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Equilibrium geometries, vibrational frequencies, and dissociation energies of the transition metal carbonyls
MCO (M = Nb, Ta, Rh, Ir, Pd, Pt) were studied by use of diverse density functional methods B3LYP,
BLYP, B3P86, B3PW91, BHLYP, BP86, and PBE1PBE. It was found that the ground electronic $Eite is

for NbCO and TaCO%=+ for RhCO,?A for IrCO, and'=* for PACO and PtCO, in agreement with previous
theoretical studies. The calculated properties are highly dependent on the functionals employed, in particular
for the dissociation energy. For most of the molecules, the predicted bond distance is in agreement with
experiments and previous theoretical results. BHLYP is the worst method in reproducing the experimental
results compared with the other density functional methods for the title molecules.

I. Introduction 1865.2 cn1l, respectively, in agreement with previous DFT
results at the B3LYP and BP86 levéIBesides the DFT results,
the potential energy surfaces for the low-lying excited states of
bCO?® TaCOORhCO1 |IrCO M and PtC®? were also studied
y use of the complete active space multiconfiguration self-
consistent field (CASMCSCF) and multireference singles
oubles configuration interaction (MRSDCI) by Balasubrama-

In recent years, the interaction of carbon monoxide with
transition metals has attracted particular intete&t. This is
because, first, metal carbonyls are important in many processe
including catalysis, organometallic synthesis and decomposition,
and modeling of metal surface/carbonyl interaction. Second,

there is a fundamental desire to understand the nature of bondinqﬂ. .
between various transition metals and ligands. Third, carbon lan and co-workers. It |s_found that CASMCSC.F and MRSD(.:I
give longer M—-C bond distances compared with both experi-

monoxide has long been used as a probe for surface characterr,nen,[S and previous DET calculations
izations. Its vibrational properties reflect the met@lO strength and previ g .
DFT is now widely used to determine structures and reaction

and the influence of the direct environment. An excellent review . : A
concerning transition metal carbonyls was given by Andrews energy d'ag“?‘”.‘? for a wide variety of mqlecules. Compared to
and co-workers. hlgh-level. ab |n|t.|o molecular orbital theories, DFT requires less
The metat-CO system was extensively studied both experi- computatlo_nal time and storage memory. On the other ha'f]d’
mentally:24-8 and theoretically;6%-15 in particular for Pd- many density functlon_al methods have been devgloped d_urlng
COP468.15and PICCR46.7.12.137 good summary of the geom- the past decaple. It is known thgt these density functlo.ngl
etries from the various theoretical studies on PdCO and PtCO methods are different from theoreuc_al aspects. Therefore, it 1S
can be found in refs 8 and 7, respectively. Experimentally, necessary to test these den_S|ty functional methoo!s_when ap_p_lled
geometries of PACO were given by Fourier transform microwave ?nne(tj;f:Leer::taslj/sséeg?f?éreeigzcgii)i/t)f/c}ziﬁitgr:nrig?hnct)zlsnQ%;rz?sgl?cr:a
(FTMW) spectroscop§,i.e., Rea-c = 1.844 A andRc—o = quite different properties for a given systéfln this study,

1.138 A. Similarly, the geometries of PICO by FTMWire the great availability of accurate experimental data coupled with
Red-c = 1.760 A andRco = 1.148 A. The determined CO the advances in density functional theory motivated us to

stretching vibrational frequencies by laser ablation and matrix .
isolation spectroscopy are 2056.4 ¢thior PACC and 2065.5 éxamine the'ground.state of the MCO molecules by use of
diverse density functional methods. The results are compared

—1 4 i i i
cm-* for PtCO:' Meanwhile, density functional theory (DFT) with experiments and previous theoretical studies. The perfor-

studies at the B3LYP level were also conducted on PH&@ . . . .
PtCO? and agreement with experimental results was achieved mance among different density functional methods is compared.
, "We hope this work could stimulate more research on transition

For RhCG and IrCO? the experimentally determined CO Y X X ) :
stretching vibrational frequencies by laser ablation and matrix metals_wnh dlffer(_ant Ilgan(_js and prowde_ areference n choosing
isolation spectroscopy are 2022.5 and 2024.5'cnespectively, the reliable density functional method in future studies.
in agreement with previous DFT results at the B3LYP and BP86
levels? Similarly, for NoCG and TaCO\ the experimentally
determined CO stretching vibrational frequencies are 1932.0 and All geometry optimizations were performed using the Gauss-
ian 98 suite of programs. Equilibrium geometries and dis-
*To whom correspondence should be addressed. Fa86-431- sociation energies were determined for the studied molecules
5698041. E-mail: zjwu@ciac.jl.cn (Z. J. Wu), hongjie@ciac.jl.cn (H. J. by ysing seven different exchangeorrelation functionals,
Zhang). denoted as B3LYP, BLYP, B3P86, B3PW91, BHLYP, BP86,
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* Graduate School of the Chinese Academy of Sciences. and PBE1PBE® 24 For these density functional methods, the
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Electronic Structure of Transition Metal Carbonyls

TABLE 1: Calculated Bond DistancesR (A), Vibrational
Frequenciesm;—a,4 (cm~1), and Relative Stability AE (eV) of
MCO Molecules at the B3LYP Level for Various Spin
Multiplicities S*

S Ric Reco w1 w2 w3 [on AE
NbCO 2 1.918 1.178 382.5 382.5 524.2 18718 1.11
4 2.014 1.176 323.4 342.4 449.4 1862.6 0.33
6 2.087 1.154 301.6 301.6 405.1 1990.7 0.00
8 2.368 1.216 —1872.3 —1872.3 200.9 1549.1 7.20
TaCO 2 1.962 1.181 348.1 380.8 494.3 1840.0 2.66
4 2.046 1.161 285.4 318.3 418.7 19494 1.42
6 2.050 1.160 312.6 312.6 418.9 1958.2 0.00
8 2.319 1.226 205.8 307.7 307.7 1482.6 7.30
RhCO 2 1.818 1.153 339.0 339.0 509.4 2043.2 0.00
4 6.327 1.128 4.5 18.1 18.2 2211.7 1.86
6 2.315 1.161 140.7 183.4 248.7 1875.8 5.83
8 1.982 1.324 117.9 117.9 4135 1109.1 10.5
IrcO 2 1.787 1.153 428.6 428.6 598.7 2082.2 0.00
4 2118 1.133 —304.5 —259.6 253.2 2137.7 2.20
6 2.252 1.166 138.5 187.6 283.7 1871.2 5.51
8 2.027 1.232 208.3 208.3 436.2 10915 9.86
PdCO 1 1.878 1.142 242.3 242.3 4435 21115 0.00
3 2.068 1.130 —439.4 —439.4 243.7 2167.8 2.30
5 2121 1.177 136.7 207.0 327.2 1828.1 6.90
PtCO 1 1.795 1.147 392.4 392.4 565.0 2118.1 0.00
3 1975 1.138 —281.8 -—281.8 348.0 2118.7 1.93
5 2.133 1.174 176.8 210.7 316.7 1849.4 6.17
7 1.904 3.007 43.8 727 727 6253 114

a2 Ry-c indicates the bond distance between transition metal M and
carbon.Rc indicates the bond distance between carbon and oxygen.
The same notations were also used in Table 2.

correlation functional is from either Lee, Yang, and Parr
(LYP),'8 Perdew 86 (P86Y} or Perdew-Wang 1991 (PW919,
while the exchange functional is from either Becke’s three-
parameter HF/DFT hybrid exchange functional (BBhe pure
DFT exchange functional of 1988 (B3,or a modification of
the half-and-half HF/DFT hybrid method (BB PBE1PBE is
the GGA exchangecorrelation functionals of Perdew, Burke,
and Ernzerhot* For oxygen and carbon atoms, 6-34G(d) is
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(M = Nb, Ta, Rh, Ir, Pd, Pt) at various density functional
methods, B3LYP, BLYP, B3P86, B3PW91, BHLYP, BP86, and
PBE1PBE, were calculated and are summarized in Table 2.

From Table 1, it is seen that the ground electronic state for
NbCO and TaCO is®=*. For NbCO, the second lowest
conformer is at spin multiplicity 4, which is 0.33 eV higher
than the ground state. For TaCO, the second lowest state at
spin multiplicity 4 is 1.42 eV higher than the ground electronic
state®>*. Doublet is the ground state for RhC&() and IrCO
(A at BLYP and BP86; for the remaining density functionals,
the electronic state cannot be determined). For PdACO and PtCO,
singlet (™) gives the global minimum; other conformers are
much higher in energy than the ground state. It is also seen
(Table 1) that negative frequencies are found at triplet of PdCO,
PtCO and at spin multiplicity 4 of IrCO, indicating that these
conformers are saddle points. Since in this calculation, only
linear chain, which is the most stable geometry for the ground
state, is considered for both the ground state and excited states,
these obtained negative vibrational frequencies may indicate that
linear chain is not the most stable shape for the excited states.
This was confirmed by a recent study on PdG@d PtCC in
which it was found that the bent geometry is more favorable
for the excited states.

NbCO. The ground electronic state9s™, in agreement with
previous studie&? The calculated N C bond distance (Table
2) is from 2.069 A at B3P86 to 2.103 A at BHLYP, in agreement
with DFT study at BP86/LANL2DZ (2.064 A)and at B3LYP/
LANL2DZ (2.080 A)1 These calculated bond distances at DFT
levels (including ours and those in ref 1) for N are smaller
than those at CASMCSCF (2.168%9nd MRSDCI (2.124 Aj.

For the C-O bond, our calculated value is from 1.135 A at
BHLYP to 1.170 A at BLYP, comparable to the results at
B3LYP/LANL2DZ (1.168 A)!l CASMCSCF (1.139 Ay, and
MRSDCI (1.146 Ay but smaller than the result at BP86/
LANL2DZ (1.182 A)! The Nb-C—0 bending moded1, ws,
doubly degenerate) in NbCO has vibrational frequencies from

used. For transition metals, basis set CEP-121G (relativistic 291.4 cn! at BLYP to 311.3 cm® at PBE1PBE, varying in a

compact effective potenti@bis used, in which the dependence

narrow range. The NbBC strectching vibrational frequency4)

of spin—orbit effects was averaged out. The valence electrons is from 384.3 cm?! at BHLYP to 420.9 cm! at B3P86. For

considered for transition metals are?4y$4d'ss' for Nb, 58-
5p55cP6< for Ta, 424p°4dP5s' for Rh, 535p°55d76< for Ir, 45%-
4pPAdi95 for Pd, and 5%pf5d%6s! for Pt. To avoid trapping
at local minima of the potential energy surface, different initial

the C-O stretching mode «f4), the calculated vibrational
frequency is from 1891.9 cm at BLYP to 2034.4 cm! at
PBE1PBE, in which BLYP (1891.9 cm) and BP86 (1918.9
cm™1) give the best performance compared with the experi-

structures (bond distance) are used, but only the results frommental value 1932.0 cd * and previous DFT result 1916.2
the global minimum are presented. The calculated dissociationcm™! at BP86/LANL2DZ% other functionals in this study

energies were corrected by the zero-point vibrational energies
From both experimentkal24-8 and previous theoretidaf-9-15

.overestimate the experimental value. On the other hand, our

predicted vibrational frequencies and experimental value (1932.0

studies, it is known that linear chain is the ground-state geometry cm~%)! are smaller than theoretical study at CASMCSCF (2133

for the title molecules. Therefore, in this study, the geometry is

cm1)® and MRSDCI (2135 cm!)® by more than 100 cr.

restricted to the linear chain. On the other hand, from previous This was attributed to the reason that not enough C and O

theoretical study on NbCOand TaCO, we know that the

inserted conformer CMO and side-bonded conformer M[CO]
(M = Nb, Ta) have higher energy than carbonyl MCO.
Therefore, in this study, only carbonyl MCO was considered.

I1l. Results and Discussion

orbitals were included in the active space at CASMCSCF and
MRSDCI to accurately describe the-© stretch as commented
by Andrews and co-workerfsFrom Table 2, it is also seen that
our calculated dissociation energy is from 1.78 eV at B3LYP
to 2.34 eV at BHLYP, much higher than the values obtained at
CASMCSCF (0.389 eV)and MRSDCI (0.968 or 1.11 eV?).

The calculated results are listed in Tables 1 and 2. BecauseThis indicates that further study is necessary for the accurate

of the spin polarization of transition metals, the molecules were
first calculated by use of B3LYP at various spin multiplicities

evaluation of dissociation energy.
TaCO. For this molecule, spin multiplicity at 6 gives the

in order to locate the most stable (ground state) spin state forground state®g") (Table 1). This is in agreement with previous

each molecule. The results are listed in Table 1. After obtaining
the ground spin state at B3LYP for each molecule, the bond

studies at the BP86/LANL2DZand CASMCSCEF level8 but
contradicts the results at B3LYP/LANL2BZnd MRSDCH1?

distances, vibrational frequency, and dissociation energy from in which spin multiplicity at 4 {A) gives the global minimum.

these most stable spin multiplicities for molecules MCO

On the other hand, previous DFT study at BP86/LANL2DZ
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TABLE 2: Ground State Bond DistancesR (A), Vibrational Frequencies o,—m4 (cm™2), and Dissociation EnergieD. (eV) for
MCO (M = Nb, Ta, Rh, Ir, Pd, Pt) from Various Density Functional Methods; Results from Previous Theoretical Studies (DFT,
CASMCSCF, and MRSDCI) and Experiments Are Listed for Comparison

B3LYP BLYP B3P86 B3PW91 BHLYP BP86 PBEIPBE DFT DFT CASMCSCF MRSDCI expt

NbCO Ry-¢ 2.087 2.089 2.069 2.075 2.103 2.071 2.071 2°062.080 2.168 2.124
Rco 1154 1.170 1.152 1.152 1135 1.169 1.150 1.182 1.168 1.139 1.146
w1 3016 2914 3103 309.1 308.6  299.9 311.3
> 301.6 2914 3103 309.1 308.6  299.9 311.3
w3 405.1 405.2 420.9 415.1 384.3 4203 418.3

[on 1990.7 1891.9 2016.3 20145 2104.8 1918.9 20344 1916.2 2133 2135 1932.0
&2 1.78 2.30 2.23 2.22 2.34 1.85 2.25 0.389 0.968(1.11)
TaCO Ruy-¢ 2.050 2.056 2.035 2.041 2.052 2.042 2.036 20012.02Z 2.14% 2.063
Rc-o 1160 1.176 1.158 1.158 1143 1174 1.156 1184 1.170 1.128 1.143

w1 312.6 298.8 322.2 321.8 3255 308.1 325.0
w2 3126 298.8 322.2 321.8 3255 308.1 325.0
w3 418.9 4139 4325 427.6 4139 4273 431.8

[on 1958.2 1867.1 1989.2 1987.4 2055.3 1899.2 2006.0 1893.3 1865.2
De 1.10 1.02 1.46 1.49 0.42 1.64 1.50 1.076 0.929(1.075)

RhCO Ry-¢ 1818 1.839 1.797 1.800 1.853 1.789 1.800 19824.822 1.871 1.839
Rc-o 1153  1.164 1.153 1.153 1.133 1171 1.151 1.173  1.177 1.128 1.146

w1 339.0 3095 350.1 348.9 325.6 3514 347.5
w2 339.0 310.2 350.1 348.9 325.6 3521 347.5
w3 509.4 508.9 5344 530.6 464.1  550.5 529.3

[on 2043.2 1983.1 2061.7 2056.9 2171.3 19579 2078.8 1999.6 2004.7 2107 2127 02022.5
De 1.83 2.31 2.12 1.98 1.36 2.55 1.96 1.24 0.87(1.19)

IrCO  Rvw-c 1787 1791 1.774 1.775 1.792  1.800 1.773 19769.768& 1.828 1.772
Rc—o 1.153 1.169 1.152 1.153 1135 1.169 1.151 1179 1.183 1.163 1.161

w1 428.6 416.2 434.1 433.9 438.3  422.2 435.4
w2 428.6 416.2 434.1 433.9 438.3  422.2 435.4

[on 2082.2 1987.9 2017.1 2102.7 21922 20127 21234 2011.3 2022.0 2023 2074 ©2024.5
De 2.55 2.90 2.80 2.67 1.92 3.16 2.70 1.45 2.13(2.04)

PdCO Ry-¢ 1.878 1.869 1.856 1.859 1.909 1.847 1.858 11872.873 1.882
Rco 1142 1.158 1.142 1.143 1125 1.159 1141 1140 1.143 1.138

w1 2423 2455 2514 249.9 2343  256.6 247.8 249 242.4
w2 2423 2455 2514 249.9 2343  256.6 247.8 249 242.4
w3 4435 456.3 468.7 464.7 407.6  481.9 465.1 449 445.3

[on 21115 2006.1 2129.0 2123.8 2237.9 2023.6 21459 2114 21129 2056.4
De 1.64 1.95 1.85 1.76 1.18 2.20 1.78 1.79

PtCO Ruw-c¢ 1795 1.795 1.780 1.782 1.806  1.780 1.780 11780.78¥ 1.904" 1.900" 1.760
Rc-o 1.147 1163 1.146 1.147 1130 1.162 1.145 1146 1.148 1.151 1.147 r1.148

w1 3924 3859 400.5 400.0 396.4 394.2 400.8 407 404.7

w2 3924 3859 4005 400.0 396.4 394.2 400.8 407 404.7

w3 565.0 565.8 586.1 584.0 545.6  586.9 586.2 585 590.3

[on 2118.1 2018.9 2141.4 2137.1 2230.1 20427 2157.7 2114 21214 2065.5
De 2.66 2.95 2.99 2.88 2.10 3.31 2.90 3.15 2.89 1.89 1.86

aThe dissociation energies refer to the reactions MEQM + CO.P Reference 1. Density functional theory at BP86/LANL2DZ. Basis set
LANL2DZ indicates the D95* basis set for C and O atoms and the Los Alamos effective core potential (ECP) plus DZ for Nb and Ta atoms.
¢ Reference 1. Density functional theory at B3LYP/LANL2DZReference 2. Density functional theory at the BP86 level. For the basis set, ()L
is used for C and O atoms, and LANL2DZ is used for Rh and Ir at6rReference 2. Density functional theory at BP86/LANL2DReference
3. Density functional theory at the B3LYP level. For the basis set, 6+&l(2d) is used for C and O atoms, and LANL2DZ is used for Pd and Pt
atoms.9 Reference 4. Density functional theory at the B3LYP level. For the basis set, 6631} is used for C and O atoms, and LANL2DZ is
used for Pd and Pt atomSCASMCSCEF indicates the complete active space multiconfiguration self-consistent Kigk&DCI indicates multireference
singles+ doubles configuration interaction. Values in parentheses are the Davidson corrected (MR®DEDergies! Reference 9% Reference
10.' Reference 117 Reference 127 Reference 1. Laser ablation and matrix isolation spectroscdpgferences 2 and 5. Laser ablation and matrix
isolation spectroscopy.Reference 8. Fourier transform microwave spectroscbReference 4. Laser ablation and matrix isolation spectroscopy.
" Reference 7. Fourier transform microwave spectroscopy.

predicted that the spin multiplicity at 6X™) is only marginally MRSDCH but smaller than the value 2.142 A at the CASMC-
more stable than the spin multiplicity at 4A) by 1.7 kcal/ SCF level. The €0 bond distance is from 1.143 A at BHLYP
mol.l At B3LYP/LANL2DZ, 8=* is only 3.7 kcal/mol higher to 1.176 A at BLYP, in agreement with previous theoretical
than*A.X These results indicate th&* and*A are competitive  study at BP86/LANL2DZ (1.184 A)B3LYP/LANL2DZ (1.170
candidates for the ground state at the BP86(B3LYP)/LANL2DZ A),! and MRSDCI (1.143 A but larger than the value 1.128
level(s). In our calculation, nonetheless, it can be seen that spinA at the CASMCSCF level? The calculated TaC—O bending
multiplicity 4 is 1.42 eV higher than spin multiplicity 6 at the  and Ta-C stretching modes in TaCO have a higher vibrational
current basis set, i.e., CEP-121G for Ta and 6-8&{d) for C frequency than the corresponding value for NbCO (Table 2).
and O atoms. Therefore, except B3LYP, calculations are done At BLYP (1867.1 cnt?) and BP86 (1899.2 cm), the calculated
only for spin multiplicity at 6 for other functionals as listed in  C—0O stretching vibrational frequency is close to the experi-
Table 2. mental valué 1865.2 cm! and the previous theoretical result
The calculated TaC bond distance is from 2.035 A at B3P86 at BP86/LANL2DZ (1893.3 cmt).! Other functionals over-
to 2.056 A at BLYP, comparable to the value 2.012 A at BP86/ estimate the experimental value by at least 93.0%c(at the
LANL2DZ,1 2.022 A at B3LYP/LANL2DZ?2 and 2.063 A at B3LYP level). The calculated dissociation energy at the B3LYP
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(1.10 eV) and BLYP (1.02 eV) levels is close to the previous distance which varies from 1.125 A at BHLYP to 1.159 A at

theoretical study at CASMCSCF (1.076 é¥and MRSDCI BP86 (Table 2). In addition, agreement with previous DFT

(0.968 or 1.075 eVi? Other functionals (Table 2) either calculation at the B3LYP level is also observed, i.e., 1.873 A

underestimate (BHLYP, 0.42 eV) or overestimate (B3P86, 1.46 for Pd—C, 1.140 A for C-O (6-31HG(2d) basis set for C and

eV; B3PW91, 1.49 eV; BP86, 1.64 eV; PBE1PBE, 1.50 eV) O, LANL2DZ for Pd)2 1.873 A for Pd-C, 1.143 A for C-O

the values at the CASMCSCF and/or MRSDCI leVéls. (6-3114-G(d) basis set for C and O, LANL2DZ for Pé)YOur
RhCO. The ground electronic state3&*, in agreement with  calculated P&C—0 bending mode from 234.3 cthat BHLYP

previous study at the DFT levéut different from the study at  t0 256.6 cn* at BP86 and P€C stretching mode from 407.6
the CASMCSCF and MRSDCI levelgX).!! The calculated ~ CM *at BHLYP to 481.9 cm* at BP86 are in agreement with
Rh—C bond distance is from 1.789 A at BP86 to 1.853 A at Previous DFT calculation at the B3LYP level, i.e., 249Crt
BHLYP, close to the results at BP86 with the general basis set and 242.4 cm'  for the bending mode and 449 ci and
(6-31+G(d) for C and O, LANL2DZ for Rh) (1.824 A3 BP86/ 445.3 cm'! 4 for the Pd-C stretching mode, respectively. For
LANL2DZ(1.822 A)2 and MRSDCI (1.839 A} but smaller the C-O stretching mode, our calculation at BP86 (2023.6
than the result at CASMCSCF (1.871 B)For C-O bond ~ CM') gives the best performance compared with the experi-
distance, a similar trend as in RK is also observed, except ~Mental value 2056.4 cm,* followed by BLYP (2006.1 cm)

that the G-O bond distance is shorter at CASMCSCF (1.128 and B3LYP (2111.5 cr¥). BHLYP produces the worst resuit
A)1t compared with other methods (Table 2). The calculated (2237.9 cn?). For the calculated dissociation energy, except
vibrational frequency varies in a wide range from 1957.9tm  BHLYP (1.18 eV), our results which vary from 1.69 eV at
at BP86 to 2171.3 cri# at the BHLYP level. Compared with ~ B3LYP t0 2.20 eV at BP86 are in fair agreement with previous
the experimental value 2022.5 ck?S the calculated values ~ DFT calculation at the B3LYP level, 1.79 eMHowever, from
change from an absolute erroro64.6 cntl at BP86 to 128.8  Table 2, we can see that our results (bond distance, vibrational
cmtat BHLYP, in which B3LYP (by an absolute error of 20.7 ~ frequency, and dissociation energy) at B3LYP are quite similar
cmY) gives the best performance. Previous theoretical studies!© the results of ref 4 (11th column in Table 2) for PdCO. This
at CASMCSCF (2107 cm)it and MRSDCI (2127 cmb)it is not surprising because the same DFT method (B3LYP) and
overestimate the experimental result. For the calculated dis-Pasis setfor C and O (6-3315(d)) are used; the only difference
sociation energy, only BHLYP (1.36 eV) gives best agreement IS the basis set for the metal: we use CEP-121G for Pd, while
with previous theoretical results at CASMCSCF (1.24%%hd ref 4 uses LANL2DZ. This results in a little larger difference
MRSDCI (0.87 or 1.19 eV}! Other functionals have higher N the dissociation energy (1.64 eV in our case, 1.79 eV in ref
dissociation energies, even doubled at the BP86 level (2.55 eV).4)- This is also observed in PICO (Table 2).

IrCO. For BLYP and BP86, the determined ground electronic __PtCO- The ground electronic stateX", in agreement with
state is?A, in agreement with previous studie& For the previous studie$*12Similar to PACO, many theoretical studies

remaining density functionals, i.e., B3LYP, B3P86, B3PW91, &€ available for PtCO (see ref 7 for a summary of the previous

BHLYP, and PBELPBE, it is not possible to determine which theoretical studies). The calculated+& and C-O t”g\’nd
electronic state at doublet is the ground electronic state. distances are close to the experimental values 1.760 A fer Pt

. A7 . :
The calculated HC bond distances at various density C’ and 1.148 A for C-O" and previous theoretical rescits

) (Table 2). However, the predicted-R€ bond distance tends to
oy i vasrom range. n greament it prowous necredoa 2 310 at CASMICSCE (1,904 and MRSDC (1,900 AY
results at BP86 with ti,1e general basis set (6-GId) for C compared with our results, previous DFT calculatidhsnd
and O, LANL2DZ for Rh) (1.769 A}, BPS6/LANL2DZ (1.768 experiment. The calculated vibrational frequencies for the-Pt

A),2and MRSDCI (1.772 A} but slightly smaller than the result C_O. be“g';‘? anld 'th sé;?t_(l:_hlbnlg r;oges a;]re n agreerrrl]elnt with
at CASMCSCF (1.825 AY! The variation in calculated €0 Prévious DFT calculatioris (Table 2). But they are much larger

. . X than the corresponding modes in PdCO (Table 2). PdCO gives
bond distances is a little larger, from 1.135 A at BHLYF.) to the lowest bending mode among the molecules studied in this
1.169 A at the BLYP and BP86 levels. These values are slightly Table 2). Th - LO hi de i
smaller than previous DFT results (1.179 and 1.183 &yd paper (Table ) € experimenta stretching mode in

o ‘ ' Ayl PtCO (Table 2) is 2065.5 cm,* close to our result at the BP86
results at CASMC.SCF (1.163 )and'MRSDCI (1.161 } level (2042.7 cml). As in PdCO, BHLYP has the worst
T_he ”._C_O bending and IrC stret_chmg modes have_a higher performance in reproducing the—© vibrational frequency
vibrational frequency compared with the corresponding values (2230.1 cmY). Except BHLYP (2.10 eV), the calculated
'gzsﬁggozéslefl-rar%le 2)6 I:Bo;gge—z%)lgt;et%k;mg_ mcige,bonlil dissociation energy from 2.66 eV at B3LYP to 3.31 eV at the

o ( -1 cm) an ( Le.r C ) give the bes BP86 level is in agreement with previous theoretical results,
vibrational frequency compared with the experimental value 289 and 3.15 e\E It is also seen that DFT calculations
2024.5 cm1.2 Other density functionals either underestimate (iﬁcluding Ol.JrS and those of refs 3 and 4) produce a larger
(BLYP) or overestimate (B3LYP, B$PW9_1, BHLYP’ and dissociation energy compared with the calculations at CASMC-
PBE1PBE) the experimental value. For the dissociation energy, SCF (1.89 eV and MRSDCI (1.86 eV}?
only BHLYP (1.92 eV) has a value close to the results at ' ' '
CASMCSCF (1.45 eW and MRSDCI (2.13 or 2.04 e\
Other density functionals produce higher values.

PdCO. The ground electronic statelis™, in agreement with The performance of different density functional methods,
previous studie? PdCO is one of the most extensively studied i.e., BSLYP, BLYP, B3P86, B3PW91, BHLYP, BP86, and
systems both theoretically and experimentally. For a summary PBE1PBE, was tested on the transition metal carbonyls MCO
of the theoretical study, see ref 8. In experimental stuthe (M = Nb, Ta, Rh, Ir, Pd, Pt). For TaCO, the predicted spin
observed PgC bond distance is 1.884 A, and the-O bond multiplicity at ground state is 6°%"), in agreement with
distance is 1.138 A. These values are in good agreement withprevious theoretical studies at the BP86/LANL2DZ and CASMC-
our calculation for the PdC bond distance which varies from  SCF levels but contradicting the results at B3LYP/LANL2DZ
1.856 A at B3P86 to 1.909 A at BHLYP and the-©O bond and MRSDCI in which spin multiplicity at 4*Q\) gives the

IV. Conclusions
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global minimum. This suggests that further study with a higher (9) Tan, H.; Liao, M. Z,; Dai, D. G.; Balasubramanian,Bhem. Phys.
i i i ett. 1998 297, 173.

Ievel_ba_S|s set is necessary to solve the (_Jllscrepar_my. The re_s_ulté (10) Majumdar. D.: Balasubramanian, €hem. Phys. Let1996 262

also indicate that the calculated properties are highly sensitive 53

to the density functionals used, in particular for the dissociation  (11) Dai, D. G.; Balasubramanian, K. Chem. Phys1994 101, 2148.

energy. For most of the molecules, the predicted bond distance (12) Roszak, S.; Balasubramanian,XPhys. Cheml993 97, 11238.

is in general agreement with experiment and previous theoretical (13) Roszak, S.; Balasubramanian,Ghem. Phys. Letf.993 212, 150.

. . (14) Lemire, C.; Meyer, R.; Shaikhutdinov, S.; Freund, HAdgew.
results. Compared with experiments, except at TaCO, B3LYP, Chem., Int. Ed2004 43, 118.

B3P86, B3APW91, BHLYP, and PBE1PBE tend to give higher

(15) Goursot, A.; Papai, I.; Salahub, D. R. Am. Chem. Sod992

C—0 vibrational frequency for the studied molecules, while the 114 7452.

performance of BLYP and BP86 is the opposite. For all the
studied molecules, BHLYP is the worst density functional in

(16) Barden, C. J.; Rienstra-Kiracofe, J. C.; Schaefer, H. FJ, @hem.
Phys.200Q 113 690.
(17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

reproducing the experimental results compared with the other M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;

density functionals used in this study.
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