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The pure rotational spectrum of platinum monocarbonyl, PtCO, has been measured between 6500 and 20 000
MHz, using a cavity pulsed jet Fourier transform microwave spectrometer. The molecules were prepared by
laser ablation of Pt in the presence of CO contained in the Ar backing gas of the jet. Spectra of nine isotopic
species have been measured and have been used to determine the molecular geometry. The centrifugal distortion
constants agree well with those calculated from a literature force field. The195Pt nuclear spin-rotation constant
has been used to estimate the195Pt shielding and its span.

1. Introduction

Platinum is an important metal, largely because of its catalysis
properties. In particular, it finds widespread use in automobile
catalytic converters, whose purpose is to remove CO, among
other things, from the automobile exhaust. Poisoning of Pt
electrodes by CO is of major concern in fuel cell technology
(see, for example, refs 1 and 2). The adsorption of CO on Pt
surfaces is also of great importance as a prototype for chemi-
sorption in surface science; the simplest model of this is
PtCO. Because the experimental evidence for PtCO consists
only of matrix-isolation infrared studies,3-5 there is no experi-
mental geometry. On the other hand, there have been several
ab initio studies over the past 20 years.4-14 All these studies
show PtCO to be linear, with a1Σ+ ground state. However,
predicted geometries have varied widely, with the Pt-C distance
varying from 1.71 to 2.07 Å over the various calculations. An
experimental measurement of the geometry has clearly been
needed.

Recently, we have measured using Fourier transform micro-
wave (FTMW) spectroscopy the rotational spectra of two series
of coinage metal halide complexes, namely noble gas metal
halides, Ng-MX (Ng ) Ar, Kr; M ) Cu, Ag, Au; X ) F, Cl,
Br)15-19 and carbonylmetal halides OC-MX (M ) Cu, Ag, Au;
X ) F, Cl, Br).20,21 The spectra, particularly of the carbonyls,
were obtained with relative ease. Because the metals are all
nominally in the +1 oxidation state, with which Pt(0) is
isoelectronic, PtCO was thought to be a promising candidate
to investigate by an analogous method.

In this paper, we report the detection and measurement of
the pure rotational spectrum of PtCO. This is the first gas phase
study of the molecule. From the spectrum, we have determined
the rotational constants and centrifugal distortion constants and
for the isotopomers containing195Pt, the nuclear spin-rotation
coupling constants. The bond lengths have been calculated by
several methods. The195Pt shielding and its span have been
estimated.

2. Experimental Procedure

The rotational spectrum of PtCO has been measured using
Balle-Flygare type22 cavity pulsed jet FTMW spectrometers,
coupled to a laser ablation system. Because details of these
instruments have been previously published,23,24 only a brief
description will be given here. At their heart is a Fabry-Perot
cavity consisting of two aluminum spherical mirrors of diameter
28 cm, radius of curvature 38.4 cm and separation of∼30 cm.
One of the mirrors is fixed, whereas the other is used to tune
the cavity to the desired polarization frequency.

A pulsed supersonic jet of noble gas (usually Ar), seeded
with the sample gas, is injected into the cavity via a General
valve Series 9 pulsed nozzle, mounted slightly off-center in the
fixed mirror. Because the direction of the jet is parallel to the
direction of propagation of the microwaves, all lines are doubled
by the Doppler effect. The frequency range of the present
experiments was 6-20 GHz. Frequency measurements were
referenced to a Loran frequency standard accurate to 1 part in
1010. Observed line widths were∼7-10 kHz (FWHM). The
estimated measurement uncertainties were(1-2 kHz.

The laser ablation system has also been described earlier.25

In it, a metal rod placed 5 mm from the orifice of the pulsed
nozzle is irradiated using a Nd:YAG laser, as a gas pulse passes
over its surface. In contrast to the experiments on the coinage
metal complexes,15-21 the best signals were obtained using the
fundamental of the laser (1064 nm). The metal atoms in the
plasma react with precursor gas(es) entrained in the backing
gas. The gas pulse is then supersonically expanded into the
cavity via a 5 mm diameter channel. The metal rod is
continuously rotated and translated to expose a fresh surface of
the metal to each laser pulse.

In the present experiments, the “rod” was a piece of Pt foil
wrapped around a 4 mmdiameter glass rod. The gas mixtures
consisted of 1% CO in high purity Ar, at backing pressures of
6-7 bar. For the species containing13CO and C18O the follow-
ing artificially enriched samples were used:13CO (Cambridge
Isotopes 99.9%, with∼5% 13C18O) and C18O (ICON, 28%).

3. Results and Analysis

The pure rotational spectrum of PtCO was initially predicted
using bond lengths recently calculated ab initio by Chung et
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al.14 (relativistic XR calculation). The uncertainties in the
assumed bond lengths were taken to be∼0.02 Å, which
produced a search range of∼300 MHz for the J ) 2-1
transition. A strong line was found at 13 299.4 MHz, and further
searching revealed a closely spaced doublet near 13 291.3 MHz.
The latter is in Figure 1. Further lines were found at precise
intervals of 2B (∼3300 MHz), to both lower and higher
frequencies, thus confirming the observed lines were from a
linear molecule. Platinum has six stable isotopes, of which four
have significant abundance:194Pt (32.9%),195Pt (33.8%),196Pt
(25.3%), 198Pt (7.2%); all but195Pt have nuclear spinI ) 0.
The 195Pt nucleus hasI ) 1/2 and hence a magnetic moment,
but not an electric quadrupole moment. It can thus undergo
magnetic spin-rotation coupling whereby each rotational level
exceptJ ) 0 is split into two. Thus, the doublet at 13291.3
MHz was assigned to195PtCO and the line at 13 299.4 MHz to
194PtCO. A preliminary geometry was then determined and
used to predict the spectra of196PtCO and198PtCO. They were
found within 0.5 MHz of these predictions, and the assignments
were thus confirmed. In total, lines were measured and assigned
to theJ ) 1-0 to 3-2 transitions of these four isotopomers.
No lines of vibrationally excited molecules could be assigned
despite extensive searches using both argon and neon as the
backing gas.

Lines of isotopically enriched samples containing13CO and
C18O were measured and assigned to the sequenceJ ) 1-0 to
3-2 for 194Pt13CO, 195Pt13CO, and196Pt13CO, as well as to the
J ) 2-1 and 3-2 transitions of194PtC18O and196PtC18O. No
hyperfine structure due to13C (I ) 1/2) was observed. The
measured frequencies of all the isotopomers are given with their
assignments in Tables 1 and 2. For the species containing195Pt
the coupling schemeJ + I Pt ) F was used.

The measured frequencies were fit using Pickett’s global least
squares program SPFIT,26 to the constants in the Hamiltonian

where

The resulting molecular constants, including rotational constants,
centrifugal distortion constants and, for the195Pt species, nuclear
spin-rotation constants, are in Table 3.

4. Vibrational Wavenumbers

The distortion constants are related to the harmonic force field
and vibrational wavenumbers of PtCO. Manceron et al.4 have
determined a complete harmonic force field for PtCO from their
matrix infrared data. Distortion constants calculated from this
force field are given in Table 4, in comparison with the
experimental values. In general the agreement is excellent,
within two standard deviation of the latter, thus verifying the
force field and distortion constants.

An alternative approach is to evaluate the PtC stretching
frequency using a diatomic approximation and the equation27

This gives a value of∼605 cm-1 for the main isotopomer, which
agrees very reasonably with the experimental value of 580
cm-1.4 Evidently, the main contributor to the distortion constant
is the stretching vibration.

5. Structure of PtCO

Because all the observed spectra were of molecules in the
ground vibrational state, it was not possible to obtain directly
the equilibrium (re) structure. Instead, geometries were deter-

TABLE 1: Observed Frequencies of PtCO (in MHz)

transition 194PtCO 196PtCO 198PtCO

J′ J′′ frequency O-Ca frequency O-C frequency O-C
uncb

(kHz)

1 0 6649.7173 -0.6 6641.6606 0.2 6633.7609 -1.7 (2
2 1 13299.4251 0.1 13283.3101 0.0 13267.5141 0.3 (1
3 2 19949.1101 0.0 19924.9387 0.0 19901.2421 -0.1 (1

transition 194Pt13CO 196Pt13CO 194PtC18O 196PtC18O

J′ J′′ frequency O-C frequency O-C
unc

(kHz) frequency O-C frequency O-C
unc

(kHz)

1 0 6558.4289 1.6 6550.2500 1.0 (2
2 1 13116.8432 -1.3 13100.4875 -0.8 (2 12217.2327 0.0 12201.4778 0.0 (1
3 2 19675.2416 0.1 19650.7081 0.0 (1 18325.8274 0.0 18302.1920 0.0 (1

a Residuals (kHz).b Estimated uncertainties in the observed frequencies.

Figure 1. J ) 2-1 transition of195Pt12C16O. Experimental condi-
tions: 1% CO in Ar; 1000 averaging cycles; Pt foil on a glass rod; Pt
ablated with 1064 nm radiation; 8 K transform.

TABLE 2: Observed Frequencies of195PtCO (in MHz)
195PtCO 195Pt13CO

transition

J′ F′ J′′ F′′ frequency O-Ca
uncb

( kHz) frequency O-C
unc

( kHz)

1 1/2 0 1/2 6645.6411 0.0 (2
1 3/2 0 1/2 6645.6762-1.2 (2 6554.3259 1.4 (2
2 3/2 1 1/2 13291.3084 0.7 (1 13108.6005-1.7 (2
2 5/2 1 3/2 13291.3315-0.4 (1 13108.6280 0.6 (2
3 5/2 2 3/2 19936.9399-0.7 (1 19662.8879 0.5 (1
3 7/2 2 5/2 19936.9655 0.7 (1 19662.9122-0.4 (1

a Residuals (kHz).b Estimated uncertainties in the observed frequen-
cies.

H ) Hrot + Hspin-rot (1)

Hrot ) B0J
2 - DJJ

4 (2)

Hspin-rot ) CI(Pt)I (Pt)‚J (3)

ω ≈ (4B0
3/DJ)

1/2 (4)
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mined by several methods. These included a ground-state
effective (r0) geometry, a fitted substitution geometry (rIε), two
mass-dependent (rm

(1) and rm
(2)) geometries, and a ground-state

average (rz) geometry, from which was obtained an estimated
re structure.

(i) Ground-State Effective (r0) Geometry. This method
ignores any vibrational contributions to the ground-state mo-
ments of inertia and rotational constants. The structural param-
eters were fit by least squares to the moments of inertia of
various isotopomers using

where Irigid(r0) is calculated from the structural parametersr0

using rigid molecular formulas. The result is listed as ther0

geometry in Table 5.
(ii) Fitted Substitution ( rIε) Geometry. In this method, the

ground-state rotational constants are fit to28

whereε is a vibration-rotation correction toI0, assumed to be
independent of isotopomer. This is the same assumption as is
made in the conventional substitution (rs) method,29 in which a

basis molecule is chosen and atomic positions are determined
by making isotopic substitutions at each atom. Where principal
moments of several isotopic species have been obtained (as in
the present case), the resulting structures should be the same.

The result of anrIε fit to all measured principal moments of
inertia is also in Table 5. Unsurprisingly, becauseε compensates
at least in part for vibration-rotation contributions, the bond
lengths are an order of magnitude better determined than ther0

values.
(iii) Mass Dependent rm

(1) and rm
(2) Geometries. These

geometries attempt to account for the mass dependence ofε

in eq 6 and thus should produce near-equilibrium geometries
from the ground-state moments of inertia. For a linear tri-
atomic molecule such as PtCO, they are obtained using the
equation30

whereIm(rm) is Irigid using therm bond lengths, andc andd are
constants. In anrm

(1) fit d is set to zero; in anrm
(2) fit both c and

d are included as fit parameters. The results of both these fits
are in Table 5.

Because its fit is to one constant not part of the moment of
inertia, therm

(1) method behaves like therIε method in terms of
uncertainties and correlations. Therm

(2) fit accounts in principle
more completely for mass dependence, but the determined
parameters are sometimes strongly correlated, especially when
the molecule contains no atom near the center of mass;30 this is
the case here. An attempt was made to remove the correlation
by fixing c to its rm

(1) value and re-fitting tod; this, however,
produced an indeterminate value ford. Although they are
strongly correlated, therm

(2) values for both the PtC and CO
bond lengths are smaller than ther0 values, as normally expected
in a diatomic approximation for a near-equilibrium structure.
Following the results in ref 30, these are expected to be good
approximations to there values.

(iv) Ground-State Average (rz) and Estimated Equilibrium
(re) Geometries.Therz geometry was calculated for195Pt12C16O,
the most abundant isotopomer. Because the harmonic force field
of ref 4 reproduced the distortion constants well, it was used to
evaluate the harmonic contributions to theR-constants. These
were subtracted from the experimental rotational constants to
produce ground-state average (Bz) values. Therz geometry was
calculated by fitting to theBz constants by least squares. The
isotopic variations in the bond lengths were accounted for
using31,32

TABLE 3: Molecular Constants of Nine Isotopomers of PtCO (in MHz)

parameters 194PtCO 195PtCO 196PtCO 198PtCO 194Pt13CO 195Pt13CO 196Pt13CO 194PtC18O 196PtC18O

B0 3324.85989(43)a 3322.83356(31) 3320.83107(43) 3316.88224(43) 3279.21448(71) 3277.15667(57) 3275.12532(71) 3054.31106(47) 3050.37274(47)
DJ × 104 4.55(28) 4.50(20) 4.42(28) 4.74(28) 4.20(42) 3.70(33) 4.06(42) 3.61(30) 4.12(30)
CI(Pt)× 102 2.420(87) 2.52(12)

a Numbers in parentheses are one standard deviation in units of the last significant figure. They account both for deviations in least squares fits
and for estimated measurement errors.

TABLE 4: Observed and Calculateda Centrifugal Distortion Constants (in MHz × 10-4) of PtCO
194PtCO 195PtCO 196PtCO 198PtCO 194Pt13CO 195Pt13CO 196Pt13CO 194PtC18O 196PtC18O

obs 4.55(28)b 4.50(20) 4.42(28) 4.74(28) 4.20(42) 3.70(33) 4.06(42) 3.61(30) 4.12(30)
calcda 4.73 4.72 4.72 4.71 4.64 4.64 4.63 3.53 3.92

a Calculated from the harmonic force field of Manceron et al.4 b Uncertainties are one standard deviation in units of the last significant figure.

TABLE 5: Structure of PtCO a

method r(Pt-C) r(C-O) comments

r0 1.76249(42) 1.14662(59) this work
r Iε 1.760145(24) 1.148136(21)ε ) 0.1487(14) amu Å2,

this work
rm

(1) 1.759304(31) 1.147607(17)c ) 0.0237(2) amu1/2 Å,
this work

rm
(2) 1.76039(13) 1.14627(16) c ) 0.0416(21) amu1/2 Å

d ) -0.0663(80) amu1/2 Å2,
this work

rz 1.76383(37) 1.14570(52)
re (est.) 1.76046 1.14354

literature: ab initio
re 1.74 1.16 DF, XR(rel), ref 14

1.78 1.16 DF, GC(rel), ref 14
1.93 1.15 DF, XR(non-rel), ref 14

re 1.753 1.160 MP2/LanL2DZ, ref 4
1.757 1.159 MP2/Stoll, ref 4
1.792 1.147 QCISD/Stoll, ref 4
1.787 1.150 B3LYP/Stoll, ref 4

re 1.781 1.148 B3LYP, ref 5

related molecules
CO: re 1.128 ref 39
PtC: re 1.678 ref 40

a Bond distances in Å; numbers in parentheses are one standard
deviation in units of the last significant figure.

I0 ) Irigid(r0) (5)

I0 ) Irigid(rIε) + ε (6)

I0 ) Im(rm) + c(Im)1/2 + d(m1m2m3/M)1/4 (7)

δ(rz) ) 3
2

aδ〈u2〉 - δ(K) (8)
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The required zero-point mean square amplitudes,〈u2〉, of the
bonds and their perpendicular amplitude corrections,K, were
obtained from the force field. The Morse parameter,a, for CO
was obtained from tabulated values.33 That of PtC was estimated
from the force constants and dissociation energies in ref 4, using
k ) 2Dea2; the value used was 1.88 Å-1. The resultingrz bond
lengths are also in Table 5, with the uncertainties arising from
the least-squares fit.

An estimate of the equilibrium geometry was also calculated
from the rz geometry using31,32

This is also in Table 5. The uncertainties in the bond lengths,
which are difficult to estimate, are probably similar to those of
therz values. It is interesting that although the estimatedre value
for r(PtC) agrees well with therm

(2) value, this is not the case
for r(CO). The reason for the difference is not obvious, for both
are expected to be good approximations to the truere. The
dilemma will only be removed when a true equilibrium
geometry is determined.

Also listed in Table 5 are several recent ab initio determined
structures. The best agreement withr0(PtC) was produced by
the MP2/Stoll and MP2/LanL2DZ calculations of Manceron et
al.4 Chung et al.14 have explicitly pointed out that relativistic
effects must be taken into account in understanding the bonding,
and the agreement of their relativistic calculations with experi-
ment confirms this conclusion. It is interesting to note that
Chung et al. have also predicted that relativistic effects will
cause the PtC bond in PtCO to be shorter than the PdC bond in
PdCO. Experiments are currently underway to examine this
prediction.34

The derived geometry is compared with those of several
related molecules in Table 6. The PtC bond is relatively short,
roughly 0.1 Å shorter than the AuC bond in the carbonyl gold
halides. In addition, the CO bond length in PtCO is greater than
that in free CO and in all the carbonyl coinage metal halides.
The bonding in PtCO is apparently easily rationalized in terms
of the conventional bonding picture of transition metal carbonyls
(σ-donation from CO to the metal plusπ-back-donation to CO
antibonding orbitals). This is not the case for the carbonyl
coinage metal halides,20,21 even though the coinage metals are
in the+1 oxidation state and thus isoelectronic with Pt in PtCO.

6. 195Pt Shielding Constant

Nuclear spin-rotation constants are strongly related to NMR
shielding constantsσ. They provide a valuable source of

shielding constants in situations unfavorable in NMR experi-
ments (e.g., for transient molecules or where quadrupole
broadening is a factor). Spin-rotation constants give shieldings
for isolated gas-phase molecules, eliminating the need to
consider environmental (e.g., solvent) effects. Furthermore, the
shieldings are determined directly, without the necessity of
making comparisons with a standard.

Accordingly, the average shielding,σ, of 195Pt in PtCO has
been calculated from its spin-rotation constantCI. Of the
several ways of doing this, the one which probably gives the
most information about the molecule is first to divideCI into
its nuclear and electronic contributions35

The nuclear partCI(nuc) depends only on the nuclear positions
and is given for a linear molecule by

wheree is the proton charge;µN is the nuclear magneton;gI

is the g-factor for the nucleus in question,A ()195Pt in this
case);B is the rotational constant;Zi is the atomic number of
nucleusi * A; rAi is the distance from nucleusA to nucleusi.
This givesCI(nuc) ) -0.38 kHz, so consequentlyCI(elec))
CI - CI(nuc) ) 24.58 kHz.

This shielding is also divided into two contributions

whereσp and σd are the paramagnetic and diamagnetic parts,
respectively. The paramagnetic part is proportional toCI(elec)

where m and mp are the masses of the electron and proton,
repectively. From recent values of the fundamental constants,36

if CI is in kHz andB is in MHz, thenσp in ppm is

This givesσp ) -3714(134) ppm for195Pt in PtCO. Finally,
the diamagnetic part is calculated using

in which σd(atom) is the free atom diamagnetic shielding,
normally obtainable from tables.37 Reference 37 gives this as
9366 ppm, makingσd ) 9424 ppm. The resulting value forσ
is 5710 ppm.

The reliability ofσ depends entirely on that ofσd(atom). For
light atoms the tabulated values of the latter37 appear accurate.
However, the estimates ofσd(atom) do not take into account
relativistic effects, which are considerable for Pt,14 so the value
obtained forσ must be viewed very cautiously. One should note,
however, that the span of the shielding, which is a measure of

TABLE 6: Comparison of M -C and -CO Bond Lengths
(in Å)

molecule r(M-C) r(C-O) comments

OC-Pt 1.760 1.148 FTMW, this work (rIε structure)
OC-Ni 1.687 1.166 CCSD[T], ref 41
OC-Fe 1.727 1.160 FTMW, ref 42
OC-Ir 1.769 1.179 BP96, ref 43
OC-Os 1.795 1.148 MRSDCI, ref 44
OC-Ta 2.012 1.184 BP86, ref 45
OC-Hf 2.070 1.186 BP86, ref 46
OC-AuF 1.847 1.134 FTMW, ref 20 (r0 structure)
OC-AuCl 1.883 1.132 FTMW, ref 20 (rIε structure)
OC-AuBr 1.892 1.132 FTMW, ref 20(rIε structure)
OC-CuF 1.765 1.131 FTMW, ref 21 (rIε structure)
OC-CuCl 1.795 1.129 FMTW, ref 21 (rIε structure)
OC-CuBr 1.803 1.128 FTMW, ref 21 (rIε structure)
OC 1.128 re value, ref 39

re ) rz - 3
2

a〈u2〉 + K (9)

CI ) CI(nuc)+ CI(elec) (10)

CI(nuc)) -(2eµNgIB

hc ) ∑
i*A

(Zi

rAi
) (11)

σ ) σp + σd (12)

σp ) -( ep
6mcµNgIB)CI(elec) (13)

) -( mp

3mgIB)CI(elec) (14)

σp ) -612 050.90(58)(CI(elec)

gIB ) (15)

σd ) ( mp

3mgIB)CI(nuc)+ σd(atom) (16)
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its asymmetry,38 is independent ofσd(atom) and should be
reliable to within a few ppm. It is given by38

where the span,Ω, is defined byΩ ) σ| - σ⊥, with σ| andσ⊥
being the components of the shielding tensor parallel and
perpendicular to the molecular axis, respectively. The value
obtained is Ω ) 5485(197) ppm. This is a large value,
comparable to that obtained forσ. The195Pt shielding tensor is
apparently fairly asymmetric.

7. Conclusions

The pure rotational spectrum of PtCO, generated by ablation
of Pt metal in the presence of CO gas, has been measured by
FTMW spectroscopy. Because rotational constants have been
obtained for several isotopomers, excellent values for the bond
lengths have been obtained. These should provide a basis for
comparison for ab initio calculations and, indeed, agree fairly
well with some recently published values.4,13 The experimental
distortion constants agree well with those calculated from the
harmonic force field of Manceron et al.4 The paramagnetic part
and the span of the195Pt shielding have been evaluated.
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