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Microwave Spectrum, Geometry, and Hyperfine Constants of PdCO
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The pure rotational spectrum of palladium monocarbonyl, PdCO, has been measured between 6000 and 24 000
MHz using a cavity pulsed jet Fourier transform microwave spectrometer. The molecules were prepared by
laser ablation of Pd in the presence of CO contained in an Ar backing gas. The spectra of 15 isotopomers
have been used to determine the molecular geometry from the measured rotational constants. Centrifugal
distortion constants are in good agreement with those calculated from a literature harmonic force field. A
nuclear quadrupole coupling constant and nuclear spin-rotation constant have been determitfed.for
Nuclear shielding parameters have been evaluated from the measured spin-rotation constant. The geometry
is discussed with reference to theoretical data and to other molecules containing @@ ond.

I. Introduction species have also been accurately determined from the measured
The group 10 elements, particularly Pd and Pt, are Caltalystsrotational cons_tant%lf23 It is notable that these moleculgs_
for a diverse range of chen%ical reactions, with man,y of industrial Possess €O dlstance_s that are comparabk_e with those existing

significance. In the case of Pd, this ha,s been confirmed by alr! free CQ' The MC.dlstances are comparanyely Iong; the AuC
recent journ.al issue devoted er,1tirely to this subjeEhe CO distance in OCAU.X. s shorter than the AgC distance n OCAgX
molecule is an ubiquitous ligand in inorganic chemistry. It is because of relativistic effects. Very_ recently, the microwave

) spectrum of PtCO has been assigned, and accurate bond

mell-l:nlo\;\i/n ﬁs da: revrt]er'tsilbr:erp0|stci>nﬁ 91_?] P(Ijn ter;abtlilng Ss\:ﬁﬁi“r:”ty distances have been determiédlong with centrifugal distor-
catalylic hygrogenation reactionsine Interactions tion constants and a nuclear spin-rotation term ¥%Pt in

gas-phase PdCO are prototypes for those between a Pd surfachPtCO Nuclear shieldin .
. g parameters Pt were determined
and CO, and consequently, the PdCO molecule has been thq‘rom the spin-rotation constant. It is significant that Ni(0), Pd-

subject of many theoretical studigs® ) o
P | h 1), Ag(l Au(l
The infrared spectrum of PdCO isolated in krypton was E(e))s'pzzgvelty(/?) are isoelectronic with Cu(l), Ag(l), and Au(l),

reported by Darling et df in 1973. Following this work, many This paper reports the detection and measurement of the
groups have applied theoretical methods to examine aspects Ofmicrowa?vep rotatti))naI spectrum of PdCO. This is the first gas
the electronic structure of PACO. All agree that it should have P : ' 9

a linear's+ ground state. Most recently, Manceron ef and phase study of the molecule, which has been found to be linear

: Py , . :
Liang et al® have used ab initio calculations in conjunction with ergzji(?tiozns g_:_c;}ténc; S;g:g 'gf 2%;%?$egtoz'g't2n:2?str;]z(\)/r:t'g:én
matrix isolation experiments to provide estimates of the mo- P : P P

lecular geometries and binding energies of molecules of the form SIUd'?d' "0”.‘ Wh'.Ch have been obtained rotational cpgt%stants,
MCO (where M= Ni, Pt, and Pd). Although many of the centrifugal distortion constants, and, where appropri@t®d

theoretical studies have predicted internuclear distances forhyperflne constants. The PdC and CO bond lengths have been

PACO3-15 there s little agreement among them. The predicted calculated by several methods. The results are discussed in
PdC bbnd lengths, for example, vary from 1 81’ t0 2.21 A. An comparison with those obtained for Pt&@nd other molecules

experimental determination of the geometry has clearly been containing a metatcarbonyl group bond.

needed. .
Evans et al. determined experimental geometries and bond!!- Experimental Methods
lengths for molecules of the form ArMX (where M is Cu, Ag, Experiments were conducted using a laser ablation system

and Au and X is F, CI, and B} "2 via Fourier transform iy conjunction with a Balle-Flygaré® type Fourier transform
microwave spectroscopy. It was shown that these species arépjcrowave (FTMW) spectrometer. The system has been de-
comparatively rigid. In addition, the MX moieties undergo scriped at length in earlier papéfs?® so only a brief description
significant charge redistribution upon the attachment of argon. || pe provided here. The microwave cavity comprises of two
These observations are consistent with comparatively strongspherical aluminum mirrors (28 cm diameter, radius of curvature
ArM bonds in the above species. Subsequent work has showngg 4 ¢m) separated by approximately 30 cm. One mirror is fixed,
that molecules of the form OCMX can also be generated by ang the other is manually adjustable in order to permit the cavity
laser ablation, and the structures and hyperfine constants of thesgy pe tuned to the polarization frequency. The supersonic jet
E— p — on (004) 822 enters the cavity via a General Valve (Series 9) nozzle mounted
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ax mail: mgerry@chem.ubc.ca optimizes the sensitivity and resolution of the spectrometer but
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The measured line positions were fit to a rotational Hamil-

msPd\szO R A .
Fogreat tonian of the form shown below using Pickett's SPPI3pectral
line fitting program:
‘ H= Hrot + Hquad+ Hnucl.spin (1)
|
\ “ where
li
i H,.,, = ByJ? — DJ* o)
e e e U M
13732.9 13734.9
Frequency / MHz _ 2 2
Hquad_ (VI(DgQég (3)

Figure 1. J= 2—1 transition of-°Pd2C!0. Experimental conditions;
1% CO in Ar, backing pressure-% atm, 200 averaging cycles. Pd _
foil on glass rod used as ablation target. Radiation (1064 nm) from Hnucl.spin_ CI(Pd)l pdJ (4)
Nd:YAG used for ablation. 4k data points, 4k transform.

Rotational constantsBg) and centrifugal distortion constants
the direction of microwave propagation is parallel to the (DJ) were fit for every isotopomer studied. Nuclear quadrupole
direction of the supersonic jet. The line position is determined coupling constantseQq and spin-rotation constan@ were

by finding the average frequency of the two Doppler compo- @lso determined for species containitf§Pd. The coupling
nents. All measurements are referenced to a Loran C frequencyscheme adopted fdPPdCO,**PdCO, and'*PdC*O was

standard that is accurate to 1 part in‘®0 J + Ipg = F. Lines from the spectra of vibrationally excited
The PdCO molecules were generated via the laser ablationStateS were not observed during this work, despite an extensive

(Nd:YAG, 1064 nm) of a palladium sample in the presence of search. All of the_ datg were therefore obtained exclusiygly
a gas mixture containing carbon monoxide and argon. A thin for the ground wbratlonal state. The mgasured transition
sheet of Pd foil was Wrapped around a glass rod and p|acedfrequenC|eS and the.lr quantum numper assignments gre given
approximately 5 mm from the orifice of the pulsed nozzle in N Table 1. The derived spectroscopic constants are in Table
order to provide the ablation target. This was simultaneously <
rotated and translated in order to expose a fresh surface of meta
prior to each laser shot. The gas mixture consisted of 8.5%
1.5% CO (Praxair) in an argon backing gas. The intensity of  A. Structural Calculations. Because data were only collected
the observed spectral lines was found to be uniform over this from the ground vibrational state, it was not possible to calculate
concentration range. In order that experiments could be con-an equilibrium ;) geometry. Several other methods were
ducted on complexes containifgO and/or 13C isotopes, therefore employed to provide estimates of the molecular
isotopically enriched samples BCO and G80 were employed. structure. These included a ground-state effectiyjegeometry,
a fitted substitution r(,) geometry, two mass-dependen{’(
Ill. Assigned Spectra and Analysis andrﬁﬁ)) geometries, and a ground-state averagegeometry,
from which was obtained an estimatedtructure. In each case,

The results of calculations by Liang et ®aprovided a 3 |east-squares fit based on experimental moments of inertia
preliminary estimate for the structure of PdCO. A rotational from 15 isotopomers of PACO was performed.

constant for the molecule was predicted from these data, and a j. Ground-State Effecte (o) Structure . This method ignores
search for lines in the microwave spectrum of the species wasyiprational contributions to the ground-state moments of
initiated. A line was identified at a frequency fl3 685 MHz,  jnertja3® The bond lengths were fit directly to the moments of

200 MHz above the predicted position of the= 2—1 transition inertia I, obtained from the rotational constants in Table 2
of 19%PdCO. The transition of the isotopomer containing the ysing? |, = h/82By:

heaviest isotope of Pd is expected at the lowest frequency. The

frequency interval separating adjacent isotopomers of Pd of even lo = ligi 4(ro) (5)
mass was predicted to be of the order of 50 MHz, and no lines

were observed within the 400 MHz interval immediately below These bond lengths are degignat@dindhigid(ro) is calculated
the position of this line. The line was therefore initially assigned using rigid molecule formulas. The structure determined is

V. Structures of the Complexes

to the11%PdCO isotopomer. provided in Table 3.
A revised estimate of the structure of the molecule was made, ii. Fitted Substitution (t) Structure.The contribution of
and the rotational constants of isotopomers contaiffi¥gd, vibrational effects to the measured moments of inertia is partially

108pd, and%4Pd were predicted. Transitions from these species accounted for by the inclusion of a vibratierotation parameter
were identified within 5 MHz of the frequencies predicted from (¢), which is taken to be independent of isotoportier:

the revised rotational constants. Of the five isotopes of pal-

ladium, only°%Pd has a nuclear spin. Becau§¥®Pd) = 5/,, lo = liigia(r\c) + € (6)

the transitions of9%PdCO showed hyperfine structure arising

from nuclear quadrupole coupling and nuclear spin-rotation The same assumption is made in the conventional substitution
coupling. No hyperfine structure attributable #C was method (5),32 and where principal moments of several isotopic
observed. In total, data were collected from thr&e-J"’ species have been obtained (as in PACO), the resulting structures
transitions for 15 isotopomers. The abundances of the variousshould be the same. Such a fit was carried out, and the resulting
isotopes of Pd that were investigaté#fPd, 195Pd, 106Pd, 108, e geometry is also in Table 3.

and 11%Pd, are 11.1%, 22.3%, 27.3%, 26.5%, and 11.7%, iii. Mass Dependent P and ?)) GeometriesThese geom-
respectively. An example line, th@ = 2—1 transition of etries attempt to account for the mass dependence aid
108pdl2C16Q, is given in Figure 1. should produce near-equilibrium parameters from ground-state
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TABLE 1: Measured Rotational Transition Frequencies (in MHz) of PdCO

104pq

J-J’ 104p(fl2Cci60 o—c? 104p(l3C160 o—cC 104p(fl2c1e0 o—cC
1-0 6918.0354 0.9 6837.4944 —-1.4 6398.0369 -0.2
2—1 13836.0501 —-0.7 13674.9744 1.1 12796.0583 0.1
3-2 20754.0310 0.2 20512.4138 -0.3 19194.0476 0.0

1050
NN F—F" 105p(2CL60 o—C 105p(3C160 o—c 105p(2Cis0 o—cC
1-0 5/2—5/2 6894.7158 0.5 6813.9532 —-1.9 6375.0146 13%
712 —5/2 6908.0750 1.2 6827.3645 —-1.0 6388.3628 —-1.4
2-1 5/2—3/2 13796.3180 2.4 13634.8236 2.2 12756.8910 0.2
712— 1712 13798.8633 -1.0 13637.3789 —1.4 12759.4404 -0.4
3/2—-3/2 13805.4089 —-3.0 13643.9543 0.8 12766.0024 1.5
9/2— 1712 13811.1285 -1.0 13649.6935 0.5 12771.7098 -0.1
712 —5/2 13812.2215 —-1.5 13650.7905 -0.3 12772.8052 1.4
1/2—-3/2 13813.6036 1.5
5/2—5/2 13815.4257 1.4 13654.0057 0.5 12776.0081 0.0
3-2 11/2—9/2 20715.3650 0.3 20473.2028 —0.6 19156.2396 1.3
9/2—-1712 19156.8461 —-1.6
106pq

J-J’ 106p2CL60 o—cC 106p(3CL60 o—cC 106p(l2C180 o—cC
1-0 6892.0332 0.2 6811.1335 —-0.5 6372.6029 -0.3
2—1 13784.0464 —-0.2 13622.2491 0.4 12745.1907 0.3
3-2 20676.0213 0.0 20433.3253 —-0.1 19117.7457 —-0.1

108p(

J-=J 108pl2C160 o—cC 108pfl3C160 o—cC 108pl2C180 o—cC
1-0 6866.9695 0.3 6785.7222 0.1 6348.0876 -0.1
2—1 13733.9189 —-0.2 13571.4261 —-0.1 12696.1597 0.1
3-2 20600.8306 0.0 20357.0936 0.0 19044.2005 0.0

110pg

J-J’ 1p2CLe0 o—cC 1pd3CLeO o—cC 1p2Cte o—cC
1-0 6842.7970 0.6 6761.2150 0.9 6324.4449 0.3
2—1 13685.5726 —0.5 13522.4089 —-0.7 12648.8725 —-0.2
3-2 20528.3105 0.1 20283.5680 0.2 18973.2679 0.0

a Differences (in kHz) between observed frequencies and frequencies calculated using the derived constants ihDiablexzluded from fit.

moments of inertia. For a linear triatomic molecule, they are Because the harmonic force field of ref 7 reproduced the

obtained using the expressin distortion constants well (see Table 2), it was used to estimate
2 1a the harmonic contributions to the constants. These in turn
lo=In(rm) + ¢l + d[(mm,m)/M] (7) were used to convert the experimenBl values to ground-

state averageB({) rotational constants. The geometry was

\;Vhs(;?,m:r:etahe gﬁ(rj'gzcrjebg::;gg?m&(rm)a':dl"gidal::'g%mi determined by fitting to theB, constants by least squares.
m ginse STy, M, M Isotopic variations in the bond lengths were accounted for

masses, ani is the molecular mass. In afy fit, d is set to using#3
zero; in anr? fit, both ¢ andd are included as fit parameters.
Again, the results are in Table 3.

Ther® structure is fit to a single constant in addition to the
moments of inertia, and the geometry thus has similar precision
to the r, structure.r® structures are in principle better ~The required zero-point mean square amplitude,) of the
approximations ta. structures. However, where the molecule bonds and their perpendicular amplitude correctidtiswere
contains no atom near the center of mass (as in the present casepbtained from the force field. The Morse parameggrfor CO
parameters may be subject to large uncertainties and correlaWas obtained from tabulated vali€ghat of PdC was estimated
tions33 In the present study, thléﬁ) bond lengths are greater _from the for_ce constarkzln ref 7 and the d|SSOC|at|(2n energy
than thero, 1., and r) distances. This is unexpected in a " 'éf 3, usingk = 2D the value used was 2.2 A The

diatomic approximation, which can be used as a rough guide. resultingr, values are in Table 3, th? uncertainties given arise

Itis th vable th tthéﬁ) dist in Table 3 i from the least-squares fit. An equilibrium geometry was also
IS thus conceivable tha Jistances in 6}1) esarenot  qgtimated from the, structure, using3>

good approximations to the. distances. The’ structure

contains significantly shorter bonds and is in good agreement 3 . 5
with the calculated. structure. It is believed to be closer to fe=r, —5alllli K (9)
the re configuration than the'? structure.
iv. Ground-State Aerage (r) and Estimated Equilibrium § This, too, is given in Table 3. Although the uncertainties in the
GeometriesAn r, geometry was calculated faP5Pdt2C160. desiredr. distances are difficult to estimate, they are probably

or, =ga6m2D— oK )
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TABLE 2: Derived Spectroscopic Constants (in MHz) of PdACO

Walker et al.

104Pd
parameter 104p2C160 calé 104psCL60 calc 104pdl2C1e0 calc
Bo 3459.01878(36) 3418.74943(36) 3199.01983(36)
D; x 1C° 0.7579(241) 0.79 0.7643(241) 0.78 0.6611(241) 0.66
105pd
parameter 105p(l2C160 calc 105pdsC160 calc 105pl2C180 calc
Bo 3452.448635(211) 3412.088443(217) 3192.593236(216)
D; x 10° 0.7264(190) 0.79 0.7518(190) 0.78 0.6685(160) 0.66
eQqPd) 63.6653(31) 63.1467(35) 63.6912(37)
Ci(Pd) x 10° —2.914(157) —3.041(195) —3.159(213)
106Pd
parameter 106p2C160 calc 106p3C160 calc 106p2Cl80 calc
Bo 3446.01811(36) 3405.56854(36) 3186.30291(36)
Dy x 10° 0.8097(241) 0.79 0.7951(241) 0.78 0.6642(241) 0.66
108Pd
parameter 108pd2C160 calc 108pdsCle0 calc 108pd2CeO calc
Bo 3433.48621(36) 3392.86261(36) 3174.04512(36)
D; x 10° 0.8033(241) 0.78 0.7600(241) 0.77 0.6507(241) 0.66
1opd
parameter Hopd2Cteo calc HopdCeo calc Hopd2CE0 calc
Bo 3421.39982(36) 3380.60862(36) 3162.22367(36)
D; x 10° 0.8199(241) 0.78 0.7769(241) 0.77 0.6864(241) 0.65

2 Distortion constants calculated from the force field of Tremblay ét aNumbers in parentheses are one standard deviation in units of the last

significant figure.

TABLE 3: Bond Lengths (in A) Determined for PdCO, in
Comparison with Earlier ab Initio Values

method

r(PdC) r(CO)

PdCOr(this work)
r1¢(this work)
rB(this work)
r@(this work)
rz(this work)
re(this work)

DFT?
DFT®

MP2/LANL 2DZ°¢

Xa(N Rely
Xayrel)d
GC(N Rel}
LDA/LDA®
NLC/LDA®
NLC/NLC®
HF

MP2

MP3
cIspf
cisc
GVBPP
Scp
CASSCR
MRCCI12
CPF20
SCH

Cli

SCFE

MP2

1.8447(1) 1.1374(2)

1.8438(2) 1.1380(2}  0.06 a.m.u. &)

1.8434(3) 1.1378(1)d= 0.01 a.m..¥2A)

1.84127(4) 1.14034(4E(= — 0.024 am.u2A,
d=0.13am.u2A?)

1.8454(2) 1.1370(2)

1.8401(2) 1.1360(2)

1.900 1.174

1.873 1.143

1.833 1.153

1.87 1.15
1.81 1.15
1.86 1.16

1.814 1.157
1.863 1.157
1.917 1.166
2.211 1.107
1.909 1.153
1.996 1.132
1.993 1.127
1.965 1.139

1.96 1.14
2.01 1.159
1.90 1.159

1.868 1.159
1.863 1.159
1.863 1.159
2.106 1.159
2.056 1.130
1.882 1.185

aReference 15? Reference 5¢ Reference 39 Reference 6¢ Ref-
erence 12f Reference 119 Reference 10" Reference 9r¢o fixed at
1.159 A).' Reference 8. Reference 4.

close to those of the, values. It is interesting that, although
the estimated. value of PdC is fairly close to the? value,
this is not the case far(CO). In keeping with the suggestion

above, the estimated values agree better overall with th$
values. For the purpose of comparing the bond lengths with
those derived from ab initio calculations, the valu@3dC)=
1.843(3) A andr(CO) = 1.138(2) A would probably be the
most useful.

B. Discussion of the Structure.The derived bond lengths
of PdCO are also compared in Table 3 with a large selection of
the ab initio values obtained over the past 20 years. The latter
are arranged in reverse chronological order; it is reassuring to
note the significant degree of convergence of these values in
recent years. The values of Manceron e€dliang et al.5 and
Cheung et af. give reasonable, if imperfect, agreement with
experiment. The experimental PdC distance has been found to
approximate the average of the results of the nonrelativistic and
relativistic Xa calculations performed by Cheung et al. The
method employed by Manceron et al. provides a particularly
good estimate of(PdC); the CO distance is overestimated by
~0.015 A. The result of Dur¥ila et al’®is less accurate than
those of the other recent studies; the calculated CO distance is
larger than the experimental value by0.03 A and the PdC
distance is larger by0.06 A. It should be noted however, that
this group selected a functional and basis functions that are more
appropriate to the treatment of larger clusters. The earlier
calculations have given geometries of varying, often poor,
agreement with experiment.

Table 4 contains a comparison of the geometry of PACO with
those of a variety of other simple carbonyls. There are several
notable features. In the first plac€PdC) is much larger than
r(PtC) in PtCO. This was predicte# and is the result of
relativistic effects on Pt in PtCO. A parallel phenomenon occurs
in OCAgX and OCAuX (X= F, ClI, and Br), where(AgC) >
r(AuC), this time because of relativistic effects on Au in
OCAuX.2223Second, whereas in the coinage metal (group 11)
carbonyl halides the(CO) values are close to that of free CO
(1.128 A), the corresponding values for PACO and PtCO are
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TABLE 4: Comparison of Bond Lengths of PdCO (in A) VI. Hyperfine Coupling
with Those of Related Molecules .
A. Nuclear Quadrupole Coupling Constant of 105Pd.
rme)  r(€o) comments Although thel%Pd nuclear quadrupole coupling constants are
OCCuF 1.765 1.131  rvalues, (FTMW, ref 2F) ~64 MHz, these values are actually relatively small, given the
OoccuCl 1.795 1129 1 values, (FTMW, ref 21) large'%%Pd quadrupole moment. The latter is 6&ficomparable
82&;? i-ggg igg pf xg::gz Eﬂmw :g; gég in magnitude to that of2% (—78.9 fn?).4° Values of 127]
OCAGCI 2013 1124 r:: values: (FTMWj ref 23) coupling constarytsglOOO—ZOOO MHz are common for co-
OCAgBr  2.028 1124  r,values, (FTMW, ref 23) valently bonded iodiné _
OCAUF 1.847 1.134  rovalues (FTMW, ref 22) The smalll®Pd coupling constants should not be a major
OCAuUCI 1.883 1.132 1 values (FTMW, ref 22) surprise, however. The ground-state electron configuration of
OCAuUBr 1.892 1.132  r values (FTMW, ref 22) atomic Pd is [Kr]4d% making the atom spherically symmetric.
PtCO 1.760 1.148 1 values, ref 24 An electron pair donated from CO should go primarily into the
PdCO 1.844 1.138 i values, this work Pd 5s orbital, which is also spherically symmetric. The small
NiCO 1.687 T CCSD, ref 44 coupling constants would then arise from minor distortions of
FeCO 1.727 1.160  rvalue, ref 45 . .
Ni(CO) 1.838 1141 electron diffraction, ref 46 the spherical symmetry, presum_ably frorrback-do_natlon of
Fe(CO} 1.833 1.145 electron diffraction, ref 47 electron density from the 5d orbitals on Pdstd antibonding
co 1.128  revalue, ref 48 orbitals on CO.

B. 19%Pd Nuclear Shielding. Nuclear magnetic resonance
(NMR) shielding constants can be calculated from the nuclear
spin-rotation constants determined through microwave spec-
troscopy?! Studies of this kind are useful because molecules
significantly greater. Correspondingly,(PdC) and r(PtC) may be _studied in thg absence (_)f the solvent or lattice effects
are significantly less thar{AgC) andr(AuC), respectively. The ~ Present in bulk materials. In addition, they permit the study of
bonding in the group 10 monocarbonyls, unlike that of the ransient molecules and species with a large quadrupole interac-
coinage metal carbonyl halides, apparently conforms to the fion, which might otherwise be unsuitable for study by NMR
conventional picture of transition metal carbonyl bonding. spectroscopy, and provide valuable benchmarks for theoretical

Finally, the PdC, PtC, and CO bond lengths are radically c@lculation. In microwave spectroscopy, the shieldings are
different from those of other Pd and Pt carbonyls. Very recently, détérmined directly, and there is no need to make comparisons
Willner et al?’ reported the preparation and X-ray structural With a standard. ~ ,
determination of the homoleptic cations Pd(GD)and Pt- The average shieldings, of 1%Pd in 1Pd“C'°0 has been
(CO)2*. In these ions, the metatarbon distances have both determined from the nuclear spin-rotation const@ntmeasured
been found to be 1.981.99 A, much larger than those of the during this work.C; can be expressed as a sum of nuclear and
monocarbonyls, and with essentiall%‘ no metal dependence. Theglectronic contributions:
corresponding CO distances aré&.1 A, much shorter than that
of free CO. Similar values have been found for other Pt(CO) G = G(nuc)+ Cy(elec) 11)
and Pd(CQ)derivatives?” Although it is difficult to rationalize . -
completely the differences between the two sets of results, it The ”Pc'eaf part depends on the nuclear positions and is given
should be noted that ref 37 also gives considerably longer abOr @ linear molecule by
initio CO distances. It should also be noted that an X-ray 261 g B z
diffraction study of OCAuC® gaver(AuC) = 1.93 A and(CO) C (nuc)= — NI _ (12)
= 1.11 A, which are significantly different from the microwave ! he I;
values?? The latter, being produced for isolated molecules in a

single state, are probably easier to rationalize physically. wheree is the proton chargeyy is the nuclear magnetogy is
L the g factor for the nucleus in questioh(=1%Pd in this case),
V. Vibrational Wavenumbers B is the rotational constan; is the atomic number of nucleus
The distortion constant of a molecule is intimately related to i = A, andr; is the distance from nucleusto nucleus. This
its vibrational frequencies. From the measured vibrational yields C;(nuc) = 0.081 kHz andCi(elec)= C, — Ci(nuc), so
frequencies, Manceron et alvere able to provide a harmonic  Ci(elec) is—2.995 kHz.
force field for PACO. This field has been used to estimate the The shielding can also be written as a sum of two contribu-
distortion constants of various isotopomers of PdCO; the resultstions:
are compared with experimental data in Table 2. It can be seen
that good agreement exists in all cases, with typical differences 0=0,% 04 (13)
~0.02 kHz and the maximum differenee0.06 kHz.
An alternative approach involves direct calculation of the PdC Whereop andog are the paramagnetic and diamagnetic parts,
stretching frequency from the measured distortion constant of respectively. The paramagnetic part is proportionalielec)
a given isotopomer. A diatomic approximation is employ&d:

aTher, values are given in order to allow comparison with the

bond lengths of O€AuX. The preferredrf%’ values (Table 3) are
within 0.0005 A of ther,. values.

Fpi

_ eh
459\ 12 0= (—quu,\,gNB)C' (eleg (14)
w (TO) (10) m,
J = —(3m%B)C,(eIeQ (15)

For the most abundant isotopom¥&fPdt2C160, a value of 474
cm ! is obtained. This is somewhat different from the experi- mandm, are the masses of the electron and proton, respectively.
mental measurement of 615.7 chi From recent values of the fundamental const&hit,C, is in
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kHz andB is in MHz, then (6) Cheung, S. C.; Kmger, S.; Pacchioni, G.; Rah, N.J. Chem. Phys.
1995 102, 3695.
C,(elec (7) Tremblay, B.; Manceron, LChem. Phys1999 250, 187.
o, = —612 050.90(5 )g—B (16) (8) Pacchioni, G.; Kouteckyd. J. Phys. Chem1987, 91, 2658.
N (9) Blomberg, M. R. A;; Lebrilla, C. B.; Siegbahn, P. E. i@hem.
L 10 10 N Phys. Lett.1988 150, 523.
This givesgp = —2067 ppm for!®Pd in 1%Pd“C1°0. The (10) Smith, G. W.; Carter, E. AJ. Phys. Chem. A991, 95, 2327.
diamagnetic part is calculated from (11) Schwerdtfeger, P.; McFeaters, J. S.; Moore, J. F.; McPherson, D.
M.; Cooney, R. P.; Bowmaker, G. A.; Dolg, M.; Andrae, ILangmuir1991,
I’Tlp 7, 116.
04 = o4(atom)— 3mg,B C,(nuc) 7 (12) Paai, A.; Goursot, A.; St-Amant, A.; Salahub, D. Rheor. Chim.
Acta 1992 84, 217.

. . . . . L 13) Cheung, S. C.; Kger, S.; Ruzankin, S. P.; Pacchioni, G.:d9eb,
in which og(atom) is the free atom diamagnetic shielding. The . (ChZem. phyg Lemggag;48 109.

tables of Malli et at? list this quantity as 4511.42 ppm for (14) Koutecky J.; Pacchioni, G.; Fantucci, Ehem. Phys1985 99,

105pd, A value of 4567 ppm is thus obtained foy; yielding a 87.

value of 2500 ppm foub. (15) DuraVila, V.; Gale, J. D.J. Phys. Chem. R001, 105, 6158.
The spar is defined byQ = oy — op, whereg) andor; are (16) Darling, J. H.; Ogden, J. S. Chem. Soc., Dalton Tran&973

the components of the shielding tensor parallel and perpendicularl079.

to the molecular axis, respectively. It can be estimated directly ~ (17) Evans, C. J.; Gerry, M. C. L1. Chem. Phys200Q 112, 1321.

from the experimental values f@; using* (18) Evans, C. J.; Gerry, M. C. L. Chem. Phys200Q 112, 9363.
(19) Evans, C. J.; Rubinoff, D. S.; Gerry, M. C. Bhys. Chem. Chem.

m, Phys.200Q 2, 3943.
Q=|—=|C (18) :
- 2mg“B | (20) Evans, C. J.; Lesarri, A.; Gerry, M. C. . Am. Chem. So200Q
122 6100.

(21) Walker, N. R.; Gerry, M. C. Llnorg. Chem.2001, 40, 6158.

H i in 10 1
This yields a value of 3017(160) ppm f8¥Pd in**Pd2C10. (22) Evans, C. J.; Reynard, L. M.; Gerry, M. C. lnorg. Chem2001,

This is large and comparable in magnitudectatself. The 40, 6123.
1050 shielding tensor, like that 5Pt in PtCO?* is evidently (23) Walker, N. R.; Gerry, M. C. Linorg. Chem2002 41, 1236.
very asymmetric. (24) Evans, C. J.; Gerry, M. C. L1. Phys. Chem. 2001 105, 9659.

(25) Balle, T. J.; Flygare, W. HRev. Scient. Instrum1981, 52, 33.
(26) Xu, Y.; Jger, W.; Gerry, M. C. LJ. Mol. Spectroscl1992 151,
PdCO has been generated by laser ablation and stabilized?06-
within a supersonic expansion. FTMW spectroscopy has been_ (27) Brupbacher, T.; Bohn, R. K./der, W.; Gerry, M. C. L.; Pasinszki,
used to observe the microwave spectrum of the molecule, and’~ Westwood, N. P. CJ. Mol. Spectroscl997 181, 316.
its geometry has been precisely determined from the measured (28) Walker, K. A.; Gerry, M. C. LJ. Mol. Spectroscl997 182 178.
rotational constants of 15 isotopomers. These provide an gg; Zic‘;ett'v\'/"- CM-J-kM;'-u\SAPec”OSCﬁQ% 14I3 3571- .
important benchmark for future theoretical calculations of the sordy, W.; Cook, R, LMicrowave Molecular Spectra: Techniques
mcﬁecular geometry and have permitted the accuracy of previousIn Chemistry Wiley: New York, 1984; Vol. XVlI
such calculations to be assessed. This is an important and much (31) RUdOI_ph’ H. DStruct. Chem1991, 2, 581,
needed result, because none of the earlier calculations have (32) Costain, C. CJ. Chem. Phys195 29, 864.
predicted the complete experimental geometry to a high degreelgg?i)ogv atson, J. K. G.; Roytburg, A.; Ulrich, W. Mol. Spectroscl999
of accuracy. In contrast to the carbonyl halides of the coinage -
metals, OCMX, both PdCO and PtCO have been found to gg EEEEEE E'.J":S:jn;'mzhfl.gl\jir;% 4\:115;0I Spectroscl969
conform with a conventional transition metal-carbonyl bonding 4 47’ B vama, T » o oL =P
description. Relativistic effects on Pt mak@tC) in PtCO (36) Kuchitsu, K.; Morino, Y.Bull. Chem. Soc. Jpri965 38, 805.
shorter tham(PdC) in PACO. Experimental measurement of the (37) Willner, H. Bodenbinder, M. Bchter, R.: Hwang, G.: Rettig, S.
distortion constants has yielded values consistent with thosej.: Trotter, J.; von Ahsen, B.; Westphal, U.; Jonas, V.; Thiel, W.; Aubke
calculated from the harmonic force field of Manceron ef al. F.J. Am. Chem. So2001, 123 588.
A nuclear quadrupole coupling constant has been determined (38) Jones, P. &Z. Naturforsch. Teil BL982 37, 823.
for 195Pd in 10PdCO. Nuclear shielding parameters have  (39) Kratzer, A.Z. Phys.192Q 3, 289.
been determined from the measured nuclear spin-rotation (40) Mills, I.; Cvita§ T.; Homann, K.; Kallay, N.; Kuchitsu, K.
constant. Quantities, Units and Symbols in Physical Chemisgnyd ed.; Blackwell:
Oxford, 1993.
Acknowledgment. The research has been supported by the ~ (41) Flygare, W. HJ. Chem. Phys1964 41, 793.
Natural Sciences and Engineering Research Council (NSERC) (42) Malli, G.; Fraga, ATheor. Chim. Actal966 5, 275.
of Canada and by the Petroleum Research Fund, administered (43) Wasylishen, R. E.; Bryce, D. L.; Evans, C. J.; Gerry, M. CJL.

by the American Chemical Society. Mol. Spectrosc200Q 204, 184.
(44) Solupe, M.; Bauschlicher, C. W., Jr.; Lee, Chem. Phys. Lett.

1992 189, 266.
(45) Kasai, Y.; Obi, K.; Ohshima, Y.; Endo, Y.; Kawaguchi, X .Chem.

VIl. Conclusions

3

References and Notes

(1) J. Mol. Catal.2001, 173 Phys.1995 103 90.
185(2) Molnar, A.; Sahany, A.; Varga, M.J. Mol. Catal. A2001, 173, (46) Hedberg, L.; liima, T.; Hedberg, K. Chem. Phys1979 70, 3224.

y . - Al ; (47) Beagley, B.; Cruickshank, D. W. J.; Pinder, P. M.; Robiette, A.
20083)10'\2""5'%5‘_)“’ L.; Tremblay, B.; Alikhani, M. 8. Phys. Chem. A G.; Sheldrick, G. MActa Crystallogr.1969 B25, 737.

(4) Rohlfing, C. M.; Hay, J. PJ. Chem. Phys1985 83, 4641. (48) Huber, K. P.; Herzberg, GMolecular Spectra and Molecular

(5) Liang, B.; Zhou, M.; Andrews, LJ. Phys. Chem. 200Q 104, Structure Constants of Diatomic Moleculédan Nostrand: New York,
905. 1979.



