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Abstract

Domain-based local pair natural orbital
Coupled Cluster Singles Doubles with Per-
turbative Triples [DLPNO-CCSD(T)] is
regularly used to calculate reliable bench-
mark reference values at a significantly
lower computational cost compared to
canonical CCSD(T). Recent work has
shown that even greater accuracy can be
obtained at only a small additional cost
through extrapolation to the complete
PNO space (CPS) limit. Herein we test two
levels of CPS extrapolation—CPS(5,6),
which approximates the accuracy of stan-
dard TightPNO, and CPS(6,7), which sur-
passes it—as benchmark values to test den-
sity functional approximations (DFAs) on
a small set of organic and transition-metal-
dependent enzyme active site models. Be-
tween the different reference levels of the-
ory there are changes in the magnitudes
of the absolute deviations for all function-
als, but these are small and there is mini-
mal impact on the relative rankings of the
tested DFAs. The differences are more sig-

nificant for the metalloenzymes than the
organic enzymes, so we repeat the tests
on our entire ENZYMES22 set of organic
enzyme active site models [J. Phys. Chem.
A 2019, 123, 7057.] to confirm that using
the CPS extrapolations for the reference
values has negligible impact on the bench-
marking outcomes. This means we can
particularly recommend CPS(5,6) as an al-
ternative to standard TightPNO settings
for calculating reference values, increasing
the applicability of DLPNO-CCSD(T) in
benchmarking reaction energies and bar-
rier heights of larger models of organic en-
zymes. The DLPNO-CCSD(T)/CPS(6,7)
energies for ENZYMES22 are finally pre-
sented as the updated reference values for
the set, reflecting the recent improvements
in the method.

1 Introduction

The popularity of Density Functional The-
ory1,2 (DFT) in chemical research has led
to the creation of so many density func-
tional approximations (DFAs) that the field
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has been described as a “zoo”, and the pop-
ularity of a method does not always corre-
spond with its accuracy. Trying to find one
that is appropriate for a given application
among the wide variety available is sim-
plified through the process of benchmark-
ing, which involves comparing lower-level
methods to highly accurate reference data.
Coupled Cluster Singles Doubles with Per-
turbative Triples [CCSD(T)]3 is considered
the “gold standard” of chemical accuracy
for theoretically calculated barrier heights
and reaction energies. In practice, this
is too expensive beyond small molecules,
and a range of local approximations have
been developed to reduce the cost of the
coupled cluster treatment.4–9 One popu-
lar method is the domain-based local pair
natural orbital approximation [DLPNO-
CCSD(T)],8,9 which scales linearly with
system size and can therefore be applied
to much larger systems than canonical
CCSD(T). The efficiency of the DLPNO
approximation comes from the fact that
not all electron pairs in the system are
treated at the Coupled Cluster level, with
a range of thresholds involved in pruning
the electron pairs and pair natural orbitals
(PNOs) to be included in the final corre-
lation calculation. Three pre-defined sets
of values for each threshold giving increas-
ing levels of accuracy10 (LoosePNO, Nor-
malPNO and TightPNO) make the method
extremely user friendly; a fourth set (Very-
TightPNO) has also been created for par-
ticularly challenging applications,11 but is
less frequently used as it is not yet avail-
able as a simple keyword in the ORCA soft-
ware12–14 like the others.
DLPNO-CCSD(T)/TightPNO is regu-

larly used to calculate reference values in
benchmark studies of both organic and
organometallic systems,15–18 including our

work on models of enzymatically catalyzed
reactions.19–21 Recent work has shown that
the efficiency and accuracy of TightPNO
calculations can be improved by altering
the TCutPNO parameter,22 which deter-
mines the number of PNOs used in the cor-
relation treatment for each electron pair—
PNOs with an occupation number below
the threshold value are discarded. The
default value of TCutPNO for TightPNO
is 10−7, but this can be approximated
with extrapolation of values calculated
with TCutPNO = 10−5 and 10−6 (using
the TightPNO default values for all other
thresholds), at a significantly reduced com-
putational cost. On the other hand, if
TightPNO calculations are feasible, then
the accuracy can be improved through ex-
trapolation of TCutPNO = 10−6 and 10−7

results, approximating values calculated
with the tighter value of TCutPNO = 10−8.
These extrapolated results have been la-
beled complete PNO space (CPS), simi-
lar to complete basis set (CBS) extrap-
olated results, as they ideally approxi-
mate the energy obtained when no PNOs
are pruned (TCutPNO = 0). The ini-
tial analysis of the CPS approaches on a
range of GMTKN5515 subsets showed that
CPS(5,6) performed similarly to TightPNO
against canonical CCSD(T) references
(mean absolute errors (MAEs) of <0.8
kcal/mol and <0.6 kcal/mol, respectively),
while CPS(6,7) was almost converged with
respect to the PNO truncation error, with
its residual MAE of <0.27 kcal/mol likely
coming from the other sources of error in
the DLPNO procedure, namely the resolu-
tion of the identity (RI) approximation and
selection of strong pairs.22 CPS(6,7) results
have been shown to improve upon stan-
dard TightPNO for organometallic barrier
heights23,24 and spin state splittings.25 The
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PNO truncation error also strongly influ-
ences the size dependence of the DLPNO
error, so its reduction makes a significant
difference for larger systems.26

The accuracy of DLPNO-CCSD(T) com-
pared to canonical CCSD(T) also improves
when the newer iterative (T1) triples pro-
cedure27 is used instead of the original
quasi-perturbative (T0) procedure,8 with
DLPNO-CCSD(T1) having been shown to
perform better than DLPNO-CCSD(T0)
on a range of different chemical sys-
tems.23,25,28–30

The impact of the quality of the reference
values has been shown for various bench-
mark sets,15,20,31 with different references
often leading to different recommendations
as the magnitudes of the deviations and
relative ranking of functionals change. It
is therefore important to carefully consider
the level of theory used to calculate the
benchmarks. Our aim in this work is to as-
sess the CPS extrapolation scheme for the
calculation of reference REs and BHs as-
sociated with enzyme active site models.
Previous analysis has already focused on
the accuracy of CPS results in compari-
son to canonical CCSD(T) or other ab ini-
tio methods,24,26 so here we look at how
much the outcomes of benchmark stud-
ies change when CPS-extrapolated refer-
ence values are used instead of standard
TightPNO ones. For this we use the small
test set described in figure 1, which con-
tains ten reaction energies (REs) and 4 bar-
rier heights (BHs) across active site mod-
els of seven enzymes—these are cysteine
dioxygenase (CDO), hemocyanin (Hc) and
superoxide dismutase (NiSOD) from our
MME55 set of metalloenzyme models,21

and 4-oxalocrotonate tautomerase (4-OT),
histone-lysine methyltransferase (HKMT),
L-aspartate α-decarboxylase (AspDC) and

haloalcohol dehydrogenase (HheC) from
our set of mainly-organic enzymatically
catalysed reactions.19 All of these are
closed shell species. Our initial work on
the latter set did not assign it a name,
so we adopt a modified version of the la-
bel used by Förster and Visscher in their
superset for testing double hybrid DFT32

and call the entire set ENZYMES28. EN-
ZYMES28 additionally contained a model
of the zinc-dependent enzyme phosphotri-
esterase (PTE), so we refer to the subset
containing only the models of the four or-
ganic enzymes as ENZYMES22.We point
out that all these models contain only parts
of the active site, not the entire enzyme;
our aim in these previous benchmark stud-
ies has been to recommend reliable DFAs
for the active site region that can then be
used for cluster model studies or combined
with forcefield methods in layered QM/MM
approaches. Geometries for all models have
previously been optimised at the PBEh-3c
level of theory, which contains the DFT-
D3(BJ)33,34 correction to improve the de-
scription of London dispersion interactions,
and we direct the reader to the Supporting
Information of Refs. 19 and 21 for the pro-
vided structures in xyz format.
We begin by using our small test set to

test DLPNO-CCSD(T1) with CPS extrap-
olations. We compare the BHs and REs
calculated with CPS(5,6) and CPS(6,7)
to standard TightPNO, and then use
the three sets of values to benchmark
a selection of DFAs to see how the ref-
erence level of theory impacts the per-
ceived performance of the tested meth-
ods. Based on these results, we repeat
our analysis on the entire ENZYMES22
set, and while the improvements of the
CPS(6,7) extrapolation and new (T1)
triples correction are relatively small for
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Figure 1: Schemes of the enzymatically catalyzed reaction steps used to test CPS extrapo-
lations in this study—the test set includes the reaction energies of all steps, as well as the
forward and reverse barriers of 4-OT and HKMT. The models of 4-OT, HKMT, AspDC
and HheC have been taken from the ENZYMES28 set (see ref. 19 for specific details of
each model system), while CDO, Hc and NiSOD have been taken from our MME55 set.21

these models, we present the final DLPNO-
CCSD(T1)/CPS(6,7)/CBS(3,4) REs and
BHs as updated reference values for the
set.

2 Computational details

All calculations in this work were done
in the ORCA quantum chemistry pack-
age12–14 (v5.0.2). The Ahlrichs-type def2-
nZVPP basis sets35 were used with all

methods. Generalized Gradient Approxi-
mation (GGA), meta-GGA and meta-NGA
(Nonseparable Gradient Approximation)
DFT calculations were sped up with the
resolution of the identity approximation
for Coulomb integrals (RI-J),36 while RI-J
with the chain of spheres approximation for
exchange integrals (RIJCOSX)37 was used
with the hybrid and double hybrid DFAs
and the Hartree-Fock steps of the Cou-
pled Cluster calculations. The RI-C ap-
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proximation38 was used for the MP2 steps
in the double hybrid DFAs, and the Cou-
pled Cluster calculations. These also used
ORCA’s default frozen core settings. The
various RI approximations were used with
the def2/J39 and def2-nZVPP/C40 auxil-
iary basis sets and the “GridXS2” setting
for RIJCOSX. All calculations were done
with the default grids and self-consistent-
field (SCF) convergence thresholds.
DLPNO-CCSD(T) calculations were

done with the iterative (T1) triples correc-
tion and TightPNO settings. Additional
calculations were done with the TCutPNO

value changed to 10−5 and 10−6, as well
as 10−8 for the def2-SVP and def2-TZVPP
basis sets. CPS extrapolations were done
following the equation:22

ECorr(CPS) = ECorr(A)+1.5·(ECorr(B)−ECorr(A)),

where ECorr(A) is the correlation energy
calculated with TCutPNO = 10−A and B =
A + 1. The scale factor of 1.5 is used
for both CPS(5,6) and CPS(6,7) extrapo-
lations.
Extrapolations to the CBS limit were

done using the standard two-point extrap-
olation schemes with individual extrapola-
tions of the SCF41 and correlation ener-
gies:42

E
(∞)
SCF =

E
(X)
SCF · exp(−α

√
Y )− E

(Y )
SCF · exp(−α

√
X)

exp(−α
√
Y )− exp(−α

√
X)

,

and

E
(∞)
Corr =

Xβ · E(X)
Corr − Y β · E(Y )

Corr

Xβ − Y β
,

where X and Y are the cardinal numbers
of the basis sets, and α and β are optimized
constants specific to the basis sets used.
For the def2-nZVPP family of basis sets,
αCBS(2,3) = 10.39 and βCBS(2,3) = 2.40, and
αCBS(3,4) = 7.88 and βCBS(3,4) = 2.97.43

A range of density functionals were used
for an exemplary benchmark study to com-

Table 1: Functionals used in the example
benchmark tests. References for the dis-
persion corrections are where the damping
parameters for each functional were first
presented.a

Name Dispersion Correction
GGA

BLYP44–46 D3(BJ),34 D447

BP8644,48,49 D3(BJ),34 D447

OLYP45,46,50 D3(BJ),51 D447

PBE52 D3(BJ),34 D447

revPBE 53 D3(BJ),34 D447

meta-GGA/NGA
B97M-V54 b D3(BJ),55 D4,56 VV1054

M06L57 D3(0),51 D447

MN15-L58 D3(0)15

r2SCAN59 D3(BJ),60 D460

revTPSS61,62 D3(BJ),15 D447

TPSS63 D3(BJ),34 D447

hybrid
B3LYP64,65 D3(BJ),34 D447

BHLYP66 D3(BJ),51 D447

CAM-B3LYP67 D3(BJ),51 D447

M0668 D3(0),51 D447

M062X68 D3(0),51 D447

PBEh-3c69 D3(BJ)69

ωB97M-V70 b D3(BJ),55 D4,56 VV1070

ωB97X-V71 VV1071

double hybrid
B2PLYP72 D3(BJ),51 D447

DOD-SCAN-D3(BJ)73 D3(BJ)73

PWPB9574 D3(BJ),51 D447

revDOD-PBE-D3(BJ)73 D3(BJ)73

revDOD-PBEP86-D3(BJ)73 D3(BJ)73

revDSD-PBEP86-D3(BJ)73 D3(BJ)73

SOS0-PBE0-275 D3(BJ)76

ωB2PLYP77 D3(BJ),78 D478

ωB97X-279 D3(BJ)76
a D3(0): DFT-D3 with zero damping;
D3(BJ): DFT-D3 with Becke-Johnson damping.
b The DFT-D3(BJ)/D4 dispersion correction replaces the
VV10 kernel in this van-der-Waals functional, while its
semi-local exchange-correlation component stays the same.

pare the different reference levels of theory,
and the methods used are listed in table
1. Each functional was combined with the
DFT-D333,34 and/or DFT-D447,80 disper-
sion correction where appropriate. MN15-
L calculations were done using the ORCA
implementation of the LibXC density func-
tional library.81 The non-local VV1082 ker-
nel in B97M-V, ωB97M-V and ωB97X-V
was used in its post-SCF implementation,
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which speeds up the calculation with no im-
pact on the results.55 ωB97X-2 was used in
its “TQZ” parameterisation.79

3 Results and discussion

For simplicity throughout the discussion
in this paper, we refer to only standard
TightPNO (with TCutPNO = 10−7) as
“TightPNO”; the other approaches are all
based on TightPNO with only the one
threshold changed, so we label them with
their TCutPNO value or type of CPS extrap-
olation. We also use DLPNO-CCSD(T) to
refer to DLPNO-CCSD(T1) with iterative
triples, and specify DLPNO-CCSD(T0)
where necessary.

For the first part of our analysis, we use
the 10 REs and 4 BHs associated with the
enzyme model reactions shown in figure 1
as a small test set to compare CPS(5,6)
and CPS(6,7) to TightPNO as alternatives
for calculating reference values for DFT
benchmarking. We note that the loosened
values of TCutPNO (10−5 and 10−6) should
not be used outside the CPS extrapola-
tion scheme as they compromise the ac-
curacy of TightPNO significantly. Simi-
larly, CBS(2,3) results are unreliable due
to the poor accuracy of the double-ζ ba-
sis set negatively affecting the extrapola-
tion. While we do not consider these lower-
level approaches as potential benchmark
strategies in the subsequent DFA tests,
they are useful for observing trends across
the REs and BHs with the TCutPNO val-
ues, and the CBS(2,3) results allow us to
compare CPS(6,7) to the tightened value
of TCutPNO = 10−8, which could not be
done for CBS(3,4) as the def2-QZVPP cal-
culations were computationally too expen-

sive. We also note that the CPS(5,6) and
TightPNO results at the CBS(3,4) level for
the metalloenzymes CDO, Hc and NiSOD
have been taken from the brief tests we con-
ducted when selecting the reference values
for our new MME55 set,21 where CPS(5,6)
was referred to as “estimated TightPNO”.
In figure 2 we show DLPNO-CCSD(T)

energies of the small test set calculated
with a range of TCutPNO values for both
CBS(2,3) and CBS(3,4). Between these,
the trends are mostly the same, with sim-
ilarly shaped dependence of the REs and
BHs on TCutPNO at both levels. The CPS
extrapolations generally fit the trends well,
with CPS(5,6) in between 10−6 and 10−7

and CPS(6,7) lying beyond 10−7. In some
cases like 4-OT RE1 and HKMT-2 RBH,
CPS(5,6) overshoots the TightPNO/10−7

energy due to the strong inaccuracy of
TCutPNO = 10−5, similar to CBS(2,3) be-
ing affected by the low quality of double-
ζ results. CPS(6,7) is more consistent,
and generally represents an improvement
over standard TightPNO in terms of ap-
proximating the tighter TCutPNO = 10−8

threshold value. As relative energies do
not necessarily converge monotonically to
the TCutPNO = 0 limit, we also show the
convergence of the correlation energies of
each structure in this small test set with
the TCutPNO values in figure S2 of the Sup-
porting Information. The observed behav-
ior is generally different between CBS(2,3)
and CBS(3,4), but this is unlikely to be an
issue as Altun et al. have noted that the
form of the CPS extrapolation does not de-
pend on the form of the convergence of the
correlation energies.22

From these tested BHs and REs, we
have calculated mean (absolute) deviations
(MDs and MADs) of the CPS and stan-
dard TightPNO results as a rough es-
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Figure 2: Dependence of the DLPNO-CCSD(T)/CBS reaction energies and barrier heights
on TCutPNO for the small test set (figure 1). A value of 10−7 is the default for TightPNO.
Tightened TCutPNO = 10−8 results could not be obtained for CBS(3,4) due to the cost of
the def2-QZVPP calculations.

timate of their accuracy, and these are
presented in figure 3. At the CBS(2,3)
level, we compare these to the TCutPNO =
10−8 results, and see that CPS(6,7) is in-
deed closer than TightPNO as expected
(MADs of 0.16 and 0.32 kcal/mol, respec-
tively), while CPS(5,6) has an MAD of
0.59 kcal/mol. The MDs also get closer to
zero, with the MD of CPS(6,7) having a
very slightly negative MD due to cases like
Hc RE2 and the HKMT-2 barrier heights
where CPS(6,7) slightly overshoots the
TCutPNO = 10−8 energy (as seen in figure
2). There are also reductions in the largest
deviations by magnitude. For CPS(5,6),
the largest deviation is 1.66 kcal/mol,
with two more deviations also larger than

the generally accepted 1 kcal/mol chem-
ical accuracy limit for REs and BHs;
for TightPNO and CPS(6,7) the largest
deviations are −0.89 kcal/mol and 0.45
kcal/mol, respectively. For CBS(3,4), com-
parison of CPS(5,6) to TightPNO shows
that the lower-level extrapolation can repli-
cate standard TightPNO results with an
MAD of 0.37 kcal/mol at a significantly
reduced cost. In our development of the
MME55 benchmark set we have already
noted that CPS(5,6) deviates significantly
(1.92 kcal/mol) from TightPNO for RE2
of the copper-dependent enzyme Hc due to
issues with the specific geometry formed
in this step;21 across the rest of the test
set used here all deviations are below 0.8
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Figure 3: Mean absolute deviations of
various DLPNO-CCSD(T) levels of theory
across the small test set (figure 1). At
the CBS(2,3) level the CPS approaches and
TightPNO are compared to TCutPNO =
10−8; for CBS(3,4) results, CPS(5,6) is
compared to TightPNO, and both of those
are compared to CPS(6,7).

kcal/mol and the MAD is 0.22 kcal/mol,
so for most larger systems where stan-
dard TightPNO is unfeasible, CPS(5,6) can
therefore be considered a possible alterna-
tive. The MAD of CPS(5,6) increases to
0.62 kcal/mol when compared to the more
accurate CPS(6,7) results, while TightPNO
itself has a MAD of 0.30 kcal/mol. These
are also inflated slightly by the Hc RE2 de-
viations being more than twice that of the
second largest deviation (3.37 kcal/mol fol-
lowed by 1.07 kcal/mol for CPS(5,6), and
1.45 kcal/mol followed by −0.63 kcal/mol
for TightPNO). Given that CPS(6,7) also
has its own level of error, we expect that

a comparison to tightened TCutPNO results
at the CBS(3,4) level would give slightly
higher MADs for CPS(5,6) and standard
TightPNO, but they are unlikely to be
above the 1 kcal/mol chemical accuracy
limit for REs and BHs, particularly for the
systems other than Hc.
In a benchmark study the performance

of a functional is determined by the de-
viations from the reference values, calcu-
lated as RE/BHDFA−RE/BHref., so we can
test the applicability of the CPS extrapo-
lation approach for calculating benchmarks
through the observed changes in MADs of
a selected set of DFAs when each level of
theory is used as the reference method.
For the DFAs listed in table 1 we calcu-
late three sets of MADs using our refer-
ence levels of theory of interest: DLPNO-
CCSD(T)/CBS(3,4) with either CPS(5,6),
standard TightPNO or CPS(6,7) (in or-
der of increasing accuracy). Our main
analysis herein focuses on the results for
the DFAs in their DFT-D3-corrected (or
VV10-corrected, where applicable) forms,
while results of the functionals plain and
with DFT-D4 are given in the Supporting
Information.
Figure 4 shows the MADs of the tested

DFAs against the three sets of references
for the whole test set, as well as mean
MADs (MMADs) for each rung of Jacob’s
ladder for the metalloenzymes and organic
enzymes separately. Note that the MMADs
are calculated from all functional MADs
including those for the plain and DFT-
D4 corrected methods, not just the DFT-
D3 results; plots of the MADs of all plain
and D4-corrected DFAs are given in figure
S4 in the Supporting Information. Look-
ing first at the overall results, we see that
the MADs of all hybrid functionals in-
crease as the references get more accurate,
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Figure 4: MADs of each functional against DLPNO-CCSD(T)/CBS references with either
CPS(5,6), TightPNO or CPS(6,7), across the small test set (figure 1). Within each class of
DFA, functionals are ordered from largest to smallest CPS(6,7) MADs. Additional plots
show mean MADs within rungs of Jacob’s ladder calculated separately for the organic
enzymes and metalloenzymes in the small test set.

while for the meta-GGA/NGA function-
als and double hybrids they decrease and
the results are mixed for the GGAs. Most
functionals have a monotonic trend with
the TCutPNO accuracy, but in general the
changes are rather small. Even for the hy-
brid functionals which see the largest dif-
ferences, the average MAD increase is only
0.15 kcal/mol for each step up in refer-
ence accuracy. There are also only a few
changes in the relative rankings of the func-
tionals. Within the rungs, OLYP-D3(BJ)
is always the best GGA but the others
rearrange with different choices of refer-
ence value, and BHLYP-D3(BJ) overtakes

PBEh-3c to become the worst hybrid when
going from TightPNO to CPS(6,7) refer-
ences. The most notable difference is in
the comparison of the best hybrids to the
double hybrids. Against CPS(5,6) refer-
ences, the best 3 DFAs are CAM-B3LYP-
D3(BJ), PWPB95-D3(BJ) and ωB97M-V;
going up to CPS(6,7) causes PWPB95-
D3(BJ) and CAM-B3LYP-D3(BJ) to swap
places, and multiple double hybrid DFAs
overtake ωB97M-V. Looking at other sta-
tistical values (figure S3 and tables S8–S10
in the Supporting Information), some clear
changes in the hybrid DFA rankings based
on the error ranges are observed, typically
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when a RE or BH that is more strongly af-
fected by the reference values has the max-
imum or minimum deviation, but the im-
pact of the references on the MDs, RMSDs
and MAPDs is also minimal.
Transition metals are often harder to

treat computationally and results for
organometallic systems typically have
larger errors, so we expect that the differ-
ence in the DLPNO-CCSD(T) approaches
will be stronger for the metalloenzymes
than the organic enzymes, and indeed this
is observed in the subset MMADs in figure
4. For each rung, the MMAD is much
less sensitive to the choice of reference
level of theory for the organic enzymes
than the metalloenzymes, with the hybrid
MMAD increasing by 0.4 kcal/mol with
each step up in reference accuracy for the
metalloenzymes, but less than 0.1 kcal/mol
across all three levels for the organic en-
zymes. Subset MADs for all DFT-D3-
corrected functionals are shown in figure
S5 in the Supporting Information, and
we note that some of the hybrid DFAs
(such as CAM-B3LYP-D3(BJ), M062X-
D3(0) and BHLYP-D3(BJ)) see differences
in their MADs of around 1 kcal/mol be-
tween the two CPS-extrapolated levels of
theory, while there are a few more observed
rearrangements in the functional rankings
as well. The behavior seen in the over-
all results, with the MADs of the hybrids
increasing and double hybrids decreasing
with the accuracy of the references, is not
observed for the organic enzymes as it is
mostly due to Hc RE2. As shown in fig-
ure 2, this RE gets more negative across
our three reference levels of theory; as the
deviations are calculated REDFA −REref.,
the lower references make the deviations
more positive. This results in increased
magnitudes for the hybrids, which already

have positive deviations at the CPS(5,6)
level, while the negative deviations of the
double hybrids shift closer to zero.
Overall, all three reference levels of the-

ory give relatively similar benchmarking
outcomes. For metalloenzymes, which are
more sensitive to the choice of reference
value, we recommend CPS(6,7) as a low
cost way of improving the accuracy of
DLPNO-CCSD(T) in terms of reducing the
PNO truncation error—if TightPNO calcu-
lations are feasible for a system, then so is
CPS(6,7) as the additional TCutPNO = 10−6

calculations are significantly more compu-
tationally efficient. The relative rankings
of the DFAs are not significantly impacted,
however, when CPS(5,6) is used instead of
TightPNO. The CPS(5,6) BHs and REs
are not necessarily converged with respect
to TCutPNO so they may not be adequate
for high level analysis of specific enzyme
energetics, but this level of theory is a rea-
sonable option for an assessment of den-
sity functionals when lower cost methods
are required. This is particularly useful
in extending the applicability of DLPNO-
CCSD(T) to benchmark sets containing
larger systems. For organic enzymes, any
changes in the performance of the DFAs
with the three reference levels of theory
seem to be negligible. We therefore con-
duct further analysis using the entire EN-
ZYMES22 set, to see whether this holds
across a larger set. As well as the models of
4-OT, AspDC, HheC and HKMT included
in the small test set, ENZYMES22 contains
additional models of AspDC (one smaller
and one larger model), HheC (one larger
model) and HKMT (two smaller models);
all of these follow the same mechanisms
shown in figure 1. This extends the range
of system sizes represented in our tests in
both directions, with ENZYMES22 con-
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Figure 5: MADs (kcal/mol) of Coupled
Cluster approaches against DLPNO-
CCSD(T1)/CPS(6,7) across the EN-
ZYMES22 set. All results are at the
CBS(3,4) level.

taining models from 27 to 112 atoms.

For the following analysis on EN-
ZYMES22, all values are at the CBS(3,4)
level. The reference values we presented
for these models in 201919,83 were based on
DLPNO-CCSD(T0) with the older, non-
iterative triples correction, so as well as
an initial comparison of CPS(5,6) and
TightPNO to CPS(6,7), figure 5 also
compares DLPNO-CCSD(T0) to DLPNO-
CCSD(T) with iterative triples as used
herein. Looking first at the DLPNO-
CCSD(T)-based approaches, we see that
CPS(5,6) (MAD of 0.29 kcal/mol and
largest deviation by magnitude of −0.71
kcal/mol) is again less accurate than stan-
dard TightPNO (MAD of 0.17 kcal/mol
and largest deviation of −0.33 kcal/mol),

but the MADs are relatively small, and
both MDs are very similar. The (T0)
triples correction increases the deviations
of standard TightPNO and the two CPS-
extrapolated alternatives, with DLPNO-
CCSD(T0)/CPS(6,7) having an MAD
of 0.2 kcal/mol and largest deviation
of 0.57 kcal/mol compared to DLPNO-
CCSD(T)/CPS(6,7). While the difference
between the triples corrections is not sig-
nificantly large here, we still prioritise the
use of the newer (T1) correction as it is
theoretically more rigorous.
It is too expensive to use tighter

TCutPNO thresholds for most models in
ENZYMES22, but we have also briefly
looked at results using TCutPNO = 10−8

and TCutPNO = 10−9 for the two smallest
models in section S3.1.1 of the Support-
ing Information as an additional test of
the accuracy of CPS(6,7). We see similar
trends in the correlation energies for each
structure as well as REs and BHs to those
seen for the small test set in figures S2
and 2. While the REs and BHs do not
appear to fully reach convergence within
the range tested, the changes in energy be-
yond CPS(6,7) are small. At the CBS(3,4)
level, CPS(6,7) has an average difference
from TCutPNO = 10−8 of 0.06 kcal/mol
across the 6 energies associated with As-
pDC model 0 and HKMTmodel 0, with the
largest difference being only 0.13 kcal/mol.
For HKMT model 0 TCutPNO = 10−9 val-
ues could also be achieved, and CPS(6,7)
differed by less than 0.1 kcal/mol for all
three energies.
Using the three sets of reference values

to test the DFAs as before, we show re-
sults for the whole ENZYMES22 set in
figure 6. As seen for the subset used in
the test set previously, the differences in
the MADs with the three reference lev-
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Figure 6: MADs of each functional against DLPNO-CCSD(T)/CBS references with either
CPS(5,6), TightPNO or CPS(6,7), across the ENZYMES22 set. Within each class of DFA,
functionals are ordered from largest to smallest CPS(6,7) MADs.

els of theory are negligible, and no sig-
nificant changes in the functional rank-
ings are observed. This holds across all
statistics, including for the plain and DFT-
D4-corrected DFAs, and is observed even
when the BHs and REs are considered sep-
arately (all statistical values for the en-
tire set, as well as the BH and RE sub-
sets separately, are given in sections S3.3
and S3.4 of the Supporting Information).
Based on these results we can conclude that
for models of organic enzymes and their as-
sociated BHs and REs, the additional ac-
curacy of CPS(6,7) is not required, and
the lower-cost alternative CPS(5,6) is accu-
rate enough to use as reference values for

large models—extending the limits of sys-
tem sizes on which we can conduct reliable
benchmark studies. We also briefly note
the strong performance of CAM-B3LYP-
D3(BJ), which was not previously tested in
our original study using the ENZYMES28
set. This is a notable and surprising re-
sult, as it has not been shown to be partic-
ularly better compared to global hybrids in
a more comprehensive study of main-group
thermochemistry.51

We conclude this work by presenting the
DLPNO-CCSD(T1)/CPS(6,7)/CBS(3,4)
reference values (table 2) for the EN-
ZYMES22 set calculated herein so that
they can be used for future benchmarking
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Table 2: DLPNO-CCSD(T1)/CPS(6,7)/
CBS(3,4) reference values for the EN-
ZYMES22 set alongside the DLPNO-
CCSD(T0)-based values previously pub-
lished in Refs. 19 and 83. All values in
kcal/mol.

Enzyme Size (no.
Energy

Old CPS(6,7)
model atoms) ref. value ref. value
4-OT 0 77 RE1 −4.90 −6.34
4-OT 0 77 RE2 1.25 2.79
4-OT 0 77 BH1 14.39 13.22
4-OT 0 77 RBH1 19.29 19.55
AspDC 0 27 RE −5.50 −5.55
AspDC 0 27 BH 4.10 3.98
AspDC 0 27 RBH 9.60 9.53
AspDC 1 76 RE 13.03 13.61
AspDC 2 95 RE 3.67 4.33
HheC 0 83 RE 16.05 16.29
HheC 1 112 RE 14.06 14.51
HheC 1 112 BH 17.64 17.15
HheC 1 112 RBH 3.58 2.64
HKMT 0 29 RE −5.67 −5.38
HKMT 0 29 BH 26.05 26.16
HKMT 0 29 RBH 31.72 31.53
HKMT 1 46 RE −1.99 −1.61
HKMT 1 46 BH 27.83 27.90
HKMT 1 46 RBH 29.82 29.52
HKMT 2 72 RE −21.53 −21.71
HKMT 2 72 BH 21.42 20.94
HKMT 2 72 RBH 42.95 42.65

work on these models; although most val-
ues are not significantly impacted by the
new triples correction and CPS extrapola-
tion, we use this opportunity to formally
update the set to reflect the recent improve-
ments in the DLPNO-CCSD(T) method-
ology. The average difference between
these values and the previously published
DLPNO-CCSD(T0)/TightPNO-based ref-
erences is 0.47 kcal/mol, with the largest
impact seen for the larger models: 4-OT
(three of the four energies change by more
than 1 kcal/mol), the RBH of HheC model
1 (0.94 kcal/mol) and the RE of AspDC
model 2 (0.66 kcal/mol).
We provide a comparison of the func-

tional MADs calculated from the old
DLPNO-CCSD(T0)/TightPNO-based ref-
erences and new DLPNO-CCSD(T1)/

CPS(6,7)/CBS(3,4) references in figure
S11 of the Supporting Information, and
note some minor changes in the DFA rank-
ings. Against the old references, SOS0-
PBE0-2-D3(BJ) was clearly the best dou-
ble hybrid but it is almost indistinguish-
able from the (rev)DOD/DSD functionals
when compared to the updated references,
while CAM-B3LYP-D3(BJ) was not as sep-
arated from the other best hybrids against
the old references as it is against the new
ones. However we note that the best hy-
brids and double hybrids all perform well
against both sets of references, with MADs
generally around 1 kcal/mol, so small dif-
ferences in the magnitudes and rankings
are unlikely to be statistically significant
and a number of the tested methods can
be recommended as reliable.

4 Summary and conclu-

sions

Herein we have tested the complete PNO
space extrapolation approach as a low-
cost way of altering the accuracy and ef-
ficiency of DLPNO-CCSD(T1), so that it
can be used to calculate reference val-
ues for benchmarking enzymatically cat-
alyzed reactions. For this we have used
a test set of 10 REs and 4 BHs repre-
senting both organic and metalloenzymes,
taken from previous benchmark studies
for which DLPNO-CCSD(T1/0)/TightPNO
references had been used. CPS(5,6) ex-
trapolated results approach the accuracy
of TightPNO (which has a default value of
TCutPNO = 10−7) but do not fully repli-
cate it; similarly CPS(6,7) approaches re-
sults calculated with a tightened TCutPNO

value of 10−8, surpassing TightPNO with
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only the additional cost of the much more
efficient TCutPNO = 10−6 calculation. Us-
ing these three levels of theory as bench-
marks to test DFAs, we see only minor
changes in the MADs with the reference
quality. The effect is more significant for
the metalloenzymes, but even with changes
of up to 0.5 kcal/mol in the MADs with
each step up in the reference level of the-
ory, there are only few significant changes
in the relative rankings of the DFAs. To
further investigate the results for models of
organic enzymes, for which the differences
in the MADs appeared to be negligible, we
extend the analysis to the ENZYMES22 set
of enzymatically catalyzed reactions. Even
across this larger set we see no significant
difference in the benchmarking outcomes
across the three tested reference levels of
theory. We therefore conclude that the
CPS extrapolation technique can be useful
for calculating reference REs and BHs as-
sociated with enzyme active site models—
particularly in the case of CPS(5,6), which
gives similar results to standard TightPNO
at a significantly reduced cost, allow-
ing DLPNO-CCSD(T) to be used as a
benchmark level of theory for larger sys-
tems. We also present the final DLPNO-
CCSD(T1)/CPS(6,7)/CBS(3,4) REs and
BHs to be used as updated reference values
for the ENZYMES22 set in further bench-
marking work.

Supporting Information

Available

The Supporting Information is available
free of charge at https://pubs.acs.org/doi/.
DLPNO-CCSD(T1) and DFT energies

for all systems; detailed benchmarking re-

sults of all tested DFT methods for the
small test set and ENZYMES22.
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