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The M—H Bond Stretching Frequencies of u,-Bridged Metal Hydrides and
their Relationship to the M—H—M Interbond Angle

By M. W. Howarp, U. A. Javasooriva, S. F. A. KeTTLE, D. B. PowELL, and N. SHEPPARD
(School of Chewmical Sciences, University of East Anglia, Novwich NR4 7T])

Summary A successful theoretical correlation is made of
experimental data on the M-H bond stretching modes of
iy-bridged metal hydrides with the M~H-M interbond
angle, based on the application of ceatral or valence
force fields to the MHM unit.

THE direct location of the hydrogen atom in metal clusters
containing p,-hydrogen bridges has been successfully deter-
mined by neutron diffraction! and by X-ray diffraction??
for only a few compounds. Neither of these techniques
is routine. For example neutron diffraction requires a

single crystal of some 10 mm? volume and in X-ray diffrac-
tion there are major difficulties caused by the uniquely low
electron density of hydrogen atoms.

We report here a method of estimating the M-H-M
interbond angle from the measurements, and particularly
the ratio, of the asymmetric and symmetric metal-hydrogen
bond stretching vibrational frequencies, wvag and wg (or
Uas and U in wavenumbers) respectively.

We have been systematically investigating the nature and
frequencies in u,-hydrogen containing cluster compounds
and have successfully characterised the wvym frequency
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regions.* Our studies have enabled the identification of
vum bands which shift by ca. 1/4/2 in deuterium containing
analogues. This shows that, in considerable measure, the
vsm and vyy modes are independent vibrators in agree-
ment with the conclusions of Knox ef al.5 However, the
bands observed often have associated substructure and in
some cases the latter may be partially caused by weak
coupling between umm and the very low frequency vy
bond stretching modes. The absorption bands are also
often broad and hence relatively weak, but sharpen up
markedly on cooling to liquid nitrogen temperatures.$
These effects and the H/D shifts enable reliable assign-
ments to be made.

A hydrogen atom bridging two metal atoms has two
stretching vibrations, an asymmetric mode (A) and a
symmetric mode (B), assuming that the heavy metal
framework remains stationary.
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If the standard vibration equations for an XY, molecule
are taken using either a simple valence or central force
field,” with the approximations (a) that the mass of the
Y atoms, my are taken as infinite and that of the X atoms,
mx, is equal to the mass of a hydrogen atom, mx and (b)
that, for the valence force field, the angle bending force
constant, Ry, is much smaller than that for bond-stretching,
kr, we obtain relationships (1) and (2), where § is the M-H-M

Ugs? = kysin®(0/2) /2mcPmy (1)
vg? = krcos?(0/2) /2m%c*myg (2)

M

interbond angle, and ¢ is the velocity of light.
the simple relationship (3).

(vas/vs) = (Tas/Ts) = tan(0/2) ®3)

A non-zero stretch-stretch interaction constant would
lead to slightly different values for the force constant con-
trolling a5 and vg. As interaction constants are usually
small, this would have the effect in equation (3) of multi-
plying tan(/2) by a factor slightly different from unity.
Qualitatively, equation (3) requires that at 6 = ca. 90°
the ratio should be near unity, i.e. the separation between
Uas and s becomes small. As > 180° the ratio and
frequency separation increases. On the central force
model when there is a truly linear bridge with § = 180°,
¥y is zero. However, for the valence force model, this
extreme situation is never reached because the angle
bending force constant kg becomes important; hence, as 6
becomes larger, the observed ratio will tend to a value that
is less than that indicated by the simple relationship of
equation (3).

In the case where § approaches 180°, the bond-stretching
contribution to the hydrogen motion becomes negligible
and the valence force field then gives the limiting value as
in equation (4). This leads to the limiting ratio shown in
equation (5).

vg? = kesin2(0 /2) /72 my (4)
(vas/vs) = (kr/ 2"“6)i (5)

These give
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TABLE. The observed wavenumbers 7,5 and v, and the M-H-M
interbond angles for a number of u,-bridged metal hydrides.
No. Compound Tas/cm~l  Pg/cm—? 6/°
1 H,08,4(CO) 1228 1177 92-6
2 HOs4(CO),CH:CH 1392 1286 101-5
3 H,0s,(CO),C:CH,2 1411 1313 103-5
4  [Ph,P]+[HW,(CO),]-* 1520 1022 123-3
5  HyMny(CO),,° 1660 (av) 888 (av) 131 (av)
6  [Et,NJ*[HW,(CO),]-¢ 1680 875 137-2
7 [Et,NJ+[HCr,(CO);o]=¢ 1720 818 158-9

a G. Sheldrake, personal communication. P R. Bau, personal
communication. ¢ Ref. 2; (av = average over multiple absorp-
tions or multiple angles). ¢ Ref.1l. ¢ J. Roziere, J. M. Williams,
R. P. Stewart, J. L. Peterson, and L. F. Dahl, J. Amer. Chem.
Soc., 1971, 99, 4497.

The Table shows the list of observed U35 and 5 wave-
numbers for those compounds which we have studied, whose
M-H-M angles have also been measured.»? The v,g bands
tend to be more prominent in the i.r. and the v bands more
prominent in the Raman spectra. Where multiple maxima
are observed, the mean values for Uyg and Uy are listed. It
can be seen qualitatively that the separation of U4 and ¥
does indeed increase with increasing values of § and that the
ratio is approximately unity in H,0s;(CO),,, where § = ca.
90°. This finding differs substantially from some earlier
experimental studies.! The wavenumber range of U,g is
very large and the experimental results were difficult to
understand until the relationship between this and the
interbond angle became apparent.

o7
2.0~
o6

@

1-8f-

16

o4

vc.ls/\'s

12

18

| | | 1 {
1 2 3 4 5 6

tan (8/2)

L

Ficure 1. Comparison of experimental data with the theo-
retical line predicted by equation (3).

Figure 1 shows the experimental data and the ‘theoretical’
curve of gradient unity expected from equation (3). The
relationship given in equation (3) has the advantage, if the
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model is adequate, that it is independent of the individual
values of the metal hydrogen force constant and requires
no empirically determined parameters. The points show
that for larger values of # the deviation from the theoretical
line increases rather rapidly due to the effect of kg on vg.
Expectation based on equation (5) would lead to deviations
similar to that observed for [Et,N]*[HCr,(CO),,]~ but more
experimental data on such high-angle complexes are needed
before further analysis is justified. The relationships
implied in the separate equations (1) and (2) are only of
any value if %y is essentially constant, ¢.e. independent of the
metal or the specific compound studied. Because ;g is
readily available from i.r. measurements (s is sometimes
impossible to obtain from Raman studies for highly coloured
compounds) we show graphically the relationship between
Uas and sin(f/2) in Figure 2. In fact, a reasonably good
straight line is obtained with a slope corresponding to a
value for &y of ca. 108 N m~1. In this plot the root mean
square deviation from the straight line is 4-7°, with a
maximum error of 6° in §. Although this apparent accu-
12— racy probably exceeds that associated with the experi-
mental data in #, and so must be taken with caution, it does
seem that this alternative empirical plot may be of pre-

dictive value.
M= Until more experimental data are available it is not clear
whether an empirical curve drawn through the points of
Figure 1 or the empirical line drawn in Figure 2 would
10 | . | x | give the better estimate of §. With regard to Figure 2,
05 06 07 08 09 10 the value of the force copstant kr may .be compensateq by
the fact that, on the simple harmonic force field, it is

sin (8/2) independent of %q.

FiGure 2. A plot of ¥z against sin(8/2) in accordance with .
eéﬁatkiﬁn (2). P Yo 28 (/%) (Received, 23vd August 1978; Com. 929.)
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