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Symmetry force fields for neutral and ionic transition metal carbonyl complexes have been derived on the
basis of gradient-corrected density functional calculations using effective core potential wave functions in
conjunction with polarized triplé- basis sets. For the neutral carbonyls [M(GJGM = Cr, Mo, W), Fe-

(CO), and Ni(CO), the calculated data are compared to experimentally derived force fields. For three different
series of transition metal carbonyl ions, trends in the force fields are discussed in terms of bonding models
and electrostatic effects, emphasizing the variation of the calculated results with the total charge of the carbonyl
complex. The limitations of the empirical Cotteraihanzel approach are analyzed.

1. Introduction (c) the tetrahedralTy) tetracarbonyls [M(CQ] (M = Ni, Pd,
Pt); (d) the octahedral,) hexacarbonyl ions [M(CQ)" (n =
—1lforM=V,Nb, Ta;n=1for M= Mn, Re;n=2for M
= Fe, Ru, Osn = 3 for M = Co, Rh, Ir;n = 4 for M = Pt;
n =5 for M = Au); (e) the square planabf,) tetracarbonyl
ions [M(COY]" (n =1 for M = Co, Rh, Ir;n =2 for M = Ni,

The experimental determination of complete quadratic force
fields in polyatomic molecules is usually limited by insufficient
vibrational data. As the number of independent force constants
in a molecule is usually much larger than the number of
observable frequencies, additional information must be obtamedpd' Ptn = 3 for M = Au: n = 4 for M = Hg): (f) the linear

from isotopically substituted species. Such isotopic substitutions . . (N — A —
are often difficult, and it is sometimes even impossible to (I\;)AL) a‘;.agbingl;gpiﬂ['\i(?n())ﬂ (n="1for M= Au; n=2for

enerate the required number of isotopomers so that approxima-
g . P PP For the neutral carbonyls (&)c), our calculated symmetry

tions are needed to get complete force fields (e.g., keepingf fields will b d with th labl . |
certain interaction elements fixed at reasonable values or 0'C€ fields will be compared with the available experimental
= Cr, Mo, W), Fe(CO3, and Ni(CO).

allowing them to vary only in a small range around such values). d:;]lta fo;_ [M(CO) (IM bonvls will lidation for th
The uncertainties introduced by these simplifying assumptions | N€S€ five fneutra (I:arl ong S} Wil Serve as vall ataodlj fort ﬁ
may be assessed by quantum chemical calculations, which carffccuracy of our caiculated force constants; in addition, the

provide highly accurate values of potential energy constants with Ca/culated*CO a;]nd Gs(lz_fisoftopic f]hifés will fbe ﬁompare_d to |
only small systematic errors. It is well established, especially experiment, as these shiits form the basis for the experimenta

/ _ e ) .
for first-row and second-row main-group compounds, that such force constant determinatiofist! Some discrepancies between

theoretical symmetry force fields are reliable and useful in the Calc.ltljlgted iemc(ij egp;]erri]m?]ntlal sfpecltral of g?wﬁ Nir;'ft
supplementing experimental informatién. (CO), will be solved with the help of calculated isotopic shifts

The determination of complete quadratic force fields for and Rama_n |r_1tenS|F|es. .
characteristic transition metal systems is important for several For the ionic series (e)(f), the theoretical force constants
reasons. Force constants, including interaction constants, are ofVill be used to describe systematic trends within the different
fundamental interest for a discussion of the bonding between aS€ries of |soe_lectron|c and isostructural carbonyl cations. This
transition metal and the ligands and may provide additional €Xténds previous work on the hexacarbonyls (d), which has
information about the nature and strength of the transition focused on structures and vibrational frequentigse analysis
metal-ligand bonds. It is also relevant to compare the true of thg harmonlc force constant§ an.d their trends aIIovys a more
quadratic force constants with the results of popular approximate detailed discussion of the bonding in the carbonyl cations (d)
treatments such as the Cotteldraihanzel (CK) methodwhere
the CO force constants and CO, Ciéteraction constants are The calculated equilibrium geometries, vibrational wavenum-
obtained from the experimentally observed CO stretching bers, and infrared intensities have been or will be presented
frequencies neglecting all other frequencies and anharmonicity elsewhere [(a)(c).? (d),° (e)¢ (f)’]. These data are not given
effects (“CO-factored force field”). here in order to avoid duplication.

In continuation of our previous theoretical studies on vibra-
tional spectra of transition metal compourid$,the present 2. Methods of Calculation
paper reports the symmetry force fields for several series of

carbonyl complexes. These are (a) the octahedg) kexa- The symmetry force fields were computed from the corre-
carbonyls [M(CO3] (M = Cr, Mo, W): (b) the trigonal sponding Cartesian second derivatives using standard transfor-
bipyramidal Dsn) pentacarbonyls [M(CG) (M = Fe, Ru, Os); mations! The underlying Cartesian force fields were available

from our recent vibrational studié$~7 Most of the theoretical
" Present address: San Diego Supercomputer Center, 9500 Gilman Drive,force fields were obtained from gradient-corrected density
San Diego, CA 92093-0505. functional calculations carried out with the Gaussidi94
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program system. Gradient corrections for exchange and for TABLE 1: 3CO and C*O Isotopic Shifts (in cm™2) for
correlation were taken from the work of Beékand Perdew? M(CO)s (M = Cr, Mo, W)?

respectively (usually abbreviated as BP or BP86). Additionally, M = Cr M = Mo M=W
calculations at the MP2 leviélwere performed for the neutral

4d and 5d complexes. Four basis sets were employed, labeled
AE1, AE2, ECP1, and ECP2. AE1 and AE2 use a (14sllp6d)/

exptl calcd exptl calcd exptl calcd

15Co
Ay v1  [CO] 48.4 495 480 50.0 50.2 503

[857p4d] all-electron basis set from Wachtéréor the 3d Ay 12 [MC] 54 63 44 6.6 49 68
transition metal augmented with two additional 4p functiéns g, v; [CO] 46.0 46.8 46.1 466 463 46.8
and a diffuse d functio®’ ECP1 and ECP2 use a quasirelativistic E; vs [MC] 64 66 72 66 52 68

effective core potential at the transition metal together with the Tig »s [0MCO] 11.2 112 93 103 104 105
corresponding (8s7p5d)/[6s5p3d] valence basid®Ehallium P“ ZG {gl\c/l)]CO] ‘1"‘31'3 ig'g ig'g ig'g ‘11‘7'% ‘11:31'471
is described by the recently published 21ve-ECP combined with To V; [MC] 70 88 4.9 59 6.0 55
a (11s11p8d)/[6s6p4d] valence basis 8eEor carbon and Tlu ve [6CMC] 0.7 04 0.3 03 041 02

oxygen, AE1 and ECP1 employ the 6-31G(d) b&3ishereas Tyg vio [6MCO] 183 191 160 166 153 16.4

AE2 and ECP2 use a Dunning (10s6p)/[5s3p] triplbasig! Tpg va [6CMC] 13 03 02 03 12 04

supplemented by two sets of d polarization functi&Bpherical Taw vz [OMCO] 145 177 154 175 156 177

d functions were used throughout. Tow s [0CMC] 0.4 03 0.4
The molecular geometries were optimized within the given Ctf0

point group symmetry (see above) using analytic energy Alg Zl E\:/l(é]] fg'g ffé fg'g ;’55'5 fgt;lz 154;3'1
gradients. Second derivatives were computed analytically at the g ° vi [CO] 453 451 457 453 453 447
BP86/AE1 and BP86/AE2 levels. For BPS86/ECP1, BP86/ E, v [MC] 14.0 144 1286 142 150 14.8

ECP2, and MP2/ECP1, second derivatives were obtained by Tyg vs [6MCO] 4.8 46 4.4 45 4.9 4.6
numerical differentiation of the analytic energy gradients. The Tw v [CO] 470 465 478 471 470 467
calculated geometries and harmonic vibrational frequencies have Tw vz [OMCO] 2.3 29 29 31 33 34

. : : T MC 10.8 89 75 89 99 103
been published elsewhéfeor will be the subject of separate Tiu Zi {5(:,3,@] 36 42 34 35 4% 34

papers’ Ty vo [OMCO] 14 26 32 28 16 29

All force field transformations from Cartesian to symmetry T,; w11 [0CMC] 4.9 4.7 4.0 41 22 4.1
coordinates were carried out using the program INTZERI Taw vz [6MCO] 28 38 33 37 40 39
force constants are given in mdyrm &for stretches and streteh Tow vz [0CMC] 46 3.1 2.8 2.9
stretch interactions, mdyn ra#for stretch-bend interactions, 2 Gas-phase values unless otherwise noted, ref 8. Calculated values
and mdyn A rad? for bends and benebend interactions. at BP86/ECP2° Solid-state values, ref 8.
3. Results Table 1 shows the experimental and calculdteD and GO

In most tables of this paper, we only report BP86/ECP2 data, isotopic shifts for [M(COg] (M = Cr, Mo, W); Table 2 contains
which are available for all complexes and should generally be symmetry and selected internal force constants.
more reliable than BP86/ECP1 data due to the larger basis Our calculated isotopic shifts are in very good agreement with
employed. Therefore, comparisons with experiment will nor- the experimental data. The average absolute deviation is 0.8
mally refer to BP86/ECP2. The other available symmetry force cm~1 with a maximum deviation of 3.2 cm. This confirms
fields (i.e., BP86/ECPL for all complexes, BP86/AEL and BP86/ that the underlying vibrational assignments are coffect.
AE2 for most of the 3d systems, and MP2/ECP1 for the neutral ~ Symmetry coordinates have been taken from ref 8 and are
4d and 5d carbonyls) are given in the Supporting Information documented in the Supporting Information. The block diagonal
and will be discussed only briefly in a separate section. force constant matrix contains 13 diagonal elements and a total
In the case of transition metal carbonyl systems, only the of 10 nondiagonal coupling elements. The 13 diagonal force
anharmonic frequencies are generally available from experiment.constants represent<© stretching (Ag Eg Tiy), M—C
Anharmonicity effects normally lower vibrational frequencies stretching (Ag, Eg, T10), M—C—0 bending (Tg, T1u T2g T2u),
(e.g., by 27 cm! for free CO¥® and the associate diagonal force and G-M—C bending (T T2g T21). Experimentally, harmonic
constants. This should be kept in mind when comparing C—O stretching frequencies have been estimated and used for
theoretical harmonic force constants with experimental values the determination of the €O force constants, whereas the
derived from anharmonic frequencies. However, in the region observed fundamental frequencies were used for the other
below 900 cmi?, the experimental (anharmonic) and calculated vibrations8

(harmonic) frequencies agree very well without correcting Figure 1 shows a plot of the calculated versus experimental
for anharmonicity effects so that we may expect a similar symmetry force constants for the hexacarbonyls [M(E Q!
correspondence also for the-NC stretching and the bending = Cr, Mo, W; 69 data points), divided into two regions (Figure
symmetry force constants. la, C-O stretches; Figure 1b, MC stretches, all bends and

a. [M(CO)¢] (M = Cr, Mo, W). Our previous work on the  coupling constants). In an overall view, the agreement between
vibrational spectra of [M(CQ) (M = Cr, Mo, W) has shown the experimental and calculated force constants is good for all
that the calculated structures and harmonic frequencies are verythree hexacarbonyls. As expected from the calculateddC
close to experimerit.These molecules are the only series of stretching frequencies, the calculateet@ force constantsi,
carbonyl complexes where complete empirical symmetry force Fs3, and Fgs are lower than the experimental values by an
fields are available, derived from the vibrational spectra of the average of 1.0 mdyn & (see Figure 1a, correlation line shifted

13CO and G®0 isotopically substituted speciés. by 1.0 mdyn A1), which is consistent with an underestimation
For octahedral [M(CQ], the vibrational representation of the harmonic GO frequencies (by 51 cm on averagée)®
reduces as follows: and an overestimation of the-€© bond length; the order W

Cr < Mo is reproduced quite nicely, although the differences
Ly, = 2Alg + 2Eg + Tlg + 4Ty, + 2ng + 2Ty, between the three metals are rather small. The calculate@ M
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TABLE 2: Harmonic Symmetry Force Constants Fj; and Internal Force ConstantsFi, for M(CO) ¢ (M = Cr, Mo, W)

Cr(CO) Mo(CO) W(CO)
expth BP86 expth BP86 exptP BP86
(vapor) ECP2 (vapor) ECP2 (vapor) ECP2
Aqg Fi1 18.114+0.16 17.08 18.130.31 17.05 18.1& 0.03 16.95
Fi2 0.38+0.13 0.28 0.36t 0.25 0.26 0.36t 0.02 0.26
F22 2.444 0.02 2.69 2.6H 0.04 291 3.1Gt 0.01 3.19
Eq Fas 16.84+ 0.07 16.08 16.84- 0.04 16.11 16.7& 0.10 15.99
Faa 0.69+ 0.05 0.69 0.68t 0.04 0.69 0.82- 0.08 0.71
Faa 2,55+ 0.01 2.74 2.42+0.01 2.66 2.8%0.01 2.90
Tig Fss 0.375+ 0.001 0.38 0.346- 0.001 0.34 0.3853- 0.001 0.36
T Fe6 17.22+0.11 16.13 17.3% 0.06 16.19 17.2%+ 0.04 16.08
Fe,7 0.78+0.13 0.80 0.88t 0.07 0.77 0.9H 0.06 0.79
Fes [0 +0.20pP 0.02 [0+ 0.20P 0.01 [0+ 0.20P 0.01
Fe.0 [0 + 0.50P 0.02 [0+ 0.50P —0.01 [0+ 0.50P —0.01
F77 1.64+0.16 2.00 143t 0.12 1.68 1.8Gt 0.07 1.87
Frs —0.18+0.09 —0.09 —0.07+0.08 —0.05 —0.04+ 0.06 —0.05
F79 [-0.30+ 0.10P —0.01 [-0.30+ 0.10P —0.06 [-0.30+ 0.10P —0.02
Fss 0.55+0.22 0.50 0.48t 0.09 0.48 0.4# 0.07 0.50
Fso —0.21+0.12 —0.33 —0.30+ 0.07 —0.36 —0.34+0.04 —0.37
Foo 0.79+ 0.46/-0.28 0.84 0.83+ 0.25/-0.16 0.81 0.93+ 0.14/-0.09 0.80
Tog F10.10 0.39+0.10 0.41 0.44+ 0.02 0.37 041 0.11 0.38
Fio11 —0.17+0.02 -0.17 —0.11+0.01 -0.14 —0.13+0.05 -0.12
Fi111 0.54+0.16 0.51 0.34+ 0.02 0.41 0.39: 0.14 0.40
Tou Fi212 0.59+0.13 0.48 0.55: 0.10 0.46 0.64- 0.10 0.49
Fi213 —0.11+0.12 —0.24 —0.19+ 0.09 -0.29 —0.14+0.10 —0.29
Fis313 0.35+0.12 0.45 0.39: 0.13 0.52 0.33: 0.10 0.52
Fco 17.24+ 0.0F 16.27 17.33+ 0.06 16.30 17.22+ 0.0# 16.20
Fmc 2.08+0.08 2.36 1.96+ 0.06 2.21 2.36t 0.04 2.43
Fuvco 0.48+ 0.07 0.44 0.45t 0.03 0.41 0.48t 0.05 0.43
Fco,co.cis 0.21+ 0.03! 0.17 0.224+ 0.08! 0.16 0.224+ 0.0 0.16
Fco,co trans 0.02+ 0.07 0.14 —0.06+ 0.06 0.12 0.00+ 0.04 0.11
Fucmccis —0.019+ 0.003 —0.01 0.031+ 0.009 0.04 0.049- 0.002 0.05
Fuc,mc wrans 0.44+0.08 0.36 0.53t 0.06 0.54 0.56+ 0.04 0.57
Fumc,co 0.68+ 0.07 0.67 0.73£ 0.06 0.66 0.79: 0.04 0.68
Fuc,co.cis —0.05+ 0.03 —0.07 —0.05+ 0.004 —0.07 —0.08+ 0.02 —0.07
Fuc,co.trans —0.10+ 0.07 -0.12 —0.15+0.06 -0.11 —0.12+ 0.04 -0.11

a Reference 8; based on the observed fundamental frequencies, except ferGhsti@tching modes where approximate harmonic frequencies
have been used; see text for unftéleld in the indicated rangé . Gas-phase data (harm), anharmonic values are 16.74 (Cr), 16.82 (Mo), 16.72 (W)
for Fco. ¢ Gas-phase data (harm), anharmonic values are 0.21 (Cr), 0.20 (Mo), 0.19 (Adfes «is ¢ Gas-phase data (harm), anharmonic values
are 0.22 (Cr), 0.12 (Mo), 0.17 (W) fd¥fco,co,trans

force constant$-,,, Fas4, and F77 are slightly higher than the  bond. The empirical interaction force constaRts co cisand
experimental values and show analogous trends (Table 2), withFco co ransbetween the €0 stretches are rather sensitive to
an average deviation of 0.20 mdyn A In the case of the  the experimental input frequenci€o co cisis generally found
bending force constants, the average deviations are 0.05 mdyrto be around 0.2 mdyn & (gas-phase and solution data, with
A rad=2 for M—C—0 (12 values) and 0.08 mdyn A rafifor and without anharmonicity corrections), Btdo,co randS around
C—M—C (nine values). zero for the harmonic gas-phase data and clo$& o cisfor
For all symmetry blocks except ] the experimental the anharmonic gas-phase data and the solution data (see Table
vibrational data from three isotopic molecules were sufficient 2, footnotes d and &)Our calculations yield sizable nonzero
to determine all force constants. Within the, Block, 10 force values forFco, co trans(0.11-0.14 mdyn A1), which are only
constants had to be derived from 12 frequencies. “Best slightly smaller than those fd¥co co cis(0.16—0.17 mdyn A2).
estimates” for these 10 force constants were obtained while Neither the empirical nor the experimental values support the
holding Fess, Fse, andFzg in the ranges given in Table 2. The qualitative expectation from the CK treatment that the trans
experimental and theoretical Jforce constants agree quite well, interaction constant should be about twice as large as the cis
except forFzg, which is calculated much closer to zero than to constang
the assumed value 6f0.30 £+ 0.10 mdyn rad™. In general, Theoretical symmetry force constants for Cr(g@hd Ni-
the deviations between the experimental and theoretical force (CO), have been given befdi@but are not discussed here since
constants are reasonably small for each irreducible representatiorthe corresponding DFT calculations yield in both cases an
and also for each of the three hexacarbonyls. Hence, ourimaginary frequency for a €M—C bending mode (probably
calculated force constants seem reliable. Since their intrinsic due to numerical inaccuracies). More recent theoretical force
accuracy is the same for all symmetry blocks, they should be fields have not been transformed into symmetry coordirfatés.
preferred over empirical force constants whenever the latter are b. [M(CO)s] (M = Fe, Ru, Os).For [M(CO)] with Dap
not well determined (e.gF+e, See above). symmetry, the vibrational representation reduces as follows:
Table 2 also contains some selected internal force constants
for [M(CO)¢] (M = Cr, Mo, W). Both Fco and Fyc show
analogous trends in the calculated and experimental values, i.e.,
W < Cr < Mo for Fco and W> Cr > Mo for Fyc, implying
that Mo(CO}) has the strongest-€0 and the weakest MC

T, =4A, +A, +4A,)" + 6E + 3E"

Table 3 shows the experimental and calculdte and G20
isotopic shifts for Fe(CQ) Table 4 lists the vibrational
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17.5 vz TABLE 3: 13CO and C'80 Isotopic Shifts (in cm™?) for
Fe(CO)
(a) L .
s 3CO 3Co C'%0 C'%0
o ey exptk calcd  exptk calcd
g ] //’ . A/ v [CO] 495 500 468 452
g il Al 2 [CO] 47.0 47.8 443 43.9
s s Al vs  [MC] 6.8 72 174 164
8 o | Al v [MC] 6.5° 6.8 138 156
g8 e A7 wvs  [6MCO] 14.0 11.1 4.0 4.4
3 ot A e [CO] 45.5 46.3 46.5 46.1
3 // . AL V7 [6MCO] 10.0 10.7 2.8 3.5
g | s s A" vg  [MC]e 9.2 11.3 8.1 8.8
160 | o« 7 A" vg  [0CMC] 0.4 4.7
e E vie  [CO] 45.4 46.2 458 45.1
e E v [OMCOQ] 13.8 14.3 3.2 3.4
e E vz [6MCOJ® 9.2 9.9 8.1 10.6
155 s : s E' V13 [MC] 115 13.8 4.2 4.2
160 e ExperimentaI1F7cl>?ce Constants 8o e E V4 {ggMg% 85:» 83 G-g ‘21-2
E V15 M A . 4. 5
a5 E' v [OMCO] 19.5 3.0
E" viz  [6MCO] 10.00 116 4.0 45
| > = vig  [0CMC] 0.2 0.4 4.6 4.9
30 - (b) .
Py a Gas-phase values unless otherwise noted; ref 9. Calculated values
25 - at BP86/ECP2P Estimated from combination bandsFrom Table 3
% in ref 9; note that the data fdfCO and GO in Table 7 of ref 9 are
2 20+ . 1 wrong. ¢ Values from C$ solution.®vs and vy, are calculated very
3 . > close; therefore, the published isotopic shifts from ref 9 are adopted
g 5| 1 for both fundamentals.
w
é ol TABLE 4: Vibrational Frequencies (in cm~1) and Infrared
- % and Raman Intensities for Fe(CO})
© os) ] exptiva BP86 BP86 int®  int®
(vapor) ECP2 Av AE1l infrared Raman
00 e ’ A/ wvi [CO] 2120.F7 2090 —31 2098 54.3
» A/ v, [CO] 2041.F7 2012 —30 2028 116.0
%05 00 05 10 15 20 25 30 35 Al vs [MC] 442.8 453 10 455 11.9
Experimental Force Constants Al va [MC] 413.4 428 15 431 35.2
Figure 1. Calculated versus experimental force constants for [MECO) 22 zz {gl\c/l)]co] 2:(%);8:,2 0 2%6111 _gg zggi 1128.8
(M = Cr, Mo, W), divided into two regions (a) (€0 stretches) and A v, [OMCO] 618.8 621 2 621  127.7
(b) (M—C stretches, all bends and coupling constants). The correlation As vs [MC] 475.3 485 10 487 01
lines with unit slope are shown (shifted byl mdyn/A for (a) and A2 s [0CMC] 100 104 4 106 0.3
unshifted for (b)); see text for units. E wo [CO] 20133 1990 —23 2008 1909.2 98.7
E' v [6MCO] 645.0 657 12 658 250.9 1.3
frequencies for Fe(C@pt the BP86/ECP2 and BP86/AEl levels E  vi; [SMCO] 493 489 —4 492 0.7 4.1
of theory together with the calculated infrared and Raman E E F(\S/'g'g/lc] ‘i%i—% i%?) 57 1%311 %)0-14 40-21
H HY 0 V14 . - . .
intensities at BP8§/AE1. . _ _ e [6OMC] 743 50 -24 53 0 us
As has been discussed in detail previolfslye propose to E" v [OMCO] 552.8 552 -1 544 0.2
change the original assignmé&mtoncerningvs (A2") and v;3 E' w7 [OMCO] 375 374 -1 368 0
(E) as well ag’1, (E') andvig (E). This reassignment has also  E' v [0CMC]  97.3 93 -4 94 14.0

been suggested by others independefitliThe theoretical aReference 9, assignments/vis and viJ/vis reversed (see text).
isotopic shifts are in very good agreement with the experimental b nfrared intensities in km/mol, Raman intensities ifiaknu, both from

data when these reassignments are taken into account properl8P86/AE1; see ref 30.Estimated from combination bandsEstimate

(Table 3). Interchanging the experimental isotopic shiftsfor ~ based oy and v, quoted uncertainty of 15 cm ¢ Values from

and v clearly supports the reassignment of these two®1  C solution (Raman).

stretching frequencies. Furthermore, the new assignments forparison, the Raman intensities for Cr(GQ)ave also been
vi2 andvie (Table 4) imply that the band around 540 chin calculated at the BP86/AEL level; they are in good agreement
the infrared probably corresponds to a combination band andwith the experimental values; that is, five out of the six active
that its isotopic shift are thus irrelevant presently. The pands have significant intensities, whereass very weak both
calculated*CO shift of 19.5 cm* for v16 is the largest of all  in the solid state and the solution spectra and is not seen in the
M—C—0O bending values, whereas the shift for®Q is rather gas-phase Raman Spectrﬁ}ﬁ? For Fe(CO), weak Raman
small. Also, asvi is calculated very close tog, the given bands are predicted in the middle frequency regionfervia,
isotopic shifts forg are assumed to be valid fer,, too (Tables v1s andviz, whereasrs, v4, andvy, are stronger. Experimentally,
3 and 4). With these assignments, the average absolute deviatiora,3 andv,4 have been assigned in the Raman spectrum; also, the
between theoretical and experimental shifts is 0.9¢with a band at 493 cm! may be assigned tey,. The low theoretical
maximum deviation of 2.9 crt. intensities forvy; and v imply that the experimental Raman
For further validation, we have calculated the Raman intensi- bands around 653 and 555 chmay be combination bands,
ties for Fe(COy at the BP86/AEL level of theory by numerical  which is also supported by the poor agreement between the
third derivatives with the Gaussian94 progréd® For com- infrared and Raman frequencies in these cases and the confusing
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isotopic shifts? The low theoretical intensities forz andvi; TABLE 5: Harmonic Symmetry Force Constants Fj and
are consistent with experiment; that is, no further Raman band Internal Force Constants Fin; for M(CO) s (M = Fe, Ru, Os)
close tov4 has been observed amg; has only been assigned Fe(CO} Ru(CO) Os(CO)
frqm combination_ band%_.Thus, both the calculated isc_Jtopic exptP  BP86 exptP BP86 BP86
shifts and Raman intensities clearly support the new assignments (vapor) ECP2 (liqXe) ECP2 ECP2
for Fe(CO}. _ A Fis 1727 1643 16.37  16.19
Table 5 contains the symmetry and selected internal force Fio 0.35 0.47 0.43 0.44
constants for [M(CQJ (M = Fe, Ru, Os). Fis 0.60 0.51 0.55 0.60
Symmetry coordinates have been taken from ref 9 and are Fia —0.28 —0.20 —021 -0.22
also given in the Supporting Information. The block diagonal EZ:Z _1(7)'323 _106'1559 _361;6 _01613'570
force constant matrix contains 18 diagonal elements and a total in 0.65 0.57 055 0.57
of 30 nondiagonal coupling elements. In the case of Fe{CO) Fas 3.20 3.20 3.11 3.65
a complete empirical symmetry force field has been publighed Faa -0.19 -0.12 0.10 0.14
that is based on the vibrational spectra of three isotopomers Faa 3.02 3.43 3.58 3.96
(with anharmonicity corrections for the-@ stretching fre- A2 Fss 040  0.36 031 0.36
quencies only) and relies on a large number of constréints. Az EB'B 13'613 1g'g§ 1(%3;’ 106'0568
Moreover, the empirical force field makes use of the original ,:Z; 084 075 0.71 0.73
incorrect assignments fof, v12, v13, andvis (See above) and Fe.o 0.08 0.02 0.12 0.15
is therefore unreliable in the A, E, and E' blocks. Meaningful Frz 0.32 0.40 0.33 0.37
comparisons between theory and experiment are thus restricted Fre —0.08  —0.10 —0.09  —-0.10
to the A' and A’ blocks where we generally find reasonable E“’ _g'i‘; g'gg g'gi g'gz
agreement (see Table 5). The two-O stretching force ,:22 —023 —0.06 —0.07 -013
constantd=1; andF,; are lower than the experimental values, Foso 0.85 0.83 0.90 0.96
as expected from the corresponding frequencies. In the case ofE'  Fio10 17.1 15.97 1599 15.81
the two M—C stretching force constants, the orderFag and Fio11 —03 0.00 0.00 0.00
F44 is reversed, which is surprising. For the six interaction Elo’lz _8'21) 8'82 8'28 g'gg
elements, both the signs and the relative magnitudes agree well, Figij 07 003 002 -003
but it should be kept in mind that four of the experimental values Fio1s —0.2 0.07 0.11 0.12
were estimated from analogous constants for the hexacarbonyls. Fii11 0.6 0.51 0.49 0.52
Further comparisons between theory and experiment are Fi112 0.0 0.02 0.03 0.03
possible for some internal force constants for Fe(Dy Ru- Fii1s —02  —002 0.02 0.00
. Fi114 -0.2 —-0.24 —-0.31 -0.33
(CO) (Table 5). In the_A latter case, the experlmenta_ll values come Fir1s 01 0.06 0.06 0.05
from a study of the infrared active-€0 frequencies for the Fi212 0.6 0.42 0.39 0.43
compounds Ru(CQ@)x(**CO) (x = 0-5) in liquid xenon Fi213 -0.1 -0.16 -0.20 -0.20
solutior?® where internal GO valence force constants were Fi214 -01 -013 —-0.16 -0.16
determined from the €O frequencies for 12 isotopically F215 0.1 0.12 0.11 0.09
; ; Fi313 2.4 2.58 2.24 2.65
substituted molecules (CK treatment). Experiment and theory Fis 14 0.0 0.00 ~0.02 0.05
agree with regard to the ord®toax > Fco.eq However, the Fisis 01 -0.03 0.00 0.04
trends in the thre€co cocoupling elements are not the same; Fi414 0.6 0.74 0.87 0.93
experimentally, the axial interaction element should be largest, Fia1s -02 -0.23 —0.25 —0.26
whereas theoretically this element is rather small. In this case, _,  Fis1s 0.4 0.23 020  0.19
the theoretical values are expected to be more reliable in view Ezﬁ 8'88 _8 gg —006435 _000'37
of the limitations in the experimental investigations (wrong Fio1s —004 -014 012 -011
assignments for Fe(CQ)CK values for Ru(CQ). Fi717 0.42 0.37 0.27 0.30
Turning to comparisons between the theoretical results, the Fi718 —0.06  0.09 0.06 0.05
symmetry force fields for the three pentacarbonyls are quite Fis.18 0.47 0.53 0.46 0.46
similar; both the four €O and the four M-C stretching force Fco.ax 17.43 16.49 17.28 16.70 16.64
constants show the same order. Ru(€@&nds to have the Feoeq 16.47 1613 1653 1612 1594
highest G-O stretching, the lowest MC stretching, and the Emg"“ g'gz %'% g'gg g'ég
lowest M—C—O bending force constants. Considering the Fuicomceq 0.49 047 049
internal force constant$;co and Fyc are always predicted to Fuco.eq-ax 0.38 0.29 0.32
be larger for the axial ligands, and the-\T force constants Fumco.eq-eq 0.40 0.36 0.40
are significantly larger in the pentacarbonyls than in the Fcocoaxax 033 009 048  0.06 0.06

hexacarbonyls, which indicates strongerKl bonds in the & Ecovcoﬁ*eq 8'1‘21 g'ig 8'22 8'% 8'12
systems compared with thé dystems. cocoeaed ' ' ' ' '

c. [M(CO)4] (M = Ni, Pd, P). For tetrahedral [M(CQJ, ~_*Reference 9;based on the observed fundamental frequencies, except
the vibrational representation reduces as follows: or the G-O stretching modes where approximate harmonic frequencies
have been used. Solution values are given for thélack; see text
for units.? Reference 33, based on observed CO frequencies.

Iy, =2A,+2E+4T,+ T,
average absolute deviation of 0.9 thhand a maximum
Table 6 shows the experimental and calculdt&® and GO deviation of 2.8 cm™. Table 7 lists the vibrational frequencies
isotopic shifts for Ni(CO). The agreement between the experi- for Ni(CO)4 at the BP86/ECP2 and BP86/AEL1 levels of theory
mental and our calculaté@CO and CG®O isotopic shifts is about  together with the calculated infrared and Raman intensities at
as good as that for the other carbonyls (see above), with anBP86/AEL.
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TABLE 6: '3CO and C'0 Isotopic Shifts (in cm2) for TABLE 8: Harmonic Symmetry Force Constants Fj; and
Ni(CO) 42 Internal Force Constants Fi,; for M(CO) 4 (M = Ni, Pd, Pt)
BCO 1CO CBO  CH0 Ni(CO), Pd(CO) Pt(CO)
exptl calcd exptl calcd exptep exptpc BP86 BP86 BP86
Ar v [COJ 49.1 493 465 46.6 (vapor) (vapor) ECP2 ECP2 ECP2
proo R\S"ﬁéo] 36 12'% 10.9 123"97 A: Fix 18233+ 0333 1822:009 1721 17.24 17.00
Vs : ; Fio 0.2354+0.272 0.23:0.07 030 0.34  0.46
E v  [0CMC] 0.0° 0.3 4.0 3.1
F22 2.355+ 0.037 2.36+0.02 2.50 2.01 2.82
T, Vs [CO] 46.6 46.8 47.4 46.5
E Fs3 0.342 0.43+0.05 0.34 0.23 0.32
Tz Ve [6MCQO] 16.2 13.9 51 55 q
Faa  [0] 0.09+£0.03 0.16 013 0.3
v [MC 5.8 54 65 7.2 F 0.151 0.08:0.02 031 024 022
T vg [oCMC] 0.0¢ 0.2 3.0 3.2 44 : : : : y '
2 T, Fss 17.867+0.349 17.73:0.12 16.52 16.69 16.43
T v [oMCO] 100 87 8.5 Fee 0740+ 0295 062013 058 050  0.58
a Gas-phase values unless otherwise noted:; ref 11a. Calculated values  Fs7 [0¢ [0.0+0.2F —0.04 —0.04 —0.06
at BP86/ECP2P Values from CCJ solution.© Uncertain values from Fsg [o}@ [0.0+0.2F —0.05 —-0.08 -0.13
ke o ki o o . PR A N T
6,7 . . —U. . . . .
TABLE 7: Vibrational Frequencies (in cm~1) and Infrared Fes 0.223+0.031 [0.2+0.1F 026 031 040
and Raman Intensities for Ni(CO), Fz7 O.d486:|: 0.006 0.60+0.11 0.29 0.19 0.26
. , Frs  [0] [0.1+01F 017 016 0.19
exptivit BP86 BP86 int® - int” Fes  0.221+£0.007 021005 045 046  0.55
(vapor) ECP2 Av AEl infrared Raman T: Foo  0.238+0.001 0.248 022 012 0.19
A1 v1 [CO] 2132.4 2093 —39 2101 55.3 Fed 17.854+ 0.09 16.70 16.83 16.58
'él v P(\S/"\%]CO] 370.8 43%3 12 43693 20199 Fuc 2.08+0.10 226 172 234
3 : F 0.314+0.08 0.28 0.17 0.25
E v [0CMC] 62 61 -1 61 10.7 Frood 0.12+0.04 0.17 014 0.4
T, vs [CO] 2057.8 2026 —32 2041 2276.1 2455 '
T, ve [OMCO] 458.9 467 8 468 9.2 6.5 aBased on the observed fundamental frequencies, except for the
T, vz [MC] 423.1 438 15 448 164.3 0.2 C—O stretching modes where approximate harmonic frequencies have
T, vs [6CMC] 80 77 -3 75 0.0 7.9 been used. See text for unitsReference 10% Reference 119 Fixed
T1 vg [6MCO] 30C 286 —14 279 values.® Held in the indicated rangéReference 36: 17.23 (Ni), 17.48

) o Pd), 17.25 (Pt); CK treat t, CO matrikRefi 36: 0.37 (Ni),
aReferences 10 and 14Infrared intensities in km/mol, Raman 8231 (Pd) 0(30) (PY): g? tT:zgment rrcl%rma?rs(rence (ND)

intensities in A/amu, both from BP86/AE I From solution value for

2vg.
? stants in the E block are questionable. For the other symmetry

blocks, the agreement between the experimental and theoretical
symmetry force constants is satisfactory (Table 8). Our calcula-
tions show sizable values for the interaction constaatq0.16)

The vibrational spectrum of Ni(C@has been discussed in
detail in previous publications2%:28 As pointed out by several
authors?6:28.34the experimentally estimated frequency of 380 ; .
cm L for the E-type M-C—O bending vibrationvs is incompat- and F_7,8 (0.17), WhICh were set to zero in the more recent
ible with the theoretical calculations. For all other vibrations, €XPerimental refinement of Hedbetd. _
the differences between the calculated and the experimental APProximate CK force constants have been derived from
frequencies are in the usual range (Tablé Experimentally, ~ matrix spectra of Ni(CQ) Pd(CO), and PY(CQ) (Table 8,
the infrared spectrum shows two bands fgrand v; at 459 footnotes f and g). The va}ues 6o seem reasonable, while
and 423 cm?, with the latter one being much more intense, those forFcoco are considerably higher and probably less
which is in accordance with the calculated infrared intensities '€liable than the theoretical values (and the gas-phase value for
(Table 7)!° Previous work® has observed a Raman band at 461 Ni(CO)4). A comparison of the theoretical results indicates that
cm~1, which might represent botis (only Raman active) and the 4d species Pd(C®has the highest €0 and the lowest
v (infrared and Raman active) since our calculations predict M—C and M-C—O force constants, analogous to Ru(e@nd
almost equal frequencies for these two modes. For further MO(CO)s (see above).
clarification, we have computed the Raman intensities for Ni- ~ d. [M(CO)¢]" (n = —1 for M =V, Nb, Ta; n =1 for M
(CO) at the BP86/AEL level analogous to Cr(G@)able 7). = Mn, Re; n=2for M = Fe, Ru, Os;n = 3 for M = Co,

The calculations suggest thatshould yield a very weak Raman  Rh, Ir; n =4 for M = Pt; n = 5 for M = Au). Table 9
band (comparable te; and much weaker thaw or vg) so that contains the calculated symmetry and selected internal force
it should be quite difficult to identifys in the Raman spectrum  constants for the 3d and 4d hexacarbonyl ions; Table 10 lists

of Ni(CO)a. the corresponding data for the 5d systems including neutral
Table 8 contains symmetry and selected internal force W(COs.
constants for [M(CQJ (M = Ni, Pd, Pt). In general, the force constants within each group are very

The complete symmetry coordinates have been taken from similar. The variation of several calculated properties with the
ref 10. The block diagonal force constant matrix contains nine total charge of the hexacarbonyls has been discussed in our
diagonal elements and a total of eight nondiagonal coupling previous papérand, partly also, in three other recent pagér&
elements. The experimental quadratic force field for Ni(€O) In section 4, we will extend our previous discussion to the
has been refined by Hedberg ef‘&based on vibrational data ~ complete symmetry force fields for the series [Ta(gO)o
from Jones et al., who have also reported a harmonic force field [Au(CO)e]>* (Table 10) and provide comparisons with the data
based on a comprehensive analysis of the vibrational spectrafor the other two series of carbonyl cations (e) and (f).
of three isotopic speciéd.Both sets of experimentally derived e. [M(CO)4"(n=1forM =Co, Rh, Ir; n=2forM =
symmetry force constants are given in Table 8, together with Ni, Pd, Pt; n = 3 for M = Au; n = 4 for M = Hg). For
our calculated data. Sinag has most likely been incorrectly  square planar [M(CQ)", the vibrational representation reduces
assigned previously (see abovej!the empirical force con-  as follows:
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TABLE 9: Harmonic Symmetry Force Constants Fj and
Internal Force Constants F;; for the 3d and 4d lons

[M(CO)¢]™ (M =V, Nb; Mn; Fe, Ru; Co, Rh; n= —1to 3,
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TABLE 10: Harmonic Symmetry Force Constants Fj and
Internal Force Constants Fi,; for the 5d Complexes
[M(CO)g]" (M = Ta, W, Re, Os, Ir, Pt, Au;n=—11t0 5,

Respectively} Respectively}
\% Nb Mn Fe Ru Co Rh Ta w Re Os Ir Pt Au
Aig F11 1556 15.54 18.42 19.41 19.44 19.92 20.01 Ay Fi1 15.47 16.95 18.30 19.36 20.02 20.11 19.54
Fiz 030 0.27 025 0.19 0.16 0.09 0.06 Fi2 0.27 026 0.24 0.18 0.09-0.03 —0.13
Fao 253 253 254 221 275 184 229 Fao 272 319 334 316 278 217 111
Ey Fs3 1421 14.27 17.80 19.14 19.16 19.86 19.94 E; F33 14.18 15.99 17.68 19.05 19.91 20.09 19.49
Fsa 0.62 061 063 045 047 020 0.22 Faa 0.62 071 069 053 029 0.030.22
Faa 264 238 250 211 238 172 1.98 Faa 256 290 294 271 235 179 0.72
Tig Fss 039 034 035 031 031 028 028 Ty Fss 036 036 035 033 030 028 025
Tw Fes 1429 1439 17.83 19.16 19.20 19.88 19.96 Ty, Fep 1431 16.08 17.75 19.09 19.94 20.11 19.50
Fe.7 0.74 070 0.71 048 049 0.23 0.23 Fe.7 0.71 079 0.74 055 0.29 0.080.06
Fes 0.02 0.01 0.02 002 001 0.01 o0.01 Fes 0.00 0.01 0.01 0.01 0.01 0.00 0.00
Fe,0 0.00 —0.02 0.02 0.03 0.00 0.04 0.02 Fe,0 —0.03 —0.01 0.00 0.00 0.01 0.03 0.01
Fr7 206 166 170 140 128 1.23 1.16 F77 181 187 1.73 147 134 127 0.89
Frs —0.10 —0.05 —0.07 —0.04 —0.03 —0.01 —0.01 Frs —0.06 —0.05 —0.05 —0.04 —0.02 —0.01 —0.01
Fzo —-0.06 —0.08 0.05 0.10 0.06 0.12 0.11 F7o —-0.05 -0.02 0.03 0.09 0.14 0.17 0.5
Fss 0.53 049 043 037 037 031 031 Fss 051 050 046 040 035 030 0.27
Fso —0.33 —0.35 —0.28 —0.20 —0.27 —0.12 —-0.17 Fso —0.34 —0.37 —0.35 —0.30 —0.22 —0.13 —0.05
Foo 0.61 056 099 104 114 096 1.12 Foo 056 080 1.04 121 127 119 0.96
Tog Fi010 041 036 039 035 033 031 029 Ty Fio0 0.36 038 038 035 032 029 0.26
Fio11 -0.17 —0.13 —-0.15 —0.12 —0.10 —0.08 —0.07 Fio11 -0.12 -0.12 —0.12 —0.10 —0.07 —0.04 —0.01
Fi111 041 031 057 059 051 056 0.49 Fi111 0.31 040 048 052 053 050 042
Tou Fi212 051 048 043 036 037 031 031 T Fior 050 049 045 040 035 030 0.26
Fi213 —0.23 —0.27 —0.22 —0.17 —0.23 —-0.11 —-0.16 Fi213 —0.26 —0.29 —0.29 —0.25 —0.20 —0.13 —0.06
Fiz13 029 034 058 066 078 062 0.78 Fiz13 0.34 052 071 085 091 086 0.63
Fco 14.47 1454 17.92 19.20 19.22 19.88 19.96 Fco 14.46 16.20 17.82 19.13 19.94 20.10 19.50
Fumc 233 204 211 177 189 149 162 Fumc 221 243 240 216 192 160 0.87
Fuco 046 042 040 035 035 0.30 0.30 Fumco 043 043 041 037 033 029 0.26
Fcocoes 023 021 0.10 0.05 005 0.01 0.01 Fcococds 0.22 0.16 0.10 0.05 0.02 0.00 0.00
Fcocowans 0.19 0.15 0.09 0.03 0.03 0.00 0.00 Fcocowans 0.15 0.11 0.07 0.03 0.06-0.01 —-0.01
a Calculated at BP86/ECP2; see text for units. a Calculated at BP86/ECP2. To facilitate comparisons, the calculated
data for [W(COy] from Table 2 are reproduced here; see text for units.
Tp,= 2Alg -I-Azg +2A,,+ ZB1g + ZBzg +2B,,+
E, + 4E, with the theoretical values, with one exception. The calculations

underestimate the-eM—C bending frequency; from the solid-

Table 11 contains the calculated symmetry and selected State spectra and therefore also the associate force congtant F
internal force constants for the tetracarbonyl iéns. L _ _

The force constants within each group are again very similar, Series are described elsewhere together W'th7 those for the
thus the discussion in section 4 will focus on the 5d complexes corresponding [M(CNJ" series (M= Au, Hg, TI).

(M =Ir, Pt, Au, Hg; Table 11). For the sake of completeness,

we have also included the data for [Co(GP) although this

species most probably has a triplet ground stéteThe

structures, harmonic frequencies, and isotopic shifts of the for the neutral 3d complexes and the hexacarbonyl 3d ions, and

tetracarbonyl series are discussed in a separate paper.
f.[M(CO)J"(n=1forM =Au; n=2forM =Hg; n =

3 for M = TI). For linear [M(CO}]", the vibrational representa-

tion reduces as follows:

T =25"+25," + 1, + 20,

Table 12 compares the calculated and experimé#t#) and
C80 isotopic shifts for [Au(COj*. Table 13 contains the
calculated symmetry and selected internal force constants forcorrelation line with a slope slightly higher than 1 (Figure 2a).
the linear dicarbonyl ions together with experimental data for This may be rationalized by considering the effects of enlarging

[AU(CO),]*+.747

Even though the analogous complexes [Cu((0and [Ag-
(CO)]™ are also known experimentalty; 44 we will concentrate
on [Au(CO)] ™, which is the only ion studied presently where
complete isotopic data are available both for 20 and the
C'80 substituted speci¢dThe differences between the experi-
mental and theoretical isotopic shifts are similar as for the neutral €nlargement of the ligand basis may lead to a better description
carbonyls, with an average absolute deviation of 0.9'camd
a maximum deviation of 4.6 cnd. The experimental symmetry
force constants for [Au(CQ)* have been calculated from the
internal force constants in ref 4#bThey agree reasonably well

in [Au(CO),]*. The force fields of the complete [M(C&"

g. Force Fields from Theoretical Levels Other Than BP86/
ECP2. Other theoretical force fields have also been generated,
i.e., BP86/ECP1 for all complexes, BP86/AE1 and BP86/AE2

MP2/ECP1 for the neutral 4d and 5d complexes. These data
are collected in Tables S&11 of the Supporting Information
and will be summarized briefly here.

Figure 2 displays the BP86/ECP2 versus the BP86/ECP1
force constants for all molecules from the seriesdn (779
data points), divided into two regions (Figure 2a; G stretches;
Figure 2b, M-C stretches, all bends and coupling constants).

For the latter region, the agreement is excellent. However,
for the C-O stretching region, the plot would afford a

the ligand basis from 6-31G(d) (ECP1) to TZ2P (ECP2) while
keeping the metal basis constant; in the anions [MEEQJow

CO force constants), the larger ligand basis enhances back-
donation to the CO ligand and thus favors lower @ force
constants at BP86/ECP2. On the other hand, in the highly
charged cations [M(C@]" (n = 3—5) with high force constants,

of the covalent €O bonding and thus to higher-©O force
constants at BP86/ECP2.

When plotting the BP86/AE1 and BP86/AE2 force constants
versus the respective BP86/ECP1 and BP86/ECP2 force con-
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TABLE 11: Harmonic Symmetry Force Constants Fj and Internal Force ConstantsFi, for the Complexes [M(CO)]" (M =
Co, Rh, Ir; Ni, Pd, Pt; Au; Hg; n = 1 to 4, respectively}

Co Rh Ir Ni Pd Pt Au Hg
A Fi1 18.60 18.76 18.66 19.82 19.92 19.87 20.29 19.65
Fi2 0.27 0.23 0.28 0.14 0.09 0.15 —0.03 -0.17
Fa22 2.75 3.08 3.79 2.11 2.37 3.08 2.19 0.78
Agg Fas 0.32 0.29 0.33 0.28 0.26 0.30 0.26 0.23
Aoy Faa 0.34 0.34 0.41 0.28 0.28 0.33 0.27 0.22
Fas —0.08 —0.10 —0.15 —0.07 —0.09 —0.13 —0.08 —0.02
Fss 0.03 0.09 0.14 0.17 0.22 0.29 0.32 0.23
Big Fes 18.17 18.41 18.29 19.72 19.83 19.75 20.28 19.60
Fe,7 0.56 0.55 0.63 0.28 0.26 0.36 0.05 —0.22
F77 2.82 2.75 3.42 2.08 2.03 2.69 1.90 0.58
Bog Fss 0.37 0.33 0.37 0.31 0.29 0.32 0.28 0.23
Fso -0.14 -0.12 -0.11 —0.09 —0.07 —0.08 —0.04 0.01
Foo 0.59 0.51 0.54 0.54 0.46 0.53 0.48 0.36
Bou Fi010 0.35 0.35 0.41 0.29 0.29 0.34 0.27 0.22
Fio11 —0.09 —0.12 —0.15 —0.08 —0.10 —0.13 —0.09 —0.06
Fi111 0.03 0.08 0.07 0.14 0.19 0.21 0.25 0.15
Ey Fi212 0.28 0.28 0.32 0.25 0.25 0.28 0.25 0.21
Eu Fiz313 18.17 18.42 18.31 19.73 19.84 19.77 20.30 19.62
Fiz14 0.73 0.65 0.73 0.33 0.27 0.38 0.07 —0.10
Fiz15 0.00 0.01 0.01 0.00 0.01 0.00 0.00 —0.01
Fi316 0.08 0.02 0.02 0.05 0.01 0.01 0.02 0.02
Fia14 1.63 1.44 1.77 1.37 1.26 1.51 1.47 0.91
Fia15 0.00 0.03 0.00 0.01 0.02 0.00 0.00 —0.01
F14,16 —0.11 -0.12 —0.04 —0.03 —0.05 0.01 0.08 0.12
Fis15 0.39 0.35 0.41 0.31 0.29 0.34 0.29 0.24
Fis5.16 —-0.21 —0.25 —0.30 —0.12 —0.16 —-0.21 —-0.12 —0.03
Fi616 0.78 0.90 1.01 0.77 0.89 1.08 0.98 0.65
Fco 18.28 18.50 18.39 19.75 19.86 19.79 20.29 19.62
Fumc 2.21 2.18 2.69 1.73 1.73 2.20 1.76 0.80
Fumco 0.37 0.33 0.38 0.30 0.28 0.32 0.28 0.24
F'mco 0.31 0.31 0.37 0.27 0.27 0.31 0.26 0.22
Fco,cocis 0.11 0.09 0.09 0.03 0.02 0.03 0.00 0.01
Fco,co,trans 0.11 0.08 0.08 0.02 0.02 0.02 —0.01 0.00

a Calculated at BP86/ECPEyco = in molecular planeF'vwco = perpendicular to molecular plane; see text for units.

TABLE 12: 13CO and C!®0 Isotopic Shifts (in cm™2) for
[Au(CO) "

TABLE 13: Harmonic Symmetry Force Constants F; and
Internal Force Constants Fi,; for the 5d Complexes
[M(CO) ™ (M = Au, Hg, TI; n =1 to 3, respectively)

3CO 3CO C0 C'®0
exptP calcd exptP calcd M = Au M=Hg M=TI
24t 21 [CO] 51.5 52.9 49 49.5 exptk BP86 BP86 BP86
S v [MC] 6.5° 6.5 10 14.6 (solid) ECP2  ECP2 ECP2
%+ vs o [CO] 505 501 52 51.2 St Fus 20.25+ 0.1 1951 2049  20.16
S+ v MC) 45 47 9 9.8 B _
Fi2 0.45+ 0.2 0.20 0.06 0.16
g »s [oMCO] 9.0 8.9 35 39 F 2704003 280  1.74 1.09
I " [oMCO] 14 13.1 3 2.9 22 : ' : ‘ '
o 6 SCMC 0 0.1 5 5e St Fas 19.95+ 0.1 19.42 20.49 20.17
u vi | ] - : Faa 0.45+0.2 041 —0.02  —0.08
aValues for solid [Au(CO)][Sb,F.]; ref 41b. Calculated values at Faa 1.624+0.03 1.67 1.62 1.43
BP86/ECP2P Calculated from, + v3) — vs, see ref 41b. 114 Fss 0.253+ 0.02 0.25 0.22 0.22
Fes6 0.283+ 0.02 0.28 0.23 0.22
stants for all 3d complexes where data on all four levels are Fo7 ~0.02+002 -0.12 -006 —0.03
available (314 data points; see Figures S1 and S2 in the F77 0.77+0.09 0.31 0.32 0.26
Supporting Information), the agreement is excellent over the Feo 2014+ 0.1 19.46 20.49 20.17
whole range of force constants. However, there is some scatter Fuc 2.16+0.03 2.24 1.68 1.26
of the data points in the MC stretching region, which may be Fumco 0.268+ 0.02 0.26 0.23 0.22
related to the small differences in the calculatee-® bond Fcoco  0.15+0.1 0.05 0.00 0.00

lengths between the AE and ECP calculations.

The correlation between the BP86/ECP1 and MP2/ECP1 ref 45.F;7 = Fcuc; see text for units.

force constants for all neutral 4d and 5d carbonyls (176 data ,,;jecules. total charge between 0 and 5), [M(CQ)" (four
points; see Figures S3 and S4 in the Supporting Information) molecules, total charge between 1 and 4), and [M(C@)

is still satisfactory, although there is much more scatter than in (three molecules, total chargebetween 1 and 3). For the hexa-

the other plots. The largest discrepancies are found in th® C
stretching region for Pd(C®@)and Pt(CO) and in the M-C
stretching region for Ru(C@)and Os(CQy.

4. Discussion

aReference 41b; calculated from internal force constants; see also

and tetracarbonyl series, we will focus on the 5d complexes
since the results for the respective 3d and 4d complexes are
very similar. Figure 3 shows the change in the @ stretching
force constant&co as a function oh (Tables 10, 11, and 13)

for all 5d complexes except [Ta(Cg)). Figure 4 displays the

In this section, we address the variation of the calculated force analogous M-C force constant&yc. Figures 5 and 6 show

constants (BP86/ECP2) within the three series [M(§QBix

the calculated €0 and M-C bond lengths at BP86/ECP2.”
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Fcoincreases significantly in all three series with increasing

n up ton =4 (M = Pt) for the hexacarbonyls,= 3 (M = Au)
for the tetracarbonyls, and= 2 (M = Hg) for the dicarbonyls.
The analogous inverse trend can be seen in th@dond

and all 5d carbonyl cations.
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Figure 6. MC bond lengths (in A) versus total chargdor W(CO)
and all 5d carbonyl cations.

M—C force constants decrease gradually for all three series with
increasing total charge (Figure 4). The values for the cations
with the highest GO force constants are not very different:
1.68 mdyn/A for the known [Hg(CQ)?*;%6 1.76 mdyn/A for

lengths, which have the lowest values in each series for thethe unknown [Au(CQO)3*; 1.60 mdyn/A for the unknown [Pt-

same molecules (1.1217 A for [Pt(C), 1.1206 A for [Au-
(CO)J3, and 1.1196 A for [Hg(CQ)2").267 The calculated

(CO)J]**t. The corresponding MC bond lengths are also
similar: 2.1105 A for [Pt(CQJ**; 2.0800 A for [Au(CO)]3*;
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TABLE 14: Fco and Fcoco Force Constants (in mdyn A L) for Experimentally Known Carbonyl Complexes

FCO FCO,CO I:CO,CO FCO FCO,CO FCO,CO

CK2 (cis) CKka (trans) Cke BP8® (cis) BP8& (trans) BP8B
[V(CO)e]~ 14.55 0.33 0.60 14.47 0.23 0.19
[Cr(CO)J° 16.64 0.26 0.48 16.27 0.17 0.14
[Mo(CO)gJ® 16.66 0.27 0.45 16.30 0.16 0.12
[W(CO)e]® 16.60 0.29 0.48 16.20 0.16 0.11
[Cr(CO)]¢ 16.45 0.26 0.54
[Mo(CO)g] 16.46 0.27 0.54
[W(CO)g]® 16.35 0.30 0.57
[MN(CO)g]* 18.17 0.19 0.45 17.92 0.10 0.09
[Re(CO)J* 18.09 0.22 0.53 17.82 0.10 0.07
[Fe(CO}J% 19.82 0.06 0.21 19.20 0.05 0.03
[Ru(CO)]2* 19.83 0.10 0.30 19.22 0.05 0.03
[Os(CO)]2 19.74 0.12 0.37 19.13 0.05 0.03
[I(CO)e]** 20.78 0.06 0.20 19.94 0.02 0.00
[Rh(CO)]* 19.00 0.17 0.49 18.50 0.09 0.08
[Pd(COY%* 20.61 0.07 0.21 19.86 0.02 0.02
[Pt(COX2* 20.65 0.10 0.31 19.79 0.03 0.02
[Au(CO)]* 20.18 0.33 19.46 0.05
[Hg(COY]> 20.98 0.03 20.49 0.00

2 Calculated from the experimental frequencies with the CK method; refs 2-andBP86/ECP2 values.On the basis of gas-phase frequencies.
40n the basis of solution frequencies.

2.1159 A for [Hg(CO))2*; whereas for the next member of TABLE 15: Vibrational C —O Frequencies (in cnt?) for

each series, the MC bond length exceeds 2.22%AFrom the W(CO)s
point of view of the calculated bond lengths and force constants, exptlvi® BP8® BP86 BP86
there is no reason [Au(C@}+ and [Pt(COY]** should not exist. (vapor) full cK shift
The experimental determination of<© stretching force Agg 2126.2 2094.7 2048.6 —50.1
constants with the CotterKraihanzel (CK) method has a long E 2021.1 1998.8 1989.8 -9.0
tradition in transition metal carbonyl chemisfryn this ap- Tl“e 1997.6 1977.1 1995.6 +18.5
. . Vav 2026.9 2003.3 2002.5 —0.8
proach, any coupling between-© stretching and other modes Avge 17.5 16.0 9.8 —6.2
is neglected and the observed frequencies are used without Ay.e 29.3 26.2 6.9 -19.3

correcting for anharmonicity effects. One of the motivations 2 Reference 8° BPSG/ECP2 values.Computed from the BP86

for su_ch empirical nor_mal coordinate analysis is to explain the internal force constants (Table 14) by applying the CK approximafions.
bonding and electronic structure of met&lO complexes on  dpjfference between the preceding two columhSee text, eqs43.
the basis of force constants and vibrational frequencies. In this

context, the DewarChatt-Duncanson mod# with ¢ donation calculations, with a uniform underestimate of-282 cntl.
from the CO lone pair into an empty meta} drbital andx Applying the CK approximatiorfto the theoretical BP86 results
back-donation from filled metal,corbitals into the antibonding  (i.e., neglecting the kinetic energy and potential energy coupling
at* orbital of CO is usually applied. This model should also be between GO and other modes) changes the @ frequencies
relevant for homoleptic carbonyl catiofisin principle, even significantly, however, with nonuniform shifts ranging between

though it is qualitatively clear that back-donation will be less ~ —50 and+19 cnT? (see last two columns in Table 15). In the
important and that electrostatic effects will be strong or even CK treatmeng the internal force constants are proportional to
dominant in these cations, as has been shown bef§rig:50 the following quantities:
Table 14 compares theco andFco coforce constants from
our BP86/ECP2 calculations with the respective CK valfies (1) Feo~ vay = [V(Ayg) + 2v(Ey) + 3v(T,))/6
those members of the three series of carbonyl cations where
the experimental CO frequencies are completely kn&wn. (2) Feococis™ Avy = [v(Ag) — v(Ey]/6
As expected from the frequencies, the BP86/ECP2 values for
Fco are consistently lower than the CK values. However, the (3) Feocotrans™ Avy = v, — v(Tyy)

overall variation of Fco with the total charge is always
reproduced nicely, as well as the variations within a group. On It is obvious from Table 15 that the CK approximations do
the basis of qualitative orbital arguments, CK have suggésted not affect the average-G0 frequency muchig,) but that they
that the interaction constanE:o co,cisand Fco,co ransshould reduce the splittings stronglyA§¢; and particularly Avy).
be positive, which is confirmed in all cases (Table 14). Therefore, in such cases, the CK method will provide unphysical
Moreover, CK have argued th&to co ransshould be twice as  interaction force constants that deviate systematically from the
large ag~co.co.cis The empirical CK values for these constants true values (see Table 14).
obey this rule only approximately, withco,co.cis< Fco,co.trans Figure 7 shows the three-€® symmetry force constants and
whereas the opposite relation holds for the BP86/ECP2 values.the internal C-O force constant for the hexacarbonyls. Since
The latter are generally smaller than their CK counterparts, the interaction force constants are always positive, @6 co cis
especially in the case OFcocoans(Table 14). Since the > Fco.corans(BPB6/ECP2), the force constants are always in
theoretical interaction constants are normally quite reliable, this the orderF11 (A1g) > Fco > Fas (Eg) > Fees (T1y). The splitting
casts some doubt on the applicability of the CK treatment. = becomes progressively less important with increasing total
To clarify these inconsistencies, we consider the results for chargen, parallel to the decrease afback-donation, which is
W(CO) in more detail (Table 15). The experimental gas-phase reflected in decreasing interaction force constants. For [Ir-
C—O frequencies are well reproduced by the full BP86 (CO)]3, the cis interaction constant (0.02 mdyn/A) still causes
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20.5 . . . force constants is obvious, all five values increase continuously
with decreasing charga&. Generally, the symmetry force
constants for the ungerade modé&gg(and F12,19) are higher
thanFyco, whereas those for the gerade modes éndFig 19
are lower. The four symmetry force constants approach the
internal force constarfEyco with increasingn. According to
the expressions for the four symmetry constants in terms of
internal constant$,this can be attributed to the bending
interaction elementBgg, Fgpr, andFgg between pairs of CO
. groups, where for all members in the hexacarbonyl series the
trans interaction elemefg is much larger than the other two.
Fgs diminishes from 0.06 for W(CQ@Yo 0.004 for [Au(COy]°+.
The effect ofFgs can be understood qualitatively; in the two
ungerade vibrations, two trans CO ligands vibrate in the same
direction, whereas in the two gerade vibrations, they vibrate in
opposite directions. The higher energy of the ungerade distor-
tions is directly related to the back-donation in the subunit
O=C—M-—C=0, since the motion of the two carbons in the
. same direction costs more energy than the motion in the opposite
direction because the linearity of-®—C is preserved more
in the latter case.
For the tetracarbonyl series [M(C£) and the dicarbonyl
155 , ‘ . ‘ . ‘ series [M(CO)]", the same behavior of the MC—O bending
1.0 00 1.0 2.0 30 40 50 6.0 force constants with increasing chanmgés found concerning
total charge n the gerade and ungerade vibrations. Again, the differences
Figure 7. Diagonal symmetry and internal CO force constants (in mdyn between the symmetry force constants for gerade and ungerade
A1) versus total charge for the hexacarbonyls [M(C@ (M = W, modes get systematically smaller with increasimgFor the
Re, Os, I, Pt, Au). dicarbonyls, this difference is directly related to the single
053 1 k coupling constanEgs which is 0.014 for M= Au, 0.006 for
M = Hg, and 0.003 for M= TI.
Among the cations that are experimentally known by rféw,
it is only for the dicarbonyls that the complex with the highest
calculated GO force constant and the shortestG bond
1 length, i.e., [Hg(COj2", is known? On the basis of the
calculated force constants and geometries, there is no reason
[Au(CO)4]3" and [Pt(COy]** should not exist as homologues
of [Pt(CO)]2" and [Ir(CO)]3".51:52The highest experimentally
observed €O stretching frequency has been reported for [Ir-
1 (COX)3t (A1g 2295 cnr?),52 which exceeds those for [Hg-
(COXJ?* (24T, 2282 e and [PH(CO))2* (A1g, 2289 cnrh)st
because of the larger splittings of the-O stretches in an
octahedral complex. Correcting for systematic errors in the
BP86/ECP2 results® we expect still higher €0 frequencies
028 0o To 20 30 %0 50 5.0 for the A,y modes in [Pt(CQJ** and [Au(CO)]3* (around 2296
total charge n and 2306 cml, respectively).
Figure 8. Diagonal symmetry and internal MCO bending force

constants (in mdyn A rad) versus total chargefor the hexacarbonyls 5. Concluding Remarks
[M(CO)¢] (M = W, Re, Os, Ir, Pt, Au).
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Comparisons with experiment and the consistency of the

a visible splitting between the different symmetry force constants theoretical results at different levels indicate that BP86/ECP2
(Figure 7), whereas for [Pt(Cg}f*, the interaction elements  density functional calculations provide reliable harmonic force
approach zero and the splitting has disappeared. The analogou§ields both for neutral and charged transition metal carbonyls.
trends of interaction elements are seen in the tetracarbonyl serieS' he trends in the computed force constants can be understood
(Table 11) where the interaction elements are 0.03 mdyn/A in terms ofo donation,r back-donation, and electrostatic effects.
(Fco.cocd and 0.02 mdyn/AKco co wran} for [Pt(COY]2+ and The variations in the €0 stretching, CG-CO coupling, and
approach zero for the triply charged [Au(CB). Thus,t back- M—C—0 bending force constants show, in particular, that
donation becomes negligible for the highly charged cations. back-donation effectively vanishes with increasing total charge

Another indication for the diminishing back-donation comes  and that electrostatic effects become dominant in the highly
from the changes in the MC—O bending vibrations with charged cations. The empirical Cotteraihanzel approach
increasing total charge. Figure 8 displays the corresponding captures trends in the-€0 stretching force constants well but
bending force constantSss, Fgs, Fi0.10 F12,12 and Fyco for does not yield reliable cis and trans €00 interaction
the hexacarbonyls. constants.

7 back-donation is expected to stiffen the linear-—0O
moiety, thus leading to higher bending frequencies and force Acknowledgment. This work was supported by the
constants for lower total charge The trend in all M-C—0O Schweizerischer Nationalfonds. The calculations were carried
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the complete symmetry coordinates for [M(GDJOn sym-
metry), [M(CO)] (Dsn symmetry), [M(CO)] (D Symmetry),
and [M(CO}] (D.nh symmetry); Table S5 lists the calculated
structures, frequencies, and infrared intensities for [VQ)
[Mn(CO)¢] ", and [Fe(CQ|2" at the BPS86/AEL and BP86/AE2
levels of theory; Tables S6S8 present the symmetry force
fields for the neutral transition metal carbonyls [M(GP(M
= Cr, Mo, W), [M(CO)] (M = Fe, Ru, Os), and [M(CQ) (M
= Ni, Pd, Pt) at the BP86/AE1 (M= Cr, Fe, Ni), BP86/AE2
(M = Cr, Fe, Ni), BP86/ECPL1 (all nine complexes), and MP2/
ECP1 (M= Mo, W, Ru, Os, Pd, Pt) levels of theory; Tables
S9 and S10 contain the symmetry force fields for the isoelec-
tronic hexacarbonyl ions [M(C@)' (M =V, Nb, Ta; Mn, Re;
Fe, Ru, Os; Co, Rh, Ir; Pt; Ay = —1 to 5, respectively) at
the BP86/AEL1 (M= V, Mn, Fe), BP86/AE2 (M= V, Mn,
Fe), and BP86/ECPL1 (all complexes) levels of theory. Table
S11 lists the symmetry force fields for the isoelectronic
tetracarbonyl ions [M(CQ)" (M = Co, Rh, Ir; Ni, Pd, Pt; Au;
Hg; n = 1—4, respectively) at the BP86/ECPL1 level of theory;
Table S12 shows the theoretical and experimef@D and
C80 isotopic shifts for Ru(CQ) Os(CO}, Pd(CO), and Pt-
(CO), at BP86/ECP2; Table S13 contains the theoretical and
experimental3CO isotopic shifts for [M(CQJ" (M = Mn, Re;
Fe, Ru, Os; Co, Rh, Ir; Pt; Au) at BP86/ECP2; Figures S1 and
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