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Photolysis of matrix-isolated molybdenum hexacarbony! in the presence of dinitrogen leads to the formation of the hitherto
unknown molybdenum pentacarbonyl dinitrogen Mo(CO);sN; the product has been detected by its infrared and Raman
spectra which, with the aid of polarization measurements and isotopic variations involving "N and *CO enrichment, serve
to characterize its stoichiometry and geometry. The formation under similar conditions of the analogous species chromium
and tungsten pentacarbonyl dinitrogen has been demonstrated unequivocally by monitoring the Raman spectra of matrices
containing the corresponding hexacarbonyls in the presence of dinitrogen. Confirmation of the Cy, symmetry of the molybdenum
pentacarbonyl dinitrogen molecule, with the linear Mo—N==N unit thus implied, is provided by an analysis using a
frequency-factored force field of the infrared-active C—O stretching modes of the isotopic variants Mo(12C0),("*C0);_,N,
(x = 0-5), and an estimate of 90 % 4° for the OC,,~Mo-CO,, bond angle has been derived from the relative intensities
of the bands due to Mo(*2CO);N,. Consideration is given, insofar as the results allow, to the likely contribution made
by the N, oscillator to the force field of Mo(CO)sN; hence it is evident that some provision must be made for CO,N,
coupling if the finer details of the vibrational properties are to be interpreted.. The species M(CO);N, (M = Cr, Mo, or
W), unlike X+-»M(CO); (X = Ar or CHy,), is stable with respect to irradiation in the green region of the visible spectrum,
and a scheme has been devised for the photochemical interconversion of the three species Mo(CO)s, Mo(CO);sN,, and
X++-M(CO); in a mixed matrix composed of N, and X molecules.

1. Introduction

To the familiar binary carbonyls and the more recently
described binary dinitrogen derivatives of transition metals,
synthesized in low-temperature matrices,””’ have been added
mixed carbonyl dinitrogen species. For example, Ni(CO);N,
has been made® by photolysis of nickel tetracarbonyl in a solid
nitrogen matrix, and the complete series of molecules
Ni(CO),(N,),, (x = 1-3) later identified® in the products
formed by cocondensing nickel atoms with nitrogen/carbon
monoxide mixtures at 10 K. Such molecules are of interest
not merely because of their novelty but also because of the
light shed by their structures, vibrational properties, and
photochemistry on the bonding and reactions of the moieties
M-CO and M-N, formed by a metal M. In this paper we
describe the characterization in terms of its infrared and
Raman spectra of the molecule Mo(CO)sN, prepared by
photolysis of molybdenum hexacarbony! in matrices composed
of pure nitrogen or mixtures of nitrogen with either methane
or argon. The use of '*N-enriched N, or 3CO-enriched
Mo(CO)¢ leaves no doubt about the stoichiometry of the
product; less certain is the mode of coordination of the N,
~ molecule although all the spectroscopic information available
is compatible with a molecular model with C,, symmetry and
with a linear Mo—N==N moiety. We consider here the
vibrational force field, structure, ultraviolet/visible spectrum,
and photochemistry of the new species.

Similar both in mode of formation and in structure, it
appears, are the molecules Cr(CO)sN, and W(CO);sN,
identified by their Raman spectra following the photolysis of
either a nitrogen matrix or a methane matrix doped with
nitrogen incorporating the corresponding hexacarbonyl.
Although the carbonyl dinitrogen systems of chromium,
molybdenum, and tungsten are evidently closely related in the
spectral patterns and photochemistry which they exhibit, the

present account is concerned preeminently with the molyb-
denum system for which there is maximum common ground
between the infrared and Raman measurements carried out
for the most part independently in our two laboratories.'® The
formation and trapping in matrices of other mixed carbonyl
dinitrogen derivatives of molybdenum, which have been
characterized only by their infrared spectra, will be treated
separately in a future paper;!! elsewhere too will be found a
more detailed account of the experiments exploring the
suitability of the Raman effect for monitoring photochemical
changes of matrix-isolated metal carbonyls.!?

To the best of our knowledge, the only allusion hitherto
made to a mixed carbonyl dinitrogen derivative of the group
6 elements concerns the chromium compound Cr(CO)sN,
predicted to be thermodynamically stable on the grounds of
a theoretical study.!®* This compound has also been postulated
by Nasielski and Wyart!* as an intermediate in the photo-
chemical reactions of chromium hexacarbonyl contained in
cyclohexane solution and with an overpressure of gaseous
nitrogen. The results of flash photolysis experiments have
shown an absorption at 370 nm which has been attributed to
the transient Cr(CO)sN,; the half-life of this species varies
with the nitrogen pressure but is in the order of seconds at
room temperature. A new band has also been observed to
develop at ca. 1970 cm™ in the infrared spectrum of a cy-
clohexane solution of the hexacarbonyl held at room tem-
perature under an atmosphere of nitrogen, but only for as long
as the solution is irradiated.

2. Raman Spectra of the Matrix-Isolated Molecules
M(CO)¢ and M(CO)s (M = Cr, Mo, or W)

It has now been established beyond doubt that the photolysis
of the hexacarbonyl M(CO)s (M = Cr, Mo, or W) in an argon
or methane matrix generates the corresponding pentacarbonyl

0020-1669/78/1317-0523801.00/0 © 1978 American Chemical Society



524 Inorganic Chemistry, Vol. 17, No. 3, 1978

M(CO)..!5 This product interacts weakly with the molecules
comprising the matrix cage via the vacant sixth coordination
position and is therefore more realistically described as
X«M(CO)s (X = Ar or CH,).!® The square-pyramidal
geometry of the M(CO)s framework has been substantiated
by a detailed analysis'® of the C—O stretching region of the
infrared spectra due to the isotopic variants M('2CO),-
(3CO)s_,. The pentacarbonyl is susceptible to photolysis in
the visible region as a result of which the hexacarbonyl is
regenerated.!’

M(CO), + X — X.. -M(CO), + CO (1)
visible
X=e.g.,, Ar or CH,)
The mechanism of this intriguing process we discuss else-
where.!?

Raman spectra of a quality comparable with those of the
corresponding infrared spectra have been measured for
M(CO), molecules (M = Cr, Mo, or W) suspended in solid
methane at 20 K. Formed by pulsed deposition, the matrices
were characterized by ratios CH,:M(CO); of ca. 2000:1; under
these conditions all the Raman-active fundamentals of the
M(CO), molecules could be discerned, some of the line widths
(at half-height) being no more than 1 cm™. The most intense
features of the spectra are due to the a;, and e, fundamentals
originating predominantly in C-O stretching and M-C
stretching motions of the M(CQ)¢ molecule.!?

Ultraviolet photolysis of the matrix for ca. 2 min, followed
by examination of the Raman scattering excited by laser
radiation at 514.5 nm, revealed only one new feature in the
region of the spectrum associated with C-O stretching modes;
invariably of low intensity, this appeared at 2002.7 + 0.5 cm™!
for M = Mo. The frequency is to be compared with the value
of 2001.5 cm™ calculated’® on the basis of a Cotton—Krai-
hanzel force field for the b; C-O stretching fundamental of
Mo(CO); (isolated in methane), a mode which is inactive in
infrared absorption but likely to give rise to more intense
Raman scattering than any other mode involving C-O
stretching.!® The agreement between calculated and observed
frequencies, though close, is noticeably worse than that
achieved with the infrared-active C-O stretching fundamentals
of the molecules Mo(12CO),(13CO)s_, (x = 0-5).1° Evidently
Raman-active fundamentals of species like Mo(CO)s and
Mo(CO)¢ are accommodated less precisely than the infra-
red-active fundamentals by the approximations of the fre-
quency-factored force field; the reasons for this fall outside
the scope of the present paper.” We find evidence in our
Raman experiments, then, for the production of Mo(CO)s,
but only in poor yield. By contrast, the experience of infrared
measurements'>!7 testifies to the formation in relatively high
yield of the pentacarbonyl following only brief exposure to
ultraviolet radiation of the matrix-isolated hexacarbonyl. To
explain the outcome of the Raman experiments we are bound
to conclude that the laser radiation used to excite light
scattering from the matrix induces the reversal of reaction 1,
with the regeneration of the hexacarbonyl. That, despite this,
some residual pentacarbonyl persists in the matrix is then
consistent with the assumption that, for a proportion of the
M(CO); fragments, the photoejected CO molecule has become
so remote as to prevent recombination.?!

Support for the proposed sequence of events derives (i) from
visual examination of the matrix following photolysis with
ultraviolet radiation and (ii) from a closer scrutiny of the way
in which the Raman scattering due to the matrix-isolated
hexacarbonyl molecule changes with photolysis. First, after
irradiation with unfiltered ultraviolet light, the matrix is seen
to assume a uniform yellow coloration characteristic of the
species CH M (CO)s,'® whereas exposure to the laser beam
(with XA 514.5 nm) used to excite the Raman scattering brings
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Figure 1. Raman spectrum of Mo(CO)g isolated in a CH4 matrix
at 20 K, showing the effects of UV photolysis in the vicinity of the
eg C-O stretching fundamental. The traces refer to the following
conditions: (a) prior to photolysis; (b) after UV photolysis for 1.5
min; (c) after UV photolysis for a further 1.5 min.

about localized bleaching of the matrix. Second, we remark
that the Raman spectrum of the matrix-isolated hexacarbonyl
exhibits, prior to ultraviolet photolysis, a band corresponding
to the e, C-O stretching fundamental which is clearly split
into two components separated by ca. 3 cm™ (see Figure 1).
A similar effect has been noted previously for the infrared-
active t;, C-O stretching mode,!” and studies of alternate
ultraviolet and visible photolysis steps have shown that, whereas
ultraviolet radiation tends to destroy both components of the
doublet, the lower frequency component (more intense of the
two following deposition) is preferentially regenerated by
visible photolysis. With due allowance for the reversal of eq
1 by the radiation used to excite the Raman spectra, we
encounter analogous behavior in the Raman experiment; as
Figure 1 depicts, the scattering due to the e, mode excited by
laser radiation at 514.5 nm witnesses with progressive ul-
traviolet photolysis an enhancement in the intensity of the
component at 2018 cm™ relative to that at 2021 cm™'. That
a very similar splitting is exhibited by an infrared band due
to an a; mode of the species Mo(2CO)s(*CO) argues against
a distortion of the hexacarbonyl molecule impressed by the
matrix cage or a reduction in its site symmetry.?>?* By
elimination we are left to conclude that, on deposition, the
hexacarbonyl molecules find themselves in two different
trapping sites.

The possibility of photochemical reactions induced within
a matrix by the exciting radiation is one factor tending to
restrict the usefulness of the Raman effect for monitoring the
progress of photolysis reactions and for characterizing po-
tentially photosensitive species. Other factors include ab-
sorption of the exciting radiation to induce local annealing of
the matrix and the vulnerability of the Raman effect to the
optical quality of the matrix which is apt to deteriorate with
photolysis. Despite the success initially claimed for the ex-
ploitation of the Raman effect to characterize a number of
matrix-isolated metal carbonyls,»?* the photosensitivity to
visible light characteristic of binary carbonyls—and partic-
ularly of unsaturated carbonyl fragments like Fe(CO),>—is
likely to handicap attempts to measure their Raman scattering.
Evidence has been found, nevertheless, for a product which
is photolytically stable to green light when a hexacarbonyl
M(CQO)s (M = Cr, Mo, or W) is subjected to ultraviolet
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Table I. New Spectral Features in the Region 1900-2300 cm™! Arising after UV Photolysis of Mo(CO), Trapped in a

Nitrogen Matrix at 20 K

Property Frequencies, cm™!
Ir absorption 2253.3% w 2092.8% w 1978.2% vs 1964.4% m
Raman scattering _ 2253.4°m 2092.3 m 2012.2s 1962.9 m
State of polarization p p b P
of Raman lines
Assignment:© mode v(N-N) W C-0) v(C~-0) v(C-0) v(C-0)
Symmetry class a, - a, b, e a,

¢ Average frequency for a band split into two or more components. b Overlap with the e

C-0 stretching fundamental of Mo(CO), pre-

cludes any proper assessment of the state of polarization of this feature. € Based on an Mo(gCO)sN2 molecule having C,, symmetry. ¢ Key:

s, strong; m, medium; w, weak; v, very; p, polarized,

irradiation in the presence of a potential ligand capable of
reestablishing kinetic and/or thermodynamic saturation of the
central atom.!? Such a ligand is dinitrogen, and the findings
of our experiments in which a matrix-isolated hexacarbonyl
is photolyzed in the presence of dinitrogen are described in
the next section. It is noteworthy, however, that the Raman
experiment gives particularly clear-cut information about the
carbony! dinitrogen product which survives the action of lasér
irradiation at 514.5 nm, whereas lower carbonyls like M(CO)s,
also formed by ultraviolet photolysis, are selectively destroyed.
By contrast, the infrared experiment reveals the presence of
both lower carbonyls and saturated carbonyl dinitrogen de-
rivatives unless production of the former is suppressed by the
use of a nitrogen-rich matrix.

3. Photoproduction of the Species M(CO)sN, (M = Cr,
Mo, or W) in Pure N, Matrices and in Mixed
N,/Ar and N,/CH, Matrices

When molybdenum hexacarbonyl isolated in a solid nitrogen
matrix at 20 K is photolyzed with ultraviolet radiation (A
~314 nm), the infrared and Raman bands due to the parent
molecule decrease in intensity with the:simultaneous ap-
pearance and growth of new spectral features (see Figure 2).
Investigation of the growth and decay of band intensities leaves
no doubt that all the prominent bands which develop with
photolysis in the infrared and Raman spectra of the matrices
are. associated with a single molecular product. Some very
much weaker bands which also appear in infrared absorption
on photolysis of the sample can be eliminated by using very
dilute matrices, e.g., with N;:Mo(CO)¢ ~ 10000:1, and are
therefore assigned to polymeric species. The frequencies,
intensities, and polarization properties of the new features
observed in the region 1900-2300 ¢m™ are summarized in
Table I. : :

Similar results were found when the hexacarbonyl is
photolyzed in mixed nitrogen/argon or nitrogen/methane
matrices, with matrix gas:Mo(CO); ratios of 2000-3000:1.
For example, the Raman spectra displayed after photolysis
by a nitrogen/methane matrix (N,:CH, = 1:10-200) re-
sembled closely that of a solid nitrogen matrix. That, in a
given photolysis time, the product was typically formed in
higher yield in solid methane thus doped with nitrogen than
in pure nitrogen matrices is possibly a function of the superior
optical quality which characterized methane matrices; certain
it is that the optimum spectroscopic results were secured with
methane-rich rather than with solid nitrogen matrices. The
Raman scattering of nitrogen/methane matrices has also been
turned to advantage to monitor the photolysis of chromium
and tungsten hexacarbonyls. The frequencies, intensities, and
polarization properties of the Raman lines attributed in each
case to the photolysis product are listed, together with their
likely assignments, in Table II. Whereas the Raman spectra
of nitrogen-containing matrices gave no hint of the penta-
carbonyl M(CO)s, infrared absorptions due to Mo(CQ); were
clearly in evidence when Mo(CO)¢ suspended in a nitro-
gen/argon or nitrogen/methane mixture was submitted to

(a)

egg
i b Raman
2 1
£ H
E’ v(N=N} 8 H
3 -
»
a1l L B
hJ o
2300 i i i 1800 om~!
| o)
1
5 co
= v{N—N} aq
5 Infrared
@
=]
<
e

(b)

Figure 2. Effects of UV photolysis on Mo(CQ); isolated in solid N,
as witnessed in the spectral region 1900-2300 cm™ (a) by the Raman
spectrum and (b) by the infrared spectrum of the matrix: (---) features
due to Mo(CO)g; (—) features which develop on photolysis and which
are attributed to Mo(CO)sN,.

ultraviolet irradiation. Indeed it was necessary to use ni-
trogen-rich matrices for the infrared experiments in order to
bring about adequate buildup of the absorptions due to the
new photolysis product. Accordingly the photosensitivity of
the species X+Mo(CO); (X = matrix molecule) discussed in
the preceding section has a profound effect on the efficiency
of photoproduction of the new species and on the conduct of
the infrared and Raman experiments.

In previous investigations of matrix-isolated dinitrogen and
carbonyl complexes, vibrational fundamentals with frequencies
less than 1000 cm™ have eluded detection more often than not.
Such transitions tend to be intrinsically less intense, notably
in infrared absorption, than the transitions largely internal to

-the CO and N, ligands, a condition difficult to reconcile with

the low concentrations of matrix-isolated species demanded
by efficient isolation. Doubtless, too, some of the transitions
are located at frequencies inaccessible to the particular
spectrometer used. The paucity of data makes it all the more
remarkable that the Raman spectrum we have measured for
each of the products formed by photolysis of the hexacarbonyls
M(CO)¢ (M = Cr, Mo, or W) in the presence of dinitrogen
contains, at frequencies below 500 cm™, no less than three
weak but quite well-defined lines (see Table II).

The feature at highest frequency exhibited by each of the
photoproducts formed from the hexacarbonyls M{CO)¢ (M
= Cr, Mo, or W) occurs in the region associated with the
stretching of coordinated dinitrogen.?® When *Nj is used in
place of "N, the band is reduced in frequency by 73 em™
for the molybdenum compound and by 67 cm™ for the
tungsten compound (compared with a shift of ca. 76 cm™ to
be expected for an isolated N unit), confirming that it arises
from what is substantially an N-N stretching mode. The
origin in C-O stretching modes of the other bands at fre-
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quencies exceeding 1900 cm™ is suggested by their frequencies
and confirmed by the effects of *CO enrichment. Of the three
lines located in the region 250-500 ¢cm™ in the Raman
spectrum of each photoproduct, the two highest in frequency
are strongly polarized (with depolarization ratios <0.1) and
insensitive (within experimental error) to the substitution of
BN, for '*N,. In keeping with the behavior of related
molecules,'’ these findings imply that the lines in question
originate in totally symmetric M—C stretching modes of the
metal carbonyl fragment. It proved difficult to assess the state
of polarization of the line lowest in frequency, which is also
the weakest of the three, although under optimum conditions
(realized with the chromium derivative) it appeared to be
strongly polarized. There could be no doubt, however, that
the line is reduced in frequency by 6~9 cm™ when '’Nj replaces
“N, in the matrix. Either the M—N stretching or the
M-—N==N bending mode of a metal-dinitrogen moiety would
show this sort of response to N, substitution,?’ but, unless
the axial symmetry of the M—N==N unit is not maintained,
only the M-N stretching mode is capable of generating a
polarized Raman line.

Two other aspects presented by the new bands merit at-
tention. First, the intense Raman line due to the new mo-
lybdenum compound near 2010 cm™ appears to be without
a counterpart in the infrared spectrum, whereas the reverse
applies to the feature near 1980 c¢m™, which is intense in
infrared absorption but goes undetected in Raman scattering.
Second, according to the measured depolarization ratios of the
Raman lines due to this compound isolated in solid methane
doped with nitrogen, the features in the region 1900-2300 cm™
differ from those at lower frequencies in that none of them
is strongly polarized, although the lines near 2250, 2090, and
1960 cm™" exhibit ratios of 0.26, 0.56, and 0.71, respectively,
consistent with their origin in totally symmetric fundamentals.
We have been able to measure these ratios with some con-
fidence, with error limits £0.05, since the scattering arising
from the unchanged hexacarbonyl provided an internal ref-
erence, affording a means of assessing, and correcting for, the
extraneous effects of matrix birefringence and internal re-
flection. With methane matrices, these effects caused the
Raman lines due to the hexacarbonyl remaining in the matrix
to exhibit depolarization ratios apparently exceeding the values
appropriate to an ideal fluid by no more than 0.02-0.09. Since
we have checked, moreover, that the measured depolarization
ratios are not significantly affected by variations in the angle
of incidence of the exciting radiation falling on the matrix,
it seems reasonable to suppose that the polarization properties
relate to molecules randomly and not specifically oriented
within the matrix.

The C~O stretching region of the infrared spectrum presents
for the molybdenum photoproduct an overall spectral pattern
strongly reminiscent of that characterizing the species
X--Mo(CO); in a matrix of X molecules (where X is methane
or a noble gas),’”® although no bands attributable to
X--Mo(CO); were observed in these experiments in the ab-
sence of appreciable concentrations of X. Taken with the other
spectroscopic evidence and with the circumstances of the
photolysis experiment, this analogy leads us to identify the
photoproduct as the molecule Mo(CQO);N, which we tenta-
tively assign to the Cy, point group. Assignments consistent
with such a molecule, set out in Tables I and 11, account for
all the new infrared and Raman bands observed to develop
with photolysis. Of the C-O stretching fundamentals we note
that, as in the structurally related molecules Mo(CO)sPX; (X
= H, Cl, Et, Ph, OMe, or OPh),”® and presumably
X+«Mo(CO)s, the b; mode is the most intense in Raman
scattering, while being inactive in infrared absorption; on the
other hand, the corresponding ¢ mode gives rise to strong

55 E

Intensity,®
state of
polarization
m’
m
SC

ISNISN
2160.4
2083.1
2003.8
1960.5
451.8
426.4
285.6

W(CO),N,

LISy
2193.0

1NN
2226.9

2089.2
2003.9
s, strong; m, medium; w, weak; v, very; p, polarized.

m, p
<€
m,
w,
W,
VW
1. @Key:

state of
polarization

Intensity,®
C-O stretching fundamental of unchanged M(CO), molecules precludes any

1 SNISN
2176.2
2089.2
2010.1

Mo(CO). N,

Cr, Mo, or W) Isolated in CH, Matrices Doped with N,
l4Nl SN
2212.6

l4Nl4N

2247.5

2091.3

2009.8

(1976.1)
1958.5

436.0

397.2

279.3

¢ Probably depolarized but overlap with the g

m, p
m,

SC

m, p

W, p

w’ p

vw, p

ly in infrared absorption; frequency error limits 0.2 ¢cm

Intensity,®
state of
polarization

ISNISN

2170.2
2084.1
2009.8
1960.1
456.5
393.6
300.6

4 Observed on

Cr(CO),N,

14N15N
2205.8
b Trequency error limits +0.4 cm™" .

1aN14N
2240.6
2086.8
2009.5
1959.5
456.0
393.6
307.7

class
dl
a
bl
e
dl
a
a
a'l

Frequencies (in cm™') and Assignments of Raman Lines due to M(CO) N, Molecules (M
Assignment

scription of Symmetry

Approx de-
fundamental

@ I'requency error limits +1.0 cm™.
proper assessment of the state of polarization of this feature.

Table I1.



Matrix-Isolated M(CO)sN,

“N Nwieo,
W0,

"N, W(CO),

Scattering

1

2250 2200 2150
Froguemcy, cm™'

Figure 3. N-N stretching region of the Raman spectrum exhibited

after UV photolysis of W(CO)e in a CH, matrix doped with N, having .

the approximate isotopic composition N ¥NTN:I’N, = 4:4:1,

infrared absorption but is too weak to be detected (although
formally allowed) in the Raman spectrum.

Proof of the stoichiometry and symmetry of the new species
relies (i) on a demonstration that it contains but a single
M-—N=N moiety presumed to be linear and (ii) on the
infrared absorptions due to all possible combinations of *2CO-
and !*)CO-substituted products derived from Mo(CO),,
analysis of which establishes the C,, geometry of the Mo(CO)s
part of the molecule.

(i) That the new species contains only one molecule of
coordinated dinitrogen is shown by the use of a methane matrix
containing *N-enriched dinitrogen. Thus Figure 3 shows the
Raman spectrum after photolysis of W(CO), trapped in a
methane matrix doped with dinitrogen (W(CO)¢N,:CH, =
1:100:2000), the isotopic composition of the dinitrogen
4N “NN:1I5N, being approximately 4:4:1. The 4:4:1 pattern
arising from the Raman line of the photoproduct highest in
frequency is palpable proof, not only of the origin of the line
in the N—-N stretching mode but also of the presence of a single
coordinated N, molecule. Photolysis of Mo(CO)g in the
presence of *N-enriched dinitrogen affords in both the infrared
and Raman spectra of the product results similar to those
found for the tungsten analogue, although the Raman scat-
tering due to isolated "N, molecules obscures the N-N
stretching mode of the species Mo(CO);s"*N,. Concerning the
mode of coordination of the N, ligand, however, these findings
are inconclusive. “End-on” coordination of the N, with a
linear M—N==N unit (1) implies a difference in energy for

N
v—||
M—N=N N
1 2
14 15
R N N
aman 15 14 15 14 15 . 14
scattering N2 N N Ny N2 N2
frequency

the N—N stretching vibrations of M—*N="N and M—
I’N==!“N, as elegantly demonstrated® in the infrared spectrum
of RhNj,; with “side-on” coordination of N, and a triangular
skeleton (2), this distinction disappears to give only one N-N
stretching vibration for the species M(**N'**N). The Raman
scattering associated with this mode of the photoproducts
derived from Mo(CO)¢ and W(CO); in the presence of “N°N
is in each case no more than a single line not perceptibly
broader than the components due to the products containing
1N, or *N,. Accordingly we are not in a position at this stage
to decide whether the M—N==N unit is linear and the energy
difference between the two ““N—!°N stretching vibrations too
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small to. be detected or whether the MN, unit assumes a
triangular structure. '

Of the Raman scattering exhibited at low frequencies, the
weak line near 300 cm™ is judged by its response to ’N,/1N,
interchange and by its depolarization ratio (at least, in the case
of the chromium compound) to approximate to the M—N
stretching fundamental of the new species. Here too there is,
in principle, the possibility of distinguishing the mode of
coordination of the N, molecule, depending on whether the
unsymmetrically labeled ligand “N'*N gives rise to one or two
M-N stretching modes; a highly plausible demonstration of
this strategy is afforded, for example, by the Fe—O stretching
region in the resonance Raman spectrum of oxyhemerythrin.?
Although the scattering near 300 cm™! exhibits a '“N,/"*N,
isotopic shift of 6.6-8.4.¢cm™, its width at half-height was
typically at least 7 em™, and with the chromium compound
there were also-signs of a doublet structure even with iso-
topically pure components. In these circumstances it was
scarcely feasible to evaluate properly the effect of using di-
nitrogen mixtures relatively rich in "*NSN. On the other hand,
we remark that the a;, M—C stretching mode of an M(CO),
molecule (M = Cr, Mo, or W) appears to vary in frequency
in direct proportion to 1/mcg"/?, where mcq is the total mass
of the CO ligand.®® With its implication that the CO group
functions as an essentially rigid unit, at least with respect to
M-C stretching, this observation tends seriously to weaken
the practical impact of measurements involving isotopically
unsymmetrical ligands like *N'*N, making it all the more
striking that the frequency of the feature associated with Fe-O
stretching in the resonance Raman spectrum of oxyheme-
rythrin?® should -appear on 80 substitution to be sensitive
primarily to the mass of the substituent directly linked to the
metal atom, .

(ii) To prove that the carbonyl part of the molecule contains
five carbonyl groups and conforms to C4, symmetry we have
recourse to an analysis of the infrared-active C-O stretching
modes of all the species Mo(!2C0),(!*CO),., N, (x = 0-y);
the details of this analysis are treated in the next section. It
may be noted, however, that establishment of C4, symmetry
for the M(CO); part of the molecule implies, even if it does
not strictly require, a linear rather than a triangular MN, unit,
Indeed, no compelling evidence has been presented to date to
suggest that any of the mononuclear metal complexes of
dinitrogen characterized by matrix isolation possess triangular
MN, units; even the claim that such a unit exists in the species
alleged to be CoN, has been informed by second thoughts.*!

4. Analysis of Infrared-Active C-O Stretching Modes of
the Photoproduct Formed by Mo(CO),

There is now a well-established procedure?®? for the analysis
of the vibrational frequencies and relative intensities of the
infrared absorptions due to the C-O stretching modes of a set
of isotopic molecules M('2C0),(**CO),., to elucidate the value
of y and the symmetry of the binary carbonyl M(CO),, as well
as to give quantitative estimates of bond angles not constrained
by the molecular point group. To extend these studies, and
in particular related analyses of the pentacarbonyls M(CO);
(M = Cr, Mo, or W)," to the case of Mo(CO)sN, requires
an understanding of the likely influence of the N, unit on both
the force field analysis and the relative band intensities
calculated for the C-O stretching modes of the molecule.
Since the free ligand has a reduced mass, force constant, and
electronic structure comparable to those of CO, we may expect
N, to behave in many ways like a carbonyl ligand, albeit with
distinctive properties.

Photolysis of '*CO-enriched Mo(CO)¢ trapped in solid
nitrogen produces a very complex set of bands in the region
1900-2300 cm™! associated with the products Mo('2CO),-
(1*CO),_,N,, the details being summarized in Table ITI. If
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Table III. Observed and Calculated C-O Stretching Frequencies
(in cm™) for Mo(CO)N, Isolated in an N, Matrix at 20K

__Fr_eﬂe_r’l_c)_'-_ Sym- Point
Obsd® Caled metry Isotopic molecule group
2092.8¢ 2092.6  a, Mo(**CO);(N,) C.u
2012.2% - 20111 b,

1978.2¢ 19782 e

1964.4¢ 1965.0  a,

n 2089.2  a, Mo('2C0),(*CO)YN,) C,y
i 2011.1 b,

1978.2¢ 19782 e

n 19243 g,

2085.0 20849 4 Mo('*C0),(**CO)(N,) C;
n 2004.7 a'

1978.2¢ 1978.2 a”

1965.7 1966.0 &

n 1946.6  a’

2081.7 2081.2 a' Mo(*2C0),(**C0O),(N,) C;
n 2004.6 &

1978.2¢ 1978.2 a"

1949.4 1949.3 2’

1922.2 19229 &

2076.5 2077.0 a, Mo(**CO),(**CO),(N,) C,,
n 1986.2 g, :

1978.2¢ 1978.2 b,

1959.8 1959.9 g,

1933.8 1934.1 b,

2075.4 2075.6 & Mo(*2CO),(**C0O),(N,) C;
2000.0 1999.9  a”

1966.7 1966.9 4’

1948.1 1948.1 a

1944.8 19449 2’ )
2072.6 2873.1 a, Mo(2C0),(**CO),(N,) C,y
n 1983.5 a,

1978.2¢ 19782 b,

1933.8 1934.1 b,

n 19225  a

2070.6 20715 & Mo(**C0O),(**C0O),;(N,) C;
2000.0 1999.9 a”

1953.5 19531  a

1944.8 19449 a”

1921.5 19219 4

2065.4 2065.7 a Mo(*2C0),(**CO),(N,) C;
n 1984.5 a’

1959.8 1960.1 a'

1947.0 1946.3 a'

1933.8 1934.1  a"”

2060.4 2861.0 a Mo(*?CO)(**CO).(N,) C;
n 1982.5 &

n 1947.4 o

1933.8 1934.1  a"”

1921.5 1921.6 4

2052.5 2052.3 a, Mo(*?CO)(**CO),(N,) C,y
19503 19550 o

1959. 1 . a,

1933.8 19341 e

2045.5 2845.2 a, Mo(**CO),(N,) C.u
i 1966. b,

1933.8 1934.1 e

1920.6 1921.2

% Averaged frequency for band exhibiting multiplet structure.
Attempts to eliminate this splitting by annealing the matrix were
found to be counterproductive. ? Infrared inactive; observed
only in Raman scattering. € Key: i, infrared inactive; n, not
observed. :

i

the presence of the N, unit is simply ignored and the fre-
quencies in the C-O stretching region are treated as arising
purely via vibrations of the M(CO), fragment, these isotopic
results are readily accommodated®® assuming that y = 5 and
using the frequency-factored force field of 3 with the methods
developed previously.!* The standard deviation between
observed and calculated frequencies is 0.33 cm™ for the force
constants given in Table IV. Such excellent agreement is
typical of the results obtained using this approach. An im-
portant check on the method is also provided by comparing
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No N
frans
Keo,c0 ois 2 Mw
) ANN,co®
cis

kCO,CO trans

.4
NN,CO
& ax,8q P kCO,eq

co,Co €O,ax

3 4

the frequency of 2012.2 £ 0.4 cm™! observed for the Ra-
man-active (infrared-inactive) b, vibration of Mo(}2CO)sN,
with the value of 2011.1 cm™ predicted using the force field
defined by the infrared-active modes. Again the agreement
is highly satisfactory. In addition, the isotopic intensity pattern
is well matched by the C,, model and is very different from
that expected for a trigonal-bipyramidal geometry.

As we show elsewhere,?* leaving the N, ligand out of the
vibrational problem in this way is expected to accommodate
well the observed frequencies but in terms of force constants
and eigenvectors which do not accurately represent the
coupling between the various internal coordinates. This is
important when we consider infrared intensities, the inter-
pretation of which is complicated by the inclusion of the N,
oscillator in the frequency-factored force field. 4 shows that
there are, in addition to a diagonal NN stretching force
constant, two interaction force constants linking the NN unit
to axial and equatorial CO groups. Experimentally, however,
the facts are as follows.

(i) Only the high-frequency a; vibration of the Mo(CO)s
unit shows a (small) shift in frequency—being reduced by 2.6
cm™'—when °N, is substituted for *N,, thereby vouching for
vibrational mixing between the CO and N, groups.

(i1) The N-N stretching mode suffers no change of fre-
quency when the carbonyl part of the molecule undergoes
isotopic change, although a small shift would be difficult to
detect in view of the weakness and multiplet character of this
absorption for nitrogen matrices and its diffuseness for mixed
matrices.

These findings, combined with the measurements of the
1N, /PN, frequency shift, provide us with enough information
to determine only two of the vibrational parameters involving
the N, group, namely, the diagonal stretching force constant
and one interaction force constant. In an earlier determination®
of the force field of Ni{(CO);N, by Kiindig, Moskovits, and
Ozin, 2C1%Q/12C'30 isotopic shifts arising from the carbonyl
part of the molecule were observed together with the N,/N,
isotopic shift exhibited by the band associated predominantly
with the N-N stretching mode. However, since no nitrogen
isotopic effects were observed in the C-O stretching region
and likewise no oxygen isotopic effects in the N—N stretching
region, the coupling between the two sorts of ligand was
necessarily undetermined. By way of contrast, Rest® had
previously observed a decrease of 2 cm™ in the frequency of
the a; C-O stretching fundamental of the same molecule when
5N, replaces '*N,. Perhaps the relatively broad bands as-
sociated with the product formed by cocondensation of metal
atoms with the potential reagents—the method favored by
Kiindig, Moskovits, and Ozin—had the effect of obscuring a
frequency shift of this magnitude.

As an approximation (and we emphasize that in our case
it can be only an approximation), we draw on the vibrational
solution for the carbonyl part of the molecule, noting that the
high-frequency a; vibration is located predominantly in the
equatorial plane of the molecule, whereas the low-frequency
a, mode is located mainly in the axial CO ligand. Thus the
NN,CO cis interaction force constant may well be susceptible
to estimation by reference to the shift induced in the high-
frequency a; vibration of the M(CO)s moiety by the isotopic
switch of N, for "N,, thereby giving some idea of the
coupling between the N, and CO oscillators. The results of
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Table IV. A Summary of the CO and NN Frequency-Factored Force Constants (N m™!) of Mo(CO),N,

Rms
Model® error/em™  Kcoax - kcoeq  kcoco®™®? kcoco®™ kcoco™™™  knn knngeo®™® knngco'?®
1 0.40 1519.92 1621.66 38.12 31.63 59.1
2 0.33 1578 1636 30.28 28.60 55.72
3 0.36 1597.06 1633.67 41.18 26.04 53.51, 2076.84 23.89 0.0
4 0.38 1591.04 1634.92 38.34 27.14 54.40 2078.39 16.08 29.78
N 0.37 1590.96 - 1635.62 36.35 27.76 55.00 2074.85 11.30 53.65

4 1, Mo(CO), (from ref 15). 2, Mo(CO),N,, ignoring N, oscillator.
allowed to vary.

such a calculation where we have refined the frequencies of
Mo(12CO);!*N,, Mo(}2CO),!°N,, and one of the 3CO-sub-
stituted molecules®® are shown in Table IV.. The root mean
square deviations between the observed and calculated fre-
quencies are again small with the assumption of a cis CO,NN
interaction force constant comparable in magnitude with, if
a little smaller than, the CO,CO interaction force constants.
Allowing the trans CO,NN interaction force constant to vary
leads, on the other hand, to very different results (sets 4 and
5 of Table IV) depending upon the initial parameters of the
refinement process. Hence a clear demonstration is provided
that this force constant is just not well defined by the spec-
troscopic data.

The interaction constant kxn co linking the N, and CO parts
of the molecule contains contributions from two different
effects. Firstly, the CO and N, internal modes may be vi-
brationally coupled, leading to a “dilution” of N-N stretching
character in the vibration associated predominantly with that
motion. On substitution of *N, for *N,, the isotopic shift
then falls short of what it would have been had the mode
originated exclusively in N-N stretching. Secondly, even in
the absence of such coupling, the ratio »2(**N,) /»*('°N,) may
not be exactly reproduced by the inverse ratio of the masses
of the N, groups; for this particular substitution, we have
shown elsewhere®® that anharmonicity is the only factor
contributing to the breakdown of the frequency-factored force
field, and the interaction constant is then a suitable means of
absorbing some of this error. The first effect is probably the
more important here, and, according to the spectroscopic data
available, the interaction force constant can be estimated on
the basis of either (i) the defect in the 1N, /!*N, isotopic shift
alone (as in the analysis of Ni(CO);N, by Kiindig, Moskovits,
and Ozin®) or (ii) this defect p/us the observed shifts in the
high-frequency C-O stretching region (as.in this work).

Additional information about the force field appropriate to
the high-frequency fundamentals of the molecule Mo(CO)sN,
is to be gained from the polarization properties of the Raman
scattering in the region 1900~2300 cm™'. Calculations along
the lines described by Bigorgne®® lead us to expect, in the event
of minimal coupling between the N, and CO oscillators, that
the two a; modes corresponding to »(N-N) and the higher in
frequency of the »(C-O) vibrations should give rise to strongly
polarized Raman lines (i.e., each with a depolarization ratio,
p <0.1), whereas the lower in frequency of the two a; »(C-0)
modes should give rise to a Raman line that is virtually de-
polarized (p = 3/4). Such a pattern complies, for example,
with the Raman spectrum measured for Mn(CO);Br.3” On
the other hand, the depolarization ratios measured for the three
a; modes of Mo(CO)sN, [»(IN-N), p = 0.26; »(C-0), p = 0.56
and 0.71, in order of decreasing frequency] are manifestly at
odds with these expectations, and so it would appear that the
premise of minimal interaction between the CO and N, os-
cillators cannot be sustained. With allowance for NN,CO
interaction, employing for example model 3 of the approximate
analysis we have described (see Table I'V), it is possible to use
Bigorgne’s approach? to calculate any one of the depolari-
zation ratios of the thyee Raman lines due to the high-fre-
quency a; fundamentals given the depolarization ratios of the

3, Mo(CO);N,, knn,cot™™5 = 0. 4,5, Mo(CO);N,, knn, oo™

other two lines. Hence we calculate a value of p = 0.60 =
0.07 for the lower in frequency of the two a; C—O stretching
modes assuming p = 0.26 and 0.56 for the two lines at higher
frequency. In view of the experimental errors and approxi-
mations involved, this compares satisfactorily with the
measured value of 0.71 £ 0.05, thereby providing further
vindication of the self-consistency of the approximate fre-
quency-factored force field.

In summary, we draw the following conclusions. (i) An
excellent fit is obtained for the frequencies of *CO-substituted
versions of the photoproduct derived from molybdenum
hexacarbonyl on the basis of a square-pyramidal Mo(CO);
unit, consistent with our assignment of the new species to a
pseudooctahedral molecule Mo(CO)sN, belonging to the Cy,
point group. (ii) The part of the force field containing NN,CO
interactions is underdetermined but an approximation is
possible. The significance of this becomes clearer in the next
section where we discuss the use of these results, in conjunction
with the relative intensities measured for the infrared ab-
sorptions, to determine the angle subtended by the axial and
equatorial carbonyl groups in the new molecule.

5. Determination of the Bond Angle OC,,~-Mo-CO,, in the
Molecule Mo(CO)sN,

The intensity of an infrared absorption band is proportional
to the following sum over thie vectorial contributions in the
molecule-fixed directions x, y, and z:

J«| T =3L.U (a—“i : @)
g=x,v,z i J th i aRj

Here ou,/dR; is the dipole moment derivative at equilibrium
in the gth direction with respect to the jth internal coordinate
R;. The interral coordinates (R) are related to symmetry
coordinates (S) by R = U"'S and the symmetry coordinates
(8) are related in turn to the normal coordinates (Q) by the
eigenvectors S = L-Q. When considering the relative intensities
of the infrared bands in the carbonyl stretching region of metal
carbonyls, it is frequently a good approximation to ignore
coupling between the CO internal coordinates and other in-
ternal coordinates, though strictly the analysis refers to the
M-—C=0 unit as a whole.’> We employ then the approxi-
mation of a localized dipole moment derivative, assuming that
the derivative (4W'coa #'coeqy and p'nn) lies parallel to the
M—C=0 or M—N==N Vector and that the force field is well
represented by the frequency-factored model. The errors and
approximations of this strategy are discussed elsewhere; >3
suffice it to say that for metal carbonyl fragments such
methods appear to give realistic structural parameters. In the
present context, however, we wish to investigate the influence
of the N, group on the calculation.

For this system we use the model 5 and define the symmetry
and internal coordinates as in Chart I. Because S, corresponds
to a unique mode, Ly, is equal to pco!/? (since L-L = G, the
Wilson G matrix), and it follows that the intensity of the
associated infrared absorption is given by

I(e) o 4“00“'00.eq Sin2 7} (3)
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Table V. Geometry of Mo(CO),N, as Deduced from the Intensities of the High-Frequency Infrared Absorptions

Solu- OC,x-Mo-Coeq
System tion® B NN/ COeq M COax/H'COeq bond angle, 6° Comments
Mo(CO), 1 1.163 90.94 CO oscillators
in phase
0.935 107.42 CO oscillators
out of phase
Mo(CO)N,, 2 1.118 85.65 CO oscillators
carbonyl part of in phase
molecule only 0.763 111.69 CO oscillators
out of phase
Mo(CO)N,, 3 0.355 1.092 88.05 CO oscillators
with inclusion of in phase; CO/NN
the N, oscillator in phase
0.421 1.069 91.68 CO oscillators
in phase; CO/NN
out of phase
4 0.244 0.939 87.32 CO oscillators
in phase; CO/NN
in phase
0.415 0.883 90.27 CO oscillators

in phase; CO/NN
out of phase

% See text in conjunction with the appropriate force field as defined in Table IV.

Chart I
N2 f
co, €o.4 RCO,sq
C0,3 Co,2
8
€0 eo, ax
5
Symmetry class
S, =RNN
a, S,=1/,(ZR CO,eq)
S =RCO.a.X
€ S4=2—“2(RCO,1 "RCO,z)

b, Ss:l/z(RCO,x +RC0,2—RC0,3'RCO,4)

where uco is the reciprocal of the reduced mass of the CO
group, not to be confused with u/co.q. the dipole moment
derivative appropriate to the equatorial CO bonds. We have
assumed, it should be emphasized, that the dipole moment
derivative of an equatorial CO bond is located along the MCO
vector. Because of the molecular symmetry the dipole moment
derivatives for the NN and axial CO groups are parallel to
the figure axis. The three a; modes mix together, and the
general expression for the intensity of one of the infrared bands
to which they give rise is

I(@) & (Lt 'wn + Lok co,ax T 2Li31 ¢o eq €08 )7 €]
(i=1,2,0r3)

where we expect that the “N-N stretching” mode will be
dominated by Z;, and that the two a; *“C—O stretching” modes
will likewise be dominated by the elements L,, and Li,.
Measurement of the relative intensities of the four infra-
red-active bands provides us with three observable quantities,
and a knowledge of the L;; elements given by the solution of
the force field allows us, in principle, to determine the values
of the three parameters u'n/i coeq #'coax/# coq: and 6. In
practice, we need to decide the relative phases of the three
intensities since square roots of the intensity ratios are used,
and herein lies an ambiguity in sign.

If we ignore coupling between the NN and CO coordinates,
then this is tantamount to putting foo nn™® = foonnT™" =

implying that Ly; = L,y and L33 = L,,. The bond angle is
simply obtained as

6=tan"' [R,"2/(LyR,""? = Ly3)] (%)

where R, = [(2)/I(e) and R, = I(3)/I(e). Using observed
values of R; = 0.231 and R, = 3.846 (relative to I(3) = 1)
and the refined force field specified in Table IV (set 2), we
calculate the values of 6 and w'co ax/# co eq given in Table V.
The in-phase solution represents the situation where the roots
of R, and R; have the same parity and the out-of-phase so-
lution represents the case where they are of opposite parity.
The experience of the previous analysis'® of Mo(CO)5 suggests
that the only way to differentiate between the two solutions
is to calculate the intensities of all the infrared-active C-O
stretching bands for the isotopic species Mo(}2CO),-
(*CO);s.,N; and to compare the results with the experimental
intensity patterns. As with Mo(CQ); itself, so also with
Mo(CO)sN; does the in-phase solution givea much better
account of the observed intensities than does the out-of-phase
solution. We have established®* that the in-phase solution is
appropriate to these circumstances, whereas for C,, molecules
like Fe(CO),** and cis-Mo(CO)4(N,),,'"* the out-of-phase
solution is predicted** and observed™®*? to be the correct one.
The bond angle of 85.65° implied by the in-phase solution is
similar to those calculated for the molecules Mo(‘2CO)s'3*CO%
and Cr(CO)sCS* by ignoring the vibrational contributions
of the *CO and CS groups, respectively. In the hexacarbonyl
of course the true bond angle is 90°; to determine whether
Mo(CO);N;, and Mo(CO)g are vibrationally and structurally
akin or whether the true bond angle in Mo(CO)sN, departs
significantly from 90°, we need to accommodate the NN
oscillator, if only by an approximate force field. Table IV
presents three choices. The force constants of sets 4 and 5
may not accurately represent the real state of affairs in view
of the ill-defined nature of the trans NN,CO interaction
constant; the sets do serve, however, as a useful test of the
effect of including force constants of this magnitude, and some
selected results of such calculations are featured in Table V.
There are now six possible phase combinations when the N,
oscillator is included. For the reasons already alluded to, we
may exclude combinations which do not maintain the in-phase
solution of the carbony! part of the molecule, but we are unable
to distinguish between the carbonyl dinitrogen in-phase and
out-of-phase solutions. Both give bond angles close to 90°.
If we allow a 50% error in the measurement of I(1)/1(e), then
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Figure 4. Hlustration of the interconversion of Mo(CO)g, NoMo(CO)s
(Amex in UV, 352 nm), and Ar-Mo(CO)s (Ayex 429 nm). Photolysis
of Mo(CO)g in an Ar/N, (1:1) matrix with (i) A 314 nm (—, 30 min),
followed by (ii) A 367 nm (-, 45 min), followed by (iii) A 432 nm
(---, 30 min).

the resultant error in # is negligibly small, but p'Nn/ico e
changes by 0.11. Allowing a similarly pessimistic error in the
measurement of I(2)/1(e) or I(3)/I(e) leads to errors of 2.5°
in the estimate of 4 and changes of ca. 0.03 in the values of
WNN/ W coeq aNd 1o ax/ M coeq: Thus, incorporation in the
force field of the coordinated dinitrogen ligand gives an
0C,,~Mo-CO,, bond angle closer to 90°. Including both
in-phase and out-of-phase carbonyl dinitrogen solutions
produces an estimate of 90 £ 4°, even with a pessimistic view
of the likely error limits. The comparatively large magnitude
of the ratio u NN/ H'coeq 1mp11ed by the calculations reflects
the appreciable intensity in infrared absorptlon of the mode
principally involving N-N stretching; it is also a sign that the
N, functions as a n' rather than a »° ligand.

6. Electronic Spectrum and
Photochemistry of Mo(CO)sN,

On the evidence of our experiments, ultraviolet photolysis
of a hexacarbonyl M(CO)¢ (M = Cr, Mo, or W) suspended
in solid nitrogen or in nitrogen/argon or nitrogen/methane
mixtures generates the molecule M(CO)sN,. The ultravio-
let/visible spectra of these species have been found to consist

of two intense bands in the ultraviolet and a weaker band in

the near-ultraviolet region at 352 nm for M = Mo or 364.nm

for M = Cr (see Figure 4). Nasielski and Wyart!# observed

that photolysis of a cyclohexane solution of Cr(CO)g at room
temperature under a nitrogen atmosphere gives a transient
species characterized by absorptions in the infrared (weakly)
at ca. 1970 cm™! and in the near-ultraviolet at 370 nm. Since
we also find that the strongest infrared band of Cr(CO);sN,
isolated in solid nitrogen occurs at 1977 cm™, there are good
reasons for identifying this transient species as Cr(CO)sN,.

We have already commented on the photochemical reversal
of the reaction leading from the hexacarbonyl to the species
M(CO); and CO (eq 1). A similar reversal occurs with ir-
radiation at wavelengths corresponding to the absorption band
near 360 nm of M(CO);N,. The photochemical interrela-
tionship between the various species can be summarized in
Scheme I which relates to Mo(CO)sN, in a matrix comprising
an N,/Ar mixture. Detailed investigations of the photo-
chemistry using polarized light*? for both photolysis and
spectroscopic measurements suggest that the intermediate
[M(CO)s*] (M = Cr or Mo) is generated from all three
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Scheme |

314 nm 432 nm
367 nm 314 pm
367 nm
NMo(CO)g -~ Mo(CO)s
432 nm

species in the primary photochemical step. This excited
molecule relaxes via a D, configuration to the C,, ground state
with an orientation which may be the same as, or different
from, that of the parent molecule. The “rotation” of the
M(CO)s group thus envisaged allows the sixth coordination
site to scan the matrix environment and to “collect” CO, Ar,
or N,.182342 The apparent direction of the photochemical
change is simply a consequence of the match or mismatch of
the photolyzing radiation to the absorption properties of the
species being considered.

Irradiation at wavelengths corresponding to the more intense
ultraviolet bands of M(CO)sN, produces further photo-
chemical changes with the creation of molecules such as
M(CO)4(N,), and the coordinatively unsaturated M(CO)4N..
These products and also the species generated in experiments
involving the cocondensation of metal atoms with CO/N,
mixtures will be discussed in another paper.!!

Experimental Section

Infrared experiments were carried out in Newcastle upon Tyne and
Raman experiments more-or-less independently in Oxford. The
principal features of the experiments corresponded to what has now
become a relatively familiar pattern.*’ In outline, however, deposition
of the samples from the vapor phase took place on a surface cooled
to 8-30 K by means of a Displex refrigerator (Air Products, Model
CS202) incorporated in a conventional high-vacuum system operating
at a pressure less than 1077 Torr. For Raman studies a polished
high-purity copper block provided a satisfactory deposition surface,
whereas infrared measurements utilized a CsI window. Temperatures
were measured with a chromel vs. iron-doped gold thermocouple or
with a hydrogen vapor bulb; the assembly was equipped with an
automatic temperature controller for the infrared measurements.

Metal hexacarbonyls (B.D.H. or Alfa), matrix gases (British
Oxygen, grade “X”), and ®N-enriched nitrogen (Onia, 31.3 atom

% N and Prochem, 95 atom % N) were used without further
purlflcatlon Samples of 1*CO-enriched hexacarbonyls were syn-
thesized by gas-phase-photolysis; the vapor of the hexacarbonyl, 2CO
and.'*CO (Prochem; 90% 1CO); being photolyzed for'15 h using a
high-pressure mereury arc, and the:product being separated by passing
the mixture slowly through a spiral trapheld at 77 K. Matrices were
formed by pulsed. deposition* with matrix gas:hexacarbony! ratios
of 2000-3000:1, although some experlments designed to eliminate
infrared absorpnons due to polymer species entailed matrxx ratios of

10000:1.

The photolysis source was either a Philips HPK 125-W medi-
um-pressure mercury arc (for the infrared experiments) or a Hanovia
“Uvitron” 125-W high-pressure mercury arc (for the Raman ex-
periments), in each case used in conjunction with a 4-cm quartz cell
containing water to act as a heat filter. No other filter was used for
the Raman experiments, but the wavelength of the radiation used in
experiments involving measurements of the infrared or ultraviolet—
visible spectra was selected using either Balzers interference filters
or an Applied Photophysics M300 High Radiance monocliromator
(access to which was gained via f/4 quartz optics). .

Infrared spectra were recorded using a Grubb Parsons
“Spectromajor” or a Perkin-Elmer 521 or 125 spectrophotometer and
were calibrated with cells containing DBr and DCI which were inserted
in the beam before and after sample absorptions in each spectrum.
The frequencies of bands were measured by interpolation between
bands due to the calibrant using a Ferranti Freescan Digitizer. Such
measurements were reproducible within 0.2 cm™ for strong bands
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and within 0.4 cm™ for weak ones; the resolution was invariably better
than 0.5 cm™. Relative intensities of infrared absorptions were
measured in terms of peak heights (if the half-widths were the same)
or by tracing the peaks, cutting out, and weighing. The two methods
were consistent with each other. 'Where bands exhibited splitting,
all the components were added together to evaluate the intensity. No
corrections were made for the finite slit width but the errors quoted
are rather larger than is strictly necessary.

The Raman spectra were excited by the output from a Spectra
Physics Model 165 Ar* laser and measured with a Spex Ramalog
5 spectrophotometer equipped with a third monochromator, an
additional facility which provided for a marked enhancement in
spectral quality. The wavelength of the exciting radiation was 514.5
nm, and the power levels at the sample were in the order of 200 mW.
The atomic emission lines of a He—Ne lamp were superimposed on
the spectra, and hence the frequencies of the bands due to the sample
were calibrated by interpolation. Using this method, the measured
frequencies were reproducible within 0.4 ¢cm™ for sharp lines and within
1 cm™ for more diffuse features. Spectral slit widths of 1-2 ¢cm™
were usually employed.

All calculations were performed on a Hewlett-Packard 2000E
computer.
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