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The complex ethylidyne tricobalt nonacarbonyl is used as a model compound for ethylidyne chemisorbed on
metal surfaces. In the present work, we have used the combination of infrared, FT-Raman and inelastic neutron
scattering spectroscopies to test and extend previous assignments. We have located the missing mode, the
torsion about the G&—CH; bond. This occurs at 208 crhand is highly mixed with the G&—CHs bending

mode. DFT calculations confirm that the frequency is a property of the molecule and is not imposed by
solid-state effects. Accordingly, we would expect it to occur on a metal surface close to the frequency found

in the complex. The FT-Raman spectra also show all of the carbonyl stretching modes for the first time and
these are assigned by comparison to the DFT calculations. This also illustrates the maturity of the ab initio
DFT methods in the prediction of INS spectra of compounds containing heavy elements.

I. Introduction y T T T

Ethylidyne, CHC=, is a common product of the reaction of
C,-containing molecules and fragments on metal surfaces for
both single crystal (particularly (111) surfaces)and oxide- (b)
supported catalysts’” The complex ethylidyne tricobalt non-
acarbonyl, CHCCao3(CO), (see Figure 1 for the structure) has
been extensively used as a model compound for this species.
In fact, the first correct identificationof ethylidyne on metal
surfaces was based on the vibrational spectrum of this cofiplex.

The complex crystallizes in the triclinic space groep =
Cit (number 2) with two molecules in the unit céll.\While .l—'-—f- : . : o
each molecule lies on a gener@hJ site, both molecules have 0 200 400 600
approximateCs, symmetry. A comprehensive infrared and
Raman spectroscopic stifdgf CHsCCao3(CO)y, including the ) ) )

CD; and CDH derivatives, assigned 11 of the 12 modes Figure 1. INS spectra of (a) ethylldyn_e tricobalt nonacarbonyl and

. . . - (b) the mixture of isotopomers. The size of the error bars for both
associated with the GJ&€Ca; unit. The remaining mode, the  gpectra are shown at the bottom of the figure. An ORTEP plot of the
methyl torsion, was located by a subsequent inelastic neutroncomplex with the hydrogen atoms added is also shown.
scattering (INS) study at 383 cn™. This latter work was also
particularly noteworthy in that it was the first demonstration of a5 found in then-alkanest? In addition, considerable advances
the feasibility of direct refinement of the force constants jn |NS instrumentation and the understanding of the band-
(obtained from a normal coordinate analysis) to the INS profile. shaping processes have occurred. Together with the importance

However, a number of questions still remain. There was a of the complex to catalysis, these questions have provided the
marked difference between the frequencies determined by themotivation for remeasuring the vibrational spectra of ethylidyne
optical methods and by INS. There was a disagreement tricobalt nonacarbonyl. To further substantiate the assignments
concerning the order of the frequencies of the asymmetrie Co and extend the analysis to the carbonyl modes, we have also
Co stretch and the Co&CHg bend. It has also become apparent used DFT to calculate the structure and vibrational spectra.
that 383 ci! is unusually high for a methyl torsion; typical
values lie between 46 cmy as found in toluen& and 250 cm?, Il. Experimental Section

S(Q,w)

Energy transfer (cm™")
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deuterated compound using ethyl dithioacetitewvas only

Parker et al.

ethylidyne tricobalt nonacarbonyl for the hydrogenous com-

partially successful. Subsequent mass spectral analysis showegound and the mixture of isotopomers are shown in Figures

that the material was a mixture of isotopomers: 3CH.5%,
CDH; 35.2%, CDBH 36.0%, CI} 17.3%.The exchange probably
occurred during the preparation of the intermediate dithioimi-
doacetated; used to prepare the dithioacetake-

1-3. The INS spectrum of the hydrogenous compound is
markedly superior to previous results: the resolution is much
better and the energy transfer range is extended to both lower
and higher wavenumber. The improvements in instrument

The inelastic neutron scattering experiments were performed performance mean that more modes are detected. The INS

using the high-resolution broadband spectrometer (TFXA) at

spectrum of the mixture of isotopomers has not been observed

the ISIS pulsed spallation neutron source at the Rutherford previously. The FT-Raman spectra show, for the first time, the

Appleton Laboratory, Chilton, UKS TFXA offers high resolu-
tion, ~2% AE/E between 16 and 4000 crh The samples were

modes of the ethylidyne ligand in addition to the carbonyl and
metak-metal modes. Table 1 lists the observed frequencies and

held in aluminum sachets, cooled to 23 K, and the spectra weretheir assignments.

recorded for 12 h.

The 77 K FT-Raman spectra, Figures 2 and 3, clearly show

Raman spectra were recorded using a Fourier transformthe C; symmetry of the complex. The E mode at 2925 ¢ris
Raman spectrometer (Bruker IFS66 with an FRA 106 Raman split into two components, as would be expected @r

module) with a nitrogen-cooled InGaAs detector and a 1064
nm excitation from a Nd:YAG laser. A 6-around-1 fiber-optic

symmetry. This is not due to factor group splitting, since the
space group is centrosymmetric; thus only one of the two factor

probe was coupled to the FT-Raman spectrometer as describedyroup modes would be Raman active. The splitting provides a

elsewher® delivering 40 mW of laser power at the sample end.

straightforward method for the assignment of the E modes

The spectra were simply recorded by immersing the probe head(provided they appear in the Raman spectrum), as was also
in the samples contained in glass vials. Spectra were recordedound for methyltrioxorheniurd? Thus, the mode at 225 crh

at room temperature and at 77 K at 2.0 dmesolution using

is markedly asymmetric, and the band at 180 ¢rat room

400 scans each. For the measurements at 77 K, the sample vialeemperature is clearly split at 77 K in agreement with the

were immersed in liquid nitrogen.

Mid-infrared, 4000-400 cn1?, spectra were recorded using
a Mattson 5000 Fourier transform infrared (FTIR) spectrometer
with a room-temperature deuterated triglycine sulfate (DTGS)
detector at 1 cmt resolution. Spectra were recorded from KBr
disks.

All energy calculations were carried out using the Density
Function Theory package DmdBon a single “isolated”
molecule which allows an all-electron calculation to be per-

assignment to E modes. In contrast, the bands at 410 and 240
cm~1 are single peaks as expected for odes.

The frequencies for the €H and C-D stretching and
bending regions of the Gi{CH,D, and C3 compounds are
very close to those of Skinner et &land the assignments are
the same. The 77 K FT-Raman spectrum, Figure 3, shows six
bands in the €&H stretch region while only five are expected.
Two of these are very close at 2889 and 2895 trso they
are both assigned to the symmetric stretch of the,[CH

formed. Localized basis sets were used, represented as asotopomer. The presence of two bands may reflect that the

numerical tabulation: a DND double-numerical basis set with
polarization functions was used. The radial extent of the

C—H bonds are not equivalent, since the true symmet@nis
For the CHD isotopomer, the modes are observed for the first

integration mesh was 10 au, and the angular grid was adjustedtime; see Table 1.

to give numerical precision of 0.0001. In view of the large
number of energy calculations to be made, we restricted
ourselves to the Local Density Approximation LDA (Perdew

INS intensities depend on the amplitude of vibration and the
incoherent scattering cross section of the atoms. Since the
incoherent cross section of hydrogemig0 x 10728 m? and

Wang). The vibrational spectra were calculated in the harmonic thgge of deuterium, carbon, and cobalt are all less th&inx

approximation using the finite displacement technique to obtain
the dynamical matrix. Starting from given geometries, each of
the atoms in the unit cell was displaced by 0.1 A in turn along

10728 m?, the hydrogenic motions will dominate the INS
spectrum. Further, the requirement is only for proton motion:
modes that result in no change in the bond angles or distances

the three Cartesian directions and a single-point calculation giveszgsociated with the hydrogen atom but result in proton motion

the Hellmanr-Feynmann forces on all the atoms, from which (1iging) will have INS intensity. The dependence on the cross
the force constants are obtained by dividing by the displacement.gection also results in no symmetry-based selection rules.

Positive and negative displacements were used in order to obtain
more accurate central finite differences. The force constant
matrix F was transformed to mass-dependent coordinates by

the G matrix giving the dynamical matrix. Diagonalization of
the dynamical matrix gives the vibrational eigenvalues and
eigenvectors.

Ill. Results and Discussion

If the symmetry of the complex is assumed to@g, then
the 18 vibrations of the G&CHs fragment may be classified
as 5A + A, + 6E and the 9 &0 stretching vibrations as 2A
+A;, + 3E. InC; symmetry, all symmetry is lost. Since on metal
surfaces ethylidyne usually h&s, symmetry, we will use the
Cs, symmetry labels and highlight where the approximation
breaks down.

Inspection of the INS spectrum in the low-energy region
(<300 cntl) shows intensity below 70 cm that can be
assigned to the external modes of the complex. A structured
feature at 100 cmt, that by comparison to the FT-Raman
spectrum, can be assigned to the-©Cb—CO bending modes
and the band at 182 crhdue to the asymmetric CeCo stretch.
Two intense features occur at 208 and 224 tnin methyl
compounds, e.g., methyltrioxorhenidifthe most intense band

in the INS spectrum is usually the methyl torsion. The
observation of two strong bands in this region is evidence that
the dynamics of this complex are unusual.

It is possible that two bands are observed because of factor
group splitting; the absence of selection rules means that both
components would appear in the INS spectrum. This is unlikely,
since no other mode in the INS spectrum shows any indication

The infrared spectra of the complex and its isotopomers have of splitting. In addition, it would be expected that the two modes

been published previousty,and our results are in good

would be of equal intensity, rather than the 1:1.7 ratio (208:

agreement with them. The INS and FT-Raman spectra of 224) observed.
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TABLE 1: Wavenumbers (cm~1) of the Observed Bands and Their Assignments

24, 2002799

CH3CCo(CO) CHz-xDxCCa3(CO), (x = 0-3) assignment
DFT IR Raman INS IR Raman Raman INS
(km mol1) (RT) (77 K) (20K)  (RT) (RT) (77 K) (20K) Hs H.D HD, D3
3004 (3) 2930 m 2927/2920m 2929 m 2930vw 2926 w valCH3 E
2926 m 2915vw 2920w vallH,
2910 vw 2907 vw 2905 w vCH
2901 vw 2900 vw 2895 w/ vCH;
2889 w
2923 (11) 2888 m 2880s 2888 vw 2888 vw 2880w vCHz A1
2840 w 20.CH3
2822w 2814 vw 29CHs
2780 w 0aCHs + 0CH3
2450 br vCO+ 0CoCO
2199 vw 1.LD3
2195 vw 2193w 2D,
2188 vw vCD
2167 vw 2163w vCD3
2145 (98) 2104 h 2102's 2100s 2102vs vCO Ay
2100 (1948) 2052 Vs 2056 s 2054 m 2056 s vCO E
2045 m 2042 m 2044 w
2091 (1640) 2038 Vs 2033 s 2030 m 2032s vCO A
2066 (19) 2018 th 2014 vs 2009vs 2014 vs vCOE
2058 (2) 2006 sh/2001 vs 2001vs 2000vs 2006 sh/ vCO E
2001 vs
2048 (0) 1995s 1995s vCO Ay
1963 vw 1966 vw 1965w v13CO
1402 (6) 1420 m 1426 w 1433w 1420m 1425w 0aCH3 E
1353 (47) 1356 m 1356 w 1358 m 1357 vw 1355w 0CH3 Ay
1264 m 1267 vw 1261w 1261 m OCH
1182 m 1184 vw vCC
1220 (38) 1163 m 1161 m 1162 w vCC Ay
1029 w 0aCDs3
1021w OCD,
1007 m 0CD3
991 (51) 1004 s 1009 m pCHz E
976 w,br
606 (175) 555 vs 565 w 556w v,{C0=CCH; E
579 (4)
578 (72) 525s 530 w 529w vCo—CO
569 (75) 515s vCo—CO
553 (24) 502 vs 0Co—CO
547 (1)
526 (8) 491 w 488 w 489 w
515 (0)
509(31) 470s 480 w 479 vw 479w 476 w 6Co—CO
499 (0)
488 (4) 435w 440 w 437m 439w 0Co—CO
473 (0) 423 w 422
437 (2)
432 (4) 401 m 410s 408 m 404 mw 405 m 404 m v Co=CCH; A;
417 (2) 392w
416 (4)
391w v4Co=CCHg Dx
380 (0)
376 (0) 364w 364 w
259 (0) 235vw  240vs 233s 240 vs vCo—Co Ay
230 (0) 221vw 223 m/221 sh 224s 0CoC-CHz E
223sh  223sh 0CoCCH D
212w 214 m 215s 0CoCCH Dy
200 (0) 208 s TCH;z A,
193 s TCH,D
185 (0) 180vw 186/180 s 182 m v,dC0—Co E
177 m 181 m 1,dC0—Co CHD,
175 sh 174 sh 1,C0—CoCH,D
162 m 7CHD;
142 m 142 m
114 (0) 120 s 116 m 117 m 121s dCOCoC O
109w 109w
106 (0) 102s 100 m 98s 102 s 96m o6COCoC O
98 (0) 94 s 94s
93 (1) 82m 84 m 81lm 84m oCOCoC O
87 (0) 77m 78 m 77m
85 (0)
79 (0)
65 (0)
56 (0)
32 (0)
—14 (0)
28 m 28 m c c [« [«

aKey: s= strong, m= medium, w= weak, v= very, br= broad, sh= shoulder.” As hexane solution, data from B#&t.¢ Lattice and acoustic

modes.

The 224 cm! band has been previously assigned to the possible to use the intensities as constraints in a normal

CoC—CHs bending mode; thus the 208 cinis assigned as the
torsion, in contrast to the earlier assignment at 383%cth

coordinate analysis. The program CLIMAXC has been
developed to carry-out such an analysis based on the Wilson

One of the advantages of INS spectroscopy is that it is Decius-Crosg! method. As input, we have used the heavy atom
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Figure 2. FT-Raman spectra at 77 K of (a) ethylidyne tricobalt Figure 4. (a) Observed INS spectrum of ethylidyne tricobalt nona-
nonacarbonyl and (b) the mixture of isotopomers in the region 50 carbonyl in the 106600 cnt? region, (b) spectrum calculated using

S(Q,w)

Intensity (arb. units)

600 cnT?., the force field of Skinner et af.{c) spectrum as in part b but with an
off-diagonal term between the torsion and the-@m stretch, and (d)
LI B spectrum as calculated by DFT. All spectra ar2 ordinate expanded
in the 306-600 cnt? region.
£ (b) TABLE 2: Comparison of Average Structural Parameters
< for the Complex
¥ distance (A) DFT X-ray
(=]
g Co—Co 2.428 2.467
5 Co—CCHs 1.885 1.90
k5 (a) CosC—CH; 1.467 1.53
= C-H 1.108 1.099
Co—-CO 1.785 1.80
CoC=0 1.149 1.10
—_— angles {)
2800 2850 2900 2950 H—C—H 107.6 106.5
Raman shift (cm™") Co—Co—CCH 49.9 49.4
Figure 3. FT-Raman spectra at 77 K of (a) ethylidyne tricobalt Co-C=0 178.5 175.0

nonacarbonyl and (b) the mixture of isotopomers in theHstretching

a Calcul ing th h i iotsly.
region. Relative to Figure 2, part a is scaled>o§ and part b byx 14. Calculated using the method described previodsly

geometry determined by X-ray diffractihand the methyl ~ €qually quantities of the 4D and the HL isotopomers. Curve-
group geometry determined from the infrared frequen®iés. fitting the spectrum showed the presence of six peaks at 223,
the torsion is assigned to the 224 chband (since it is the ~ 215, 193, 182, 174, and 162 cf From the force field, these
most intense) and the bend to the 208 éand, then we are '€ assigned as (predicted values in brackets): 223 (224/220)
unable to derive a force field that will reproduce even the @COCCHD, 193 (187)rCH;D, 174 (178/174)aLC0—CoCHD;
observed frequencies. (This assignment is also incompatible with@nd 215 (2179CoCCHD;, 182 (179/177yaCo—CoCHD,, 162
the 77 K FT-Raman data). With the torsion at 208érand (163) 7CHD,. The excellent agreement is further confirmation
the bend at 224 cm, using the force constants of Skinner et Of the correctness of the assignments.
al. plus an additional one for the torsion, we obtain an excellent ~ To verify the assignments and to extend the analysis to
frequency fit. However, comparison of the observed, Figure 4a, include the carbonyl ligands, the structure and vibrational spectra
and predicted INS intensities, Figure 4b, shows very poor of the complex were computed using DFT. The minimum
agreement. This suggests that the torsion is mixed with anotherenergy structure ha€; symmetry. A comparison of the
vibration and the total intensity is redistributed across the two Structural parameters is given in Table 2, and it can be seen
modes. that the agreement is very good, particularly in view of the

Introduction of off-diagonal terms between the torsion and complexity of the molecule. As a further check, the INS
the CoG-CHs; bending mode and between the torsion and the spectrum was generated from the atomic displacements of the
Co—Co stretch resulted in the excellent agreement shown in modes as described elesewl€end is shown in Figure 4d. It
Figure 4c.This mixing is a direct consequence of (i) e can be seen that the agreement is good, although the intensities
symmetry of the molecule, since B, symmetry there is no  of the methyl torsion and the Ce€CH; bending mode are
operation that couples the torsion with any other mode, and (ii) Somewhat underestimated. However, in addition to the ethyli-
the small difference in energy that allows substantial mixing. dyne modes, the broad hump of intensity at 100 teue to
Even partial deuteration shifts the torsion sufficiently to the OC-Co—CO bending modes is reproduced, as are the weak
eliminate the mixing. features around 500 crhdue to the Ce-CO stretch and Ce

The force field can be used to predict the spectra of the C=O bending modes. Inspection of the eigenvectors of the
isotopomers. The Pisotopomer can be neglected since the cross modes confirms the original assignment of the asymmetrie Co
section is more than an order of magnitude smaller than that of Co stretch and the Co@CH; bend to the bands at 182 and
the hydrogenous ones. Inspection of Figure 1b shows that there224 cnt?, respectively.
is only a very weak shoulder at 208 chso the contribution Having shown that the DFT result gives a reasonable
of the H; isotopomer can also be neglected. The mass description of the dynamics, we can use it to assign the carbonyl
spectrometric analysis indicated that there was approximately modes. IfCs, symmetry is assumed for the fragment, then six
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L B L situation is less clear. Unsurprisingly, the-N& stretch modes
are metal-dependent, although the difference from those of the
cluster is only on the order of 10%. The £8C—CHjs bend is
higher than that in the cluster; again this might be expected to
be metal-dependent. The torsion has not yet been observed,
although a recent stuéconcluded that it must lie below 260
cm~L. The high frequency for the torsion found in the complex
indicates that it is not due to solid-state effects; in tolune,
there is essentially free rotation in the gas phase and the solid
state frequency is only 46 crh This conclusion is supported
by the DFT results for the complex which are an isolated, i.e.,
P T T SR gas-phase molecule calculation, which predicts it at 200'cm
1950 2000 2050 2100 2150 Since the torsion does not directly interact with the surface, it
Raman shift (cm™") might be expected to be independent of the nature of the surface,
Figure 5. FT-Raman spectrum of the carbonyl region of the protonated exactly as the €H stretch and bend modes are. Accordingly,
complex at 77 K. (Unscaled relative to Figure 2). we would expect it to occur on a metal surface close to the
frequency found in the complex, 208 cin

Intensity (arb. units)

TABLE 3: Comparison of Surface-Bound Ethylidyne
Frequencies with Those of Ethylidyne Tricobalt

Nonacarbonyl IV. Conclusions

mode complex Pt(111} Ni(111y? Ethylidyne tricobalt nonacarbonyl has been the first and the
v2CHs E 2930 2950 2940 most successful model compound in the identification of
vCHs A1 2888 2884 2883 ethylidyne groups on catalytically important surfaces. The
0aCHs E 1420 1420 1410 powerful combination of modern DFT methods with the
0sCHs Ay 1356 1339 1336 vibrational spectroscopic techniques of IR, Raman, and INS has
vCC A 1163 1124 1129 : )
pCHs E 1004 980 1025 rgsult_ed in a _complete assignment of _aII th_e fl_JndamentaI
12 CO=CCHs E 555 600 457 vibrations of this compound. The present investigation has thus
vsCo=CCHs A; 401 430 362 clarified the doubts that existed in the literature regarding several
vsCo—Co A 242 160 of the assignments. Particularly, the £&&£—CHz bend is
?ggscxzc E ggg 810 proven to be of higher frequency than the asymmetrie-Co

stretch, and the methyl torsion is reliably assigned to a frequency
at 208 cnt?, rather than the 383 cm previously reported. With

the continuous progress that is being made with neutron
scattering sources and instrumentation, application of inelastic
neutron scattering techniques to real catalytic systems is
becoming a reality. Vibrational normal modes with high-
amplitude proton motion such as methyl torsions and rocking
modes are likely to be the early candidates for INS characteriza-
tion of catalytic species on surfaces. Therefore, the results
presented here provide all the INS data for the identification of
this most abundant surface species, ethylidyne.

v2C0—Co E 180

C=O0 stretching modes (2A+ A, + 3E) are expected. The;
symmetry would formally lift all the degeneracies; however,
since the infrared and FT-Raman spectra show only six bands
(plus a3CO satellite), any splitting of the E modes must be
less than the bandwidth. On the basis of the four modes visible
in the infrared spectrum, the stretching modes have been
previously assignetf The room temperature Raman spectrum
shows six strong modes, of which the band at 2000'chas
a distinct shoulder. At 77 K, Figure 5, the bands sharpen and
intensify; however, the band at 2045 chdoes not follow this
pattern, so we assign it to an overtone or combination of the
deformation modes in Fermi resonance with a fundamental. The
shoulder is partially resolved at 1995 ctin and a second
shoulder appears at 2006 chn If the DFT frequencies are
reduced by 50 crmt, then the frequencies closely match the (1) Kesmodel, L. L.; Gates, J. A&urf. 5ci.1981, 111, L747.
observed infrared and Raman frequencies and the predicted685_(2) Steininger, H.; Ibach, H.; Lehwald, Ssurf. Sci. 1982 117
infrared intensities follow the observed pattern. The DFT results (3) Chesters, M. A.; de la Cruz, C.; Gardner, P.; McCash, E. M.;
show that the 2001 cm band with the shoulder at 2006 cn Eger;g%e, J. D.; Sheppard, N. Electron Spec. Relat. Phenot9Q 54/
The six bands are aseigned as given n Tabls 1 agreement (3, anSey I A7 Ihace L Baeman, ). € Sakakin, o, H:

. ° A ’ ickerman, J. C.; Chesters, M. Aurf. Sci.1993 298 187.
with the previous assignment. (5) Fan, J.; Trenary, MLangmuir 1994 10, 3649.

The assignment of the G&CO stretch and CeC=0 bending (6) Beebe, T. P.; Yates, J. T., . Phys. Chem1987 91, 254.
modes is more difficult because many fewer modes are observed,g ((5?5;\’_'0"5'”’ S. B.; Trenary, M.; Robota, H. J. Phys. Chem1991,
than are predicted. Since the observed pattern of intensities in ~ (g) Chesters, M. A.; Sheppard, Khem. Brit.1981 17, 521.

the infrared spectrum is reproduced by the DFT results, we have  (9) Skinner, P.; Howard, M. L.; Oxton, I. A; Kettle, S. F. A.; Powell,
. . . . . (10) Sutton, P. W.; Dahl, L. FJ. Am. Chem. Sod.967, 89, 261.
The interest in this complex arises from its use as a model  (11) kearley, G. 3J. Chem. Soc., Faraday Trans.1286 82, 41.
compound for surface-bound ethylidyne. In Table 3, we compare  (12) Cavagnat, D.; Lascombe, J.; Lassegues, J. C.; Horswill, A. J.;
the frequencies for the complex with EELS and RAIRS data Heidemann, A.; Suck, J. Bl. Physiquel984 45, 97.

i i 24 : (13) Braden, D. A,; Parker, S. F.; Tomkinson, J.; Hudson, B. Ehem.
for ethylidyne on metal single crystad§:241t confirms that the Phys.1999 111, 429.

complex is a superb mIOdeI for the modes that are due-tbl C (14) Patin, H.; Mignani, G.; van Hulle, M. TTetrahedron Lett1979
stretch and bend motions. For the lower energy modes, the2441.
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