and CH,ONO,. The vibrational spectrum of I(NO,), is consistent with predominantly
covalent nitrato ligands. However, the complexity of the spectrum suggests 4 polymeric structure with bridging nitrato
groups. Experimental evidence was obtained for the formation of the new and thermally unstable compound CF,I(NO,),
in the CF,I-CIONO, system, Attempts to convert this compound into CF,ONO, were unsuccessful.

Introduction

Highly electronegative groups such as perchlorates, nitrates,
fluorosulfates, or trifluoroacetates can be considered as pseu-
dohalides. As such they either can form stable anions in the
presence of suitable cations or can act as covalent ligands

particularly when bonded to highly electronegative elements
such as the halogens or oxygen. Whereas the vibratjonal
spectra of the free anions are relatively well understood,
those of the corresponding covalent ligands have only recent-
ly received more attention. Reliable spectra and assignments
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are now available for covalent perchlorates,!™ trifluoroace-
tates,* and fluorosulfates.5™7 In spite of extensive infrared
spectroscopic studies on halogen nitrates,® !! a recent paper,
reporting the vibrational spectrum of CF;00NQ,, demon-
strates'? how poorly understood these spectra are at present.

The question whether the halogen atom in XONO, is co-
planar or perpendicular with respect to the ONO, plane add-
ed further interest to our study. The consensus® !? appears
to favor coplanarity based on analogy with the planar struc-
tures established for the related molecules HONO,!® and
CH;0NO,."* However, the assumption of a planar struc-
ture for the halogen nitrates is against our intuition. Simi-
larly, Pauling and Brockway suggested’ for FONO, a non-
planar structure based on low-precision electron diffraction
data, although a planar structure could not be ruled out.
Raman polarization measurements should clearly distinguish
between a planar and a nonplanar structure provided that
unambiguous assignments are available. For this purpose
Raman data were also required for the closely related nitryl
halides.

Another objective of this study was to characterize I(N-
03)a. This interesting compound was first prepared by
Schmeisser and Braendle.!® It is unstable above 0° and no
data concerning its structure have been published. Attempts
were also made to synthesize the novel covalent nitrate CF 3-
ONO, which led to the synthesis of the novel compound
CF3I(NO3),.

Experimental Section

Caution! Fluorine nitrate is shock sensitive.

Material and Apparatus. Volatile materials used in this work
were manipulated in a well-passivated (with CIF,) stainless steel vac-
uum line equipped with Teflon FEP U traps and 316 stainless steel
bellows-seal valves (Hoke, Inc., 4251 F4Y). Pressures were measured
with a Heise Bourdon tube-type gauge (0-1500 mm # 0.1%). Nitryl
chloride,'” CIONO,,'® and FNO,!* were prepared by literature meth-
ods. Fluorine nitrate was prepared by direct fluorination of KNO,
in a stainless steel cylinder.'! The purity of volatile materials was
determined by measurements of their vapor pressures and infrared
spectra. Solid products were handled in the dry nitrogen atmos-
phere of a glove box.
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The infrared spectra were recorded on a Perkin-Elmer Model 457
spectrophotometer in the range 4000-250 cm™'. The spectra of
gases were obtained using 304 stainless steel cells of 5-cm path length
fitted with AgCl windows. The low-temperature spectrum of I(NO,),
was obtained as a dry powder between Csl plates at —196° using a
low-temperature transfer technique similar to one previously report-
ed.?® The instrument was calibrated by comparison with standard
calibration points.?!

The Raman spectra were recorded on a Cary Model 83 spectro-
photometer using the 4880-A exciting line and a Claassen filter?® for
the elimination of plasma lines. Sealed quartz tubes (3-mm o.d.)
were used as sample containers in the transverse-viewing, transverse-
excitation technique. The low-temperature Raman spectra were
recorded using a device similar to one previously described.?* Polar-
ization measurements were carried out according to method VIII
listed by Claassen, et al. 2

Preparation of I(NO,},. Resublimed I, (1.005 mmol) was placed
into a Teflon FEP tube fitted with a stainless steel valve. Freshly
fractionated CIONO, (8.20 mmol) was condensed into the tube at
—~196°. The mixture was kept at —45° for 1 week. The materials,
volatile at —45°, were removed in vacuo and separated by fractional
condensation. They consisted of unreacted CIONQO, (2.20 mmol)
and Cl, (3.01 mmol) in excellent agreement with the values calculat-
ed for a quantitative conversion of I, to I(NQ,),. The nonvolatile
residue was a fluffy light yellow solid which decomposed above 0°
under dynamic vacuum yielding N, G, (2.05 mmol) and a tan sohd
residue. This residue gradually decomposed further as evidenced by
the buildup of NO,-colored fumes above the solid. An infrared spec-
trum of the solid after several weeks of storage at 25° did not show
any absorptions characteristic for N=0O double bonds.

The CIONOQ,-CF,I System. Chlorine nitrate (4.02 mmo!) and
CF,1(1.75 mmol) were combined at —196° in a 30-ml stainless steel
cylinder. The reactor was slowly warmed to —45° and kept at this
temperature for 6 days. Recooling to ~196° did not show any non-
condensable material. Products volatile at —78° were removed in
vacuo and separated by fractional condensation. They consisted of
unreacted CIONOQ, (0.40 mmol) and Cl, (1.79 mmol) in good agree-
ment with the amounts expected for a quantitative conversion of
CF,Ito CF,I(NO,),. Warming of the solid residue to 25° yielded
N,O; (1.14 mmol), COF, (1.07 mmol), and CF,I (0.65 mmol) in
addition to 219 mg of a sticky solid residue of varied orange color.

Results and Discussion

Synthesis and Properties. The interaction between I, and
excess CIONQ, at —45° produced I(NO3); in quantitative
yield according to

1, + 6CIONO, —» 2I(NO,), + 3Cl,

Thus, this reaction offers an excellent route to high-purity
I(NO3)3, contrary to a previous statement®® that, although
I(NO3)3 is formed in this system, if is not of synthetic use-
fulness.

The properties and thermal instability cbserved for [(N-
03)3 are in good agreement with those previously reported’®
for the product obtained from the ICl; + CIONG, reaction.
The evolution of 1 mol of N,O;/mol of (NO3); in the ini-
tial stage of the thermal decomposition indicates the possible
formation of OINOj as an intermediate of marginal stability
at 0°

I(NO,), - OINO, + N,0;

The subsequent slow decomposition of this intermediate
involves a redox reaction in which the +V nitrogen is reduced
to the +1V state (N,04) with simultaneous oxidation of the
+111 iodine. This observation is in excellent agreement with
the thermal decomposition of I{OCl03); which yields C1, O,
lower chlorine oxides, and 1,05.2
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In the CF5I-CIONO, system, the observed material balance
is in good agreement with the reaction

CF,I + 2CIONO, - CF,I(NO,), + Cl,

Again the observation of such an intermediate is in excellent
agreement with the closely related CIOClO; reaction chemis-
try. Thus, the interaction of R¢I with CIOCIO; produced
R¢I(Cl0,4),.2* When R¢ was (CF3),CF or 1-C4F s, the R¢l-
(Cl04), intermediate was successfully isolated. At 40°, the
n-C;F151(C104), could be converted into R{OClO; by vac-
uum pyrolysis. For R¢ = (CF;),CF, however, vacuum pyroly-
sis at 105° resulted exclusively in decomposition products.
For R¢ = CF3, the CF3I(Cl0,), intermediate was not isolat-
ed; however, a quantitative yield of CF,0ClO; was obtain-
able at —45° 2425 Therefore, it appeared interesting to de-
termine whether the novel compound CF;0NQO, could be
prepared by controlled decomposition of CF3I(NO3),. No
evidence for CF30NO, could be obtained, but CF3I and
about equimolar amounts of N,O; and COF, were formed.

The observation of CF;I as a decomposition product is
interesting. A plausible explanation for its formation can
be offered. For R¢I(ClO,4),, Raman spectra support®* the
ionic structure [(Re), 1] [I(C104)4]". If CF3I(NO3), had
the analogous ionic structure [(CF3),I]*[I(NO3)4]", as much
as 50% of the originally used CF ;I might be recovered in the
thermal decomposition of such an intermediate. The diffi-
culty in obtaining CF3;0NO, indicates that this compound
might be relatively unstable toward decomposition into
COF,. This is in good agreement with previous studies'?»2¢
aimed at the synthesis of R:ONO,.

Vibrational Spectra. Figure 1 shows the Raman spectra
of CINO,, FNO,, CIONOQ,, and FONO, and the infrared and
the Raman spectrum of I(NO3);. The observed frequencies
are listed in Tables I and II.

Before the assignment of the fundamentals of the halogen
nitrate molecules can be discussed in more detail, it must be
established whether XONQO; has structure I or II, Z.e., wheth-
er X is perpendicular to or coplanar with the ONO, plane.

X
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Whereas in HONO, intramolecular hydrogen bridging should
favor planarity, in HalONO, the expected mutual repulsion
between the halogen and the two oxygen atoms should favor
the perpendicular model.
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x

N
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O/ \O Oé \\O

Raman spectroscopy should readily distinguish between
models [ and II. Both models possess symmetry C, and
nine fundamentals, but for model I three of the fundamen-
tals are antisymmetric with respect to the symmetry plane,
whereas for model II only two modes are antisymmetric.
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Figure 1. Raman spectra of liguid CINO, (recorded at —110°), FN-
0, (—80°), FONO, (—100°), and CIONO, (-80°) and of solid I(N-
0,), (-90°) and infrared spectrum of solid I(NO,), (—~196°). Spec-
tral slit width used for the recording of the Raman spectra was 3
cm™'. Traces A and B were recorded with parallel and perpendicular
polarizations, respectively. The inserts represent the weaker bands
recorded at higher sensitivity and larger slit width. Polarized and de-
polarized bands are marked by p and dp, respectively.

TRANSMITTANCE—

One mode which for model I belongs to species A’ and for
model II belongs to species A’ is the antisymmetric NO,
stretching vibration. Since no question exists concerning
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15N isotopic shifts, they chose from the two possible force
fields®7>3 the one which results in v, being mainly the NO,
scissoring and v5 being mainly the NF stretching mode. A
Raman spectrum of liquid FNO, has previously been report-
ed®® and is in fair agreement with our data. Two weak fea-
tures at 470 and 710 cm™!, respectively, in our Raman spec-
trum of FNO, require some comment. Both were also ob-
served previously,®® but the 470-cm™" line was subsequently
ascribed,?” together with a line at 926 cm™!, to FONO, im-
purity. Since our spectrum does not show any line at about
930 cm™, a different explanation for the 470-cm™ band is
required. It could possibly be due to the difference band

V) —v, which could have borrowed intensity from v through
Fermi resonance. The very weak polarized feature at about
710 cm™! might similarly be explained by Fermi resonance
between v, and v; —v;.

For CIONQ,; an incomplete Raman spectrum has previous-
ly been reported.!’  The five frequencies listed are in good
agreement with our results. However, no polarization data
were given and the fundamentals were assigned on the basis
of the incorrect planar model II. Both of the two most re-
cent assignments reported’!!? for CIONOQ, need revision.
Hohorst and DesMarteau assigned three and Miller, et al.,
two fundamentals incorrectly. Both corrections involve the
mode of greatest interest, the N-O stretching mode. The
data of Table I (in particular the "*N-15N isotopic shifts and
the polarization data) indicate that the similar frequencies
of the NO, scissoring and the O-Cl stretching modes cause
a strong mixing of the corresponding symmetry coordinates.
The frequency of 140 cm™ observed for the N-OCl torsion-
al mode results in a barrier to internal rotation of 10.40 kcal
mol™! in good agreement with previous estimates and the
value of 10.23 kcal mol™! found for FONO,.!

For FONO, no Raman data have been published except
for the impurity bands® in the spectrum of FNO, which
were attributed by others'! to FONO,. By analogy with
CIONO, (see above), the previous assignments!!*'2 need re-
vision for three and two fundamentals, respectively.

Several general aspects deserve emphasis. (1) Whereas the
XNO; out-of-plane deformation is of very low intensity in
the Raman spectra and therefore difficult to detect, its first
overtone was generally observed as a reasonably intense
Raman band. This allows reliable identification of this fun-
damental. (ii) The symmetric NO, stretch and the NO,
scissoring mode have very characteristic frequencies and oc-
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cur in the ranges 1285-1300 and 780-820 cm ™, respective-
ly. Therefore, these two modes are useful for identifying
XNO, groups. The XNO, out-of-plane deformation is mod-
erately dependent and the corresponding in-plane deforma-
tion is strongly dependent on the mass of X. The large **N-
15N isotopic shifts (17-20 cm™) observed for the XNO, out-
of-plane deformation indicates that in this mode mainly the
N atom moves, i.e., swings through the X0, plane. (iii) The
NX stretching mode occurs for all compounds at a surprising-
ly low frequency, i.e., 370-570 cm™'. This is in agreement
with the known thermal instability of these compounds.
Contrary to the N-O stretching modes, the O-Hal stretching
modes occur in their usual frequency range. They exhibit
frequencies much higher than those of the N-O stretches
indicating that the N-O single bond is by far the weakest
bond in CIONO, and FONO,.

The low-temperature spectra of I[(NO,); (see Figure 1 and
Table IT) clearly show that the compound is not ionic. In
the higher frequency range three clusters of bands centered
at about 1570, 1270, and 800 cm™!, respectively, occur, in-
dicating the presence of covalent nitrato group. However,
the number of individual bands within these clusters is too
high and they are distributed over too wide a frequency
range to be comfortably accounted for by a simple in-phase,
out-of-phase coupling of the motions of monodentate or
bidentate ligands.>*3* It seems more reasonable to explain
the complexity of the spectra by a polymeric structure in-
volving bridging ligands as was previously suggested for the
closely related compounds I(C104)3* and I(SO,F)3.5 We
suggest tentative assignments of the clusters to the following
types of vibrations: 1750-1450 cm™!, antisymmetric NO,
stretches; 1300-1200 cm !, symmetric NO, stretches; 830-
780 cm™, NO, scissoring; 750-690 cm™, IO stretches; 370~
300 cm™!, N-O stretches. The significant decrease in the
N-O stretch frequencies, when compared to those in FONO,
(457 cm™) and CIONO, (436 cm™), indicates increasing
polarity of the Hal-O bonds within this series. This is gen-
erally true for related compounds and is caused by the in-
creasing electronegativity difference between the halogen
and the ligands with increasing atomic weight of the halogen.
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