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The infrared spectrum of PtCO isolated in solid argon has been reinvestigated. Isotopic aataoms,

2v1, andv; + v3 have been measured in the near- and far-infrared regions. This enables a complete harmonic
force-field calculation based on a linear geometry, in agreement with all theoretical predictions. Comparisons
of spectroscopic parameters for the NiCO, PdCO, and PtCO series experimental and theoretical binding energies
are also presented. These results show that the perturbations of the CO ligand (CO bond force constants and
v1 frequency shifts) are unreliable indicators of the evolution of the méigdnd interaction energies, contrary

to the metat-carbon force constant. Comparison with theoretical predictions of the fundamental frequencies
indicates a systematic underestimation of the bending frequencies, especially sensitive for the heavy atom
monocarbonyls. Similarly, the IR spectrum of Pt(G®as been studied, enabling the determination oithe

V2, V3, V4, andve fundamentals of this molecule and a discussion of the evolution of th€ Bhd G=0 force
constants with the coordination number. Complementary results concerning P{({CS)3, 4) are also
presented.

Introduction tively). The lower frequency modes involving primarily the
metal ligand stretching and bending coordinates are more direct

The Importance (.)f binary group 10 transition metal (TM) markers of the interaction strength but are intrinsically weak
carbonyls in industrial processes, in catalysis, or as precursors

for larger TM complexes has stimulated both theoretical and 2221 t:]euhser?ssi\lj:”v)\//oﬁ(ﬁo??gﬁ e smor:n ,[C;]S; :ct)lé)?(lj?rsléti(\a/)gepstatlgretthe%
experimental studies. Although nickel carbonyl has been known ecFi)es Ni(CQ) Fe(CO}, and M(CO} (M = Cr, Mo 0¥W)15

and used for decades, the binary analogues of palladium and™” ’ . Lo '
platinum have eluded direct synthesis at room temperature, Recentl_y, we have shown that it is pOSS|bIe to obtain complete
presumably because of the unsufficient stability of the fully Sets of vibrational data for the NIiCO, CuCO, and PdCO
coordinated speciéDirect synthesis by metal atom and carbon  triatomics isolated in solid argon and to derive-@, Pd-C,
monoxide co-deposition in cryogenic media has been applied and Cu-C force constants, which are much more directly related
early to this problem, and Pd(COand Pt(CO) have been to the strength of the coordinatidfr,’® and it is thus of interest
synthesized at low temperature in solid rare 2ghsand to investigate the platinum analogue. Nickel, palladium, and
characterized using vibrational spectroscopy. As in most platinum monocarb_onyls have been the object qfalargg number
vibrational studies of metal carbonyl compounds, conclusions ©f theoretical studies because they are considered important
were based on the analysis of the carbonyl stretching vibrationsPrototypes for modeling the coordination bonding mechanism
because of their easy detection due to exceptionally large onto TM. For these_closed s_heII species, accurate modeling of
transition momenf® and because of the relative success of the the chemical bonding requires careful treatment of electron
energy-factored force-field approximations in giving the general correlation an'd, for the hqawgr TM atoms, of the relativistic
outlines of the molecular shapé&Because of the large body ~ ©ffects. Also, in contrast with lighter TM carbonyls, PtCO has
of data on the carbonyl stretching vibrations, these workers and2€en _studlg_dﬂby a relatively limited number of theoretical
other$ tried to link the variation of the pseudodiatomie© tleihnlqueé. All these methods agree in predicting a linear,
force constant to changes in the electronic structure or the 32 ground state (thus correlating with the ¥ state, not the
metal-CO binding energy. If some empirical relationships enjoy D 9round state), although they predict quite different binding
a limited success within homologous series involving the same energies (from 18 to 99 kcal/mol in the Iatezs7t three styéiié.
metal, it is obvious that they have no general predictive power. !N the more recent work of Chung et &7 calculations on
The Ni(CO) and Pt(COj species, for instance, are reported to th€ monocarbonyls of Ni, Pd, and Pt have demonstrated how
have similar pseudodiatomic=€D force constant valuésespite  relativistic effects play an important role in the bonding
different stabilities® Another simple example is given by description for the PtCO molecule and particularly affect some
comparison of the monocarbonyls of the neighboring Ni and ©f the observables. The PEO binding energy and thes

Cu atoms, which have almost identical CO stretching frequen- ViPrational frequency appeared to be the most sensitive to
cies (1996 cmt for NiCO™ and 2010 crm! for CuCO'2) despite relativistic effects, but the deformation frequeney, was not

very different binding energié4(41 and 6 kcal/mol, respec- cfs\lqulated. !f r\early all theoretical studies present relatively
similar predictions on the upper frequenay, CO stretching

tPart of the special issue “Marilyn Jacox Festschrift”. mode, they differ significantly on the energies of the lower
*To whom correspondence should be addressed. frequency metatligand vibrations. These are more sensitive
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markers of the description of the metdigand interaction as

the normal coordinate associated to the vibration follows the 0.4 vs-PHCO), . pycO),
reaction coordinate more closely. Such experimental results on ] |_L v, Pt{CO),
these molecules are thus interesting to test the validity of these

calculations. 7

In this study, we present an investigation of the low-frequency
stretching and the bending modes of PtCO isolated in solid
argon, as this information constitutes crucial testing grounds of

0.2-4,,_//\/%
the quality of the theoretical studies attempting to describe the M_}J\_J\_JJ\L
Pt—CO bonding. Theoretical estimates of the vibrational ' A }\
harmonic frequencies will be presented and compared for the AR
three monocarbonyls of the platinum triad. 0.0

In the course of these investigations, some discrepancies o0 ze0 280 e 20 202
appeared with the attribution of the former workers concerning Wavenumber (cm”)
the identification of the high-frequency moda, which must igure 1. Infrared spectra of Pt(C@fomplexes in the CO stretching

be clarified as a consequence, and new isotopic data on the CQggion: platinum and CO concentration study. From bottom to top: PY
stretching vibration and observations of overtone and combina- co/ar = 0.05/0.2/100; PY/CO/A= 0.07/0.5/00, absorbance scale

tion binary levels in the near-infrared are reported here. A x0.33; P/CO/Ar= 0.06/1/100,x0.16; PYCO/Ar= 0.06/2/100,x0.08;
parallel study of Pt(CQ)enables assignment of, v,, v3, v4, Pt/CO/Ar = 0.06/3.5/100,x0.05. The absorbance scale for each
andvg of this molecule and a discussion of the evolution of the SPectrum is approximately normalized to the product of the reactant
Pt—C and G=0 force constants with the coordination number, ™Molar ratios.

Although the experiments in this study were not designed to
optimize the production of the Pt(COand Pt(CO) species,
complementary information on these systems will be presented.

Absorbance

patterns. For these kind of molecules, the IR intensity measure-
ments required special attention, as the objects of study present
both very strong and very weak absorptions and in different
spectral domains. Care was taken first to make measurements
on the same samples in the various spectral ranges; second, to

Experimental procedures and methods were almost the samgepeat these measures on optically thin and thick samples to
as those used in refs +48. The PtCO molecules were prepared avoid large photometric errors; and last, to use the band
by co-condensing Pt vapor and dilute €8r mixtures (0.1 decomposition procedure to estimate relative intensities for
2% CO in Ar) onto a flat, highly polished, Ni-plated copper Partially overlapping bands.
mirror maintained at less than 10 K using a closed-cycle ~The sample was next irradiated at 313 or 334 nm for
cryogenerator, situated in a stainless steel cell evacuated at @Pproximately 30 min using a 200 W merctiyenon high
base pressure less thans10-7 mbar before refrigeration of ~ Pressure arc lamp and an interference filter centered on the Hg
the sample holder. For this study, the furnace was modified to €mission line at 313 nm, as it was found that the object of study,
enclose the metal atom source inside a liquid nitrogen-cooled the PtCO molecule, could be selectively partially destroyed by
assembly’ thls m|n|m|zed greatly the amount Of outgass|ng irradiation at thIS Wavelength. |nfral’ed Spectra Of the ph0t0|yzed
impurities caused by the elevated temperature of the metalSamples were recorded between 5000 and 70'@s outlined
source. A tungsten filament, wetted with platinum (CFLA, above.

France, 99.99%), was heated from 1700 to 200@ generate

the Pt vapor. The metal deposition rate was carefully monitored Results

with the aid of a quartz microbalance and was typically of the  Platinum vapor was first co-condensed with dilute mixtures
order of about 450 x 10~ g/min. of CO in argon (0.£0.5/100) at 10 K to favor the formation

High-purity argon (Prodair; 99.995%) and carbon monoxide of platinum monocarbonyl, PtCO. In the CO stretching region,
(Matheson; 99.5%)CO (CEA, Saclay, France; 9996CO, the only spectral range covered in the earlier study, the products
including 9%*3C*0) and'?C#0 (MSD; 98%%0), were used  are very strongly absorbing, and the reactant concentrations can
to prepare the COAr mixtures after removing condensable be varied over almost 2 orders of magnitude. Even for very
impurities with a liquid N trap. diluted samples, two narrow absorptions (fwkm0.9 cn1?)

In general, after deposition times varied between 20 min and can be detected at 2056.8 and 2051.9 noverlapping a
2 h, infrared spectra of the resulting sample were recorded in broader, ill-defined one around 2054 tin These bands are
the transmissionreflection mode between 5000 and 70¢m always present as the main product when varying the Pt/Ar and
using a Bruker 120 FTIR spectrometer and suitable combina- CO/Ar molar ratios from 0.01 to 0.5%. They behave similarly
tions of Cak/Si, KBr/Ge, or 6um Mylar beam splitters with upon sample annealing or irradiation and should thus be assigned
either liquid N-cooled InSb or narrow band HgCdTe photo- to the lowest stoichiometry molecule containing one Pt atom
diodes or a liquid He-cooled SB bolometer fitted with cooled and one CO molecule, PtCO, present in different trapping sites
band-pass filters. The resolution was varied between 0.05 andin the argon matrix. The existence of several, slightly different
0.5 cnt. Bare mirror backgrounds, recorded at 10 K from 5000 trapping sites will be confirmed on the other fundamental,
to 70 cnt! prior to sample deposition, were used as references harmonic, and combination transitions of this species. When
in processing the sample spectra. Also, absorption spectra inthe CO concentration was progressively augmented, other
the near-, mid- and far-infrared were collected the same absorptions appeared, first at 20412039.8 and steadily
samplesthrough either Caf Csl, or polyethylene windows increasing with the CO concentration, next at 2038, and finally
mounted on a rotatable flange separating the interferometerat 2053 cn! (the latter species overlapping the PtCO multiplet)
vacuum (102 mbar) from that of the cryostatic cell (10mbar). and increasing much faster with the CO concentration. These
The spectra were subsequently subjected to baseline correctiortan be assigned to Pt(CQOPt(CO}, and Pt(CO), respectively
to compensate for infrared light scattering and interference (see Figure 1). Kndig et al. had reported absorptions at 2052,

Experimental Section
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Figure 2. Infrared spectra of platinum carbonyl complexes in the CO
stretching region for various isotopic precursors. From bottom to top:
Pt + CO; Pt+ C¥O; Pt+ 13CO; Pt+ (COACO = 1.1). The*CO Figure 3. Infrared spectra of platinum mono- and dicarbonyl in the
sample contains about 8%C®0 as isotopic impurity. In all samples,  low-frequency stretching mode region for various isotopic precursors.
the Pt/CO/Ar molar ratio is approximately the same: 0.8/20/1000. From bottom to top: Pt CO; Pt+ C80; Pt+ 3CO; Pt+ (*2C¢0/
13C60 = 1.1). The'*CO sample contains about 8%C80 as isotopic

2058, 2049, and 2053 crh as belonging to PtCO, Pt(CQ) impurity. In all samples, the Pt/CO/Ar molar ratio is approximately
' ' - ’ the same: 0.8/20/1000.
Pt(CO}, and Pt(CQO), respectively* Apart from the broad

Wavenumber (cm™)

absorption around 2053 crhassignable to the final product of v. PCO)
highest stoichiometry, Pt(C@)the product identification must ooy 0 o coi®co - *
be revised accordingly. When either €0r N, is added as

ternary dopant in the samples, other bands appear that are also
mentioned in ref 4 and should therefore correspond to ternary 0015

13
complexes. ] Pt+ °CO

|

Further evidence is provided by the isotopic effects (Figure 0.0104
2). The PtCO multiplet corresponding to the carbonyl stretching | Pt+C" 0
mode,v;, presents very specifit?C/A3C and160/80 isotopic MMWWWA/\"\’W
shifts, different from that reported previously. THE/SC shift 0.005 1 /
is noticeably larger than th#0/80 shift (—50.2 vs —41.8 Pt +CO
cm 1) and different from the CO stretching of either the CO 0,000
diatomics or the Pt(CQ@)pecies. Also, in experiments run with ’
12CO+ 3CO isotopic mixtures, the Pt(C@absorption produces ‘ 200 250 200 ‘ 50
a clear triplet pattern for Pt(CQ)Pt(CO){#CO), and P#CO),,
with an intermediate component at 2012.2 émsomewhat

below the average of the isotopically pure species at 2039.8 Figure 4. Infrared spectra of platinum mono- and dicarbonyl in the

iati ; ; bending mode region for various isotopic precursors. From bottom to
and 1994.9 cm!, characteristic for a dicarbonyl species. top: Pt+ CO: Pt+ CO; Pt+ 13C0: Pi+ COMCO. The PYCO/Ar

Several other new, weaker absorptions appeared in the far-,mqjar ratio is approximately the same: 0.8/20/1000 for the pure isotope
mid-, and near-infrared ranges (Figures&). Among these, experiments and 0.8/40/1000 for the isotopic mixture.
four multiplets near 580, 917, 2631, and 4080 ¢érbehaved
as the strong PtCQ; band after concentration changes or observed using?CO + 3CO isotopic mixtures (see, for instance,
temperature and irradiation effects. All these absorptions also Figures 3 and 57), which clearly fingerprint these absorptions
presented doublet patterns wiiCO + 13CO isotopic mixtures  as belonging to the platinum dicarbonyl. Two very weak features
and thus belong to the PtCO molecule. Vibrational frequencies observed at 2129.1 and 479.7 chare observed specifically
and relative intensities for all the observed isotopic species of in the isotopically mixed experiments. No absorption is observed
PtCO are given in Table 1. Also, an estimate of the absolute in their vicinity when either CO o¥CO isotopic precursor alone
intensities was possible here as, in diluted samples (Pt/CO/Arwas used. Annealing the sample proved to be useful both to
= 1/1/1000), it is possible to follow that, upon very mild warm- increase the amount of dicarbonyl and to reduce the spectral
up of the polycrystalline argon matrix, the growth of PtCO line widths. This was important in the study of the lower band
correlated with the disappearance of the parent CO moleculenear 380 cm®: the use of moderately high resolution (0.05
before the formation of larger aggregates. From these measurecm™1) enables the detection of, for each trapping site absorption,
ments, a 11.5t 2.5 integrated intensity ratio can be derived a partially resolved quartet structure with approximately a 5/5/
between thev; CO stretching vibration of PtCO and the CO  3.5/1 relative intensity pattern (Figure 7).

Absorbance

Wavenumber (cm’™)

diatomics fund_amental, which yields an estimate of.Zi)BOO Although the study of larger carbonyl species was not the
km/mol for this very strong band from known integrated aim of the present study, several new bands have been detected
intensities for the CO diatomic8. for both Pt(COj and Pt(COj species, which are listed in Tables

Other new absorptions can be correlated with the Pt{CO) 3 and 4. The IR-active CO stretching mode for Pt(g@iyes,
IR-active CO stretching mode near 2040 ¢palso increasing using2CO + 13CO isotopic mixtures, the characteristic quartet
with the CO concentration or when the sample is annealed, pattern as discussed in ref 29 by Darling and Ogden et al. for
which are reported in Table 2. For all the absorptions near 4160,a D3y, trigonal planar species. No IR absorption is detected
2533, 802, and 383 cm, characteric triplet patterns are between the weak 2523.3 citransition and the strong 2040
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TABLE 1: Vibrational Frequencies? and Relative Intensities B o)
of the IR Absorption Bands Observed for Various Species of { c’o
PtCO
2v,- PtCO
proposed | vihv-PHCO),
P{2C160 PE3CI60  PE3CIO  Pf2C180  assign. 1 c |° Pt + cO/cO

4089.3 3989.7 né 4007.4 2, [ M (N

4084  [0.006F 3985 4003 " i

4079.0 3979.9 3998.7 g 0.05-

2642.2 2585.0 2512 2581.3 wvi+tuwvs g

2641.8 [0.007] 2583.6 2580.1 2

2631.2 2574.2 2571.0 2

2056.8 2006.6 {1963.9 20155 1

2054.3 [1] 2004.1 [1959.1 {2013.1

2051.9 2001.8 2010.8

919.4 890 no 910.7 V2 0.004

8122 [0.0025] gggg 8822 4150 4100 4050 4000 3950

911.0 882.5 902.6 Wavenumber (cm™)

gggz [0.019] 557797'29 555.1 52675631 V3 Figure_6. Infrared spectra of platin_um m_onocarbonyl in the CO

5808 ' 573.4 5618 stretching overtone region for various isotopic precursors. From bottom

' ' ' to top: Pt+ CO; Pt+ C!80; Pt+ 13CO; Pt+ (COACO = 1.1). The

aVibrational frequencies in cm. The values quoted are withik0.1 13CO sample contains about 8%C!0 as isotopic impurity. In all
cm !, except for the integer values. The value of the main site is samples, the Pt/CO/Ar concentration is approximately the same (0.8/
italicized. ® Not observed¢ Relative IR intensities with respect tq. 20/1000) but for the isotopic mixture (0.8/40/1000).

The v, absolute IR intensity is estimated to be 78000 km/mol.
r 0181 v,-P{(CO}),

v,+v,- PICO Pt+ cO/"co 00sr 0161

0.04+ L
L 0.14 1
1 v,y PHCO), 0.05 v3-PtCO

LV\I\—L.«W‘/\LMM 012
0.03 0.04 | ]

o
2 0.10
13 [}
© Pt+ "CO £ 0.03 0.08
: = :
o 0.024 E-1
£ < 0.02 0.06 1
2 18
a8 Pt+C O 0.04 1
< 0.01
0.01 0.02

v 1 T

0.00 .
T T M T v L
Pt+CO 564 562 560 558 380 379 378 377
0.004

T -1
2650 2600 2550 2500 Wavenumber (cm”)

Figure 7. Comparison of high-resolution spectra of the main trapping

] ) ) ) site forvz of PtCO (80-labeled) and, of Pt(CO} (*3C-labeled) with
Figure 5. Infrared spectra of platinum mono- and dicarbonyl in the  simylations based on the harmonic force-field calculations presented
v1+ vz (PtCO) andv; + v, (P{(CO)) combination region for various  in the text, the natural distribution of tA&PtASP/APAYPt platinum
isotopic precursors. From bottom to top: PtCO; Pt+ C'O; Pt+ main isotopes, Lorentzian band shapes with 0.3 and 0.2 dime
13CO; Pt+ COMCO. widths, respectively.

Wavenumber (cm™)

cm~! band. Three low-frequency bands are detected near 486,second strongest band of Pt(G@ observed at 311.3 cm,
448, and 348 cmi, displaying very different!?C/A3C and presumably corresponding to the 304 @nband mentioned in
isotopic shifts but distinct quartet patterns using@O + 13CO ref 4, and presents nearly identié&C/A3C and'%0/180 isotopic
isotopic mixture. Our results for the CO stretching modes of shifts. Unfortunately, the isotopic pattern is not clearly resolved
Pt(CO), are in agreement with those of Kdig et al* The in isotopically mixed experiments. Another absorption at 467

TABLE 2: Vibrational Frequencies? and Relative Intensities of the IR Absorption Bands Observed for Various Species of
Pt(CO),

Pt(2C1®0), Pt(2C%0)(*3C*%0) Pt(3C0), Pt(2C0), proposed assign.

{ﬂgg.g 3.5 % 109 4120.0 [0.001] 4068.0 4071.8 vi+ s

2533.1 [7.5 x 1079 2509.7 [0.001] 2477.0 2478.2 Vit s

no 2129.1 [0.02] no no 21

2039.8 [1] 2012.2 [1] 1996.9 1991.5 V3
1994.9

801.9 3 789.5 [0.013] 779.5 796.1

{796.1 [5.8 x 107 777.2 793.8 Ve
771.8 787.8

no 479.7 [1.5x 1074 no no V2

390 380.8 [0.086] {385 {381

{383.4 [8.5x 107 378.3 373.4 Va

2Vibrational frequencies in cm. The values quoted are withia 0.1 cnT?, except for the integer values. The value of the main site is italicized
b Relative IR intensities with respect tg. ¢ Not observed.
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TABLE 3: Vibrational Frequencies? and Relative Intensities of the IR Absorption Bands Observed for Various Species of

Pt(CO)s
Pt(2C0); Pt(2C160),13C1%0 P#2C160(13C0), Pt(3C160); Pt(2C*0); proposed assign.

4158 nd no no no vi+s
2523.3 no no 2464.2 2458.2 v1+vs
2038.1 2001.8 2007 1992.1 1991.3 V3

485.8 484.4 479.7 473.2 478.1 Va

447.5 no 436.4 431.5 444.2 Vs

348.5 346.2 344.2 341.7 341.3 Vg

aVibrational frequencies in cm. The values quoted are withia0.1 cnt?, except for the integer valuesNot observed.

TABLE 4: Vibrational Frequencies® and Relative Intensities
of the IR Absorption Bands Observed for Various Species of
Pt(CO),

Pt(2C1%0), Pt(3C1¢0), Pt(2C0), proposed assign.
2519.9 2461.4 2457.6 vs + v
2431.5 2375.7 2378.7 v1+ vy
2053.0 2006.6 2006.2 Vs

467.1 454.5 459.1 Ve
311.3 305.0 305.5 V7

aVibrational frequencies in cn.

v, Pt(CO)A\

v, Pt(CO),
v PHCO),

0.74
Vi Vg
05| PUCO), ViPHCO),
cor*co

Absorbance

T
300

—T
350

1
400
Wavenumber (cm™)

Figure 8. Infrared spectra of platinum di-, tri-, and tetracarbonyl in
the low-frequency stretching mode region for various isotopic precur-
sors. From bottom to top: P+ CO; Pt+ C20O; Pt + 8CO; Pt+
(*2C1O3CL%0 = 1.1). The3CO sample contains about 890 as
isotopic impurity. In all samples the Pt/CO/Ar molar ratio is ap-
proximately the same: 0.8/20/1000.

cm~1 presents a largéfC/*3C than®O/180 shift and a partially
resolved quintet using 8CO + 13CO isotopic mixture (Figure
8).

Vibrational Analysis. PtCO. From the concentration and

evolution of the reduced masses. If we definas the difference
between these two effects, this parameter thus goes from a 2
cm~1 positive value in a CO pseudodiatomics+® cm ! for

v1 of PtCO. This trend, already apparent in PAdCO= —2.7

cm 1)18and NiCO A = —6.9 cnT1),1%is even more pronounced

in PtCO, indicative of a larger mechanical coupling between
the M—C and G=0 coordinates, caused by a stronger coordina-
tion bond (vide infra).

The second strongest absorption is the lowest frequency band
at 580.8 cm?, for which the Pt€0O/PtC®0 effect is 2.5 times
larger than the PRCO/PE3CO one, as expected for the remaining
=+ symmetry v3 stretching fundamental of a linear PtCO
molecule, with an in-phase character for the-Btand C-O
coordinates.

The third fundamental, the bending vibration, should be
in a symmetry class of its own, and the isotope effects can be
estimated in a first approach using the geometry calculated in
the most recent theoretical study of Chung et?alhat is,
Re-c = 1.74 A andRco = 1.16 A. Specifically, substitution of
the central carbon atom will cause a much larger shift than that
of the terminal oxygen. This is what is observed for the 917
cm band, with Pt@%0—PtC%0O and P¥CO—Pt3CO isotopic
shifts of —8.4 and—28.8 cnT1?, respectively, as compared with
—10 and—28 cnt! calculated in the harmonic approximation
with the above-mentioned geometry. Note that a position above
900 cnTlis a surprisingly high value in regard to the theoretical
predictions placing the bending vibrations between 370 and 560
cm~1, but this latter spectral region is not congested, and no
absorption can be detected there within the sensitivity limit of
our experimental setup (see Figure 3).

The band observed at 4079 chiis consistent with a2
overtone. For PEC180, 2 x v, = 2 x 2051.9 or 4103.8 cmi,
which represents a 2Xanharmonicity constant 6f24.8 cn1?,
in line with the NiCO and PdCO values23.8 and—25.8 cn?,
respectively). Thé®0/80 and?C/*3C isotopic shifts support
this attribution, being nearly twice those observed for the

isotopic effects, the positions of five absorption bands belonging fundamental.

to PtCO have been clearly established, which means that at least The weak absorption at 2631.2 this assigned to a; +
two are either overtone or combination levels. Each absorption vs combination level, again from the near coincidence of
is split by the presence of multiple trapping sites in the argon the frequency with the sum of the fundamentals  vs =

matrix, an unfortunate situation often encountered in matrix-

2051.9+ 580.8 = 2632.7) and of thé®O/80 and ’C/*3C

isolation studies, even for other, stable and well-known linear isotopic shifts with the sum of the corresponding shifts on the

molecules such as G3! Nevertheless, the influence of the

fundamentals. Unlike in NiCO and PdCO, thg + v»

matrix is presumably very small since the frequencies are closecombination level was not observed, but this transition was the
to each other and the measured isotope shifts are identical fromweakest observed for these molecules, and the product concen-

one site to the next within experimental uncertainty. For the
sake of clarity, the frequencies for the main trapping site will
be used in the following modeling and discussion of the

molecular properties. Assignment of the strong carbonyl stretch-

ing mode at 2051.9 cm, vy, is straightforward, but the isotope

tration achieved in this case is about a factor of 2 lower. The
corresponding ¥ were —5.5 and—8.9 cnt! for NiCO and
PdCO, respectively. By analogy, and on the basis of the X
and X3 observed here for PtCO, we can estimatg harmonic
frequency at 2087 5 cnr! to facilitate comparisons with ab

effects deserve a few comments, as they differ qualitatively from initio predictions.

those of an isolated CO oscillator. Thé®0/C80 and12CO/

A harmonic force-field calculation was carried out using the

13CO isotopic shifts for a pseudodiatomic at that frequency experimental data presented in Table 1 and a starting linear

would be about 49.1 and 47.1 chrespectively, following the

geometry withRpr—c = 1.74 A andRco = 1.16 A. The best fit
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TABLE 5: Comparison of the Experimental Frequencies and Calculated Harmonic Frequencies for the Various Isotopic

Species of PtCO

Pf2C160
calcd PE3Cl60 Pt13C180 Pt12C180
exp 19%pt 194pt exp calcl exp calcd exp calcd
v(3") 2051.9 2051.91 2051.91 2001.8 2001.1 1959.1 1957.9 2010.8 2010.2
vo(IT) 916.8 916.80 916.78 888.0 888.7 ‘no 877.5 908.4 905.9
v3(3 ") 580.8 580.99 580.80 573.4 573.4 555.1 554.9 561.8 561.4

aThe force constant giving the best fit of the experimental datdage= 5.146 mdyn A%, Fco = 16.22 mdyn A, Fpic.co= 0.85 mdyn A1,
Fpico = 2.249 mdyn A rad? P Frequencies calculated with tA%Pt isotope ¢ Not observed.
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PtCO NiCO PtCO PdCO PtCO

and 383.4 cm! to the X, symmetry vibrationsyz andv,, are
straightforward. Note that, as the frequency decreases, the
PtCl%O/PtC80 isotopic shift becomes larger than thé220/
Pt3CO one A = +3.4 cnr1vs —8.9 in PtCO), as the coupling
between the PtC and C-O coordinates is less important.

In annealed samples which present better defined features
on thev, absorptions, it was possible to resolve each site into
a quartet, whose intensity pattern corresponds to the naturally
occurring distribution oft%4Pt, 19%Pt, 196pt, and!98pPt isotopes
(Figure 7). In samples prepared with %O + 13CO isotopic
mixture, weaker absorptions appeared in different spectral
regions, namely, near 2129 and 480 ¢nwhere no equivalent

e

of the frequencies and isotope shifts is presented in Table 5,/R absorptions are observed for gO), or Pt(*CO), only,

with a 0.27% standard deviation on the isotope shifts. Their
simultaneous reproduction imposes severe constraints on th

form of the normal coordinates, and in this case, all potential

constants are relatively precisely determined. The reproduction

of the isotope effects on thg andvs stretching modes is very
good, and the small discrepancies are well within the usua
deviations due to anharmonicity. It confirms that the platinum
isotope effects are well within the bandwiths@.3 cn?) for

the two higher frequency vibrations; and v,, and only
participate in the line-broadening for the low-frequency stretch-
ing modevs. (See the spectral simulation in Figure 7.) The
deviations of the'?C/A3C and160/180 isotope effects on the
bending mode are a little larger and vary from one isotopic
species to the other in different directions2.5 cnt?! with
PtC'®0 and—0.7 cnt ! with P#3CO), regardless of the absolute

magnitude of the shift. Such a situation was already noted for

PdCO and, to a lesser extent, for NiCO. These small discrep

which is consistent with a slight IR activation of the symmetrical
estretching vibrationsi, v2) for the Pt{*CO)(**CO) species.
At higher frequencies above 2500 and 4100 émveak bands
corresponding to binary levels involving these fundamentals are
observed; andvs, v1 andwvy), thus confirming these assign-
| ments. The X3 and X4 anharmonic corrections are thus of the
order of —21.3 and—0.5 cm 1, very close to the Ni(CQ)
values?? thus placing the; and v, levels near 2150 and 480
cm! with normal isotopes. For;, the A parameter is again
negative 6.2 cntl), consistent with a higher frequency for
v, than for v4. Unlike for Ni(CO), which has a bent,,
symmetry structure and thus IR-active symmetrical stretching
vibrations?? for Pt(CO}), the nonobservation of the, and v,
vibrations is convincing evidence that the molecule remains
linear or so close to linearity that the difference is not detectable.
As in PtCO, a band is observed above 800 &mith PtCl%0/
_PtC®0 and P¥CO/P{3CO isotopic shifts characteristic for a

ancies could not be explained by anharmonicity effects. Other Pt~C=0 bending mode-{8.1 and—24.7 cm™*, respectively),
geometries were also tested, but since any departure fromWhich is assigned to thes, I, symmetry vibration. The other,

linearity resulted rapidly in a larger standard deviation, the

I1g symmetry P+-C=0 bending modeys, is not observed, but

molecule will be taken as linear. As discussed for PdCO, the We have an indication of a much lower frequency, considering

fit also improves globally when shorter-P€ and longer €O

the position of the P¥{CO)(3CO) only slightly above the

distances are assumed, and this should indicate the direction iraverage of the isotopically pung frequencies.

which modeling with more advanced ab initio techniques would

To test these hypotheses and to quantify the evolutions of

result. Figure 9 presents the evolution of the main quadratic the molecular spectroscopic parameters with the increase in

potential constants for the monocarbonyls of the nickel triad
and of copper for comparison. Interestingly, the correlation
between metatcarbonyl binding energies and carbonyl bond
force constant variation is not even qualitative, but the metal
carbon force constants are a good quantitative indicator.
Pt(CO). Platinum dicarbonyl has been supposed in earlier
studies to have a linear shdgé with D., symmetry. For a

coordination number, we have also performed semiempirical
force-field calculations, based onD., symmetry and geo-
metrical parameters equivalent to those used for PtCO.The
results obtained with the best set of potential constants are
presented in Table 6. The reproduction of the isotopic effects
is very good, and the model thus predicts the position ofthe
andvs IR-silent vibrations near 484 1 and 500+ 30 cnt?,

penta-atomic species, one thus expects 10 normal modes and vespectively, for the normal isotopes. It also confirms that the

distinct frequencies, of which only 4 are IR-active. These
correspond to tw&, symmetry P+ C and CO stretching and
two IT, symmetry P+C=0 and C-Pt-C bending vibrations.
The latter motion is expected at very low frequency, and no

fine structure observed for the mode is due to the isotopic
distribution of a single platinum atom, as shown in the spectral
simulation (Figure 7).

It is interesting to comment briefly on the evolution of the

suitable absorption has been detected in the present study dowifiorce constants between the mono- and dicarbonyl of platinum

to 70 cnt From the Pt€&O/PtC®O and P¥CO/PECO
isotopic shifts, assignments of the two strongest bands at 2039.

and nickeF2 Both the CO and M-C force constants are larger
8n PtCO as compared to NiCO, thus showing that strengthening
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TABLE 6: Comparison of the Experimental Frequencies and Calculated Harmonic Frequencies for the Various Isotopic
Species of Pt(CO)

194pt(12C1e0), 195t (12C160), Pt(t2C*%0)(*3C*0) Pt(3C*0), Pt(2C*®0),
exp calcd exp calcd exp cafed exp calcd exp calcd
V1 2149.7 2149.90 2149.7 2149.90 2129.1 2129.3 2098.7 2098.0 2104.9 2104.1
V3 2039.8 2039.93 2039.8 2039.93 2012.2 2011.8 1994.9 1994.2 1991.5 1991.2
Ve 801.9 801.96 801.9 801.93 789.5 789.5 777.2 776.5 793.8 794.4
V2 no* 483.75 no 483.75 479.7 480.1 no 476.3 no 466.0
Va 383.55 383.56 383.33 383.34 380.8 380.5 378.3 378.1 373.4 373.0

aThe force constant giving the best fit of the experimental datd&age= 2.959 mdyn A2, Fco = 17.61 mdyn A%, Fcoco= 0.33 mdyn A1,
Feicpe= 1.075 mdyn AL, Fpic.co= 0.75 mdyn A, Fpico= 1.15 mdyn A rad?, Fepie = —0.2 mdyn A rad?, Focpt, ocp= 0.4675 mdyn A rad]
Focpic= —0.2 mdyn A rad? Rec = 1.73 A, Rco = 1.15 A, acpic = 18C°, Opico = 18C°. P Frequencies calculated with tA&Pt isotope Not
observed.

the coordination is not always linked to a weakening of the CO bined with quasi-relativistic effective core potential) seems
bond. The addition of a second ligand induces a weakening of effective for modeling the completely coordinatively saturated
the metat-carbon force constants for both metals but not in species.
the same proportion. It decreases from 4.07 in NiCO to 2.8 mdyn  Theoretical Calculations. Several theoretical studies have
A-1in Ni(CO), (—31%) and drops more sharply from PtCO to attempted to predict and describe the electronic structure and
Pt(CO) (5.15 to 2.96 mdyn Al, —43%). The variations of the  bonding in the PtCO triatomics. These are HartEeck
CO bond force constant, on the other hand, are not in the inversecalculations by Gavezotti et &:23 and Basi° small multi-
proportions (from~18.5 in CO to 15.44 and 16.28 in NiCO configurations SCFCI calculations by Bash and Cohéh,
and Ni(CO) but only to 16.22 and 17.61 mdyn-Ain PtCO Moller—Plesset second-order perturbation theory of Rohlfing
and Pt(COy, respectively). and Hay?! generalized valence bond calculations by Smith and
Pt(CO) and Pt(CO). Unfortunately, the experimental data Carter?* complete active space multiconfiguration SCF by
presented here for Pt(COand Pt(CO) are too incomplete to  Roszak and Balasubraman#rand scalar relativistic density
enable a similar quantitative treatment. Only a few facts can be functional calculations with linear combination of Gaussian-
briefly summarized. For Pt(C@)the weak bands at 4158 and type orbitals by Chung et &P:2” The results from the above
2523 cnl are straightforward to assign to combinations studies show little agreement among the various calculations,
involving the totally symmetric CO stretching mode with the demonstrating the sensitivity of this difficult system to the
degenerate, IR-active CO and-R&O stretching fundamentals  technique employed. Also, the dispersion in basic methods, the
near 2038 and 349 cm This places the IR-siledY; symmetry differences in basis sets, or the occasional use of different
CO stretching around 2176 2 cnL. Since no absorption is  effective core potentials (ECP) makes it even more difficult to
detectable in this region, this represents very convincing compare results obtained with other members of the platinum
evidence that Pt(CQ)is indeed trigonal planar. The bands triad. Chung et al. performed such a systematic study but limited
observed near 486 and 448 thrhave unambiguous bending their frequency calculations to pseudodiatomic calculations on
mode character, judging from the relative magnitudes of the the stretching modes of the NiCO, PdCO, and PtCO triatomics
PtC%O/PtC80 and P¥2CO/PE3CO isotopic shifts (the latter is  using Xo. and VWN functional€$27 These authors analyzed
markedly larger than the former). The 486 chiband is more thoroughly the importance of trends in the predicted electronic
likely the E' symmetry bending, coupled with the othEf structure in the group 10 monocarbonyls (decomposing the
symmetry stretching mode at 348.5 cthsince their corre- relative weights of polarization, Pauli repulsienback-bonding,
sponding isotope effects are indicative of coupling between and o donation contributions to the total binding energy) and
bending and stretching coordinates. On the other hand, thealso detailed the contribution of relativistic effects. Their main
absorption at 447.5 cm is likely the Ay symmetry, out-of- result was the prediction of a very amonotonic behavior along
plane motion, as its isotope shifts are very close to those the series, with a MCO binding energy decreasing from Ni
expected for a pure bending motion. Unfortunately, the remain- to Pd but strongest with Pt (Table 7). The variation of the ™
ing A’’ symmetry stretching could not be located, therefore bond force constant deduced here from experimental data
preventing an estimate of the RC force constant in the  confirms very nicely these theoretical predictions. The variations

tricarbonyl. of the CO bond force constant, whose decrease has often been
For Pt(CO), which is supposed to be df symmetry, the linked to the coordination binding energy, is not so clear to

position of the highest fundamentals, the symmetry CO analyze. As discussed at length in refs 27 and 37, the variation

stretchingyy, at 2119 cm? and theF triply degenerateys, at of the CO bond force constant results mainly from two

2053 cnT! are known from previous Raman and IR experi- contributions of opposite effects: the Pauli repulsion, which
ments? The other IR-activé-; motionsve andv; are observed increases the frequency (the role @fonation being only of
near 467 and 311 cmin these experiments. Note that the upper minor importance), and the back-donation, which lowers the
467 cnt! band has again a marked bending mode characterfrequency. Chung et al. pointed out the large impact of
and is about 150 cmt higher in energy than the stretching relativistic effects on this last contribution for PtCO as a
vibration near 311 crt. In Ni(CO),, the two corresponding  consequence of the contraction of the metairbon distance’
vibrations were very nearly degenerate at 465 and 433 am This should lead to smaller CO and largerI& bond force
the same matrix-isolation conditions. The metal mass effect is constants in PtCO than in NiCO. If this is observed for the ™
much more sensitive ory than onvg and accounts for roughly  bond parameter, the CO bond force constant does not follow
70 cnt? of the frequency decrease, the rest being due to changethat trend. Apparently, the decrease dug teack-donation must

in the potential. The predictions of Jonas and TRiate indeed be more than offset by a Pauli repulsion andonation increase.

in very good agreement, thus showing that the approach used In papers on the larger carbonyl species, Li et%aksted

by these authors (gradient-corrected density functional, com- various quasi-relativistic corrections induced directly on the
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TABLE 7: Comparison of Some Experimental Properties of PtCO with Calculated Values by a Number of Quantum
Mechanical Methodgt

experimental theoretical

NiCO  PdCO  PtCO NiCO PdCO PIco
vP 1994.5 2044.2 2051.9
w1 2029+ 1 2080+ 1 2087+5 1980 2026 2047 2042 2124 2119 2051 2085
23 409.1 615.7 916.8
w3 483 294 441 429 415 395
V3 591.1 472.4 580.8
w3 691 503 636 618 565 577 458 680
Fco (mdyn A-%) 15.44 16.57 16.22 143 16.2 158 159 17.4 17.4
Fuc (mdyn A% 4.07 2.98 5.15 5.9 3.4 6.3 5.9 4.9 5.1
Fuco (mdyn Arad?) 0.49 1.02 2.25 0.60 024 052 0.49 0.46 0.43
Reo (A) 1.177 1.153 1.160 1.159 1.147 1.150 1.15 1.16
Rvc (A) 1.631 1.833 1.753 1.757 1.792 1.787 1.93 1.74
binding energy 41+ 64 845 435 77.6 781 66.4 66.3 52.8 98.9
theoretical method MP2/LanL2DZ MP2/Stoll QCISD/Stoll B3LYP/Stoll DF(nrel) DF(rel)
ref 16 18 g g g g g g g 26° 26

2 Comparison with different experimental and calculated data for NiCO and PdCO are alsoPgiferational frequencies in cnd. ¢ Binding
energies (in kcal/mol) computed 8D state for Ni and Pt anéS for Pd.9 Experimental value, ref 13.Nonrelativistic calculations with binding
energy computed folS. f Relativistic calculations? This work.

Hamiltonian in density functional calculations, while Jonas and correlation to the metalCO binding energies at the difference
ThielP334used classical gradient-corrected calculations but testedof the M—C force constants. At all levels of calculations
different ECP. This latter work demonstrated a relative successperformed here (MP2 or DF, with either ECP methods), the
for such a cost-effective method and could be compared to the predicted bending frequencies are systematically underestimated.
results of Frenking and coworkers with post-HF meth&ds. If the error represents only 15% for NiCO, it is alarmingly large
To test this latter approach on the smaller molecules of the for PdACO and PtCO (by a factor 2.4, approximately). So, when
platinum triad monocarbonyls and their performance for the comparing the predicted frequencies with the experimental data,
reproduction of vibrational frequencies, we have carried out the observed trendv{ PtCO > v, PACO> v, NiCO) is not
density functional MP2 calculations and added for PtCO a high reproduced, and the frequencies are very largely underestimated
level Cl variational calculation with the same core potential and for the heavy atom systems; without that we could offer a simple
basis sets. The results are compared in Table 7 to experimentakxplanation. Given the relative success of this approach in the
data and to the benchmark predictions of Chung é¢&0ur work of Jonas and Thiéf34it seems that the shorter metal
goal here was 2-fold: to check whether it is possible to follow, carbon distance of the monocarbonyl poses a specific challenge
using the ECP methods, the relationships existing betweenfor the treatment of relativistic effects, which cannot be
coordination energies and spectroscopic bond force constantspecifically dealt with using ECP corrections. Higher frequencies
parameters, and next, since our experimental results for NiCO, for metat-ligand bending versus stretching modes had been
PdCO, and PtCO demonstrate a steady increase in the bendingbserved and discussed for large, completely saturated TM
mode frequency with the heavier TM, whether it can be reflected carbonyl complexé84* or large size saturated hem€O
using those modeling techniques. systems'> but these situations are different and were largely
All ab initio calculations were carried out using the Gaussian attributed to steric or bonding considerations linked to the
98 quantum chemical packagfeFirst, DF calculations were  existence of a full coordination sphere, as opposed to the trends
performed with the HF-DFT hybrid approach combining predicted in systematic studies for first rov TM monocar-
Becke’s gradient-corrected exchange functi®hatbith the bonyls#6-50
correlation function of Lee et at%denoted as B3LYP. Second, )
calculations were carried out at the MP2 level. We have used Conclusions
for carbon and oxygen the 6-31 G(2d)** and for the metal The infrared absorption spectrum of platinum monocarbonyl,
either the Los Alamos ECPfor core electrons plus double- synthesized by co-deposition of ground-state platinum atoms
quality on valence electrons or the Stuttgart pseudopotéhtial and carbon monoxide molecules in solid argon, has been
(ECP2), with explicit treatment of the 18 valence electrons (for measured. Data in the far-, mid-, and near-infrared range
instance, for Pt (8s7p6d)/[6s5p3d]-Gaussian-type orbitals). The pertaining to isotopic species obtained WiC€/3C and %0/
results with MP2/ECP1 and ECP2 and QCISD and DF-B3LYP/ 180 substitutions have enabled assignments of all fundamental
ECP2 are presented in Table 7. The trends calculated with DF-vibrations and of overtone and combination levels and are
B3LYP on binding energied)s), bond distances, and stretching analyzed with the help of quadratic force-field calculations. IR
mode energies are consistent with the results of Chung?t al absorption spectra were also obtained for Pt(C@ative to
except for an exaggerated stability for the-R8O binding five fundamentals and two combinations for several isotopic
energy. With MP2/ECP1 or ECP2, the trend is better reproduced species, and analyzed in a comparable framework. These models
but in the orderDnico > Dpico > Dpdco thus with an are of interest to discuss the strength of the -Tildand bond
underestimated stability for PtCO versus NiCO. For both and are important to compare the true quadratic force constants
methods, the metalcarbon bond distances vary in the order with the popular approximate pseudodiatomic or energy-factored
Ni—CO = Pt—CO > Pd—-CO. treatments:”8 These results confirmed that these molecules are
The evolution of the &0 and M—C bond force constants linear, or very close to linear, and are compared with theoretical
is in qualitative agreement with the experimental values. The predictions of the molecular properties and to results obtained
evolution of the GO force constants presents no qualitative for the nickel and palladium analogues. The predicted binding
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energies in the relativistic calculations of Chung eg8&l (18) Tremblay, B.; Manceron, LChem. Phys1999 250, 187.

correlate well with the evolution of the metatarbon bond force (19) Basch, H.; Cohen, Dl. Am. Chem. Sod.983 105 3856.
tantEeic > Fric > Fpad but not with that of the CO ligand (20) Basch, HChem. Phys. Let1985 116 58.

cons ptc = FNic = Fpd gand. (21) Rohlfing, C. M.; Hay, P. JJ. Chem. Phys1985 83, 4641.

Nevertheless, comparisons with previous and present theoretical (22) Gavezzotti, A.; Tantardini, G. F.; Simonetta, ®hem. Phys. Lett.
predictions methods indicate that the evolution of the molecular 1986 129 577. o _

energy upon bending seems at variance with experimental data (23) Gavezzotti, A.; Tantardini, G. F.; Miessner,HPhys. Chenl988
The deviations, small with nickel, are increasingly large With ™24y "smith, G. W.; Carter, E. AJ. Phys. Chem1991, 95, 2327.
palladium and platinum. Calculations performed using ECP do  (25) Roszak, S.; Balasubramanian,JKPhys. Cheml993 97, 11238.
not seem to reflect the observed trends for the monocarbonyl 195256)10?328'55'_0; Kiger, S.; Pacchioni, G.; Beh, N.J. Chem. Phys.
as accurately as for the_cpmpletely cc_)ordlnated species. .The (27) Chung, S.C.: Krger, S.: Ruzankin, S. P.: Pacchioni, G b,
contraction due to relatl\{lty when going from Ni to Ptis N chem. Phys. Let1996 109 248.

probably much more sensible on the shorter coordination bond  (28) Su, M.-D.; Chu, S.-YInorg. Chem 1998 37, 3400.

of the monocarbonyl species than on the longer one of the fully 245%9) Darling, J. H.; Ogden, J. §. Chem. Soc., Dalton Trand972,
coordinated species. Comparing our experimental results for (30) Bishop, D. M. Cheung, L. MJ. Phys. Chem. Ref. Dat982 11,
PtCO and Pt(CQ) the drop in the metalcarbon force constant 121
observed here is larger than going from NiCO to Ni(g@nd (31) Freidin, L.; Nelander, B.; Ribbegard, G. Mol. Spectrosc1974
should be paralleled to (1) the differences in molecular shapes53 410

. . (32) Manceron, L.; Alikhani, M. EChem. Phys1999 228 73.
and electronic structures (linear for Pt(GObent around the (33) Jonas, V.: Thiel, WJ. Chem. Phys1995 102 8474,

metal for Ni(CO}») and (2) the lack of stability of platinum (34) Jonas, V.; Thiel, WJ. Phys. Chem. A999 103 1381.
versus nickel tetracarbonyl, despite a predicted greater binding (35) Dapprich, S.; Ehlers, A. W.; Frenking, Ghem. Phys. Letl995
energy in PtCO than in NiCO. 242, 521. _ _

(36) Ehlers, A. W.; Frenking, GOrganometallics1995 14, 423.
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