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Reactions of Monatomic and Diatomic Manganese with
Carbon Monoxide. Matrix Infrared Spectroscopic Evidence
for Pentacarbonylmanganese Mn(CO)s and the Binuclear

Carbonyls Mn,(CO),, (wheren =1 or 2)
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Abstract: The reactions of Mn atoms with '2C1%0 and '2C!®O-Ar mixtures at 10-15°K are investigated by matrix isolation
infrared spectroscopy and establish the existence of pentacarbonylmanganese, Mn(CO)s, having a Cy4, square pyramidal
stereochemistry. Cotton-Kraihanzel force constants are calculated for Mn(CO)s and the absorption intensities of the CO
stretching modes are used to evaluate the Cypicai-Mn-Ceq angle and the ratio of the axial to equatorial transition dipole mo-
ments. The spectral and bonding properties of 15-, 16-, 17-, and 18-electron valence shell pentacarbonyls are reappraised, the
Cr(CO); problem is clarified, and a simple theory is presented which rationalizes the observed stereochemical changes. Be-
sides its reactions in the monatomic form, manganese is also shown to react as Mn; dimers, formed as a result of a surface
diffusion effect occurring in the quasi-liquid phase during matrix deposition. The relative concentrations of mononuclear and
binuclear species depend on the concentration of metal in the matrix and on the CO:Ar ratios. Using low 12C160-Ar ratios
which favor Mn; formation, the binuclear bridged carbonyl species Mn,(CO), have been synthesised. Mixed 12C160-
12C180-Ar isotope experiments establish the binuclear complexes to be bridge bonded Mn>(COp) and Mnz(COy); and ter-
minally bonded Mn,(CO,) and Cotton-Kraihanzel force constants are calculated for all species. The structure and bonding

of the binuclear species and their relevance to the chemisorption of CO on manganese metal films are briefly discussed.

Cocondensation reactions of transition metal atoms with
small gaseous molecules at low temperatures have recently
been shown to provide synthetic routes to a number of
chemically interesting species which would have previously
been regarded as inaccessible through conventional forms of
chemical synthesis. Using these methods, species such as
Ni(N3)s,! Co(CO)4,2 Ni(CS)4,> Ni(CO)2(N2)2,* Pt(02)2,°
Pt(N3)3,6 and Pd(N;)2(02)7 have been synthesised and
characterized using matrix infrared and Raman methods of
analysis. In most of the cocondensation reactions so far
studied, the metals Ni, Pd, and Pt have received greatest at-
tention. These are metals whose ground state atoms have no
obvious tendency toward dimerization, as shown by mass
spectrometric evidence® which establishes at least 99%
monatomic metal species in the vapor above the liquid met-
als, and the formation of mainly mononuclear complexes in
their matrix reactions.®

Recent experiments, however, with V, Cr, Mn, Co, and
Cu vapors have led us to believe that under matrix cocon-
densation conditions, these metals can be induced to form
binuclear species. In this paper we report data for the reac-
tions of manganese vapor with carbon monoxide.

Pentacarbonylmanganese, Mn(CO)s. In 1966, Bidinosti
and Mclntyre discovered that the pyrolysis of Mny(CO)iq
vapor produced appreciable concentrations of the radical
Mn(CO)s, detected by its mass spectrum.!® Mn(CO)s* was
detected both from low temperature and from high temper-
ature Mn,(CO);p vaporization. The appearance potential
was lower from the high temperature vapor and it was in-
ferred that it was being produced from Mn(CO)s radicals.
It could, in principle, have been formed from any excited

form of Mny(CO);0. A number of studies since thén have
proposed that it exists as an intermediate in a number of
chemical reactions of Mny(CO);g. Pog, ef al.,'! have re-
cently suggested that the kinetics of the thermal decomposi-
tion and the reaction of oxygen with Mny(CO),o in inert
solvents imply that the rate-determining step is homolytic
fission of the Mn-Mn bond. Furthermore, Haines and
Poé!? have analyzed kinetic data of Bamford, ef al.,!3 for
vinyl polymerization by mixtures of Mn;(CO);0 and CCly,
in terms of initiation by CClj; radicals produced by the reac-
tion of Mn(CO)s radicals with CCly. The reaction of Br;
with Mn(CO);p in CHCI3 or cyclo_hexane14 appears to
proceed by a long chain reaction that is believed to involve
the propagating reaction
Br + an(CO)m — BrMn(CO)5 + Mn(CO)5

Br, + Mn(CO); — Br + BrMn(CO);

At about the same time, Wiles, et al.,!5 produced evidence
for the existence of Mn(CO)s formed in nuclear recoil reac-
tions of 56Mn with solid Mn3(CO)o. The recoiling ¢Mn
atom was stabilized in the Mny(CO);o matrix as
56Mn(CO)s which was subsequently detected radiochemi-
cally as I3*Mn(CO)s.

More recently still, Wojcicki and Hallock!® have shown
that the 350-nm photolysis of Mn3(CO)10 in THF (corre-
sponding to the g-g* transition of the Mn-Mn bond!”) pro-
duces an orange, paramagnetic complex which on standing
at ambient temperatures slowly reverts to Mny(CO);0. Ad-
dition of the orange solution to I; in THF under nitrogen
gave 30-35% Mn(CO)sI'® whereas a solution of
Mn,(CO)yo in THF does not react with I> under ambient

Journal of the American Chemical Society / 97:2 / January 22, 1975



VIC B
A
A
D
| Btomss Wz
],] T2
Y
C ‘Y/B
A A

Figure 1. Design of (i) a single oven and (ii) a double oven tantalum
Knudsen cell used for simultaneous matrix deposition and monitoring
of metals (A = water-cooled copper electrodes, B = tantalum support
clips and screws, C = orifice directed at quartz crystal microbalance, F
= orifice directed at matrix, D = thick wall, E = thin wall (where tem-
perature T > T1).

conditions.!® The esr spectrum of the orange solution
showed a six-line signal (>*Mn (I = %)). Wojcicki and Hal-
lock’s results strongly suggest that the prlmary photolysis
product of an(CO)lo in suitable solvents is the radical
Mn(CO)s which is a reasonably stable species with respect
to Mnz(CO)15 or Mn(CO), (where n < 5). Their results,
however, do not eliminate the possibility of Mn(CO)sS, a
solvent stabilized intermediate. These results can be con-
trasted with those of Rest and Crichton!® which show that
the matrix photolysis of Mn(CO);0 in Ar at 10°K pro-
duces Mn;(CO),, (where n < 10; see later).

All of these studies clearly favor the existence of a
Mn(CO)s radical. However, fundamental questions that re-
main to be answered relate to the molecular structure, ge-
ometry, bonding, and vibrational properties of Mn(CO)s, a
knowledge of which is basic to any discussion of its chemi-
cal reactions. Direct observation of the radical using matrix
isolation infrared spectroscopy can in principle provide this
information. In this section we report such data.

Experimental Section

Manganese (in powder form; A. D. Mackay, New York, N.Y,,
99.999%, 325 mesh) was vaporized from a directly heated tantalum’
Knudsen cell. The wall thickness for single ovén Knudsen cells was
generally 0.015 in. with orifice sizes 0.1-1.0 mm. The furnace used
for the evaporation of the metals has been described previously.1?
The rate of manganese deposition was continuously monitored by
using a quartz crystal microbalance20 set behind the Knudsen cell
(the design of which is shown in Figure 1(i)) so as to receive the
backward manganese flux effusing from a second orifice (labeled
C in Figure 1(i)). For experiments in which superheating of the
manganese vapor was required (see below) the double oven Knud-
sen cell shown in Figure 1(ii) was employed. In this design, the re-
quired temperature gradient is simply achieved by constructing the
two chambers with walls of different thicknesses, thereby avoiding
the necessity of having to heat the two chambers separately.?!
Temperature profile curves have been compiled for this double
oven Knudsen cell for different lengths and wall thicknesses2?? and
checked using an optical pyrometer. Temperature gradients of
500° between the two chambers were easily achieved.

Dimanganese decacarbonyl was purified by vacuum sublimation
directly into a storage bulb, which was attached to the inlet system
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Figure 2, The matrix infrared spectra of (A) Mn2(CO)qo in Ar, (B) the
products of the cocondensation reaction of manganese with 12C180:Ar

1:5 (where the CO absorptions marked M, >3 = Mn(CO)s and
D123 = Mn3(CO);o), and (C) the products of the cocondensation
reaction of manganese with pure 12C160,

of a gas flow Knudsen cell for matrix deposition or pyrolysis exper-
iments.

Research grade 12C160 (99:99%) and Ar (99.99%) were sup-
plied by Matheson of Canada and 12C180 (50-55%) by Analytical
Supplies (N.J.). Gas mixtures were prepared by conventional vac-
uum line techniques. Matrix gas flows, controlled by a calibrated
micrometer needle valve, were usually in the range 2-8 mmol/hr
In the infrared experiments matrices'were deposited on a CsI win-
dow cooled to either 15°K by means of an Air Products Displex
closed cycle helium refrigerator or 10°K by an Air Products liquid
helium transfer system. Spectra were recorded on a Perkin-Elmer
180 or 621 infrared spectrophotometer.

Results and Discussion

When manganese vapor effusing from a tantalum Knud-
sen cell was condensed with pure 12C160 onto a Csl plate
cooled to 10-15°K (using Mn deposition rates arranged so
that the probability.of a Mn atom having another Mn atom
28 ‘nearest neighbor in the fcc lattice of CO was approxi-
miately 1 in 103), the matrix infrared spectrum was essen-
tially identical with that obtained from Mn;(CO),q deposit-
ed in an.,argon matrix (Figure 2A). These results were
somewhat disquieting in that the mass spectroscopic data23
for manganese vapor effusing from a Knudsen cell under
similar conditions to those used in our experiments estab-
lishes a vapor composition of about 99% atomic manganese.
In addition Schnepp?¢ and Mann?* have studied the elec-
tronic spectrum of manganese vapor deposited into pure Ar
at 4.2°K and obtained data consistent with the presence of
matrix isolated Mn atoms with very little evidence for mo-
lecular Mn, species. Even if molecular species such as Mn,
had been formed along with atomic Mn, the chances of de-
tecting them would be slight, as the molecular spectra
would be dominated by the intense atomic spectrum of Mn
(see for example ref 25a). Furthermore, at the high Mn-
CO dilutions employed, one predicts statistically almost ex-
clusive formation of mononuclear carbonyl species

Huber, Kiindig, Ozin, Poé | Evidence for Mn{CO}s and Mn3(CO),
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Mn(CO),. However, our data show the exclusive produc-
tion of the binuclear dimanganese decacarbonyl,
Mn;(CO)1o.

The three possible sources of Mny(CO)o were consid-
ered to be (i) diffusion and dimerization of a Mn(CO)s
specws in the matrix, (ii) high concentrations of Mn; effus-
ing from the Knudsen cell, and (iii) surface diffusion and
dimerization of Mn atoms during deposition. To establish
the origin of the dimer the following experimental results
were taken into consideration.

In the light of Rest and Crichton’s!® recent matrix pho-
tolysis experiments for Mn2(CO);0 in Ar, the diffusion of
Mn(CO)s in Ar seems an unlikely source of Mn2(CO)1o.
Their results indicate that mononuclear carbonyl species
are not formed on mercury arc photolysis of polynuclear
carbonyl complexes in argon matrices, but instead
Mn,(CO), species are favored. Although the Mn,(CO),
products could not be characterized, the data strongly sug-
gested that either the Mn-Mn bond is retained or that the
bond is broken during photolysis but the Mn(CO), frag-
ments are too bulky to diffuse in argon and remain as near-
est neighbors within the argon cage. On terminating the
photolysis, the dimer species will re-form. Wojciki’s result'é
and our warm-up data to be described later are consistent
with this proposal.

In a number of different experiments in which the orifice
size of the Knudsen cell was varied between 0.1 and 1.0
mm, the results with pure 12C'60 were essentially the same.
Thus, the possibility that Mn, dimers were being formed in
supersonic molecular beams (see, for example, ref 25b) of
manganese, effusing from the Knudsen cell with very small
orifice diameters (0.1 mm), was considered to be most un-
likely, as the results were essentially the same as those with
large diameter orifices (1.0 mm).

Double oven Knudsen cell techniques were used to super-
heat the vapors effusing from the Knudsen cell. In these ex-
periments, designed to dissociate any dimanganese to mon-
atomic manganese, the results were found to be essentially
the same as those of the single Knudsen cell experiments,
showing only the formation of Mn(CO),o, indicating the
unlikelihood of Mn; being a major constituent of the effus-
ing vapor.

However, when the Mn:CO ratio was reduced to 1:10% or
less, it was found that in addition to the main Mny(CO);q
carbonyl absorptions three new carbonyl absorptions grew
in at 1938 ms (M3), 1911 w (M3), and ca. 2060 vw (M)
cm™! (Figure 2C and Table I).

Essentially the same results were obtained in concentrat-
ed CO:Ar = 1:5 matrices except that the line at about 1938
cm~! showed less splitting*® (Figure 2B and Table I) than

Table I. Infrared Spectra of the Products of the Condensation
Reaction of Manganese with Pure CO and Concentrated

CO:Ar = 1:5 Matrices at 10°K
Matrix
isolated
Mn(CO)y in Mn with Mn-12C1Q/Ar
Ar at 10°K pure 12C150 (1/5) Assignment
2059 w 2058 w Mn(CO);
2050 s 2049 s 2048 s Mnz(CO)1o
2017 vs 2016 vs 2015 vs Mny(CO)1o
2007 w 2005 w 2005 w MnxCO)o
1986 s 1989 s 1985 s Mn(CO)1o
1945 mwl
1939 ms (a 1940 ms
1933m | 1936 ms} Mn(CO):
1911 ms 1904 ms Mn(CO);

o Matrix splitting owing to the low substitutional site symmetry
in the crystal lattice of solid CO.

Table II. Infrared Spectra for V(CO);, Cr(CO);, Mn(CO);,
and Cr(CO);~ in the CO Stretching Region
V(CO); Cr(CO)g Mn(CO)z Cr(CO)s~
(ref 26) (ref 28) (in Ar) (ref 29)
2093 vvw 2060 (0.141) Not obsd
1947 s 1965 s 1938 (1.000)¢ 1855 s¢
1920 m 1936 ms 1911 (0.378) 1838 m

e The data used are for the square pyramidal fragment Cr(CO)s
in argon matrices,® ® Relative absorption intensities for Mn(CO);
are shown in parentheses and are normalized to unity for the most
intense line. The absorbances were obtained by the method de-
scribed in ref 1. ¢ These lines show a small doublet splitting in argon
matrices (see text).

that observed in pure CO. A series of careful experiments
was performed to establish whether M;, M», and M3 be-
longed to the same species. A number of runs were per-
formed in which different rates of Mn deposition were used
between runs and in the same run. Using absorbance mea-
surements and taking into account the matrix splittings, the
intensity ratio M1:M»:M3 (in a particular matrix material)
remained essentially constant (Table II), suggesting that
they be assigned to a single species. Although this new
species was reluctant to diffuse at temperatures as high as
40-45°K (where argon is slowly boiling off), a slow de-
crease in the intensities of the three new bands M, M», and
M3 was observable. However, the intensitv ratio M{:My:M3;
during warm-up remained approximately constant, support-
ing the view that they are all associated with a single
species.

These results for manganese are analogous in many re-
spects to our data for the Co-CO reaction?2¢ which yields
cobalt tetracarbonyl, Co(CO)4, under conditions of slow Co
deposition, yet exclusively Co,(CO)g with high Co deposi-
tion rates. By analogy with the cobalt data and for the rea-
sons to be described, we assign the new species in the Mn-
CO system to manganese pentacarbonyl, Mn(CO)s.5¢ It
would therefore appear that the relative concentration of di-
nuclear to mononuclear species depends on the manganese
atom concentration, the mononuclear species being favored
at very low Mn concentrations (see Figure 2B and C), indi-
cating that Mn, probably forms in a surface diffusion reac-
tion, presumably in the “quasi-liquid phase” existing in the
transition from the vapor to the solid during matrix conden-
sation.

The assignment of Mn(CO)s shown in Table II is based
on the number, frequencies, and relative intensities of the
observed carbonyl stretching modes. For a C, square pyra-
midal pentacarbonyl, theory predicts three infrared-active

r,w°= 2A, + E + By
(IR/R) (IR/R) (R)

modes, which can best be described as A apical and A; and
E equatorial CO stretching modes. For an angle Cap-Mn-
Ceq close to 90°, the equatorial A; mode should appear as a
weak, high frequency line while the equatorial E and apical
A1 modes should appear at considerably lower frequencies
with the E mode being of higher frequency and more in-
tense (approximately 4:1). On the other hand, for a D3, tri-

gonal bipyramidal pentacarbonyl two infrared-active
rvibvco — 2A1' + AZN + jold
(R) (IR) (IR/R)

modes are predicted, an A,” axial and an E’ equatorial CO
stretching mode, both of which are expected at lower
frequencies than their respective (Raman active) Ay
modes. The A»” mode should be at higher frequencies than
the E’ mode with an intensity ratio of 2:3.
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Table III. Cotton-Kraihanzel Bond Stretching Force Constants®
for Mn(CO); and Related XMn(CO); Complexes
(where X = H, Cl, Br, I, and Mn(CO);)

Complex kco®® kcoeq ki Ref
Mn(CO); 14.76 15.76 0.30 This study
(CO)sMnMn(CO); 15.91 16.52 0.08 33
HMn(CO); 16.42 16.93 0.26 46
CIMn(CO); 16.24 17.51 0.22 30
BrMn(CO)s 16.35 17.41 0.25 30
IMn(CO); 16.38 17.29 0.23 30

= In mdyn/A. ¢ In these calculations k; is the cis Kococo interac-
tion force constant where it was assumed that 2kgis = kjtrans,

Our observations of three lines at 2060, 1938, and 1911
cm™! with the relative intensities shown in Table II are con-
sistent with the C4, square pyramidal assignment. The as-
signment is further strengthened by comparison of the in-
frared data with that for V(CO)s26 Cr(CO)s,28
Cr(CO)s~ 2 (Table II), and indeed any Mn(CO);sX species
{X = H, Cl, Br, I, Me) containing the C4, Mn(CO)s resi-
due.’® As expected, the CO stretching frequencies for
Mn(CO)s lie above those of the isoelectronic species
Cr(CO)s~. The computed Cotton-Kraihanzel?! CO bond
stretching force constants for Mn(CQ)s are shown in Table
IIT and like pentacarbonyl Mn(I) derivatives30-32 exhibit
kco® > kco?P. Unfortunately these values cannot be com-
pared with Cr(CO)s~ as the high frequency A; CO stretch-
ing mode was not reported.?? It is also interesting that the
k co®™ and k co?P values for Mn(CO)s are less than the re-
spective force constants for the dimer Mn,(CO);¢3? (Table
III and see next section).

Intensity Calculations and the Molecular Geometry of
Mn(CO)s. The intensity ratio I,:I;, for the A, equatorial
and apical CO stretching modes of complexes containing a
square pyramidal M(CO)s group has been of considerable
interest34 primarily because it is directly related to the Ceq-
M-C,p bond angle 6 through the analytical expression®3?

I _[pua + 24, cose:}z 0
Il - Ha — zp“e cos 8

Within the restrictions of the Cotton-Kraihanzel force
field, the derivation of eq I is quite rigorous, in that vibra-
tional coupling between the symmetry coordinates has been
included and different transition dipole moments for apical
(ua) and equatorial (u.) CO groups have been taken into
account. The quantity p is related to the Cotton-Kraihanzel
force constants.>® An additional expression can be derived
for square pyramidal M(CO)s which involves the intensities
of the A, equatorial and apical and the E equatorial CO
stretching modes as shown in eq II. Thus by combining eq I

I+, op + 4plcosto w
I, 4% sin’ 0

and II it is possible to solve for both the angle 6 and the
ratio of the transition dipole moments for axial and equato-
rial CO groups. Expression I has been used to evaluate the
angle @ for a number of XMn(CO)s complexes where the
observed order, H > C1 > Br > I, was explained in terms of
increased repulsions between the Mn-X and equatorial
Mn-CO bonding electrons.332 Mn(CO)s is therefore of cen-
tral interest in these discussions, as it may be regarded as
the “parent” complex of the series, X now being a geome-
trically vacant coordination site. Whether or not the odd
valence electron of Mn(CO)s is localized in this site or delo-

calized into the = system is a question of some importance.
It has been shown previously352 that if mixing of the A,
axial and equatorial CO stretching modes is the only means
by which the equatorial mode can gain intensity, then p2
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equals I,/I,. However, for Mn(CO)s, p2 = 0.065, yet I/,
= 0.371 and it is clear that some other effect in addition to
coupling must be responsible for the intensity of the equato-
rial mode (¢f. Mo(CO)sL3® and Mn(CO)sX).3%® This dif-
ference in intensity ratio might be attributed to either a de-
viation from planarity for the four equatorial CO groups or
to a difference in the transition dipole moments for the axial
and equatorial CO groups in the A; symmetry modes.

Using the Cotton-Kraihanzel force constants and in-
frared absorbances (measured in Ar matrices) listed in Ta-
bles II and III, and assuming initially that u, =~ u., expres-
sion I can be used to solve for the angle 8. With this approx-
imation we arrive at 81.2° for the angle # (which gives
88.5° for the equatorial OC-Mn-CO angle). For an uncer-
tainty of 5% in our absorbance measurements, an uncer-
tainty of £2.2° is introduced in the angle 6.

Alternatively, if we use expressions I and II and solve for
6 and pa/ue, we arrive at 80.5° and 1.07, respectively.
Clearly both approaches yield values for 6 close to 81°
which can be compared with the calculated value 96.5° for
HMn(CO)s3%¢ and the X-ray diffraction value 97° for
HMn(CO)s and Mn,(C0O),0.3637 We therefore conclude
that the angle 6 takes the order HMn(CO)s > CIMn(CO)s
> BrMn(CO)s > IMn(CO)s > Mn(CO)s.

One possible rationale for the observed trend in the angle
6 is the following. To begin with, manganese in Mn(CO)s is
formally Mn(0) whereas manganese in XMn(CO)s is
Mn(I). Therefore the observed increase in Mn-CO w-bond-
ing in Mn(CO)s compared to XMn(CO)s or Mn2(CO)1o,
as indicated by their respective Cotton-Kraihanzel bond
stretching force constants (Table III), is understandable.
However, if one accepts the electron repulsion and steric
arguments alluded to earlier, to explain the order H > Cl >
Br > I for XMn(CO)s, then one is forced to conclude that
the smaller value of 8 for Mn(CO)s is indicative of an elec-
tron repulsion effect between the equatorial Mn-C bonding
electrons and the electron(s) in the vacant site which more
than counterbalances the effect of the repulsions between
the axial and equatorial Mn-C bonding electrons. However,
without definitive evidence as to the electronic structure of
Mn(CO)s, discussions of this type can only be regarded as
speculative.

The Structure and Bonding of Transition Metal Pentacar-
bonyls and Pentacarbonyl Anions. Using matrix synthetic
techniques, a number of new pentacarbonyl species have be-
come accessible to study by spectroscopic methods of analy-
sis. The infrared spectra of these species have been most in-
formative, establishing the molecular structures shown in
Table IV. Isoelectronic species are grouped together ac-
cording to whether they contain 15, 16, 17, or 18 electrons
in their outer valence shells, and it can be seen that isoelec-
tronic species (presumably in their most stable configura-
tions) are also isostructural. These stereochemical changes
are clearly electronic in origin and can be rationalized most

Table IV. Molecular Structures and Electronic Configurations
of Some Pentacarbonyl Species

No. of
valence
Penta- Stereo- shell
carbonyl chemistrye  electrons Ref
V(CO); S.P. 15 26
Cr(CO)s S.P. 16 28
Mn(CO)s S.P. 17 This study
Cr(CO)s~ S.P. 17 29
Fe(CO)s T.B. 18 47
Mn(CO);~ T.B. 18 48

¢§.P. = Square pyramidal, T.P. = Trigonal bipyramidal.

Huber, Kiindig, Ozin, Poé¢ | Evidence for Mn(CO)s and Mns(CO),
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easily in terms of the generally accepted MO sequences for
transition metal trigonal bipyramidal and square pyramidal
complexes, 38 ... (3a;")(3e’)(3ay”)[(3e”)(4¢’)(4a1’)](5¢")

. and ... (a)(e)[(e)(b2)(by)(a1)](a)) ... respectively,
where the d orbital manifolds are enclosed in brackets.

Assuming that the low spin configuration is adopted by
the M(CO)s species, which is not unreasonable in the light
of, for example, low spin Cr(CO)s, then it is seen that the
e”’(dyz, dx; ) levels are filled and the e/(dy2-y2 dx,) levels
partially filled for the 15- and 17-electron pentacarbonyls.
These molecules will both be subject to first-order Jahn-
Teller® distortions from a D3, trigonal bipyramidal toward
a Csy square pyramidal structure. The latter itself is not un-
stable with respect to first-order Jahn-Teller distortions>!
but the 17-electron system is predicted to be unstable with
respect to a B, vibration toward a C,, structure through a
second-order Jahn-Teller (SOJT) effect.3%2 Whether this
instability is of a kinetic type (i.e., a finite but low activa-
tion barrier) leading to facile interconversion of C,, and
Ca4y forms, or whether it is thermodynamic so that there is
effectively no barrier to the C4, — C,, distortion, the lat-
ter form being more stable, appears to depend on the energy
gap between the highest filled and lowest empty molecular
orbital.3%2

The 16- and 18-electron, low spin pentacarbonyls are sta-
ble toward first-order Jahn-Teller distortions in either the
D3y or C4y forms. The 16-electron system exemplified by
Cr(CO)s is, however, predicted to be SOJT stable only in
the low spin square pyramidal form. Low spin, trigonal bi-
pyramidal Cr(CO)s is SOJT unstable with respect to the e’
vibration and will move toward the square pyramidal struc-
ture. In this context we would like to revise our previous dis-
cussion of the Cr(CO)s species.2’” As is now well known,
Cr(CO)s can be synthesized from both Cr atom CO-Ar
matrix cocondensations?” and Cr(CO)e-Ar matrix photoly-
sis reactions.28 However, 12C160-13C160-Ar mixed isotope
experiments have shown that the Cr atom technique yields
trigonal bipyramidal Cr(CO)s27 whereas the photochemical
route?® leads to the square pyramidal form. Particularly in-
teresting are the warm-up experiments which we have re-
cently performed on the trigonal bipyramidal form of
Cr(CO)s which at 40-45°K shows a reversal in the absorp-
tion intensities of the two observed CO stretching modes at
1964 and 1937 cm=! from the original 2:3 ratio, observed
on deposition, toward the 4:1 situation described for square
pyramidal Cr(CO)s.2® The results authenticate the exis-
tence of a trigonal bipyramidal form of Cr(CO)s at 10-
15°K which, on thermal annealing at 40-45°K, undergoes
a kinetically slow skeletal rearrangement to the square py-
ramidal form of Cr(CO)s implying that of the “truly penta-
coordinate species” the square pyramidal form is the ther-
modynamically most stable. These observations are related
to Pearson’s32 predictions of SOJT stability for Ca
Cr(CO)s but instability for D3, Cr(CO)s toward the square
pyramidal structure although it should be noted that the
chromium atom in square pyramidal Cr(CO)s?® is in fact
weakly solvated in its vacant coordination site by the atoms
or molecules constituting the matrix (e.g., Ne, Ar, Kr, Xe,
CO, CH,, CF,, or SF¢).3? B

The 18-electron pentacarbonyls on the other hand are
predicted to show SOJT instability in both the D3, and Ca,
configurations, providing the energy gap is small enough.
This instability is evidently not sufficient to make the inter-
mediate C,, form the most stable, but interconversion of
apical and equatorial carbonyl ligands is evidently very
easy, as seen by the room temperature 13C nmr equivalence
of axial and equatorial CO groups in Fe(CO)s, presumably
operating via the D3, <> C4, mechanism.
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Figure 3. The matrix infrared spectrum of the products of the cocon-
densation reaction of manganese vapor with (A) 12C160:Ar ~ 1:250

and 12C160:12C18Q:Ar =~ 1:1:500 at 10°K (where X’ refers to
Mn12C160 and X refers to impurity lines; see text).

[

Dimanganese Monocarbonyl, Mn;(CO)), and Dimangan-
ese Dicarbonyl, Mny(COy);. Matrix cocondensation reac-
tions were performed involving manganese atoms and dilute
CO-Ar matrices, using Mn deposition rates which favor
the formation of Mn,. The matrix infrared spectrum using
12C160:Ar a¢ 1:250 is shown in Figure 3. Two prominent
CO absorptions are observed at 1835.4 cm™! and 1688-
1680 cm™~! (where the closely spaced doublet at 1688-1680
cm™! is a matrix site splitting) and Mn»(CO),, is notice-
ably absent.52 Using an isotopic mixture 12C'60:12C180:Ar
~ 1:1:500, the matrix infrared spectrum shown in Figure
3B was obtained in which a characteristic isotope pattern3s®
of a symmetrical dicarbonyl and a monocarbonyl are easily
discernible (see Table V for the vibrational assignments).

Table V. Isotopic Frequencies and Vibrational Assignments
for the Binuclear Manganese Carbonyls Mny(CO),
(where n = 1 or 2)

Obsd Caled
Frequency Frequency® Vibrational
(cm™) (cm™Y) assignmente

1964.4 Mny(12C1Qy)
1920.6 Mny(12C180y)
1945.6 1945.6 Mn(12C1EQL)(12C180y,)
1835.4 1835.3 Mno(12C180,,),
1809.6 1809.2 Mn(12C180,)(12C120,)
1790.6 1791.1 Mn(12C 180y,
1688.2-1680.0° Mny(12C1¢0y)
1646.4-1638.2° Mn,(12C180,,)

Key: t = terminal and b = bridging CO groups. ® Matrix
splitting. ¢ The CO stretching force constants for Mn,(COy). which
gave the best fit for the frequencies were f; = 14.61 and f;. = 1.00
mdyn/A. The CO stretching force constants calculated for Mn,(COv)
and Mny(COy) are 15.58 and 11.45 mdyn/A, respectively.

Matrix warm-up experiments at about 25-30°K showed the
dicarbonyl to grow at the expense of the monocarbonyl.

Frequency calculations were performed on the mixed iso-
topic dicarbonyls Mn,(12C1€0),(12C180),_, (where n =
0-2) assuming the Cotton-Kraihanzel force field approxi-
mation.3! A least-squares analysis of the data was per-
formed by adjusting the values of the two parameters f, and
Jre to yield the set of frequencies shown in Table V. The
agreement between the observed and calculated frequencies
is excellent for all CO stretching modes and provides con-
vincing evidence that our assignment of Mny(COy); is cor-
rect.

On the basis of the very low frequencies of these carbonyl
stretching modes when compared to Mn»(CO),g, together
with the prior knowledge that Mn, should constitute a
major proportion of the reacting metal species in the matrix
under the experimental conditions used, we propose that the
data are best interpreted in terms of a binuclear bridged
monocarbonyl species Mn,(COp) (I) and a binuclear dicar-
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bonyl bridged species Mnz(COy)2 (II) as shown below. Al-
though we have assumed the existence of a Mn-Mn bond in
species I and II, matrix esr measurements would be re-
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quired to establish whether this is the case in practice.
Charge delocalization of Mn, electrons into the #* orbitals
of the ketonic CO groups is possible for both molecules, but
to a lesser extent in Mny(COyp); compared to Mny(COy), as
the latter is formally Mn(I) whereas the former is Mn(II).
Thus a rise to higher CO stretching frequencies on passing
from Mn,(COyg) to Mn,(COy); is understandable.

Dimanganese Monocarbonyl, Mn(COy). In these dilute
CO-Ar experiments a high frequency CO stretching mode
at 1964.4 cm™! accompanied those assigned to Mn(COy)
and Mn,(COy)2. In the mixed isotope 12C160:12C180:Ar =~
1:1:500 experiment a single counterpart to the 1964.4 cm™!
absorption was observed at 1920.6 cm™! which has approxi-
mately the correct isotope shift for the monocarbonyl (Fig-
ure 3). As this species absorbs at considerably higher
frequencies than those assigned to the binuclear bridged
carbonyls, Mny(COp),, as well as to the binary mononucle-
ar carbonyls, Mn(CO),, (see next section), we accordingly
assign it to the binuclear terminal monocarbonyl,
Mn,(COy).

Manganese-Carbon Monoxide Cocondensation Reactions
at Intermediate CO:Ar Ratios. When matrix experiments
were performed under conditions of intermediate dilution
(12C180:Ar =~ 1:50-1:100) the spectra so obtained were
complex (Table VI) showing a large number of carbonyl
stretching modes in the region (2090-1676 cm™!) and are
difficult to interpret with any degree of certainty. A few
generalizations, however, can be drawn from the spectra.
For example, a number of absorptions appear in the region
1940-1850 cm~! which by comparison with the Mn(CO)s
data indicates the presence of binary mononuclear carbon-
yls, Mn(CO),,, (where m = 1-5).

Tentative assignments for these mononuclear binary car-
bonyls can be made on the basis of their concentration and
warm-up characteristics, the most likely assignments being
those shown in Table VI.

In addition to the Mn(CO),, absorptions, zwo other main
groups of lines are observed. One group appears at lower
frequencies, in the range 1840-1676 cm™!, and is assigned
to bridged binuclear carbonyls, Mn,(COy),, as described
earlier. The second group appears at higher frequencies in
the range 2068-1958 cm~! and suggests the presence of bi-
nuclear carbonyls, Mny(CO,),, containing terminal CO
groups. Warm-up of these matrices to 40°K causes all of
the mononuclear and bridged binuclear carbonyl lines in the
1940-1676-cm~! region to decrease in intensity and eventu-
ally to disappear, with the concomitant growth of lines in
the Mny(COy), 2068-1958-cm~! region. The final spec-
trum showed the presence of Mna(CO) g as the major prod-
uct although some medium intensity lines remained (Table
VI) suggesting the presence of Mny(CO); (where [ has
values probably close to ten).

Apart from Mny(CO)yo, Mn(CO)s, Mny(COy),
Mn;,(COp)2, and Mna(COy), it was impossible to collect de-
finitive isotope data for the remaining carbonyls, owing
mainly to the large number of different species present in
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Table VI. Matrix Infrared Spectra of the Products of the
Manganese-Carbon Monoxide Reaction at Intermediate
CO:Ar = 1:50-1:100 Ratios®

Frequency Specific General
(cm™Y) assignment assignment
2068
2056¢
2048¢ Mny(CO)1o
2036¢
2038
2018 MnCOso Mn(CO));
1990
1984¢ MnxCO)o
1968
1965¢
1958% /.9 Mnx(COy)
19404
1933:1} Mn(CO)s
2 o
19104 Mn(CO); Mn(CO)n
1890 Mn(CO),
1858 Mn(CO),
1850 Mn(CO)
1866¢ Mny(COp)s
18320440 Mn(COy). Mny(COp)n
16830./.9 Mny(COy)

@ Only frequencies have been listed; intensity changes during
warm-up experiments and vibrational assignments (general and
specific) are discussed in the text. ® Strongest lines on 10°K de-
position at CO:Ar =< 1:50. ¢ Lines remaining after warm-up to
40-45°K. 4 Assigned to Mn(CO); from the pure CO and concen-
trated CO-Ar experiments (see text). ¢ Warm-up behavior favors
a binuclear assignment to this species. / Species characterized by
mixed 12C180-12CBQ isotope substitution studies. ¢ Strongest
lines on 10°K deposition at CO:Ar = 1:250,

the matrix at any one time and the inevitable complication
of band overlap of isotopic multiplets.

The Relationship between Mny(CO), (where n = 1 or 2)
and CO Chemisorbed on Mn. The infrared spectrum of CO
chemisorbed on polycrystalline metal films usually contains
two broad bands, a high frequency and a low frequency CO
stretching mode.*® Moskovits and Ozin have recently sug-
gested that a connection exists between our earlier studies
of matrix isolated monocarbonyl species, MCO (where M
=V, Fe, Co, Ni, Cu, Pd, and Pt), and CO chemisorbed on
the corresponding metal films.*! In all cases it was found
that the lower frequency CO stretching mode of chemi-
sorbed CO has a lower frequency than the CO mode of the
corresponding triatomic molecule. These results corroborate
the suggestion of Eischens*? and Mason’s*? single-crystal
LEED evidence for CO on Pt, that the lower frequency line
of chemisorbed CO corresponds to a bridge-bonded car-
bonyl and the higher frequency line to a terminally bonded
carbonyl, rather than Blyholder’s* suggestion of terminal
CO groups on corner and edge surface sites, respectively.

Wher relating our matrix MCO data to the correspond-
ing CO chemisorption data on M, discussions have always
been restricted to mononuclear species. However, the man-
ganese-carbon monoxide system of this study presents a
unique opportunity to examine the ‘“‘terminal and bridge”
chemisorption process with respect to the terminal and
bridged binuclear species Mn;(COy),, and Mn2(COy),. The
1950-cm™! absorption corresponding to terminal CO chem-
isorbed on manganese lies as expected at higher frequencies
than the 1850-cm™! absorption assigned to MnCO. How-
ever, the 1964-cm~! absorption assigned to terminally
bonded CO in Mn,(CO,) is almost coincident with that for
terminally chemisorbed CO on Mn. It is therefore apparent

Huber, Kiindig, Ozin, Poé¢ | Evidence for Mn(CO}s and Mnz(CO),
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that the charge available for back-donation from the appro-
priate Mny =-type orbitals to the x* orbitals of CO in
Mn;,(COy) is comparable to the charge delocalization from
the surface Mn atoms to one type of chemisorbed CO. Al-
though this agreement between the CO stretching absorp-
tions may be purely coincidental, it could actually be re-
flecting a genuine “localized bonding interaction” for ter-
minally chemisorbed CO-on Mn, a view held by some who
have dwelt on the existence of localized states in quantum
mechanical calculations for chemisorption on idealized
semi-infinite model crystals.4> To what extent localized or-
bitals are formed by real systems is as yet an unanswered
question, although it would appear to depend on the atomic
orbital energy levels of adsorbate to adsorbent and whether
the absorbent is terminally or bridge bonded.

Additional information for the chemisorption process can
be derived from Mn3(COy) which adsorbs at a considerably
lower frequency (~1684 cm™!) than the bridge mode of CO
chemisorbed on Mn (1890 ¢cm™1). The introduction of a
second bridging CO ligand to give Mny(COy), results in a
substantial shift to 1835 cm™!, only S5 ¢cm~! lower than
the bridge form of chemisorbed CO on Mn.

These results could imply that the association of a bridg-
ing CO group with a- manganese surface is not as localized
an interaction as that of a terminal CO group and may
suggest that at least two CO ligands bridge, but only one
CO ligand terminally bonds, to a surface manganese atom.

Discussions of this kind are of course highly speculative
and open to criticism, but it is probably fair to say that re-
sults of this type can in principle give a great deal of chemi-
cal insight into the nature of the bonding of CO to surface
metal atoms and would reinforce the view that the interac-
tions between molecules and surfaces upon chemisorption
are in many ways similar to those operating in normal
metal-ligand coordination complexes.
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