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Achieving high-accuracy intermolecular interactions
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45 Abstract

48 The dispersion-corrected second-order Mgller-Plesset perturbation theory (MP2C) approach
50 accurately describes intermolecular interactions in many systems. MP2C, however, expends

much computational effort to compute the long-range correlation with MP2, only to discard
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and replace those contributions with a simpler, long-range dispersion correction based on inter-
molecular perturbation theory. Here, we demonstrate that one can avoid calculating the long-
range MP2 correlation by attenuating the Coulomb operator, allowing the dispersion correction
to handle the long-range interactions inexpensively. With relatively modest Coulomb attenu-
ation, one obtains results that are very similar to those from conventional MP2C. With more
aggressive attenuation, one can remove just enough short-range repulsive exchange-dispersion
interactions to compensate for finite basis set errors. Doing so makes it possible to approach
complete-basis-set-limit quality results with only an aug-cc-pVTZ basis, resulting in substan-
tial computational savings. Further computational savings could be achieved by reformulating

the MP2C algorithm to exploit the increased sparsity of the two-electron integrals.
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1 Introduction

Non-covalent interactions play a critical role in biological systems, liquids, molecular crystals,
and many other systems. In recent years, considerable effort has been devoted to developing elec-
tronic structure methods capable of treating the full spectrum of intermolecular interactions with
high accuracy. This means developing approximate methods capable of describing interactions
such as hydrogen bonding, electrostatics, polarization, and van der Waals dispersion for different
intermolecular orientations and separations.

Density functional theory (DFT) and second-order Mgller-Plesset perturbation theory (MP2)
are both widely used for modeling such interactions.! Widely-used semi-local density function-
als do not properly describe van der Waals dispersion interactions, but a variety of improved
functionals and dispersion corrections have been developed in recent years.3~ Alternatively, MP2
is the simplest of the standard wavefunction-based approximations that is capable of describing
dispersion and other interactions, and algorithm developments have made it much more computa-

10-14 Unfortunately, MP2 dramatically overestimates dispersion interactions in

tionally affordable.
n-stacked systems like the benzene dimer and many other cases. !> DFT-based symmetry-adapted
perturbation theory (SAPT(DFT)) offers a third alternative, providing good-quality interaction en-
ergies at reasonable computational cost. 1018

The poor performance of MP2 for dispersion interactions arises from the fact that it describes

the intermolecular dispersion at the uncoupled Hartree-Fock (UCHF) level. %20 Therefore, a num-

ber of researchers have proposed various dispersion corrections based on subtracting out the UCHF

Page 4 of 32

dispersion in MP2 and replacing it with a more accurate dispersion model.>!~2* The MP2C model, >3

which replaces the UCHF dispersion with a SAPT(DFT) coupled Kohn-Sham (CKS) treatment of
intermolecular dispersion has proved particularly effective. -23-2>-3! It achieves accuracy approach-
ing CCSD(T) across a broad region of the potential energy surface with only O(N 5) computational
cost.

The evaluation of the dispersion correction is non-trivial, but two of us recently demonstrated

that the dispersion correction can be evaluated in a monomer-centered (MC) basis instead of a

4
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dimer-centered (DC) one with little loss in accuracy.?! For a single dimer interaction energy cal-
culation, this simple change reduces the computational time by a factor of up to ~8. On the other
hand, if one is evaluating many different points on the potential energy surface, as in a fragment-
based molecular crystal calculation, one can achieve ~100-fold speed-ups in the dispersion cor-
rection.

However, MC-basis MP2C is in some sense computationally absurd: When computing the
lattice energy of crystalline aspirin using a fragment-based approach, for instance, 99.9% of the
time is spent performing the RI-MP2 calculation (including Hartree-Fock), while the remaining
0.1% of the time is spent on the MP2C dispersion correction.3! A sizable fraction of the MP2
calculation is spent computing the long-range dispersion interactions at the MP2 level, only to
discard those contributions and replace them with an inexpensive O(N*) CKS dispersion energy.
Could we simply avoid computing those long-range MP2 correlation effects in the first place, and
thereby drastically reduce the necessary computational effort?

Coulomb attenuation/range separation provide an effective means for separating short- and
long-range Coulomb interactions, which has been used to increase algorithmic efficiency or de-
velop physically improved density functionals, for instance. 3>~ In this paper, we utilize Coulomb
attenuation to eliminate long-range correlation at the MP2 level. 676961 Then, we apply a mod-
ified MP2C dispersion correction which removes any residual UCHF dispersion remaining in the
attenuated MP2 model and adds a long-range CKS dispersion energy to account for the long-
range electron correlation. This model enables aggressive Coulomb attenuation at the MP2 level,
which allows for both substantial computational savings and higher accuracy than that provided
by conventional, finite-basis MP2C. Specifically, benchmark tests indicate that attenuation reduces
the MP2C/aug-cc-pVTZ errors roughly in half and gives results approaching complete-basis-set
(CBS) quality at drastically lower cost. We also provide new physical insights into how attenuated

MP2 approximations are able to achieve these good results.
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2 Theory

The MP2C correction works by replacing the UCHF treatment of dispersion found in MP2 with

an improved one calculated at the CKS level.

Eypoc = Eypr — E[%SC;IF + EGKS (1)

One can understand this qualitatively in terms of the dispersion interaction term from second-order

intermolecular perturbation theory, %>

A B‘A/AB A4B\|2
Fy = ¥ LOBOI0 000 o

A B
m,n#0 EIﬁ_EO +Er1l3_E0

where ¢ represents the ground state wavefunction for isolated molecules A or B with energy Ej,
¢, represents the n-th excited state with energy E,, and V45 is the interaction operator between
the molecules (the perturbation). In MP2 or UCHEF, these contributions are effectively evaluated
using a Koopmans’ theorem-style approximation. That is, one neglects any orbital relaxation due
to promoting an electron from an occupied to virtual orbital, and one assumes the excitation energy
is simply the unrelaxed orbital energy difference. In MP2C, one replaces this simplistic approxi-
mation for the excited states and excitation energies with an improved description computed using
time-dependent density functional theory (a.k.a. CKS theory). Here, we seek to combine this idea
with attenuated MP2.

In the attenuated MP2 approach of Goldey and Head-Gordon,%>7 one range-separates the

Coulomb operator according to

1 terf(r;rg)  terfc(r;rg)

= + 3)

r r r

where %3

| =

terf(r;rg) =

] )
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and

terfc(r;rg) = 1 —terf(r; rp). Q)

The function terfc(r;rg)/r describes the short-range Coulomb interaction, while terf(r;rg)/r de-
scribes the long-range contribution. The user-defined parameter ry controls the relative length-
scales of the two components, with smaller values of g corresponding to a more rapid decay of the
short-range terfc(r; ro) /r term. While many different possible forms of the attenuation function are
possible, the terfc(r; rg) /r form maintains the correct curvature of the Coulomb operator at short-
range.%® This helps ensure that the short-range correlation is minimally affected by the elimination
of the long-range correlation.

In attenuated MP2, one discards the long-range correlation by neglecting terf(r;rg)/r and re-
placing the Coulomb operator 1/r with terfc(r; rg) /r when evaluating the two-electron integrals for
the MP2 correlation energy. In the context of a typical resolution-of-the-identity (RI) MP2 imple-
mentation (i.e. one that does not fully exploit the sparsity introduced by Coulomb attenuation), '

this corresponds to constructing the key intermediate Bf; tensors according to:

~1/)2
Q) (Q P) (6)

In other words, the attenuated Coulomb operator is employed both as the density-fitting metric and

terfc(r;ro) terfc(r;ro)

Bf; = Z (ia

Q

for the Coulomb interaction between the pair of electrons. The MP2 correlation energy is then
computed as usual by taking products of such B tensors and dividing by the appropriate energy
denominator.

Attenuating MP2 removes some, but not all, of the intermolecular dispersion from MP2. There-
fore, when restoring the long-range dispersion at the CKS level, one must take care to avoid double-
counting the intermediate-range dispersion contributions. Accordingly, in attenuated MP2C, we
subtract out whatever residual dispersion remains in attenuated MP2 by computing the UCHF con-

tribution using the same attenuated Coulomb operator, and then we add the full CKS dispersion

7
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(without any attenuation):
HF K
Eypoc(atten.) = Eypo(atten.) —Egiscp (atten.) + gszf(full) 7

Because algorithms for conventional MP2C have been published previously,?33!

we focus only on
the necessary modifications to the UCHF term here. No changes are needed in the evaluation of
the CKS dispersion energy.

For consistency with the underlying attenuated MP2, attenuation is applied both in the density
fitting and the Coulomb interaction components in the UCHF dispersion. This means that one re-

places the standard 1/r Coulomb operator with terfc(r; rp) /r when computing the UCHF monomer

frequency-dependent density-density response functions,

(@ _ _42 (P|terfc(r; ro)/r|f;ng|terfc(r ;10)/7]Q) ®

where i and a are occupied and virtual molecular orbitals, and P and Q are auxiliary basis functions.
The quantity €, = €, — & is the difference between the Hartree-Fock orbital energies for orbitals
i and a. One makes the same substitution when transforming this response function using the

density-fitting Coulomb metric S = (P|terfc(r;rg)/r|Q),

Xo(®) =S xo(w)S™! 9)

and in the intermolecular Coulomb integrals JA8 = (P|terfc(r; o) /r|Q) that arise in the final Casimir-

Polder integration:

ESSHT =~ [ dof (@)1 (zf (@) (1) (10

For the JAB integrals, auxiliary basis function P resides on molecule A while auxiliary basis func-
tion Q resides on molecule B. Note that all of the necessary MP2C integrals can be performed
using either a dimer-centered?® or monomer-centered basis. !

The final step requires choosing the parameter r( to determine how aggressively the Coulomb

8
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operator will be attenuated. In the limit as ro — 0, terfc(r;rg) /r — 0, and one attenuates the MP2C
correlation energy completely, leaving only the Hartree-Fock energy plus CKS dispersion. In the
limit where ry — oo, terfc(r;rg)/r — 1/r, restoring the full Coulomb operator and conventional
MP2C. In practice, the parameter ry is chosen empirically, as described in Section 4.

The purpose of this paper is evaluate the physical behavior and accuracy of attenuated MP2C.
Substantial computational savings are achieved through the cancellation of finite-basis-set errors
via Coulomb attenuation, which allows one to obtain large-basis-quality results with much smaller
basis sets. Additional savings ought be achievable by reformulating the MP2C algorithm to exploit
the short-range nature of the modified Coulomb operator, but such a reformulation has not yet been

accomplished.

3 Computational Methods

Attenuated MP2 and MP2C have been implemented in a development version of Q-Chem.%* Most
MP2 calculations performed here utilized the dual-basis Hartree-Fock !> and resolution-of-the-

identity (RI) MP2 approximations, !0-63:66

along with the corresponding Dunning aug-cc-pVTZ or
aug-cc-pVQZ basis sets.®”-%° Only valence electrons were correlated.

The MP2C dispersion correction calculations were performed using either Q-Chem or Mol-
pro.70 For the CKS calculations in Q-Chem, the local Hartree-Fock orbitals were obtained from
Molpro and read into Q-Chem. Counterpoise (CP) corrections for basis set superposition error
(BSSE) were performed in all cases unless otherwise specified. Extrapolations to the complete
basis set limit were performed separately for the HF and correlation energies using two-point for-
mulas.”172

This work focuses on attenuated MP2C in the aug-cc-pVTZ basis. The aug-cc-pVTZ basis
provides significant improvements over aug-cc-pVDZ at the attenuated MP2 level,” and it is suf-
23,31

ficiently large to provide fairly well-converged MP2C dispersion corrections.

Finally, the key calculated interaction energies used to produce the figures and tables presented

9
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below are provided as supporting information.

4 Results and Discussion

4.1 Understanding attenuated MP2

Before discussing attenuated MP2C, we first examine how attenuated MP2 behaves on the S66
dimer interaction test set.”® To do so, we decompose the attenuated MP2 errors relative to the es-
timated CBS-limit CCSD(T) benchmarks,”® E(attMP2/aTZ) — E(CCSD(T)/CBS,CP) into con-
tributions arising from the finite basis set, the post-MP2 correlation error, and the error introduced
by attenuating the Coulomb operator. For attenuated MP2/aug-cc-pVTZ without CP-correction,

for instance, these errors are defined as:

Finite-basis error: E(MP2/aTZ,no-CP) — E(MP2/CBS,CP) (11)
Correlation error: ~ E(MP2/CBS,CP) — E(CCSD(T)/CBS,CP) (12)
Attenuation error:  E(attMP2/aTZ,no-CP) — E(MP2/aTZ,no-CP) (13)

The total error is the sum of the these three contributions. Counterpoise-corrected attenuated
MP2/aug-cc-pVTZ can be partitioned analogously, except the counterpoise correction is applied
to all terms in the expressions above.

For attenuated MP2/aug-cc-pVTZ without counterpoise correction (Figure 1a), basis set super-
position error leads to overbinding of the dimer. The inadequate treatment of electron correlation
in MP2 also frequently leads to overbinding the dimers, particularly for the dimers where disper-
sion interactions are important. Figure 1a shows that these errors range from a few kJ/mol up to
nearly 10 kJ/mol in 7-stacking cases like benzene dimer. Together, these two error sources lead
to systematic overbinding of the dimers. On the other hand, applying Coulomb attenuation re-
duces the long-range intermolecular correlation (i.e. attractive long-range dispersion interactions)
and weakens the binding. Attenuated MP2 works, therefore, by choosing an appropriate value of

10
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54 Figure 1: Error contributions for each dimer in the S66 set and aug-cc-pVTZ basis set for (a) atten-
55 uated MP2 without counterpoise correction (rg = 1.35 A), (b) attenuated MP2 with counterpoise
correction (rg = 1.75 A), and (c) attenuated MP2C with counterpoise correction (ryp = 0.9 A). The
58 energy-decomposition of the errors is described in the main text.
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ro (e.g. ro = 1.35 A for the aug-cc-pVTZ basis>’) such that one attenuates enough of the long-
range correlation to cancel out the large errors arising from the finite basis set and the MP2-level
treatment of correlation.

Applying a counterpoise correction to attenuated MP2 greatly reduces the basis set error, as
shown in Figure 1b. It also changes the sign of the basis set error: counterpoise-corrected aug-
cc-pVTZ interaction energies are generally underbound, unlike their non-counterpoise-corrected
counterparts. However, MP2 correlation still often overestimates the interaction energies, and the
sum of the basis set and correlation errors leads to overbinding for many of the S66 dimers. Once
again, one can choose an appropriate degree of Coulomb attenuation to reduce this overbinding.
Because the errors that need to be cancelled in this case are generally smaller, one attenuates less
aggressively to keep a larger fraction of the long-range correlation. Hence, the optimal ry value for
counterpoise-corrected MP2/aug-cc-pVTZ is 1.75 A instead of 1.35 A for the non-counterpoise-
corrected case.”’ There are notable cases like the acetamide dimer, however, where the combined
basis set and MP2 correlation errors lead to underbinding when a counterpoise correction is em-
ployed. In such cases, attenuating the long-range attractions actually increases the errors. This
explains the earlier finding that attenuated-MP2 actually performs better without a counterpoise
correction for the S66 test set.>’

To summarize, attenuated MP2 works for intermolecular interactions by cancelling several dif-
ferent sources of error with opposite signs: One attenuates away enough of the attractive dispersion
interaction from MP2 to cancel the overbinding of intermolecular interactions that typically occurs
with MP2 in finite basis sets. Because attenuated MP2 relies on the cancellation of large individual

error terms, it can be very sensitive to the choice of r, as seen previously. %’

12
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1

2

2 4.2 Attenuated MP2C and the optimal ry, parameter value

5

? Next we consider attenuated MP2C. A similar energy decomposition can be performed for counterpoise-
g corrected MP2C in the aug-cc-pVTZ basis,

10

11

12 Finite-basis error:  E(MP2C/aTZ,CP) — E(MP2C/CBS,CP) (14)
13

ig Correlation error: E(MP2C/CBS,CP) — E(CCSD(T)/CBS,CP) (15)
16

17 Attenuation error:  E(attMP2C/aTZ,CP) — E(MP2C/aTZ,CP) (16)
18

19

3(1) as shown in Figure 1c. The MP2C dispersion correction is already fairly well converged in the
gg aug-cc-pVTZ basis,?! so the basis set error here is nearly identical to the basis set error for
gg counterpoise-corrected attenuated MP2 (Figure 1b). However, the dispersion correction dramat-
g? ically reduces the correlation error. The MP2C correlation error has no systematic bias and is
2 . . . .

28 typically smaller than the basis set error. Because the basis set error dominates, the sum of these
30

31 two contributions leads to systematic underbinding of the dimers, which is the opposite of the
32

33 overbinding seen in the MP2 case.

34

35 Table 1: Root-mean-square errors for the S66 test set relative to CCSD(T)/CBS with optimal ry
g? values.

> Method Basis BSSE  Optimal 7,  RMS Error

40 (A) (kJ/mol)

41 MP2 aug-cc-pVTZ no CP — 6.4

fé MP2 aug-cc-pVIZ  CP — 2.9

a4 atten. MP2  aug-cc-pVTZ CP 1.75 2.0

45 atten. MP2  aug-cc-pVTZ no CP 1.35 1.1

46 MP2 CBS-limit CP — 3.1

47

ph MP2C  aug-cc-pVTZ no CP _ 4.1

50 MP2C aug-cc-pVTZ CP — 1.5

51 atten. MP2C aug-cc-pVTZ  CP 0.9 0.8

gg MP2C CBS-limit CP — 0.6

54

55

56 We now seek an appropriate attenuation parameter ro to compensate for these errors in MP2C.
57

58 Figure 2 plots rms errors for the S66 test set (the same set was used to parameterize attenuated
59

60 13
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Figure 2: Root-mean-square errors (in kJ/mol) for attenuated MP2,37 attenuated MP2C, standard
MP2, and standard MP2C relative to the CCSD(T) benchmarks for the S66 test set. Compared to
attenuated MP2, attenuated MP2C achieves higher accuracy, is less sensitive to the value of rg, and
allows for more aggressive attenuation (a smaller ry value). Note that attenuated MP2 error does
asymptote to the conventional MP2 result for large ry values beyond the range plotted here.

MP2) as a function of ry. For values of ry > 1.5 A, attenuated MP2C results are very close to
their unattenuated counterparts. Decreasing r( further reduces the rms errors until a minimum is
reached around ryp = 0.9 A, with an rms error of only 0.8 kJ/mol. For r values smaller than 0.9 A,
the rms errors increase once again.

The 0.8 kJ/mol rms error for attenuated MP2C/aug-cc-pVTZ at the optimal r( value is roughly
half the error of conventional MP2C in the same basis, and it approaches the 0.6 kJ/mol accuracy
of CBS-limit MP2C. The attenuated MP2C accuracy is somewhat higher than the smallest errors
achieved by attenuated MP2 (see Figure 2 and Table 1). Moreover, the attenuated MP2C results
are much less sensitive to the choice of the ry parameter than attenuated MP2.

Attenuated MP2C also allows for more aggressive Coulomb attenuation than attenuated MP2
(ro=0.9 A versus ro=1.35 A), which should lead to additional computational savings in an effi-
cient implementation that exploits the sparsity of the two-electron integrals. As shown in Figure 3,
the attenuated Coulomb operator dies off completely within 7-8 A when ry = 0.9 A, which will
significantly increase the sparsity of the electron repulsion integrals compared to using larger ry

values or the conventional Coulomb operator. Generally speaking, the number of electron repulsion

14
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Figure 3: Attenuation with any of the optimal r( values in Table 1 dramatically reduces the range
of the Coulomb operator, but the more aggressive attenuation (rg = 0.9 A) possible for attenuated
MP2C leads to a modified Coulomb operator that dies off completely by 7-8 A.

integrals grows quartically with system size. Accounting for overlap sparsity reduces that growth
to quadratic, while attenuation of the sort used here will reduce that growth to linear over rather
short length scales. Some numerical investigations of this behavior have been reported previously
using a slightly different (erfc(cr)/r) form of Coulomb attenuation. ’*

Returning to Figure 1c, we observe that the error introduced by attenuating MP2C with rg =
0.9 A does indeed largely cancel the finite-basis and correlation errors to produce the overall high
accuracy. However, the sign of the MP2C attenuation error is opposite to that of the MP2 attenua-
tion error, indicating that different physics are involved.

To understand this difference, Figure 4 plots the rms energy change between the attenuated and
non-attenuated versions of MP2, MP2C, and the UCHF dispersion component for the S66 set as
a function of the attenuation parameter. The changes in the attenuated UCHF dispersion energies
overlap with the changes in the attenuated MP2 results almost perfectly. In other words, for inter-
molecular interactions, attenuating medium- and long-range MP2 correlation is essentially equiv-
alent to attenuating the UCHF dispersion. Only at shorter r(y values, where exchange-dispersion
effects become important, do the attenuated UCHF dispersion and attenuated MP2 curves diverge.
Note that contributions like intermolecular polarization are handled at the HF level.

15
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25 ‘ : ‘ ‘ ‘
° attenuated MP2

®o | attenuated UCHF disp @
1 attenuated BSSE
attenuated MP2C ——

RMS Energy Change (kJ/mol)

0 05 1 15 2 25 3 35 4
Attenuation Parameter ry (Ang)

Figure 4: Root-mean-square energy change between the attenuated and unattenuated MP2, UCHF
dispersion, and MP2C models in the aug-cc-pVTZ basis. The rms change in the MP2/aug-cc-
pVTZ counterpoise correction due to attenuation is also shown (“attenuated BSSE”). The dashed
vertical line indicates ro = 0.9 A.

UCHF
Edisp

Subtracting the UCHF dispersion energy from the MP2 energy in MP2C, Ej;py — , pro-
duces an intermolecular “dispersion-free” MP2 model, to which the CKS dispersion subsequently
added. With the intermolecular UCHF dispersion removed, the intermolecular interactions are
nearly independent of the attenuation parameter for ro > 1.5 A, as indicated by the attenuated
MP2C curve in Figure 4 (because the CKS dispersion contribution is not attenuated, it cancels
when taking the difference between the attenuated and standard models in Figure 4). In other
words, Coulomb attenuation eliminates interactions that are discarded anyways when computing
the MP2C dispersion correction, which explains why attenuated MP2C gives virtually identical
results to conventional MP2C for ry > 1.5 A in Figure 2.

If one chooses to attenuate more aggressively using ry values below 1.5 A, however, short-
range exchange-dispersion energy begins to be attenuated, as indicated by the rapid increase in the
MP2C energy change for small ry (Figure 4). Unlike dispersion energies, exchange-dispersion in-
teractions are repulsive, and attenuating them increases the strength of the intermolecular binding.

This allows one to compensate for the finite-basis errors in MP2C/aug-cc-pVTZ and achieve near

CBS-limit accuracy (Figure 2). It explains why the MP2C attenuation error has the opposite sign
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of the MP2 attenuation error in Figure 1, and this difference in sign is exactly what is needed to
cancel the basis set error.

It is also important to recognize that one must use a counterpoise correction to obtain accurate
results with attenuated MP2C. As shown in Figure 4, Coulomb attenuation does not significantly
reduce the BSSE (as measured by the size of the counterpoise correction) until ry < 0.5 A, which
is well-below the r( range for which accurate attenuated MP2 or MP2C results are obtained. If one
omits the counterpoise correction, the combined basis set and correlation errors cause overbind-
ing. One cannot compensate for this overbinding by attenuating the repulsive exchange-dispersion
interaction—attenuating MP2C only binds the dimers more strongly. On the one hand, the need
for a counterpoise correction does make attenuated MP2C more expensive than attenuated MP2,
for which the counterpoise correction is neither necessary nor desirable. On the other hand, the
magnitudes of the error cancellations involved in attenuated MP2C are much smaller, which re-
duces its sensitivity to the value of the parameter ry and makes the model more transferable to

other systems, as demonstrated below.

4.3 Transferability of attenuated MP2C

To be useful, attenuated MP2 and MP2C should perform well for systems other than those against
which the attenuation parameter ry was optimized. This section examines the transferability of
attenuated MP2 and MP2C using the optimal ry values reported in Table 1. Dimer-centered basis
sets were used unless otherwise specified.

First we consider the S22x5 test set, 2> which consists of 22 different dimers than the S66 test set
at five different intermolecular spacings each. Here, it tests both the transferability of the different
approximations across different species and away from equilibrium separations. Figure 5 plots the
errors relative to the CCSD(T) benchmark values for various different methods. At equilibrium
separation (1.0R,), the conventional MP2 errors here are nearly twice as large as they were for the
S66 set. Similarly, the attenuated MP2 errors are also twice as large, though they still represent a
significant improvement over conventional MP2/CBS. Attenuated MP2 performs worse away from
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Figure 5: Performance of attenuated MP2 and MP2C on the S22x35 test set relative to the CCSD(T)
benchmark values. The errors for attenuated MP2 are much larger here, particular at shorter dis-
tances, while attenuated MP2C/aug-cc-pVTZ gives results that are very close to the MP2/CBS
values.

the equilibrium separation, however. The errors rise rapidly at 0.9R,, and they do not head toward
zero as rapidly as expected toward longer separations.

Attenuated MP2C performs much better on the S22x5 set. The MP2C/CBS error at 1.0R, is
only about 25% worse than it was for the S66 set, and attenuated MP2C mimics this behavior.
More importantly, attenuated MP2C tracks the CBS-limit MP2C results very closely across the
entire potential energy surface. This represents a substantial improvement over conventional MP2C
in the aug-cc-pVTZ basis. These results reflect both how MP2C provides a better starting point
than MP2, and how having smaller errors to cancel and a reduced dependence on the parameter r
improves the transferability of attenuated MP2C relative to attenuated MP2.

Second, we consider the 1HSG test set, 7

which is comprised of 21 sets of fragment interactions
extracted from the active site of a protein-ligand complex and which is chemically very different
from the S66 and S22x5 sets, making it another good test for transferability. In this case, conven-
tional MP2/aug-cc-pVTZ exhibits an rms error of 1.2 kJ/mol relative to the CCSD(T) benchmarks
(Table 2). Extrapolating to the CBS-limit reduces the MP2 errors to 0.9 kJ/mol. MP2C provides

noticeable improvements over MP2, with rms errors of 1.0 and 0.5 kJ/mol in the aug-cc-pVTZ
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Table 2: Root-mean-square errors relative to benchmark CCSD(T) values for the interaction ener-
gies in the 1HSG test set. MC and DC basis refer to the basis used to compute the MP2C dispersion
correction, if appropriate.

Method Basis BSSE RMS Error
DC basis MC basis

MP2 aug-cc-pVTZ no CP 3.6

MP2 aug-cc-pVTZ  CP 1.2

atten. MP2 (ro = 1.75 A) aug-cc-pVTZ CP 1.9

atten. MP2 (ro = 1.35 A) aug-cc-pVTZ no CP 0.9

MP2 CBS-limit CP 0.9

MP2C aug-cc-pVTZ  CP 1.0 1.1
atten. MP2C ¢ aug-cc-pVTZ  CP 0.5 0.5
MP2C CBS-limit CP 0.5 0.5

4y =0.9 A for the DC basis and ry = 0.82 A for the MC basis.

basis and CBS-limit, respectively.

Attenuated MP2 without a counterpoise correction performs reasonably well, with an rms er-
ror of 0.9 kJ/mol, comparable to the CBS-limit MP2 or aug-cc-pVTZ basis MP2C results. The
counterpoise-corrected version of attenuated MP2, however, cannot be recommended, since it
doubles the errors relative to the version without counterpoise correction. Both cases contrast
the results from the S66 test set, where attenuated MP2 out-performs CBS-limit MP2 by a wide
margin. On the other hand, attenuated MP2C once again performs on par with CBS-limit MP2C,
with an 0.5 kJ/mol rms error that is half that of the errors obtained with conventional MP2C/aug-
cc-pVTZ or attenuated MP2. These results further demonstrate the transferability of the optimal
attenuation parameter ro for MP2C.

One should recognize, however, that the nature of the error cancellation in attenuated MP2C
is approximate, and that the optimal value of ro was chosen in Section 4.2 to minimize errors
with respect to the CCSD(T) benchmarks. Therefore, although the MP2C/CBS and attenuated
MP2C/aug-cc-pVTZ errors are statistically competitive in the 1HSG test set, the two methods do
not necessarily predict identical interaction energies for individual dimers. Coulomb attenuation
overcompensates for finite-basis errors in some dimers, while under-correcting it in others, as

shown in Figure 6. Similar conclusions hold for the other data sets examined here.
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Figure 6: Errors for individual dimers in the 1HSG test set. The arrows indicate the effect of im-
proving the basis in conventional MP2C. Attenuated MP2C sometimes underestimates the finite-
basis error and sometimes overestimates it. Overall, however, it produces results that are statisti-
cally comparable to conventional CBS-limit MP2C.

Finally, we apply attenuated MP2C to determine the lattice energies for several small-molecule
crystals benchmarked previously using the fragment-based hybrid many-body interaction (HMBI)
approach (Figure 7).317677 Specifically, attenuated MP2C was used to evaluate the interaction
energies between pairs of molecules (2-body terms) in the fragment approach. Conventional, unat-
tenuated MP2/aug-cc-pVTZ was used for the intramolecular (1-body) contributions for the reasons
discussed in Section 4.5.

Earlier work has demonstrated that conventional MP2 in large basis sets predicts lattice en-
ergies within a few kJ/mol of benchmark CCSD(T) results for crystals where dispersion is not
important. In crystals such as benzene or imidazole where dispersion interactions play a signif-
icant role, however, MP2 overestimates the lattice energy by 10—15 kJ/mol (~15-20%).7%77 For
the seven crystals considered here, CBS-limit MP2 exhibits a root-mean-square error of 6.8 kJ/mol
relative to CCSD(T). CBS-limit MP2C performs somewhat better for the lattice energies of these
crystals, with an rms error of 2.3 kJ/mol relative to the CCSD(T) values. 31

Due to finite-basis limitations, MP2C/aug-cc-pVTZ lattice energies are slightly worse than the

CBS values, as shown in Figure 7, with an rms error of 4.5 kJ/mol. Attenuated MP2C/aug-cc-
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pVTZ increases the lattice energies in the direction of the CBS limit, binding the crystals more
tightly. In some cases, the attenuation correction undershoots MP2C/CBS (e.g. ice, ammonia,
and carbon dioxide), while in others it overshoots (e.g. imidazole and benzene). Nevertheless,
attenuated MP2C/aug-cc-pVTZ gives a root-mean-square error of only 3.7 kJ/mol, which is a
modest improvement over conventional MP2C/aug-cc-pVTZ (4.5 kJ/mol), but not as accurate as
MP2C/CBS (2.3 kJ/mol). Note that the magnitude of the errors in the crystal lattice energies are
larger than those for the S66, S22x5, and 1HSG test sets discussed earlier because they result from
summing over hundreds of dimer interactions when calculating the crystal lattice energies.

The two most notable errors occur in carbon dioxide and imidazole. In carbon dioxide, the dif-
ference between attenuated MP2C/aug-cc-pVTZ and CBS-limit MP2C arises almost entirely from
the 1-body intramolecular contributions, for which conventional MP2/aug-cc-pVTZ was used. The
two-body contributions computed with attenuated MP2C match the CBS-limit MP2C values very
well. For imidazole, MP2C itself overestimates the lattice energy,>! and attenuated MP2C mimics
this behavior. Interestingly, attenuated MP2/aug-cc-pVTZ (no CP correction) performs about as
well as attenuated MP2C on these crystals, with a root-mean-square error of 3.9 kJ/mol. While
it performs somewhat worse for formamide, acetamide, and benzene, attenuated MP2 performs
better than MP2C for imidazole (Figure 7).

In the future, it would be interesting to examine to what extent this attenuation properly pre-
serves the appropriate energetic ordering of different crystal packing motifs, which can be very
sensitive to the electronic structure treatment, 834

In summary, the Coulomb attenuation parameter rq obtained for MP2C/aug-cc-pVTZ in Sec-
tion 4.2 appears to be generally transferable across a variety of benchmark systems. In all cases,
the results obtained with attenuated MP2C/aug-cc-pVTZ are statistically approaching the qual-
ity of those predicted by conventional MP2C/CBS, but they can be evaluated with much lower
computational cost.

Even though the current implementation of attenuated MP2C does not exploit the increased

integral sparsity, it still achieves substantial speed-ups by avoiding the need for larger basis sets.
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Figure 7: Errors in lattice energy predictions relative to estimated CBS-limit CCSD(T) bench-
marks.”%77 For the attenuated MP2C results, attenuation was applied only to the intermolecular
(two-body) contributions. Conventional MP2/aug-cc-pVTZ was used for the intramolecular (1-
body) contributions.

For example, for a conventional two-point TZ/QZ basis set extrapolation to the CBS limit, per-
forming counterpoise-corrected attenuated MP2C interaction energy calculations for the stacked
benzene dimer from the S22 test set required about 10 hours (aug-cc-pVTZ) and 43 hours (aug-cc-
pVQZ) on a single core of a 2.3 Ghz Intel Xeon E5-2630 processor with 4 GB of RAM. For the
attenuated version, one can avoid the aug-cc-pVQZ basis calculation entirely, thereby reducing the

computational time by 80%.

4.4 Monomer- vs. dimer-centered basis sets

Using a monomer-centered basis set instead of a dimer-centered one can significantly reduce the
computational costs associated with evaluating the MP2C dispersion correction. It is well-known

that computing accurate UCHF or CKS dispersion energies requires large basis sets,® but for

ECKS _ EUCHF

disp disp 1S much less sensitive

conventional MP2C at least, it turns out that the difference
to basis set. For instance, for the S22 test set, the rms difference between MC and DC basis sets
for MP2C/aug-cc-pVTZ is only 0.14 kJ/mol.3!

Because attenuated MP2C attenuates the UCHF dispersion contribution but not the CKS one,
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Figure 8: Difference between MC and DC attenuated MP2C/aug-cc-pVTZ for the S66 test set as a
function of the attenuation parameter ry. All results employ a counterpoise correction.

the balance could conceivably be upset. However, as shown in Figure 8, using an MC basis instead
of a DC one has only a small effect on the overall results. Switching from a DC to an MC basis
increases the S66 rms error for conventional MP2C by only 0.1-0.2 kJ/mol, which is comparable to
what is observed for conventional MP2C. The optimal ry value for the MC case does shift slightly
lower to 0.82 A, but the difference in rms error is small. Together, these results suggest that one
can still use either an MC or DC basis set when computing the dispersion correction in attenuated
MP2C.

The MC basis results appear to be transferable to other systems as well. In the THSG test set,
for instance, the root-mean-square errors in the MC and DC basis attenuated MP2C differ by less
than 0.1 kJ/mol, though individual dimer interactions vary by up to ~0.2 kJ/mol (see Supporting
Information). The MC and DC basis sets give very similar root-mean-square errors for the S22x5
test set too, as shown in Table 3. The molecular crystal lattice energies for the seven crystals tested
above change by less than 1 kJ/mol upon switching from a DC to an MC basis, and the overall rms
error increases by 0.1 kJ/mol (see Supporting Information).

The similarity of the MC and DC basis attenuated MP2C results are not particularly surprising

when one considers that attenuation does not significantly affect the MP2 basis set superposition

23
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Chemical Theory and Computation

Table 3: Root-mean-square errors (in kJ/mol) relative to the CCSD(T) benchmarks for the S22x5
test set using attenuated MP2C with either a DC or MC basis in the dispersion correction.

Separation DC basis® MC basis”

0.9 Ry 1.8 1.5
1.0 Ry 1.0 1.0
1.2 Ry 0.6 0.6
1.5Ro 0.3 0.4
20Ry 0.1 0.1

@ Using rg=0.9A.  ?Using ry = 0.82 A.

error until ry < 0.5 A (Figure 4). In other words, the impact of ghost atom basis functions does not
change much between the unattenuated case and the attenuated case in the o = 0.8-0.9 A regime,

so attenuation does not upset the CKS and UCHF basis set error cancellation in MP2C.

4.5 Poor performance for intramolecular interactions

The above results demonstrate the excellent performance of attenuated MP2C for intermolecular
interactions. However, the MP2C dispersion correction only affects intermolecular dispersion,
since it is based on intermolecular perturbation theory. Therefore, it should come as no surprise
that attenuated MP2C performs poorly for intramolecular interactions when using the ry value for
optimized for intermolecular interactions.

Consider the P76 test set,3® which consists of many different small-peptide conformers whose
relative energies are heavily influenced by intramolecular non-covalent interactions. Because the
intermolecular MP2C dispersion correction plays no role in these cases, the only difference be-
tween attenuated MP2 and attenuated MP2C in these examples is the value of ry used in attenuating
MP2. Whereas attenuated MP2/aug-cc-pVTZ with ro = 1.35 A performs better than conventional
MP2/aug-cc-pVTZ (rms errors of 1.7 vs 2.4 kJ/mol),>’ using o = 0.9 A as in attenuated MP2C
attenuates too much of the intramolecular correlation and produces a much larger rms error of 6.5
kJ/mol, which is significantly worse than even conventional MP2 (see Figure 9).

A simple, albeit not entirely satisfactory fix for this problem is to use attenuated MP2C only for
intermolecular interactions (i.e. the two-body terms in a many-body expansion), and to compute
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Figure 9: Performance of MP2, attenuated MP2 (ry = 1.35 A), and attenuated MP2C (rg = 0.9 A)
for the P76 test set of peptide conformers in the aug-cc-pVTZ basis. Counterpoise corrections
could not applied because they are ill-defined for intramolecular interactions like these.

the intramolecular (one-body) terms with a more appropriate level of theory. For a dimer, for
instance, one can compute the total energy as the sum of the energies of each isolated monomer E4
and Ep plus the interaction A2E,p between them, Eqg = Ex + Eg + A2Esp. This is the approach
used for the molecular crystal benchmarks discussed earlier. One might be able to afford CCSD(T)
or use attenuated MP2 for the monomer terms, and then apply attenuated MP2C to compute the
interaction energy A?E,p, for instance.

A better solution might involve correcting the intramolecular dispersion similarly to the inter-
molecular dispersion using an atom-centered dispersion coefficient representation.?* Investigation

of such an approach is on-going.

5 Conclusions

In this paper, we have extended the idea of Coulomb attenuation of the correlation energy using
a double error function to MP2C for the treatment of intermolecular interactions. Several key

conclusions regarding Coulomb-attenuated methods have emerged in the process:

1. Attenuated MP2 compensates for intermolecular overbinding that typically arises from the
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combination of finite-basis error and missing higher-order correlation effects in MP2 by
eliminating an appropriate fraction of the attractive UCHF dispersion. The magnitude of

error cancellation involved is fairly large relative to the strengths of the interactions involved.

2. MP2C eliminates the UCHF dispersion and replaces it with more accurate CKS dispersion.
One can therefore attenuate away the long- and medium-range Coulomb interactions in MP2

(i.e. ro ~ 1.5 A) with only a small impact on the MP2C interaction energies.

3. Counterpoise-corrected MP2C/aug-cc-pVTZ typically underbinds dimers due finite-basis-
set error. Aggressive Coulomb attenuation (ro = 0.9 A) allows one to approximately com-
pensate for this underbinding by removing some of the repulsive exchange-dispersion. This
enables one to approach CBS-limit results using only an aug-cc-pVTZ basis, which has sub-

stantially lower computational costs.

4. Attenuating the repulsive exchange-dispersion interactions cannot compensate for the overbind-
ing caused by BSSE. It is necessary, therefore, to employ a counterpoise correction to com-

pensate for BSSE with attenuated MP2C.

5. Because the error cancellations involved are much smaller, attenuated MP2C is less sensitive
to the attenuation parameter than attenuated MP2, which makes it more transferable across

different systems and regions of the potential energy surface.

6. One can use either a monomer-centered or dimer-centered basis set in attenuated MP2C,

with dimer-centered basis sets providing marginally better performance.

7. By construction, attenuated MP2C only works well for intermolecular interactions. More
research is needed to extend these ideas to systems where the changes in the intramolecular

interactions are important.

Overall, Coulomb-attenuated MP2C rectifies many weaknesses of attenuated MP2 and achieves
higher accuracy for intermolecular interactions, making it promising for wider application. It pro-

vides dimer interaction energies with kJ/mol accuracy relative CBS-limit CCSD(T) interaction en-
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ergies with a modest aug-cc-pVTZ basis and O(N?) scaling. Furthermore, the dramatically shorter
length-scale over which the attenuated Coulomb operator acts suggests that one should to be able
achieve substantial additional computational savings by exploiting the new-found sparsity in the

MP2 two-electron integrals.
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