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ABSTRACT

The fragmentation processes of internal energy selected chromium hexacarbonyl cations, Cr(CO)s*, were
investigated by imaging photoelectron photoion coincidence (iPEPICO) spectroscopy at the VUV beamline
of the Swiss Light Source. In the 9.3-21.5 eV photon energy range, Cr(CO)s* dissociates by six sequential
carbonyl ligand losses. The fragment ion fractional abundances, plotted in the breakdown diagram, along
with the time-of-flight mass spectra for the first three metastable CO-loss channels were modeled using
a statistical approach. Between 12 and 16 eV, the statistical model overestimates the degree of fragmen-
tation, which is explained by enhanced kinetic energy release in impulsive CO loss on repulsive electronic
states of the parent ion Cr(CO)s*, as confirmed by TD-DFT calculations. This is the first reported exam-
ple for an embedded non-statistical unimolecular dissociation regime, bracketed by statistical regimes
at low and at high energies. The statistical model was employed to derive 0K appearance energies for
Cr(CO),* (n=0-5). The Cr(CO)s* appearance energy and the literature CO—Cr(CO)s* bond dissociation
energy yield an adiabatic Cr(CO)s* ionization energy of 8.195+0.120 eV, independent of photoelectron
spectroscopy measurements. The 0 K appearance energy of Cr* is 61 k] mol-! higher than predicted based
on literature enthalpies of formation, which we suggest is most likely due to an error in the enthalpy of
formation of Cr(CO)s, and propose a revised AfH[Cr(CO)g, g] =-972.1 +4.1 and -968.9 +4.1 k] mol-! at 0
and 298 K, respectively, and A¢Haggi[Cr(CO)s, c] = -1040.6 + 4.2 k] mol-! for the crystalline state, based on
the known enthalpy of sublimation. The measured Cr—CO bond dissociation energies in [(CO),Cr—CO]J*
(n=0-5), and the enthalpies of formation of the chromium carbonyl ion series are also reported.

© 2018 Published by Elsevier B.V.

1. Introduction

(n=0-6) ions. However, the reported BDE and appearance ener-
gies, Eg, vary widely, by up to 1.8 eV, from one study to another.

Chromium hexacarbonyl, Cr(CO)g, is an ideal model sys-
tem for understanding coordination, bonding, and reactivity in
organometallic compounds [1-3]. It is the starting material for the
synthesis of Cr(arene)(CO)3; complexes, which are among the most
studied organometallic compounds because of their application in
aromatic synthesis [4].

Several theoretical [5-11] and experimental [12-21] studies
have been carried out to explore the structure and obtain sequen-
tial bond dissociation energies, BDE, for Cr(CO)g and its Cr(CO),*
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This was pointed out by Armentrout et al. [12], in a paper that
also reported the Cr—CO bond energies, measured in individually
mass-selected Cr(CO),* ions by threshold collision-induced disso-
ciation (TCID) in a guided ion beam tandem mass spectrometer.
The sum of the six ionic bond dissociation energies, 4.99 +0.14 eV,
was compared to the literature reaction enthalpy for dissociating
all six ligands from the Cr(CO)g* cation, 5.05+0.09eV at OK. The
latter value is based on the precursor complex’s heat of formation
from calorimetry and its ionization energy, IE, from photoelectron
spectroscopy experiments [22]. This very good agreement appears
to be all the more reassuring in the light of the unusually small,
1.7k] mol-1 (0.017 eV), uncertainty in the chromium hexacarbonyl
enthalpy of formation as reported in the literature [22]. In con-
trast, previous photoionization studies, e.g., by Meisels et al. [16]
and Michels et al. [17], obtained up to ~1.8 eV higher sum of BDE,
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in seemingly glaring disagreement with the calorimetry litera-
ture. Although we will argue that the 0.09 eV uncertainty of the
literature-based 5.05 eV dissociation energy is a result of selective
averaging of a small subset of the numerous experimental results,
the previous photoionization results [14,13-21] still seem to be in
error. This is likely due to disregarding the excess energy partition-
ing between each sequential CO-loss fragment ions and the leaving
CO neutral molecules, which leads to a higher reported appear-
ance energy for the Cr* ion. This point is underlined by our finding
that, while the excess energy partitioning is statistical in most of
the photon energy range, it is clearly non-statistical due to impul-
sive dissociation around 14 eV of photon energy, a phenomenon
not reported before.

Photoionization studies of Cr(CO)g were also carried out by Qi
et al. [14] and Ng et al. [15] using synchrotron radiation and time-
of-flight mass spectrometry. The photoionization efficiency (PIE)
curves for the Cr(CO),* ions were measured, from which the ioniza-
tion energy and the appearance energies were determined. These
studies reported bond dissociation energies that were in reason-
able agreement with the earlier photoionization data. However, the
sums were again much too high by up to ~1.4 eV when compared
to the calorimetry results, see Table 2.

Muntean and Armentrout [13] reinvestigated the TCID of
Cr(CO)s* and provided a slightly revised BDE value for the first
CO-loss. This change put their sum of bond dissociation energies
to 5.07 £0.15eV (for which we have recalculated the confidence
interval, based on the reported uncertainties of the underly-
ing data). This report further improved the agreement with the
cited 5.05+0.09eV literature enthalpy difference between the
chromium ion plus six CO molecules and chromium hexacarbonyl.

Both photoelectron photoion coincidence spectroscopy
(PEPICO) and TCID are well-established techniques to obtain
reliable thermochemistry by complimentary approaches. In the
recent study of the dissociative photoionization of iron pentacar-
bonyl, Fe(CO)s [23], it was demonstrated that PEPICO and TCID
experiments were consistent if the kinetic shifts, the initial parent
ion internal energy distribution, and the excess energy distribution
are all taken into account in the data analysis of the former. As far
as organometallic compounds are concerned, PEPICO was used,
for example, to establish trends in manganese chalcocarbonyl
bond energies [24] and the effect of phosphine analogue ligands
on metal-carbonyl bond energies in cobalt complexes [25]. Both
approaches can be used to study binary carbonyls of, e.g., iron
[23], chromium [12,13], and platinum [26]. TCID can also be
used to study reactivities of a metal center, e.g., alkane activation
by gas phase molybdenum ions [27]. Since both approaches
yield energetics data directly, they can also be combined to
construct thermochemical cycles to unveil the thermochemistry
of organometallic complexes impervious to both calculations and
conventional thermochemical measurements [28].

In threshold PEPICO, internal energy selected photoions are
produced in the gas phase by threshold ionization using tunable
vacuum ultraviolet (VUV) radiation and their dissociation is ana-
lyzed by time-of-flight (TOF) mass spectrometry [29]. A breakdown
diagram is constructed by plotting the fractional ion abundances
as a function of the ionizing photon energy, which corresponds
to varying the internal energy of the parent ion. The 0K appear-
ance energies can then be determined by statistical modeling of the
breakdown diagram as well as the dissociation rate constants when
kinetic shifts must be accounted for. In the case of slow unimolec-
ular reactions compared to the time scale of the ion mass analysis,
asymmetric fragment ion peak shapes carry the unimolecular dis-
sociation rate information, to which the statistical model is fitted in
the data analysis. In addition, the energy taken away by the leaving
neutral fragments has to be taken into account and the resulting
broadening of the breakdown curves can be accurately modeled,

as demonstrated by numerous recent PEPICO studies [23,30]. Nota
bene, this broadening effect is also clearly observable in the break-
down diagram of Meisels et al. [16].

In this study, we have revisited the dissociative photoionization
of energy selected Cr(CO)g* cations using imaging PEPICO (iPEPICO)
spectroscopy, as implemented using synchrotron radiation at the
VUV beamline of the Swiss Light Source, to determine accurate
appearance energies and ionic metal-carbonyl bond dissociation
energies.

2. Experimental section

Cr(CO)s was purchased from Sigma-Aldrich and measured
using the iPEPICO spectrometer [31] at the VUV beamline [32] of
the Swiss Light Source. Cr(CO)g was introduced directly in the ion-
ization chamber at room temperature through a Teflon tube from
the headspace of a glass vial. Synchrotron VUV light was colli-
mated, dispersed in grazing incidence by a 600 or 1200 grooves/mm
laminar grating, depending on the photon energy, and focused
at a 200 pm exit slit in a differentially pumped gas filter with a
photon energy resolution of 3-5 meV. Higher-order harmonic radi-
ation was suppressed by a 10cm long chamber in the gas filter
filled with 10 mbar of a Ne-Ar mixture or Ne, depending on the
wavelength. The photon energy was calibrated using 11s'-14s’ Ar
and 13s’-13d’ Ne autoionization lines in first and second order
of the diffraction grating. The effusive sample beam was inter-
sected with the monochromatic VUV synchrotron radiation in
the experimental chamber, ionizing the sample in a 2 mm x 2 mm
cross-section interaction region at a typical pressure of 2-4 x 1076
mbar. A constant 40V cm™! electric field was used to extract pho-
toions and photoelectrons in opposite directions. Electrons were
kinetic energy analyzed using velocity map imaging and a Roent-
dek DLD40 position sensitive delay-line detector with sub-meV
kinetic energy resolution at threshold and provided the start sig-
nal for the ion time-of-flight analysis. Photoions were detected by
a Jordan TOF C-726 microchannel plate detector after a two-stage
Wiley-McLaren time-of-flight mass analyzer [33] with 5.5 cm long
extraction, 1 cm long acceleration, and 55 cm drift regions. The long
extractionregion and the low extraction field resultinion residence
times on the order of several s and metastable parent ions yield
quasi-exponential TOF peak shapes, characteristic of the first-order
dissociation rate constants [34]. Electron hit times and positions,
and ion hit times were correlated using a multiple-start/multiple-
stop data acquisition scheme [35]. “Hot,” that is, non-threshold,
kinetic energy photoelectrons with a small off-axis momentum
component are selected in a ring area around the threshold, center
spot in an approximately three times larger surface area. Threshold
electrons and hot electrons with no off-axis momentum compo-
nent are both detected in the image center and the contribution
of the latter was approximated by the average count rate in the
ring area around the center spot. In the data analysis, the coinci-
dence spectrum corresponding to the ring electron detector was
subtracted from the center signal, to obtain threshold photoion-
ization mass spectra [36] and to construct the breakdown diagram
based on fractional ion abundances as a function of photon energy.

The Gaussian 09 suite of programs was used to carry out
quantum chemical calculations on Cr(CO)g, its molecular ion, and
fragment ions [37]. The geometries of neutral and ionic species
were optimized using density functional theory with the B3LYP
functional and the 6-311++G(d,p) basis set, which provided input
parameters for the statistical model. In addition, reaction energy
curves along the optimized CO-loss coordinate were calculated at
the M06-2X/def2-TZVPP and B3LYP/6-311++G(d,p) levels of theory.
Finally, two EOM-EE-CCSD/cc-pVDZ calculations were carried out
at the equilibrium and elongated Cr—C bond lengths using the Q-
Chem 4.3 program package to check the nature of different spin
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states with respect to CO-loss [38]. Vibrational frequencies and
rotational constants were used to calculate the a) thermal energy
distribution of the neutral precursor molecules; b) densities and
numbers of states for the statistical rate equation; c) to obtain the
statistical product energy distributions upon the sequential disso-
ciations [39]. The calculated harmonic vibrational frequencies were
used as input for the PEPICO data analysis in the statistical model
[34].

We used the simplified statistical adiabatic channel model
(SSACM) to calculate metastable dissociation rates in modeling the
breakdown diagrams and ion time-of-flight distributions [34]. The
unimolecular rate constants, k(E), can be calculated as

_ oN'(E—Eo)
T The®)

where o is the reaction symmetry, N*(E — Eg) is the sum of states
of the transition state from 0 to E - Eg, h is Planck’s constant, and
p(E) is the density of states of the parent ion at energy E [39]. The
densities and sums of states are calculated using harmonic vibra-
tional frequencies by the Beyer-Swinehart direct count algorithm
[40]. It was shown earlier that the extrapolation to the dissociation
onset is more reliable using the SSACM model if the kinetic shift is
larger than 200 meV, in particular when the reaction energy curve
is attractive, i.e. without a maximum corresponding to the transi-
tion state [41]. In SSACM, the product vibrational frequencies and
moments of inertia are used to calculate N*(E - Eg). The rigidity
factor, fiigia(E), is then employed to prevent the rate constant from
rising too rapidly with increasing ion internal energy. The rigidity
factor takes the following form:

k (E)

2
3

figia () = (1 ' ((E‘CE))Z) ,

where c is the fitting parameter adjusted to fit the experimental
data together with the dissociation onset [34].

After each CO loss, the excess energy above the dissociation
barrier is assumed to be distributed statistically according to the
relative phase space volumes between the fragment ion, the leav-
ing CO and the newly formed translational degrees of freedom. This
broadens the internal energy distribution and leads to the slight
broadening of the breakdown curves with increasing fragmenta-
tion [39].

3. Results and discussion
3.1. Modeling the consecutive dissociation processes

Time-of-flight mass spectra of internal energy selected
chromium hexacarbonyl cations were collected in the 9.3-21.5eV
photon energy range, in which Cr(CO)g* dissociates via six sequen-
tial CO-loss reactions.

The adiabatic ionization energy of Cr(CO)g is ancillary input in
the statistical model, which defines the origin of the parention den-
sity of states in the rate equation and it would be directly needed to
derive the first Cr—CO* bond dissociation energy, based on the opti-
mized first appearance energy. It has been measured by electron
ionization [17,18,20,42] and photoionization [14,16,43,44] exper-
iments to be between 8.10-8.48 eV. The hot band corrected value
0f8.142 +0.017 eV by Lloy and Schlang [43] from 1969 was recom-
mended by Lias etal. [45] in their compilation in 1988. However, the
identification of the 0-0 origin band is not definitive [46]. An IE of
8.244+0.07 eV was obtained in a PEPICO experiment by Meisels and
co-workers [16], in agreement with an inflection point at 8.24eV
noted by Lloy and Schlang [43]. First in 1993 and later in 2001,
Armentrout et al. [12,13] used 8.19 +0.07 eV, the average of the
photoionization values by Meisels et al. [16] and Lloy and Schlang

[43], to calculate the heat of formation of the Cr(CO)g* ion. The latest
experimentally determined IEs were reported as 8.157 +0.026 eV
and 8.10+£0.01eV by Ng et al. [15] and Qi et al. [14], respectively,
both obtained by linear extrapolation of the photoionization effi-
ciency curves. The former is in reasonably good agreement with
the value recommended by Armentrout et al. [12,13], while the
latter is the lowest one in the literature, matching the Hubbard and
Lichtenberger determination [44] from 1982.

It is not surprising, however, that there is considerable dis-
agreement over the IE in the literature. The first ionization band
of organometallics is typically a broad and featureless peak, corre-
sponding toionization from a d orbital yielding three doublet states,
each affected by spin-orbit coupling. Therefore, the d-band usually
lacks sufficient fine structure to employ Franck-Condon simula-
tions to determine an accurate adiabatic ionization energy. So as
not to mix the rather qualitative analysis of the photoelectron spec-
trum with the quantitative analysis of dissociative photoionization,
we have not recorded the TPES. In this work, for consistency,
we first checked the IE value from Armentrout et al. [12,13] and
then, rather than using this uncertain IE from photoelectron spec-
troscopy, determined the first CO-loss appearance energy, Eqy, by
fixing the first ionic BDE to the TCID value and optimized the IE to
fit the breakdown curve for Cr(CO)s*. In the rest of the statistical
model, this IE value was then used to calculate the internal energy
distribution of the molecular ion. It is important to note here that
the choice of IE only affects the first BDE directly and its effects on
the rest of the BDEs are close to negligible.

The breakdown diagram is shown in Fig. 1 and selected thresh-
old photoionization mass spectra in the energy range of the first
three carbonyl loss reactions are plotted in Fig. 2. Below 9.7 eV,
only the molecular ion, Cr(CO)g*, and its first CO-loss fragment,
Cr(CO)s*, are present. The Cr(CO)g* cation is observed as a symmet-
ric peak at around 33.1 us, while the Cr(CO)s* fragment ion peak
is asymmetric and broad with a time-of-flight between 30.7-32.3
/s at low photon energies. The Cr(CO)4* and Cr(CO)3;* cations also
show slight asymmetries between 28.5-29.5 y4s and 25.9-26.4 us,
respectively. This indicates that the first three carbonyl-loss chan-
nels are slow at threshold and their precursor ions are metastable
on the time scale of the experiment. The fragment ion peak shapes
are indicative of the rate constant and were modeled simultane-
ously with the breakdown diagram to obtain the experimental
unimolecular rate curve and to extrapolate it to threshold, thereby
taking the kinetic shift into account.

The best model temperature was found to be 300K, in agree-
ment with the room temperature experiment. In the SSACM model
for the Cr(CO)g* CO-loss rate curve, the rigidity constant ¢ was
adjusted along with the Eg, in order to reproduce the experi-
mental data. First, using the literature IE of 8.194+0.07 eV, a best
fit of c=80cm~! and Ey=9.625+0.035eV was obtained, which
yields a bond dissociation energy of 1.436 4-0.074 eV - in excellent
agreement with the revised BDE[(CO)5Cr*—C0O]=1.43 +£0.09 eV of
Muntean and Armentrout [13]. Noting that unlike our BDE, the
Armentrout et al. value was determined directly, we have then
opted to use this BDE and optimized the IE instead to obtain the
appearance energy, Eg, resulting in 8.195+0.120eV, taking the
full error bar of the Armentrout BDE into account. This optimized
IE value, which is now independent from any PES studies, was
used in the rest of the statistical model. 0K appearance energies
of 10.346+£0.035eV and 10.990+0.037 eV were determined for
the second and third CO-loss channels, producing Cr(CO)s* and
Cr(CO)3* fragment ions, respectively.

Above 11 eV photon energy, the fragment ion TOF peak shapes
are all symmetric, indicating fast dissociation processes and the
statistical model is only used to calculate the product energy
distribution of the intermediate fragment ions, assuming two
translational degrees of freedom [34]. We derived the 0K appear-
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Fig. 1. Breakdown diagram showing the six consecutive CO-losses of Cr(CO)s* in the 9.3-21.5 eV photon energy range. Closed polygons are experimentally measured ion
abundances, and lines are the best-fit modeling of the data. Gray shadows behind the breakdown curves are representing the absolute threshold photoelectron count, showing

the location of the first excited state band of the Cr(CO)s* ion.

Table 1

Summary of appearance energies (Eo | eV) for the sequential CO-loss channels of Cr(CO)s*.

This work Qietal. [14] Ngetal. [15] Meisels et al. [16] @ Michels et al. [17] 2
Cr(CO)s* 9.625+0.035" 9.29+0.01 9.55+0.04 9.73+0.24 9.85+0.03
Cr(CO)4* 10.346 +0.035 9.85+0.02 10.08 +0.04 9.95+0.10 10.45+0.03
Cr(CO)s* 10.990 +0.037 10.62+0.02 10.78 £0.09 10.78 £0.14 11.35+0.03
Cr(CO),* 11.716 +£0.040 11.27 +£0.03 1148 +£0.11 11.44+0.13 12.51+0.04
CrCo* 12.770 +£0.060 13.19+0.03 <12.78+0.13 12.80+0.10 14.03 +0.04
Cr* 13.861+0.040 14.12+0.03 <14.67+0.26 14.13+0.11 15.36+0.03

2 The authors assumed negligible kinetic energy of the fragmentation products and used their appearance energies to calculate 298 K thermochemistry.
b This Ey was obtained by fixing the BDE to the Armentrout value [13] and optimizing the adiabatic ionization energy.

Table 2
lonization energy (IE) and 0K bond dissociation energies (BDE).
This work Armentrout et al. [12,13] Qietal. [14] Ngetal. [15]
IE | eV
Cr(CO)s 8.195+0.120% 8.19+0.07° 8.10+0.01 8.157 £0.026
BDE [ eV
(CO)sCr-Cco* 1.43+0.09¢ 1.43+0.09 1.19+0.02 1.39+0.05
(CO)4Cr-Cco* 0.721+£0.049 0.64+0.03 0.56+0.03 0.53+0.6
(CO)sCr-co* 0.644+£0.051 0.53+0.08 0.77 £0.04 0.704+0.10
(CO),Cr-Cco* 0.726 +£0.054 0.56+0.06 0.65+0.05 0.70+0.14
(COo)Cr-Co* 1.05440.072 0.98+0.03 1.92+0.06 <1.30+0.17
Cr-CO* 1.091+0.072 0.93+0.04 0.93 +0.06 >0.47+0.01¢
Sum of BDE 5.666 +0.126 5.07+0.15 6.02 +0.03¢ <6.51+0.26°

2 Obtained by fixing the first BDE to the Armentrout et al. value and optimizing the IE to the PEPICO data.

b The ionization energy is the average of two literature values, see text.
¢ Taken from Armentrout et al. [13].

d Estimated lower value from the thermochemical threshold of the ground state Cr* formation, 13.26eV [15].

¢ Calculated here based on the reported IE and Eo[Cr*].

ance energies as Eg=11.716+0.040eV, 12.770+0.060eV, and
13.861+0.040¢eV, for the Cr(CO),*, CrCO*, and Cr* fragment ions,
respectively (see Table 1).

While the breakdown diagram is very well reproduced up to the
crossover energy of Cr(CO)3* and Cr(CO),* at roughly 12 eV, the
statistical model and the experimental data diverge in the inter-
mediate energy range between 12-16eV. On the one hand, this
is not entirely unexpected, since the calculated dissociation rates
for the first CO-loss step are larger than 106 s-! at a parent ion
internal energy of 6.8eV (15eV photon energy). Even if this is a
significant overestimation, there may be insufficient time for the
system to explore the phase space prior to dissociation and the

ergodic hypothesis may not hold. On the other hand, the agreement
between the model and the experimental breakdown diagram is
restored at photon energies above 17 eV, which suggests a more
specific and transient reason for the non-statistical fragmentation
mechanism at intermediate energies. A clue is provided by the
photoelectron spectrum, in which the photoelectron band in the
12-16.5eV range is indeed separated from the ground state band
at 8-9.5 eV by a substantial Franck-Condon gap [47]. Therefore, the
coupling between the ground and the excited state may be weak
and the excited state lifetime long, which was shown to be account-
able for the existence of two, otherwise statistical, but de-coupled
fragmentation regimes of the tetrafluoroethylene cation [48].



K. Voronova et al. / International Journal of Mass Spectrometry 438 (2019) 63-71 67

A IR RARTRT) ARTRARRRTE FRUTINURTE INRRURNTNA ANRTA RRUTI AURAPRRTY STRARTTNY ARUTUAT

Cr(CO)s*

1156V, N

11.00 eV _
5 10856V '

:&’%ﬁg 10.70 eV

T

| I NI A

T

10.30 eV

J % A *y
10.15 eV g% .

a5 Ronmas
E 10.05 eV % ﬂpr(coy

Intenisty / a.u.

L B LR IR

7 9.60 eV

] 9.50 eV AT

] 9.40 eV s §}
\Illl\7I|!IHllH\|IlH|IH\\IIH|IIH\IIII‘IIIIUIlil\III\HII‘HII|\HI|HII|I\
2% 27 32 33

8 29 30 31
lon time-of-flight / us

Fig. 2. Sample threshold photoionization TOF distributions. Open circles are the
experimentally measured PEPICO mass spectra and lines are the best fit modeling
of the data.

Dissociation reactions on repulsive electronic states entail
suprastatistical kinetic energy release and a smaller fraction of the
excess internal energy is retained in the fragment ion. Therefore,
less energy is made available for the sequential dissociations and
the statistical model should overestimate the degree of fragmenta-
tion in the non-statistical energy range. It is nonetheless surprising
that the breakdown diagram is well reproduced by the statistical
model at higher energies. However, both CCl; and SF5CF; have
been shown to photoionize dissociatively and impulsively in the
ground electronic state but statistically at higher energies [49,50].
This means that a return to statisticality is possible at higher ener-
gies, evenifarepulsive state lies below. Yet Cr(CO)g* is, to the best of
our knowledge, the first system in which a non-statistical episode
is found to be bracketed by statistical fragmentation both at low
and at high energies.

The candidate for non-statistical dissociation most affecting the
breakdown diagram is CO-loss from the molecular ion Cr(CO)g",
because most excess energy is available in this step and a sig-
nificant amount may be lost in translation. Therefore, we have
examined the electronic structure of Cr(CO)g* along the CO-loss
coordinate using time-dependent density functional theory for the
excited states, as plotted in Fig. 3. Reaction energy curves along
the optimized CO-loss coordinate in the cation ground state, calcu-
lated at the M06-2X/def2-TZVPP and B3LYP/6-311++G(d,p) levels
of theory, as well as two EOM-EE-CCSD/cc-pVDZ calculations at the
equilibrium and elongated Cr—C bond lengths using the Q-Chem 4.3
program package [38] confirmed the results shown in Fig. 3. The
lowest electronic states of the cation, corresponding to Cr 3d~! ion-
ization, are bound with respect to CO loss. However, all doublet and
some quartet states, computed to lie in the second photoelectron
band of Cr(CO)g, are repulsive. Furthermore, even at higher ener-
gies, direct ionization yields a doublet and an intersystem crossing
(ISC) is required to reach a bound quartet surface, which may be
too slow and not compete effectively with impulsive CO loss on the
doublet surface. The fact that CO loss from Cr(CO)g* in the energy
range of the second photoelectron band takes place along a repul-
sive energy curve explains the enhanced kinetic energy release
and internal energy loss, which leads to less fragmentation than
predicted by the statistical model.

We have also calculated the excited state CO-loss reaction
energy curves in Cr(CO)s* and found that the first ten states are
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Fig.3. (TD-)DFT CO-loss potential energy curves relative to the neutral Cr(CO)s min-
imum, calculated using B3LYP/6-311++G(d,p) along optimized CO-loss geometries
on the ground electronic state of Cr(CO)s*. Blue curves correspond to doublet, red
curves to quartet states (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).

all bound, which means that the suppressed fragmentation in the
breakdown diagram is entirely due to enhanced kinetic energy
release in the first dissociation step. At even higher energies, there
may be electronic states that couple more strongly with the ground
state, which could be responsible for the return to statistical-
ity. Alternatively, and perhaps more likely, the first dissociation
step may take place statistically along an excited quartet potential
energy curve after ISC, which is sufficiently long-lived and couples
weakly with the impulsive doublet states below. This would sup-
press the kinetic energy release in the first step, but lead to more
energetic intermediate fragment ions, which may then lose more of
their internal energy in subsequent CO-loss steps. These two effects
may cancel each other out, yielding a statistical fragmention energy
distribution.

The statistical model provided appearance energies of
12.770+£0.060eV, and 13.861+0.040eV for the CrCO* and
Cr* ions, respectively; however, because of the disagreement
between the experimental breakdown curve for CrCO* and the
statistical model, we need to examine the reliability of these
values. At these photon energies, the width of the initial thermal
energy distribution is negligible compared to the excess photon
energy above the [E and the breakdown curves reflect how much of
the excess energy is lost into translation and CO rotation/vibration
in each dissociation step. Thus, the rising edge of a daughter ion
breakdown curve corresponds to the ion population that have lost
the least possible excess energy and these parts of the breakdown
curves, the rising edges, are least affected by impulsive dissocia-
tion. The fact that even the problematic CrCO* breakdown curve
is reproduced well up to 0.5eV above its appearance tells us that
its derived appearance energy should be reliable. Furthermore,
the fact that the entire Cr* breakdown curve is well reproduced
statistically tells us that the internal energy distribution of its
parent, the CrCO* fragment ion, is very well described in this
photon energy range by the statistical model and the derived
appearance energy is very likely correct.

3.2. Appearance energies, bond dissociation energies, and
thermochemistry

The appearance energies derived in this work are summarized
and compared to earlier studies in Table 1. Rather scattered onsets



68 K. Voronova et al. / International Journal of Mass Spectrometry 438 (2019) 63-71

TCID Dy / (kJ mol™)
20 40 60 80 100 120 140
[ FITTYIRTTY FTRTIINTT) IYRTURTIR] FRTATATA RUVUIRTT) INTRIIRITA CORTUAT!
1.6 Cr(CO)s*—CO - 160
. o7 F o
147 or'—co e P
§1.2—; -120 8
q 10 CrCop’'—co < 100 P
£ 0.8 " creoy’—co Fao B
w ] r E
ﬂ.oe_— 2 + F 60 g
6 17 crco)t-co = 2
043 crCO)*—CO =40

LN L B ’7
04 06 08 1.0 12 14 16
TCID by / eV

Fig. 4. Comparison of PEPICO (this work) and TCID (Armentrout et al. [12,13])
[(CO),Cr—COJ*, n=0-5, bond dissociation energies. Note that, for comparison, the
first BDE[(CO)sCr*—CO] used for this Figure (and not for the thermochemistry, vide
infra) is obtained by using Armentrout’s IE and depends on the choice of IE. It shows,
however, very good agreement with the TCID value, which is independent of the IE.
The other five Cr—CO ionic bond energies show a qualitative agreement, but the
TCID data is systematically lower by 0.12 £ 0.04 eV than the PEPICO values.

were reported in earlier photoionization experiments, and the
appearance energy of the Cr* fragment ion is, in particular, sig-
nificantly higher in every photoionization study compared to the
TCID experiment.

We also calculated ionic bond dissociation energies using the six
appearance energies (Eq for Cr(CO),*; n=5-0 as listed in Table 1).
The BDE were also reported by Qi et al. [14] and Ng et al. [15] in
their photoionization studies but they were measured directly by
Armentrout et al. [12,13] using TCID.

As noted above, the first BDE was fixed at 1.43 £0.09 eV as the
TCID determination of this quantity does not rely on the choice
of the IE. [13] The other five Cr—CO ionic bond energies show a
very good qualitative agreement between the PEPICO and TCID
data but the latter are systematically lower by 0.12 4 0.04 eV than
the PEPICO values, as depicted in Fig. 4. These values can also be
compared to some literature determinations. Barnes et al. [5] used
SCF/MCPF calculations with ECP basis set on the Cr to obtain the BDE
of (CO)Cr*—CO and Cr*—CO which, perchance, happen to coincide
with Armentrout’s values. The reliability of such calculations, how-
ever, is questionable because an exact ab initio treatment of these
systems is prohibitively expensive, as it has to involve relativistic,
spin-orbit, and non-Born-Oppenheimer effects. DFT calculations,
on the other hand, rely on semiempirical parametrization, which
may be less dependable without converged wave function theory
or reliably established experimental data points.

It is clear from Fig. 4 that the largest BDE is of (CO)sCr—CO",
somewhat lower bond energies are found for (CO)Cr—CO* and
Cr—CO*, and the weakest Cr—CO bonds are found in (C0O)4Cr—CO*,
(C0O)3Cr—CO*, and (CO),Cr—CO*. As discussed at length by Armen-
trout et al. [12], a significant driving force behind the varying bond
energies is the change in spin multiplicity. Considering the bond
energies all in the doublet state, the appearance energy of Cr*
should be around 17 eV. However, compared to the parent ion, the
smaller ions become progressively more stable in quartet or sextet
states, effectively lowering the bond dissociation energy upon spin
change.

3.3. Thermochemistry

The neutral Cr(CO)s molecule or the final product Cr* ion
could both be used as the thermochemical anchor to derive
heats of formation from the PEPICO bond dissociation energies.
The enthalpy of formation of Cr* is certainly well established at

Table 3
Auxiliary and derived thermochemical data (k] mol1).

Species A¢Hok A¢Haog k Error Hagsk — Hok®
crt 1048.14° 1050.28" +1.50
CrCco* 829.1¢ 830.9°¢ +7.1 11.25
Cr(CO),* 613.6° 616.1°4 +5.7 17.37
Cr(CO)s* 429.7¢ 432.9¢d +5.5 23.45
Cr(CO)4* 253.8¢ 258.4¢4 +53 30.28
Cr(CO)s* 70.4¢ 76.4°4 +53 37.02
Cr(CO)s* -181.4¢ -176.7¢4 +12.3 41.08
-121.8¢ -117.1¢ +7.1
Cr(COY (g)  -972.1¢ —968.9¢¢ £41 3958
-912.1¢ -908.3¢ +1.7

Cr(CO)s (s) ~1040.6¢ +42

-932.6 +2.1

-980.3f +1.7

-978.2¢ +18.8

-979.9¢ +23

-999.62 +1.7

-982.2" +4.6

-1043.5'

-1077.8!
co -113.803k -110.523k + 0.026

@ Based on B3LYP/6-311++G(d,p) vibrational frequencies.

b NIST-JANAF Thermochemical Tables [51].

¢ This work (see Table 1).

d Converted to T =298 K using harmonic vibrational frequencies and known ele-
mental thermal enthalpies [51].

¢ Armentrout et al., converted to the Rosenstock (ion) convention [12].

f Connor et al. [52].

& Pittam et al. [22].

b Sheiman et al. [56].

I Sharifov and Rezukhina [54] originally published -1078.6 k] mol-!, which was
critically reviewed and corrected based on revised ancillary data by Cotton et al.
[55] to -1043.5 k] mol~'. Cotton et al. later reports [22] this revised value, albeit they
report the author names as Sharafov and Rezukhina, a likely mistransliteration.

J Cotton et al. [55].

k' Active Thermochemical Tables (ATcT) [57].

AHog(Cr*)=1048.14+ 1.5k] mol~! [51]. However, we argue that
this is not the case for Cr(CO)g, contrary to what the 1975 paper by
Pittam et al. asserts [22]. Here, the 298 K enthalpy of formation of
solid Cr(CO)g was reported as A¢H,gg [Cr(CO)g, c] =-979.94+ 1.7 K]
mol-1, calculated as a weighted mean value of three different calori-
metric measurements [22]. By selecting the three values that agree
well, they neglected the fact that there are several other calorimet-
ric measurements, two of them in fact reported as alternative values
in the same papers the three selected values stemmed from (com-
bustion vs. thermal decomposition and thermal decomposition vs.
iodination), which put the solid Cr(CO)g heat of formation between
-1077.8 and -932.6 k] mol-!, spanning a rather impressive range
of almost 150k] mol~!. Interestingly, each of these values were
reported with enviably low (typically <5 k] mol-1) and, therefore,
dubious error bars, which likely corresponded to random errors in
the measurement only, overlooking much larger systematic errors
and their effects on the uncertainty. The alternative values from
Connor et al. [52] and Pittam et al. [22] also differ by 67 k] mol~!
from each other, putting the supposedly consensus value into a
vastly different light. After a review of the calorimetric literature,
one cannot help but conclude that the solid Cr(CO)g heat of forma-
tion is anything but settled.

Therefore, in our thermochemical calculations, we have derived
the enthalpies of formation of the Cr(CO),* ions, n=0-6, and of
gas-phase Cr(CO)g neutral from the Cr* anchor, with the help
of ancillary thermochemical data, as summarized in Table 3 and
briefly outlined here. The 0K heat of formation of CrCO* is calcu-
lated as:

A¢Hok[CrCO* ] = AfHok[Cr*] + AfHog[CO] - (Eg[Cr*] - Eq[CrCO™])
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Similarly, the heats of formation of Cr(CO),* (2 < n < 5) can be
obtained from the Cr* and CO heats of formation and the appear-
ance energy difference between Cr* and Cr(CO),*. For the Cr(CO)g*
molecular ion, the adiabatic ionization energy of Cr(CO)g is used
instead of the appearance energy as:

AfHog[Cr(CO)s™] = AfHok[CrT] 4+ 6 AfHok[CO] - (Eo[Cr*]
- IE[Cr(CO)s])

And, finally, for the precursor neutral compound, Cr(CO)g (g),
the heat of formation is calculated simply from the 0 K appearance
energy of the Cr* ion:

AfHog[Cr(CO)g, g] = AfHog[Cr*] + 6 AfHog[CO]-Eo[Cr™]

To obtain the 298 K heat of formation of the gaseous ions and
neutrals discussed above, we used the known elemental ther-
mal enthalpies [51] and B3LYP/6-311++G(d,p) calculated thermal
enthalpies to convert the 0K heats of formation to 298 K. Room
temperature values for cations are listed according to the ion or
Rosenstock convention [53] in Table 3. For the Cr(CO)g parent
molecule, this gave a heat of formation of A¢H,ggk|Cr(CO)s (g)]
= -968.9+3.9k] mol-!. Since the 298K heat of sublimation for
Cr(CO)g was measured by Pilcher et al. [22] as 71.7 + 0.4 k] mol~!,
we can also derive the 298K heat of formation for crystalline
Cr(CO)s as AfHygg k[Cr(CO)s, c] = -1040.6 +4.2k] mol~'. This is
more than 60 k] mol-! lower than the Pittam et al. recommended
value, but shows serendipitous agreement with A¢Hogg k[Cr(CO)g,
c] =-1043.5+ 1.7 k] mol! reported in an even earlier calorimetric
study by Sharifov and Rezukhina in 1953 [54], as revised by Cotton
et al. (see also the footnote in Table 3) [55].

Such a large correction over a decades old, seemingly
well-established thermochemical value certainly requires some
justification and it is important to note that our derived heat of
formation of Cr(CO)g only depends on the Cr* and CO heats of for-
mation, both well established; the Pilcher heat of sublimation, and
just one PEPICO appearance energy: Eo(Cr*). However, the statis-
tical model that we used to derive this latter value also depends
somewhat on the other appearance energies (or bond dissociation
energies) as the five product energy distribution calculations in
the model are a function of the excess internal energy above the
respective dissociation thresholds. Therefore, we have also carried
out a complete modeling using the Armentrout TCID bond disso-
ciation energies either by fixing all or only the first five BDE at
the TCID values and fitting none or only the last one. The calcu-
lated breakdown curves from these models are shown in Figure
S1 in the Supporting Information (SI). The optimized appearance
energy of the Cr* ion is 13.694 eV in this model (dotted Cr* break-
down curvein Figure S1), whichis still within 170 meV (16 k] mol-1)
of our best-fit value. More importantly, it is immediately obvious
that there is a systematically increasing redshift of the breakdown
curves with increasing fragmentation, which is clearly inconsistent
with the experimental data and suggests that the TCID bond ener-
gies are systematically underestimated. Therefore, we suggest that
the agreement between the TCID bond energy sum with Pittam’s
calorimetry value for the Cr(CO)g heat of formationis accidental and
the newly derived value based on the Cr* anchor and the PEPICO
appearance energy of Cr* is the most reliable value for this key
transition metal carbonyl.

4. Conclusions

The unimolecular dissociation of internal energy selected
chromium hexacarbonyl cations was investigated by imaging
Photoelectron Photoion Coincidence Spectroscopy using VUV
synchrotron radiation from the Swiss Light Source. Cr(CO)g* dis-

sociates by consecutively losing all six carbonyl ligands in the
9.3 to 21.5eV photon energy range. The first three CO-loss reac-
tions are slow on the time scale of the experiment. Hence, we
modeled the time-of-flight mass spectra along with the frac-
tional ion abundances, plotted in the breakdown diagram, to
determine accurate dissociation onsets. Measured unimolecular
dissociation rates were fitted using the simplified statistical adi-
abatic channel model (SSACM) and extrapolated to the threshold,
yielding a 0K appearance energy of 9.625+0.035eV for the first
CO loss. This value was obtained by accepting the TCID C-Cr
bond dissociation energy in Cr(CO)s* and optimizing the ion-
ization energy of Cr(CO)g, which yielded IE=8.195+0.120eV,
a value independent on the intuition-based assignment of the
unresolved group state photoelectron band. We also derived the
0K dissociation onsets of 10.346 +0.035eV, 10.990+0.037 eV,
11.716£0.040eV, 12.770+0.060 eV, and 13.861 4 0.040 eV for the
Cr(C0)4*, Cr(CO)3*, Cr(CO),*, CrCO*, and Cr* fragment ions, respec-
tively. These results may also serve as valuable benchmarks for
organometallic compounds, which are notoriously hard to calcu-
late.

Comparing the experimental and modeled breakdown curves,
we have also discovered a unique feature of the dissociation mecha-
nism: at intermediate internal energies, a non-statistical episode is
bracketed by statistical fragmentation both at low and at high ener-
gies. As confirmed by TD-DFT calculations, this is brought about by
repulsive doublet states of the parent ion in the energy range of
the second photoelectron band. Excitation to these doublet states
leads to enhanced kinetic energy release and, consequently, sup-
pressed degree of fragmentation. At higher energies, the statistical
model fits the experimental data quite well, which suggests areturn
to statisticality, as other bound states are formed, which couple
weakly with the repulsive electronic states in the parent ion. To
the best of our knowledge, this is the first system for which such
an observation has been reported.

Although the bond dissociation energies follow the trend of
the earlier TCID measurements [12,13], they are systematically
higher than these. Since the literature enthalpies of formation of
Cr(CO)s (g) and Cr* are connected directly by the Cr* appear-
ance energy in our photoionization experiment, our disagreement
with both the literature thermochemistry and TCID data hints at
several possible sources of error. If we convert the TCID bond ener-
gies to appearance energies, the discrepancy with the breakdown
diagram is large already in the second step, and gets progres-
sively larger as the fragmentation progresses, which indicates
that the binding energies have been consistently underestimated
and these, individually small, errors are amplified in their sum.
Furthermore, the literature AfH,9gx[Cr(CO)g, g] is based on an
expectedly trustworthy sublimation enthalpy but a rather dubious
averaging of a select few calorimetry experiments, disregarding
the majority of calorimetry results without cause. We, there-
fore, use the Cr* appearance energy together with well-defined
ancillary thermochemical data to report a revised chromium hex-
acarbonyl heat of formation, both in the gas and the crystalline
phases.
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