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Controversial electronic structures and energies of Fe,, Fe; , and Fe,

resolved by RASPT2 calculations

Chad E. Hoyer, Giovanni Li Manni, Donald G. Truhlar,® and Laura Gagliardi®
Department of Chemistry, Chemical Theory Center, and Supercomputing Institute, University of Minnesota,
207 Pleasant St. SE, Minneapolis, Minnesota 55455-0431, USA

(Received 12 July 2014; accepted 3 November 2014; published online 26 November 2014)

The diatomic molecule Fe, was investigated using restricted active space second-order perturbation
theory (RASPT?2). This molecule is very challenging to study computationally because predictions
about the ground state and excited states depend sensitively on the choice of the quantum chemical
method. For Fe, we show that one needs to go beyond a full-valence active space in order to achieve
even qualitative agreement with experiment for the dissociation energy, and we also obtain a smooth
ground-state potential curve. In addition we report the first multireference study of FeJ , for which we
predict an 8%, ground state, which was not predicted by previous computational studies. By using
an active space large enough to remove the most serious deficiencies of previous theoretical work and
by explicitly investigating the interpretations of previous experimental results, this study elucidates
previous difficulties and provides — for the first time — a qualitatively correct treatment of Fe,, FeJ,
and Fe; . Moreover, this study represents a record in terms of the number or active electrons and active
orbitals in the active space, namely 16 electrons in 28 orbitals. Conventional CASPT2 calculations
can be performed with at most 16 electrons in 16 orbitals. We were able to overcome this limit by
using the RASPT?2 formalism. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4901718]

. INTRODUCTION

Iron clusters exhibit interesting trends in reactivity and
ionization potentials (IPs) over a range of cluster sizes.'”’
There have been several quantum chemical studies of iron
clusters based on Kohn-Sham density functional theory;*!!
however, important questions remain, even for the smallest
ones, Fe,, Fezr , and Fe; . For example, the natures of the
ground states of Fe, and Fe] are unresolved in previous work.
This indicates that even the smallest clusters are still very
challenging and they are the objects of the present study. For
a complete understanding of these issues, we first discuss the
experimental and theoretical background.

A. Previous experimental work

A ground-state vibrational frequency (w,) of 299.6 cm™!
was measured for Fe, in both solid Ar and solid Kr matrices
at 11 K with resonance Raman spectroscopy.'> The authors
tested for the presence of Fe, by measuring the absorbance of
their sample and comparing it with that previously reported.'?
The most accurate ground-state bond length (R,), 2.02
+ 0.02 A, was obtained from an extended x-ray absorption
fine structure (EXAFS) study performed on Fe, isolated in
solid neon at 4 K.'* However, recent computational'"*'> and
experimental'®!”7 studies disagree on the symmetry of the
ground state of Fe,.

In 1984, Baumann et al. attempted to measure an elec-
tron paramagnetic resonance (EPR) spectrum of Fe, in an Ar

3 Authors to whom correspondence should be addressed. Electronic
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and a Kr matrix at 4 K;!7 no transition was observed. Be-
cause the experimental conditions were similar to the EX-
AFS study and they observed little zero-field splitting (ZFS)
in other transition-metal complexes,'® they concluded that Fe,
most likely has an orbitally degenerate ground state. (An or-
bitally degenerate state is a molecular electronic state with,
in the absence of spin-orbit coupling, two or more degenerate
components due to orbital angular momentum. For a linear
molecule this corresponds to a nonzero value for the orbital
angular momentum projection quantum number A, as in a I1
state). In the EPR study, the observed transitions between the
M, components obey the following relation: hiv o« D £ gBB,
where /4 is Planck’s constant, v is frequency, D is the ZFS pa-
rameter, g is the g-tensor, B is the Bohr magneton, and B is
the magnitude of the magnetic field."” For a linear molecule
in a solid matrix (as in the case of Fe,) with an orbitally de-
generate ground state, the g-tensor may be very anisotropic,
and one of the components is zero (implying that an infinite
magnetic field would be needed to induce a transition).?’ No
clear transition occurs since the random orientations of the
molecules in the matrix cause weak absorptions to occur over
an extended range of magnetic field.”° Now, going back to the
effects of ZFS on the EPR spectrum, iron dimer would need
a ZFS parameter D (D is a scalar due to the symmetry of the
problem) around 8 cm~! or greater for it not to be observed if
it does not have an orbitally degenerate ground state.!’

In 1986, the photoelectron spectrum of Fe, was mea-
sured in the gas phase with negative ion photoelectron (PE)
spectroscopy.'®2! From the spectrum, the ground-state con-
figurations for Fe; and Fe, were assigned as 4s*3d'* and
4533d"3 respectively (the configuration specification conven-
tion used in the present article labels configurations with

© 2014 AIP Publishing LLC
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respect to the separated atoms: Fe ™ (4s23d") + Fe(4s?3d®) and
Fe(4s23d°®) + Fe*(4s'3d")). A 0.90 eV electron affinity (EA)
was also measured.'® It was concluded that the state observed
for Fe, was the ground state because of the good agreement
in vibrational frequency with that of the resonance Raman
study.

The ionization potential of Fe, was measured by Rohlf-
ing et al. by employing photoionization spectroscopy in
the gas phase.® Whether the ground state of Fe; can be
formed by one-electron detachment from Fe, has yet to be
investigated.

The dissociation energy (D,) of Fe, was measured in-
directly by first measuring the dissociation energy of Fe;
through collision-induced dissociation (CID) methods.?? In
addition to the IPs of Fe and Fe,, the D, of FeJ was used to
compute the D, for Fe, according to the following equation:

Dy(Fe,) = Dy(Fe}) — IP(Fe) + IP(Fe,). (1)

Analogously to Eq. (1), the D, of Fe;, was also computed with
experimental quantities.

B. Previous theoretical work

In 2002 and 2003, two quantum chemical studies to
characterize the states observed in the negative ion PE
study were reported.”>?* Both used a complete-active space
self-consistent-field (CASSCF)® reference wave function
with an active space of 16 electrons in 12 orbitals, de-
noted CAS(16,12). Bauschlicher and Ricca® used both
calculations employing multireference configuration interac-
tion plus a Davidson correction (MRCI4+QP)?%?7 and cal-
culations employing CAS second-order perturbation theory
(CASPT2).2%:29 By a CASPT2(16,12) calculation they pre-
dicted that the °%, state with a 45°3d"> configuration is
the lowest-energy state of Fe,. However, their results with
CASPT2(16,15) in which they added correlating 3d orbitals
to the CAS(16,12) active space indicated that the ground state
is a 7A,, state with a 45?3d'* configuration (i.e., that is cor-
responds to separated atoms with configurations Fe*(4s'3d")
+ Fe*(4s'3d"), where * denotes an excited state). The con-
clusion was based on the lowering of the computed ° %, -
TA,, splitting from 0.84 eV with CAS(16,12) to 0.19 eV with
CAS(16,15), and it was hypothesized that larger active spaces
would decrease the splitting further until negative values are
reached. For Fe; a CASPT?2 calculation with a (17,12) ac-
tive space predicted that an 3%, state with a 4s*3d'* con-
figuration is the ground state. The authors said that there was
good agreement between their calculations and EPR result for
Fe, because an orbitally degenerate state was predicted. They
provided a possible explanation of the negative ion PE experi-
ment, namely that although the 7 A , is the ground state, it was
not observed because it cannot be formed from a one-electron
detachment from the 8%, state of Fe; , and electron detach-
ment from the 8 ¥, electronic state of Fe; was inferred to lead
to the °X; state of Fe,.

A second computational characterization of Fe, and Fe;
was performed by Hiibner and Sauer.’* They also used a
CASSCEF(16,12) wave function as a reference and they re-

J. Chem. Phys. 141, 204309 (2014)

ported a multireference configuration interaction (MRCI) cal-
culation with a Pople size-consistency correction, QF.>° The
8%, and °X; states were predicted to be the ground states of
Fe, and Fe,, respectively. This picture agrees well with the
negative ion PE experiment but disagrees with the EPR result
because X states are not orbitally degenerate.

Inconsistencies are still present in very recent computa-
tional studies; we give two examples. In 2011, the calcula-
tions of Angeli and Cimiraglia predicted a °%, ground state
for Fe,."> They used a CASSCF reference wave function
with a (16,12) active space in a calculation by N-electron va-
lence state perturbation theory up to second order (NEVPT2)
and third order (NEVPT3).3! However, the authors performed
tests on a single Fe atom from which they concluded that the
CAS(16,12) active space for Fe, is too small. An indication of
the difficulty of treating all relevant configurations adequately
is that their ’ A, potential energy curves showed large discon-
tinuities at all levels of theory that they employed.

In 2012, Cervantes-Salguero and Seminario predicted a
TA, ground state for Fe,, using the OPBE*** exchange-
correlation functional.!!

Given the inconsistencies among various computational
results on the Fe,, FeJ, and Fe; systems we decided to under-
take a computational study of these systems with multirefer-
ence methods based on restricted active space self-consistent
field wave functions. We show results obtained employing
wave functions generated by a larger numbers of active elec-
trons and orbitals (16 electrons in 28 orbitals) than have been
treated previously. We discuss why such a large active space
is needed to obtain quantitatively correct results. Our compu-
tational study represents a record in terms of the size of the
active space employed. Conventional CASPT?2 calculations
can be performed with at most 16 electrons in 16 orbitals.
We were able to go beyond this limit by using the RASSCF
and RASPT2 formalism.

Il. COMPUTATIONAL METHODS

Because CAS calculations with a large enough active
space to yield a realistic potential energy curve would be
too large to be practical, we employ the restricted active
space self-consistent field (RASSCF)** method followed by
second-order perturbation theory (RASPT2).>> All RASSCF
and RASPT?2 calculations were performed with the MOLCAS
7.8 software package.’® A basis set of the atomic-natural-
orbital type?” of quadruple-¢ plus polarization quality (ANO-
RCC-VQZP) [7s6p4d3f2g1h] was used. Scalar relativistic ef-
fects were included by using the second-order Douglas-Kroll-
Hess Hamiltonian.*® All RASSCF calculations used a level
shift of 0.5 hartree.’® All RASPT2 calculations utilized an
imaginary shift of 0.2 hartree*’ to eliminate intruder states.
A modified zeroth-order Hamiltonian was used that incorpo-
rated an ionization potential-electron affinity IPEA) shift of
0.25 hartree.*! Except where noted otherwise, all calculations
were performed by imposing the symmetry constraints of the
D,,, point group.

The active spaces used here are denoted RAS(n,N;p,P),
which denotes a distribution of n electrons in N + P
orbitals such that all possible CSFs involving various
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occupancies of N orbitals (called the RAS2 orbitals) are in-
cluded plus additional CSFs with up to p electrons in P ad-
ditional orbitals (called the RAS3 orbitals) and the rest in
the original N orbitals. In this notation a CAS active space
would be CAS(n,N;0,0). For our calculations on the diatomic
systems, we use RAS(n,12;2,16) where n = 15, 16, and
17 for Fe;, Fe,, and Fe;, respectively. In the conventional
RAS1/RAS2/RAS3 notation,> the 12 orbitals are in RAS2
and consist of the 4s and five 3d orbitals of each Fe, and the
16 orbitals are in RAS3 and consist of five correlating 3d or-
bitals (denoted 3d’) and three correlating 3p orbitals (denoted
3p’) for each Fe atom; RAS1 is empty.

We also performed calculations on Fe, Fe', and Fe~
atoms individually. The active spaces for Fe and Fet were
RAS(8,6;2,8) and RAS(7,6;2,8), respectively. The six orbitals
in RAS2 are the valence 4s and five 3d, and the eight or-
bitals in RAS3 are the five 3d’ and three 3p’ orbitals. The
RASSCF(9,6;2,8) calculation did not converge for Fe™; ad-
ditional balance was needed, and a 4s’ orbital was added to
RAS2. (The addition of a 45’ did not significantly affect the re-
sults for the other systems investigated (Fe, Fe™, Fe,, Fe; , and
Fe2+ ), and so it was not included.) The calculations on Fe, Fe™,
and Fe~ used C, spatial symmetry. For the D (45*3d°), °D
(45'3d%), and *F (4s23d") states of Fe, Fet, and Fe~, a (SA)
RASSCF (SA-RASSCF)*? was performed with equal weight-
ing on each state, followed by multi-state (MS) RASPT2
(MS-RASPT?2).*? The number of states included was equal to
the number of degenerate components. To compute the >D->F
splitting in Fe, a twelve-state SA-RASSCF was used because
convergence of only the seven F higher-energy states was not
feasible. The D and 3 F states used for computing the splitting
were from the twelve-state SA-RASSCF.

To further understand the EPR results of Ref. 17, we also
performed calculations in which spin-orbit coupling was in-
cluded. This was accomplished by the RAS-state-interaction-
with-spin—orbit-coupling (RASSI-SO) method.** The diago-
nal elements of the RASSI-SO Hamiltonian were shifted by
the MS-RASPT?2 energies. The ZFS parameter, D, was ex-
tracted by mapping the eigenvalues of the RASSI-SO onto a
model spin Hamiltonian,"”

H,.4 =DS,. )

Eight states were included in the RASSI-SO, namely the
lowest-energy solutions for the 7Ag, B 10 7Bzg, 7ng, 9Ag,
°B, o 9Bzg, and 9B3g states. These states were chosen because
they are of the same inversion symmetry as the predicted * Tg
ground state (g and u states are not coupled through the SO
term). The dependence on the number of states included in
the RASSI-SO was investigated. Tests with 16 (two lowest-
energy solutions of each of the above states) and 36 states
(eight lowest-energy nonet states and the lowest-energy septet
state) gave similar results.

To characterize the bonding, we computed the effective
bond order (EBO), defined by*

EBO = My — Nap

7 3

J. Chem. Phys. 141, 204309 (2014)

TABLE I. Computed properties of Fe atom as a function of active space.

3D SF (eV)? IP (eV)°
MS-CASPT2(8,6) 1.59 8.52
MS-CASPT2(8,11) 1.04 7.73
MS-CASPT2(8,14) 1.10 7.83
Expt. 0.87¢ 7.90¢

SFe(S F)—Fe(°D).
bFet (°D)—Fe(°D).
Nave et al.*®
dSugar and Corliss.*’

where 7, is the sum of occupation numbers of the bonding
natural orbitals and 7, is the sum of occupation numbers of
the antibonding natural orbitals.

lll. RESULTS
A. Exploratory work for choosing active space

The RAS(16,12;2,16) active space for Fe, was selected
after a series of exploratory calculations. These calculations
showed that the full-valence CAS(16,12) active space previ-
ously used in the literature is not sufficient. The dissociation
energy that we computed with CASPT2(16,12) is 2.98 eV,
which is in poor agreement with the experimental value of
1.15 eV.?? In addition we found that the small active spaces
used previously can lead to potential energy curves that are
not smooth functions of internuclear distance. Therefore the
active space had to be increased. In order to study the require-
ments for a well-balanced active space, we studied the iron
atom. We computed the >D->F splitting and IP for Fe with
the CAS(8,6), CAS(8,11), and CAS(8,14) active spaces as re-
ported in Table I. The CAS(8,11) adds five correlating 3d”
orbitals to the five valence 3d orbitals already present in the
CAS(8,6) space, and the CAS(8,14) adds three 3p’ orbitals
to the CAS(8,11) calculation. The CAS(8,6) results reported
in Table I further confirm that the CAS(16,12) active space
for Fe, is insufficient. Since the CAS(8,11) for the Fe atom
agrees well with experiment, a CAS(16,22) active space for
Fe, would be desirable, but this is currently computationally
prohibitive. However, a RAS(16,12;2,10) for Fe,, with the
same orbital space as the CAS(16,22), is feasible. The
RAS(16,12;2,10) active space was still not sufficient since the
3d’ orbitals rotate out of the active space and are replaced by
3p’ orbitals at internuclear distances near the equilibrium one.
Thus, we enlarged the active space to also include 3p’ orbitals,
resulting in the RAS(16,12;2,16) (16 electrons in 28 orbitals
in total) active space used in this work, where the notation is
fully explained in Sec. II (Table II).

TABLE II. Number of CSFs for the °B Ie state” of Fe, with various active
spaces.

CASSCF CASSCF CASSCF RASSCF®
(16,12) (16,15) (16,22) (16,12;2,16)
CSFs 64 71788 107 546 004

“Recall that we use the D, point group; see Sec. II.
bSixteen electrons in 28 orbitals in total.
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TABLE III. Relative energies (in eV) of three low-lying states of Fe, at 2.02 A as compared to experimental and computational results.

RASPT2 a NEVPT2P NEVPT3P CASPT2¢ CASPT2¢ MRCI+QPd
(16,12;2,16) OPBE (16,12) (16,12) (16,12) (16,15) (16,12) Exp.©
N 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(o 0.58 0.53
A 0.64 —0.08 0.66 0.57 0.84 0.19 0.70

u

2Cervantes-Salguero and Seminario.!!
b Angeli and Cimiraglia.'s
Bauschlicher and Ricca.”

dHiibner and Sauer.?*

¢Negative ion PE experiment by Leopold et al.'®?!

B. Results for Fe,

The total energies of the possible candidates for the
ground state of Fe, were computed at the experimental bond
distance, 2.02 A, and a complete report of all states inves-
tigated in our calculations on Fe, is reported in supplemen-
tary material*® in Tables S1 and S2 (tables numbered with
an S are in the supplementary material). The three lowest-
energy states are also reported in Table III, which shows that
our calculations predict a %, ground state for Fe,. Table
IIT compares our results for the relative energies of the low-
lying states with those predicted by other recent computa-
tional studies and the negative ion PE experiment. First, we
see that the OPBE exchange-correlation functional predicts
the wrong ground state.!! This is not entirely surprising be-
cause previous works that use the PBE correlation functional,
namely PBEPBE, also predicted the A, to be the ground
state.** Our results agree well with the NEVPT results ob-
tained with the smaller CAS(16,12). The 7257 state is the
first excited state observed in our calculations, and the en-
ergy difference from the ground state agrees well with the
experimental negative ion PE result in the last column. Also
in Table III, we compare our results to other computational
studies. Bauschlicher and Ricca observed a decrease in the
9% -"A, splitting from 0.84 eV to 0.19 eV upon the inclu-
sion of three 3d" orbitals.”® In comparing the same splitting
in CASPT2(16,15) to RASPT2, we do not observe a further
decrease from the CASPT2(16,12) value. It could be argued
that the CAS(16,15) is an unbalanced active space due to the
uneven treatment of the nearly degenerate 3d’ orbitals. Our
work agrees well with the MRCI+QP calculation of Hiibner
and Sauer.’* This seems to indicate that the electronic state
splittings in Fe, do not require the 28-orbital active space in
the reference wave function if the smaller space is well bal-
anced.

Fe, does not have an orbitally degenerate ground state.
To try to understand why the EPR experiment of Baumann
et al. did not observe a signal for Fe,, we computed the ZFS
parameter, D, with the RASSI-SO method. We estimate it to
be between 0 cm~! and 2 cm™~!, which is much less than the
8 cm~! upper limit given for their apparatus. The EPR exper-
iment attempted to trap Fe, in a 4 K Ar matrix or a 4 K Kr
matrix. The resonance Raman experiment by Moskovits and
Di Lella isolated Fe, at 11 K in an Ar matrix,'? so it seems
likely that the experimental conditions should have been suf-
ficient in the EPR study. Because Fe, appears to be trappable

and does not have a singlet ground state, an orbitally degen-
erate ground state, or a large ZFS, it is not clear to the present
authors why the EPR signal was not detected.

The ground state of Fe, is dominated (73% weight)
by the (4sag)2(4sau)1(3dag)2(3dau)1(3dnu)4(3dng)2
(3ds g)2(3d8u)2 electronic configuration, which corresponds
to a formal double bond. The effective bond order is 1.6,
indicating a bond that is weaker than a double bond. Our
calculated ground state potential energy curve for Fe, is
shown in Figure 1. The potential energy curve in Figure 1
exhibits a barrier to dissociation because the ground adiabatic
state has an avoided crossing. This is due to a crossing of
two diabatic potentials; at large internuclear distances the
wave function has the character of two D Fe atoms, which
have the configuration 45234°, whereas at small internuclear
distances the wave function has the character a >D Fe atom
interacting with a 3F Fe atom, which has the configuration
45'3d". We consider the adiabatic potential energy curve,
consisting of the lowest-energy solution at all geometries,
to try to understand a probable dissociation pathway of
Fe,. Total energies and the RASPT?2 reference weights are
reported in Table S7 in the supplementary material.*® For
further discussion of the diabatic potentials responsible for
the potential in Figure 1, see Sec. III C.

The presence of a barrier raises an important issue con-
cerning the experimental dissociation energy of Fe dimer. As

0.2
0.0+

-0.2 1

—

>
L .04+
L

-0.6

-0.8 1

-1.0

2 l 3 ‘ . 4]1 ' 5
RFeAFe (A)

FIG. 1. Adiabatic ground state of Fe2 computed by RASPT2(16,12;2,16)/
ANO-RCC-VQZP. The energies are relative to the calculation on Fe,
at 20 A.
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TABLE IV. Comparison of computed Fe, properties with those from
experiment.

R,(A)  w,(em™') D,eV) EA(V) IP(eV)
RASPT2 213 325 0.77 0.382 6.042
Expt. 2.02° 299.6° 1.154 0.90° 6.30

“Value computed adiabatically.
*Purdum et al.'*

“Moskovits and DiLella.'?
dLoh et al.??

¢Leopold et al.'®?!

fRohlfing et al.®

reviewed in Sec. I, the dissociation energy of Fe, was deter-
mined by CID. A dissociation energy determined by CID may
be too high if there is a barrier to dissociation like the one seen
in Figure 1. However, Loh et al. did not measure the dissoci-
ation energy of Fe, directly. Instead, they measured it for Fe;
and used Eq. (1) to compute it for Fe,. To investigate the accu-
racy of the experimentally measured D,,, we therefore calcu-
lated the potential energy curve of Fe to learn whether it has
a barrier to dissociation; this will be discussed in Sec. III E.

Computed properties for Fe, are reported in Table IV.
The IP of Fe, shows fairly good agreement with experiment
(0.26 eV error), further corroborating our assignments for the
ground states of Fe, and Fe; . See Sec. III E for further infor-
mation on FeJ .The computed EA for Fe, has a rather large
deviation (0.52 eV) from the experimental value (Table IV).
To better understand the source of discrepancy between exper-
iment and theory, we considered a single atom again, and the
results are reported in Table V. Comparing Tables IV and V
shows that the computed IP and EA of Fe are affected by simi-
lar discrepancies from the corresponding experimental values
as the molecule (IP computed-measured discrepancy: 0.23 eV
for Fe versus 0.26 eV for Fe,; EA computed-measured dis-
crepancy: 0.52 eV for both Fe and Fe,.). Such an error in
the EA of Fe has already been documented®’ in a previous
CASPT2 study. Roos et al.’’ concluded that the PT2 treat-
ment causes large errors for transition metal atoms with an
EA smaller than 0.5 eV.?7 See Sec. III D for further informa-
tion on Fe; . The °D->F splitting in the atom reflects some of
the error in D, of Fe, because a >D to °F transition must occur
in one Fe atom to form the =, state of Fe,.

C. Electronic states contributing to the Fe, potential
energy curve

In the absence of spin-orbit coupling, three different adi-
abatic states contribute to the ground-state potential energy

TABLE V. Comparison of computed Fe properties with those from
experiment.

5D SF (eV) EA (eV) IP (eV)
RASPT2 0.79¢ —0.37¢ 7.67
Expt. 0.87% 0.15° 7.90¢

“Nave et al.*®

"Leopold and Lineberger.
¢Sugar and Corliss.*’
dFe(* F)~Fe(°D).
¢Fe(’D)—Fe~ (*F).

fFet (°D)—Fe(°D).

16,21
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0.2
—>—"°%, State (45"3d") of Fe,
0.0
/_/;‘{
e
02 \
% o ——°A, State (45'3d") of Fe,
— i
-0.6
08l  —o—°%, State (45°3d") of Fe,
-1.0 ; . : ; ;
2 3 4 5

RFe«Fe (A)

FIG. 2. The electronic states that contribute to the ground-state potential en-
ergy curve of Fe, that is reported in Figure 1. The calculations were per-
formed at the MS(3)-RASPT2(16,12;2,16)/ANO-RCC-VTZP level of theory
from a SA(5)-RASSCF(16,12;2,16) reference wave function. The 4s33d'3
and 45%3d'% configurations were labeled with respect to the separated atoms
Fe*(4s'3d"7) + Fe(4s23d°) and Fe(4s*3d®) + Fe(4s%3d°), respectively.

0.29 —— SS-RASPT2 Ground State PEC of Fe,
0.0+
S -0.2-
(0
W 0.4
-0.64
1 —o—MS(3)-RASPT2 Ground State PEC of Fe,
-0.8
2 3 4 5

RFe~Fe (A)

FIG. 3. The adiabatic ground-state potential energy curve of Fe, computed at
two different levels of theory. The MS(3)-RASPT2(16,12;2,16)/ANO-RCC-
VTZP calculation was computed with a SA(5)-RASSCF(16,12;2,16) ref-
erence wave function (the 3 states are the ones shown in Figure 2). The
SS-RASPT2(16,12;2,16)/ANO-RCC-VTZP calculation was computed with
a RASSCF(16,12;2,16) wave function.

TABLE VI. Relative energies (in eV) of four low-lying states of Fe; at
2.10 A are compared with previously reported theoretical results.

RASPT2 CASPT2? MRCI?
8y, 0.00 0.00 0.0
A, 0.67 0.5
811 . 0.71 0.5
8A 0.91 —0.41 0.7

“Bauschlicher and Ricca.?
YHiibner and Sauer.>*
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0.0
-0.2
-0.4 -
-0.61

__-0.8

—o—°%, State of Fe;

2 . 3 . . 411 ' 5
RFe~Fe (A)

FIG. 4. Adiabatic ground state of Fe, computed by RASPT2/ANO-
RCC-VQZP. The energies are relative to the calculation on Fe, at
20 A.

curve of Fe,, as shown in Figure 2; that is, depending on
the internuclear distance, three different adiabatic potentials
take turns being lowest in energy. We first discovered this in
exploratory calculations at the SA(5)-RASSCF(16,12;2,16)/
ANO-RCC-VTZP level of theory. When dynamical correla-
tion is included with MS(3)-RASPT2(16,12;2,16), we obtain
the curves in Figure 2.

We observed that the SA(5)-RASSCF(16,12;2,16)/ANO-
RCC-VTZP followed by MS(3)-RASPT2(16,12;2,16)/ANO-
RCC-VTZP ground-state potential energy curve differs very
little from a SS-RASPT2(16,12;2,16) ground-state potential
energy curve as shown in Figure 3. The RASSCF(16,12;2,16)
wave function was converged to the lowest-energy state seen
in Figure 2, which very often did not correspond to the solu-
tion from an initial guess corresponding to the lowest-energy
state at a nearby geometry. We recommend that future stud-
ies use state-averaged calculations as a tool for identifying the
lowest-energy state along potential energy curves rather than
using the variational solution without exploration of the or-
thogonal complement in configuration interaction space. Be-
cause of the results in Figure 3, we used SS-RASPT2 (which
is a less expensive calculation) to study Fe,, Fe; , and Fe;
with the larger ANO-RCC-VQZP basis set.

D. Results for Fe;

To further investigate the negative ion PE experiment re-
sult, we predicted the ground state of the iron dimer anion.
The lowest-energy state in each irreducible representation of

TABLE VII. Comparison of computed Fe, properties with those from
experiment.

R, (A) w, (cm™) D, (eV)
RASPT2 2.19 288 1.86
Expt. 2.10° 250 + 20° 1.90°

2Leopold et al.'®?!
YLoh et al.??

J. Chem. Phys. 141, 204309 (2014)

TABLE VIII. Relative energies (in eV) of four states of Fez+ at 2.10 A are
compared with previously reported theoretical results. There are no experi-
mental values available.

RASPT2 CCSD(T)? B3LYP® BPW91b
8%, 0.00 0.00 0.00 0.0
A, 0.46 —0.44 —1.06 —1.19
o 1.34 —0.95 0.32 0.72
105+ 275 —0.43 —1.48 1.14

rigoras et al.>®
bChiodo et al.”

the D,, point group with S = 7/2 spin symmetry was com-
puted at the experimental geometry, 2.10 A. A complete re-
port of all states investigated in our calculations on Fe; can
be found in Tables S3 and S4 in the supplementary material.*®
The low-lying states are also in Table VI, which shows that
the 8%, state is predicted to be the ground state in agreement
with one of the two previously reported computations.>*

The ground state of Fe, is dominated (71% weight)
by the (4sc7g)2(4sa,4)2(3dag)2(3dcru)l (3(171u)“(3a’7rg)2(3d$g)2
(3ds,,)* configuration, which corresponds to a formal bond or-
der of 3/2. The effective bond order® (EBO) is 1.1, indicating
a bond that is closer to a single bond. This electronic config-
uration is in agreement with the interpretation of their experi-
ment by Leopold et al.'® Our calculated adiabatic ground state
potential energy curve for Fe; is reported in Figure 4. The to-
tal energies and RASPT?2 reference weights are reported in
Table S8 in the supplementary material.*® For further valida-
tion that the 8%, is the ground state, R, w,, and D, of Fe; are
compared to experimental results in Table VII. These results
are in good agreement. The bond length difference between
Fe, and Fe, (0.06 A) shows good agreement with the bond
length difference obtained by Leopold et al. (0.08 A).!6-2!

E. Results for Fe;

There are few experimental measurements on Fe)
and previous computational studies predicted a different

0.0
-0.51

-1.04

—

2
< -1.54
w | —o—°%, State of Fe;

-2.0

-2.51

-3.0 T T - ; .
2 3 .4 5
RFe~Fe (A)

FIG. 5. Adiabatic ground state potential energy curve of Fezr computed by
RASPT2/ANO-RCC-VQZP. The energies are relative to the calculation on
Fezr at 20 A.



204309-7 Hoyer et al.
TABLE IX. Computed spectroscopic constants for Fezr.
R, (A) w, (em™1) D, (V)
RASPT2 2.10 345 2.47
Expt. 2.72%
2Loh et al.”?
50-52

electronic ground state. Both octet and dectet states were
investigated at the RASPT2/ANO-RCC-VQZP level of theory
These calculations were performed at the equilibrium bond
distance of the 8%, state, 2.10 A. A complete report of all
states investigated in our calculations on Fej is presented in
Tables S5 and S6 in the supplementary material.*® The low-
lying states are in Table VIII, which reveals large discrepan-
cies among the methods.

The ground state of Fe;r is dominated (71% weight)
by the (4sog)2(3dog)2(3dau)1 (3dﬂu)4(3dﬂg)2(3d8g)2(3d8u)2
electronic configuration, which corresponds to a formal bond
order of 5/2. The EBO is 2.0, indicating a bond that is much
closer to a double bond. The adiabatic ground state potential
energy curve for Fe; is reported in Figure 5. The total ener-
gies and RASPT?2 reference weights are reported in Table S9
in the supplementary material.*®

The potential energy curve in Figure 5 exhibits a small
bump at 2.7 A, but there is no barrier to dissociation. At an
internuclear distance larger than 2.7 A, a D Fe atom inter-
acts attractively with a °D Fe*t, which has the configuration
45'3d°, whereas at distances smaller than 2.7 A an electron of
Fe* is promoted from the 45'3d° configuration (°D) to a 3d’
configuration (*F). We can draw two important conclusions
from Figure 5. The first concerns the ground-state electronic
configuration of Fe;’. Because the ground state 4s°3d'3 con-
figuration of FeJ can be formed from a one-electron detach-
ment of the ground state 45°3d" configuration of Fe,, the IP
reported in the photoionization study of Rohlfing et al. corre-
sponds to the IP of ground state Fe,.® The second important
conclusion is related to the barrier observed in Figure 1 for
Fe,. Because there is no barrier to dissociation in Figure 5,
the experimentally reported D, for Fej is not thrown in
doubt.

The computed equilibrium bond distance, harmonic fre-
quency, and dissociation energy for the ground state of the
Fezr are reported in Table IX. To our knowledge only the
experimental dissociation energy is available for comparison
from the literature.

IV. CONCLUSIONS

A computational investigation of the iron dimer has been
reported, and direct comparison with available experimental
data has been presented. We predicted the ground states of
Fe,, Fe;,and Fejtobe ° %, , 8%, , and 8, , respectively. We
cannot explain why the transition between Mg components
was not observed in a previous EPR study of Fez;17 however,
we show that it was not due to an orbitally degenerate ground
state or large zero-field splitting. We recommend that the EPR
experiment should be revisited.

J. Chem. Phys. 141, 204309 (2014)

We found that the previously used CAS(16,12) active
space for Fe,'>232* is not able to correctly predict the IP
and D, of Fe,. By using a much larger active space, within
the RAS formalism, RAS(16,12;2,16) (16 electrons in 28 or-
bitals), we make significantly more accurate predictions. This
shows the value of the RASSCF and RASPT2 methods, which
allow one to address problems that are too large to be treated
by CASSCF or CASPT2. Moreover, the active space em-
ployed in these calculations, 16 electrons in 28 orbitals, rep-
resents a record in terms of size. Conventional CASPT?2 cal-
culations can be performed with at most 16 electrons in 16
orbitals. We were able to overcome this limit by using the
RASSCF and RASPT?2 formalism instead.

We report the first multireference study of Fe;r. We find
that although the ground-state potential energy curve of Fe,
has a barrier, that of Fezr does not. With the exception of the
EA of Fe, our results for Fe, are in good agreement with
photoelectron spectroscopy.
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