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Abstract

The unfavorable scaling (N°) of conventional second-order Mgller-Plesset theory (MP2)
typically prevents the application of double-hybrid (DH) density functionals to large systems
with more than 100 atoms. A prominent approach to reduce the computational demand of
electron correlation methods is the domain-based local pair natural orbital (DLPNO) approxi-
mation that is successfully used in the framework of DLPNO-CCSD(T). Its extension to MP2
[P. Pinski, C. Riplinger, E. F. Valeev and F. Neese, J. Chem. Phys. 143, 034108 (2015)] paved
the way for DLPNO-MP2-based double-hybrid methods. In this work, we assess the accu-
racy of the DLPNO-MP2 approximation compared to conventional double-hybrids on a large
number of 7925 data points for thermochemistry and 239 data points for structural features
including main-group and transition-metal systems. It is shown, that DLPNO-DH-DFT can
be applied successfully to perform energy calculations and geometry optimizations for large
molecules at a drastically reduces computational cost. Furthermore, PNO space extrapolation
is shown to be applicable similar to its DLPNO-CCSD(T) counterpart to reduce the remaining

error.

1 Introduction

Kohn-Sham density functional theory (DFT)
is widely considered the work-horse of mod-
ern computational chemistry.  Within the
zoo of density functionals available, double-
hybrid (DH) functionals typically represent the
most accurate approaches.'* The most com-
mon double-hybrid functionals employ an ad-
mixture of the correlation energy with a frac-
tion ac computed using second-order perturba-
tion theory (PT2) into the correlation energy
expression of the respective density functional
(Eq. 1) according to

ERE ~(1 - ax) B + ax B

+ (1 — ac>EgFT + acEgTQ.

(1)

One of the first and most prominent double-
hybrid functionals is Grimme’s B2PLYP func-
tional® that employs an 27% (ac = 0.27) ad-
mixture of second-order Mgller-Plesset pertur-
bation theory (MP2) correlation energy and
53% (ax = 0.53) of "exact" Hartree-Fock ex-
change.

A critical downside of the MP2-based DH ap-
proach is its comparably high computational
demand as common MP2 formally scales with
O(N®) of the system size. Accordingly, ap-
proaches to reduce the computational cost of
the MP2 part of the DH calculation with-
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out losing significant accuracy are desirable.
Local wave-function based correlation meth-
ods have proven highly successful in this re-
spect. They exploit the spatial locality of elec-
tron correlation by truncation of the virtual or-
bital space thus drastically reducing the num-
ber of considered orbitals. The most promi-
nent representative of this class is the domain-
based local pair natural orbital (DLPNO) ap-
proach that is frequently used in the framework
of Coupled-Cluster calculations (e.g. DLPNO-
CCSD(T)).%® The DLPNO approach can also
be applied to MP2 calculations which renders
DLPNO-MP2 a promising candidate to use in
the context of double-hybrid DFT.'° Geometric
gradients for closed-shell systems, ! polarizabil-
ities, and NMR shieldings!? are also available in
a DLPNO-DH scheme.

The efficiency of local methods in the con-
text of DHs has already been demonstrated for
main-group thermochemistry for localized pair
natural orbitals in combination with F12 ex-
plicit correlation by Mehta and Martin.'® But
thorough studies for DLPNO-DHs that investi-
gate the chemical space beyond the GMTKNbH5
and also consider organometallic compounds
are missing. In the following, the DLPNO-
MP2 implementation in the ORCA quantum
chemistry software package!*'® is employed
for B2PLYP as a representative double-hybrid
functional. Its performance is evaluated against
the conventional MP2-based B2PLYP func-
tional for a selection of comprehensive bench-
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mark sets for thermochemistry and molecule ge-
ometries.

2 Methods

2.1 DLPNO Accuracy Settings

Similar to DLPNO-CCSD(T),! default accu-
racy settings for DLPNO-MP2 are available in
ORCA. These settings are also employed for
DLPNO-DH calculations and are shown in Ta-
ble 1. Albeit loosePNO is not meant for ac-
curate DLPNO-MP2 and DLPNO-DH calcula-
tions but rather for exploratory calculations, it
was tested here because it is available in ORCA
via a simple keyword and is relevant in the con-
text of PNO-Space extrapolation. In contrast
to DLPNO-CCSD(T), the accuracy thresholds
are generally tighter. Additionally, compared
to restricted references (RHF /RKS) tighter set-
tings are required for unrestricted calculations
(UHF /UKS). Therefore, in benchmark sets in-
volving open-shell systems the tighter thresh-
olds were used for all systems including closed-
shell systems.

For a fair assessment of the error introduced
by the DLPNO-MP2 approximation, only er-
rors with reference to the conventional MP2-
based double-hybrid functional are discussed in
the following. This means that no deviations
from the original reference data of the investi-
gated benchmark sets are discussed. The error
is calculated according to equation 2:

ACL’B2PLYP B2PLY P B2PLY P

= TprLPNO-MP2 — Tymp2 - (2)

The resulting mean absolute deviation with
regard to the conventional DH (MAD() is cal-
culated as

MADC = % Z(leiszLYPD.

%

(3)

The MAD¢ values are then employed to cal-
culate the WTMAD-2¢ according to

3

55
ZN,-—MA_DC“[
T |AE]

(4)
Here, 56.17 kcal-mol'is the the average of
the average absolute energies |[AE|; with the
reference (B2PLYP) over all 55 sets of the
GMTKN55 and N; is the number of reactions
with the MADc¢; for the corresponding set @
(See SI for details).

56.17 kcal-mol—!

WTMAD-2~ =
¢ SN

Table 1: PNO key accuracy settings for

DLPNO-DHs.
PNO- Tcuwpo  Tcecwpno  Teoutpno
Settings RKS/UKS  RKS UKS
loose 2-1072 1077 1078
normal 1-1072 1078 107°
tight 5-1073 107° 1010
verytight ~ 2.5-1073 10710 101

2.2 PNO-Space Extrapolation

The computational cost of any DLPNO-MP2
calculation increases drastically upon tighten-
ing the Tcupnvo threshold. Accordingly, an
extrapolation of the PNO space is desirable to
obtain high accuracy at reduced computational
cost. The extrapolation of the PNO space
was successfully applied in the framework of
local Coupled-Cluster following Equation 5.7
Here, EX and EY are the energies (or prop-
erties) obtained with the respective Toupno
thresholds (e.g., X = 8 for normalPNO with
Tewpno = 1078 and Y = 9 for tightPNO with
Tewpno = 107%), F is an empirical scaling pa-
rameter and £XY is the extrapolated energy:

EXY =X+ F - (EY — EY), (5)

Furthermore, it has been shown that the CPS
extrapolation reduces the size dependency of
the DLPNO error in the context of DLPNO-
CCSD(T).™ In a recent study by Kubas et
al. a DLPNO-MP2 based extrapolation scheme
for DLPNO-CCSD(T) has been proposed.'? Tts
good performance suggests that the DLPNO
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errors for MP2 and CCSD(T) are rather sim-
ilar and that CPS extrapolation with a simi-
lar F' parameter should also be beneficial for
DLPNO-MP2. Therefore, in the following, the
same F' parameter (F' = 1.5) that has been
used for the DLPNO-CCSD(T) CPS extrapo-
lation'” was assessed for CPS extrapolation in
DLPNO-B2PLYP. In this work, F' = 1.5 proved
suitable also for DLPNO-MP2-based DH calcu-
lations supporting the findings of Kubas et al.
In the following the nomenclature for CPS ex-
trapolation will be CPS(X — Y') with [ as ab-
breviation for loosePNO, n for normalPNO, t
for tightPNO, and vt for verytightPNO.

2.3 Computational Details

All calculations were performed with ORCA
version 5.0.4'%'® employing the B2PLYP
double-hybrid functional® either with the
DLPNO approximation (DLPNO-B2PLYP)
or in the conventional form (RI-B2PLYP) in
combination with the def2-TZVPP triple-( ba-
sis?"2! with the corresponding def2-TZVPP/C
auxiliary basis. As integration grid for the
DFT calculations the large DEFGRID3 was
employed and for the SCF TightSCF settings
were selected. Additionally, the Split-RI-J?2
and RIJCOSX?3 approximations were used to
speed up the calculations. The frozen core
approximation with default settings was used
throughout.

3 Results and Discussion

3.1 Thermochemistry

The general main-group thermochemistry, ki-
netics, and non-covalent interactions (NCIs)
database (GMTKN55)57 was employed to in-
vestigate the influence of the DLPNO-MP2
approximation on general main-group thermo-
chemistry. The WTMAD-2¢ for different PNO
thresholds on the whole GMTKN55 and on
the respective subsets with reference to con-
ventional B2PLYP are shown in Table 2. The
WTMAD-2¢ for the whole GMTKNS55 is also
depicted in Figure 1.
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Figure 1: Weighted mean absolute deviations
with reference to conventional B2PLYP in
kcal-mol~! for the GMTKN55 benchmark set
collection and all other thermochemistry bench-
mark sets assessed (cf. Table 3)

For the whole GMTKNb)H5 database the
biggest WTMAD-2¢ decrease is observed
from loosePNO (0.55 kcal-mol™!) to mnor-
malPNO  (0.20 kcal-mol™) settings and
smaller further reductions are obtained
with tightPNO (0.09 kcal-mol™) and wvery-
tightPNO (0.06 kcal-mol™!) settings. In none
of the subsets the WTMAD-2¢ is above
1 kecal-mol~texcept for the intermolecular NCIs
when [loosePNO is employed. For the ba-
sic properties subset loosePNO only yields a
tiny WIMAD-2¢ (0.06 kcal'mol™!).  Here,
only minor improvements in the WTMAD-
2¢ can be obtained by going up to wvery-
tightPNO (0.02 kcal-mol™!). This is because
the basic property subset mostly contains
small molecules. For the reactions subset,
the WTMAD-2¢ with [loosePNO is larger
(0.47 kcal'mol™) and still present with nor-
malPNO (0.15 kcal-mol™!), but becomes neg-
ligible with tightPNO (0.07 kcal-mol™') and
verytight PNO (0.05 kcal-mol™') settings. Small
errors are also observed for barriers with the
WTMAD-2¢ for loosePNO being already tiny
(0.10 kcal-mol™) with small improvements
with normalPNO (0.04 kcal-mol™!), but no
further improvements with even tighter set-
tings. Larger deviations are observed for the
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Table 2: WTMAD-2¢ of DLPNO-MP2-based B2PLYP on the GMTKN55 database in kcal-mol~?.

Set #  loose mormal tight wverytight CPS(l—n) CPS(n—t) CPS(t—uvt)
basic 473 0.06 0.03 0.02 0.02 0.03 0.02 0.02
reactions 243 047 0.15 0.07 0.05 0.09 0.05 0.04
barriers 194  0.10 0.04 0.04 0.05 0.05 0.05 0.05
inter NCIs 304 1.28 0.47 0.21 0.13 0.25 0.15 0.14
intra. NCIs 291  0.95 0.32 0.15 0.08 0.30 0.11 0.09
GMTKNb/5 1505  0.55 0.20 0.09 0.06 0.14 0.07 0.07

Table 3: Benchmark sets included in the assessment of DLPNO-B2PLYP with the respective MAD¢
in kcal'mol™. PNO settings are abbreviated (I, n, t, vt). |E,es| is the original mean absolute
reference energy of the respective benchmark sets.

Set 4 JBwr] | n t wt CPS(l»n) CPS(n—t) CPS(t—sut)
TONPI1924 19 2087 023 0.10 004 0.02  0.04 0.02 0.01
R160x6 2526 960 2.04 0.02 0.01 0.00 0.00 0.1 0.00 0.00
X40x1027:28 400 273 005 0.02 001 000 001 0.01 0.00
CHAL336% 336 14.09 0.12 005 002 0.01  0.02 0.01 0.01
ACONF-L® 50 462 021 008 004 002  0.03 0.01 0.01
HB300SPX3' 3000 3.18 0.04 0.02 0.01 001  0.01 0.01 0.01
revBHOp 323 898 20.37 0.31 0.12 0.05 004  0.05 0.02 0.04
revBHORg 2% 449 11.08 0.19 0.08 0.03 0.02  0.04 0.02 0.03
LP1434 14 2333 1.04 048 023 010 021 0.11 0.04
173536 7 1627 134 060 024 008  0.23 0.08 0.02
S30L37 30 3751 252 122 060 026  0.57 0.28 0.10
HS13L438 13 4582 229 1.14 057 028 057 0.29 0.13
MORA13 41 3120 0.60 026 011 005  0.10 0.04 0.02
ROST614 61 4278 040 0.18 009 005 0.8 0.05 0.03
WCCR10%%42 10 4872 112 051 022 009  0.21 0.10 0.04
TMCONF16% 16  3.15 0.04 002 001 000  0.03 0.01 0.00
TMBH#47 40 1447 0.4 0.05 0.02 001  0.02 0.01 0.01
MOBH35%3%0 70  20.89 025 0.09 0.04 002  0.04 0.02 0.01
TMIP5! 11 9562 0.58 0.28 0.3 0.06  0.14 0.06 0.03
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Table 4: Geometry benchmark sets included in the assessment of DLPNO-B2PLYP/TZ. Mean
absolute deviations (MAD¢), and mean deviations (MD¢) in pm, °, or MHz. All deviations are
given relative to the conventional MP2-based double-hybrid functional. m is the original mean
absolute reference structural property of the respective benchmark sets.

loose normal tight verytight
Set #  |rres| MADe MDe MADe MDe MADe MDe MADe  MDc
CCse21ponas *2% 68 122.33  0.003  0.001  0.002  0.001  0.002 0.000 0.002  0.000
CO8€2Langles 2% ] 42 116.03  0.004  0.000  0.004  0.000  0.004  0.000  0.004  0.000
ROT34%5* |MHz] 34 1411.72 0526 —0.379 0.224 —0.129 0.051 —0.050 0.013  —0.009
HMGB11%5 11 24340  0.055  0.055  0.019  0.019  0.006 0.006 0.004  0.001
LMGB35%55 26 114.01  0.003  0.000  0.003  0.000  0.003  0.000  0.003  0.000
LB12% 1229926 0701  0.689  0.339  0.323  0.164  0.152  0.083  0.059
TM(C32%b 56 46 189.47  0.298  0.047  0.070  0.033  0.035  0.020  0.024  0.015

@ Open-shell systems were excluded as no gradient is yet available for them. ® Fe(CO)2(NO), was excluded due to

convergence problems with B2PLYP.

inter and intramolecular NCI subsets where
loosePNO yields WTMAD-2¢ values around
1 kcal'mol™.  These WTMAD-2 values
are reduced to a third by employing nor-
malPNO (0.47 kcal-mol~'and 0.32 kcal-mol™')
and further halved by wusing tightPNO
(0.21 keal-mol~tand 0.15 kcal-mol™!) and very-
tightPNO (0.13 keal-mol~*and 0.08 kcal-mol =)
settings. The CPS extrapolation general re-
duces the WTMAD-2¢ for CPS(I—n) and
CPS(n—t) but no improvement is observed for
CPS(t—wt). Since the errors with tightPNO
are almost converged with regard to the PNO
thresholds, no further improvement is obtained
by CPS(t—wt) extrapolation in this case. The
improvement from normalPNO to CPS(l—n) is
larger (from 0.20 kcal-mol™'to 0.14 kcal-mol™!)
than from tightPNO to CPS(n—t) (from
0.09 kcal-mol~'to 0.07 kcal-mol™). For the
GMTKND)5 tightPNO and tighter settings and
CPS(n—t) and higher can be considered as
converged, because WTMAD-2¢ values smaller
than 0.1 kcal-mol~!are obtained. Such errors
are negligible for practical applications in com-
parison to the overall DH errors.

In addition to the GMTKNS5, several
benchmark sets were considered. The re-
sults are shown in Table 3 and an over-
all weighted MAD¢ in Figure 1. These in-
clude sets for NCIs of large systems (L7,3536
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S30L,3" and HS13L3®), ion-m interactions
(IONPI19%%), halogen bonds (X40x10%72%),
hydrogen bonds (HB300SPX3!), chalcogen
bonds (CHAL336%), frustrated Lewis pairs
(LP14), conformational energies of alkanes
(ACONF-L), and repulsive NCIs (R160x6%).
For barrier heights and reaction energies, the
revBH93%33 set is included. Also included are
sets containing transition metal complexes for
closed-shell reaction energies (MOR41% and
WCCR10%12) | open-shell reaction energies
(ROST61%°), conformational energies (TM-

CONF16*), barrier heights (MOBH35%49
and TMBH*7), and ionization energies
(TMIP5).

The largest errors are obtained for the
NCI sets containing large systems. For
the S30L [loosePNO yields an MAD¢ of
2.52 kcal-mol~'that is larger than the MADcs
of the best performing DFT methods for this
set (around 2 kcal-mol™!). Tightening the
PNO settings successively halves the MAD¢
for this set from normalPNO (1.22 kcal-mol™!)
to tightPNO (0.60 kcal-mol™?) to verytight PNO
(0.26 kcal-mol™'). Here, CPS(t—uvt) yields a
basically converged MAD¢ of 0.10 kcal-mol™?,
but due to the many m — 7 interactions in the
S30L (as for the HS13L, L7, and LP14) the ap-
plication of double-hybrid functionals to this set
is questionable in the first place. Similar behav-
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ior as for the S30L is observed for the HS13L.
Less prone but still severe are the MAD¢s of
the L7 and the LP14 sets where the MAD¢s
(as the average interaction energies) are basi-
cally halved compared to the S30L and HS13L.
Much smaller are the MADcs for the IONPI19,
the revBH9, and the ACONF-L set where
MADcs of 0.1 kcal-mol tare already reached
with normalPNO except for the barriers of the
revBH9 by 0.02 kcal'mol™!. The MADcs of
the CHAL336, X40x10, HB300SPX, and the
R160x6 sets are already small with loose PNO
and become vanishing small with tighter set-
tings. This may again be attributed to the
relatively small system size of the molecules in
these sets. For the transition metal containing
sets the WCCRI10 shows the largest MADgs
(1.12 kecal-mol~'with loosePNO) followed by
the MOR41, the TMIP, and the ROST61
(between 0.4-0.6 kcal-mol™'with loosePNO).
Smaller errors are observed for the MOBH35
and the TMBH, where all settings tighter
than loosePNO yield MADgs smaller than
0.1 kcal-mol™t. Surprising are the vanishing
MADc¢s for the TMCONF16 set. In conclu-
sion, the errors for the organometallic sets
are larger than for typical organic reactions
but with tightPNO settings or CPS(/—n) the
MADgs are around 0.1 kcal-mol~! (with one ex-
ception). This error is negligible compared to
the errors of the corresponding double-hybrid.
Finally, as a good compromise between com-
putational cost and accuracy, we recommend
employing normalPNO for the gradient calcula-
tion of medium-sized organic compounds (up to
100 atoms) and conventional MP2-DHs for the
energy evaluation as the latter does not profit
from the DLPNO approximation speedup. In
the regime of 100 atoms and larger, DLPNO-
MP2-DHs yield increasing speedup and may be
employed with normalPNO for most systems.
In this context, the DLPNO approximation
starts to generally enable DH calculations that
would be unfeasible for such large systems due
to computation time and memory issues. In
terms of PNO-space extrapolation, we recom-
mend CPS(l—n) for reaction and CPS(n—t)
for non-covalent interactions.

7

3.2 Varying MP2 Contribution

As double-hybrid functionals typically include
different amounts of MP2 correlation in their
energy expression (cf. Equation 1) the esti-
mated error introduced by the DLPNO-MP2
approximation can vary as well. Nevertheless,
the introduced error behaves linearly with the
amount of MP2 correlation which is demon-
strated for DLPNO-B2PLYP variants with
varying amounts of MP2 of 20, 40, 60, and

80% on the L7 set (Figure 2). Accordingly,
B2PLYP20 —— B2PLYP40 B2PLYP60 B2PLYP80
7
6 -
o
o
£
El
&}
X
5
5
[m)
<
s
0 T T T T T T T T T T T ‘] T T T :
I' ntwvtl ntwvtl ntvtl ntwvt
%MP2 20 40 60 80

Figure 2: MADcs for the L7 benchmark set
for B2PLYP variants with varying amounts of
MP2 correlation with reference to conventional
B2PLYP in kcal'mol™t. [ = loosePNO, n =
normalPNO, t = tight PNO, vt = verytight PNO.

tripling the amount of MP2 correlation triples
the DLPNO-MP2 error with respect to conven-
tional B2PLYP. Nevertheless, most robust and
well-behaved double-hybrids employ values of
around 30% MP2 correlation, allowing for a rea-
sonable error estimate based on the results for

B2PLYP (27% MP2).

3.3 Size dependence of correla-
tion energy error
In line with previous findings on PNO errors

in DLPNO-CCSD(T) approaches, the correla-
tion energy error with respect to conventional
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B2PLYP behaves almost linearly with the size
of the system. This is demonstrated for a
polyalanine chain (Figure 3) where a clear de-
crease in the size dependence upon tighten-
ing the PNO thresholds is observed. Further,
even a CPS(l—n) PNO space extrapolation can
eliminate most of the size-dependent correlation
energy error for this case.

6
loosePNO —+—
normalPNO ——
5 tightPNO .

verytightPNO ——
CPS(l—n) —o—
CPS(n—t) —e— y
CPS(t-vt) —— yd

AE .,  kcal-mol™
w
|

5 6 7 8 9 10 11 12 13
# alanine units

Figure 3: Error in MP2 correlation energy
with reference to conventional B2PLYP in
kcal-mol~! for polyalanines.

3.4 Geometry Optimizations

As even energy calculations on a high theoret-
ical level such as double-hybrid DFT are com-
putationally demanding, geometry optimiza-
tions requiring many energy and gradient eval-
uations are typically unfeasible.  Neverthe-
less, highly accurate geometry optimizations
are desirable for critical cases and specifically
benchmarking more approximate methods such
as semi-empirical quantum mechanics (SQM)
or force-fields (FF). By employing DLPNO-
MP2, respective double-hybrid functionals be-
come feasible again for geometry optimizations
of medium-sized to large molecules. To esti-
mate the influence of the DLPNO-MP2 thresh-
old settings, DLPNO-B2PLYP geometry op-
timizations were performed for various estab-
lished geometry optimization benchmark sets.
The resulting geometries were compared to the
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conventional MP2-based B2PLYP results (Fig-
ure 4 and Table 4). The following geometric fea-

loosePNO = normalPNO ——  tightPNO verytightPNO ———
ROT34 TMC32
%
o Q@ o

-3 -2 -1 0 1 2 3
deviation / MHz
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deviation / pm

o
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CCse21 LB12
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Figure 4: Gaussian error distributions for se-
lected bond length benchmark sets with refer-
ence to conventional B2PLYP results. Negative
mean deviations indicate overall too short bond
lengths compared to the canocial result.

tures were investigated: Rotational constants
for small to medium-sized organic molecules
were compared (ROT34.°* Bond lengths were
compared for 3d transition metal complexes
(TMC32°%) and light (LMGB35°) and heavy
(HMGB11°°) main-group compounds as well as
a mixed set containing unusually long bonds
(LB125%). Additionally, for the CCe21 set,5*53
containing semi-experimental structures of or-
ganic molecules, bond distances and angles were
compared. No effect of the accuracy settings is
observed for the LMGB35 and the conventional
B2PLYP bond lengths are almost obtained with
a vanishing MAD¢ of 0.003 pm because the
molecules in this test set are very small. Sim-
ilar errors are observed for the CCse2l and
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the HMGBI11 set. Although here small differ-
ences between the PNO settings are observed.
Larger errors that are still below 1 pm are
found for the TMC32 and the LB12 set with
loosePNO. For the TMC32 normalPNO is al-
ready sufficient, while for the LB12 set errors
below 0.1 pm are only obtained with wvery-
tight PNO. For the ROT34 small MAD¢s are
observed with loosePNO (0.526 MHz) and nor-
malPNO (0.224 MHz) and basically vanish with
tightPNO (0.051 MHz). In general, the intro-
duced errors of the DLPNO approximation are
very small compared to the B2PLYP result.
In all cases MAD¢s below 1 pm, 1 MHz, or
1 [°] were obtained. The very small differences
between the structures obtained using varying
PNO thresholds and conventional B2PLYP can
also be seen for the large frustrated Lewis-pair
(FLP) system of the LB12 benchmark set. An
overlay of all optimized structures shows no
significant difference in the optimized struc-
tures (Figure 5), underlining the value of us-
ing less tight PNO thresholds for geometry op-
timizations. Overall, the errors introduced by

B2PLYP (34d)
loosePNO (7d) ()
normalPNO (11d) (O
tightPNO (17 d) ()

verytightPNO (30 d) ()

Figure 5: Structure overlay of the FLP (88
atoms) from the LB12 benchmark set optimized
at various PNO threshold settings. All opti-
mizations were performed on 4 CPUs using an
Intel® Xeon® CPU E3-1270 v5 @ 3.60GHz ma-
chine.

the DLPNO-MP2 approximation are generally
much less pronounced for geometrical features.

9

This renders the efficient normalPNO settings
already suitable for DLPNO-DH geometry op-
timizations of large systems.

3.5 Timing Comparisons

The computational demand of energy and gra-
dient evaluations typically determines the fea-
sibility of a geometry optimization. Therefore,
the computational wall-time reduction of a sub-
sequent energy and gradient calculation is as-
sessed for various PNO thresholds for polyala-
nine with varying chain length (Figure 6).

25
B2PLYP/TZ
loosePNO
normalPNO
20 tightPNO
verytightPNO
15
<
10
5 -
0
# alanine units
Figure 6: Computation wall-times in h for

energy and gradient evaluation of polyala-
nine chains with up to 20 alanine units (203
atoms) for conventional B2PLYP/def2-TZVP
and DLPNO-B2PLYP /def2-TZVP with differ-
ent PNO thresholds. All calculations were per-
formed on 14 CPUs using an Intel® Xeon®
CPU E5-2660 v4 @ 2.00GHz machine.

At a crossing point of about five alanine units
(53 atoms), the DLPNO-MP2 approximation
begins to drastically reduce the computation
time of the combined energy and gradient com-
pared to conventional MP2. The steep scaling
of the latter causes a drastic increase in compu-
tation time while the DLPNO-MP2-based ap-
proach yields a flat, almost linear, scaling with
the size of the system. A comparison of the
energy and gradient computation time contri-
butions for the parental hybrid functional and
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Figure 7: Computation times in s for energy and gradient evaluation of selected molecules in the
range of 56 to 126 atoms. Hybrid = BLYP with 53% HFX; MP2-DH = B2PLYP; DLPNO-MP2-DH
= DLPNO-B2PLYP with normalPNO thresholds. The def2-TZVP(-f) basis was used throughout.
All calculations were performed on 14 CPUs using an Intel® Xeon® CPU E5-2660 v4 @ 2.00GHz

machine. Note the logarithmic scale.

the double-hybrid variants is depicted in fig-
ure 7. In line with the results shown for the
polyalanine chain, the gradient evaluation prof-
its significantly from the DLPNO-MP2 approx-
imation, even for medium sized molecules such
as the depicted molybdosilylidine complex with
56 atoms. Nevertheless, for these molecule sizes
the overhead of the DLPNO space construc-
tion causes more costly energy evaluations com-
pared to conventional MP2, thus resulting in
a higher overall computation time. With in-
creasing size, the energy computation using the
DLPNO approximation becomes increasingly
faster, and the benefit for the gradient evalu-
ation is even more drastic underlining the value
of DLPNO-MP2-DH calculations for molecules
with more than 100 atoms.
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4 Conclusion

In this work, the application of the DLPNO-
MP2 approximation in the double-hybrid DFT
framework was assessed. The performance
of different PNO thresholds as well as PNO
space extrapolations was tested for the promi-
nent B2PLYP functional on various bench-
mark sets for the thermochemistry of main-
group molecules and transition metal com-
plexes. It was demonstrated that tightPNO
settings yield reliably small deviations from
conventional B2PLYP at a drastically re-
duced computational cost for large systems
(WTMAD-2¢*'=0.06 kcal-mol™', WTMAD-
20 EMTENSS —() 09 keal-mol1).

In general we expect that the observed
DLPNO error is transferable to other double-
hybrid functionals as the error behaves lin-
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early with the amount of the MP2 correla-
tion admixture. The errors for geometry op-
timizations were found to be even smaller and
in many cases negligibly small even at mod-
erately tight PNO thresholds. normalPNO
yields already satisfactory agreement with ge-
ometries optimized with conventional B2PLYP.
The CPS extrapolation scheme introduced in
the DLPNO-CCSD(T) framework was success-
fully applied to DLPNO-MP2-based double hy-
brid calculations, with CPS(n—t) typically
yielding accurate results with very small resid-
ual errors compared to the conventional dou-
ble hybrid (WTMAD-2¢"=0.05 kcal-mol™},
WTMAD-2c%MTENSS —() 07 kcal-mol™!).  The
CPS parameter F' = 1.5 was found to be also
suitable in the DLPNO-DH-DFT framework.

The performance of DLPNO-DH-DFT can
potentially also benefit from employing the
so-called tightened semicore settings as pro-
posed by Altunet al.®® for transition metal com-
plexes or modified PNO settings as proposed by
Werner and Hansen. 5

Overall, it is demonstrated that DLPNO-DH-
DFT represents a valuable alternative to con-
ventional DH-DFT for large systems where the
unfavorable N® scaling of MP2 prevents its ap-
plication. DLPNO-DH-DFT may be applied to
enable highly accurate geometry optimizations
and energy calculations of large molecules that
are unfeasible with conventional double-hybrid
functionals. Further, the technical implementa-
tion of DLPNO-MP2 is much easier compared
to its DLPNO-CCSD(T) counterpart, increas-
ing its potential availability in common quan-
tum chemistry programs.

Supporting Information Avail-
able

See the supplementary material for statistical
data.
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