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Abstract

The titular DLPNO approximation has become a de facto standard for extending correlated wave
function models to large molecular systems yet its fidelity for intermolecular interaction energies has
not been thoroughly vetted. Non-covalent interaction energies are sensitive to tails of the electron
density, involving parts of the wave function that are far from the nuclei and may be discarded in
some local correlation treatments. Meanwhile, the accuracy of the DLPNO approximation is known
to deteriorate as molecular size increases and questions have been raised regarding the accuracy of
benchmark calculations for large van der Waals complexes. Here, we test the DLPNO approximation
at the level of second-order Mgller-Plesset perturbation theory (MP2) in systems with up to 240
atoms, for which canonical MP2 calculations can be performed for comparison. For small dimers,
we find that DLPNO-MP2 interaction energies are within 3% of canonical values but the approxi-
mation is quite poor for larger systems, unless the results are extrapolated to to the limit where the
threshold for discarding PNOs is taken to zero. For a sequence of nanoscale graphene dimers up
to (CoeHa4)2, extrapolated DLPNO-MP2 interaction energies agree with canonical values to within
1%, independent of system size, provided that the basis set does not contain diffuse functions. The
presence of diffuse basis functions causes oscillatory behavior as a function of the PNO threshold,
making it impossible to extrapolate the results in a meaningful way.
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variety of DFT methods.?*3> First-principles dispersion
models?6 3% also need to be tested against high-quality
ab initio data in large systems.

As such, the purpose of this work is to examine the ac-
curacy of the DLPNO approximation for large van der
Waals complexes. The most thorough previous effort
along these lines is a recent study of double-hybrid DFT
for transition metal compounds,*’ where the localized-
orbital technique was applied to the second-order Mgller-
Plesset (MP2) energy. As compared to what is typi-
cal in thermochemical DLPNO-CCSD(T) calculations,
tighter PNO thresholds were found to be required in
order that the DLPNO-MP2 interaction energy remain
faithful to the canonical MP2 result. Not addressed in
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Fig. 1: Large supramolecular complexes investigated in this work, including the L7 complexes,?® S12 complexes,’® a buckyball-
in-a-ring complex (BBR),*! graphene dimers from the circumcoronene family, and the corresponding graphane (perhydrocir-

cumcoronene) dimers.

that study is the performance of the DLPNO approxima-
tion in the presence of diffuse basis functions, which are
the bane of linear-scaling approximations but are some-
times needed to obtain converged intermolecular interac-
tion energies.? 45

Systematic tests of the DLPNO approximation in large
van der Waals complexes are missing from the literature
and the present work aims to fill this gap, examining
the accuracy of the DLPNO approximation as a func-
tion of molecular size for nanoscale complexes as large
as (CggHaq)2. Because we need the canonical result for
comparison, we perform these calculations at the MP2
level rather than the CCSD(T) level. Our results estab-
lish the accuracy that can be expected when the PNO

thresholds are extrapolated to the canonical limit, and
we examine the impact of diffuse basis functions on that
extrapolation.

II. COMPUTATIONAL PROCEDURES

The large supramolecular complexes examined in this
work are presented in Fig. 1. These include several com-
plexes that are now standard benchmark systems for
quantum chemistry, including the L73° and S12L4° data
sets and a “buckyball-in-a-ring” complex (BBR, Cgo@Q][6]-
cycloparaphenyleneacetylene).?'#6 Notably, several of
these complexes exhibit differences exceeding 1 keal/mol
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between FN-DMC and CCSD(T)/CBS benchmarks, even
upon accounting for the uncertainties in either bench-
mark. These include BBR, C2C2PD, C3A, C3GC, 2a, 2b,
4a, 5a, and 6a.3132

In addition ,we consider dimers of polybenzenoids
from the circumcoronene sequence: the coronene dimer
(Co4H12)2, the circumcoronene dimer (Cs4H;g)2, and the
circumcircumcoronene dimer (CggHayg)o. These are mod-
els of graphene nano-flakes and we place them in a cofa-
cial arrangement (“AA stacking”),*”* at 3.8 A face-to-
face separation, equivalent to the separation in the cofa-
cial or “sandwich” isomer of benzene dimer.® Some pre-
vious benchmarks exist for these complexes,®' >3 which
have often been considered alongside the correspond-
ing graphane models,>* namely, the perhydrocircum-
coronenes that are also shown in Fig. 1.

A variety of basis sets are examined including (aug-)cc-
pVDZ and (aug-)cc-pVTZ of the Dunning variety,”>>°
and def2-SVP, def2-SVPD, and def2-TZVP of Karlsruhe
extraction.®”*® The DLPNO approximation exhibits sim-
ilar trends in both cc-pVDZ and cc-pVTZ so we judged it
unnecessary to test cc-pVQZ, which would substantially
limit the system sizes for which we could obtain canonical
results. Although it is well-established that MP2 overes-
timates dispersion interactions,®”°?762 the primary pur-
pose of this work is to test the accuracy of the DLPNO
approximation, not the accuracy of MP2. That said, a
CBS extrapolation of the MP2 energy often serves as the
foundation upon which a smaller-basis CCSD(T) correc-
tion is added,?®% and with that in mind we examine
two-point MP2/CBS extrapolations using cc-pVXZ and
aug-cc-pVXZ with X = D and T. Counterpoise correc-
tion is applied to all interaction energies, as it has a siz-
able effect even in the higher-quality basis sets examined
here,44,64,65

All  calculations were performed using ORCA
v. 5.0.3,22 except for calculations to establish the
MP2/CBS limit, which were performed using Q-Chem
v. 6.1.0.6 MP2 calculations were performed within
the resolution-of-identity (RI) approximation, with
appropriate auxiliary basis sets matched to the target
basis,’” however no RI approximation was applied
at the self-consistent field (SCF) level. The integral
screening thresholds was set to 7, = 107!6 a.u. and
the SCF convergence criterion to 7qop = 1075 Ej.
Following previous recommendations,® three different
PNO-related settings were tested. A “loose” setting
corresponds to a domain threshold T,uipo = 2 x 1072
and a PNO threshold T.ypno = 1077; the “normal”
setting means T.yypo = 1 x 1072 and T,upno = 1078;
and finally, “tight” thresholds are T.upo = 5 x 1073
and Teutpno = 1079.68

Extrapolation of the DLPNO-MP2 energy to the
canonical MP2 result is performed using both a loose/
normal (L/N) and a normal/tight (N/T) scheme. These
extrapolations make use of the the formula?*
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Fig. 2:  Errors in the DLPNO approximation for L7 inter-
action energies in (a) absolute and (b) percentage terms, as
a function of the PNO threshold Tcytpno, for basis sets cc-
pVDZ and cc-pVTZ. Counterpoise-corrected interaction en-
ergies were computed at the RI-MP2 level and error is defined
as the difference between the DLPNO and the canonical RI-
MP2 result.

where F' = 1.5 is an empirical parameter and E, denotes
the energy obtained using a threshold T.yspno = 1077
The L/N extrapolation scheme corresponds to z = 7 and
y = 8 while N/T extrapolation means z = 8 and y = 9.

III. RESULTS AND DISCUSSION
A. Basis-set comparison

The primary purpose of this work is to examine the
efficacy of the DLPNO approximation as a function of
molecular size, rather than to obtain converged bench-
marks, so we first investigate whether extremely large
basis sets are necessary to address that particular issue.
To do this, we compare counterpoise-corrected RI-MP2/
cc-pVDZ and RI-MP2/cc-pVTZ results for the L7 data
set,?? in Fig. 2. These data characterize the DLPNO
error, defined as the difference in the interaction en-
ergy relative to the canonical MP2 result. We find that
DLPNO-MP2 interaction energies are systematically less
attractive than canonical MP2 values but the error de-
creases systematically as the threshold T..spno is tight-
ened, in both the cc-pVDZ and cc-pVTZ basis sets. In
two cases, the error exceeds 1 keal/mol for the loose set-
ting (Twwpno = 1077), and for the parallel-displaced
coronene dimer the error exceeds 2 kcal/mol. That said,
both basis sets afford very similar DLPNO errors, with
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Fig. 3: DLPNO errors for S66 dimers at the RI-MP2/cc-pVDZ level.

differences no larger than 0.4 kcal/mol. (For tight PNO
thresholds, the errors differ by < 0.1 keal/mol.) This sug-
gests that we can use cc-pVDZ as a representative basis
set to examine the DLPNO error in larger systems than
would otherwise be feasible, given available computing
resources.

Percentage errors [Fig. 2(b)] confirm the similarity of
the cc-pVDZ and cc-pVTZ results. For both the normal
and tight thresholds, differences between basis sets are
< 1% except for the guanine trimer GGG, which has the
smallest interaction energy amongst the L7 complexes (=
2 keal/mol). For T.ypno < 1077 (i.e., normal or tight
settings), the percentage error introduced by the DLPNO
approximation changes by less than 1% between basis
sets. Results for the def2-SVP and def2-TZVP basis sets
(Fig. S1) confirm similar trends as Teytpno is tightened,
with comparable errors in the double- and triple- basis
set. The DLPNO errors are slightly larger than those
observed for cc-pVXZ basis sets, and approach or exceed
10% of the interaction energy in several cases, when loose
thresholds are employed. For the BBR complex (Fig. 1),
which we did not attempt using cc-pVXZ basis sets, the
DLPNO errors are 6-7 kcal/mol for def2-SVP and def2-
TZVP using loose thresholds, although these errors are
reduced below 2 kcal/mol for normal thresholds.

These tests establish that the cc-pVDZ basis set affords
DLPNO errors that are representative of those obtained
using either the cc-pVTZ, def2-SVP, or def2-TZVP, and
can be used for more comprehensive testing to follow.
The role of diffuse functions will be considered separately,
in Section IITE.

B. DLPNO approximation in small systems

We now proceed to establish how the DLPNO errors
scale with molecular size, using the cc-pVDZ basis set,
and in order to establish a baseline we first present re-
sults for small systems at the RI-MP2/cc-pVDZ level.
For these tests we use the S66 data set,% and individ-
ual results for each S66 dimer are presented in Fig. 3.
Three different values of Tiutpno are compared along
with a N/T extrapolation, the latter of which will be
called DLPNO[N/T] in the discussion that follows. These
data are partitioned into the three standard subsets of
S66,%9 namely, hydrogen-bonded dimers (for which elec-
trostatics dominates dispersion), dispersion-dominated
complexes, and dimers where dispersion and electrostat-
ics are comparable in magnitude.

For the normal threshold (T.,pno = 107%), errors
with respect to the canonical RI-MP2 interaction en-
ergy range up up to 0.11 kcal/mol with an average of
0.06 kcal/mol, whereas for Teutpno = 10~? they range
up to 0.10 kecal/mol with an average of 0.06 kcal/mol.
Extrapolated values afford errors up to 0.11 kcal/mol
with an average of 0.05 kcal/mol. While these energy
differences seem small, and close inspection of Fig. 3 il-
lustrates that the DLPNO error vanishes systematically
as TeutpNo 18 tightened for the hydrogen-bonded com-
plexes, that is not always the case for the other two
subsets of S66, for which dispersion is more important.
Nevertheless, the normal and tight thresholds (meaning
Teutpno < 1078) afford errors < 0.1 kecal/mol for all of
these small dimers. Even for the loose-threshold case,
the maximum error is 0.24 kcal/mol.
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Fig. 4: (a) Absolute and (b) percent differences between
the DLPNO-MP2[N/T]/cc-pVDZ interaction energy and the
canonical MP2/cc-pVDZ value, for the S66 dimers.

Figure 4 provides the DLPNOI[N/T]-MP2 error, rel-
ative to the canonical MP2 result, for each of the S66
dimers. All errors are < 0.1 keal/mol (or < 3%), compa-
rable to what is obtainable using the “normal” threshold
Teutpno = 1078, with no need to use the tighter thresh-
old or to extrapolate. For these small systems, then,
one has reached a point of diminishing returns already
at the level of the normal threshold. Errors are largest
for the dispersion-bound subset of S66 and smallest for
the hydrogen-bonded subset. This is consistent with the
idea that dispersion is sensitive to tails of the density and
“weak pairs” (in many-body language). Even for the
dispersion-dominated complexes, however, DLPNO er-
rors amount to < 3% of the total interaction energy. The
DLPNO approximation thus works exceedingly well for
these small non-covalent complexes, with normal thresh-
olds or anything tighter, and is almost negligibly differ-
ent from the canonical result upon extrapolation. Larger
errors for the dispersion-bound subset do portend some
problems in large van der Waals complexes, however, in-
cluding w-stacked PAHs. Larger systems are considered
next.

C. DLPNO approximation in larger systems

Although the DLPNO errors are quite small for the
S66 complexes, interaction energies FEj, for S66 range
only from |Eiy| = 1 19 keal/mol,% whereas van der
Waals complexes with 2 100 atoms may have |Ejy| >
100 kcal/mol.?* We next examine the L73% and S12L4°

(a) absolute
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Fig. 5: (a) Absolute and (b) percent DLPNO errors in RI-
MP2/cc-pVDZ calculations for the L7 and BBR complexes.

complexes in detail, as examples of larger systems, to
which we add BBR from Ref. 31, as an example where
LNO-CCSD(T)/CBS benchmarks differ markedly from
FN-DMC results.

DLPNO errors for the L7 and BBR complexes are plot-
ted in Fig. 5, computed at the RI-MP2/cc-pVDZ level,
and they are much larger than the corresponding errors
for the S66 complexes, except (arguably) in the case of
tight PNO thresholds. For the loose, normal, and tight
thresholds the average DLPNO error is 1.7 kcal/mol,
0.4 kcal/mol, and 0.1 kcal/mol, respectively. Maximum
errors are 5.6 kcal/mol, 1.1 kcal/mol, and 0.2 kcal/mol,
respectively. Loose thresholds are thus unacceptable for
benchmark calculations in systems of this size, with per-
centage errors ranging up to nearly 20%. However, nor-
mal thresholds afford DLPNO errors < 1 kcal/mol and
reduce the percentage errors below 10%. Tight thresh-
olds are practically indistinguishable from canonical re-
sults.

The accuracy can be further improved via extrapola-
tion, and both L/N and N/T results are shown in Fig. 6.
Errors are reduced to < 1 keal/mol by either extrap-
olation. For each of the L7 complexes, errors are <
0.5 kecal/mol even for L/N extrapolation, whereas for BBR
the N/T extrapolation is required to reach 0.5 kcal/mol
DLPNO error, which is about 1% of the total interac-
tion energy in that case. Note that achieving ~ 1% error
requires N/T extrapolation for both the most strongly-
bound complex (BBR) and for the most weakly-bound
complex (GGG).

DLPNO-MP2/cc-pVDZ errors for the S12L complexes
are shown in Fig. 7. (Similar errors are obtained at

https://doi.org/10.26434/chemrxiv-2024-9cvcx ORCID: https://orcid.org/0000-0002-1663-2278 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-9cvcx
https://orcid.org/0000-0002-1663-2278
https://creativecommons.org/licenses/by/4.0/

(a) absolute
1.0 [ L/N extrapolation ] """"""""

0.8 [ N/T extrapolation

difference (kcal/mol)
o
(2]

(b) percent

difference (%)

0
C2C2PD C3A C3GC CBH GCGC GGG PHE BBR

Fig. 6: (a) Absolute and (b) percent differences between
L/N and N/T extrapolated values and canonical RI-MP2/cc-
pVDZ interaction energies, for the L7 complexes along with
BBR.
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Fig. 7 DLPNO errors for S12L interaction energies com-

puted at the RI-MP2/cc-pVDZ level.

the MP2/def2-SVP level; see Fig. S2.) Errors are
large for Teutpno = 1077, ranging from 0.5 kcal/mol
to 8.4 kcal/mol with an average of 2.4 kcal/mol.
Tighter thresholds afford acceptable errors, ranging up
to 2.4 kcal/mol (with an average of 0.7 kcal/mol) for
Teutpno = 1078 versus a maximum error of 1.0 keal /mol
for Teutpno = 1079, with an average of 0.2 kcal/mol
in that case. The largest errors are for the dispersion-
bound systems 4a and 4b, which are complexes of
Cgo and Crg with the corannulene-based “buckycatcher”
molecule, CgoHag.”" Even in those cases, however, setting
Tewpno < 1078 affords an interaction energy that is very
close to the canonical RI-MP2 value. DLPNO errors for
the S12L complexes can be further reduced by extrapo-
lation (Fig. S3), affording errors below 0.6 kcal/mol (or
< 2%) for L/N extrapolation, and < 0.3 kcal/mol (or

120
-7 M\
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(CeHe)2 (CoqHi2)2  (CsaHyg)2 (CoHa4)2

Fig. 8: Absolute interaction energies | Eint| for polybenzenoid
graphene dimers of increasing size, computed at the RI-MP2/
cc-pVDZ level and comparing DLPNO-MP2 results with var-

ious values of TeutpPNO-

< 1%) for N/T extrapolation.

It is worth noting that the tight threshold needed for
N/T extrapolation adds significantly to the cost of the
DLPNO calculations. We find that the (CggHzq)a sys-
tem that is explored in Section IIID represents an ap-
proximate crossover point when T.ypo = 5 x 1073 and
Towpno = 1077, That calculation requires 614 min
for DLPNO-MP2/cc-pVDZ, running on 40 processors
with 4.5 Gb of memory per processor, which should
be compared to 617 min for canonical RI-MP2/cc-
pVDZ on 48 processors with 5.0 Gb per processor.
A single-point DLPNO-MP2/cc-pVDZ calculation with
Towtpno = 1078 requires 4,825 min on 40 processors,
and T.utpnvo = 1079 requires 6,531 min. Although the
timing comparisons will improve significantly (in favor
of the DLPNO approach) when CCSD(T) replaces MP2,
these data make it clear that the need for tight thresholds
comes at a significant increase in cost.

D. Errors versus system size

Prompted by the fact that dispersion-bound complexes
in S66 afforded the largest errors, along with the docu-
mented dependence of the DLPNO error on molecular
size,?>?9 we decided to examine a sequence of increas-
ingly large polybenzenoid dimers in the circumcoronene
family. Absolute interaction energies | Ej,| for these com-
plexes are plotted in Fig. 8, comparing DLPNO-MP2
results with different thresholds alongside the canonical
MP?2 interaction energy. Especially for the (Cs4Hig)o
and (CggHa4)2 systems, there is evident accumulation of
error that increases with system size, which is system-
atically reduced (though not eliminated) as Tcutpno 1S
tightened. For the largest of these systems, the DLPNO
error reaches 30 kcal/mol for Teyipno = 10~7 and is sev-
eral kcal/mol even in the coronene and circumcoronene
dimers. Use of Toupno = 1072 pushes the error be-
low about 1 kcal/mol except in the case of (CogHaq)2,
where it remains nearly 5 kcal/mol even with this tightest
threshold. As such, DLPNO results without extrapola-
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and DLPNOI[N/T]-MP2/cc-pVDZ interaction energies for
polybenzenoid dimers, as compared to the canonical RI-MP2/
cc-pVDZ result.

tion do not provide benchmark-quality results for systems
of this size.

Extrapolated DLPNO-MP2 errors for these polyben-
zenoid dimers are presented in Fig. 9. The L/N ex-
trapolation performs poorly for the two largest systems,
with errors that exceed 1 kcal/mol for (CssHyg)2 and
4 kcal/mol for (CogHas)2. (Due to the magnitude of the
interaction energies in these large systems, even the latter
error amounts to only 4% of |Ein|.) On the other hand,
the N/T extrapolation performs exceptionally well and
reduces errors to < 0.5 kcal/mol even for these two sys-
tems, or about 0.5% of | Eipg|. This suggest that the N/T
extrapolation works well, even for systems where the ac-
curacy of the DLPNO approximation itself is seemingly
degraded, namely, nanoscale dispersion-bound complexes
with 2 100 atoms. Absent extrapolation, however, the
DLPNO results are unacceptable in these systems.

To examine whether the error accumulation in these
graphene nano-flakes is merely a function of molec-
ular size, or whether extended conjugation may also
play a role, we next examine analogous dimers of
the perhydrocircumcoronenes, which are the structures
whose basic building block is cyclohexane rather than
benzene. A structure for the dimer of [24]graphane
(perhydrocoronene,” CyyHzg) was obtained from Ref. 52
and larger structures were constructed around it, main-
taining the interlayer separation at 4.7 A, as in the
(Co4Hsg)2 structure in Ref. 52. DLPNO errors for these
graphane dimers, are given in Table 1, again computed
at the RI-MP2/cc-pVDZ level.

Table 1: DLPNO errors at the MP2/cc-pVDZ level for
dimers of polycyclic hydrocarbons

DLPNO Error (kcal/mol)

Complex loose normal tight
(benzene)a 0.08 0.04 0.01
(cyclohexane) 0.06 0.03 0.01
difference® —0.02(25%) —0.01(25%) 0.00(0%)
(coronene)z 1.79 0.71 0.26
([24]graphane)s 0.81 0.51 0.15
difference® —0.98(55%) —0.20(28%) —0.11(42%)
(circumcoronene)s  8.52 3.55 1.27
([54]graphane). 3.27 1.95 0.78
difference® —5.26(62%) —1.60(45%) —0.49(39%)

®Difference between the graphene and graphane values (given
in parenthesis as a percentage of graphane value).

Although the DLPNO errors do increase with system
size for both the circumcoronene (or [n]graphene) and
perhydrocircumcoronene ([n|graphane) dimers, the effect
is much larger for the conjugated hydrocarbons, up to
5 kcal/mol larger for the Cs4 dimers with loose thresh-
olds. This may result from many-body dispersion screen-
ing effects that arise in the conjugated systems, or what
Dobson has termed “type B” nonadditivity,”>" although
this effect is ordinarily considered not to be captured at
the MP2 level.” It could simply be an effect of the more
delocalized molecular orbitals in graphene as compared
to graphane, leading to larger errors in a localized-orbital
implementation. Whatever the origin, these data suggest
that systems with extensive conjugation may represent
some of the most problematic cases for the DLPNO ap-
proximation, for which the use of tight thresholds should
be considered mandatory.

E. Effect of diffuse functions

We next wish to examine the role of diffuse basis func-
tions. However, our attempts to perform MP2/aug-cc-
pVXZ calculations for the L7 complexes were stymied
by SCF convergence problems in ORCA, even with aug-
cc-pVDZ. (The usual solution to such problems is to
tighten the shell-pair drop tolerance,*> but we have set
that threshold to 1076 a.u. for all calculations reported
here.) We were able to converge these calculations us-
ing jun-cc-pVDZ for some of the L7 and S12L complexes
(see Fig. S4), and more consistently using def2-SVPD.
DLPNO errors for RI-MP2/def2-SVPD interaction ener-
gies are shown in Fig. 10 for the L7 complexes and in
Fig. S5 for the S12L complexes.

For L7, these errors range up to 2.8 kcal/mol for BBR,
using normal thresholds, although they are smaller than
0.1 kecal /mol for some of the other complexes and percent-
age errors are on par with, or even smaller than, those
observed using cc-pVDZ (Fig. 5). The S12L complexes
4a and 4b exhibit DLPNO errors larger than 3 kcal/mol.
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Fig. 10: (a) Absolute and (b) percent differences be-
tween the DLPNO-MP2/def2-SVPD and canonical MP2/
def2-SVPD interaction energies for the L7 complexes.

More importantly, the DLPNO errors for both sets of
complexes oscillate (as a function of Teytpno) in the pres-
ence of diffuse basis functions and thus do not converge in
a manner that lends itself to extrapolation. This not an
artifact of Karlsruhe basis sets, since calculations using
def2-SVP do not exhibit such oscillations (Fig. 2), but
seems to be inherent to the use of diffuse basis functions.
DLPNO-MP2/jun-cc-pVDZ calculations also fail to con-
verge monotonically as a function of Teuspno (Fig. S4).

For the c2c2pD and BBR complexes, setting TeutpNO =
1078 affords a larger DLPNO error as compared to
Tewtpno = 1077, and for €3A, CBH, GCGC, and PHE the
tight value T.utpno = 1072 affords a larger DLPNO er-
ror than the normal value T.ypno = 1078, Although the
absolute differences are < 3 kcal/mol (or < 10%), they
are significant on the scale of benchmark-quality work.
For the S12L systems (Fig. S5), DLPNO errors obtained
with tight thresholds are larger than those computed us-
ing loose thresholds for complexes 2a, 2b, 6a, 6b, and
7a, while for 4a and 7b the normal-threshold error is
larger than the loose-threshold error.

This oscillatory behavior has a dramatic and detrimen-
tal effect on the extrapolation to the canonical limit, as
shown for the L7 complexes and BBR in Fig. 11, which
presents the extrapolations using both def2-SVP and
def2-SVPD data. (For the corresponding percentage er-
rors, see Figs. S5 and S6.) For the latter basis set, ex-
trapolated results are significantly less accurate as com-
pared to interaction energies computed even using loose
thresholds, to the point that the extrapolation is simply
unusable. In contrast, for def2-SVP the L/N and N/T ex-

8
a) def2-SVP Ve A\
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Fig. 11:  DLPNO errors as a function of Tyupno for RI-

MP2 calculations on L7 complexes using (a) the def2-SVP
basis set and (b) the def2-SVPD basis set. The L/N and N/T
extrapolations use Eq. (1).

trapolations are typically more accurate than the normal-
and tight-threshold results, respectively. This proves not
to be the case for the BBR and C3A complexes, even using
def2-SVP, although even in those cases the extrapolations
still improve upon the looser of the two thresholds that
was used as input, which is no longer the case once dif-
fuse basis functions are added. Again, this behavior is
not limited to Karlsruhe basis sets; extrapolations using
jun-cc-pVDZ frequently afford larger errors (with respect
to the canonical MP2 calculation) than the input data,
as shown in Fig. S7.

One possible (or partial) explanation for these issues
with extrapolation, especially in the case of def2-SVP, is
that the extrapolation formula in Eq. (1) was parame-
terized using cc-pVXZ basis sets, for which an empirical
parameter F' = 1.5 4 0.2 was determined.?* To examine
this issue, we used RI-MP2/def2-SVPD calculations on
the S66 data set to redetermine the value of F' in Eq. (1).
We find that the aggregate, extrapolated DLPNO error
for S66 is minimized when F = 1.097 for L/N extrap-
olation or F' = 0.980 for N/T extrapolation, leading to
mean absolute DLPNO errors of 0.04 kcal /mol (L/N) and
0.02 kcal/mol (N/T). We then used the reparameterized
extrapolations to examine the L7 and BBR complexes at
the RI-MP2/def2-SVPD level.

Table 2 compares these new extrapolations alongside
the values obtained using F' = 1.5, as used above and
in Ref. 24. The re-optimized extrapolations provide very
little improvement (< 0.2 kcal/mol), as compared to ex-
trapolated errors that exceed 8 kcal/mol and range to
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Table 2: DLPNO-MP2/def2-SVPD errors (in
kcal/mol) upon extrapolation.
L/N N/T

Complex m=— 15 —1097 F=15 F =0.080
C2C2PD 14.1 14.1 17.0 16.0
C3A 9.2 9.3 9.8 9.7
C3GC 16.1 16.0 17.3 16.8
BBR 53.3 53.9 55.3 54.9
CBH 7.4 7.2 6.8 6.9
GCGC 12.4 12.2 12.0 12.1
GGG 8.2 8.2 8.2 8.2
PHE 14.1 14.0 14.1 14.0

> 50 kcal/mol for BBR. This supports the idea that it
is the diffuse functions themselves that are the source
of the large errors, not the particular choice of basis-set
family or the empirical extrapolation scheme. This is
also supported by the fact that the reparameterized ex-
trapolations work about equally well as the original one
in the def2-SVP basis set, affording DLPNO errors that
average 0.5 kecal for the L7 systems with L/N extrapo-
lation, or 0.1 kcal/mol for the N/T scheme. These are
essentially identical to the extrapolated errors obtained
using F' = 1.5.

These data strongly suggest that diffuse functions
should be avoided in DLPNO calculations, which is po-
tentially problematic for intermolecular interaction en-
ergies where diffuse functions often play an important
role in obtaining converged results,*>™*® although coun-
terpoise correction can often serve the same purpose.34’44
To provide a quantitative perspective on this, we per-
formed canonical RI-MP2 calculations for the S66 data
set using (aug-)cc-pVDZ and (aug-)ce-pVTZ, combined
with a two-point (aug-)cc-p[D/T]Z extrapolation to the
CBS limit. That extrapolation uses the formula™

X3Ecorr (X) - YsEcorr(Y)
= X3 _ Y3 (2)

for the correlation energy (with X = 2and Y = 3), and is
combined with the corresponding Hartree-Fock/(aug-)cc-
pVQZ energy to estimate the interaction energy at the
MP2/CBS level. We omit quadruple-¢ MP2 calculations
on the grounds that these may not be feasible for the
nanoscale van der Waals complexes of interest in this
work.

Figure 12 shows the difference between putative MP2/
CBS interaction energies for the S66 complexes, compar-
ing cc-pV[D/T]Z extrapolation to aug-cc-pV[D/T]Z ex-
trapolation. Differences range up to up to 0.7 kcal/mol
(6%), with an average absolute difference of 0.2 kcal/mol
(4%) and a maximum percentage difference of 10%. Note
that calculations with diffuse basis sets are significantly
more expensive. For the largest S66 system (pentane
dimer), the RI-MP2/aug-cc-pVDZ calculation took 1.2 h
on 12 processors, as compared to only 0.2 h for RI-
MP2/cc-pVDZ on the same hardware. For small sys-
tems, this additional effort may not be justified to cap-
ture < 1 kcal/mol interaction energy, but the difference
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Fig. 12: (a) Absolute and (b) percent differences between

CBS-extrapolated RI-MP2 interaction energies for the S66
dimers, comparing results in cc-pV[D/T]Z versus aug-cc-
pV[D/T]Z basis sets.

between diffuse and non-augmented basis sets is likely ex-
tensive with system size, so it remains to be determined
whether diffuse functions are important in sizable van der
Waals complexes. Our own experience with DFT calcula-
tions of protein—ligand interaction energies suggests this
may be the case.3%44

IV. CONCLUSIONS

The DLPNO approximation is an excellent tool for
high-quality ab initio calculation of interaction ener-
gies for large supramolecular complexes, which would
not be accessible in canonical implementations of the
MP2 or CCSD(T) methods. However, whereas “loose”
thresholds®® (T.upno = 1077) are faithful to within
3% percent of the canonical result in small systems,
the DLPNO error (measured with respect to canoni-
cal results) is largest for dispersion-bound complexes
and grows with molecular size. Tight thresholds
(Teutpno = 10_9) are mandatory in complexes with
2 100 atoms. Alternatively, extrapolation to the canoni-
cal limit (Teutpno — 0) can afford good results even when
only the “normal” threshold value (T.ypno = 1077) is
feasible, by means of an extrapolation scheme that is ac-
curate to within 1% of the interaction energy. This is true
even for large complexes involving Cgo and Crg with the
equally large “buckycatcher” partner, CgoHag. For sys-
tems such as (CogHayq )2, which is a model of m-stacking in
graphene, the L/N extrapolation procedure is insufficient
(affording a DLPNO error of 5 kcal/mol) and a N/T ex-
trapolation must be used instead, requiring a tight PNO
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threshold of Trytpno = 1072, This reduces the DLPNO
error below 1 kcal/mol, to about 0.5% for (CggHay ).

We have also shown that the success of these extrap-
olations is predicated on the use of basis sets that do
not contain diffuse functions. When diffuse functions are
included, the results are no longer systematically conver-
gent results as T.ytpno is reduced, and extrapolation to
the canonical limit becomes impossible. DLPNO errors
> 50 kcal/mol are documented herein for interaction en-
ergies involving Cgg. For small complexes, such as those
in the S66 data set, addition of diffuse functions modifies
interaction energies by < 5% upon CBS extrapolation, al-
though this may not be the case for larger complexes.**
More work is needed on this front, to decide whether
diffuse functions can sensibly be avoided in benchmark-
quality calculations involving large supramolecular com-
plexes.

SUPPLEMENTARY MATERIAL

Coordinates for the graphene and graphane tests sys-
tems created for this work.
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