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zero-field splittings of the magnitude commonly observed in 
chromium(II1) complexes. 

Without that correction the derived 2D/kB is too large. 
Nevertheless, the magnetic ions in this crystal are so far apart 
that it should come as no surprise that the superexchange 
interactions are so very weak. 

The observed g values are typical of those found with 
chromium(II1). It is not clear what significance, if any, should 
be attached to the lack of an exchange correction to the fit 
of the perpendicular-susceptibility data. It was judged not 
worthwhile to extend the measurement of xL to lower tem- 
peratures. 

In conclusion, the analysis of low-temperature magnetic 
susceptibility measurements has been shown to be a powerful 
technique for the precise determination of ground-state 
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Metal-hydrogen stretching frequencies of p3-bridging hydrogen ligands have been determined from the infrared spectra 
of a number of metal hydride cluster complexes. A vibrational model is described which suggests that the ratio of the 
antisymmetric and symmetric M-H stretching frequencies is related simply to the angular disposition of the three M-H 
bonds. This model is equally applicable to the study of hydrogen atoms adsorbed on metal surfaces. 

Introduction 
In recent papers the vibrational frequencies associated with 

the metal-hydrogen stretching modes of y2-bridging1,2 and 
interstitial3 hydrogen ligands in metal cluster complexes have 
been described., Of the various types of hydrogen ligand en- 
vironment encountered in metal clusters, that which is least 
satisfactorily characterized by vibrational spectroscopy, or 
indeed by any technique, is the y3-bridged site. Here we report 
the infrared absorption frequencies corresponding to the vi- 
brations of y3-bridging hydride ligands in a number of metal 
hydride cluster complexes, and a vibrational m d e l  is developed 
which leads to a simple relationship between the M-H 
stretching frequencies and the M3H geometry. 

Few hydrogen ligands in y3-bridged sites have been directly 
located by diffraction techniques. Of the complexes considered 
here only for H4C04(~-CSH5)4 have hydrogen positions been 
determined; the hydride ligands have been located by X-ray 
diffraction ca. 0.8 A above the centers of the four C O ~  faces4 
Although some early controversy surrounded their structures, 
it now seems likely that a similar hydrogen environment exists 
in the mixed-metal clusters HMCO,(CO)~~  (M = Fe, Ru, and 
Os), by analogy with the structure of the phosphite derivative 
HF~CO,(CO),(P(OCH,)~)~,  where the hydrogen ligand has 
been shown by the more accurate neutron diffraction study 
to be situated ca. 0.98 A above the center of the C O ~  triangle.>* 
Evidence for y3-bridged environments in the other complexes 
is less direct and derives from observations of enlarged M3 
faces and “swept-back” carbonyl ligand~.~JO 
Theory of the Vibrational Model 

The three vibrational modes of a y3-bridging hydrogen 
ligand in a pyramidal C3, environment comprise a nonde- 

*To whom correspondence should be addressed at the University of East 
Anglia. 

generate symmetric M-H stretching mode, vMHSYm, and a 
doubly degenerate antisymmetric M-H stretching mode, 
VMH~~Y”’. In the extreme case of the hydrogen atom lying in 
the plane of the three metal atoms, D3h symmetry, the vi- 
brations would become a nondegenerate out-of-plane defor- 
mation and a doubly degenerate M-H stretching mode. The 
observed vibrational frequencies are thus expected to be 
somewhat sensitive to the separation of the hydrogen ligand 
from the plane of the metal atoms. If we take the standard 
vibration equations for a pyramidal M3H molecule (see, for 
example, ref 1 la )  using a central force field, and introduce 
the approximation that the M-M stretching frequencies are 
very much lower than the M-H stretching frequencies, we 
obtain expressions 1 and 2 for the two M-H stretching fre- 
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Table I. Metal-Hydrogen Stretching Frequencies (crn-') of Some p,-Bridging Hydride Ligandsa 

Andrews et al. 

UMHSym/ VMH m/ 
complex ,MHSYrn ,MDSYm vMDSYm vMHasYm I J M D ~ ~ Y ~  ,MDasYm T ,  K ref 

H, Ru, K O ) ,  708 m (620)b w (1.14)b 660,652 s 462,454 s 1.43 95 d 
[HOs,(CO),,]- 1020 w 1 690 w 1.52 
H,Co,(n-C,H,), 958 s 694 s 1.36 

HFeCo,(CO) 1118 817 1.37 
HRuCo,(CO),, 1121 805 1.39 
HOsCo, (CO),, 1109 809 1.37 
Pt( 111) 550 400 1.37 
W(110) 767 

95 0 

a Abbreviations: s = strong; m = medium; w = weak; sh = shoulder 

quencies (in wavenumbers), where is the acute angle between 
the M-H bonds and the threefold axis, k, is the M-H bond 
stretching force constant, c is the speed of light, and mM and 
mH are the masses of the metal and hydrogen atoms, re- 
spectively. On the further assumption that mM >> mH, so that 
the angle-dependent terms of (1)  and (2) are considerably 
greater than unity, the ratio of the two frequencies is given 
by relationship (3). This simple relationship is comparable 

,,Mr?Hasym/vMHSym = (tan p)/21/2 (3) 

with the relationship derived previously to describe K2-bridging 
metal-hydrogen stretching frequencies.' 

It is pertinent to enquire as to what this model would predict 
in the event that the hydrogen ligand lies close to the plane 
of the three metal atoms. that is the environment approaches 
a planar, D3,, configuration. In this event /3 - 90" and an 
infinite "MHasym/~MHSym ratio is obtained a t  this angle. If we 
consider the extreme case of a regular D3* environment, the 
hydrogenic modes now comprise a doubly degenerate, anti- 
symmetric stretch (symmetry e') and an out-of-plane defor- 
mation (symmetry a?). A simple valence force field may then 
be defined where, making the approximations that mM >> mH 
and that k, >> kcllb where ks is the in-plane angle deformation 
force constant, we write 

Y M " a s P  = [3k,/87r2c2rnH] ' I 2  (4) 

,,MVIHvm = [3k1/4.ir2C2m~] ' I 2  (5) 
where k A  is the angle bending force constant for the out-of- 
plane motion. One then obtains the limiting ratio 

(6) YMHasym / VMHvm = [k,/2kA1"2 

Experimental Section 
The  complexes H 2 R ~ 6 ( C 0 ) 1 8 , 9  [n-Bu4N] [HOs6(C0) ,8 ] ' 2  and 

H4C04(~-C5HS)413 and their deuterated analogues were prepared by 
reported methods. Infrared spectra of the complexes were measured 
as KBr disks, a t  300 and 95 K, using Perkin-Elmer 325 and Digilab 
FTS-14 spectrophotometers. Assigned vibrational frequencies of 
uMHasYrn and vMHSYm in the complexes studied, together with previous 
data,  are given in Table I. Peak absorption intensities arising from 
these modes were found to be temperature-dependent, peak heights 
increasing upon cooling as previously found for other nonterminal 
hydride This behavior, shown for the case of H,CO~(H-  
C5Hs)4 in Figure 1, provides an important experimental criterion for 
identifying metal-hydrogen stretching modes. The absorption fre- 
quencies appeared to be almost independent of temperature. 

Results and Discussion 
The 600-1200-cm-' region of the infrared spectra of 

H & O ~ ( T - C ~ H ~ ) ~  and D4C04(~-CSH5)4, a t  95 K, is shown in 
Figure 2. The behavior of the more intense Co-H stretching 
mode on deuteration is plainly seen. The position of the weaker 

(12) C. R. Eady, B. F. G. Johnson, and J. Lewis, J .  Chenz. SOC., Chem. 
Commun., 302 (1976). 

(13) J. Muller and H. Dorner, Angew. Chem., 85,  867 (1973). 
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See discussion in the text. [n-Bu,N]' salt. This work. 
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Figure 1. Infrared spectra of H 4 C 0 4 ( ~ - C 5 H s ) 4  measured a t  300 K 
(A) and 95 K (B). 

I I 1 
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Figure 2. Infrared spectra of H4C04(?r-C5H5)4 (A) and D4C04(7r- 
CSH5), (B), at  95 K. Absorptions marked with an asterisk are assigned 
to hydrogenic modes. The spectrum of D4C04(n-CSHs), was obtained 
with a considerably greater amount of sample than was the case for 

absorption in the spectrum of the deuterated species is less 
obvious; this absorption is tentatively ascribed to a shoulder, 
at 772 cm-', on the intense band near 800 cm-'. The spectrum 

H4C04(H-C5H5)4, 
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900 700 500crn-I 

Figure 3. Infrared spectra of H2Ru6(CO)18 (A) and D2R~6(C0)18 
(B), at 95 K. Weak bands arising from a small proportion of 
[(Ph,P),N] [DRu,(CO),,] impurity are present in the 700-900-~m-~ 
region of the spectrum of the deuterated complex. Asterisks: hy- 
drogenic modes. 

of D4C04(7r-C5H5)4, in addition to showing the changes caused 
by the isotopic shifts of the M-H stretching modes, displays 
multiple absorptions which presumably arise from the 
HD3C04( T - C ~ H ~ ) ~  isotopic impurity. The four hydrido ligands 
are crystallographically inequivalent, and this seems to be 
reflected in the complexity of the weak absorptions near 1050 
and 950 cm-'. 

The most straightforward assignment of the observed in- 
frared absorptions to the symmetric and antisymmetric M-H 
stretching modes occurs in the case of H2R~6(C0)18 .  The 
infrared spectra of H*Ru,(CO),, and D2R~6(C0)18 ,  in the 
region 400-900 crn-', are shown in Figure 3. The most 
obvious effect of deuteration is to shift to lower frequency the 
two absorptions which occur near 710 and 650 cm-' in the 
spectrum of the H complex. In the H*RU6(C0)18 crystal the 
Rug cluster occupies a site of C, symmetry, and geometric 
considerations suggest that two opposite Ru3 faces are bridged 
by hydrogen  ligand^.^^'^ Group theory would thus predict a 
single IR-active component of uR,,$Y"' and two IR-active 
components of V R ~ H ~ ~ " " ' .  This prediction leads us to assign 
(Figure 2) the single band near 710 cm-' to VR,,H~Y"' and the 
doublet near 650 cm-l to v R ~ H ~ ~ ~ ~ ~  The corresponding modes 
in the spectrum of D2R~6(C0)18 are less readily assigned. One 
plausible interpretation places V R ~ ~ ~ Y ~  at 620 cm-' and a 
doublet arising from vRuDasW near 450 cm-'. The isotopic ratio 
for the antisymmetric modes would then be 1.43, close to the 
expected value of ca. 2112. The isotope ratio ~ ~ ~ ~ ~ y ~ l ~ ~ ~ ~ ~ y ~  
under this assignment would be 1.14, considerably less than 
the expected value, and this would imply that considerable 
coupling exists between the symmetric mode and the Ru-CO 
deformation modes of the same symmetry which occur just 
below 600 cm-I. That coupling of this type does, in fact, exist 
is supported by the rather extensive changes which are ap- 
parent in the 500-600-cm-' region upon deuteration. Me- 
chanical coupling between the lower frequency carbonyl modes 
and the metal-hydrogen stretching modes is not too surprising 
in view of the distortion of the carbonyl coordination geometry 

(14) The site symmetry of the Ru6 cluster was stated incorrectly in ref 9a 
as C,. 
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Figure 4. Infrared spectra of [ ~ - B U ~ N ] [ H O S ~ ( C O ) ~ ~ ]  (A) and [n- 
Bu4N] [DOS~(CO),~]  (B), at 95 K. Asterisks: hydrogenic modes. 

caused by the presence of the hydrogen ligand in the p3-bridged 
site.ga An alternative assignment of VR~D~Y"', which gives an 
isotope ratio closer to the expected value, is to the sharp, 
intense band near 500 cm-I in the spectrum of D2Ru6(CO)18. 

Identification of the hydrogenic modes in the spectra of 
[n-Bu4N] [HOS,(CO),~] and [n-Bu4N] [DOs6(CO),,] is com- 
plicated by the absorptions of the cation, Figure 4; however, 
one such mode may be seen to shift from near 1250 cm-' to 
near 900 cm-' upon deuteration. A weaker isotope-sensitive 
absorption appears to shift on deuteration from among a group 
of cation absorptions at  1020 cm-' to ca. 690 cm-'. 

Inspection of the general range of isotope ratios in Table 
I shows that in the complexes other than H 2 R ~ 6 ( C 0 ) 1 8  these 
are much as expected. In these cases a greater frequency 
separation exists betwen the M-H stretching modes and the 
low-frequency carbonyl modes than is the case for the un- 
usually low frequency of the former in the ruthenium cluster. 

In the spectra of those complexes where no splitting of the 
vMHasYm absorption may be seen and used as a clue to assign- 
ment, we may use eq 3 as a guide to the correct assignment 
of the metal-hydrogen stretching modes. This approach is 
instructive in the case of H M C O ~ ( C O ) , ~  (M = Fe, Ru, and 
Os) where a single M-H stretching absorption has been ob- 
served for each ~ o m p l e x . ' ~ J ~  If we assume that the site 
occupied by the hydrogen atom in these complexes is unaf- 
fected by the introduction of phosphite ligands, as in HFe- 
C O ~ ( C O ) ~ ( P ( O C H ~ ) ~ ) ~ ,  the angle between the Co-H bonds 
and the threefold axis is estimated to be 55.7O. By use of eq 
3 the predicted frequency ratio vMHasym/vMHsym is 1.036, and 
we conclude that the single, asymmetric absorption observed 
in the spectrum of each of these complexes probably represents 
a near coincidence between the symmetric and antisymmetric 
Co-H stretching modes. Use of eq 3 is less conclusive in the 
case of H ~ C O ~ ( ? ~ - C ~ H ~ ) ~  where again the closeness of the 
frequency ratio to unity, 1.096, means that physically rea- 
sonable Co-H distances are obtained with either possible 
assignment; the crystallographically determined hydrogen 
positions in this case must be used with caution since they were 
found by using X-ray diffraction and almost certainly represent 
shorter Co-H bonds than actually O C C U ~ . ~ '  Assignment of 
the higher frequency absorption to v c ~ ~ ~ Y " '  leads to a calculated 
Co-H distance of 1.69 A and a separation of the hydrogen 
atom from the C O ~  plane, ~(CO~-.H), of 0.92 A, compared with 

(15) M. J. Mays and R. N. F. Simpson, J .  Chem. SOC. A,  1444 (1968). 
(16) J. Knight and M. J. Mays, J.  Chem. SOC. A, 711 (1970). 
(1 7 )  The X-ray6 and neutron' diffraction structure determinations of HFe- 

Co,(C0)9(P(OCH3)g)3 placed the hydrogen ligand 0.75 8, and 0.98 A 
from the plane of the cobalt atoms, respectively 
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Table 11. Estimated Structural Parameters for Hydrogen in p,-Bridging Sites 

Andrews et al. 

.MH=sym/ - 
complex .&Ym Pobsd, deg Ptheor, deg r(M-M)? a r(M-H),b a r(M,.**H),b*C a 

H, Ru6 (CO) 18 0.926 52.6 2.954d 2.15 1.30 

H4 CO, (n-C 5 H 5 1 4 1.096 60.7 57.2 2.467f 1.69 0.92 
[Hos6(Co) l~ l~  1.195 59.4 2.973e 1.99 1.01 

HFeCo,(CO),, -1 55.Ig -54.7 2.4889 -1.76 -1.01 
HRuCo,(CO) , -1 55.79 -54.7 2.48gg -1.76 -1.01 
HOsCo,(CO),, -1 55.79 -54.7 2.4889 -1.76 -1.01 
Pt( 1 1 1) 2.236 72.4 2.7gh 1.69 0.5 1 

Mean metal-metal bond length. 
the plane of the three metal atoms. 

Calculated assuming C,, symmetr . 
Reference 9a. e Reference 10. ?Reference 4. 

r(M,-.H) represents the separation of the hydrogen ligand from 
Reference 7, see text. Reference 19. 

1.80 and 1.10 A, respectively, for the reverse assignment. The 
former assignment is thus somewhat preferred on the basis 
of the r(Co3-H) value in the phosphite ~ o m p l e x . ~ J ~  For the 
[ H O S ~ ( C O ) , ~ ] -  ion reasonable Os-H distances are obtained 
only when the antisymmetric Os-H stretching mode is assigned 
to the higher frequency absorption. 

The present data are inadequate for a general statement to 
be made regarding the relative intensities of the symmetric 
and antisymmetric metal-hydrogen stretching modes in the 
infrared spectra of p3-bridged hydride complexes. In the case 
of p2-bridged hydride clusters it has been found that the an- 
tisymmetric mode gives rise to the more intense absorption 
in the infrared spectrum,1-2 but our assignment of vMHasYrn to 
the weaker absorption in the spectrum of H4C04(7r-CjHj)4 
suggests that this may not be a reliable criterion for assignment 
in p3-bridged systems. 

The existence of h3-bridging hydrogen atoms chemisorbed 
on metal surfaces has been suggested.1X-20 Theoretical studies 
have suggested that hydrogen atoms adsorbed on the Pd(ll1) 
face occupy threefold bridging sitesI8 and a similar situation 
on the Pt( 11 1) face has been deduced from electron-energy-loss 
spectroscopy, where frequencies of 1230 and 550 cm-’ were 
determined for vMHasym and vMHSYrn respectively. In the latter 
study an angle 0 of 65.9’ was estimated by using a simple 
vibrational model, but the expression used for the frequency 
ratio would appear to be in error. An angle of 72.4’ is derived 
by the use of eq 3. This revised value of p leads to a calculated 
Pt-H bond length of 1.69 8, compared with the original es- 

(18) S. G. Louie, Phys. Rev. Lett., 42, 476 (1979). 
(19) A. M. Bar6 H. Ibach, and H. D. Bruchmann, Surf. Sci., 88, 384 

(1979). 
(20) U. A. Jayasooriya, M. A. Chesters, M. W. Howard, S. F. A. Kettle, D. 

B. Powell, and N. Sheppard, Surf. Sci., 93, 526 (1980). 

timate of 1.76 8,. A third example of triply bridging hydrogen 
atoms on metal surfaces has been suggested to occur on the 
W( 110) face20 for which a W-H symmetric stretching fre- 
quency of 767 cm-I has been measured by electron-energy-loss 
spectroscopy.21 The metal surface selection rule applicable 
to electron-energy-loss spectroscopy identifies the symmetric 
metal-hydrogen stretching mode as giving rise to the stronger 
band in cases of this type. 

Structural parameters of the various p3-bridged sites con- 
sidered here, obtained from eq 3 and the mean observed M-M 
bond lengths, are shown in Table 11. The two extreme situ- 
ations would appear to be H2Ru6(C0)1X, where the hydrogen 
atom is calculated to reside a rather large distance out of the 
plane of the ruthenium triangle, and hydrogen adsorbed on 
Pt( 11 l ) ,  where the hydrogen atom is very close to the metal 
surface. The latter conclusion is entirely reasonable on steric 
grounds-that is, the “naked” metal surface contains no lig- 
ands which might provide an electrostatic or steric barrier to 
the close approach of the hydrogen atom to the plane of the 
metal atoms. A manifestation of such a barrier in metal cluster 
complexes is provided by the distortion of carbonyl ligand 
geometry which usually results from the presence of a p3-  
bridging hydrogen ligand. 
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