Calculation of Metallocene lonization Potentials
via Auxiliary Field Quantum Monte Carlo:
Towards Benchmark Quantum Chemistry for

Transition Metals

Benjamin Rudshteyn,T’|| John L. Weber," Dilek Coskun,’ Pierre A. Devlaminck,?
Shiwei Zhang,**Y David R. Reichman,*! James Shee,*% and Richard A.

Friesner™ 1

T Department of Chemistry, Columbia University, 3000 Broadway, New York, NY, 10027
T Center for Computational Quantum Physics, Flatiron Institute, 162 5th Avenue, New
York, NY 10010
§ Department of Physics, College of William and Mary, Williamsburg, VA 23187
§ Department of Chemistry, University of California, Berkeley, CA 94720
| Present Address: Schridinger Inc., 1540 Broadway 24" Floor New York, NY, 10036, USA

E-mail: szhang®flatironinstitute.org; drr2103@columbia.edu; jshee@berkeley.edu;

raf8@columbia.edu



Abstract

The accurate ab initio prediction of ionization energies is essential to understanding
the electrochemistry of transition metal complexes in both materials science and biolog-
ical applications. However, such predictions have been complicated by the scarcity of
gas-phase experimental data, the relatively large size of the relevant molecules, and the
presence of strong electron correlation effects. In this work, we apply all-electron phase-
less auxiliary-field quantum Monte Carlo (ph-AFQMC) utilizing multi-determinant
trial wavefunctions to six metallocene complexes to compare the computed adiabatic
and vertical ionization energies to experimental results. We find that ph-AFQMC
yields mean averaged errors (MAE) of 1.69 + 1.02 kcal/mol for the adiabatic energies
and 2.85 + 1.13 kcal/mol for the vertical energies. We also carry out density functional
theory (DFT) calculations using a variety of functionals, which yields MAE’s of 3.62 to
6.98 and 3.31 to 9.88 kcal/mol, as well as one variant of localized coupled cluster cal-
culations (DLPNO-CCSD(Ty) with moderate PNO cut-offs), which has MAEs of 4.96
and 6.08 kcal /mol, respectively. We also test the reliability of DLPNO-CCSD(Ty) and
DFT on acetylacetonate (acac) complexes for adiabatic energies measured in the same
manner experimentally, and find higher MAE’s, ranging from 4.56 kcal/mol to 10.99
kcal/mol (with a different ordering) for DFT and 6.97 kcal/mol for DLPNO-CCSD(Ty).
Finally, by utilizing experimental solvation energies, we show that accurate reduction
potentials in solution for the metallocene series can be obtained from the AFQMC gas

phase results.

Introduction

Quantum chemical methodology has made tremendous progress in both accuracy and com-
putational efficiency during the past three decades.! The early 1990’s saw revolutionary
improvements in density functional theory (DFT) via gradient corrected and then hybrid
formalisms, yielding remarkable reductions in the mean unsigned errors in predicted bond

energies of organic molecules as, for example, assessed using Pople’s G3 database, from 85.27



keal/mol (LDA) to 4.27 kcal/mol (B3LYP).? In parallel, wavefunction based ab initio tech-
niques, in particular the CCSD(T) variant of coupled cluster theory, enabled the attainment
of chemical accuracy (~1 kcal/mol MAE) for these same data sets, albeit at a much higher
computational cost.?

Since these initial breakthroughs, reductions driven by Moore’s law of the cost /performance
of computing, coupled with continued progress on theoretical models, algorithms, and soft-
ware implementations, have greatly expanded the domain of applicability of both the DFT
and wavefunction based approaches. Thousands of new DFT functionals have been created
and tested, a number of which have demonstrated significant robustness in addressing many
of the outlier cases which had plagued PBE,* B3LYP,> " and related models.® 2

It is now possible to routinely apply DFT calculations to systems containing hundreds
to thousands of atoms, including transition metal containing species, and quite often ob-
tain chemically accurate and useful results. The development of localized coupled cluster
formulations by a number of research groups (e.g. those of Werner!®!* and Neese!®?) has
made it possible to routinely perform CCSD(T) computations for systems containing tens
to hundreds of atoms; in many cases, the localization approximations have been shown to
have a minimal effect on the accuracy that can be achieved. Furthermore, via the use of
mixed quantum mechanics/molecular mechanics algorithms, DFT based approaches can be
applied to very large and complex systems such as enzymes,?! and corrected (if necessary)
by CCSD(T) cluster calculations on the reactive core of the system.??

Assessing the accuracy of both DFT and CCSD(T) for transition metals has been more
difficult than for typical organic systems. CCSD(T) yields highly precise results for transi-
tion metal atoms (for example for ionization energies),?® but the chemical accuracy of this
approach as well as DFT for diatomic molecular bond dissociation energies has remained
somewhat less clear.?3% In an impressive recent investigation, Hait et al. examined the
convergence of a variety of coupled cluster approaches for a series of 69 3d transition metal

oxides, sulfides, carbides, and nitrides within a small basis set.3! They found that CCSD(T)



generally produces highly accurate results for systems other than carbides and nitrides, and
reasonable but less accurate results for these polyvalent systems. Still, outliers exist, for ex-
ample the molecule NiO, for which CCSD(T) produces a large (~ 10 kcal/mol) error. Hait
et al. point out that different metrics for assessing multi-reference character can conflict, and
in general the errors produced by CCSD(T) were not tightly correlated with multireference
character. Taken together, the results of Hait et al. suggest that CCSD(T) should indeed be
a method of choice for transition metal-containing systems. However given the cost of the
approach, systems of the size of the molecules we treat in the present work cannot be treated
with full CCSD(T), especially if full basis set extrapolations are to be carried out. Thus less
expensive and unfortunately less accurate versions of coupled-cluster must be investigated.

Unlike the case for systematically improvable wave function methods, DFT results can
vary widely depending upon the functional that is used and the specific systems being treated.
In many cases, the results for metal complexes are surprisingly accurate, and at the very
least enable considerable insight to be obtained into reaction mechanisms. However, no one
has yet rigorously demonstrated, using large and diverse data sets, that any DFT functional
achieves reliable performance for transition metal containing systems even at the level of
“near-chemical” accuracy (3-4 kcal/mol errors). The problem is in part due to the paucity

24,32-41 3

of high quality gas phase experimental data for transition metal containing systems,
contrast to organic molecules where hundreds to thousands of such data points are available
for a variety of important thermochemical properties. Additionally, calculations involv-
ing solvent and other complicating factors (which typically necessitate the use of heavily

42,43 )

parametrized models , or reference reactions, which can be used to take advantage of

4445 make it extremely difficult to render an accurate assessment of the

error cancellation,
performance of DFT based on a small data set of condensed phase experiments. Further-
more, the experiments can be difficult to interpret, an issue compounded by the fact that

many transition metal species have a number of close-lying low-energy spin states. For ex-

ample, assigning ground and vertical state multiplicity in photoelectron spectroscopy can be



complicated. 46

In a series of recent publications, we have made progress in addressing many of the above
problems related to transition metal quantum chemistry via the use of auxiliary field quan-
tum Monte Carlo (AFQMC) calculations. The AFQMC methodology, developed originally
in the physics community, "4 has a number of potential advantages as compared to tradi-
tional wavefunction based ab initio methods, including a more favorable formal scaling with
system size (N) of N® (with planewaves*”) or N* (with Gaussian-type orbitals*?) [vs. N7 for
full CCSD(T)%%], a non-perturbative and multi-reference nature, and the ability to utilize a
multiconfigurational SCF trial wavefunction. Unlike other QMC methods, it does not involve
real-space sampling, but rather, sampling in the space of Slater determinants. The ability
to use a sophisticated multi-determinant trial is crucial for the treatment of many transition
metal containing systems. Early AFQMC algorithms suffered from a very large prefactor,
restricting applications to relatively small systems. Recent technical advances, including

23,51

vastly improved efficiency for multideterminantal trial wavefunctions, utilization of cor-

related sampling (CS) in the Monte Carlo protocol to directly compute energy differences,5?
and implementation on GPU hardware, 235 has made it feasible to treat significantly larger
systems.? %6 Ref. 51 is recommended as a good introduction to the theory of AFQMC.
These advances have allowed systematic studies of three classes of small transition metal
containing species (atoms, diatomic molecules; and 4-6 coordinate complexes containing sim-
ple small molecule ligands) with highly encouraging results. Atomic ionization potentials,?
diatomic bond energies,?? and complex ligand dissociation energies,®® have all been com-
puted with a MAE of less than 1.5 kcal/mol across relatively large experimental gas phase
data sets. These results were found to outperform the best DFT functionals and feasible
variants of coupled cluster theory. Furthermore, in all cases, the maximum outlier error was
less than 3.5 kcal/mol, in contrast to alternative methods where errors in the 5-10 kcal/mol

range were routinely observed.®® Improved agreement with precise, state-of-the-art experi-

mental data,®” some of which were measured after the calculations were carried out, further



validated the robustness of the AFQMC approach.
While the data sets enumerated above contained many very challenging electronic struc-
ture problems for which the accuracy of coupled cluster methods is expected to be lower

than for organic molecules,?33%3!

one could argue that the molecular structures that were
studied are not representative of those considered relevant by inorganic chemists to biology,
catalysis, and materials science. Firstly, the diatomic systems are small and coordinatively
unsaturated. Secondly, the vast majority of cases involve low oxidation states of the metal
which are rarely if ever seen in chemically relevant molecular species. The question then
remains: can AFQMC deliver benchmark quality results for more prototypical larger and
more complex systems with typical (higher) metal oxidation states?

In the present paper, we study the adiabatic and vertical ionization energies of a series of
six first row transition metal metallocenes, in which the metal (V through Ni) is in the II ox-
idation state, using AFQMC, DFT, and DLPNO-CCSD(T() methodologies. These systems
are small enough to enable a large number of computational experiments to be carried out in
order to explore which, if any, AFQMC protocols are necessary and sufficient to yield good
agreement with experiment. They are also representative molecules for evaluating the ex-
pected performance for typical inorganic chemistry applications. Indeed, ferrocene oxidation
is often used as a reference reaction in electrochemical measurement of redox potentials.®®
Finally, adiabatic gas phase experimental data, measured with electron transfer equilibrium
(ETE) by Richardson and co-workers®® ¢! with relatively low experimental uncertainties, as
well as vertical gas phase experimental data, as measured with photoelectron spectroscopy

46,62 oxist for this series, which can form the basis to evaluate

by Green and co-workers,
the accuracy of the various quantum chemical approaches for prototypical organometallic
species, though this is not an exhaustive set. Metallocenes on their own are an important
class of organometallic compounds, given their importance in alkene polymerization and
electrochemistry.® Much of the previous literature of correlated calculations has focused on

64-66

either predicting the spin splitting of metallocenes in solution, which presents compli-



cations due to the solvent environment, and/or the bond dissociation energy of the M-Cp
bond®” rather than the ionization energy, which has a direct equivalent in solution and has
both adiabatic and vertical variants. When the ionization energy is studied, it is usually just
for ferrocene. %498

A number of significant conclusions emerge from the metallocene calculations presented
here. The localized coupled cluster approach that we have employed — DLPNO-CCSD(Ty)
with the particular thresholds described in the methods section — displays a number of
large outliers and an overall MAE that is comparable to those typically obtained from DFT
functionals. To further probe the source of the errors, we have examined one of the more
challenging metallocene systems, Mn(Cp)s, at higher levels of coupled cluster theory, tight-
ening the cutoffs and replacing (Ty) with (T;) in the DLPNO approach, and carrying out full
CCSD(T) calculations in a small basis set. These calculations show considerable differences
from our default DLPNO-CCSD(Ty) results, moving the computed ionization energies in
the direction of the experimental value. Rigorously converging CCSD(T) (or even higher
levels of excitation) to the CBS limit would be computationally very expensive, and hence
is beyond the scope of the present paper. However, it is clear that further effort to test
and develop scalable coupled cluster based methods for treating transition metal containing
systems should be a high priority of the community, and is likely to yield fruitful results.

The gradient corrected, hybrid, and range-separated hybrid DFT functionals display
MAEs between 3.5 and 5.5 kcal/mol for both the vertical and adiabatic ionization energies,
with one or more individual errors greater than 7 kcal/mol; no functional performs at the
lower end of this range for both data sets. The double hybrid functional DSD-PBEPS&6 dis-
plays significantly worse average errors and outliers than those seen in other functionals, in
agreement with our prior results on other transition metal containing test sets, and consis-
tent with discussions in the literature with regard to difficulties experienced by the current
generation of these functionals for many transition metal containing systems.%™ Attempts

to improve double hybrid performance for metal containing systems are at present ongoing



in a number of research groups.

Motivated by these results, we also tested these DFT functionals and DLPNO-CCSD(Ty)
on a second set of gas phase ionization energies measured by the same experimental group, 72
the tri-acetylacetonate (acac) systems (V through Co). These acac complexes are also an
important set of coordination compounds with organic scaffolds, widely studied as models
for other tris-S-diketonate complexes and as sources of transition metals in chemical vapor
deposition processes. > Here, we find two molecules, namely [Cr(acac)s]'~ and [Mn(acac)s]'~,
for which very large outliers are obtained, confirming the initial picture that one can often
obtain quite accurate results, but that major failures can occur as well.

For the vertical and adiabatic metallocene ionization energies, we were able to develop
a systematic AFQMC protocol that achieved accuracy within the experimental noise lim-
itations. This was achieved by overcoming significant challenges arising from the greater
size and complexity of the metallocene series (as compared to molecules in earlier publica-
tions).2329:55:56.73 For example, prior work® has demonstrated that it is essential to employ
an appropriate multiconfigurational trial wavefunction, since calculations based on Hartree-
Fock (HF) trial wavefunctions did not reliably lead to chemically accurate results for these
systems. Deployment of an appropriate multiconfigurational trial wavefunction in the appli-
cation of the AFQMC approach to transition metal containing systems remains essential if
one is aiming at robust, benchmark quality results. Another key component of our protocol
is to use correlated sampling (CS) to compute energy differences whenever the two (or more)
systems can be effectively correlated. In this work all vertical ionization energies (including
the vertical step of an adiabatic ionization) are computed by CS. We then validate geometry
reorganization energies predicted by lower-level theories with separate AFQMC calculations
using standard branching and population control (PC).

In the latter form of AFQMC calculations, MC sampling is carried out independently for
two different states and, at intervals, walkers with large weights are duplicated while those

with small weights are destroyed with appropriate probability via a “comb” algorithm.%?



This is needed to mitigate the weight fluctuations in the branching random walk to maintain
Monte Carlo sampling efficiency. A CS simulation typically can be carried out for a much
shorter duration, during which the need for PC of AFQMC walkers is minimized and the
accruement of phaseless constraint error is sometimes reduced. How robust this type of
behavior is when considering a wider class of systems remains an open question worthy of
more systematic future investigation.

We have shown in previous work that the use of CS is highly effective in obtaining accurate
energy differences between different electronic surfaces for a number of very challenging cases,
and can in fact produce more accurate results than pure PC in some cases.??*® The use of
CS AFQMC to measure energy differences for vertical transitions, and PC AFQMC, rather
than DFT, to measure differences between two geometries on the same surface appears to
be a very promising approach for all cases in this work. Of course, considerable additional
comparison with experiment will be required in order to rigorously assess errors across a
wide range of relevant transition metal containing systems.

This paper is organized as follows. In Section II, we discuss the experimental data for
the metallocene and acac series that we will be focusing on in our computational work. In
Section III, we briefly review the AFQMC methodology and the previous results obtained
using it, and describe the DLPNO-CCSD(Ty) and DFT methods employed. Section IV
presents results of AFQMC, various DFT functionals, and DLPNO-CCSD(Ty) calculations
for the metallocene series, as well as DF'T and DLPNO-CCSD(T)) results for the acac series,
which will be studied by AFQMC in future work. We also show that using experimentally
derived solvation free energies in concert with accurate gas-phase predictions leads to accu-
rate solution-phase reduction potentials. In Section V, we consider the implications of our
results for the utility of DFT, DLPNO-CCSD(Ty), and AFQMC in addressing transition
metal chemistry. Finally, in Section VI we conclude with a summary of our results and

outline future directions.



II. Experimental Data Sets

The gas-phase ionization energy experiments that we investigate below center on first row
transition metals in the II or III oxidation state, with either anionic cyclopentadienyl (Cp)
ligands (metallocenes) or acetylacetonate ligands (acac series), depicted schematically in
Figs. 1a and 1b, respectively.

The metallocenes we investigate are vanadocene, chromacene, manganocene, ferrocene,
cobaltocene, and nickelocene. The ionization processes we study are for the IT oxidation state
(charge = 0) to the IIT oxidation state (charge = +1). All of the metallocene molecules in
these two oxidation states are low spin complexes, except for Mn(II), which is a sextet, and
Mn(IIT), which is a quintet for the vertical experiments (as discussed below). The acac species
in the IT oxidation state (charge = -1) are ionized to form the III oxidation state (charge =
0). Note that in the original work by Richardson and co-workers, what is actually reported

172 meaning the reduction energy from oxidation states III to

is the “attachment” energy,
I, but we reverse the sign here to facilitate comparison to the ionization of metallocenes.
All of the acac molecules in these two oxidation states are high spin complexes, except for
Co(IIT) which is a singlet. The ground state multiplicities/term symbols of all species are
given in Table 1.4260°62,6267.74,74-79 The expected ground state term symbols from the acac

complexes come from standard Tanabe-Sugano diagrams; we do not explicitly constrain the

geometric symmetry or term symbols of our calculations, merely the multiplicity and charge.
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Table 1: The expected ground state term symbols of the metallocene or acac complexes in
III or II oxidation states.

Oxidation

State 111 II 11 II
Ligand Cp Cp acac acac
Metal
\Y Ay A, ST, fA,
Cr 4A2 3E2 4A2 5E
Mn 3E2 (5E1) 6A1 5E 6A1
Fe 2E2 1A1 6A1 5T2
Co 1A1 2E1 1A1 4T1
Ni 2E1 3A2 - -

The adiabatic experimental values come from the electron transfer equilibrium (ETE)

9961 These experiments utilize Fourier trans-

measurements of Richardson and co-workers.
form ion cyclotron resonance mass spectrometry (FTICR-MS) to determine adiabatic ioniza-
tion energetics for organic and inorganic species near room temperature. From the measured
equilibrium constants for the electron-transfer reactions, the free energies of reaction are de-
termined, and from this information the free energies of ionization can be inferred. The
energies in solution are obtained using the solution phase potentials and the 4.44 V abso-
lute potential of the standard hydrogen electrode (SHE) in water at 298.15 K, derived using
various thermodynamic quantities, such as the solvation energy of a proton.®° Because these

experiments were performed at 350 K, we use this temperature value in our calculated free

energy corrections.

M=V, Cr, Mn, Fe, Co

M M=V, Cr, Mn, Fe, Co, Ni
—
(a) Metallocene compounds (M = V to Ni). (b) acac compounds (M =V to Co).

Figure 1: The structure of the metal complexes studied.
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The vertical experimental values come from the photoelectron spectroscopy (PES) mea-
surements of Green et al.,*%%2 who used UV and X-ray photons to ionize samples via the
photoelectric effect and measure the kinetic energy (KE) of the ejected photon with a fre-
quency v. The binding energy (BE) is then determined by the equation BE = hv — KFE,
where h is Planck’s constant. Alternate experimental values are discussed in the SI. They
are mostly similar to the results from Green et al. suggesting the older results are reliable.
It should be acknowledged though that vertical excitations may not have well defined band
shapes and true values can deviate from the maxima by a few kcal/mol. A potentially simi-
lar effect in photoaborption spectroscopy appears to be on average 2.54 + 1.85 kcal/mol,?!

which is in line with 2.31 kcal/mol uncertainties provided by Green et al.®?

III. Computational Details

The geometries, certain reorganization energies (vide infra), and ideal gas free energy correc-
tions®? were obtained with the B3LYP functional® " utilizing the cc-pVTZ-DKH?®3#6 basis

8790 using the one-center approximation (as imple-

set and DKH2 relativistic corrections
mented in ORCA) and without symmetry constraints. Geometries were confirmed to be
minima using normal-mode analysis. Structures with unpaired electrons were confirmed to
display Jahn-Teller distortions. These calculations were performed using the ORCA pro-
gram package.”! In the cc-pVTZ-DKH basis set, metallocenes typically have around 508
basis functions and 95 electrons. In the same basis set, the acac complexes are roughly twice
as large from an electronic structure perspective with 992 basis functions and 183 electrons.
Information regarding integration grids and other theoretical details can be found in the SI.

We investigated the addition of D4%? dispersion to the geometry optimization of MnCp,.
Consistent with previous results,” we find the geometry is relatively similar to that without

these dispersion corrections, as discussed in the SI. We also have evaluated the B3LYP-D4

energetics for the ionization energies of both the metallocenes and acac complexes and find
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similar results to those found below, as discussed in the SI.

Utilizing diffuse functions in the basis set for both metallocenes (aug-cc-pVTZ on all
atoms) and acac complexes (aug-cc-pVTZ on the O atoms), which one might argue could be
significant because of the anionic ligands, yields very similar results, as is discussed in the
SI. Similar calculations for the metallocenes, but with the diffuse functions on the C using
B3LYP yield similar MAE’s.

We were able to perform all-electron AFQMC calculations, as opposed to invoking the
frozen-core approximation. We have tested the effect of our use of the relatively compact
basis sets optimized for frozen-core calculations (cc-pVXZ-DKH) by comparing, via the use
of an ECP and the cc-pVTZ-pp basis set.?3%* The results in the SI show that this effect
would not change the results noticeably.

Unrestricted DLPNO-CCSD(Ty) (Ty refers to the semi-canonical approximation to the
perturbative triples correction'®) calculations were performed with quasi-restricted orbitals
(QROs) generated from unrestricted B3LYP reference orbitals and “NormalPNO” (mod-
erate energy cutoff criteria for correlation between localized orbitals) localization parame-
ters using ORCA. These calculations utilized cc-pVaZ-DKH and auxiliary cc-pVaZ\C basis
sets, where z is the cardinal number of the basis set (i.e. x=3,4 for TZ,QZ), as built into
ORCA,?" as discussed in the SI. TZ/QZ extrapolation schemes have been used success-
fully for AFQMC.23:295255,73.95 GQyich extrapolation (typically with TZ/QZ basis sets) or at
least evaluation at QZ has been shown to be important in various applications of DLPNO-
CCSD(T). 2096100 We extrapolate to the complete basis set (CBS) limit for absolute energies
using exponential and %5 dependence for the HF and correlation energies, respectively, 't
The keyword “NoFrozenCore” was used so that no electrons would be frozen. The SI shows
that not including this keyword would not significantly change the results, similar to the
AFQMC results. For these calculations, the one-center approximation was not used for the
relativistic corrections.

As discussed in the SI, we investigated the convergence of the DLPNO-CCSD(Ty) results
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with respect to the PNO cut-off values, including extrapolating the TCutPNO parameter
to 0,'% and the treatment of the (T) correction for the case of MnCp,y, which turns out
to be the biggest outlier for DLPNO-CCSD(Ty) for our adiabatic results discussed below.
We also compare to full CCSD(T) in the DZ basis set. The results do improve significantly
(from an error of about 10 kcal/mol to about 1.5 kcal/mol from experiment) with the use
of increasingly tight PNO cut-off criteria and iterative T corrections. Preliminary results
suggest that the CBS limit would not be much different. Such an error reduction is beyond
those seen from the use of NormalPNO by others.2%:9%192 htPNO” cut-offs, and extrapolation
of the TCutPNO approximation are used. Nevertheless, we limit our interpretation of the
coupled cluster results to the version of DLPNO-CCSD(Ty) that we used and propose that
further investigation of these systems with coupled cluster variants is warranted, given the
expense of running the most rigorous implementation.

Electron repulsion integrals and the Hamiltonian for ph-AFQMC were obtained with

1047109 was used in place

PySCF.!'% The exact-two-component (x2c) relativistic Hamiltonian
of DKH2, as the latter is not implemented in PySCF. Both methods are discussed in the SI.
While ph-AFQMC can be extended to excited states,'!” the implementation we use is
limited to studying the ground state of a given combination of charge, multiplicity, and
geometry. The ph-AFQMC propagation utilized an imaginary time step of 0.005 £, ! (these
units are also referred to Ha™! or § in the literature), which in our experience is sufficiently
small in these systems such that errors from the Trotter decomposition are negligible given
our target statistical accuracy.®® We utilize single precision (sp) rather than double precision
(dp) floating point arithmetic, as discussed in the SI. Walkers were either initialized with a
RHF/ROHF determinant or according to a distribution of CASSCF determinants weighted
by their respective CI coefficients. Initialization with restricted orbitals ensures spin-purity,
even in the case of a UHF trial wavefunction.'! Additional details are given in the SI.

For the main ph-AFQMC computations using the cc-pVTZ-DKH basis set, we utilized

CASSCEF trial wavefunctions. The default active space for generating the trial wavefunc-
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tion was automatically determined via the atomic valence active space (AVAS) procedure,
where only those orbitals that overlap significantly (~ 10%) with the 3d and 4d orbitals (as
defined from the Atomic Natural Orbital (ANO-RCC) basis set)!!? of the metal ion were
included. '3 This active space thus targets the static correlation of the metal rather than the
ligands. These active spaces were typically around 14 electrons in 15 orbitals. We typically
retain 98% of the CI weight (the minimum was 96%), resulting in about 300 determinants.
RCAS/AFQMC calculations were determined to be converged with respect to the active
space size by testing active spaces of increasing size until the resulting calculations were
equivalent within statistical accuracy. If the natural orbital occupation numbers (NOONs)
resulting from this approach were not physical (e.g. the fractional change in occupation in
the occupied orbitals is not reflected in the virtual orbitals), alternate active spaces were
selected using other approaches, such as using the frontier orbitals without modification, or
using the MINAO basis set with 3d and/or 2p, orbitals, as described in the SI.

The CBS limit for the ph-AFQMC calculations was estimated using an approach similar
to that described in previous work.? Briefly, we extrapolate the ionization energy computed
with ph-AFQMC PC with the cc-pVxZ-DKH basis sets (x=3,4 for T,Q) using an inexpensive
trial wavefunction such as UHF or a CASSCF wavefunction with a small active space. The
UHF ionization energy is extrapolated using an exponential form. The contribution to the
ionization energy from the correlation energy computed by AFQMC is extrapolated using
a 1/23 functional form. This method is equivalent to fitting the procedure discussed above
for the CBS extrapolation of DLPNO-CCSD(Ty), though there we extrapolate the absolute
rather than the relative energy. This “low-level” result is used, in turn, to extrapolate the
“high-level” ionization energy computed with a large CAS trial in the =3 basis. A scaling
factor, p the ratio of the correlation energies between low and high levels of AFQMC is used

to translate the basis dependence of the least sophisticated trial to a result that approximates
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one with a better trial function,

_ AE“(TZ, high-level)
~ AFEcor(TZ, low-level) '

P (1)

Whether or not a CAS trial is used for the extrapolation is determined by identifying which
cases appear to exhibit significant multireference character, as can be flagged by deviations
of the CASSCF NOONSs and (5?%)g3zyp from ideal values.

Our CS approach® enables fast convergence of vertical energy differences between similar
states of a system, e.g. reduced/oxidized states, by employing a shared set of auxiliary
fields, effectively leading to a cancellation of statistical error and, in many cases, also fast
(quasi-)equilibration. The absence of PC results in CS requiring more initial walkers, but the
reduced statistical fluctuations from correlated samples allow for a much shorter propagation
time. Empirically, we find that 15 £, ! allows full equilibration of the accuracy differences
while providing excellent statistical accuracy. For this approach to be justified, it is necessary
that the simulations produce a “quasi-plateau” in the targeted energy difference for relatively
short imaginary times which better approximates the unbiased result. In the cases we have
investigated, we empirically note such a stable regime in imaginary time. Cross checks with
the corresponding independent AFQMC runs can help to validate convergence.

CS has been shown to improve the accuracy of the calculated energy differences in certain
situations, due to correlated and faster convergence of the energy differences, which avoids
the full onset of the phaseless constraint error.??2%5 For MnCps, we also checked that the
use of an alternate, more rigorous approach to CS produces the same ionization energy
as the original algorithm (details provided in the SI). Results across three different types

295255 guggest that the CS methodology achieves a greater reliability than PC

of data sets
approaches in comparing different electronic surfaces to within near chemical accuracy.

Since CS calculations are most effective if the geometry of the two surfaces is held con-
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stant, the adiabatic ionization free energy (IE), is computed by

IE = E(III) — E(IT) — A+ A(I11) — A(ID), (2)

where F is the electronic energy obtained from AFQMC. A is the thermal correction that
account for temperature effects obtained from ORCA. The reorganization energy, A, is de-
fined as the difference in energy between the III product in its optimal geometry and in the
IT reactant geometry. A is computed via either B3LYP /cc-pVTZ-DKH, as in our previous
work,% or the PC ph-AFQMC with either a UHF or CAS trial wavefunction, as described
in the Results section. The approximation of using B3LYP for the reorganization produces
very poor results for one case (manganocene), as we will discuss further below, as there is
a large change in equilibrium geometry between the II and III states. Evaluating the reor-
ganization energy with AFQMC calculations for the two geometries remedies this problem,
and yields highly satisfactory agreement with experiment for all cases. The calculation of
[Es is illustrated in Fig. 2. A combined with the energy difference between the minima
E(IIT)— E(IT) gives the ionization energy of the reaction at 0 K ignoring zero point energy.
The thermal correction difference for the reaction, A(/1I) — A(II), is then added to bring

the energy to the value at 350 K.

A .
[I\/I”'sz]
Reorganization Energy
_ o Computed with
Vertical Ionlzgtlon ph-AFQMC/CAS/PC

- Computed with
o ph-AFQMC/CAS/CS ! .
o Adiabatic Energy
i}

[M”CPZ]O

Geometry

Figure 2: Schematic of the ionization and reorganization electronic energy calculations per-
formed in this work without consideration of thermal corrections . CS and PC indicate the
energy was measured by the CS and PC approaches, respectively.
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For our CS calculations, we typically ran 30 repeats, with 6624 walkers (~ 200,000 walkers
in total) and 276 GPUs (46 nodes) each until 15 E; . For our PC calculations, we typically
ran for 2000 E, ! (or shorter for QZ calculations) using 3312 walkers and 552 GPUs (92
nodes). To give a sense of the required computational cost, a CS ph-AFQMC calculation
for [Mn!1Cp,)]° requires about 1,231 node hours on the Summit supercomputer at the Oak
Ridge Leadership Computing Facility (< 1 hour walltime), using a truncated (99.5% of the
weight) CASSCF trial wave function containing 282 determinants. These settings typically
allowed us to obtain statistical error bars in the energy difference below 2 kcal/mol.

We compare ph-AFQMC with the local GGA BP86, 4115 hybrids B3LYP,> B3LYP*, 116
PBEO0, ! and B97,%? the meta-GGA hybrids M06'*7 and TPSSh,!*¥119 the semilocal meta-
GGA (non-hybrid) B97M-V,129 the range-separated hybrid meta-GGA wB97M-V 12! the
range-separated hybrid wB97X-V functionals,?? and the double-hybrid DSD-PBEBS86. 123:124
These calculations were done in ORCA. We perform single-point energy calculations, with-
out the one-center approximation for the relativistic corrections. The MP2 part of the
double-hybrid calculations used the frozen core approximation (10 electrons (1s*2s?2p°) for
3d transition metals and 2 electrons for C and O (1s?)). B3LYP geometries were obtained

using the large “Grid7” option in ORCA (see SI).

IV. Results

Vertical Ionization Energies

The vertical IE results using ph-AFQMC methods are given in Table 2. AFQMC PC/UHF
has numerous large outlier cases, such as CrCp, and NiCpy. Both AFQMC PC and AFQMC
CS with CAS trials are significant improvements over AFQMC PC/UHF. The CS results
have a lower maximum error. The PC results show a greater dependence on the quality of

the trial wavefunction.

The CASSCF NOONS of both ®Mn(III) and Ni(III) show a small but notable fractional
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occupation of the lowest unoccupied natural orbital (LUNO) of at least +0.165, which can be
traced to a loss of occupation of at least -0.16 in one of the occupied orbitals. In both cases,
these deviations from ideal NOONs are accompanied by a deviation of (S?)psryp from the
expected value. The Mn and Ni cases deviate from the ideal values by 5.54% and 6.38%, re-
spectively. Non-integer CASSCF NOONSs and spin-symmetry breaking in unrestricted DFT
calculations have been put forth as complementary diagnostics of static correlation in tran-
sition metal compounds, as they reflect a wavefunction that is a superposition of more than
one spin state made possible by a near-degeneracy of energy levels.% Indeed, the calculated
M-Cp lengths (Table S29) and experimental gas-phase homolytic M-Cp dissociation energies
(Table S30)%%%! together imply that bonding is weakest in the Mn and Ni complexes across
the 3d series. In general, as the strength of a bond weakens, the energy splitting between
spin states narrows, setting the stage for static correlation. While most simply illustrated
when diatomics such as Hy or Ny are stretched, an analogous situation has previously been
reported for a weakly bound tetraammine Mn cation in the gas phase.% While the degree of
multireference character implied by these methods can be sensitive to the active space and
DFT functional employed, respectively, we propose (and certainly find in this dataset) that
this procedure has utility for pinpointing particularly difficult cases, independent from any
comparison to experiment.

Due to the presence of particularly extensive correlation in the Mn and Ni cases, we apply
an improved extrapolation, using AFQMC PC/CAS rather than with AFQMC PC/UHF.
We used AVAS and the MINAO basis set to generate active spaces of 8-10 electrons in 8-10
orbitals for Mn!/Cps, °Mn!//Cp,, and all three NiCp, species in both TZ and QZ basis sets
for use in AFQMC. Using these trial wavefunctions instead of the UHF trial wavefunctions
to extrapolate the vertical AFQMC CS/CAS value resulted in a value of 153.14 + 1.72
kcal/mol for the Mn case, which agrees reasonably well with the experimental value of
150.1 £ 2.31 kcal/mol, considering the uncertainties in both values. The value with a UHF

trial extrapolation is 157.08 4+ 1.72 kcal/mol, which is clearly in worse agreement with
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experiment and outside of the joint error bars of theory and experiment. The Ni case was
also significantly improved. Finally, as a control, we ran calculations using the CASSCF-
trial CBS extrapolation for CoCp,, which did not require it according to our criteria, and
obtained very similar results to those found with the use of the UHF trial (see SI).

The accuracy of these vertical excitation results implies that, coupled with accurate
calculation of the reorganization energy, we should find accurate adiabatic results. Indeed,
the photoelectron spectroscopy results may be more difficult to interpret than the adiabatic
experiments, due to a variety of factors. For example, we do not attempt to compute vibronic
contributions or to include temperature effects. Additionally, the vertical experiments exhibit
an increased uncertainty due to the difficulty in interpreting the spectra in terms of line width.
Moreover, the “excited” vertically ionized state, in a distorted, nonequilibrium geometry, is
naturally harder for electronic structure methods to compute as compared to the equilibrium

geometry of the ground state.

Table 2: Vertical ionization energies as a function of metallocene type and AFQMC
methodology. The mean absolute errors (MAE), maximum errors (MaxE), root-mean-
square deviations (RMSD), and the mean signed errors (MSE) are included. All units are
in kcal/mol. The way the uncertainties for MAE’s and MSE’s are calculated is described
in the SI.

PES Expt AFQMC PC/UHF AFQMC PC/CAS AFQMC CS/CAS

V(Cp) 156.3 &= 2.31 158.95 £+ 1.59 161.4 £ 2.16 155.34 £ 1.51
Cr(Cp)s 131.4 4+ 2.31 123.49 + 1.31 129.29 £ 1.86 127.27 £ 1.85
Mn(Cp)s 159.3 + 2.31 159.29 £ 0.72 158.51 £ 1.00 156.56 + 0.78
Fe(Cp)s  158.7 4+ 2.31 161.09 £ 1.92 161.1 &+ 2.3 155.38 £ 1.88
Co(Cp)e 128 £ 2.31 126.23 £ 1.87 127.5 £ 1.89 129.22 £ 1.44
Ni(Cp),  150.1 + 2.31 157.89 £+ 1.33 153.19 £ 0.97 153.14 £ 1.72
MAE 3.75 £ 1.13 233 £ 1.13 257 £1.13
|MaxE| 791 £ 1.13 5.1 £1.13 413 £ 1.13
RMSD 4.82 2.79 2.81
MSE 0.53 £ 1.13 1.2 £ 1.13 -1.15 £ 1.13

The DFT and DLPNO-CCSD(Ty) results for vertical ionization energies, using the var-

ious functionals enumerated in section III are compared to ph-AFQMC in Fig. 3 and are

enumerated in Table 3.
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The hybrid functionals BSLYP B3LYP*, M06, B97, PBEO, TPSSh, wB97X-V and wB97M-
V, as well as the meta-GGA B97M-V all have MAE’s between 4.5 and 5.7 kecal /mol indicating
similar performance, given the uncertainty of the experiments. The double hybrid functional
DSD-PBEPS86 also does not perform very well, especially for CoCpsy, which may be due to
the difficulty that MP2-based methods have for organometallic complexes, as discussed in
Ref. 69. The lower RMSD observed for the BP86 functional must be considered fortuitous in
view of the very large errors obtained for the adiabatic calculations in Table 6 below. Among
different functionals, the maximum error often occurs at different metallocenes, indicating a

lack of predictable reliability.

BP86 <& PBEO B97 e wWBI7X-V <  DLPNO-CCSD(T)
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Figure 3: Performance of ph-AFQMC (CAS trial, CS), DFT functionals (QZ basis), DLPNO-
CCSD(Ty) (extrapolated with TZ/QZ basis sets), and experiment for prediction of exper-
imental vertical gas-phase ionization energies for metallocenes. The range is limited to
deviations of -15 to 15 kcal/mol. The DSD-PBEP86 result for Co(Cp), and Ni(Cp), are out
of range with deviations of about -20 and 17 kcal/mol respectively. The gray band indicates
the uncertainty of the experiments i.e. 2.31 kcal/mol. The errors are given in both units of
kcal/mol (lefthand axis) and kJ/mol (righthand axis).

21



Table 3: DFT (QZ basis) and DLPNO-CCSD(Ty) (extrapolated with TZ/QZ basis sets) vertical ionization energies, as a function of
metallocene and methodology. The mean absolute errors (MAE), maximum errors (MaxE), root-mean-square deviations (RMSD), and the
mean signed errors (MSE) are included. All units are in kcal/mol.

DSD- DLPNO-

Expt. BP8 B3LYP B3LYP* PBEO TPSSh MO06 B97 B97M-V wB97X-V  wB97TM-V PBEPSG  CCSD(T)

V(Cp)2 156.3 £ 2.3 15747 152.37 152.25 158.88 152.18 153.82 151.92 153.40 154.62 156.10 153.80 162.93
Cr(Cp), 1314 +23 13219 124.55 125.78 123.01 125.73 121.06 123.73 123.88 126.09 125.65 125.76 122.70
Mn(Cp)e2 159.3 +2.3 148.24  152.80 150.65 157.07 149.45 157.70 153.00 152.10 161.81 162.53 166.62 168.50
Fe(Cp)e  158.7 £2.3 159.43  149.00 150.74 148.99 150.58 153.47 149.41 150.09 151.50 151.05 151.72 154.12
Co(Cp)2 128 £ 2.3 125.33 128.13 126.08 132.57 125.42 130.69 127.65 125.23 133.44 133.72 108.35 128.60
Ni(Cp)e  150.1 £ 2.3 146.65 152.20 149.39 157.78 148.92 155.00 152.19 150.17 160.84 161.23 167.29 156.89
MAE 3.31 4.87 4.82 5.86 5.25 4.54 5.01 4.84 5.48 5.61 9.88 6.08
|MazE]| 11.06 9.70 8.65 9.71 9.85 10.34 9.29 8.61 10.74 11.13 19.65 9.20
RMSD 4.90 5.82 5.63 6.53 6.05 5.39 5.89 5.75 6.25 6.57 11.70 6.73

MSE -2.42 -4.12 -4.82 -0.92 -5.25  -2.01 -4.32 -4.82 0.75 1.08 -1.71 1.66




Reorganization Energies

Table 4 gives the reorganization energies along the III potential energy surface (except for
MnCp, where we use the low spin surface) for the various metallocenes using B3SLYP AFQMC
with PC and a UHF trial (AFQMC PC/UHF), and AFQMC with PC and a CAS trial
(AFQMC PC/CAS). We see that B3LYP reorganization energies are outside AFQMC error
bars in all cases. The reorganization energies are fairly similar for VCpy, CrCps, and FeCps.
The AFQMC results disagree with B3LYP for CoCp, and the AFQMC/CAS result shows
significant differences the other two for NiCps.

The discrepancy between all methods is very large for MnCp,. The reorganization energy
for the Mn system is expected to be large given the large geometry change in going from
IT to II1.6' In particular, the BSLYP M-Cp ring centroid distance decreased from 2.08 A to
1.78 A. To explore this further, we systematically changed the Mn///-Cp centroid distance
and calculated the energy along this coordinate (optimizing other degrees of freedom) using
B3LYP and AFQMC/UHF. Fig 4 shows that the equilibrium position from both methods are
similar, but at higher distances, where the Mn!! geometry would be found, the PES curves
differ significantly, with the AFQMC/UHF curve well above the B3LYP curve, indicating
its reorganization energy will be higher, as we observe. While the AFQMC curve is flatter
and gives the appearance of a double minimum which is probably due to statistical noise,
the minimum still overlaps significantly with that of the B3LYP curve. We use different
AFQMC reorganization energies to calculate adiabatic ionization energies and compare the

results to experiment in the next section.
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Table 4: Reorganization energies calculated in the TZ basis along the III potential energy
surface as a function of metallocene and methodology. All units are in kcal/mol.

B3LYP AFQMC PC/UHF AFQMC PC/CAS

V(Cp), 0.37 1.73 + 0.58 1.76 &+ 0.52
Cr(Cp)s 3.04 0.14 £+ 0.5 -0.19 + 0.52
Mn(Cp),  28.46 52.38 + 0.7 41.5 4 0.68
Fe(Cp), 3.17 0.82 £ 0.71 0.87 & 0.69
Co(Cp)a 6.57 12.45 4 0.79 10.75 4 0.66
Ni(Cp), 6.30 11.34 £ 0.72 11.04 £ 0.57
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Figure 4: Rigid scans of the Cp-Cp distance in [Mn!ICp,y]'*t where red = B3LYP and black
= ph-AFQMC/UHF. The x-axis is the deviation from the B3LYP optimal Cp to Cp ring
distance of 3.55 A. The dashed vertical lines indicate what the reorganization energy would
be at the optimal ring distance of [Mn!!Cp,]°. The relative energies (relative E) are given
in both units of kcal/mol (lefthand axis) and kJ/mol (righthand axis).
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Adiabatic Ionization Energies

The adiabatic ionization energies using different AFQMC methods are compared to exper-
iment in Table 5. With AFQMC CS, the adiabatic ionization energy is computed with the
two-step procedure illustrated in Fig. 2, while with AFQMC PC, it is computed directly as
a two-point energy difference (purple line). AFQMC using PC with either a UHF trial or a
CAS trial does not perform well, with similar MAE’s, absolute maximum errors, and other
statistical measures. Much of the poor performance is for MnCpy. The poor performance
of AFQMC using PC is likely due to an inferior trial wavefunction, which is perhaps not
converged with respect to active space, particularly for the III oxidation state, and poten-
tially poor error cancellation. The results using AFQMC with CS, CAS trial, and B3LYP
reorganization energies, called AFQMC CS (1), performs similarly poorly due to this outlier.
However, using AFQMC-generated reorganization energies results in much better agreement
with experiment. We interpret this success as follows: The vertical excitation from the II
to the III state has the largest change in electronic structure and hence is most demanding;
CS succeeds because the energy difference can be converged before the full bias due to the
phaseless constraint appears, and exploits cancellation of error in the Monte Carlo sampling
on the II and III surfaces. For the reorganization energy, DFT methods appear to have diffi-
culty obtaining accurate results for these transition metal containing systems at geometries
that are substantially distorted from the minimum; AFQMC/PC provides accurate results
for such distortions, at least for the present systems.

DFT results for the metallocenes using a variety of functionals are given in Table 6
using the QZ basis set, as is recommended in Ref. 125. DLPNO-CCSD(T)) results are also
given. The MAEs, and average errors, of all of these methods (other than the double hybrid
functional DSD-PB86, which again displays the worst performance) are in a range similar
to that observed for the vertical ionization energies, between 3.5 and 5.5 kcal/mol, with a
maximum error greater than 7 kcal/mol. None of these results are overall of benchmark

quality, although the best performing functionals do obtain good results for individual cases.
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Table 5: ph-AFQMC adiabatic ionization energies at the complete basis set limit as a
function of metallocene and methodology. The mean absolute errors (MAE), maximum
errors (MaxE), root-mean-square deviations (RMSD), and the mean signed errors (MSE)
are included. All units are in kcal/mol. (1) = B3LYP reorganization energy and (2) =
AFQMC PC/CAS reorganization energy. All units are in kcal /mol.

ETE Expt AFQMC PC  AFQMC PC AFQMC CS (1) AFQMC CS (2)

UHF Trial CAS Trial CAS Trial CAS Trial

V(Cp)a 1545+ 1.5 157.64 = 1.55 160.25 = 2.15  155.44 & 1.61 153.7 + 1.52
Cr(Cp); 1275+ 1.5 127.04 £ 1.43 13354 £ 1.96  127.63 & 1.81 131.18 + 2
Mn(Cp), 14254+ 1.5 156.26 & 1.54  151.60 +2  158.53 + 1.97  146.09 + 2.37
Fe(Cp); 15314+ 1.5 158.41 4+ 1.84 158.37 £2.32  150.34 = 1.75  152.78 & 2.02
Co(Cp)y 1235+ 15 119.06 = 1.6 122.18 + 1.85 128.1 + 1.52  124.35 + 1.83
Ni(Cp)y 143.8 & 1.5 144.75 + 1.42 143.49 & 1.64 148.25 £ 1.7 144.25 + 2.15
MAE 468 £0.89  4.65+ 1.02 482 +0.93 1.61 + 1.02
\MazE)| 13.76 + 2.15 9.19 + 2.5 16.03 + 2.47 3.68 £ 2.5
RMSD 6.43 5.53 7.15 2.16
MSE 3.04 + 0.89 4.1 + 1.02 3.9 +0.93 1.24 + 1.02

This data can be contrasted with the significantly lower MAE and maximum error obtained
from the best AFQMC protocol. In fact, the performance is consistent with the prior results
that we have reported for transition metal diatomics (bond dissociation energies)? and small
coordination complexes (ligand removal energies).?® The best methods are in the ballpark
for many cases, but predictions are lacking in robustness.

An important question to ask at this point with regard to the DLPNO-CCSD(Ty) results
is to what extent the errors are due to the specific approximations (both localized orbital
cutoffs and the use of the less rigorous (Ty) representation of triple excitations), as opposed
to an intrinsic limitation of CCSD(T) itself. This is a challenging issue to explore, because
the use of more computationally expensive approximations becomes problematic for systems
as large as the metallocenes (let alone grand challenge problems in biology and materials
science, such as the water splitting cluster in Photosystem II). Nevertheless, we have made an
initial effort to address this issue, varying the localization cutoffs and triples implementation
(replacing Ty with T;) as detailed in the SI, for the Mn(Cp)s system. The use of tight
cutoffs and T; brings the results to within 3-4 kcal/mol of experiment; using a DZ basis

set to evaluate full CCSD(T) (all that we could afford) and extrapolating with DLPNO
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results, one would appear to come quite close to experiment (although one would have to
be concerned about the accuracy of this protocol, given the large differences between the

various coupled cluster approaches).
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Figure 5: Performance of ph-AFQMC, DFT functionals (QZ basis), and DLPNO-CCSD(Ty)
(extrapolated with TZ/QZ basis sets) for prediction of experimental adiabatic gas-phase
ionization energies for metallocenes. The range is limited to deviations of -15 to 15 keal /mol.
The BP86 value for Mn(Cp), and the DSD-PBEP86 value for Co(Cp), are beyond of the
range of the plot with deviations of about -20 and -25 kcal /mol, respectively. The gray band
indicates the uncertainty of the experiments i.e. 1.5 kcal/mol. The errors are given in both
units of kcal/mol (lefthand axis) and kJ/mol (righthand axis).

Acetylacetonate (acac) Results

To provide a further assessment of preliminary DFT and DLPNO-CCSD(Ty) (using our
default cutoff settings), we decided to carry out calculations for the acac series of coordination
complexes described above. These systems have nearly double the number of electrons as the
metallocenes, which presented difficulties with regard to obtaining results using our current
AFQMC code. We have recently made major improvements to the code’s performance and
scaling with system size, and so it is likely we will be able to report converged results for
the acac series in the near future. Results for our entire suite of DFT functionals, along

with those for DLPNO-CCSD(Ty), are presented in Table 7 and Fig. 6 below. In what
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follows, we focus attention on adiabatic ionization potentials, as we have not evaluated
vertical ionization energies for the acac series. We use the same QZ basis as was employed
in studying the metallocenes.

A number of striking features of the data are immediately apparent. Firstly, none of
the DFT methods perform as well as the best performers do for the metallocene series; the
MAE and RMSD are in all cases well above (near-)chemical accuracy. This performance
may in part be due to the net negative charge residing on the molecule, which can delocalize
onto the metal in the III state, resulting in overbinding (as has been observed in organic
systems). It should also be noted that the two acac cases with anomalously large errors
(Cr and Mn) are the only ones which involve ionization from singly occupied e, orbitals.
Previous work has shown that the errors in removing or adding electrons to DF'T orbitals
depends significantly upon whether the orbital is singly or doubly occupied, and what type
of orbital is involved. 4%43:126

The B97, B3LYP, and wB97M-V functionals yield the best results, at 4.56, 4.82, 4.94
kcal/mol MAE respectively, but it must be noted that wB97M-V was one of the worst
performing functionals for the metallocenes, with an MAE of 5.43 kcal/mol. Interestingly
the performance of the double hybrid functional DSD-PBEPS6 is relatively similar between
metallocenes and acac complexes. Across both data sets, all of the DFT functionals exhibit
several failures with quite large errors. Secondly, the DLPNO-CCSD(Ty) results are no better
than the DFT results for, e.g., the range-separated hybrids. Thirdly, some of the DFT error
appears to be systematic in character, with similar trends being manifested for many of the
DFT functionals. A particularly extreme example can be found for the [Cr(acac)s]'~ species,
for which most of the DFT functionals yield an adiabatic ionization potential that is ~10
kcal /mol smaller than experiment. Assuming that the acac experiments have error bars that
are similar to those of the metallocene experiments (the latter having been validated by the
close agreement of the experimental data with the AFQMC results), we can conclude from the

above results that both DFT and the version of DLPNO-CCSD(T)) we use cannot reliably
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produce benchmark level thermochemical data for transition metal containing systems. It
would be surprising if the acac experiments, which were carried out by the same group, using
the same apparatus and protocols, as for the metallocene experiments, were qualitatively less
accurate than the latter, but some caution is warranted in the absence of confirming quantum

chemical calculations.
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Table 6: DFT (QZ basis) and DLPNO-CCSD(Ty) (extrapolated with TZ/QZ basis sets) adiabatic ionization energies, including thermal
corrections at 350 K, as a function of metallocene and methodology. The mean absolute errors (MAE), maximum errors (MaxE), root-
mean-square deviations (RMSD), and the mean signed errors (MSE) are included. All units are in kcal/mol.

DSD- DLPNO-

ES
Expt. BP8 B3LYP B3LYP* PBEO TPSSh MO06 B97 B97M-V wB97X-V  wB97M-V PBEPS6 CCSD(T,)

V(Cp)e 1545 £ 1.5 156.92 151.44 151.22 154.11 150.76 152.35 150.74 152.03 156.88 159.03 152.29 161.29
Cr(Cp)2 1275+ 1.5 133.21 124.17 125.70 124.08 127.02 122.60 123.95 125.06 127.74 127.00 127.68 123.81
Mn(Cp)e 1425+ 1.5 122.75  144.62 137.85 147.51 127.66 151.31 143.03 133.93 144.64 149.40 141.62 153.53
Fe(Cp)2 153.1 £ 1.5 155.24 143.21 145.25 145.67 147.35 151.83 144.28 146.96 148.78 147.72 151.24 156.19
Co(Cp)2 1235+ 1.5 123.26 128.44 125.95 128.77 121.47 127.07 127.01 121.01 128.64 129.99 98.62 122.41
Ni(Cp), 143.8 £ 1.5 140.88 148.33 145.18 150.40 141.22 147.13 147.18 142.32 151.29 152.56 155.68 147.44
MAE 5.53 4.64 3.57 4.69 4.90 4.00 3.93 3.93 3.62 5.43 6.98 4.89
|MazE| 19.75 9.89 7.85 7.43 14.84 8.81 8.82 8.57 7.49 8.76 24.88 11.03
RMSD 8.58 5.29 4.19 5.22 6.81 4.68 4.63 4.68 4.31 6.00 11.33 5.8

MSE -2.11 -0.78 -2.29 0.94 -4.90 1.23  -1.45 -3.93 2.18 3.47 -2.96 3.30




Table 7: DFT (QZ basis) and DLPNO-CCSD(Ty) (extrapolated with TZ/QZ basis sets) adiabatic ionization energies as a function of acac
and methodology. The mean absolute errors (MAE), maximum errors (MaxE), root-mean-square deviations (RMSD), and the mean signed
errors (MSE) are included. All units are in kcal/mol.

DSD- DLPNO-

Expt. BP8 B3LYP B3LYP* PBEO TPSSh MO06 B97 B97M-V wB97X-V wB97M-V PBEPS6  CCSD(T,)

[V(acac)s]~ 249 +£24 2011  24.30 2428 2421 2311 2842 24.67 26.37 20.66 22.60  24.60 22.50
[Cr(acac)s] '~ 2043 746  10.60 8.35 10.21 291 1553 11.88 1.41 8.98 10.61 1457 7.79
[Mn(acac)s|'~ 594+ 5 40.15  50.31 46.30  52.09  41.48 5484 51.75 43.78 51.87 54.55  62.67 57.13
[Fe(acac)s ]1 43 +24 4311 4286  41.74 4085  39.75 36.30 42.11 36.62 44.25 4450  47.04 34.05
[Co(acac)s]'~ AT +4 3044 5228 4495 56.80  39.44 54.05 53.33 33.74 53.59 54.05  66.28 56.45
MAE 10.46 4.82 566 587 944 518 456 10.99 6.05 4.94 6.54 6.97
|MazE| 18.85 9.40 1270 9.80 1752 7.05 8.12 18.59 11.02 939  19.28 12.21
RMSD 12.69 6.20 779 7.00 1158 537 5.64 12.62 6.86 5.75 9.28 8.10

MSE -8.73 -2.71 -5.66 -1.95 -9.44  -0.95 -2.03 -10.40 -2.91 -1.52 4.25 -3.20
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Figure 6: Performance of DFT functionals (QZ basis) and DLPNO-CCSD(Ty) (extrapolated
with TZ/QZ basis sets) for prediction of experimental adiabatic gas-phase ionization energies
for acac complexes. The range is limited to deviations of -20 to 20 kcal/mol. The gray band
indicates what is often given as the chemical accuracy for transition metals: 3 kcal/mol. The
errors are given in both units of kcal/mol (lefthand axis) and kJ/mol (righthand axis).

Reduction Potentials in Solution

Richardson and co-workers %061

derive THF /acetonitrile differential solvation energies for
the metallocenes from their gas-phase and solution phase measurements. Therefore, we use
their solvation energies to see if our results yield accurate reduction potentials. We leave the
investigation of the proper simulation of solvation energies for a future publication.

The gas phase ionization energy is given by AG|(,), which is computed with ph-AFQMC
and includes ideal gas free energy corrections. The differential solvation energy is given
by AGsorw, 11 — AGsor 111, for which we use the experimental value given in Ref. 8. De-
tails on how the potentials are derived using a thermodynamic cycle is given in the SI.
Table 8 gives the resulting potentials using our best ph-AFQMC method as well as the best
performing (in terms of MAE) DFT methods for the adiabatic ionization of metallocenes,

namely B3LYP*. While the uncertainty of the experimentally-derived differential solvation

energy clouds the interpretation of the results, ph-AFQMC clearly seems to perform well.
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The results show that accurate potentials can be obtained by properly describing both the

gas-phase and solvation parts. Alternatively, good results can otherwise be obtained using

43,127-129

empirical corrections or error cancellation schemes.*® Thus ph-AFQMC can be used

as a microscopic approach for the computation of the gas-phase part and help isolate errors
due to the solvation model.

Table 8: Computed reduction potentials (V) using the experimentally de-
rived differential solvation energies (Eyop, (I1) - Eqo, (IT1)) (kcal /mol)5961 as
a function of metallocene and methodology for our best ph-AFQMC method
as well as the best performing functional from above for the adibatic ion-
ization energy of metallocenes B3LYP*. The mean absolute errors (MAE),
maximum errors (MaxE), root-mean-square deviations (RMSD), and the
mean signed errors (MSE) are included. The uncertainty on errors do not
incorporate the uncertainty on the experimental differential solvation en-

ergy

Expt. Differential
Solvation Energy

Expt. Potential AFQMC/CAS CS B3LYP*

CAS Trial
Units kcal/mol \% \Y% \Y%
V(Cp)2 60 + 4 -0.31 -0.38 £ 0.19 -0.48
Cr(Cp)a 36 £ 4 -0.43 -0.31 £ 0.19 -0.55
Mn(Cp)s 38 + 4 0.11 025+02  -0.11
Fe(Cp)s 3b£4 0.65 0.67 =+ 0.19 0.34
Co(Cp)2 38+4 -0.60 -0.7 £ 0.19 -0.63
Ni(Cp)» 38 +£4 0.25 0.17 £ 0.2 0.21
MAE 0.09 £+ 0.19 0.15
\MazE| 0.14 £ 0.26 0.31
RMSD 0.09 0.18
MSE 0+ 0.19 -0.15

V. Implications of the Results for Transition Metal Quan-
tum Chemistry

The primary feature of the present paper is its evaluation of a significant number of quantum
chemistry methods, both high level wavefunction based approaches and DFT functionals,

via comparison with experimental gas phase ionization energies for two challenging series of
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transition metal containing molecules. All of the methods display some limitations — DFT
and DLPNO-CCSD(Ty) in accuracy, and AFQMC and more accurate versions of coupled
cluster (including full CCSD(T)) in the ability to scale up to larger systems such as the acac
complexes.

Nevertheless, we consider the results to be very promising in a number of dimensions. The
best of the DFT methods are within striking distance of achieving “transition metal” ther-
mochemical accuracy (2-3 kcal/mol MAESs) for the systems under study, and there is every
reason to believe that progress towards this goal in the general case can be made if a larger
and more relevant set of training data for transition metal containing systems is supplied to
DFT developers. The effort towards enablement of AFQMC towards benchmark accuracy
for large systems (i.e., ~ 2000 basis functions in a TZ basis) is well underway, although
nontrivial problems remain (most prominently the ability to reliably generate sufficient trial
wavefunctions).

Optimization of localized CCSD(T) methods such as DLPNO specifically for transition
metal problems has reasonable prospects of ultimately enabling a scale up of coupled cluster
based methods as well at the benchmark level of accuracy, although significant difficulties
remain. See for example the recent work of Harvey and co-workers on non-heme iron com-
plexes. 192139 Tn the first work, they found that canonical CCSD(T) was in poor agreement
with higher orders of coupled cluster and DMRG-CASPT2.!3° They also found that DLPNO-
CCSD(T), even with tight PNO cut-offs, was not in agreement with canonical CCSD(T).
In the second work, they found that these results hold for a larger system including the
T; corrections on the DLPNO-CCSD(T) calculations.!®® Our very preliminary results for
Mn(Cp), are in fact more encouraging than these conclusions.

Evaluation of full CCSD(T) for the systems in our present work, extrapolated to the basis
set limit, is a highly computationally challenging calculation, which we did not attempt in
the present paper. Our preliminary results for one metallocene, Mn(Cp),, do show significant

movement towards the experimental data as compared to the initial DLPNO calculations as
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the quality of the triples correction is enhanced from (Ty) to (T), the PNO thresholds are
tightened, and the basis sets size is increased. If a substantial amount of computational effort
is committed to the problem, it should be possible to rigorously evaluate the performance
of fully converged CCSD(T) for metallocenes ionization potentials, and we believe it is
important to do so. Given the limited amount of relevant experimental data, and possibility
of more noise in the experiments than is estimated in the experimental papers (always a
concern for gas phase experiments on transition metal containing molecules), the convergence
of multiple benchmark methods to similar results would be the best way to further validate
the hypothesis (which we have proposed in the present work) that the right answer is being
obtained by our AFQMC calculations for the right reason.

We are optimistic that, via parallel studies of increasingly accurate AFQMC and CCSD(T)
methodologies, converged results can be obtained across a sufficient number of relevant cases
to validate the creation of accurate benchmark data sets for transition metal containing
species, at the very least for systems without a high degree of multireference character. As
noted above, rigorous data from two high level methods provides significantly more confi-
dence in estimated error bars than that from a single approach. Once a benchmark approach
is validated, it can be used to develop new DFT functionals, and also approximate CCSD(T)
protocols, with higher accuracy and reliability while retaining much lower computational
costs and acceptable scaling with system size. Such developments are critical to enable the
treatment of larger and more complex systems, where the scaling of the calculations with
system size (and the prefactor) determine how many different states of the system (if any)
can be investigated (and sometimes, for example in the case of the photosystem II water
splitting cluster, a minimum of hundreds of states needs to be considered in the investigation
of the catalytic mechanism).

We see the results to date obtained by our AFQMC implementation for a series of increas-
ingly challenging, and diverse, transition metal test cases, as illuminating a path towards

both improved high level approaches and optimized DFT functionals. The excellent agree-
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ment between our AFQMC results and experiment has enabled clean benchmarking sets to
be extracted from an often confusing array of experimental and theoretical papers; these
can be used to test alternative single and multireference CCSD(T)-based methodology going
forward. These benchmarks should also be helpful in assessing other advanced wavefunc-
tion approaches, such as multiconfigurational pair-density functional theory (MC-PDFT),!3!
other types of QMC such as diffusion Monte Carlo (DMC),*? nonorthogonal configuration
interaction with second order perturbation theory (NOCI4+PT2),!3 and so on. When doing
so, a balanced assessment of both accuracy and computational efficiency will be necessary.

The DFT results relative to our AFQMC calculations that we have obtained so far are
consistent with our prior work. Semi-local GGA functionals appear to be incapable of
obtaining reliable results for organometallic and coordination complexes of the type we have
studied to date, although performance may be better for other metal-containing systems. 134
The performance of hybrid functionals of various types (including range-separated hybrids)
is highly variable, with many cases yielding results that agree well with experiment, while
others appear as significant outliers with errors in the 5-10 kcal /mol range. Some outliers are
specific to the functional in question, but others present problems across the entire range of
alternatives that we have examined, for example the Cr and Mn complexes with acac ligands.
Finally, the one double hybrid functional that we tested, DSD-PBEP86, while marginally
better for the acac ligands, overall displays very large average and maximum errors, in line
with the poor performance in previous studies.

We conclude from these results that DF'T methods for transition metals are very promis-
ing, but need to be optimized using a much larger database of benchmark experimental
and “beyond CCSD(T)” theoretical results for relevant transition-metal containing systems.
There are benchmark data sets such as the MOR41 and ROST61 sets of (single-reference)
closed-shell and open-shell organometallic reactions?*!35 which use DLPNO-CCSD(T) as the

benchmark data set, the TMC151 set of diatomic dissociation energies as well as reaction

energies and barriers for typical transition metal reactions which uses a mix of experimen-
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tal and CCSD(T) reference values, *® the MOBH35 database of 35 transition metal complex
reaction barrier heights computed with DLPNO-CCSD(T) in a Weizmann-1 scheme. 3" Sim-
ilarly, the bond dissociation energies of various transition metal fluoride complexes have also
been studied with CCSD(T) as the theoretical benchmark.3® The spin transition properties
of several iron spin-crossover complexes have also been studied.?’ However, given the vari-
able reliability of CCSD(T) for transition metals, especially open-shell systems, more robust
benchmarks are desirable, even if more costly.

Similar large scale optimization has succeeded in reducing the number of outliers present
in modern DFT functionals, such as the latest range-separated hybrids, to a very substan-
tial degree as compared to earlier generations of functionals such as BSLYP and PBEO, !
although it should be noted that outliers have not been entirely eliminated. We expect that
similar progress can be made for transition metal containing systems. Newer approaches,
such as the use of machine learning methods to create better functional forms for the DFT

functional, 1314 may also prove to be useful in the optimization process.

V1. Conclusions

We have developed an AFQMC protocol which yields results for the ionization of a series
of metallocenes (normal oxidation state, coordinatively saturated organometallic complexes)
that are essentially within experimental error bars for both vertical and adiabatic ioniza-
tion energies. The protocol has the following key ingredients: (1) A multideterminantal
trial wavefunction, based on CASSCF calculations (2) The use of a CS algorithm to com-
pute energy differences between electronic surfaces, and a PC algorithm to calculate energy
differences on the same surface, namely the reorganization energy. (3) Methods for extrap-
olation to the CBS limit which are upgraded to a higher quality trial function as indicated
by CASSCF NOONs and spin-symmetry breaking at the BSLYP level. For the same data
sets, the results for various DFT functionals, and for DLPNO-CCSD(Ty) applied with loose
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cutoffs, display significantly higher MAEs as well as a number of large outliers (5-10 kcal /mol
deviations from experiment) which are outside of the experimental error bars.

Going forward, we see the role of AFQMC for transition metal quantum chemistry as:

(1) Generating benchmark data sets for assessment of various coupled cluster and other
wavefunction approaches, and for optimization of a next generation of DFT functionals.

(2) Obtaining results for unique, challenging systems of importance in biological and
materials science, for example the Mn water splitting cluster in Photosystem II, 4146 or the
CuO planes in high T. superconductors. 147148

Both of these applications will require validation of the accuracy of AFQMC methods for
increasingly larger and more complex systems (e.g. those containing multiple metal centers),
as well as improvements in computational efficiency to enable larger molecules, and larger
data sets, to be effectively addressed. The present paper, while a step in this direction, has
also been focused on pointing out the need for a true benchmark approach, via its assessment
of the existing coupled cluster and DF'T alternatives.

An important question going forward will be the relative costs and scaling with system
size of the best practices converged AFQMC and CCSD(T) approaches. Our most recent
AFQMC results, in which we utilize a localized orbital approach to achieve cubic scaling,
with a small prefactor, require only ~67 GPU hours for a TZ calculation on a metallocenes,
a ~20x cost reduction as compared to the canonical orbital calculations cited above. We
expect that both approaches will undergo significant algorithmic advances over the next few
years, and this, combined with the usual acceleration from more powerful computational

hardware, will play a major role in enabling the creation of large and diverse benchmark

data sets suggested above.
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