
Photoelectron Spectroscopy and Thermochemistry oftert-Butylisocyanide-Substituted
Cobalt Tricarbonyl Nitrosyl †
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A new organometallic complex, Co(CO)2NOtBuNC, was synthesized and investigated by photoelectron
spectroscopy (PES) and threshold photoelectron photoion coincidence (TPEPICO) spectrometry in order to
determine its ionization energy as well as the bond energies in the ionic forms. The assignment of the nine
peaks in the PES was based on Kohn-Sham molecular orbital energies, and an adiabatic ionization energy
of 7.30( 0.05 eV was determined. In the TPEPICO experiment, the following 0 K onsets were determined
for the various fragment ions: CoCONOtBuNC+ (8.17 ( 0.05 eV); CoNOtBuNC+ (9.01 ( 0.05 eV); and
CotBuNC+ (10.42( 0.05 eV). Because the photon source did not extend above 14 eV, we could not observe
the bare Co+ ion in the experiment. The heat of formation of the CotBuNC+ ion was estimated by ab initio
and DFT calculations of the CoL+ + tBuNC f CotBuNC+ + L (L ) CO, NO, NH3, H2O, PMe3) substitution
enthalpies.

Introduction

Organometallic complexes and their ions often dissociate in
a simple sequential manner, which is very different from most
organic molecules, which dissociate via competitive parallel
pathways. This is because the metal-ligand bonds are generally
weaker than the bonds within the ligands, and there are
significant differences between the bond energies of the central
metal and the various ligands. Furthermore, these weak metal-
ligand bond energies and their resulting reactivity are one reason
that organometallic complexes are useful as catalysts1-3 and
chemical vapor deposition (CVD) precursors.4-12 Therefore, the
metal-ligand bond energies and their thermochemistry, in
general, are important in a wide range of reactions.

In the past few years, we have embarked on an experimental
program to measure the metal-ligand bond energies and the
thermochemistry of organometallic complexes (such as C5H5-
Co(CO)2,13,14 C5H5Mn(CO)3,15 C6H6Cr(CO)3,16 (C5H5)2Mn,17

(C6H6)2Cr,18 Co(CO)3NO,19 Co(CO)2NOPR3,20 where R) CH3

or C2H5, and C5H5Mn(CO)2CX21 where X) S or Se) by the
method of threshold photoelectron photoion coincidence (TPEP-
ICO). Because various substituents affect the chemical reactivity
of the complex, it is of great interest to systematically replace
one of the carbonyl ligands with various ligands to measure
the effect on the metal-carbonyl bond energies and the
thermochemistry of the complex. Having studied the phosphine
derivatives of cobalt tricarbonyl nitrosyl,20 we focus in this work
on its isocyanide derivative, Co(CO)2NOtBuNC, in which one
of the carbonyl ligands is replaced bytert-butyl isocyanide. The
isocyanide group is a carbonyl analogue ligand, and the electron
donor properties of the isocyanide ligand can be tuned by
changing the alkyl group.

In the present study, we combine the results of photoelectron
spectroscopy (PES) and TPEPICO in order to measure the

ionization energy, investigate the electron structure of the neutral
molecule, and determine the metal-ligand bond energies in the
various fragment ions. The heats of formation of many orga-
nometallic complexes, including Co(CO)2NOtBuNC, are not
known. However, by measuring the photon energy required to
generate the bare metal ion plus the free ligands, it is possible
to use this final state as an anchor to determine the heats of
formation of the neutral complex as well as all of the ion
products. Because the available photon energy from our light
source was not sufficiently high to observe bare cobalt ions, no
state with a known heat of formation could be reached. In order
to establish the heats of formation of the various fragment ions
and the neutral molecule, we carried out DFT and ab initio
calculations on the CotBuNC+ ion. However, calculating
substitution or dissociation enthalpies for transition-metal
complex ions is a challenging problem. The open shell electronic
structure and the presence of heavy atoms result in higher
electron correlation energies and relativistic effects than those
in common organic molecules. Because the available state-of-
the-art extrapolation methods (e.g., G2, G3, etc.) are not
optimized for transition-metal elements, their accuracy for these
complexes is not guaranteed. To predict the accuracy of any
quantum chemical calculation is even more difficult in the case
of ions because relatively few experimental values are available
for comparison. In the present study, density functional theory
(DFT) and coupled cluster (CC) studies were carried out on
the CoL+ + tBuNC f CotBuNC+ + L (L ) CO, NH3, NO,
PMe3, H2O) substitution enthalpies to establish the heat of
formation of the CotBuNC+ ion.

Experimental Section

Preparation of the Sample. The synthesis of a similar
complex (Co(CO)2NO(CNC6H11)) was reported by Thorsteinson
and Basolo.22 That method was slightly modified and used to
synthesize Co(CO)2NO(tBuNC). At room temperature,tBuNC
(2.32 g, 28.0 mmoles) was added in small portions to Co-
(CO)3NO (5.19 g, 30.0 mmoles) in tetrahydrofuran (50 mL)
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under an inert atmosphere of nitrogen. The reaction mixture
was stirred for 3 h before the solvent and the excess reactant
were removed at reduced pressure. The product was isolated as
a dark-red liquid with a yield of 80%. Because of its presumed
sensitivity to air and water, it was stored under an inert
atmosphere at-25 °C until used in the experiments.

The Co(CO)3NO and tBuNC were purchased from Strem
Chemicals and Sigma-Aldrich, respectively, and were used
without further purification. The tetrahydrofuran was dried over
CaH2, refluxed with sodium and benzophenone, and then
distilled under nitrogen.

Ultraviolet Photoelectron Spectroscopy (UPS).HeI pho-
toelectron spectra were recorded on an ATOMKI ESA 32
instrument in Budapest. The instrument, which was operated
with a resolution of 30 meV, has been described elsewhere.23

The sample was introduced into the ionization chamber via a
direct inlet system at room temperature. Argon was used as an
internal standard, and the spectra were calibrated against the
Ar 2P1/2 and2P3/2 peaks. Besides determining vertical ionization
energies to study the electronic structure of the complex, the
HeI PES was also used to determine the adiabatic ionization
energy, which is essential in the analysis of the TPEPICO
experiments (see below), and to obtain insight into the electronic
structure of neutral Co(CO)2NOtBuNC.

Threshold Photoelectron Photoion Coincidence (TPEPI-
CO). The details of the TPEPICO spectrometer have been
described previously.24 The sample had a sufficiently high vapor
pressure to permit its introduction into the ionization region at
room temperature through a hypodermic needle. The sample
was ionized with vacuum ultraviolet (VUV) light from a H2
discharge lamp dispersed by a 1 mnormal incidence vacuum
monochromator. The VUV wavelengths were calibrated using
the hydrogen Lyman-R resonance line. The ions and the
electrons were extracted in opposite directions with an electric
field of 20 V/cm. The electrons traveled 6.75 mm through this
region before they were accelerated to about 70 V by the second
acceleration region into the velocity-focusing flight tube25 of
13 cm length. Electrons with zero velocity perpendicular to the
extraction voltage were focused to a spot at the end of the flight
tube, whereas the energetic electrons were focused onto rings
around this central spot with radii proportional to their initial
velocity perpendicular to the extraction axis. In the center, the
electrons were detected by a Channeltron electron detector with
a 1 mm cone, while the electrons with a certain perpendicular
velocity were detected by a Chevron stack of microchannel
plates with a center hole for the above-mentioned Channeltron.
Assuming that the hot electron signal in a ring around the central
spot was proportional to the hot electron contribution in the
central spot, a weighed fraction of the outer ring signal could
be subtracted from the central electrode signal, thereby cor-
recting the TPEPICO TOF mass spectrum for this contribution
of initially energetic (“hot”) electrons.26

After exiting the 5 cm long first acceleration region, the ions
entered the 38 cm long drift region, which ended in a 24 cm
long reflectron where the ions were reflected by a voltage of
141 V. After traversing the second, 35 cm long drift region,
they were detected with a multichannel plate (MCP) detector.
The electron and ion signals served as start and stop pulses for
measuring the ion time-of-flight (TOF), and the TOF for each
coincidence event was stored on a multichannel pulse height
analyzer. Because both the center and the ring electron signals
served as start signals, two TOF distributions were obtained at
each photon energy. TOF distributions were obtained in 6-48
h depending on the signal intensity and the desired spectrum

quality. The weighed fraction of the TOF distribution generated
by the ring electrode signal was subtracted from the center
electrode signal to correct for the hot electron contribution. In
order to analyze the shape of the TOF distributions, the ring
distribution was subtracted from the center TOF distribution
point by point using a 10 point interpolation scheme.

The PEPICO spectra were used for two purposes. First, the
fractional abundances of the parent and the daughter ions were
measured as a function of the photon energy (breakdown curve).
Second, ion decay rates were extracted from asymmetric TOF
distributions of the daughter ion signal. This asymmetry is the
result of slowly dissociating (metastable) ions dissociating in
the 5 cm acceleration region, resulting in a time-of-flight
between the parent and the daughter ion’s flight time. In addition
to this asymmetry, a Gaussian-shaped peak appeared between
the daughter ion and the parent ion signal. This peak is the result
of metastable ions dissociating in the field-free region between
the acceleration region and the reflectron. These two types of
information were used together in the data analysis as described
in a later section in detail.

Quantum Chemical Calculations

Quantum chemical calculations were carried out in order to
help the assignment of the photoelectron spectrum, determine
the vibrational frequencies of the neutral molecule and the
various fragment ions, and to establish the thermochemistry of
the Co(CO)x(NO)ytBuNC+ system. On the basis of the desired
accuracy of the calculated physical property, we used different
levels of theory and basis sets.

Ionization EnergiesThe application of Koopmans’s theorem
to determine vertical ionization energies, which equates the
negative of the Hartree-Fock orbital energies with the ionization
energy, is known to be subject to considerable error. As shown
by Baerends et al.27-32 and tested in our recent studies,33,34

negatives of Kohn-Sham orbital energies can be taken as
approximate vertical ionization energies. Although these orbital
energies are usually lower than the experimental ionization
energies, they differ systematically from the correct values. In
the present study, the first vertical ionization energy was
determined at the same level of theory from the difference in
the ground-state energy of the ion at the neutral molecule’s
geometry and of the neutral molecule. The negatives of the
Kohn-Sham orbital energies were then shifted so that the
negative of the HOMO energy matched with this∆DFT-
calculated vertical ionization energy. This method provides a
reliable assignment in the case of transition-metal complexes,
as shown in our recent study.34 In the calculations outlined
above, Becke’s three parameter hybrid functional35 (B3) was
combined with the correlation functional of Lee, Yang, and
Parr36 (LYP) and utilized with Ahlrichs’s TZVP37 basis set.

Vibrational FrequenciesVibrational frequencies of various
species were needed for the calculation of the internal energy
distribution of the neutral Co(CO)2NO(tBuNC), for the calcula-
tion of the RRKM rate constants, and for the product energy
distribution calculations. These frequencies were also used in
the conversion of the heats of formation from 0 to 298 K (see
below). Because, as it is discussed later, the four lowest
frequencies of the transition states were scaled to fit to the
experimental dissociation rates, the accuracy of the individual
frequencies were not a real concern. Thus, we have used only
one level of theory with one (sufficiently large) basis set. All
of the calculations were carried out at the DFT level using the
B3LYP functional35,36and 6-31++G** 38 basis set for the neutral
and dissociating ions and the smaller LanL2DZ basis set39 for
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the transition states. In these calculations, the singlet spin state
was found to be lowest for the neutral precursor, and a doublet
state was found for the dissociating ionic species and triplet
state for the CotBuNC+ ion.

Because these dissociations proceed with no reverse barrier,
the transition states do not correspond to a critical point on the
potential energy surface. To approximate the structure and
vibrational frequencies of the transition states, the metal-
carbonyl bond distances of the leaving carbonyl groups were
fixed at 4.0 Å, and the energy was optimized with respect to
the remaining coordinates. The distance of 4.0 Å was suggested
by previous variational transition-state theory (VTST) calcula-
tions of another cobalt-carbonyl complex.13 In the case of the
third transition state, namely, the [CoNO(tBuNC)]+ with an
elongated Co-NO distance, the quantum chemical calculations
did not converge. Consequently, the precursor ion frequencies
were used as estimates for the frequencies of the third transition
state. The Co-NO stretching mode obtained from the calcula-
tion (558 cm-1) for CoNO(tBuNC)+ was assigned as the critical
frequency for the dissociation step and thus deleted. Further-
more, the transitional vibrational modes were identified, and
those frequencies were lowered and then fitted, as explained
later. In the RRKM calculations of the dissociation rates, the
TS frequencies were used as the starting point for fitting the
experimental dissociation rate curves. The lowest four frequen-
cies of the transition states, which turn into product rotations
and translations, were optimized in order to fit the calculated
TOF distributions and breakdown diagrams to the experimen-
tally measured data. These harmonic vibrational frequencies
along with the details of the data analysis can be viewed in the
Supporting Information.

Thermochemical Data. Because the available photon
energy was not enough to produce the bare cobalt ion, no
product state whose energies are well-known was reached. The
highest accessible energy channel was the production of the
CotBuNC+ ion. To establish the heats of formation of the
various ionic species and the neutral molecule, the heat of
formation of the CotBuNC+ ion was estimated by ab
initio and DFT calculations of the following substitution
enthalpies

Isodesmic reactions have been shown to be useful in
determining unknown heats of formation in previous studies
on other organoelement molecules.40,41 However, no heat of
formation of any CoRNC+ ion is known; therefore, real
isodesmic reactions could not be included in this study. Instead,
L ) CO, NH3, NO, PMe3, and H2O ligands, which share some
of the important properties of thetBuNC ligand in the formation
of complexes, were used.

In one type of the calculations, the 6-311++G(2df,p)42-44

basis set was used on all of the atoms in the ions and neutral
ligands, while in the second type of the calculations, relativistic
effects arising from the interaction of the heavy nuclei and the
inner electrons were taken into account by utilizing Christians-
en’s CRENBL basis set with the effective core potential
(ECP)45,46 on the cobalt atom and Dunning’s correlation-
consistent pVTZ basis set47 on the ligand atoms.

At the DFT level, the B3LYP functional was combined with
the above-mentioned basis sets. The wave functions were
checked for internal instabilities by using Pople’s method.48,49

The obtained equilibrium geometries were verified by the
absence of imaginary vibrational frequencies. These frequencies
were also used to calculate the zero point energy corrections.

In the ab initio calculations, the geometries were obtained
with Møller-Plesset-partitioned second-order perturbation theory
(MP2)50 using the above-described basis sets and tested in the
same manner. Coupled cluster calculations with single, double,
and perturbative triple excitations51 were carried out on the stable
geometries. The enthalpies of substitutions described by eq 1
were then derived from the CCSD(T) energies, and zero point
energy corrections were calculated from the MP2 vibrational
frequencies.

The discussion of the derived heats of formation can be found
in the Data Analysis section. Details about the quantum chemical
calculations (zero point energy corrections and substitution
enthalpies) can be found in the Supporting Information. All of
the quantum chemical calculations were carried out with the
Gaussian03, revisions B.0452 and D.01,53 code.

Experimental Results

UPS. The recorded HeI PES is shown in Figure 1. The
determination of the adiabatic ionization energy is quite difficult
unless the bands are vibrationally resolved, which is rarely the
case for polyatomic molecules. Thus, the adiabatic ionization
energy has a larger uncertainty than the vertical ionization
energy, which is simply the first peak position of the HeI PES.
The adiabatic ionization energy was estimated to be 7.30(
0.05 eV.

The HeI PES contains five partly overlapping bands in the
energy range of 7-18 eV. To extract the vertical ionization
potentials, pseudo-Voigt-shaped peaks were fitted to the mea-
sured spectrum. The broad band starting at approximately 13
eV is unresolvable, which is why the experimental vertical
ionization energies, with the calculated ionization energies and
the characters of the orbitals, are listed only up to 13 eV. The
interpretation of the spectrum is greatly aided by analogy with
the assigned HeI photoelectron spectra of Co(CO)3NO54-56 and
Co(CO)2NOPMe3.33 The assignments are also supported by DFT
(B3LYP/TZVP) calculations.

TPEPICO. TOF mass spectra of Co(CO)2NO(tBuNC)+ were
collected in the photon energy range of 7.5-12 eV. The
collection and analysis of data were rendered more difficult by
the relatively low stability of the sample. Solid decomposition
products in the sample container and unexpected peaks in the
TOF mass spectra were observed after some time. Later, during
the analysis, the peaks corresponding to these impurities were
identified and removed from the spectra. Typical time-of-flight
distributions without hot electrons (see the Experimental Sec-
tion) are shown in Figure 2a-c for all three dissociation steps.
The experimental data are plotted, while the solid lines show
the fitted TOF distributions, as discussed in the Data Analysis

CoL+ + tBuNC f CotBuNC+ + L (1)

Figure 1. HeI photoelectron spectrum of Co(CO)2NO(tBuNC) with
the calculated (B3LYP/TZVP) ionization energies.
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section. Below the photon energy of 8.5 eV, the two peaks
correspond to the molecular ion, Co(CO)2NO(CNtBu)+ at 162.2
µs, and its daughter ion, CoCONO(CNtBu)+ at 151.9µs. At
photon energies between 8.5 and 9.5 eV, the two peaks are due
to CoCONO(CNtBu)+ and its dissociation product, CoNO(CN-
tBu)+ at 140.9µs. Finally, at photon energies above 10.5 eV,
we observe only CoNO(CNtBu)+ and its daughter ion, Co(CN-
tBu)+ at 128.0µs. The maximum available photon energy in
the instrument is about 14 eV, which is not sufficient to remove
the tert-butyl isocyanide ligand from the cobalt ion.

As shown in Figure 2a-c, the daughter ion TOF distributions
are asymmetric, and the so-called drift peaks can be observed
at energies close to their respective appearance energies. This
indicates that the ions dissociate while traveling in the accelera-
tion region or in the first drift region of the ion optics. If an ion
dissociates in the acceleration region, its final velocity as it enters
the drift region will be larger than that of the parent ion but
less than that of a rapidly produced daughter ion. Thus, the total
flight time of these slowly produced ions falls between that of
the parent ion and that of the rapidly produced daughter ion.
Because there is a distribution of lifetimes at a given dissociation
rate, a quasi-exponential shape of the time-of-flight peak is
observed. The decay rate can be extracted from the analysis of
the peak shapes. Similarly, if an ion dissociates in the drift
region, its final velocity as it leaves the reflectron will be larger
than that of the parent ion and less than that of a daughter ion
produced in the acceleration region. However, the peak due to
the ions produced in the drift region is not asymmetric since
all of these ions are accelerated to the same velocity in the
reflectron.

Figure 3 shows the breakdown diagram of the dissociation
of Co(CO)2NO(tBuNC)+. The fractional abundances of the
molecular ion and the fragment ions are plotted as a function
of the photon energy. The points are the experimentally
determined ratios after the hot electron subtraction, while the
solid lines show the results of the RRKM simulations. One of
the most interesting features of this plot is the slope of the
breakdown curves at the crossover points. In the case of the
first dissociation, Co(CO)2NO(CNtBu)+ f CoCONO(CNtBu)+

+ CO, the breakdown of the parent ion abundance is quite steep,
indicating a narrow distribution of the ion internal energy. The

second and the third crossovers, corresponding to the carbonyl
loss from CoCONO(CNtBu)+ and to the nitrosyl loss from
CoNO(CNtBu)+, are wider, indicating a wider distribution of
ion internal energies.

Data Analysis

UPS. The HeI spectrum of Co(CO)2NOtBuNC is shown in
Figure 1. The assignment can be based on the similar spectra
of Co(CO)3NO and Co(CO)2NOPMe3.33 The first two bands
(A and B in Figure 1) in the region of 7-10 eV are expected
to be the result of the ionization of orbitals that have substantial
metal d character and can be regarded asπ-type backbonding
orbitals formed by the d orbitals of the metal center and theπ*
orbitals of the ligands. These two bands are followed by a peak
(C between 11 and 12 eV after a wide Franck-Condon gap)
that can be assigned to the ionization of molecular orbitals
regarded as a bond between the cobalt atom and thetBuNC
ligand and orbitals localized on the ligand. The unresolvable

Figure 2. Ion TOF distributions at selected photon energies. Points are the experimental data, while the solid lines show the calculated TOF
distributions, as described in the Data Analysis. (a) The first carbonyl loss: the asymmetric peak between 151.5 and 153.5µs is assigned to the
CoCONO(CNtBu)+ ion, while the symmetric peak at 162.2µs belongs to the parent ion, Co(CO)2NO(CNtBu)+. (b) The second carbonyl loss: the
first peak at about 140.9µs is due to the second daughter ion, CoNO(CNtBu)+, while the second peak at 151.9µs belongs to CoCONO(CNtBu)+.
(c) The nitrosyl loss from CoNO(CNtBu)+: the first peak between 127.7 and 130.1µs corresponds to Co(CNtBu)+, while the right-hand side peak
is due to CoNO(CNtBu)+. The sharp peaks on the right-hand side of the asymmetric daughter ion peaks are due to dissociation between the first
acceleration region and the reflectron and, thus, are most abundant at low photon energies.

Figure 3. Breakdown curves of the two carbonyl and the nitrosyl
losses. The points are the experimental data, while the solid lines are
the simulated curves, as discussed in the text.
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broad band (D) with an onset at 13 eV is probably due to the
ionization of the bonds between the metal center and its various
ligands and orbitals localized on the ligands. This qualitative
assignment is supported by the Kohn-Sham orbital energies
(B3LYP/TZVP), as shown in Table 1.

The ionization energies can be compared to those of Co-
(CO)3NO (Table 1). The replacement of a carbonyl group in
the Co(CO)3NO with the isocyanide ligand leads to the
destabilization of molecular orbitals with significant metal d
character. Derived from the three lowest ionization energies,
the destabilizations are 1.10, 1.16, and 0.94 eV, respectively.
As a result of its good electron donor capability,tBuNC
increases the electron density on the metal center. This leads to
the destabilization of the molecular orbitals, which are the results
of the interaction between the filled metal d metal orbitals and
the LUMOs of the nitrosyl and carbonyl ligands. Therefore,
the electron donor capability, which can be measured with the
change of the ionization potentials, can have a direct effect on
the metal-ligand interaction.

If one compares the metal d orbital energies to those in the
previously studied trialkylphosphine-substituted Co(CO)3NO
complexes, the ionization energies in the present complex fall
between the values obtained for the triethylphosphine and the
tripropylphosphine complexes. This suggests that thetBuNC
ligand is a stronger electron donor than PEt3 and weaker then
PPr3.

TPEPICO. The reaction mechanism for decomposition of
the Co(CO)2NO(tBuNC)+ ions with increasing internal energy
involves the sequential loss of two carbonyl and one nitrosyl
group in reactions 2- 4

The extraction of thermochemical data and bond energies
from the experimental results requires an analysis of dissociation
rates in terms of the ion internal energy distribution. Detailed
descriptions of the TPEPICO data analysis have been discussed
in earlier papers.13,15-20 Briefly, the ion TOF distributions and
the breakdown diagram can be calculated using the following
information: the thermal energy distribution of the neutral Co-
(CO)2NOtBuNC, the internal energy distribution of the dis-
sociating ions, the ionization energy, the ion TOF parameters
(acceleration electric fields and the acceleration and drift
distances), and the transition-state vibrational frequencies.
RRKM calculations57,58 were performed to determine the rate
constants for the three unimolecular dissociation steps of the
Co(CO)2NOPR3

+ ion. (Thek(E) plots can be accessed in the

Supporting Information.) The following variable parameters
were adjusted until the best fit was obtained: the dissociation
limits and the four lowest TS vibrational frequencies. The
calculations were carried out minimizing the error between the
experimental and calculated TOF distributions and the break-
down diagram. The best fit to both the TOF distributions and
the breakdown curves was obtained with the 0 K appearance
energies for CoCONOtBuNC+, CoNOtBuNC+, and CotBuNC+

of 8.17, 9.01, and 10.42 eV, respectively. All appearance energy
values have uncertainties of 0.05 eV, as discussed below. It is
important to point out that, to a first approximation, the
determination of each onset is independent of the previous one
because, in each case, we begin from the neutral parent molecule
so that the error bars do not increase with each subsequent loss
of a ligand. The simulated time-of-flight distributions and
breakdown curves are shown as solid curves in Figures 2a-c
and 3, respectively.

The uncertainties in the derived parameters were studied by
fixing the lowest four transition-state frequencies at various
values and carrying out the fitting procedure outlined above.
This scheme simulates looser and tighter transition states,
thereby altering thek(E) rate curves. It was found that obtaining
a good fit to the breakdown curves was possible when changing
the lowest four frequencies by(50%, but the quality of the
TOF distributions got significantly worse. This is because the
quasi-exponential shape of the asymmetric daughter ion distri-
butions depends on the absolute dissociation rate, whereas the
breakdown diagram depends only on the ratios of the rate
constants. The optimized appearance energies change by(0.05
eV with the altered transition-state frequencies given above,
which suggests an error bar of(0.05 eV for these parameters.

From the appearance energies, the following two Co-CO
and one Co-NO bond energies can be obtained for the ions
dissociating during the TPEPICO experiment: (tBuNC)Co-
(CO)2NO+, 84 ( 7 kJ‚mol-1; (tBuNC)CoCONO+, 81 ( 7
kJ‚mol-1; (tBuNC)CoNO+, 136 ( 7 kJ‚mol-1.

Correlation between Cobalt-Carbonyl Bond Energies
and MO Energies The metal-carbonyl and metal-nitrosyl
bonds are considered to be the sum of aσ-type and aπ-type
bond. The former is the result of the interaction between the
HOMO(σ*) of the ligands and the vacant d orbitals of the metal,
while the latter is the result of the interaction between the
LUMO(π*) of the ligands and the occupied metal d orbitals.
Therefore, a good electron donor ligand that is able to increase
the electron density on the metal center can have a direct impact

TABLE 1: Experimental and Calculated Vertical Ionization
Energies (eV) of Co(CO)2NO(tBuNC)

Co(CO)2NOtBuNC Co(CO)3NOb

exptl
B3LYP
TZVPa MO character exptl MO character

7.65 7.54 Co-NO(π*) 8.75 Co-CO(π*)
7.95 8.06 Co-[CO(π*),NO(lp)] 9.11 Co-NO(π*)
8.88 9.00 Co-[CO(π*),NO(π*)] 9.82 Co-NO(π*)

11.74 11.09 CotBuNC(π)
12.17 12.11 localized ontBuNC ligand

12.28 localized on alkyl
12.51 CotBuNC(lp)

12.83 13.19 localized on ligands 14.14 Co-CO(σ)

a Negatives of Kohn-Sham orbital energies are shifted. See details
in text and ref 34.b Taken from ref 33.

Co(CO)2NO(tBuNC)+ f CoCONOtBuNC+ + CO (2)

CoCONO(tBuNC)+ f CoNOtBuNC+ + CO (3)

CoNO(tBuNC)+ f CotBuNC+ + NO (4)

Figure 4. The Co(d) ionization energies in the Co(CO)2NOL (L )
PMe3, PEt3, tBuNC) complexes versus the 0 K Co-CO dissociation
energies in their molecular ions. The change in the ionization energies
is a good measure of the electron donor capability of the L ligands.
For data on the phosphine complexes, see refs 20 and 33.
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on the metal-ligand bond energies by strengthening theπ- and
weakening theσ-type interaction. To see the net result of the
two opposite effects, the vertical ionization energies of the
neutral Co(CO)2NOL (L ) PMe3, PEt3, tBuNC) molecules were
plotted in Figure 4 against the Co-CO bond energies in their
molecular ions. A linear correlation between the Co(d) IEs and
the 0 K Co-CO dissociation energies is clearly evident. The
negative slopes suggest that the better electron donor capability
of the ligands results in a weaker Co-CO bond. We conclude
that theσ-type interaction between the metal center and the
carbonyl ligands plays a more important role in the formation
of the bond than theπ-type back donation of the electrons from
the metal to the ligands. This is supported by the fact that the
nitrosyl ligand, which is assumed to donate three electrons to
the metal center was found to be approximately 50% more
strongly bound than the carbonyl ligand that donates only two
electrons.19 It is also interesting to point out that the PR3 (R )
Me, Et)20,33 and thetBuNC ligands, which are thought to be
mostly σ donors and only weakπ acceptors, form a much
stronger bond with the cobalt center than the carbonyl ligands
in each ionic species.

Heat of Formation of the CotBuNC+ Ion. Substitution
enthalpies were calculated for the ligand substitution reactions
between the CoL+ (L ) CO, NO, NH3, PMe3, H2O) and Co-
tBuNC+ ions

whereH0K is the zero point energy-corrected electronic energy
obtained in ab initio or DFT calculations. The heat of formation
of the CotBuNC+ ion can be derived from the substitution
enthalpy

where ∆fHg,0K is the experimental 0 K heat of formation.
∆fHg,0K(CoCO+) ) 896.4( 7 kJ‚mol-1, ∆fHg,0K(CoNO+) )
1093.3( 7 kJ‚mol-1, ∆fHg,0K(CoPMe3+) ) 830( 12 kJ‚mol-1,
and∆fHg,0K(tBuNC) ) 77.2 ( 3.7 kJ‚mol-1 were taken from
our earlier studies,19,20,59 while ∆fHg,0K(CoNH3

+) ) 933.6 (
8.7 kJ‚mol-1 and ∆fHg,0K(CoH2O+) ) 783.8( 5.9 kJ‚mol-1

were derived from the heats of formation of Co+ (1183.9(
1.0 kJ‚mol-1),60 NH3 (-38.95 ( 0.35 kJ‚mol-1),61 and H2O
(-238.92( 0.04 kJ‚mol-1)61 and the bond dissociation energies
of CoNH3

+ (D0K ) 211.3( 8.7 kJ‚mol-1)62 and CoH2O+ (D0K

) 161.1( 5.8 kJ‚mol-1).63

The calculated heats of formation of the CotBuNC+ ion,
obtained with different methods, can be found in Table 2a. In
the case of the DFT method, the use of the effective core
potential shifts the average heat of formation from 995.1 to 986.4
kJ‚mol-1, and the standard deviation of the different heats of
formation increases from 17.8 to 18.8 kJ‚mol-1. The effect of
the ECP is more obvious in the case of the CCSD(T)
calculations. The average heat of formation is shifted by 17.4
kJ‚mol-1 from 1020.1 to 1002.7 kJ‚mol-1, and the standard
deviation of the individual values decreases from 44.9 to 8.7
kJ‚mol-1. If the standard deviations are taken as uncertainties
of the average heats of formation, one can see that the 1002.7
( 8.7 kJ‚mol-1 range obtained at the CCSD(T) level with the
CRENBL ECP basis set is included in all of the ranges obtained
with the other methods and basis sets. This indicates that the
most precise value provided by the utilized methods might be
1002.7( 8.7 kJ‚mol-1.

The uncertainty in the above-derived∆fHg,0K(CotBuNC+) )
1002.7( 8.7 kJ‚mol-1, however, is rather the precision of the
method than its accuracy. One approach to testing its accuracy
is to use the same approach to derive the heats of formation
of the other CoL+ (L ) CO, NO, NH3, PMe3, H2O) ions from
the

(L1, L2 ) CO, NO, NH3, PMe3, H2O) reaction enthalpies, for

TABLE 2

a. 0 K Heats of Formation of the [CotBuNC]+ Ion (kJ‚mol-1) Derived from the
CoL+ + tBuNC f CotBuNC+ + L Reaction Enthalpies Obtained via Ab Initio and DFT Calculations

∆Hf(CotBuNC+)g,0K

B3LYP CCSD(T)//MP2

basis set

L 6-311++G(2df,p)
CRENBL(Co)

cc-pVTZ(H, C, N, P, O) 6-311++G(2df,p)
CRENBL(Co)

cc-pVTZ(H, C, N, P, O)

CO 986.4 984.8 959.8 990.1
NO 970.7 961.7 1068.1 1010.1
NH3 1006.1 1006.7 1048.9 1009.9
PMe3 1016.8 988.0 1006.0
H2O 995.6 992.3 1035.9 997.3
average/SD 995.1( 17.8 986.4( 18.8 1020.1( 44.9 1002.7( 8.7

b. Reliability of the Calculated Heats of Formation.

∆Hf(CoL1
+)g,0K derived from CoL1+ + L2 f CoL2

+ + L1 reaction enthalpies
CCSD(T)/CRENBL(Co), cc-pVTZ(H,C,N,P,O)//MP2/CRENBL(Co), cc-pVTZ(H,C,N,P,O)L1

L1

L2 CO NO NH3 PMe3 H2O

CO 1073.3 913.9 814.1 776.6
NO 916.4 933.9 834.1 796.6
NH3 916.1 1093.1 833.8 796.4
PMe3 912.3 1089.2 929.8 792.5
H2O 903.6 1080.5 921.1 821.3
average/SD 912.1( 6.0 1084.0( 8.9 924.7( 8.9 825.8( 9.8 790.5( 9.5
exptl 896.4( 7 1093.3( 7 933.6( 8.7 830( 12 783.8( 5.9 average
ave.- exptl +15.7 -9.3 -8.9 -4.2 +6.7 0.0

CoL1
+ + L2 f CoL2

+ + L1 (7)

∆rHg,0K ) H0K(CotBuNC+) - H0K(tBuNC) -

H0K(CoL+) + H0K(L) (5)

∆fHg,0K(CotBuNC+) ) ∆rHg,0K + ∆fHg,0K(
tBuNC) +

∆fHg,0K(CoL+) - ∆fHg,0K(L) (6)
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which the experimental values are known. These heats of
formation are listed in Table 2b. It is evident that, except for
the case of CO, the other four heats of formation have average
values whose error limits nicely encompass the difference
between the experimental and calculated values and that the
average error is on the order of about 9 kJ‚mol-1. On the basis
of these statistics, we suggest a 0 K CotBuNC+ ion heat of
formation of 1002.7( 8.7 kJ‚mol-1.

Thermochemical Data

With the calculation of the CotBuNC+ ion heat of formation,
we know the heats of formation of all of the products for the
reaction

This permits us to determine the heat of formation of the starting
complex, Co(CO)2NOtBuNC, from the measured onset. Using
the thermochemistry in Table 3, we obtain the 0 K neutral Co-
(CO)2NOtBuNC heat of formation of-141 ( 10 kJ‚mol-1.
From the derived heat of formation of the neutral molecule and
its adiabatic ionization energy, we can determine the heats of
formation of the molecular ion and all of the CO and NO loss
product ions, which are listed in Table 3. One can find that the

molecular ion Co(CO)2NOtBuNC+ has a heat of formation of
564 ( 11 kJ‚mol-1.

The above results can now be combined with previous
measurements of the heats of formation of Co(CO)xNO+ (x )
2,1,0)19 and the Co+ ion60 in order to obtain CotBuNC bond
energies. The derived bond energies are listed in Table 3 and
Figure 5. Finally, we can use the heat of formation of neutral
Co(CO)3NO published earlier19 to obtain the reaction enthalpy
for the following reaction

To convert the above thermochemical data to room
temperature, one has to calculateH°298 - H°0 values for the
Co(CO)2NOtBuNC molecules and the various ions. TheH°298

- H°0 values obtained by using the B3LYP/6-31++G**
frequencies are listed in Table 3 with the room temperature
heats of formation of the neutral molecules and ionic species.
Using these data along with theH°298 - H°0 values of
the elements (Co, 4.771 kJ‚mol-1; C, 1.051 kJ‚mol-1; N2, 8.670
kJ‚mol-1; O2, 8.683 kJ‚mol-1; P, 6.197 kJ‚mol-1; H2, 8.468
kJ‚mol-1), the room temperature heats of formation for
Co(CO)2NOtBuNC and its fragments can be calculated and
are listed in Table 3. Throughout these calculations, the

Figure 5. Thermochemistry of the Co(CO)2NOtBuNC system. Ionization energies and bond energies are given in eV with their uncertainties.
Dashed lines indicate derived dissociation energies, and solid lines indicate experimental values.

TABLE 3: Auxiliary, Estimated, and Derived Thermochemical Data (in kJ‚mol-1)

D0 (Co+-L) ∆fH°0 ∆fH°298 H°298- H°0

Co(CO)2NOtBuNC -141( 10 -166( 10 46.2
Co(CO)2NOtBuNC+ 84 ( 7 (L ) CO) 564( 11 541( 11 49.5

154( 13 (L ) tBuNC)
CoCONOtBuNC+ 81 ( 7 (L ) CO) 762( 11 738( 11 43.0

181( 14 (L ) tBuNC)
CoNOtBuNC+ 136( 7 (L ) NO) 956( 11 931( 11 35.4

251( 14 (L ) tBuNC)
CotBuNC+ 295( 10 (L ) tBuNC) 1003( 9 977( 9 27.0
Co+a 1183.9( 1.0
Coa 423.5( 1.0 4.771
COa -113.81( 0.17
NOa 89.77( 0.17
tBuNCb -113.9( 3.7 -88.1( 5 21.9

a See ref 60.b See ref 59.

Co(CO)2NOtBuNC + hV f CotBuNC+ +

2CO+ NO + e- (8)

Co(CO)3NO + tBuNC f Co(CO)2NOtBuNC + CO

∆rH (0 K) ) 32 ( 13 kJ‚mol-1 (9)
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Rosenstock (or ion) convention was used, in which the heat
capacity of an electron is treated as 0.0 kJ‚mol-1 at all
temperatures.60

Conclusion

The electronic structure of the neutral Co(CO)2NOtBuNC,
the bond energies in the various fragment ions, and the
thermochemistry of the Co(CO)2NOtBuNC system have been
determined by ultraviolet photoelectron spectroscopy (UPS),
threshold photoelectron photoion coincidence spectroscopy
(TPEPICO), and quantum chemical calculations.

The UPS study revealed that thetBuNC ligand is a better
electron donor than the carbonyl group, increasing the electron
density on the metal center and consequently lowering the
vertical ionization energy of the molecule to 7.65 eV. By
comparison of thetBuNC-substituted complex to earlier results
on phosphine-substituted complexes, the electron donor strength
of the tBuNC ligand was found to be between that of PEt3 and
PPr3. Correlation was found between the vertical ionization
energies and the Co-CO bond energies.

The adiabatic ionization energy of the molecule was found
to be 7.30( 0.05 eV. The 0 K appearance energies of the
various fragment ions (Co(CO)xNOy

tBuNC+, x ) 2,1,0; y )
1,0) were determined from the analysis of the TPEPICO
experiments. The highest photon energy available in the
TPEPICO instrument was insufficient to observe either bare Co+

or tBuNC+. The heat of formation of the CotBuNC+ ion was
estimated by carrying out ab initio and DFT calculations on
the CoL+ + tBuNC f CotBuNC+ + L (L ) CO, NO, NH3,
PMe3, H2O) substitution enthalpies. On the basis of the statistics
of the derived heats of formation, an uncertainty of 8.7 kJ‚mol-1

was assigned to the value 1002.7 kJ‚mol-1. As a result, it is
possible to combine this heat of formation with the appearance
energies of the fragment ions to determine their heats of
formation.
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