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Absolute Raman intensities and molecular polarizability derivatives are reported for the metal-metal stretching modes
of Hgy?*, Mny(CO)y, and Rey(CO)ig, as well as for the totally symmetric ‘“‘cluster” modes of Big(OH )28+, Pby(OH )44, and
Tli(OCyHs)s. A resonance Raman effect has been observed for Mny(CO)iy and Rey(CO)p, and the measured molecular
polarizability derivatives for these species have been extrapolated to zero exciting frequency. Metal-metal bond polariz-
ability derivatives have been calculated with the aid of eigenvectors obtained from previous normal-coordinate analyses.
Their values are interpreted with the aid of the é-function model equation of Long and Plane. The conclusion emerges
that weak metal-metal interactions, on the order of 0.1 electron or less per metal-metal “bond,’’ are sufficient to account for
the Raman intensities of the Bi(III), Pb(II), and T1(I) complexes. That the interaction is nevertheless significant is indi-
cated by comparison with Raman intensities for polynuclear complexes of the d° metal ions Nb(V) and Ta(V). It app=ars
that Raman spectroscopy is a sensitive probe for metal-metal interaction. The calculated bond orders for Hg2+, Mn,-
(CO)1, and Rez(CO)y, while of the right order of magnitude, are not entirely satisfactory with respect either to absolute or

relative values and expose certain limitations in current theory.

Introduction

It has been emphasized? that in applying Raman spec-
troscopy to problems of molecular structure and bond-
ing, one can obtain valuable information not only
from the frequencies of the observed vibrational bands
but also from their intensities. In favorable cases one
can hope to estimate bond orders from measured Raman
intensities. We report here results of an initial study
aimed at using such measurements to obtain relative
orders for bonds between metal atoms in polynuclear
complexes.

Potentially, Raman intensities have great utility
in the study of metal-metal bonds. Crystallographic
structure determinations demonstrate a wide variability
in the lengths of metal-metal bonds and, therefore,
presumably in their strength. Furthermore, in a large
fraction of polynuclear structures the metal atoms are
connected by bridging ligands. It is then a matter of
conjecture whether there exists, in addition, a direct
bonding interaction between the metals. Standard
criteria of bonding—chemical stability, internuclear
distance, magnetism—often give ambiguous answers in
such cases. New approaches are needed, and it is in
this context that Raman intensity measurements may
be of particular interest.

Included in this study are three bridged complexes
Bie(OH>126+, Pb4(OH>44+, and T14(OC2H5>4 which con-
tain octahedral or tetrahedral arrays of metal atoms.
Qualitative Raman intensity arguments have been pre-
sented? in favor of metal-metal interaction in these
species. Such interaction is expected to be weak at
best in view of the large internuclear distances involved?
(3.7-3.8 A) and the stability of the 5d!s? valence state
of the metal ions. It is therefore a matter of consider-
able interest to set the Raman intensity argument on a
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quantitative basis. For comparison we have measured
Raman intensities for the unequivocally metal-metal
bonded compounds Hg,?+, Mns(CO)y, and Rez(CO)ye.

Intensities and Bond Polarizability Derivatives
The theory of Raman intensities and its application
to problems of chemical bonding has been reviewed by
Hester.? For a system of freely rotating molecules
(gases or liquids) the observed intensity for a totally
symmetric (A;) Raman line is given by?

KM"’“‘””“[%(%)ZJ ()

vi[1l — exp(hv,/kT)] 6 — 7p

I = (1)

where K is a constant, / is the molar concentration of
the scattering species, »y is the frequency of the exciting
radiation, », and Q; are the frequency and the nomal co-
ordinate of the 7th normal mode, @ is the mean molecu-
lar polarizability, and p is the depolarization ratio of
the spectral line. Thus, measurement of the intensity
of a Raman line allows the calculation of the mean
molecular polarizability derivative.

In order to relate Raman intensities to bond proper-
ties one would like to divide molecular polarizability
derivatives into contributions from individual bonds.
A simple method for doing this was first proposed by
Wolkenstein! and later formalized by Long? It is
based on the assumption that the elements of the molec-
ular polarizability tensor are given by a superposition
of the principal polarizability components of individual
bonds. For example

gy = ZZC!w(XW)(YW) (2>

where «,, is the vth principal component (v = 1, 2, 3)
of the polarizability of the uth bond and (Xwuw) is the
direction cosine between the particular vth axis and the
X axis. Using the orthonormality relations for direc-

(4) M. Wolkenstein, Dokl. Akad. Nouk SSSR, 80, 791 (1941).
(6) D. A. Long, Proc. Roy Soc. {London), A217, 203 (1953).
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tion cosines one can relate the mean values of the
molecular and bond polarizability tensors

a = Q. a 3)

This expression may be differentiated with respect to
the normal coordinates, which in turn are related to
internal coordinates by R = L@, where L is the matrix
of eigenvectors for the normal vibrations. On the
assumption that &, depends only on the stretching of
bond #, it follows that

o]

0Q:
where /,; is the L matrix element between R, and Q.
This simple procedure, therefore, vields a set of linear
equations (one for each A; normal mode) with which the
individual mean bond polarizability derivatives may be
calculated.

The solution of the above equations is often ambig-
uous since only the magnitude (but not the sign)
of the polarizability derivative is known. Of the
various solutions, there may be more than one which
is physically reasonable. Furthermore, for com-
plicated molecules it is often impossible to resolve
fully and to measure accurately all of the A; Raman
bands. If however, the normal mode is primarily
composed of only one type of valence stretch (z.e, a
“group frequency’’), the problem is simplified con-
siderably. In this case, all elements, /,;, for valence
stretches which are not in the characteristic group
are nearly zero. Terms involving them may therefore
be neglected in eq 4 and the summation over » gives

o Od,

A~ = Vu T

o3,
= T o )

where N, is the number of characteristic valence
bonds. If there is only one A; normal mode, or if
the normal mode is completely characteristic, the /,;
may be calculated by I, (Gyi/ND'™ where Gy
is the appropriate A; symmetry G matrix element.®
Since vibrations are rarely completely decoupled, it
is significantly more accurate to use /,; values ob-
tained from a normal-coordinate analysis.

The above treatment of Raman intensities is based
upon a number of assumptions. The Wolkenstein
theory requires (1) that molecular polarizability is a
superposition of bond polarizabilities, (2) bond polar-
izabilities are independent of the relative orientation
of the bonds, and (3) a bond polarizability does not
depend on the stretching of other bonds. The first
two of these seem to be reasonably wvalid.”® The
third is difficult to test but the evidence suggests
that it may fail for molecules with extensive electron
delocalization.®
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The simple polarizability theory of Placzek, from
which the original intensity equation is derived, as-
sumes that the frequency of the exciting radiation
is much smaller than any electronic absorption fre-
quency. If this is not the case, the Raman intensity
(and any calculated polarizability derivative) may be
greatly enhanced due to the resonance Raman effect.!!
Unfortunately, many molecules with metal-metal
bonds (in our case Mny(CO)y; and Rey(CO)yp) have
absorption maxima relatively close to the frequencies
usually used for Raman excitation. To allow for
resonance effects, one can measure intensities as a
function of the excitation frequency and extrapolate
to a frequency at which the polarizability theory is
valid.

Experimental Section

Chemicals.—Hydrolyzed lead(Il) and bismuthi(Ill) solu-
tions were prepared by dissolving the reagent grade metal oxides
in concentrated perchloric acid with overnight digestion. The
solutions were analyzed for metal content by titration with
standard EDTA.12 Total perchlorate was determined by passing
the solutions through a cation-exchange resin in the acid form
and titrating the liberated acid. Thallous ethoxide was prepared
as described in the literature.!? Mercurous ion solutions were
prepared by dissolving freshly opened reagent mercurous nitrate
in standardized perchloric acid. Mn(CO)y and Rex(COo
were obtained from Strem Chemicals, Inc., and used as received.
Solutions of TL(OC:H;), Mns(CO)z, and Rex(CO)w were
prepared by dissolution into weighted amounts of fresh spectral
grade carbon tetrachloride.

Spectrometer.—Raman spectra were recorded with a spec-
trometer designed and built in this laboratory.}* In this instru-
ment scattered light, excited by a focused He—Ne Laser beam, is
collected at 90° by a f/1.2 lens and focused into a Spex Model
1400 double monochromator through a polarization scrambler.
The dc signal from a cooled ITT FW-130 Startracker phototude
is amplified and displayed on a strip-chart recorder. The wave-
length was calibrated using neon and argon discharge lines.
The relative spectral response of the system was determined by
recording the spectrum of a quartz—iodine lamp as described in
the literature.!

Intensity Measurements.—Raman intensities were measured
in all cases by using an internal standard. The standard chosen
for Mnz(CO)w, Rea(CO)1s, and TL(OCyH;)s was the »; (A1) line
of the solvent, CCly. The standard for the aqueous solutions of
Hgs?t, Big(OH )18+, and Pby(OH )4t was v1 (A1) of perchlorate ion.

The line of interest and the standard line were recorded first
with the laser light polarized perpendicular to the direction of
observation. The laser polarization was then rotated until
parallel to the monochromator axis and the two lines were again
recorded using identical instrumental conditions. This procedure
was repeated at least three times for each solution. The areas
of the Raman bands for the Mny(CO)yp solutions were measured
directly with a polar planimeter. For the Res(CO)p solutions,
direct integration of the metal-metal band at 120 cm~* was dif-
ficult since this band was not fully resolved from the broad en-
velope of metal-carbon deformation modes. An approximate
mieasure of the area was obtained with the aid of a Du Pont Model

(10) G. Placzek in “Handbuck de Radiologie,” Vol. 8, part 2, E. Marx,
Ed., Akademische Verlagsgesellschaft, Leipzig, 1934.

(11} J. Behringer in ‘“Raman Spectroscopy,” H. A. Szymanski, Hd.,
Plenum Press, New York, N. Y., 1967, Chapter 6.

(12) J.XKorbl, R. Pribil, and A. Emr, Collection Czech. Chem. Commun., 22,
961 (1957).

(13) N.V.Sidgwick and L. E. Sulton, J. Chem. Soc., 1461 (L430).

(14) R. E. Miller, D. I.. Rousseau, and G. E. Leroi, Technical Report No.
22, ONR Contract 1858 (27) N. R. 014-203, May 1967 (available from De-
fense Documentation Center, Cameron Station, Alexandrvia, Va. 22314).

(15) R. Stair, W. E. Schneider, and J. K. Jackson, Appl. Opt., 2, 1151
(1963).



Vol. 9, No. &, May 1970 RAMAN INTENSITIES AND METAL-METAL BOND ORDERS 1047
TaBLE I
v 1y n
Molecule (solvent) cm ™! Ruor” P &y, A2 a,’, A2 &, /rs n/2°
Hg:(H;0):2+ (aqueous ClO,™) 180 3.46 0.28 0.433 4.65 0.287 0.38
Mn3(CO)y (CCly) 160 10.8 0.40 0.723 5.35 0.215 0.95
(0.50)° (3.70) (0.149) (0.66)
Rey(CO)y (CCL) 120 2.60 0.37 0.286 3.14 0.114 0.52
(0.20)° (2.20) (0.080) (0.36)
Big(OH )1®* (aqueous ClO4™) 180 3.31 0.0 0.480 1.01 0.020 0.061
Pby(OH )s**+ (aqueous ClO,™) 130 0.60 0.0 0.154 0.49 0.009 0.023
TL(OCH;)s (CCL) 100 0.46 0.0 0.137 0.44 0.008 0.016
¢ Relative molar intensity. ° From eq 6. ¢ Figures in parentheses are based on molecular polarizability derivatives extrapolated to

zero exciting frequency (see text).

310 curve resolver by fitting the bands with a Lorentzian line
shape. Areas measured in this manner were reasonably con-
sistent and were considered more accurate than those obtained
by drawing an arbitrary base line for the partially resolved band.
The measured relative intensities were averaged, corrected for
instrumental response, and then used to calculate relative polariz-
ability derivatives.

To check for resonance effects, fresh Mn,(CO);; and Rep-
(CO)1p solutions were measured using a mixed-gas Ar-Kr ion
laser (Coherent Radiation Laboratory Model 52 and Carson
Laboratory Model 10SP) which offers many lines from 4880 to
6764 A for excitation. Thus, the relative molar intensity for the
metal-metal band of each compound was obtained as a function of
excitation frequency.

Results and Discussion

The results of the intensity measurements with
6328-A excitation are presented in Table I along with a
number of calculated parameters to be discussed be-
low. Molecular polarizability derivatives were cal-
culated using eq 1. They were put on an absolute
scale using &’ values of 0.685 and 0.865 A? for CCl !
and ClO,—, ' respectively.

Resonance Raman Effect for Mn,(CO),, and Re,-
(CO)yp.—Figure 1 shows the relative molar intensities
for Mny(CO)yg and Re;(CO)yq as a function of excitation
frequency. It is evident that we are dealing with a
resonance Raman effect. The greater effect observed
for Mny(CO)y than for Rey(CO)y is consistent with
the order of frequencies for the first electronic transi-
tion: 28,990 and 32,260 cm™!, respectively. Further-
more the intensity increase for the metal-metal stretch-
ing bands is consistent with the assignment by Leven-
son and Gray® of the first electronic absorption to a
* transition involving electrons primarily in
the metal-metal bond. It is expected that those
normal modes which are vibronically active in the
electronic transition should exhibit enhancement of
their Raman intensity.®

In order to obtain valid polarizability derivatives,
the data must be extrapolated to an excitation fre-
quency (namely, zero) at which the polarizability
theory is meaningful. The data are highly nonlinear
so that a direct extrapolation of the molar intensities
as a function of excitation frequency is uncertain. Al-
though there is not, as yet, a fully tested simple theory

g —> 0O

(16) D. A, Long, D. C. Milner, and A. G. Thomas, Proc. Roy. Soc. (Lon-
don), A237, 197 (19586).

(17) G. W. Chantry and R. A. Plane, J. Chem. Phys., 832, 319 (1960).

(18) R. Levenson and H. B. Gray, private communication.

(19) A. C. Albrecht, J. Chem. Phys., 34, 1476 (1961).
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Figure 1.—Relative molar intensity vs. Ar—Kr laser excitation

frequency for Mng(CO)yp and Rex(CO)y,. The intensity standard
is the »; (A;) line of the solvent, CCl,.

to account for the frequency dependence of Raman
intensities, the work of Albrecht!® and Behringer!!
leads one to expect a frequency dependence for ag’
of the form

(Ve2 + V02)

(Ve2 —_— V02)2

where v, is an effective absorption frequency and y,
is the exciting frequency. Assuming that the internal
standard shows no resonance effects, &y’ determined
by relative measurement should show a similar de-
pendence upon exciting frequency.

Figure 2 shows the calculated molecular polariza-
bility derivatives for Mny(CO)ye and Rey(CO)yo plotted
against the function X = (1 + (vo/ve)2)/(1 — (vy/

v)%)? which is equivalent to that given above. The
experimentally observed absorption maxima were
chosen as effective absorption frequencies. In this

form the data are indeed linear and permit easy extrap-
olation to X 1.0 (the value of the ordinate for
0). Polarizability derivatives obtained in this
way are given in parentheses in Table 1.

It must be emphasized that the above procedure
is not unique. The linearity of the data is not par-
ticularly sensitive to the choice of the parameter ..
For instance, its value may be adjusted to force a
linear extrapolation through the origin. In this case
the &’ values at X = 1.0 decrease by about 209,. The

Yo
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1+ (v / ve)?
{1- v /02
Figure 2.—Molecular polarizability derivatives, &g', for
an(co)w and Reg(CO)m S, [1 + (_Vo/ve)zl /[1 — (Vo/l’e)z] 2y is
the laser excitation frequency; e is the effective absorption fre-
quency; ve = 28,990 cm~! for Mne(CO)y, and 32,260 cm ! for
Rez(CO)m.

ratio of the a,’ values is not greatly affected, how-
ever. In the absence of any criterion other than
linearity for fixing »., it seems reasonable to choose
the observed electronic band maxima. The correction
to the @y’ values determined from the intensities mea-
sured at 6328-A excitation amounts to about 309,
for both Mny(CO)y and Re;(CO)yp.

Bond Polarizability Derivatives.—Bond polarizability
derivatives, @&,’, were calculated from &,’ using eq 5.
Appropriate eigenvectors were taken from previous
normal-coordinate analyses,®20—22 except for Hg,-
(H;0).%*, for which they were calculated by standard
methods® using the force constants given by Gager,
et al.?® In all cases, only the contribution of metal-
metal stretching was considered. Samiple calculations
in which reasonable values of &,” for metal-ligand
bonds, together with their associated /,; values, were in-
cluded in eq 4 showed that their contributions were
indeed negligible.

To interpret the results we made use of a semi-
empirical equation recently proposed by Long and
Plane,?* which successfully predicts &,’ for a wide range
of compounds. In their treatment a é-function poten-
tial model is used to derive an expression for ay, the
parallel component of the contribution to the molecular
polarizability arising from electrons in a bond. It is
assumed that @,’ is obtained simply by differentiating
ayp with respect to 7, the internuclear separation; z.e.,
no contribution is allowed either from the perpendicular
polarizability compomnents or from nonbonding elec-
trons. The resulting equation is

a, = g(go/Zao) <;n>73 (6)

where # is the number of electrons in the bond (n/2 is
the bond order), a, is the Bohr radius, Z is the effective
nuclear charge, ¢ is the Pauling covalent bond charac-

(20) V. A. Maroni and T. G. Spiro, Inorg. Chem., T, 188 (1968).

(21) V. A. Maroni and T. G. Spiro, ¢bid., T, 183 (1968).

(22) C. O. Quicksall and T. G. Spiro, #bid., 8, 2363 (1969).

(23) H. M. Gager, J. Lewis, and M. J. Ware, Chem. Commun., 616 (1966).
(24) T.V.Long, II, and R. A, Plane, J. Chem. Phys,, 43, 457 (1965).
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ter, and g is the §-function strength. The quantity g is
equated with X '/? where X is the Pauling electronega-
tivity, and Z is taken as the atomic number minus the
number of inner-shell electrons. (For a heteronuclear
bond the geometric mean of the two values is used.)
The most significant aspect of this equation is its pre-
diction of a third-power dependence of &,” on the
internuclear distance. This feature, along with varia-
tions in Z and g, explains the well-known variation of
&, with the atomic number of bonded atoms.?

Table I lists bond polarizability derivatives, correc-
tions for the cube of the internuclear distance, and bond
orders as calculated with eq 6. The most interesting
feature is the clear division between species with genuine
metal-metal bonds and the bridged polynuclear com-
plexes for which significant metal-metal bonding is not
anticipated but which show ‘‘cluster-type” Raman
bands. It can be seen that the bond polarizability de-
rivatives are substantially lower for the latter species
than for the former, and the distinction is greatly
accentuated when the derivatives are divided by the
cube of the internuclear distance. An order of magni-
tude separates the two groups of values and carries over
to the calculated bond orders. It is apparent that the
metal-metal “bonds” in Bis(OH).®t, Pby(OH),4+, and
TL(OCyH;)y are worth on the order of 0.1 electron or
less each, if this approach is valid. The great sensi-
tivity of Raman spectroscopy to such weak interactions
is due to the large internuclear distances involved.

That the metal-metal interactions for the bridged
complexes are nonetheless real is indicated by the
Raman results? obtained for NbsO;48~ and TagO8—, in
which the metal atoms are arranged in an octahedron.
The metal-metal separations are 3.3 A, yet metal-
metal interaction is almost certainly ruled out since the
metal ions have d° valence states. For these complexes
the lowest frequency Ay, band is one of the weakest in
the Raman spectrum and its intensity can be ascribed
to contributions from metal-oxygen stretching. In
contrast the lowest frequency Ai, bands for Bis-
(OH)pt+, Pby(OH)4t+, and TI(OC,H;)s are substan-
tially stronger than the Ay bands assignable to metal-
oxygen stretching.

Close examination of the calculated bond orders re-
veals that some problems remain with respect to the
interpretation of bond polarizability derivatives. For
Hg,2* a reasonable bond order might be expected to be
close to unity rather than the calculated value of 0.38.
Matters are only made worse, although not greatly so,
by an apparent breakdown in one of the assumptions
made by Long and Plane, namely, that the perpendicu-
lar component of the bond polarizability derivative is
zero. If this were the case, the depolarization ratio for
the Hg-Hg stretching band would be 0.50 whereas the
measured ratio is 0.28. From the measured ratio one
calculates a value of )’ which gives /2 = 0.28 in the
Long and Plane theory. One major source of difficulty
is in the choice of Z in eq. 6. ILong and Plane specify

(25) F. J. Farrell, V. A. Maroni, and T. G. Spiro, Tnorg. Chem,, 8, 2638
(1969).
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that Z is the atomic number minus the number of
inner-shell electrons. In calculating #/2 we used Z = 2
for Hg.**, assigning the 5d electrons to the “‘inner shell.”
The same procedure was followed by Long and Plane in
calculating bond orders for tetrahalomercury(II) com-
plexes.?* On the other hand, it is quite possible that d
electrons participate in the Hg—Hg bond, but if all ten
d electrons are subtracted from the inner shell giving Z
= 12, then the calculated bond order is 2.4.

For the Bi(III), Pb(II), and TI(I) complexes Z was
taken to be 5, 4, and 3, respectively, assigning five d
electrons, but not six s electrons, to the inner shell, by
analogy with Hg(I). For Mn,(CO)y and Re,(CO)y Z
was taken to be 7 considering that all the d electrons are
involved in either metal-metal or metal-ligand bonds.
It is evident that counting electrons in this way is rather
an arbitrary procedure and constitutes a limitation on
the usefulness of the Long and Plane equation. It may
be that for evaluation of relative metal-metal bond
orders, the parameter &, /73 is preferable to n/2.

There is also the possibility that &,” depends some-
what on the shapes of the bonding orbitals. Chantry
and Plane® suggested that increasing s-orbital contribu-
tion to carbon—-carbon single bonds decreases the associ-
ated bond polarizability derivative, and rationalized the
low &’c_c of CH;CN relative to that of CH;CHj; on this
basis. Possibly the low value of #/2 found here for
Hg.?* might also be a reflection of the s character of the
Hg-Hg bonding orbital. On the other hand it should
be pointed out in the case of H,, where s-orbital involve-
ment in the bonding is surely maximal, the &'n-m
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calculated with the Long and Plane equation is within
259 of the experimental value,2*

The polarizability derivatives for Mny(CO)3, and
Re;(CO)yg are puzzling. For these two molecules the
internuclear distances are nearly the same, as are the
electronic structures and electronegativities, so that the
metal-metal bond polarizability derivatives should be
directly comparable. They are clearly in the wrong
order considering that the Mn-Mn bond is expected to
be substantially weaker than the Re-Re bond on the
basis of electron impact measurements? and force con-
stant determinations.?? Conceivably we are dealing
with a breakdown in the assumption of the Wolkenstein
theory that bond polarizability derivatives are indepen-
dent of the stretching of other bonds. Breakdown of
this assumption has previously been suggested for
highly delocalized systems.®

In summary, we conclude that measured Raman in-
tensities can be used to give order of magnitude esti-
mates of metal-metal interaction and that the method is
quite sensitive. On the other hand it appears that
current theory is not yet adequate to place the deter-
mination of metal-metal bond orders on a quantitative
basis.
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The kinetics of the exchange of the phosphorus-bonded hydrogens in the hypophosphite anion has been studied in basic solu-

tions, using proton nmr to follow the reaction.

The exchange of HyPO,~ follows the rate law rate = kpr(OD ~)(H,PO;™)

in D;0 and the analogous expression for D,PO,;~ in H,O, with kpg = (3.6 == 0.4) X 107* ¥~ min~land kpp = (1.15 &

0.05) X 107% M~* min~?, both at 25°.

A mechanism invoking base-assisted removal of the hydrogen from hypophosphite

appears to be consistent with all of the kinetic data and with the equilibrium isotopic distribution in 50:50 atom %, H-D

mixed solvent.

Introduction

The acid-catalyzed exchange of the phosphorus-
bonded hydrogens in hypophosphorous acid has been
studied by Fratiello and Anderson* and by Jenkins

(1) Contribution No. 398 from the Department of Chemistry, Tufts
University.
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(4) A. Fratiello and E. W. Anderson, J. Am. Chem. Soc., 88, 519 (1883).

and Yost.5 These studies, particularly the latter, in-
dicated the existence of an intermediate common to
the exchange and reduction® reactions of HzPO.. This
active hypophosphorous acid is believed to be an iso-
meric form of the normal structure of the acid. Studies
of the exchange between the phosphorus-bonded pro-

(8) W. A, Jenkins and D. M. Yost, J. Inorg. Nucl. Chem., 11, 207 (1859).
(6) P, Hayward and D. M. Yost, J. Am. Chem. Soc., 71, 915 (1949), and
previous references cited therein.



