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A vibrational assignment has been made for [Os,(CO)g(u,-n2-CoH,)1 and its deuteriated and 3C analogues: this
complex is shown to be a vibrational model for molecular ethylene chemisorption, confirming the (1,2-di-o) bonding

mode.

The chemisorption of ethylene onto metal surfaces has been
the subject of a large number of vibrational spectroscopic and
other studies. Although at ambient and higher temperatures
many different dissociatively adsorbed hydrocarbon species
have been identified, at low temperatures (generally 7 < 200
K) it has been found that the ethylene molecule is adsorbed
intact onto the metal surface. Studies of this molecular
chemisorption by electron energy loss spectroscopy (EELS)
have been reviewed by Sheppard,! who pointed out that the
EEL spectra obtained can be divided into three basic types,
designated Types 1, 1', and 11. Spectra of Type 11 have been
assigned? to a n-bonded ethylene species lying parallel to the
surface, by comparison of the observed vibrational frequen-
cies and intensities with those found for Zeise’s salt, K+{Pt(r-
C2H4)Cl3] -3

Spectra of Type 1 have been assigned? to a species in which
each carbon atom is o-bonded to a surface metal atom, such
that the C-C bond is approximately single. The gauche
conformer of 1,2-dibromoethane4 has been used as a vibra-
tional model for this species, but is clearly not ideal for this
purpose. The binuclear complex [Os,(CO)g(u-m2-CoHy)]5
(1a) is much more suitable as a model, since the ‘diosmacyclo-

butane’ core has a structure closely analogous to the proposed
surface species, with the C-C bond length of 1.53 As5a and the
scalar couplings (Jcc 34.0 Hz; Jcy 135.3 Hz)39 implying full
sp3 hybridisation at the carbon atoms. Accordingly a detailed
vibrational study of the complex was carried out. The
structure of the complex is shown schematically in Figure 1.
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Figure 1. Molecular structure of [Os,(CO)g(n-n2-C.Hy)| (Ref. 5).
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Table 1. Vibrational assignment for [Os,(CO)s(C,H,4)] and comparison with surface speciesa.b

[Os2(CO)5(CHY)]
(12C;H,) (13C;Hy) (C,Dy)

Mode¢ Lr. Raman Lr. ILr. H/D
VeH; b,/b 2936m 2939w 2926m 2206m 1.33
VcH, a/a 2917w n.o. 2907vw 2196w 1.33
Ve, a,/a 2910m 2914ms  2900m 2139mw  1.36
VcHy by /b 2843m 2843m 2835m 2110m 1.35
20cnH, B/B 2902sh n.o. 2887sh n.o. —
2dcn, AJ/A 2879vw 2883w 2870sh 2243vw  1.28
28cn, AJ/A 2840sh n.o. 2846mw  2102vw  1.36
dcmp? aj/a 1445w n.o. 1439w 1121w 1.28
dcH, b,/b 1434m n.o. 1430m 1058m 1.36
WCH, by/b 1225m n.o. 1216m 913m 1.34
wcpd a/a 1144vs n.o. 1134vs 964s 1.18
TCH, a/a 1083m n.o. 1075m 757m 1.43
TcH, b,/b 1012mw  n.o. 1011mw  732sh 1.39
veed ajfa 981w n.o. 953w 724vs 1.35
PCH, ar/a 837vw n.o. 830vw 592wsh  1.41
PcH, b,/b 754mw  n.o. 748m 525m 1.44
VosC by/b 560ms 556w 552ms 547s 1.07
Vosc aj/a 496m 498vs 492m 487m 1.02
dos,0, b/b 266m 267m 259m 249m 1.07
VOsOs aj/a n.o. 146vs n.o. n.o. —

C,HyPt(111)at 92 K7 Mean frequencies for type 1 spectra’
CH, C.D, HD C,H, C;Dy H/D
EELS EELS
3000sh 2250w 1.33
2930m 2150m 1.36 2960m 2200m 1.35
1430m 1150s 1.24  1420m 1200s 1.18
1230¢ n.o. — 1220e n.o. —
1060s 900s 1.18  1130vs 920ms 1.20
980msh  740m 132 900m 730m 1.23
790w 600w 1.32 800 n.o. —
660w? n.o. —
560¢ n.o. — 600 n.o. —
470s 450s 1.04 425s 420s 1.01
240¢ n.o. —

a All frequencies in cm~?!; infrared and Raman spectra recorded at 100 K. b v bond stretching mode; & angle deformation; w wag; t
twist; p rock; s strong; m medium; w weak; v very; sh shoulder; n.o. not observed. © Mode symmetries are given according to both C,,
and C, molecular symmetries. d These a;/a modes are significantly mixed; this mixing seems to be particularly severe in the C;D,
species. € These weak EELS losses have been observed in a few cases, usually in off-specular spectra, implying probable non-totally symmetricat
modes. Underlined EELS losses weaken markedly in off-specular spectra, implying assignment to totally symmetrical modes.

The cluster symmetry is reduced from C,, to C; by a rotation
(= 25°) of the ethylene ligand about the molecular two-fold
axis relative to the Os-Os bond.52

Infrared spectra of (1a) and its (C,D4) and (13C,H,)
analogues [(1b) and (1c), respectively] in CsI discs were
recorded at 100 K. A Raman spectrum of (la) was also
recorded, but fluorescence problems precluded the observa-
tion of bands corresponding to modes of the complex in the
1800—700 cm~! region. The  assignments for
gauche-BrCH,CH,Br and the ‘aliphatic half’ of cyclobutene®
were used as rough guides in making the assignments here.

Comparison of the spectra of (la) and (1c) enables
assignment of considerable vcc character to a weak band at
981 cm~1; it is shifted by 28 cm~1to 953 cm~! on 13C labelling,
whereas the other bands in the 1500—1700 cm—! region are
shifted by 10 cm~1 or less. Two bands among the low-
frequency carbonyl modes, at 560 and 496 cm~1, are also
shifted, and can be assigned to the two osmium-carbon
stretching modes. The mode at 496 cm—! is considerably the
more intense in the Raman spectrum, and is assigned to the
symmetric vosc mode. The two vosc modes show coupling to
several of the carbonyl deformation modes, which results in
isotopic shifts for the vosc modes that are smaller than
expected. The band at 266 cm—! is assigned to the antisymmet-
ric in-plane 8oy, mode or ‘frustrated translation’ of the
ethylene ligand parallel to the Os-Os bond.

In gauche-BrCH,CH,Br4, the CH, deformation modes
occur in a/b pairs, in the frequency order & > w >t > p. Under
the C, symmetry of the complex, each of the modes of a
symmetry can couple to the vcc mode, and thus show a rather

larger shift to low frequency on !3C substitution than the
corresponding b mode. Accordingly, bands at 1445 and 1434
cm~! are assigned to the dcp, modes of a and b symmetries,
respectively, since they are found at 1439 (—6) and 1430 (—4)
cm~1! in the spectrum of (1c). Similarly, bands at 1225 and
1144 cm~! are assigned to the b and a CH, wagging modes,
while those at 1083 and 1012 cm—1! are assigned to the a and b
twisting modes. The intensity of the a twist, higher than
expected, may result from its proximity to the very strong
wagging mode at 1144 cm—1, to which it can couple under C,
symmetry. The two rocking modes at 837 and 754 cm~1 cannot
be distinguished by their shifts on 13C labelling. However, the
a mode is expected to be very weak, and is assigned to the
band at 837 cm~! on intensity grounds, with the b mode
assigned to the medium intensity band at 754 cm—1.

The relative frequencies and intensities observed for the
Vcu, modes in (la) are similar to those observed for the
aliphatic vy, modes in cyclobutene,® and so these modes are
assigned in the same frequency order.

Assignment of the ethylenic modes in (1b) is complicated by
the strong coupling between the vec, ®Wch,, and dcn, modes of
a (a; under C,,) symmetry, which varies from the C;H, to the
C,D, complex. This leads to substantial changes in the relative
intensities of the bands and to isotopic ratios intermediate
between the expected values of near unity for a pure vcc mode
and 1.35—1.42 for pure CH, modes. The product of the
isotopic shifts for these three mixed modes is 2.07, close to the
expected value (2.00). The effects of this coupling are very
similar to what was observed for the corresponding modes in
the aliphatic C,H, fragment of cyclobutene;® bands at 1443
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(medium), 1180 (strong), and 966 (weak) cm~1 were replaced
by bands at 1135 (weak), 955 (medium), and 722 (strong)
cm~! on deuteriation.

The assignments for the isotopomers of (1) are listed in
Table 1, where they are compared with mean EEL frequencies
from Type 1 spectra from C,H, and C,D, adsorption on a
range of metal surfaces.! Data for Pt(111) are listed sep-
arately, since this spectrum lies at an extreme of the Type 1
series, with somewhat different frequencies. It should be
noted that most of the EEL spectra were recorded with
specular reflection; the metal surface selection rule then
results in the spectra being dominated by losses resulting from
totally symmetric a;/a modes. Modes of other symmetries are
active off-specular through impact scattering.

There are small differences between the EEL spectra and
those of the model compound, such as the relative mean
wavenumbers of the dominant bands in the EEL spectra of
C,H, (1130) and G,D,4 (1200); the corresponding frequencies
in (1a) (1144) and (1b) (1121) are the other way round. These
may reflect a differing extent of distortion from C,, symmetry
for the adsorbed species compared to (1), or the electronic
difference between the [Osy(CO)g] fragment and the bulk
metal surface. Overall, however, the agreement between the
spectra of the adsorbed species and of (1a) and (1b) is very
good, thus confirming the identification of Type 1 spectra with
(1,2-di-0) chemisorbed ethylene species. Comparison with the
Pt(111) data suggests that on this surface the ethylene carbon
atoms show essentially complete rehybridisation to sp3, as the
frequency agreement (with the sole exception of the 1144/1060
cm~1 mode) is very close.
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