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Reaction Mechanism.—Based on the similarity of
the octahedral hexaaquo ions that are the predominant
species for V(II) and V(I1I) and the structural similari-
ties of the oxo ions that are the predominant V(IV)
and V(V) species, it seems most likely that in reaction
I V2* is converted to V3+ and VO,* to VO?*t. This
conclusion might be checked with the appropriate
radiotracer experiments, but these were not done.
Mild support for this assertion also comes from the
general preference for one-electron over two-electron
changes shown by reactions in which either would be
allowed by reason of the stability of the intermediate
oxidation states. The very low rate of electron ex-
change” between V3+ and VO?+, the products of the
reaction in question, also lends support to the conclu-
sion that this is not a two-electron process because in
such an exchange (in contrast to the V2™-Vé+ and
VO VO, T reaction) interconversion of aquo and oxo
ions is needed.

The information contained in the present results
does not allow any firm conclusions concerning struc-
tural features of the transition states to be drawn.
Some features of the detailed mechanism are evident,
however. If a hydroxo or oxo anion acts as a bridging
group for electron transfer, it is derived from a solvent
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molecule coordinated to V(II), since the exchange rate
of V(H,0)e*T and bulk water occurs too slowly to
permit either pathway to involve displacement of a
V(II) water ligand.?

The surprisingly negative value of ST for the transi-
tion state of 34 charges in VII may reflect the retention
in the transition state of ¢/l of the coordinated solvent
molecules.?® The addition of a proton in the second
pathway is a common occurrence?®:?? in reactions where
the net structural change converts an oxo ligand to an
aquo ligand (e.g.,, VO, 7 to VO27), presumably because
the additional proton, by coordination to a VO,*
oxygen in the transition state, assists in its conversion
into a water molecule. An appropriate concerted
motion of protons could give the inner-sphere transi-
tion state [(H;0);V(OH)V(0)(H,0),4*+]", but the
results do not provide a clear indication on this point.

(27) The rate constant for the V(H20)¢2 *-H:0 exchange rate is not known,
but the rate constant for anation of V(H:0)s2+ by SCN ~ is 28 M ~1 sec™!,2!
and one can infer from similar comparisons [N, Sutin, Ann. Rev. Phys. Chem.,
17, 119 (1966)] that the solvent rate is probably less than 10-fold higher.

(28) An abnormally positive value of ASF was used to infer an inner-
sphere mechanism: M. J. Nicoland D. R, Rosseinsky, Chem. Ind. (London),
1166 (1963). T. W. Newton and F. B, Baker, J. Phys. Chem., 70, 1943
(1966), have used similar differences in the entropies of activated complexes
to suggest inner- and outer-sphere mechanisms for several V8+-MQ:2* reac-

tions.
(29) J. H. Espenson, Inorg. Chem., T, 631 (1968).

CONTRIBUTION FROM FrRICK CHEMICAL LABORATORY,
PRINCETON UNIVERSITY, PRINCETON, NEW JERSEY (08540

Vibrational Analysis for Nb;O.:*~ and Ta,0:# and the
Raman Intensity Criterion for Metal-Metal Interaction!s

By FRANCIS J. FARRELL,"™ VICTOR A. MARONI, axp THOMAS G. SPIRO

Recetved April 3, 1969

Raman and infrared spectra of the octahedral oxyanions NbgO;e8~
Substantial interaction force constants are required for an adequate fit of the spectra, reflecting

normal-coordinate analysis.

the complexity of the force field in these highly condensed complexes.
satisfactory, however, for all three types of oxygen atoms:

and Tas01:8~ have been subjected to an approximate

The principal metal-oxygen force constants are quite
terminal, bridging, and central. The force constant ratios

~6:3:1 are consistent with a simple bonding scheme in which each oxide ion shares four valence electrons with its neighbor-
ing metal ions. As with the structurally analogous Bis(OH )2®* a set of cage angles can be replaced in the analysis by a
kinetically equivalent set of metal-metal interactions. This internal coordinate is the primary contributor to the lowest
frequency A, fundamental: the “‘breathing’’ mode of the metal ions. For Biz(OH);»¢ ™ this mode produces the most intense
band in the Raman spectrum, and metal-metal bonding has been invoked to account for the intensity. For the MeOig®™~
complexes, this mode produces one of the weakest Raman bands, consistent with the anticipated absence of metal-metal in-
teraction for these d° metal ions. However the ‘““metal~metal”’ force constants are about the same as for Big(OH);.8*.
Such force constants evidently have little meaning in bridged polynuclear complexes, and Raman intensity would appear

to offer a more reliable criterion for metal-metal interaction.

Introduction

Some years ago Lindgvist and Aronsson showed
by X-ray diffraction the existence of discrete poly-
anions MgO1,®~ in crystalline niobates? and tantalates.?

(1) (&) This investigation was supported by Public Health Service Grant
GM-13498, from the National Institute of General Medical Sciences. (b)
NIH predoctoral fellow.

(2) 1. Lindqvist, Arkiv Kemi, 5, 247 (1953).

(3) I.Lindqvist and B. Aronsson, 7bid., T, 49 (1954).

The polynuclear complexes have approximately cubic
symmetry, an octahedron of metal atoms being con-
nected by twelve oxygen atoms over the octahedral
edges and one in the center of the cage. In addition
six peripheral oxygens complete the octahedral coor-
dination shell around each metal. The structure is
shown in Figure 1. Alkaline solutions of Nb(V) and
Ta(V) also contain hexanuclear anions, as shown by
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light-scattering,* ultracentrifugation,*® and potentio-
metric data.® Furthermore the close similarity of crys-
tal and solution Raman spectra®’ demonstrates that
the cubic structure is retained in solution.

Our interest in these species centers on their struc-
tural analogy to Big(OH);.®+, which has an octahedron
of bismuth ions connected by hydroxyl ions over the
octahedral edges.® A vibrational analysis for the bis-
muth complex was recently published.’® The most
significant finding was that the lowest frequency (<200
cm~1) Raman bands could be assigned almost entirely
to motions of the bismuth atoms and these bands were
the most intense in the spectrum. Similar results
were obtained® for the tetrahedral complexes Phy-
(OH),4* and TL(OR), (R = ethyl and #-propyl). On
this basis, it was suggested that metal-metal  inter-
action exists in these polyhedral complexes, even though
the 5d!%6s? valence state of the metal ions is quite
stable and their internuclear distances (3.7-3.8 A) are
fairly large.

In this context the NbsOi®~ and TagO1®~ com-
plexes provide reference points for low-frequency
Raman intensities. The metal atoms are closer to-
gether (3.3 A) than in Big(OH)p®t+ but the postulate
of metal-metal bonding is implausible because the metal
ions have formally a rare gas (d°) configuration and
they also have a full octahedral coordination shell of
oxide ions. A glance at the Raman spectra of Aveston
and Johnson® and of Tobias” shows that the bands
below 300 cm~! are the weakest in the spectrum, as
would be expected if the vibrations responsible for
them involve mainly cage deformations. This ob-
servation strengthens the inference of bismuth-bismuth
bonding in Big(OH),f+. In order to place the com-
parison on a more quantitative level, we have carried
out an approximate vibrational analysis for NbeOys*~
and Tas0;:#~ which we report here,

Experimental Section

Potassium hexaniobate, KsNbsOw-16H;O (Alfa Inorganics),
was dissolved in water, filtered through a fine frit, and then re-
crystallized. Potassium hexatantalate, KgTasOie-16HO, was
prepared according to Windmaisser,' by fusing K2COjs and TaO, in
aplatinum crucible. The product was dissolved in water, filtered
several times through fine pore filters, and recrystallized.

The Raman spectra were recorded on a Cary Model 81 Raman
spectrophotometer, using the 4358-A mercury line for excitation.
A standard 7-mm liquid cell was used for the solution spectra.
Polarization measurements were made using Polaroid cylinders
surrounding the sample tube. The solution samples were filtered
through fine pore filters before each spectrum was taken. For
crystalline powders a conical sample cell was used.

Infrared measurements were made from 300 to 1000 cm ™! with
a Beckman IR-12 infrared spectrophotometer. Samples were
either mulled in Nujol and pressed between !/i-in. polyethylene
windows or else made into KBr pellets.

(4) (a) W. H. Nelson and R. S. Tobias, Can. J. Chem., 42, 731 (1964);
(b) Inorg. Chem., 3, 985 (1963); (c) ibid., 3, 653 (1964),

(8) J. Aveston and J. S. Johuson, ibéd., 8, 1051 (1964),

(8) G. Neumann, Acta Chem. Scand., 18, 278 (1964).

(7) R.S. Tobias, Can. J, Chem., 48, 1222 (1965).

(8) M. D. Danforth, H. A. Levy, and P. A. Agron, J. Chem. Phys., 81, 1458
(1959).

(9) (a) V. A, Maroni and T. G. Spiro, Inorg. Chem., T, 183 (1968); (b)
ibid., T, 188 (1968); (c) ibid., T, 193 (1968).

(10) F. Windmaisser, Z. Anorg. Allgem. Chem., 248, 283 (1941),
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Figure 1.—Structural model for the MsO,#~ ion showing posi-
tion of metal atoms (M) and oxygen atoms (Q). Parameters:%3
d=2383A0b=22Ac=29354,¢=2054, a =106° v =
164°, 6 = 08°, 8 = 88°,

Spectral Assignments

Our Raman spectra for TasOy,~ and Nb;O;3—, both
in crystals and in solution, are in good agreement with
those published by Aveston and Johnson® and by
Tobias.” The crystal spectra are better resolved.
Their frequencies are listed in Table I. We observed
a weak band for TagO1*~ at 245 cm !, not found in the
previous studies. It corresponds to the 290-cm—! band
of NbsOye®—, which Tobias” also observed. The crys-
tal infrared data, obtained between 300 and 1000 cm~?,
are also given in Table I. Our frequencies for TasOy¥~

TABLE I
OBSERVED AND CALCULATED FREQUENCIES (cM~1) FOR MO8~
NbsO1g8 ~ TagO18 = -
Species Obsd Caled Obsd Caled
Raman Bands
Agg 875 879 860 862
E, 823 834 832 835
E, 730 726 740 746
E, 532 521 520 511
A 495 500 475 484
Ty 460 469 415 423
Agg 290 292 245 242
Ty 220 224 215 214
E, cee 189 el 167
Ty e 176 AN 153
Tog ce. 149 ce. 140
Infrared Bands
Ty 856 849 845 845
Ty 685 692 710 711
T 523 522 543 539
Tiu 414 420 406 411
Ty - 244 ce 203
T AN 209 - 191
Tiu e 136 ce. 134

agree with those reported by Aveston and Johnston,?
although we did not observe their weak band at 355
cm~! The infrared spectrum of NbgO1e*~ has not
been previously reported. The four bands we observe
correspond well with those found for TagOy48~.

For M¢Oy1®~ in point group On one expects seven
infrared-active vibrations, all of Ty, symmetry, and
eleven Raman-active vibrations classified as:
=3A13+4:Eg+4:T2g.
four

PRaman
For both complexes
infrared and eight Raman bands are ob-
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served. Three bands are missing in both the Raman
and infrared spectra. In niobate solution Tobias’
found that the 878- and 290-cm—! Raman bands were
polarized. We confirmed this finding and also ob-
served significant polarization for the 495-cm~! shoul-
der. These three frequencies can be assigned with
confidence to the A, modes of NbgO8~.  Similarly,
in tantalate solution, the 860-, 475-, and 245-cm~—!
Raman bands are polarized and are of A, symmetry.
The five depolarized Raman bands were assigned to
E, or T, symmetry (Table I) with the aid of the
normal-coordinate analysis (below). The mutual ex-
clusion rule is obeyed, no Raman—infrared coincidence
being observed.

Internal coordinates for MgO;,8~ are identified in
Figurel. The contributions of each internal coordinate
type to the various spectroscopically active symmetry
species are listed in Table II. As suggested by Tobias,”

TasBre II
SELECTION RULES FOR M;O,,*~ SPECIES,
Point GrROUP Oy

Internal
coordinate D " No. of modes in each symmetry class
(see Figure 1) Alg Asg Ep Tig Toy Ay Ay Ky Tin Toy

Terminal M~O,t 1 0 1 0 0 0 0 0 1 0
Bridge, M-O, b 1 1 2 1 0 0 0 2 2
Central M-0, ¢ 1 0 1 0 0 0 0 0 1 0
M-M, d 1 0 1 0 1 0 0 0 1 1
Terminal O-M-0O, 1 1 2 1 1 0 0 0 2 2
]
Bridge O-M-0,8 0 0 1 1 2 0 1 1 2 1
Total 3 1 4 3 4 0 1 1 7 4
Redundancies 2 1 4 0 1 0 0 2 2

the high-frequency A,; modes, 878 cm ™! for NbgO;¢5—
and 860 cm™! for TasO:*~, no doubt arise from the
in-phase stretching of peripheral M—-O bonds. Sym-
metric (E,) and asymmetric (T;,) out-of-phase stretch-
ing modes are also expected and are readily identified
in the spectra at 823 cm~! (Raman) and 836 cm—!
(ir) for NbgOy*~ and at 832 em~' (Raman) and 845
cm™! (ir) for TagO1®~. Below 800 cm~' we expect
to encounter stretching imodes of the bridging M-O
bonds. Stammreich, et al.,'! assigned Raman bands
at 558 and 772 cm~! to the symmetric and asymmetric
Cr—O-Cr stretches in Cr,0;2~. The middle-frequency
Ay, bands, at 495 em™! for NbOy3~ and 475 em™! for
Tas014°, are clearly assignable to the breathing mode
of the bridging oxygen atoms. Three other Raman
bands are observed for each complex between 400
and 800 cm™1! and assigned to the expected T,, and
E, (two) bridge M-O stretching modes. Similarly the
two ir bands, at about 530 and 700 ¢cm ™%, are assigned
to the two expected T, modes.

The lowest frequency A;, mode, at 290 cm~?! for
NbgO1¢8~ and 245 ecm™! for TasO14*~, must arise from
the breathing mode of the metal atoms (metal and bridge
oxygen atoms out of phase). At first we assumed that
the restoring force for this motion would be the bond
between the metal atoms and the central oxygen atom,
but the valence force constant required, about 5

{11) H. Stammreich, D. Bassi, O. Sala, and H. Siebert, Specirochin. Acla,
13, 192 (1958).
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mdyn/A, is unreasonably high and predicts a central
oxygen asymmetric mode (Ty,) above 1000 cm—!. A
reasonable force constant for this bond, about 1
mdyn/A, satisfactorily predicts the lowest observed
ir band, at 414 cm~! for NbsO,¢®~ and 406 cm—! for
TasO14°~. The predicted symmetric stretch is then
below 100 em~! so that the restoring force for the
observed A;, mode must involve primarily the cage
angles « and v and not the central oxygen. The only
feature remaining is the Raman band at 220 cm™!
for NbgOye®~ and 215 em~! for TaegO18—, and this is
assigned to terminal M—O bending. In mononuclear
transition metal oxyanions the bending modes are usu-
ally somewhat higher in frequency.!? However the
angles in these species are tetrahedral and conmnect
equivalent terminal oxygens, which is not the case
here. The six fundamentals unaccounted for are pri-
marily deformation modes and can plausibly be situated
at frequencies below the detection limits of our instru-
ments.

Normal-Coordinate Analysis

The G matrices were constructed by the method of
Wilson, ef al.,'® using Schachtschneider's program
GMAT.'* Molecular parameters, shown in the figure,
were taken from the X-ray structure determinations.
A valence force field was used to construct the F matrix.
Both G and F matrices were factored using symmetry
coordinates generated from the internal coordinates
by standard group theoretical technique.®®'®* The set
of 24 cage angles labeled « and v in the figure are
kinetically equivalent to a set of 12 metal-metal inter-
actions, d. Inasmuch as these coordinates contribute
significantly to only one observed mode, namely, the
lowest frequency A,, vibration, the metal-metal set
was chosen in order to reduce the number of redun-
dancies and also to provide a basis for comparison
with the analysis for Bis(OH),*+.** Even so the com-
plete set of internal coordinates involve several redun-
dancies, as shown in Table II.

Solution of the secular equations, with least-squares
refinement of the force constants, was carried out
using Schachtschneider’s program FPERT.!* Initial val-
ues of the principal force constants were chosen to
place the spectral features in appropriate regions using
the assignments discussed above. The only principal
force constant which could not be tied down in this
way was the one corresponding to the O-M-O angle
connecting adjacent bridging oxygens, labeled 8 in
the figure. It is expected to contribute only to low
frequencies and was arbitrarily set at a value which
calculated the missing frequencies below our detection
limits. It did not contribute significantly to the cal-
culation of any of the observed frequencies. Inter-
action constants were chosen to improve the fit of the
calculated frequencies to the observed spectrum.

(12) F. A. Cotton and R. M. Wing, Inorg. Chem., 4, 867 (1965).

(13) E. B. Wilson, J. C. Decius, and P. C. Cross, “Molecular Vibrations,”
MeGraw-Hill Book Co., Inc., New York, N. V., 1955.

(14) J. H. Schachtschneider, Technical Reports No, 231-64 and 57-65,
Shell Development Co., Emeryville, Calif.
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There are of course a large number of interaction con-
stants and also several possible permutations of E,
and T,, assignments in the Raman spectrum. We do
not claim to have examined all possibilities. However,
among a number of physically reasonable alternatives
which were tried, only the one reported here gave an
adequate fit to the observed frequencies. The force
constants selected and their adjusted values are listed
in Table III. The calculated frequencies are compared
with the observed values in Table I, while the potential
energy distributions are given in Table IV,

TABLE III
ApjusTED VALENCE FORCE CONSTANTS FOR MO8~ (MDYN/A)
NbeO1g8~  TaeO18~
Principal Force Constants
fi terminal M~-O str 5.66 6.12
v bridge M—-O str 2.92 2.94
fe central M-O str 0.91 1.30
fa M-M str 1.01 1.32
fo terminal O-M-O bend 0.21 0.21
fa bridge O-M-O bend at angle 8 0.04 0.04
Interaction Force Constants
kiteisy cis terminal str—str 0.10 0.06
Euba) bridge str—str at angle o —-0.09 —-0.19
kon(@) bridge str—str at angle 8 ~0.22 -~0.12
Bibiy) bridge str-str at angle v 0.60 0.65
ke bridge str—central str 0.20 0.34
(3] bridge str—terminal bend for 0.33 0.40

adjacent b and ¢

Discussion

The potential energy distributions show that the
internal coordinates are fairly well separated in the
normal modes and that the assignments are reasonable.
The three bands above 800 cm~! are almost pure
terminal M-O stretching. The bands between 800
and 400 cm ™! are mainly bridge M-O stretching, except
that the lower two infrared modes have large contri-
butions from central oxygen motions. The lowest fre-
quency Raman band is mostly terminal M-O deforma-
tion, while the lowest of the three A,;, modes has a
predominant contribution from the ‘“‘metal-metal”’ co-
ordinate, ¢.e., cage deformations. The six unobserved
bands, calculated at low frequency, are mixed deforma-
tion modes with some stretching contributions.

A total of 11 adjustable force constants (fs is fixed
arbitrarily) were required to obtain an adequate fit to
the 12 observed frequencies. Some of the interaction
constants are quite large, as was also found for Bie-
(OH)1.**. We feel that they simply express the in-
adequacy of a conventional valence force field for such
highly condensed complexes and attach no significance
to their values. It should be noted however that an
interaction constant between the terminal M-O
stretches is required to account for the noncoincidence
of the highest frequency A, and E; bands. The diag-
onal G matrix elements are identical for these two
modes, and mixing with other coordinates is slight,
yet they are well spread apart in frequency. Since
the terminal oxygens are spatially well separated, the
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TABLE IV
PoTENTIAL ENERGY DISTRIBUTION
Normal
mode
freq,
cm ™1 Vi® Vb Ve Vdd Ve Vas Vbe Vo8
NbgO1p2~
875 (A1)  97.0 0 0 1.8 0 0 0 0
856 (Tr)  95.8 0.9 0.9 1.0 0.5 0 0.4 0
823 (Ey) 94.0 2.6 0.4 O 1.0 0 0.4 1.1
730 (BEg) 4.8 780 0 0 3.9 0 0 13.1
685 (T1y) 2.4 72,1 1.7 0 4.6 0 4.1 15.1
532 (By) 0 115.4 0 0 8.9 0 0.5 —25.0
523 (T1) 0.7 87.9 14.6 2.8 5.5 0 7.7 —19.4
495 (Agy) 0 112.4 0 1.0 7.2 0 2.2 -23.5
480 (Tag) 0 119.9 0 6.1 12.3 0 0 —38.8
414 (T1a) 0.3 42.3 87.3 O 6.2 0 —23.5 -—12.8
290 (Ap) 2.2 8,0 150 66.9 242 0 —5.4 —12.1
244 (Tyy) 0.8 12,9 0.1 62.9 36.9 3.4 0.5 —17.8
220 (Tzg) 0 4.4 0 1.0 117.4 0 0 ~22.9
209 (T1y) 0 17,3 1.1 6.2 110.5 O —-0.7 —25.0
189 (Eg) 1.0 16.7 37.9 42.0 30.3 0 —-11.1 ~16.9
176 (Tap) 0 6.2 0 40.4 3.1 54.8 0 —4.5
149 (Tag) 0 3.6 0 46.7 1.3 50.6 0 -~2.2
136 (T1y) 0 1.2 0 2.0 2.0 96.2 0 ~1.5
Tanlgs‘
860 (A1z)  98.9 0 0 0.7 0 0 0 0
845 (Tr)  97.5 0.5 0.7 0.4 0.2 0 0.4 0.3
832 (Ey) 97.0 1.5 0.2 0 0.3 0 0.3 0.8
740 (Eg) 2.6 776 0 0 3.8 0 0.5 15.5
710 (Tw) 1.9 56.4 9.1 0 4.5 0 13.0 15.0
543 (T1) 0.2 42.2 52.6 0.7 2.4 0 0.6 1.2
520 (Eg) 0 121.6 0O 0 9.3 0 0.8 —31.8
475 (Arg) 0.3 1185 0 0.9 8.1 0 3.4 -31.4
415 (Tag) 0 128.4 0 2.8 8.4 0 0 -39.8
406 (T1u) 0 114.2 50.8 0.4 9.6 0 —40.2 —34.8
245 (Arg) 0.8 16.5 18 72.5 23.9 0 —-11.7 =20.1
215 (Tag) 0 22,3 0 1.4 144.8 0 0 —68.7
203 (T1y) 0.2 21,4 0.6 650 41.6 4.3 -—1.9 -31.8
191 (T1y) 0.1 31.3 0.2 12.0 124.9 O 0 —68.5
167 (Tag) 0 1.9 0 14.1 1.5 84.5 0 ~2.0
153 (By) 0.3 24.4 46.9 47.1 26.9 0 —-21.8 —-24.0
140 (T2 0 4.8 0 77.1 2.7 19.7 0 -4.3
134 (Tr) 0 1.2 0 3.0 1.7 95.7 0 ~1.6

¢ Vi is the normalized contribution to the potential energy
from F matrix elements of the type (1,j).

phenomenon suggests, surprisingly, transmission of
electronic effects through intervening metal and bridg-
ing oxygen atoms. The interaction constant is sub-
stantially smaller than it is for two terminal M-O
stretches on the same metal in a number of oxy—transi-
tion metal complexes.!?

The principal force constants for M-O stretching are
quite satisfactory. The terminal stretching constant
for NbeOye®~ is the same as the Mo-O stretching con-
stant in oxy complexes of the isoelectronic Mo(VI):!2
MoO4* and MO;-dien. Cotton and Wing!* have as-
signed an M~O bond order of two for these species. For
both NbgO18~ and TagO1s°~ the ratios of terminal to
bridging to central M~O stretching constants are not
farfrom 6:3:1. Thisis consistent with a simple bonding
picture in which each of the oxide ions shares four
valence electrons with its neighboring metal atoms.
Average M-O bond orders would be 2, 1, and !/; for
terminal, bridging, and central oxygen atoms, respec-
tively. These differences would be expected to be re-
flected in the M-O bond distances as well, but the oxy-
gen atoms were not accurately located in the X-ray
structure analysis. The principal bending force con-
stants are difficult to assess, but their values seem not,
unreasonable.
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We consider, finally, the ‘“‘metal-metal” force con-
stant, which, at ~1 mdyn/A, is sizable. In fact it is
slightly larger than in Bis(OH)1%*.%  For both MgOy*~
and Bis(OH)1* the set of “‘metal-metal”’ coordinates
is kinetically equivalent to the set of cage angles «
and v. In both cases the ‘“metal-metal” coordinate is
the main contributor to the lowest frequency Ay,
fundamental. However while this fundamental gives
the strongest Raman band in the Big(OH)?+ spectrum,
it gives one of the weakest for NbO;4®~ and TagO16* .
In the Wolkenstein bond polarizability theory,'* Raman
intensity for totally symmetric vibrations of isotropic
molecules arises exclusively from the stretching of
bonds; bond bending does not contribute. This as-
sumption has been tested experimentally and holds
rather well. =18 The low intensity observed for the
M, breathing mode for the MgO18~ species can be

(15) M. Wolkenstein, Dokl. Akad. Nauk SSSR, 80, 791 (1941),

(16) D. A. Long, A. H. S. Matterson, and L. A, Woodward, Proc. Roy.
Soc. (London), A224, 33 (1954).

(17) G. W. Chantry and R. A. Plane, J. Chem, Phys., 38, 1027 (1961).

((R) G. W.Chantryv and R. A. Plane, {hid., 34, 1268 (19671).
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attributed to the small admixture of bridge and central
oxygen stretching. The high intensity observed for
Bis(OH)1.%, on the other hand, suggests that metal-
metal interaction is significant.

It does not follow, however, that the ‘“metal-metal”
force constant for Big(OH)t™, 0.97 rndyn/A,Qa is a
realistic reflection of the strength of the interaction.
The present study shows that one can obtain force
constants of this magnitude without any metal-metal
interaction. The restoring force arises from the kinet-
ically equivalent set of cage deformations. No doubt
this is the case for Big(OH)s8t as well, since it seems
highly unlikely that the Bi-Bi “bond” could be as
strong as the metal-metal bonds in Re(CO)y or
Mn2(CO)yo, for which the metal-metal force constants
are 0.82 and 0.59 mdyn/A, respectively.!* These con-
siderations emphasize the primacy of Raman intensities
over vibrational frequencies in any discussion of metal-
metal bonding in polynuclear complexes with bridging
ligands.

(19) C. 0. Quicksall and T. G. Spiro, Inorg. Chem., 8, 2363 (1969).
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Nitrogen 1s Electron Binding Energies.

Correlations with Molecular Orbital Calculated Nitrogen Charges
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Nitrogen 1s electron binding energies are given for 56 nitrogen compounds.

Correlations are observed between these

measured binding energies and nitrogen atom charges calculated from either CNDO or extended Hiickel molecular orbitals.
The molecular structure of the oxyhyponitrite ion (N:0;27) and the bonding characteristics of various metal-coordinated

ligands are investigated by means of these correlations.

Introduction

Extensive studies of chemical shifts associated with
atomic core electron binding energies have been made
by Siegbahn et al,® by use of the relatively new
technique X-ray photoelectron spectroscopy. Mea-
sured binding energies have been correlated with formal
oxidation states and with fractional atomic charges
calculated by a modification of Pauling’s method. We
have recently reported preliminary results of a study
of solid nitrogen compounds by X-ray photoelectron
spectroscopy, and we have shown that the nitrogen
1s binding energies can be correlated with nitrogen
atomic charges calculated from CNDO molecular or-
bital eigenfunctions.*
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In this paper we extend the correlation of the nitro-
gen 1s binding energy data to include atomic charges
evaluated by the extended Hiickel molecular orbital
method. We use these correlations and the observed
nitrogen Is binding energies for sodium oxyhyponitrite
(NapNy;03) to establish the structure of the N,O42—
ion. In addition, we use binding energy data for
some nitrogen-containing metal-coordinated ligands to
characterize the bonding in these ligands.

Experimental Section

Mg Ko X-radiation (1253.6 eV) was used. The kinetic energy
of the photoelectrons was measured in an iron-free, double-focusing
magnetic spectrometer® shown schematically in Figure 1. The
instrumental line width, including the contribution from the
X-ray line, was about 1 eV, and the observed photoelectron lines
had widths of 1.5-2.5 eV. Photoelectrons were counted?® typi-
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