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ABSTRACT

The bond dissociation energy of FeCr™ is measured using resonance enhanced photodissociation spectroscopy in a cryogenic ion trap. The
onset for FeCr* — Fe + Cr* photodissociation occurs well above the lowest Cr* (°S, 3d”) + Fe(°D, 3d°4s?) dissociation limit. In contrast, the
higher energy FeCr*™ — Fe* + Cr photodissociation process exhibits an abrupt onset at the energy of the Cr(’S,3d4s') + Fe*(°D, 3d%4s")
limit, enabling accurate dissociation energies to be extracted: D(Fe-Cr*) = 1.655 + 0.006 eV and D(Fe*-Cr) = 2.791 + 0.006 eV. The measured
D(Fe-Cr") bond energy is 10%-20% larger than predictions from accompanying CAM (Coulomb Attenuated Method)-B3LYP and NEVPT2
and coupled cluster singles, doubles, and perturbative triples electronic structure calculations, which give D(Fe-Cr*) = 1.48,1.40,and 1.35 eV,
respectively. The study emphasizes that an abrupt increase in the photodissociation yield at threshold requires that the molecule possesses a
dense manifold of optically accessible, coupled electronic states adjacent to the dissociation asymptote. This condition is not met for the lowest
Cr*(°S,3d”) + Fe(°D, 3d%4s) dissociation limit of FeCr* but is satisfied for the higher energy Cr(’S,3d’4s') + Fe* (°D, 3d°4s") dissociation
limit.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0188157

I. INTRODUCTION

The bonding in small transition metal molecules and clusters is
a matter of ongoing interest due to the importance of metal-metal
bonds in diverse chemical situations. Small metal clusters have
electronic properties that can be harnessed in catalysis,' serve as
model catalysts for gas-phase activation of N, and methane,” ® and
are key to Oy sensitivity in enzymes.” The fundamental impor-
tance of small transition metal molecules and clusters has motivated
numerous computational investigations focusing on their structures,
energetics, and reactivity.” '’ Transition metal clusters are challeng-
ing computational targets with debate over the electronic structures
and properties for even small iron and chromium molecules (Cr;,"
Cr, %12 Fep,' and Fez““’“). The molecular bond dissociation
energy (BDE) is a measurable quantity for transition metal diatomic
molecules that can be used to benchmark various computational
approaches, providing a fundamental point of contact between the-
ory and experiment. BDEs have been experimentally determined for

charged metal diatomic molecules using techniques that include col-
lision induced dissociation (CID),'*"” velocity map imaging,'® and
resonance enhanced photodissociation (REPD) spectroscopy,'’ and
for neutral transition metal diatomic molecules by monitoring the
suppression of multiphoton ionization due to predissociation from
an excited state.”’

In this study, we investigate the FeCr" diatomic molecule
by measuring its REPD spectrum in a cryogenic ion trap and by
conducting corresponding electronic structure calculations. Moti-
vations for studying FeCr" include the role Fe- - -Cr bonds play in
metal alloys, particularly in stainless steel, and in some inorganic
compounds containing covalent Fe-Cr bonds featuring remarkably
short Fe- - -Cr bonds (<2 A) and rich redox chemistry.”‘ll Despite
their importance, there have been few previous experimental or the-
oretical investigations of FexCr;,r clusters. In early studies, Hettich
and Freiser reported a low resolution REPD spectrum of the FeCr*
molecule.”” BDEs were deduced from the formation onset for the
lower energy Cr* + Fe products with D(Fe-Cr") = 50 + 7 kcal/mol
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(2.17 £ 0.30 eV) and D(Fe™-Cr) = 75 + 7 kcal/mol (3.25 + 0.30 eV).>*
These experimental bond energies are consistent with computa-
tional predictions made by the authors of the work of Gutsev et al.,
who as part of their extensive study of first-row transition metal
diatomic molecules predicted a relatively weak bond [D(Fe-Cr™)
=2.27 eV] and a >A ground state for FeCr*.’

Under favorable circumstances, REPD spectroscopy is per-
haps the most accurate approach for measuring BDEs for charged
clusters.””*"*" Ideally, there is an abrupt increase in photofragment
signal when the photon energy exceeds the dissociation energy.
Photofragment onsets in REPD spectra have been used to ascer-
tain BDEs for several diatomic metal cations, including Ti,*, Vo™,
Co,*, SmO™, and Fe,*,” " and also polyatomic transition metal
clusters."”***" Spain and Morse outlined the following criteria that
should be satisfied for the photofragment yield to rise abruptly at
the BDE:"** (1) There is a suitable manifold of optically accessi-
ble vibronic states spanning the dissociation limit; (2) dissociation
to produce ground state atoms is feasible while preserving good
quantum numbers; and (3) the excited molecules can dissociate to
ground state atoms without an impeding energy barrier. Photodis-
sociation of transition metal systems is often expedited by dense
manifolds of vibronic states that interact through spin-orbit cou-
pling (SOC). When energetically feasible, SOC enables the molecule
to couple with the dissociation continuum to produce ground state
atoms.

There are many examples of transition metal systems for which
the three Spain-Morse conditions are satisfied and where a sharp
onset in photofragment yield can be convincingly associated with
the BDE.”" * However, some transition metal diatomic molecules
lack suitable optically accessible excited states near threshold or do
not have a sufficient density of coupled states to provide a pathway
to separated atoms. For example, molecules containing transition
metal atoms with @5*Vs ground states (Cr, Mn, Cu, Zn, Mo, T, Pd,
Ag, Cd, Re, Au, and Hg) have fewer molecular electronic states com-
pared to molecules containing metals with ®*YD and ®S*VF atomic
ground states.”” Two instructive examples are Fe;* and Cr,", both
of which undergo photodissociation in the visible spectral range.
Fe,™ has a high density of optically accessible states spanning the
lowest dissociation limit and 750 spin-orbit electronic states cor-
relating with ground state atoms. Thus, the REPD spectrum of
Fe," exhibits a sharp onset for production of Fe* photofragments
when the photon energy exceeds the BDE (2.529 €V).? In contrast,
for Cr,* the photodissociation onset occurs at 2.13 eV, 2230 sig-
nificantly higher than the BDE measured using collision induced
dissociation (1.3 eV).!° The elevated onset for Cr,* photodisso-
ciation reflects the absence of suitable optically accessible excited
states below 2.13 eV, as subsequently shown through measurements
of the Cr," optical absorption spectrum using cavity ring-down
spectroscopy.”’

Here, we examine the photodissociation behavior of FeCr' asa
function of excitation wavelength, finding that it has characteristics
of both Cr,* and Fe,*. Notably, formation of Cr* photofragments
has a gradual onset well above the expected Fe + Cr* dissociation
limit, whereas at higher photon energy there is an abrupt onset for
Fe* photofragments appearing at the lowest energy Fe™ + Cr disso-
ciation limit where there is a far higher density of electronic states.
We rationalize the photodissociation behavior with the aid of cal-
culated potential energy curves describing the ground and excited
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states of FeCr". On the basis of the current work, we believe that the
BDEs reported by Hettich and Freiser,”” and calculated in the work
of Gutsev et al.,” substantially overestimate the actual value.

Il. METHODS
A. Experimental

The experimental apparatus has been described previously.”*”’
It consists of a laser ablation ion source followed by a drift tube ion
mobility spectrometer (IMS), a differentially pumped hexapole, a
quadrupole mass filter (QMF), an octupole ion guide, a cryogenically
cooled quadrupole ion trap (QIT), and a time-of-flight (ToF) mass
spectrometer. Briefly, FeCr" clusters were generated by ablating a
rotating disk of tool steel with the focused output of a frequency-
doubled pulsed Nd:YAG laser (A = 532 nm, 3 m]/pulse, 100 Hz).
Following their creation, the ions were propelled by an electric field
(10 V cm™) through a drift region containing He buffer gas (P ~ 2
Torr). At the end of the drift region, the ion bunch was compressed
radially using an RF ion funnel and passed through a 1 mm ori-
fice into a differentially pumped region containing an RF hexapole
(P~5x%10"° Torr). The ions were accumulated in the hexapole
for 500 ms, after which the potential of an electrostatic lens at the
hexapole exit was dropped to allow the ions to exit the hexapole and
enter the quadrupole mass filter (QMF). The QMF was set to select
*Fe*?Cr* ions, which were then transmitted by an octupole ion
guide into a three-dimensional quadrupole ion trap (QIT) mounted
on a cryohead (T ~ 10 K), where they were collisionally cooled by
He gas injected through a pulsed valve into the trap at 2 Hz. The
ions were allowed to cool in the QIT for 100 ms and then in alter-
nate trapping cycles they were exposed to six light pulses from a
tunable optical parametric oscillator (OPO, EKSPLA NT342B, 6 ns
pulse width, bandwidth ~4 cm™", pulse energy ~10 mJ cm™2 pulse™,
repetition rate 20 Hz). Admission of the light pulses to the ion trap
was controlled using a mechanical shutter. Approximately 30 ms
after the last light pulse, the ions were ejected from the QIT into
a linear time-of-flight mass spectrometer (ToF MS). REPD spectra
for FeCr" were recorded by monitoring Cr* and Fe* photoproducts
(laser-on minus laser-off signal) as a function of OPO wavelength.
Because the ions were trapped for >30 ms after exposure to the last
light pulse, the method should be sensitive to slow photodissociation
processes so that the measured thresholds should not be influenced
by kinetic effects. It should be noted that the FeCr" ions had ample
time (50-500 ms) to relax electronically, vibrationally, and rotation-
ally before they were exposed to light from the tunable OPO. It is
also relevant to note that reducing the light intensity or number of
light pulses did not significantly affect the appearance of the FeCr*
REPD spectra.

B. Theoretical

Potential energy curves (PECs) for FeCr* were calculated using
the ORCA/5.0.2 program package.”>”” All calculations employed
the segmented all-electron relativistically contracted (SARC)
Coulomb fitting basis set,” and the relativistic second-order
Douglas-Kroll-Hess (DKH) Hamiltonian.”® Unrestricted coupled
cluster singles, doubles, and perturbative triples [CCSD(T)]
calculations were undertaken wusing the DKH-def2-TZVP
basis set.”””” N-electron valence second-order perturbation
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theory (NEVPT2)’’ calculations were carried out using com-
plete active space self-consistent field (CASSCF) wavefunctions™
and the DKH-def2-SVP basis set.””” The CASSCF active
space, referred to as CASSCF(13,12), was composed of the
five 3d and 4s orbitals for Fe and Cr, as shown in Fig. 2.
The CASSCF(13,12) reference included equal state averaging
of the ten doublet, quartet, sextet, octet, and dectet potential
energy curves that correlate with Cr*(°S,3d°) + Fe(°D, 3d%4s”)
and Cr(’S,3d%4s') + Fe* (°D,3d%4s') atoms. Spin-orbit cou-
pling (SOC) was included by quasi-degenerate perturbation
theory using NEVPT2 energies.’”” Hereon, this approach
is referred to as SOC+NEVPT2. States correlating with
Cr*(°8,3d°) + Fe(°F,3d’4s') could not be calculated using
this approach, apparently because the CASSCF reference signif-
icantly overestimates their energies. Density functional theory
(DFT) calculations were undertaken employing the range separated
CAM (Coulomb Attenuated Method)-B3LYP hybrid functional®
with the DKH-def2-QZVPP basis set.

The vibrational zero-point energy for the ground state of
FeCr" was determined by fitting the calculated potential energy
points with a cubic spline and numerically solving the ro-vibrational
Schrédinger equation with the VibRot program in MOLCAS."' The
difference in Cr and Fe ionization potentials (AIP) was calculated
with NEVPT?2 at a Fe- - -Cr separation of 20 A, and with CCSD(T)
and CAM-B3LYP by separately calculating IP(Fe) and IP(Cr). The
calculated D(Fe* -Cr) values are the sum of the calculated AIP and
D(Fe-Cr") values (see Fig. 1).

Ill. RESULTS
A. Potential energy curves for FeCr*

Details for the five lowest energy dissociation limits for FeCr*
are compiled in Table I. Combining the two atoms gives rise to a
series of molecular states whose nature can be determined from the
Wigner-Witmer rules.”” For example, the lowest energy dissocia-
tion limit, Cr+(65, 3d5) + Fe(SD, 3d64s2), gives rise to a =" state, a
pair of doubly degenerate IT states, and a pair of doubly degener-
ate A states, each of which can have doublet, quartet, sextet, octet, or
dectet multiplicity (25 + 1). This yields a total of 25 molecular (A, S)
electronic states. These (A, S) states are split by spin-orbit coupling
(SOC), giving 75 molecular SOC states. The energies and number
of molecular electronic states correlating with each of the lowest five
dissociation limits of FeCr™ are listed in Table I. For comparison, the
lowest dissociation limit of Cr,* correlates with 42 SOC states, while
the lowest dissociation limit of Fe,* correlates with 750 SOC states.

dissociation

PRy ,_‘r Fe+(6D)+Cr(7S)
i PP

: ———=— Fe(®D)+Cr(%)
hv: At

D(Fe—Cr*): iD(Fe*—Cr)

FeCr+ =

D(Fe*—Cr) = D(Fe—Cr*) + AIP

FIG. 1. Relationship between energies of the FeCr* diatomic molecule and the
Cr*(58,3d%) + Fe(°D, 3d%4s?) and Cr(’S, 3d%4s") + Fe* (°D, 3d%4s") disso-
ciation limits.
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TABLE I. The five lowest dissociation limits of FeCr* along with the number of molec-
ular states that correlate with each limit ignoring SOC (A, S) and including SOC. The
energies for each limit are given relative to the lowest energy limit as determined from
NIST data.***

Energy above
Dissociation limit ~ GS atoms (cm™) (A, S) states  SOC states
Cr*(°S) + Fe(°D) 0 25 75
Cr™(®S) + Fe(°F) 6928 35 105
Cr(’S) + Fe* (°D) 9161 30 105
Cr(’S) + Fe" (*F) 11033 35 98
Cr™(°D) + Fe(°D) 11962 125 375

PECs for SOC states correlating with the Cr*(°S) + Fe(°D)
and Cr(’S) + Fe* (°D) dissociation limits are shown in Fig. 2(a).
The PECs were calculated using the SOC+NEVPT2 method (gray
dots) and CCSD(T) (solid lines). The solid black curve in Fig. 2(a)
corresponds to the CCSD(T) ground state for FeCr*. Both the
CCSD(T) and SOC+NEVPT2 calculations predict a X" ground
state for FeCr" with the dominant electronic configuration shown
in Fig. 2(b). Reliably assigning the ground state is difficult because
six different SOC states are predicted to lie within 400 cm™' of
the ground state. Previously, the authors of the work of Gustev
et al. proposed a *A ground state based on DFT calculations at
the BPW91/6-311+G* level.” However, some caution is warranted
as BPW91/6-311+G* calculations incorrectly predict a 2Z* ground
state for Cr," instead of '*=*'” and a’ A, ground state for Fe; rather
than 92;.”" 1

The PECs correlating with the second lowest dissociation limit
[Cr* (°S) + Fe(°F)] could not be reliably calculated with NEVPT2 or
CCSD(T), presumably because their energies are overestimated by
the CASSCEF reference relative to other low-lying states. The green
dashed curve in Fig. 2(a) corresponds to a hypothetical potential
energy curve correlating with Cr* (°S) + Fe(°F) atom that has been
included to help visualize the states correlating with this asymp-
tote. As explained below, PECs emanating from this dissociation
limit should be relatively shallow. Calculated potential energy curves
associated with the next higher limit [Cr(’S) + Fe*(°D)], the low-
est energy limit giving Fe* fragments, are shown in Fig. 2(a). The
solid red curve in Fig. 2(a) corresponds to the lowest dodectet state
calculated using CCSD(T).

The shallow nature of PECs correlating with the Cr* (°S,3d”)
+Fe(°F,3d"4s") and Cr(’S,3d4s') + Fe*(°D, 3d°4s') dissociation
limits can be rationalized by considering the occupation of the
so bonding and so* antibonding orbitals that influence the bond-
ing for first-row transition metal dimers.”***"" Molecular orbitals
generated from atomic 3d orbitals are of mostly nonbonding char-
acter. For FeCr', the bonding so molecular orbital is derived
mainly from the 4s atomic orbital of Fe, while the antibonding
so* molecular orbital is principally generated from the 4s atomic
orbital of Cr. Molecular states of FeCr* correlating with ground
state atoms [Cr*(°S,3d’) + Fe(°D, 3d%4s)] have a doubly occu-
pied so® bonding orbital, whereas states correlating with the higher
energy dissociation asymptotes [Cr* (°S,3d”) + Fe(°F,3d"4s') and
Cr(’s,3d°4s') + Fe*(°D,3d%s')] have a singly occupied so’
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I cr(’s, 3d%s') + Fe*(®D, 3d%4s') — 30 (A,9)
crt(®s, 3d% + Fe(°F, 3d74s') — 35 (A,S)

—1

T 15000

Energy (cm

10000 [~

5000

crt(®s, 3d%) + Fe(°D, 3d%4s?) — 25 (A,S)

Fe—Cr* bond length (A)

FIG. 2. (a) Potential energy curves for SOC states of FeCr* correlating with ground state atoms Cr* (6S,3d®) + Fe(°D, 3d®4s?) and with the excited Cr(’S, 3d°4s")
+Fe™ (°D, 3d%s") limit. Points on PECs calculated using SOC+NEVPT2 are shown as gray dots. The PECs for the lowest energy doublet (black trace) and lowest energy
dodectet (red trace) calculated using CCSD(T) are also shown. The green dashed line shows a hypothetical PEC correlating with Cr+ (S, 3d°) + Fe(°F, 3d74s') atoms.
The numbers of (A, S) molecular electronic states generated from these atomic fragments without considering spin-orbit coupling are indicated. (b) Active space orbitals
used for CASSCF and NEVPT2 calculations. The electronic configuration shown is the dominant configuration for the lowest >=* electronic state.

bonding orbital, resulting in shallower wells and longer bonds than
states with a so? configuration.”****’

B. Photodissociation and bond energetics

Exposing the FeCr" ions to visible light in the QIT produced
Cr" and Fe* photofragments with a branching ratio that depended
on wavelength. The effect of light is apparent in Fig. 3, which shows
the difference between ToF mass spectra obtained with the dissoci-
ation laser on and dissociation laser off. Exposure to 22472 cm™"
photons yields significantly more **Cr* than **Fe*; however, the
2Cr* and *°Fe” photoproduct signals are comparable if the pho-
ton energy is increased by 102 cm™ to 22574 cm™' [the photon
energies for dissociation are indicated in REPD spectrum shown in
Fig. 4(b)]. As discussed below, this change in photoproduct branch-
ing ratio occurs when the photon energy exceeds the lowest Fe*
+ Cr dissociation limit. The minor m/z 54 peak in the mass spec-
trum is due to **Fe* photofragments from %Fe, ™, which is isobaric
with *°Fe*Cr*.

The REPD spectrum of FeCr* measured over the 410-690 nm
range is shown in Fig. 4. As the photon energy is increased, the
Cr* signal (green trace) exhibits a gradual onset at %17 000 cm™’,
consistent with the previous measurements by Hettich and Freiser.”’
At 22510 cm™!, there is an abrupt increase in the Fe® pho-
toproduct signal coinciding with a decrease in the Cr" photo-
product signal [Fig. 4(b)]. This steep rise in Fe* photofragment
yield resembles sharp photodissociation onsets observed for other
transition metal dimers including Ti,*, V,*, Co,*, and Fe," at
their dissociation limits.”"”® To investigate whether Fe* prod-
uct ions were formed by one-photon dissociation, power depen-

dence measurements were conducted with light at 22568 cm”l,

~58 cm~' above the Fe*™ REPD onset. As shown in Fig. 5, both
*Fe* and *2Cr* photoproduct yields exhibit a linear depen-
dence on laser power, consistent with single photon dissociation
processes.

F 520+ (a) 7 =22472 cm’!

B4EgS6Eet  SOFe,t

56Fe+
- [ |
o [ 54+
50 Fe 56Fg52Cr+
S S4FedFet
C
5
7]
c
S
? L (b) 7 = 22574 cm™"
s 252Cr+
9] [
E [ I|h56Fe+

o

—
[ S*Fe* 56Fe520r+v
E 54Fe54Fe+

50 60 70 80 90 100 110
m/z

FIG. 3. Light-on minus light-off photodissociation mass spectra for %Fe%?Cr*
with OPO light tuned to (a) 22472 cm~" (orange trace) and (b) 22574 cm~"
(lower, black trace). The photoexcitation energies are indicated in the REPD
spectrum shown Fig. 4(b). Isobaric *Fe,* ions yield Fe* photoproducts that
are distinguishable from %6Fe* and 52Cr* photoproducts from %Fe®Cr*. %Fe*
photofragment ions are also formed from small populations of *Fe®Fe* and
%Fe,* ions present in the QIT.
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FIG. 4. (a) REPD spectrum of FeCr* in the visible region following the photoprod-
uct signal of Cr* (green trace) and Fe* (red trace). (b) Relative yields of Cr*
(green circles) and Fe* (red circles) photoproduct ions in the vicinity of the Fe*
REPD threshold. Sub-threshold %8Fe* ions are photofragments from background
%Fe%®Fe+ and 567+ ions present in the QIT. Arrows indicate the excitation
energies for the photodissociation mass spectra shown in Figs. 3(a) and 3(b).

Assuming that the energy for sharp onset for Fe™ photofrag-
ments corresponds to the Cr(’S,3d4s') + Fe* (°D, 3d%4s') disso-
ciation threshold implies D(Fe*-Cr) = 22510 + 50 cm™! (2.791
+ 0.006 eV) and D(Fe-Cr*) = D(Fe"-Cr)-AIP = 13350 + 50
em™ (1.655 + 0.006 V) (using AIP = 1.1359 eV = 9161 cm™*,
Ref. 45). As shown in Fig. 4(a), the onset for Cr* formation
occurs at ~17000 cm ™', 4000 cm™' above the actual dissocia-
tion energy, D(Fe-Cr"). The absence of Cr* photofragments for
photon energies near the Cr*(°S) + Fe(°’D) dissociation limit is
presumably because there are no optically accessible states in the
vicinity. Generally, in order to produce photofragments associ-
ated with the lowest dissociation limit, it is necessary that PECs
correlating with a higher dissociation limit dip below the low-
est dissociation asymptote. As discussed above, PECs correlating
with the excited Cr*(°S,3d°) + Fe(°F,3d”4s') and Cr(’S,3d’4s")
+Fe*(°D,3d%s") limits are likely to be shallow with minima
lying above the Cr* (°S) + Fe(°D) dissociation limit. Furthermore,
because the equilibrium bond lengths associated with these molec-
ular states will exceed the bond length for the electronic ground
state, the first few vibronic transitions from the ground state should
have small Franck-Condon factors. This is consistent with the
gradual onset for formation of Cr* photoproducts. As a con-
sequence, the earlier bond dissociation energy reported by Het-
tich and Freiser [D(Fe-Cr*) = 2.17 + 0.30 eV], based on the
onset for Cr* photoproducts,” overestimates the actual value
by 0.52eV.
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FIG. 5. Light fluence dependence for photodissociation of FeCr* to yield (a) Fe*
photoproducts, and (b) Cr* photoproducts using 22 568 cm=" (2.798 eV) photons.
Each ion packet was exposed to six laser pulses. Data point error bars correspond
to +10 relative errors. The reported uncertainty for n is +2¢.

The situation is different for photodissociation to produce Fe*
fragments. At the Cr(’S) + Fe*(°D) dissociation limit, there is a
high density of optically accessible excited vibronic states as evi-
denced by the steady production of Cr* photofragments across the
18000-24 000 cm™" range (Fig. 4). Moreover, the SOC+NEVPT2
calculations predict a high density of excited electronic states span-
ning the Cr(’S) + Fe* (°D) dissociation limit [see Fig. 2(a)]. Evi-
dently, the excited states are strongly coupled so that dissociation
to give Cr(’S) + Fe* (°D) products occurs right at the dissociation
limit.

The new experimental BDEs for FeCr* allow us to make
comparisons with similar systems and to assess the performance
of various computational approaches. Previous BPW91/6-311+G*
calculations from the work of Gustev et al. predicted D(Fe-Cr")

TABLE II. Measured and calculated values for D(Fe-Cr*) and D(Fe*-Cr) for FeCr*
obtained in this work, through previous REPD measurements (Ref. 23), and from
BPW91/6-311+G* calculations (Ref. 9).

D(Fe-Cr*) (eV) D(Fe'-Cr) (eV) AIP (eV)

REPD' 1.655(6) 2.791(6) 1.136
REPD* 2.17(30) 3.25(30) 1.136
BPW91* 2.27

CAM-B3LYP* 1.478 2.527 1.049
NEVPT2" 1.401 2.328 0.927
CCSD(T)* 1.346 2.381 1.035
#This work.

PReferences 43-45.
“Reference 23.
dReference 9.
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= 2.27 eV,” exceeding the experimental value by 0.68 eV. Calcu-
lated D(Fe-Cr") values determined in the current study are closer
to the experimental value but are too low by 0.18 eV (CAM-B3LYP),
0.25 eV (NEVPT2), and 0.31 eV [CCSD(T)] (see Table II). Com-
pared to related systems, the bond for FeCr* [D(Fe-Cr*) = 1.655 eV,
re = 2.7 A] is stronger than the Cr,* bond [D(Cr-Cr*) = 1.30 eV,
re = 2.9 A]'"*'° but much weaker than the Fe,* bond [D(Fe-Fe™)
=2.529eV,r. =2.1 A1

IV. CONCLUSIONS

We have measured the REPD spectrum of the iron chromium
diatomic cation FeCr* in a cryogenic ion trap by monitoring the
production of Cr* and Fe* photofragments as a function of photon
energy. The lack of optically active excited states near the Cr* (°S)
+ Fe(°D) dissociation limit means that there is a gradual onset for
Cr" photofragments at photon energies well above the limit. On the
other hand, a sharp onset for Fe* photoproducts at higher photon
energy can be plausibly associated with the Cr(’S) + Fe™ (°D) dis-
sociation limit. From the Fe' onset energy, one can derive accurate
BDE values [D(Fe-Cr*) = 1.655 + 0.006 ¢V and D(Fe™-Cr) = 2.791
+ 0.006 eV], around 0.5 eV lower than previously reported experi-
mental BDEs.”> The new experimental BDEs for FeCr* supplement
a growing list of BDE:s for transition metal diatomic molecules mea-
sured with greater than chemical accuracy (0.04 eV),”*® providing
benchmark data for different quantum chemical approaches. Ideally,
in the future the BDE and ionization potential of neutral FeCr will
be measured, allowing the consistency of neutral and cation BDEs
to be checked through the thermochemical cycle: Dy(FeCr) + IP(Cr)
= Do(FeCr*) + IP(FeCr).”

Finally, we note that the situation for FeCr", with a gradual
increase in Cr™ production and abrupt onset for Fe* production,
may apply to other MCr™ cations for which IP(M) > IP(Cr). This
provides hope that BDEs can be measured for systems such as CrCo*
and CrNi* by monitoring thresholds for production of Co* or Ni*
photofragments rather than Cr*. More generally, monitoring the
onsets for photofragmentation into higher energy channels may help
ascertain BDEs for an extended range of metal dimers including
molecules containing metal atoms with $®*! ground states (Cr,
Mn, Cu, Zn, Mo, Tc, Pd, Ag, Cd, Re, Au, and Hg), which are dif-
ficult targets for threshold photodissociation measurements because
the ground state atoms correlate with relatively few molecular elec-
tronic states.”’ Encouragingly, BDEs have recently been measured
for the neutral CrN, CuN, and AuB molecules by observing the
suppression of mulitphoton ionization at photon energies that cor-
respond to dissociation to atomic fragments in their excited states.*’
For these systems, as for FeCr*, there are few optically accessible,
coupled states in the vicinity of the lowest dissociation limit but a
conveniently large density of states adjacent to limits associated with
separated atoms in excited electronic states.
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