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Abstract

Metal-Nitrogen-Carbon motifs present intriguing structural and electronic properties for
a number of applications, including as oxygen reduction catalysts. However, computational
investigations of M-N-C-catalyzed reactions have must grapple with their complex electronic
structures. In the present study, we evaluate the impact of the density functional approximation
on calculated M-N-C catalyst activities for oxygen reduction. Using metalloporphyrins as
model catalysts, we find a significant split between pure (GGA) and hybrid functionals, with
hybrid functionals, in particular B3LYP, showing greater agreement with DLPNO-CCSD(T)
reaction energies. Notably, double-hybrids offered no noticeable improvement over the much

more computationally efficient B3LYP and PBEO. Other discrepancies between functionals,
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including ground state spin and geometry, are also considered in this work. Finally, both hybrid
and double-hybrid functionals greatly reduced the gas phase errors associated with the main
group molecules in the oxygen reduction reaction relative to GGA calculations, leading us to

question the application of widely used empirical corrections to O.

1 Introduction

The oxygen reduction reaction (ORR) is a crucial biological process and a critical component of
developing technologies such as metal-air batteries and hydrogen fuel cells. For hydrogen fuel
cells, the ORR is current-limiting, and cathodes generally contain platinum catalysts to produce
the current needed for industrial applications.! The broader commercialization of these devices
relies on developing catalysts that are cheap, abundant, and active relative to the current state of
the art.

Computational studies aid the design of novel catalysts in part by defining the factors that limit
theoretical catalyst activity. Density functional theory has shown that most ORR catalysts are
constrained by linear free energy scaling relationships (LFESRs) between the binding energies of
reaction intermediates.? These scaling relationships can be used to derive characteristic volcano
plots that relate catalyst activities to the binding energy of a single ORR intermediate. Such plots
show that Pt is near, but not at, the theoretical peak activity of metallic surfaces, and that a signifi-
cant overpotential will remain unless these LFESRs can be broken or circumvented by a novel class
of catalyst.” As a result, new catalytic materials are sought to push catalyst activity past typical
volcano plot scaling and provide alternatives to Pt.3~

Porphyrins and M-N-C sites more generally have attracted considerable attention as non-platinum
group ORR catalysts with high theoretical limiting potentials?> and experimentally demonstrated
activities competitive with Pt-based catalysts.® Because of the tunability of functional groups on
these porphyrins, their activity and selectivity toward either the two-electron or four-electron ORR
can also be optimized,”-3 making them promising scaffolds on which to build next generation ORR

catalysts. A cycle depicting possible mechanisms for both of these pathways on a metal porphyrin
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catalyst is shown in Figure 1. Furthermore, bifunctional materials based on porphyrins are ex-
pected to break typical scaling relationships through differentiating interactions between adsorbed

intermediates and nearby functional groups, which can preferentially stabilize the OOH interme-
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Figure 1: Catalytic cycle for oxygen reduction on a metal porphyrin catalyst. Outer loop shows the
associative 4-electron pathway studied herein, while the inner loop shows the 2-electron pathway
producing H>O».

Despite their promise, describing the electronic structure of transition metal porphyrins is no

trivial endeavor. These molecules possess complicated electronic structures which make the de-

10,11

termination of ground spin states® and binding energies challenging and highly dependent on

the particular density functional approximation employed. %! Studies aimed at related molecules

have indicated that single hybrid functionals with small amounts of Hartree-Fock exchange per-

12,13

form well relative to wavefunction theories and experiment.”® The recommendation of these

functionals also agrees with generalized benchmarking efforts on transition metal complexes 416

(an overview of these works is provided in Table S1).
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In the present work, we aim to understand the impact of density functional on the predicted
ORR activity of 3d-metalloporphyrin catalysts. We calculate scaling relationships and theoretical
overpotentials using six popular functionals that span different levels of approximation and com-
pare results against the efficient coupled cluster variant DLPNO-CCSD(T) (Domain-Based Local
Pair Natural Orbital Coupled Cluster with explicit Singles and Doubles excitations and a perturba-
tive Triples correction). In doing so, we expand upon the work in Ref 12 by using large basis sets
and dispersion corrections throughout, investigating the double-hybrid B2PLYP, and focusing on
metals relevant for the ORR (including iron porphyrins). In addition, we scrutinize the sources of
discrepancy between the functionals considered here, including the identification of ground spin

states, geometry optimizations, and empirical gas-phase corrections.

2 Methods

2.1 Model Catalysts

We investigate four metalloporphyrin (MP) catalysts containing manganese (MnP), iron (FeP),
cobalt (CoP) and nickel (NiP). Manganese, iron, and cobalt porphyrins, including functionalized
variants, have been explored extensively for the ORR.*>7-17-20 Nickel porphyrin has received only

minimal attention as ORR catalysts due to its weak binding of O,,”?!

yet its inclusion herein is
useful as a way to cover the weak binding regime in the construction of LFESRs. Since MPs closely
resemble pyrrolic MNy catalytic sites in M-N-C catalysts, we expect the conclusions drawn about
the performance of different functionals to be relevant for this broader class of catalysts. Thus, the

MPs considered herein comprise a valuable test set because they represent a class of notoriously

complicated but widely studied 3d complexes spanning a range of ORR activities.
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2.2 Reaction Mechanism

The ORR catalytic activity of metalloporphyrins was assessed for the 4-electron associative path-
way depicted in Figure 1 and in the reaction scheme in eqs 1(a)-(e). The reaction proceeds through
the intermediate complexes MP(O,), MP(OOH), MP(O), MP(OH). It is worth noting that many
ORR studies neglect the initial step of this pathway, the binding of O, to the catalyst. However, we
have included this step because 1) it shows a large dependence on functional choice, 2) there is am-
ple experimental and computational data on this step available for comparison, and 3) the oxygen
binding geometry and energetics are correlated with molecular catalyst activity for the ORR.!7-*?
As the goal of this work is to assess the variability and accuracy of various functionals, the por-

phyrins themselves were kept unfunctionalized. This minimized the computational complexity and

facilitated the use of high accuracy single-reference methods.

MP + O, — MP(O,) (1a)
MP(O,) +H" +e~ — MP(OOH) (1b)
MP(OOH) +H" +e~ — MP(0O) + H,0 (1c)
MP(O)+H*' +e~ — MP(OH) (1d)
MP(OH)+H" +e~ — MP +H,0 (le)

2.3 Computational Hydrogen Electrode

The ORR was studied using the Computational Hydrogen Electrode (CHE).?? Free energies were
calculated using the electronic energy (E,), zero-point energy (ZPE), heat capacity corrections to

the internal energy (Eierm), €ntropic effects (—7'S), and solvation effects (Eqqy):

G= Eel +ZPE + Etherm —TS+ Esolv (2)

For a given set of reaction intermediates, the free energy at electrode potential U was shifted by
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—nelU, where n is the number of proton-electron pairs present in the reactants of a given step of
the balanced reaction, and e is the charge of an electron. All calculations correspond to pH = 0,
and electric field effects were ignored.

Solvation Corrections. In this work, AEy, is modeled by a solvation correction of -0.30 eV
applied to the free energy of the MP(OH) and MP(OOH) intermediates, as implemented in pre-
vious works. 242> Recent benchmarking has shown that such a correction may underestimate the
solvation energy of the MP(O) intermediate for single-atom catalysts relative to implicit and ex-
plicit solvent models. 13.26 Nevertheless, the use of a simple, functional-independent solvent model
eliminates the need to validate implicit or explicit solvation models, while allowing comparison to
earlier studies using the correction.

Thermodynamic Corrections. Thermal and entropic corrections were evaluated at 298.15 K. The
pressure for entropic corrections was taken to be 1 bar, except for the calculation of H,O, which
used a pressure of 0.035 bar. At this pressure, liquid and gaseous water are in equilibrium, allowing
the free energy of the calculated gaseous water to be equated to that of liquid water as defined in
the ORR half cell reaction. 32728

Empirical O, Correction. The free energy of O, was set such that the overall reaction free energy

of the 4-electron pathway would match the theoretical value of 4.92 eV, %0

as is standard practice
in ORR studies. >3

Theoretical Overpotentials. Theoretical overpotentials were calculated as the difference between
the theoretical half-cell potential for ORR (1.23 V) and the highest potential at which all steps in
the free-energy pathway remained downhill.?®> For these calculations, binding of dioxygen (1(a))
was not considered. Instead, steps 1(a) and (b) were considered a single step, as is customary in
the CHE.

Energies for Linear Scaling Relationships. The energies of intermediate species were also cal-
culated relative to the product energies following the convention of Ngrskov er al.>> Specifically,

the relative free energies AGoon, AGo, and AGoy are calculated as the free energy changes of the

following reactions, respectively:
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3
MP +2Hy0 — MP(OOH) + - H, (3)
MP +H,0 — MP(0O) + H, 4)

1
MP +H;0 — MP(OH) + EHQ )

Where only the electronic energies are considered, these relative energies are referred to as AEgon,

AEQ, and AEOH.

2.4 Computational Details

All calculations were performed using ORCA 5.0.4.

DFT Calculation Details. The seven exchange-correlation functionals employed in the present
study are described in Table 1. Grimme’s D3 dispersion correction with Becke-Johnson damping
parameters [D3(BJ)] was applied to all functionals.?'*> The chosen functionals encompass a range
of theoretical approximations, from pure GGA to double-hybrid GGA. As the trends observed in
the present study often coincide with the unofficial rungs of Jacob’s ladder proposed by Perdew, >
we include them for ease of classification in the later discussion.

Table 1: Overview of the functionals used.

Functional Class? Rung® %EXX® %MP2¢ Ref.
BP86 GGA 2 - - 34,35
PBE GGA 2 - - 36

TPSSh  Hybrid Meta-GGA 4 10 - 37
B3LYP Hybrid GGA 4 20 - 38
PBEO Hybrid GGA 4 25 - 39
B2PLYP DH GGA 5 53 27 40
PWPB95 SOS DH Meta-GGA 5 50 27 41

2 DH = Double-Hybrid. SOS = Spin-Opposite Scaled.

b Rung on the informal Jacob’s ladder categorization of functionals.
¢ Percentage of exact exchange included in the functional.

d Percentage of MP2 correlation included in the functional.

33
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All structures were optimized using the def2-TZVP basis set using each of the first six function-
als in Table 1. After optimization, single point calculations were performed using the def2-QZVPP
basis set. Stability analysis was performed on the wavefunctions,** and where necessary, the cal-
culations were restarted using rotated orbitals until stability was achieved.

In some cases, B2ZPLYP optimizations showed signs of instability, never reaching the force
thresholds required for convergence. When the energies seemed sufficiently converged to make an
assessment of ground state spin and geometry, the lowest energy structure along the optimization
path was selected. These unconverged structures are indicated in the Table S7. Because frequency
calculations could not be performed on geometries that were not fully converged, B2ZPLYP was
omitted from the construction of LFESRs and volcano plots.

For each complex, low-, intermediate-, and high-spin structures were optimized, and the ground

state spin was determined independently for each functional from the lowest single-point electronic
energy of the three tested spin states. The full list of DFT-predicted multiplicities is given in Table
S5. In general, these did not agree between functionals. Thus, the true ground state multiplicity for
each intermediate was assigned using reference values from experiment or high-level wavefunction
theory when available, or the lowest-energy state from our own DLPNO-CCSD(T) calculations
otherwise. Neither of these options were available for NiP(O,), but all tested functionals predicted
a triplet ground state, which we assumed to be accurate.
DLPNO-CCSD(T) Calculations. DLPNO-CCSD(T) calculations were performed on TPSSh-
optimized geometries, using TPSSh reference orbitals. The iterative triples correction of Guo et
al.®3 was employed, as it yields better relative energies for transition metal systems and other
molecules with low-lying excited states.** Due to the large disk-space demands of this procedure,
the cutoff for including triple natural orbitals (TCutTNO) was increased from 1.0 x 107 to 5.0 x
10~°. This allowed all calculations to be performed on 2 TB of local disk space. Benchmarking
illustrated that this change had minimal effect on the accuracy of the method (Section S2), which
is consistent with earlier benchmarking done by Guo et al. **

For calculations of AEp and AEpy, and AEppy two-point complete basis set (CBS) extrap-
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olation was performed using the aug-cc-pvdz and aug-cc-pvtz basis sets on all atoms using the
procedure and fitting parameters of Neese and Valeev.* In addition, an extrapolation to the com-
plete pair natural orbital space (CPS)*® was performed using the CPS1 variant procedure described
by Drosou et al., which was shown to greatly improve spin-splitting energies in iron complexes.’
In all cases, the NormalPNO setting was employed, though the TCutPNO setting was modified for
the CPS extrapolation. For calculating the lowest energy spin states, the same CBS/CPS proce-
dure was used. However, only the basis set of the metal atom was extrapolated, which improved
efficiency while accurately treating the orbitals important for determining multiplicity. These cal-
culations used the following basis sets: def2-SVP for H and C, def2-TZVP for N and O, and
def2-TZVPP / def2-QZVPP for the metal.

CCSD(T) Calculations. CCSD(T) calculations were performed on H,O, O,, and H; as well as
atomic O and H in order to benchmark density functional performance for the overall oxygen
reduction reaction. All calculations used B2PLYP geometries, a UHF reference, and a cc-pv6z

basis. For free energy evaluations, the ZPE, thermal, and entropic corrections were taken from

B2PLYP calculations.

3 Results and Discussion

3.1 Linear Free Energy Scaling Relationships

LFESRs were found to exhibit significant dependence on the choice of functional, which impacts
the derived volcano plots of catalyst activity. Figure 2 depicts the LFESRs between MP(O) and
MP(OH) [Figure 2(a)] and MP(OOH) and MP(OH) [Figure 2(b)], calculated using all GGA and
single-hybrid functionals.

The fitted scaling relationships depicted in Figure 2(a) and (b) show a monotonic decrease in
slope and increase in intercept as the percentage of exact exchange in the functional increases (see
Table 1). Thus, the fits for BP86 and PBE, which contain no exact exchange, are quite similar.

Among the hybrid functionals, TPSSh shows the closest agreement with the pure GGAs, likely
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Figure 2: Dependence of theoretical catalyst activity on employed density functional. Linear free
energy scaling relationships between the binding energies of (a) MP(O) and MP(OH) and (b)
MP(OOH) and MP(OH). Parameters and r* values for the fit lines are shown as insets. Note that
the different scale in (b) indicates a narrower range of energies for AGpog. (¢) shows the resulting
volcano plots derived from these scaling relationships. The theoretical ORR potential (1.23 V) is
depicted as a dashed line above the volcano apex.

owing to its small amount of exact exchange. In contrast, the low slopes of the fits for B3LYP and
PBEO indicate significantly weaker binding of the OOH and O intermediates compared to the GGA
predictions. This dependence on exact exchange is quite similar to that found by Busch et al. in
the context of the water oxidation reaction on perfluoroporphyrins. !? Finally, LFESRs constructed
using BP86-optimized geometries and free energy corrections (Figure S2) display the same trends
and show that B2PLYP produces very similar fit lines to PBEO.

Based on electron-counting rules devised from adsorption on metal surfaces, one would expect
the slope of the O/OH and OOH/OH LFESRs to be 2 and 1, respectively.*’ All functionals deviate

significantly from this expectation. For GGA functionals, this discrepancy is likely caused by
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the lack of a flexible solvent model.?® However, the much larger deviation for hybrid functionals
cannot be dismissed so easily—indeed, such low slopes for the O/OH LFESR were seen to persist
even under the application of an implicit solvent model in Ref 12. Therefore, hybrid functionals,
in particular those with greater than 10% exact exchange, do not support the commonly accepted
assumption that the O ligand forms a double bond to the catalyst, whereas the OOH and OH ligands
form single bonds.>*” Instead, these functionals predict that the M—O and M—OH bonds are rather
similar in nature (this is reflected in the near-unity slope of the scaling relationship shown in Figure
2(a)), and that the M—OOH bond is weaker than the M—OH bond by about half (Figure 2(b)).

Combined, these effects mean that the hybrid functionals (other than TPSSh) predict a signifi-
cantly less optimistic volcano plot than GGAs (Figure 2(c)), with minimum overpotentials of 0.39
V and 0.51 V for B3LYP and PBEQO, respectively. Furthermore, the volcano plot is less symmetri-
cal for these functionals. The right leg, corresponding to weak binding of OOH, is limiting for a
broader range of OH binding strengths when using B3LYP and PBEO.

DLPNO-CCSD(T) electronic energies were corrected with TPSSh free energy terms to add
reference lines to Figure 2. Fitted DLPNO-CCSD(T) LFESRs show remarkable agreement with
B3LYP, even though individual data points do not show such a close accord between the two
methods. The low slope of the O/OH scaling relation for DLPNO-CCSD(T) shows that PBE and
BP86 cannot properly describe the relationship between these two intermediates. However, hybrid
functionals do not universally remedy this situation, either, since there is a large variation in slope
depending on the particular functional used. B3LYP seems to offer a fortuitous balance between
TPSSh and PBEOQ, which seems to be linked to its intermediate proportion of exact exchange.

It should be noted that these LFESRs were calculated from only four catalysts per functional.
Therefore, the coefficients of the best-fit lines should not be relied on as ironclad quantitative
relationships. Nevertheless, the sampled MPs encompass a broad range of AGoy values that are
relevant to ORR, and the linear relationships show good fits to the data. Thus, the trends that
emerge between functionals, which correlate well with the amount of exact exchange included in

those functionals, represent real differences between functional predictions and not the effects of
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noise.

3.2 Benchmarking Relative Energies Against DLPNO-CCSD(T)

To determine which functional predicts the most accurate relative energies for constructing LFESRs,
we calculated AEp, AEpy, and AEppy using DLPNO-CCSD(T) and compared against the DFT
values. Due to the expense of computing vibrational energies with DLPNO-CCSD(T), only elec-
tronic energies are presented in Figure 3. Unlike the LFESRs above, TPSSh/def2-TZVP ge-
ometries were used for all DFT and DLPNO-CCSD(T) single point calculations. An additional
double-hybrid functional, the spin-opposite scaled PWPB95, which has performed well in recent

benchmarking of transition metal reaction energies,, 16,48

was also included for comparison with
B2PLYP.

As shown in Figure 3, BP86 and PBE significantly underestimate AEy AEpy, and AEpon
relative to DLPNO-CCSD(T), indicating overbinding of intermediates [FeP(OH) is the notable
exception in panel (b)]. TPSSh behaves similarly, albeit with a slightly lower Mean Absolute Er-
ror (MAE). In contrast, PBEO, B2PLYP, and PWPB95 have lower MAEs but generally exhibit
slight underbinding, summarized by their positive Mean Signed Errors (MSEs) for all intermedi-
ates in Figure 3(d). B3LYP falls between these two extremes, showing the lowest MAE across
all functionals and a small MSE that points to minimal bias toward over- or underbinding. These
results further reinforce the observation that increasing the proportion of exact exchange reduces
the calculated binding strength of intermediates, with B3LYP striking the proper balance of exact
exchange. They also indicate that while hybrid functionals offer a significant improvement over
GGAs, there appears to be no benefit to using double-hybrid functionals.

MAEs across the three intermediates indicate that the bound O atom is treated less accurately
than bound OH and OOH for nearly all functionals, but especially so for the GGA and double-
hybrid functionals. GGAs are believed to provide a less accurate treatment of O-O double bonds
than single,* and it is possible that a similar effect is at play with the formally double-bound

O atom here. The poor performance of B2ZPLYP and PWPBOS5 for O is somewhat surprising
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Figure 3: Benchmarking of relative energies of intermediates against DLPNO-CCSD(T). Panels
(a), (b), and (c) show the relative energies of the bound O, OH, and OOH ligands, respectively.
The plots in panel (d) show the Mean Absolute Error (MAE) and Mean Signed Error (MSE) of
each functional relative to DLPNO-CCSD(T) for each of these ligands as well as the combined
errors across all ligands (¢(AE)).

considering how well they perform on the other intermediates. It is likely that some of the difficulty
stems from significant spin contamination in three of the four MP(O) complexes (Figures S3 and
S4), which is known to degrade the results of MP2.%° Interestingly, neither TPSSh nor B3LYP

appear to suffer for MP(O), instead showing consistent accuracy across all intermediates.

3.3 Variation in Predicted Spin States

The correct prediction of the ground state spin multiplicities in the present study was an important
problem that showed a large dependence on the chosen functional. At a fundamental level, the
assignment of the correct ground state can provide mechanistic insights and even guide catalyst

design to stabilize specific states with the desired reactivities. When experimental data are lacking,
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the spin multiplicities are often assumed from previous computational works, inferred based on
theoretical arguments, or even calculated during geometry optimizations at lower levels of theory.
Using an inappropriate spin state from one of these sources forces the reaction pathway through an
excited state with an associated energetic penalty. Furthermore, the 3d transition metal porphyrins
under study are known to contain low-lying excited states associated with both unoccupied metal
and porphyrin orbitals, which make the proper determination of ground states challenging for
DFT. Complicating the matter, different functionals tend to favor different spin states, albeit in a
somewhat predictable way. In particular, including exact exchange in a functional preferentially
stabilizes high-spin states in direct proportion to the percentage of exchange included.>'=>3 Fig-
ure S6 confirms this trend for our systems and demonstrates that the effect is dampened by MP2

contributions in B2PLYP.

Table 2: Ground state multiplicities for metalloporphyrin intermediates.

Metal Ligand DFT® CCSD(T)® GS°¢ Ref. | Metal Ligand DFT* CCSD(T)® GS°® Ref.

Mn - 6 6 6 6] Co - 2 2 2
Mn 0, 6 - 4 4% Co 0, 2 - 2
Mn OOH 5 5 5 - Co OOH 1 1 [
Mn o) 4 2f 2 - Co 0 4 4 4 -
Mn OH 5 5 5 - Co OH 1 1 |
Fe - 3 5 3 3¢ | Ni - 1 1 1 14
Fe 0, 1 - 1 14e|  Ni 0, 3 - 3 -
Fe OOH 6 6 6 - Ni OOH @2 2 2 -
Fe 0 3 3 3 - Ni 0 5 5 5 -
Fe OH 6 6 6 6| Ni OH 2 2 2 -

2 The most common spin predicted by the functionals studied (excluding PWPB95). Ties granted
to the higher multiplicity.

® DLPNO-CCSD(T).

¢ Final assignment of the ground state multiplicity in the present work.

d Experimental. See Refs. 54,55 for MnP, Ref. 56 for FeP, Ref. 57 for CoP, Refs. 58—60 for NiP,
Refs. 61,62 for MnP(O;), Refs. 63,64 for FeP(O,), Ref. 65 for CoP(O,).

¢ High-level wavefunction theory. Ref. 11 for MnP(O,) and FeP(O;), Refs. 9,66,67 for FeP(OH).

I Splitting energy relative to quartet is less than 1 kcal/mol.

Table 2 shows the ground state multiplicities that we determined by DFT and DLPNO-CCSD(T)

alongside those given by experiments and higher level calculations when available. At first glance,
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the DFT multiplicities, which were determined by taking the mode of the multiplicities predicted
by all functionals, show excellent agreement with DLPNO-CCSD(T) and experimental results.
However, this agreement belies the variability amongst the functionals. We compared the spin
predictions of each functional against available reference data and our DLPNO-CCSD(T) results
(Figure 4(b)). Aside from the marginally best-performing B3LYP (17/20) and worst-performing
B2PLYP (15/20), all functionals correctly predicted multiplicities for 16 of the 20 species. How-
ever, the erroneous species generally differed from functional to functional, and there was no
obvious benefit from moving up rungs of Jacob’s ladder. As a result, B2PLYP predicts different
ground state spins than any of BP86, PBE, and TPSSh for a concerning 9 out of the 20 studied
complexes (Figure S6). Disagreements between functionals do appear to be tied strongly to the
impact of exact exchange, with the functional with a higher proportion of exact exchange almost
always predicting the higher multiplicity.

Table 2 also highlights in red what we might call poorly behaved intermediates, ones for which
at least one functional misassigned the ground state spin. These intermediates tended to be con-
centrated in the earlier transition metal porphyrins, which exhibit strong binding of oxygen species
(note more instances of disagreement in Mn and Fe than for Co and Ni). Cross-referencing with
Figure 4(b), we see that pure GGAs and TPSSh tended to excel in determining spin ordering for
weak-binding complexes (both later transition metal species and dioxygen species across all met-
als), while hybrid and double-hybrids improved predictions for stronger-binding complexes at the
expense of some accuracy for the late transition metals.

It is important to note that despite the inconsistency among functionals, the DFT spin assign-
ments for nine out of the eleven poorly behaved complexes were reconciled with available refer-
ence and DLPNO-CCSD(T) results simply by choosing the most commonly predicted multiplicity.
The two exceptions were MnP(O;), a notoriously challenging system with a low-lying sextet, and
MnP(O), which DLPNO-CCSD(T) predicts to have a quartet less than 1 kcal/mol higher than the
ground state doublet. For both of these systems, the six tested functionals were evenly split in

their spin assignments, which highlights the difficulty that the Mn porphyrins pose for spin state
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ordering. Overall, these results show that outside of some exceptional cases, application of several
functionals with a range of exact exchange can be a viable approach to determine ground state

spins for metalloporphyrins when experimental data or higher-level calculations are unavailable or

unfeasible.
25 4 @”’» %
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Figure 4: Dependence of ground state spin on employed density functional. (a) The correspon-
dence between the GS spin predictions of each functional and the best guess for the true GS spin
for each geometry. Blue and red indicate correct and incorrect prediction, respectively. (b) The
OOH/OH and O/OH LFESRs calculated using B3LYP using either the ground state multiplicities
from Ref 7 or from the present study. (c¢) The theoretical overpotentials calculated from these two
sets of multiplicities using B3LYP.

Since the difficulty of ground state spin ordering arises largely because these systems have
small spin splitting energies, one might assume that the energetic consequences of misassigning the
ground state multiplicity would be rather small. Within our data set, when a functional incorrectly
predicted the ground state, the true ground state was only 5.4 kcal/mol higher in energy than the
incorrect state, on average (median 3.9 kcal/mol). To properly assess the impact of these spin
splitting energies, we recalculated the LFESR for the best-performing B3LYP using the ground
state spins determined by Baran ef al. in a previous study using the pure GGA OLYP (See Table
S6).7 Figure 4(b) shows that the O/OH scaling relation was most significantly affected, with the
change driven primarily by changes in AGoy for MnP and FeP. Recalculated overpotentials in

Figure 4(c) tell a similar story, with the overpotentials for MnP and FeP dropping erroneously
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by roughly 0.4 eV while the remaining species are largely unchanged. Thus, while the average
spin splitting energies for the metalloporphyrins are quite small, it only takes the reversal of spin
ordering (or the use of an erroneous ground state spin calculated at a lower level theory) for a single

larger gap intermediate to greatly impact theoretical overpotentials.

3.4 Variation in Predicted Geometries

Unlike spin state ordering, structural parameters are often assumed to be relatively insensitive to
functional. We found that this assumption held true in general for metalloporphyrins but note some

quite substantial outliers. Most notably, as has already been studied for FeP, 10,68

metal-oxygen
bond lengths were found to vary directly and strongly with the amount of exact exchange in a
functional for the dioxygen adducts of all but the most strongly binding MnP (Figure 5(a) and (c)).
A similar variation presented in the very weakly bound NiP(OOH), with GGA functionals pre-
ferring a configuration with an outward-facing hydrogen and the remaining functionals predicting
hydrogen bond donation to the porphyrin nitrogen (Figure 5(d). Finally, the MP(O) intermediates
showed moderate variations of about 0.1 A depending on the functional used. On the whole, M—O
bondlengths tend to correlate well within rungs of Jacob’s ladder (Figure 5(b), even though most
intermediates involved in electrocatalysis were fairly robust to changes in functional. Functional
type and amount of exact exchange also correlated well with the amount that metal atoms were
displaced from the porphyrin plane (Figure S10) but less so with other geometrical parameters like
metal-nitrogen bond lengths and the degree of ruffling and saddling of the macrocycle (Figures S9,
and S11).

A natural question is whether the level of theory used for geometry optimization really matters
energetically, for instance when computing catalyst activities. Figure 6(b) quantifies the energetic
difference between each geometry optimized at the BP86 level and the energy of the re-optimized
geometry for each other functional we tested. These relative energies are plotted against the RMSD

for BP86 and re-optimized geometries as described in Figure 6(a) to understand how sensitive these

systems are to small structural changes. For the most part, the structural and energetic differences
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Figure 5: Dependence of geometries on employed density functional. Panel (a) shows the metal-
oxygen bond lengths for all oxygen-containing intermediates computed with each functional. Panel
(b) shows the Mean Absolute Deviation (MAD) of metal-oxygen bonds for pairs of functionals
across all metalloporphyrin geometries and all tested multiplicities. Panel (c) shows BP86 (top)
and PBEO (bottom) structures of FeP(O,) with multiplicity 1. Panel (d) shows B3LYP (top) and
PBE (bottom) structures of NiP(OOH) with multiplicity 2. Panel (e) shows B3LYP (top) and PBEO
(bottom) structures of CoP(O) with multiplicity 4.

remain small (< 0.1 A and < 5 kcal/mol, respectively) across all intermediates for a given func-
tional. This indicates that the relative energies of intermediates, and therefore computed catalyst
activities, are only minimally affected by the functional used for geometry optimization. How-
ever, there are some notable exceptions. The weak-binding intermediates FeP(O;), CoP(O;), and
NiP(OOH) all show intermediate to large RMSDs and large energy differences for at least one
functional. These results suggest that caution should be taken when determining the structures of
weak binding MP intermediates, though we note that this is rarely an issue for the determination
of overpotentials since the dioxygen intermediate is not required for these.

These results also provide a strong warning against the use of double-hybrid functionals for
metalloporphyrins. B2PLYP shows very large relative energies for MnP(O), FeP(O), CoP(OOH)

and NiP(OH) despite these intermediates having small RMSDs. All of these complexes showed
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Figure 6: Comparison of geometries optimized by BP86 and other functionals. (a) Outline of the
procedure for calculating the RMSD values and relative energies of BP86 geometries shown in
Panel (b). (b) Energies of BP86-optimized geometries relative to the reoptimized geometries are
plotted against the RMSD for these same two geometries for the ground states of all intermediates.
Structures with large RMSD and relative energies have been labeled, with the change in spin
contamination between the BP86 geometry and the reoptimized one ((S?)gpgs — (S?)xc) indicated
in brackets. (c¢) Overlay of the MnP(O) optimized at the BP86 (grey) and B2PLYP (color) levels.
(d) Overlay of NiP(O;) optimized at the BP86 (grey) and B2PLYP (color) levels.

large increases in (S?), and hence spin-contamination, at the BP86 geometry compared to the
B2PLYP one, and the geometries of FeP(O) and NiP(OH) would not converge using B2PLYP.
It is well established that the Mgller-Plesset perturbation series converges more slowly for spin-

contaminated references %70

and that MP2 fails dramatically in frequency calculations for geome-
tries where spin contamination changes rapidly as a function of nuclear coordinates.’! However,
other work has argued that double-hybrids benefit from a cancellation of the energetic effects of
spin contamination at the Hartree-Fock and MP2 levels. ’?> Our results, including comparison with
resricted open-shell calculations (Figure S3) suggest that the studied metalloporphyrins do not al-
ways benefit from this cancellation of errors, perhaps because of the accessibility of multiple low-
lying spin states that can contaminate the wavefunction. Furthermore, recent investigations have
shown that even absent spin contamination, double-hybrids may be unreliable for ligands capable
of both o-donation and 7 backbonding.” Given these drawbacks and the lack of notable improve-

ment over single hybrid functionals, we recommend against the use of double-hybrid functionals

for metalloporphyrin and related systems without careful comparison against reference data.
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3.5 Variation in AG%RR and Empirical O, Corrections

Finally, it is worth considering the extent to which the treatment of the gas-phase species H,, H;O,
and O, by different functionals impacts calculated reaction pathways. To this end, we examine
how the free energy of the overall 4-electron reduction of O, to water (eq S7) depends on the
functional used and how empirical corrections to O, interact with this dependence.

The DFT reaction free energies were compared to the experimental value of -4.92 eV (-113.5
kcal/mol). Additionally, the atomization enthalpies of the involved molecules were calculated to
pinpoint sources of error in the overall free energies. Table 3 shows these values and their errors,
referenced against experimental results. Experimental values of AHB,(OZ) (118.876 kcal/mol) and
AHY (Hy) (104.154 kcal/mol) were taken from Luo ’* and AH?,(H,0) (221.558 kcal/mol) from the
NIST CCCBDB Database.”

Table 3: Theoretical oxygen reduction free energy and relevant atom-
ization enthalpies in kcal/mol.?

Method ~ AG(ORR)  AH%(0»)  AHY(Hy)  AHY(H,0)

BP86 -101.2 (12.2) 138.5(19.6) 106.5(2.3) 227.5(5.9)
PBE -103.0 (10.5) 142.3(23.4) 99.5(-4.6) 223.3(1.8)
TPSSh -95.2(18.3) 119.1(0.2) 1074 (3.2) 215.7(-5.9)
B3LYP  -104.7(8.8) 121.6(2.7) 105.1(0.9) 219.4(-2.2)
PBEO -107.8 (5.6) 1229(4.0) 99.1(-5.0) 215.6(-5.9)
B2PLYP -108.1 (5.4) 122.0(3.1) 103.4(-0.8) 219.5(-2.0)
CCSD(T) -113.6(-0.1) 117.8(-1.1) 103.9 (-0.3) 220.7 (-0.8)

2 Values in parentheses indicate errors relative to the reference values.

Moving from lower to higher runs of Jacob’s ladder (top to bottom in Table 3) generally im-
proves the predicted free energy of the ORR (the poor performance of TPSSh is a notable exception
to this trend). Nevertheless, none of the tested functionals approach chemical accuracy (error < 1
kcal/mol). Thus, semi-empirical corrections are important for the ORR. The poor treatment of O,
atomization energies ’® and adsorption energies” relative to H, or H,O by GGA functionals is typ-
ically used to justify an empirical correction to O; alone in order to bring calculated G% rg Values in

line with experiment. 23.28 However, the errors associated with H, and H,O have been shown to be
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important for some GGA functionals.”®’® Another recent study of the 2-electron ORR showed that
for both GGA and hybrid functionals, O,-only corrections were insufficient in the face of similar
order-of-magnitude errors in gas phase Hy0,.4° As a result, it is important to consider any similar
magnitude gas-phase errors before applying an O,-only correction.

In Table 3, the atomization energy of O, shows the expected large error for GGA function-
als but a significantly reduced error for hybrid functionals and B2PLYP. For these higher-level
functionals, these errors are of similar magnitude to those in the H, and H,O atomization ener-
gies, leading us to believe that hybrid functionals treat all of these species with a comparable level
of accuracy. Some caution is advised when using the accuracy of atomization energies to draw
conclusions about a functional’s accuracy for thermochemistry, as these do not correlate well in
general. 8 For GGA functionals specifically, errors in atomization energies often derive more from
a poor treatment of the spin polarized single atoms than from the treatment of molecules.®! Bear-
ing this in mind, we still believe that the uniformly small errors in atomization energies across all
species for (double-) hybrid functionals indicates that the error associated with the O, molecule
can no longer be considered a priori to be an order of magnitude worse than H,O and Hj. This as-
sertion is supported by recent work on H,N, O, molecules, which concluded that unlike with GGA
functionals, corrections for O, were were unnecessary to produce accurate formation enthalpies
when using B3LYP and PBEO. %2

It thus seems likely that for (double-) hybrid functionals, residual errors in AG% zg have more to
do with the incomplete cancellation of relatively small errors spread across all three species in the
reaction than with a single error concentrated on O,. Atomization energy errors in Table 3 suggest
that lack of error cancellation is particularly to blame for the poor reaction free energy of TPSSh,
while the relatively good free energy of PBEO results from some fortuitous cancellation. If this is
the case, merely shifting the O, free energy to correct the overall reaction free energy means that
this O, energy absorbs the errors associated with Hy and H;O, introducing a bias that depends on
the distribution of these errors, which is not systematic across functionals (Table 3).

Thus, while the proposal of an alternative gas-phase correction scheme is outside the scope of
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this work, we do think that the existing O, correction scheme does introduce a source of variability
associated with the chosen functional. For hybrid functionals, this variability should be small in
most cases, but perhaps not insignificant in light of the otherwise high accuracy of these function-
als. Improved corrections may therefore be necessary to match the high performance of modern

functionals without introducing spurious errors.

4 Conclusions

In the present study, we evaluated the dependence of the theoretical activities and linear scaling
relationships of metalloporphyrin catalysts on the particular functional used. Comparisons of the
relative energies of intermediates with DLPNO-CCSD(T) showed that GGAs tended to oversta-
bilize axial oxygen-containing ligands, double-hybrids understabilized them, and single hybrids
stabilized them according to the amount of exact exchange in the functional. For the present
systems, B3LYP, with its 20% exchange, produced the best accuracy while also minimizing bias
toward over- or under-binding.

Breaking down the differences between functionals, we found that ground state spin state pre-
dictions were quite dependent on the presence of exact exchange in a functional and could have
a significant impact on theoretical catalyst activities if not properly assigned. Pooling the pre-
dictions of functionals with different amounts of exchange, however, almost always generated an
assignment in line with experiment and DLPNO-CCSD(T). On the other hand, geometries were
generally resilient to the choice of functional. Exceptions included the metal-oxygen bonds of
weakly bound intermediates and some striking difficulties with geometry convergence and poor
energies for spin-contaminated wavefunctions when using B2PLYP, which highlight the potential
pitfalls of using double-hybrid functionals for these systems. Finally, we believe the commonly
used empirical O, correction could be an additional source of variation among functionals due to
the different accuracy of GGAs and hybrids in treating O,. This correction should be reassessed

as hybrid functionals become more commonplace in theoretical catalysis studies.

22

https://doi.org/10.26434/chemrxiv-2024-4g18d-v2 ORCID: https://orcid.org/0000-0002-2471-6471 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-4gl8d-v2
https://orcid.org/0000-0002-2471-6471
https://creativecommons.org/licenses/by/4.0/

The density functional dependence of catalyst activities and linear scaling relationships is im-
portant for the rational design of ORR catalysts. The binding strength of intermediates dictates the
thermodynamically limiting electron transfer step and indicates whether key binding interactions
need to be strengthened or weakened to increase catalyst activity. Thus, for catalysts with interme-
diate binding strengths, the choice of functional can have an immediate impact on catalyst design
choices. We hope that the present work can guide the informed use of functionals for the study of
porphyrins and other M-N-C catalysts for the ORR. Hybrid functionals, with the occasional use of

DLPNO-CCSD(T) for reference and validation, represent a promising path forward.

5 Supporting Information

Additional computational details, methods, and materials, including volcano plot construction,
benchmarking of DLPNO-CCSD(T), DLPNO-CCSD(T) spin splittings, and characterization of

geometries and spin contamination (PDF).

Energies and geometry characterization for all structures (XLSX)
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