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Attenuated MP2 with a long-range dispersion

correction for treating non-bonded interactions

Matthew B. Goldey,†,‡,¶ Bastien Belzunces,†,§ and Martin

Head-Gordon∗,†,‡

Kenneth S. Pitzer Center for Theoretical Chemistry, Department of Chemistry, University of

California, Berkeley, California 94720, United States, and Chemical Sciences Division, Lawrence

Berkeley National Laboratory, Berkeley, California 94720, United States

E-mail: mhg@cchem.berkeley.edu

Abstract

Attenuated second order Møller-Plesset theory (MP2) captures intermolecular binding en-

ergies at equilibrium geometries with high fidelity with respect to reference methods, yet must

fail to reproduce dispersion energies at stretched geometries due to the removal of fully long-

range dispersion. To ameliorate this problem, long-range correction using the VV10 van der

Waals density functional is added to attenuated MP2, capturing short-range correlation with at-

tenuated MP2 and long-range dispersion with VV10. Attenuated MP2 with long-range VV10

dispersion in the aug-cc-pVTZ (aTZ) basis set, MP2-V(terfc, aTZ), is parametrized for non-

covalent interactions using the S66 database and tested on a variety of noncovalent databases,
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describing potential energy surfaces and equilibrium binding energies equally well. Further, a

spin-component scaled (SCS) version, SCS-MP2-V(2terfc, aTZ), is produced using the W4-11

database as a supplemental thermochemistry training set, and the resulting method reproduces

the quality of MP2-V(terfc, aTZ) for noncovalent interactions and exceeds the performance of

SCS-MP2/aTZ for thermochemistry.

1 Introduction

Modeling chemical problems requires a choice of theory and basis set,1 which requires consid-

eration of the inherent accuracy of a method, the underlying cost, and the limitations of a given

finite basis set. Second-order Møller-Plesset perturbation theory (MP2)2,3 provides an excellent

compromise between accuracy and feasibility for problems that include water clusters,4,5 and ion-

water interactions.6,7 Unlike hydrogen-bonded systems, other long-range noncovalent interactions

are normally poorly treated by MP2, often overbinding.8–11 This behavior comes from inaccu-

rate long-range C6 coefficients describing the treatment of dispersion within MP2.12,13 As is well

known, the MP2 correlation energy converges slowly to the complete basis set (CBS) limit with

increases in the size of the atomic orbital basis set,14 which causes challenges in applications such

as conformational analysis.15

Due to its relatively low cost (O(N5) scaling with system size) compared to more quantitative

theories, many attempts have been made to improve the accuracy of MP2 through the use of semi-

empirical corrections, including scaling the correlation energy16,17 and scaling the opposite-spin

(OS) and same-spin (SS) components of the MP2 correlation energy (spin-component scaled MP2,

SCS-MP2).18–20

ESCS-MP2 = cOSEOS + cSSESS (1)

Such methods have significant improvements in the treatment of covalently bonded systems and

more moderate improvements for noncovalent interactions.21–24 The optimal scaling coefficients

are significantly different for bonded versus non-bonded interactions.20

2

Page 2 of 34

ACS Paragon Plus Environment

Journal of Chemical Theory and Computation

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



Density functional theory (DFT), at least in its standard semi-local forms, which depend only

on properties of the density at a given location, is well known to omit long-range dispersion interac-

tions.25 Much work has been done to reincorporate missing long-range dispersion, with consider-

able success. Simple approximations of the dispersion interaction through pairwise precomputed

C6 values have exchanged qualitative failure for a frequently useful level of accuracy for non-

covalent interactions.26–29 Other methods of computing C6 coefficients using properties like the

exchange-dipole moment30 or the Hirshfeld volumes of atoms31 have proven similarly successful.

An alternative approach relying upon finding functionals of the density at more than one location,

has produced the Van der Waals (VdW) density functionals, both in parameterless and parameter-

ized32–36 forms. VdW functionals cast dispersion in terms of the interaction of the density at two

points, mediated by a local approximation to the dynamic polarizability (Φ).

Ec
nl =

∫
dr ρ(r)

∫
dr′ρ(r′)Φ(|r− r′|) (2)

Self-consistently training VdW functionals as part of a density functional has recently led to func-

tionals such as ωB97X-V37 and B97M-V38 that are very accurate for non-covalent interactions.

However, unlike wavefunction methods, they still suffer from self-interaction errors39,40 due to

incomplete use of exact exchange.

Using a different approach, we have recently addressed the inadequacies of MP2 for nonco-

valent interactions. By introducing range-separation into the Coulomb operator, a short-range, or

“attenuated” MP2 method41 is produced which preserves only short-range electron correlation.

The resulting attenuated MP2 method reduces errors of MP2 in a given basis set by as much as a

factor of five.41 This is achieved because attenuation partially cancels the inherent overbinding of

MP2 and the additional overbinding due to basis set superposition error (BSSE) in finite basis sets.

The full Coulomb operator is retained for the underlying Hartree-Fock (HF) calculation. Using

one range-separation parameter, r0, attenuated MP2 has been parametrized for the aug-cc-pVDZ41

and aug-cc-pVTZ42 Dunning basis sets,43,44 and other basis sets.45 Tests on large systems were

3
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also reported.46 Attenuated MP2 was extended to benefit bonded interactions at the same time as

non-bonded interactions by incorporating spin-component scaling into a range-separation ansatz

to define the SCS-MP2(2terfc, aTZ) method.47 SCS-MP2(2terfc, aTZ) captures the behavior of

MP2(terfc, aTZ) for noncovalent interactions while reproducing SCS-MP2/aTZ for thermochem-

istry databases.

Despite these successes, purely dispersive interactions are missing from the treatment of long-

range interactions within attenuated MP2. Indeed, the long-range C6 coefficients are zero for

attenuated MP2. To address this issue, further modifications have paired attenuated MP2 with the

long-range dispersion energy from time-dependent Kohn-Sham (TD-KS) density functional theory

to form the attenuated MP2C method,48 which approximates the full MP2C energy49 within a

much smaller basis than is needed to converge the MP2C/CBS values. MP2C require clearly

separable fragments, which is true for intermolecular interactions, including molecular crystals, but

is not satisfied for other important non-bonded interactions, such as intramolecular conformational

analysis. Still, the success in pairing attenuated MP2 with the TD-KS polarizabilities suggests that

attenuated MP2 is potentially compatible with long-range corrections.

It is also worth noting that even though all long-range two-electron integrals are neglected,

attenuated MP2 quantitatively captures the leading long-range correlation effects for systems with

non-zero dipole moments, like the water dimer. The reason is that mean-field HF yields incorrect

electrical moments, which are corrected by MP2. The resulting dipole moment corrections give

a long-range R−3 dependence for the correlation binding energy in the water dimer. Attenuated

MP2 captures this correctly, regardless of its neglect of long-range dispersion.50 For this reason, a

VV10 correction to HF is unpromising (it cannot correct the errors in long-range HF electrostatics),

but a VV10 correction to MP2 is quite promising, as it can potentially reincorporate long-range

dispersion.

In the remainder of this paper, we pursue that goal by combining attenuated MP2 with long-

range VV10 correlation to define a method that correctly includes long-range dispersion, and then

carefully assess its performance against conventional MP2, and the existing (uncorrected) attenu-

4
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ated MP2 methods.

2 Methods

Attenuated MP2 partitions the Coulomb operator into short- and long-range components using the

terf switching function,51 which depends on a single parameter, r0,

terf(r,r0) =
1

2

(

erf

[

(r− r0)

r0

√
2

]

+ erf

[

(r+ r0)

r0

√
2

])

(3)

1

r
=

terf(r,r0)

r
+

terfc(r,r0)

r
(4)

The short-range function,
terfc(r,r0)

r
is equivalent to a shifted 1

r
at r = 0 since the first and second

derivatives of the corresponding long-range Coulomb operator,
d2terf(r,r0)

dr2 , are zero at the origin by

design.

The attenuated MP2 correlation energy uses a modified Coulomb operator employing the com-

plementary terf function (terfc), resulting in an energy expression which involves attenuated inte-

grals. In terms of spin-orbitals, attenuated MP2 is:

EMP2 =−1

2
∑
i j

∑
ab

(ia| terfc(r12,r0)
r12

| jb)
[

(ia| terfc(r12,r0)
r12

| jb)− (ib| terfc(r12,r0)
r12

| ja)
]

εa + εb − εi − ε j

(5)

The range-separation of the MP2 correlation energy is analogous to using two perturbations

corresponding to the short- and long-range fluctuation potential. These two perturbations give rise

to three energetic terms at second order, purely short-range correlation (SR), purely long-range

correlation (LR), and mixed-range correlation (MR). The MR term is linear in each of the two

perturbations.

EMP2 = ESR +EMR +ELR (6)

These terms sum to the full MP2 correlation energy regardless of the range-separation distance.

Attenuated MP2 corresponds to the neglect of the second and third terms, motivated by the known

5
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overbinding of MP2 at the CBS limit, which is further increased by basis set superposition errors.

To consider how one might couple attenuated MP2 with a long-range correction, let us first

examine the asymptotic decay of attenuated MP2 itself. This is given by expanding the attenuated

MP2 energy for two non-overlapping closed shell subunits, A and B, in a manner similar to that of

Szabo and Ostlund12 for occupied (virtual) molecular orbitals i, j (a,b) with superscripts indicating

the fragment and |̃ denoting the modified integrals.

∆E
(A-B)
MP2 = E

(A)
MP2 +E

(B)
MP2 +4

|(i(A)a(A) |̃ j(B)b(B))|2
εi(A) + ε j(B) − εa(A) − εb(B)

(7)

The Coulomb operator is expanded around the intermolecular separation, R, with local position

operators, Ar1 and Br2

1

|r12|
=

1

|Ar1 −B r2 −R| =
1

|R| +
Ax1 ·B x2 +

A y1 ·B y2 −2Az1 ·B z2

|R|3 + . . . (8)

The attenuated Coulomb operator will have a very similar expansion, where we truncate the ex-

pansion for terfc(|r12|,r0) at R = r12 given the very weak dependence on r12 at large separation

with our range-separation function.

terfc(|r12|,r0)

|r12|
= terfc(|R|,r0)

[

1

|R| +
Ax1 ·B x2 +

A y1 ·B y2 −2Az1 ·B z2

|R|3 + . . .

]

+ . . . (9)

The resulting dispersion energy within attenuated MP2 is then given by the MP2(uncoupled Hartree-

Fock)-level C6 coefficients, which are strongly damped by terfc(R,r0)2.

Eatt. MP2
disp. =−(terfc(R,r0))

2 CMP2
6

R6
(10)

This necessarily fails to capture the dispersion interactions, which is the motivation for this manuscript.

A numerical test of the magnitude of the SR, MR, and LR contributions is given in in Fig-

ure 1, which shows the average correlation binding energy of range-separated MP2 for the S66

database.52 This figure indicates that the majority of the correlation binding energy is recovered

6
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by MP2(terfc, aTZ) for range-separation parameters larger than 0.95 Å. At the parameter used for

MP2(terfc, aTZ) (1.35 Å), the average long-range and mixed correlation binding energies for this

database are -0.62 and -0.54 kcal mol−1, relative to the SR term which is around -4 kcal/mol. Since

both the MR and LR terms involve the long-range perturbation, which is contaminated with BSSE

and incorrect C6 values, we choose to replace them together with a good long-range correction, as

we shall now discuss.

As a natural complement to the truncation of the electron-electron interaction within attenuated

MP2, the Van der Waals density functionals also depend upon the inter-electron separation of

two electron densities. In this work, we have used the VV10 density functional.35 In addition to

the inherent damping included in the model, a further removal of electron-electron correlation is

necessary to avoid double-counting short-range correlation. An additional multiplicative damping

function, 1− terfc(r12,r0)
2, is used to remove short-range portions of the VV10 correlation energy

that are redundant with what is retained in attenuated MP2. Thus we use VV10 modified as follows:

Ec
nl =

∫
drρ(r)

∫
dr′ρ(r′)ΦVV10

(

|r− r′|,b,C
)

(

1− terfc
(

|r− r′|,r0

)2
)

(11)

The r0 parameter is shared with the attenuated short-range MP2 part, rather than being adjusted

separately. The VV10 kernel, ΦVV10, depends on two semi-empirical parameters, b which controls

the strength of short-range damping, and C which controls the magnitude of C6 coefficients.

This work uses a developmental version of Q-Chem 4.253 for all energies not from the litera-

ture. MP2 values reported herein use the resolution of the identity approximation (RI)54 when RI

basis sets were available for the substituent atoms. The frozen core approximation was used for all

wavefunction results reported. Grid-based VV10 calculations use the SG1 grid except in cases of

SCF convergence problems. Counterpoise corrections were not performed unless otherwise indi-

cated. Complete basis set estimates of MP2 and CCSD(T) binding energies have been used from

the appropriate references when databases are used.

7
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3 Training

The dispersion corrected attenuated MP2 method is semi-empirical, since it depends upon several

parameters that are non-linear, first r0 which is associated with attenuating short-range correlation

in Eq. 5, next the two VV10 parameters b and C, and finally the choice of finite basis set that will be

employed. Since our previous work on attenuated MP2 achieved greatest success with the Dunning

aug-cc-pVTZ (aTZ) basis, we shall use it again here. We chose to fix the long-range correlation

parameter, C, at the value optimized for LC-VV10 (long-range corrected VV10), namely C =

0.0089. This choice ensures high-quality long-range C6 values. The remaining two parameters

will be sampled on a 2-dimensional grid. The resulting Van der Waals corrected attenuated MP2

method will be denoted as MP2-V(terfc, aTZ) to indicate its choice of attenuating function (terfc)

and the chosen aTZ basis.

A database must be used to train the parameters, and we chose the S66 database,52 due to

its variety of noncovalent interactions. S66 contains CCSD(T)/CBS references for small homo

and heterodimers of 3-4 atoms as well as larger nucleic acid complexes. Scanning r0 in units of

0.05Å and damping parameter b in units of 0.1, we generated nonlocal correlation energies with

converged Hartree-Fock densities for the S66 dataset in a non-self-consistent manner. The results

for MP2-V(terfc, aTZ) on the S66 training set are presented in Figure 2. Recalling that the optimal

value for MP2(terfc, aTZ) was r0 = 1.35Å, it is evident that stronger attenuation (i.e. smaller r0)

is possible in the VV10-corrected model. A range of possible r0 values between about 0.8Å and

1.2Å appear to be viable, with the preferred value of b increasing strongly (i.e. stronger damping)

as r0 increases (i.e. weaker attenuation).

Self-consistent usage of the VV10 nonlocal correlation is presented in Table 1 using the opti-

mal b parameter for each r0 near the minimum of our objective function (here root-mean-square

deviation, RMSD). The optimal parameters for MP2-V(terfc, aTZ) generate an RMSD on this

dataset of 0.199 kcal mol−1, which is essentially identical to the non-self-consistent value of 0.202

kcal mol−1. Hence VV10 can be used as a post-HF correction, if desired. The optimal damp-

ing parameter, b, is found to be 11.0, somewhat larger than the b = 6.9 chosen for LC-VV10,

8

Page 8 of 34

ACS Paragon Plus Environment

Journal of Chemical Theory and Computation

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



despite our additional short-range damping of the VV10 correlation energy, suggesting that the

short-range correlation energy within attenuated MP2 describes correlation over a wider spatial

extent than that described by the PBE correlation energy used by the VV10 functionals. The op-

timal r0 for MP2-V(terfc, aTZ), 1.00Å, is substantially shorter than for MP2(terfc, aTZ) (1.35Å),

which is potentially advantageous for future efficient implementation of the short-range MP2 part.

MP2-V(terfc, aTZ) possesses the correct long-range limit by design.

Table 1 Overall root-mean-square deviation (RMSD), RMSD for the hydrogen-bonded (HB),

dispersion-bonded (DISP), and mixed interactions (MIX) subsets, as well as mean-signed error (MSE) and

mean-unsigned error (MUE) on the S66 database in kcal mol−1 for MP2-V(terfc, aTZ) with self-consistent

orbitals using HF plus VV10, as computed with the optimal b value for various r0 values near the global

minimum

r0/Å b RMSD HB DISP MIX MSE MUE

0.85 8.0 0.206 0.182 0.204 0.232 -0.043 0.172

0.90 9.0 0.200 0.180 0.208 0.212 0.015 0.169

0.95 9.5 0.212 0.190 0.201 0.246 -0.077 0.178

1.00 11.0 0.199 0.180 0.195 0.223 -0.019 0.167

1.05 12.5 0.201 0.179 0.197 0.228 -0.024 0.167

1.10 14.5 0.204 0.178 0.202 0.234 -0.026 0.169

We turn next to the training of a spin-component scaled (SCS) version of MP2-V, that aims

for improved performance on thermochemical properties in addition to non-bonded interactions.

For SCS-MP2-V(2terfc, aTZ), we have three more parameters to tune the short-range correlation

energy, following the SCS-MP2(2terfc, aTZ) method.47 The method uses short-range OS MP2

correlation (with rSR
0 ), and a mid-range SS MP2 correlation constructed from the difference be-

tween the SS correlation at rMR
0 and rSR

0 , as well as separate spin-component scaling parameters,

according to:

E = cOSEOS(r
SR
0 )+ cSS

[

ESS(r
MR
0 )−ESS(r

SR
0 )

]

(12)

To have the possibility of improved performance for thermochemistry, it is essential to train the

parameters on both the non-bonded interactions of the S66 database and additional bonded inter-

actions. For the latter purpose, we employ the W4-11 database of thermochemical reactions.55 To

place the non-bonded and bonded interactions on a more-or-less equal footing in the optimization

9

Page 9 of 34

ACS Paragon Plus Environment

Journal of Chemical Theory and Computation

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



process, we define a figure of merit which is a weighted average of the RMS errors in the two

datasets:

RMSDWeighted =
|E|W4-11RMSDS66 + |E|S66RMSDW4-11

|E|W4-11 + |E|S66
(13)

The quantities, |E|W4-11 and |E|S66 are the average magnitude of the interaction energy in each of

the two databases.

We present a slice of the resulting parameter search in Figure 3, where we scan the short-

and mid-range r0 values (choosing the optimal same- and opposite-spin scaling coefficients and

the damping parameter b at each point). Enforcing a minimum difference of 0.2Å between the

attenuation parameters, we find an optimal b of 14.0, and optimal short- and mid-range attenuation

parameters of 0.70 and 0.90Å. The attenuation parameters are contracted compared to the SCS-

MP2(2terfc, aTZ) values of 0.75 and 1.05 Å, though to a lesser degree than in MP2-V since these

are already quite short-ranged. Since the mid-range correlation is the most extended correlation

under consideration, the corresponding mid-range attenuation parameter is used in enhancing the

damping function of the VV10 correlation energy. The spin-component scaling coefficients, cOS

and cSS are 1.267 and 4.444, which are similar to those without dispersion correction (1.27 and

4.05).

The behavior of the new Van der Waals corrected methods versus existing methods for in-

termolecular interaction energies on the S66 training set is summarized in Table 2, along with

MP2/aTZ and MP2/CBS results. There is a useful 20% reduction in the RMS error between

MP2(terfc, aTZ) and MP2-V(terfc, aTZ) which accompanies the improved physical content (cor-

rect long-range behavior). The RMS error reduction is closer to 10% between SCS-MP2(terfc,

aTZ) and SCS-MP2-V(terfc, aTZ). Since we are intent on enforcing the correct long-range physics,

these improvements suggest that the range-separated treatment of different physics at different

regimes is working quite satisfactorily in the training set. It is worth noting that the RMS errors

for MP2-V and SCS-MP2-V are over seven times smaller than MP2 in the same aTZ basis set.

As an additional diagnostic, the interaction type dependence for the S66 database is presented

in Figure 4. Subset identification follows that of Řezáč, Riley, and Hobza.56 Van der Waals cor-
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Table 2 Root-mean-square deviation (RMSD), mean-signed error (MSE), mean-unsigned error (MUE),

and maximum error (MAX) on the S66 database in kcal mol−1 for MP2 and attenuated MP2 in the

aug-cc-pVDZ (aDZ) and aug-cc-pVTZ (aTZ) basis sets. Spin-component scaling and VV10-corrections

are included for attenuated MP2.

Method RMSD MSE MUE MAX

MP2/CBS 0.731 -0.405 0.481 2.205

MP2/aDZ 2.666 -2.151 2.151 6.157

MP2/aTZ 1.533 -1.229 1.229 3.665

MP2(terfc, aDZ) 0.426 0.051 0.325 1.069

MP2(terfc, aTZ) 0.251 -0.068 0.208 0.521

SCS-MP2(2terfc, aTZ) 0.228 -0.015 0.182 0.516

MP2-V(terfc, aTZ) 0.199 -0.019 0.167 0.458

SCS-MP2-V(2terfc, aTZ) 0.194 -0.031 0.163 0.499

rection for these methods consistently improves relative to uncorrected MP2, providing uniform

and excellent performance for each of these interaction motifs (all methods with VdW correction

have RMSD < 0.25 kcal mol−1 for every interaction type). In particular, π-stacking is noticeably

improved by the incorporation of either Van der Waals correction or spin-component scaling.

The behavior of the new Van der Waals corrected attenuated MP2 methods versus existing

MP2 methods for thermochemical energies on the W4-11 training set is summarized in Table 3.

SCS-MP2-V(2terfc, aTZ) performs quite well on this set with an RMS error of 4.36 kcal mol−1.

A 40% reduction in RMS error relative to MP2-V(terfc, aTZ) shows that spin component scaling

is very effective in this application. The roughly 10% RMS error reduction over SCS-MP2(2terfc,

aTZ) is in agreement with observations in the literature that dispersion correction can improve

statistical behavior for thermochemistry.57 The mean-signed error for SCS-MP2-V(2terfc, aTZ)

is also comparatively low (-0.12 kcal mol−1). MP2-V(terfc, aTZ) performs comparatively poorly,

with an RMS error of 7.26 kcal mol−1, which is roughly the same as that of unmodified MP2 (7.29

kcal mol−1), and (very) slightly poorer than the original MP2(terfc, aTZ) method.
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Table 3 Root-mean-square deviation (RMSD), mean-signed error (MSE), mean-unsigned error (MUE),

and maximum error (MAX) on the W4-11 database in kcal mol−1for unmodified MP2, spin-component

scaled MP2, attenuated MP2, VV10-corrected attenuated MP2 and spin-component scaled VV10-corrected

attenuated MP2.

Method RMSD MSE MUE MAX

MP2/aTZ 7.29 -1.69 5.59 25.73

SCS-MP2/aTZ 5.16 0.10 3.57 22.15

MP2(terfc, aTZ) 6.97 -1.33 5.46 24.34

SCS-MP2(2terfc, aTZ) 4.79 -0.63 3.38 20.09

MP2-V(terfc, aTZ) 7.26 -0.61 5.51 40.18

SCS-MP2-V(2terfc, aTZ) 4.36 -0.12 3.02 32.82

4 Transferability tests

Critical tests of the transferability of these Van der Waals corrected methods are the potential en-

ergy surfaces corresponding to the S66 set of dimers. CCSD(T)/CBS energies for dimer geometries

with scaled interfragment distances (S66x8) and angular distortions (S66a8) are available.56 Error

metrics for all of the geometries in the S66x8 database are presented in Table 4. We find that the

overall RMSD for attenuated MP2 is reduced by over 30% upon inclusion of the Van der Waals

correction, from 0.33 to 0.21 kcal mol −1. The spin-component scaling version behaves essentially

identically to the unscaled version.

Table 4 Root-mean-square deviation (RMSD), mean-signed error (MSE), mean-unsigned error (MUE),

and maximum error (MAX) on the S66x8 database in kcal mol−1 for unmodified MP2, attenuated MP2,

VV10-corrected attenuated MP2 and spin-component scaled VV10-corrected attenuated MP2.

Method RMSD MSE MUE MAX

MP2/aTZ 1.348 -0.947 0.947 5.403

MP2(terfc, aTZ) 0.325 -0.039 0.236 1.527

MP2-V(terfc, aTZ) 0.207 -0.062 0.151 1.021

SCS-MP2-V(2terfc, aTZ) 0.209 -0.059 0.151 0.917

For further insight, we turn to the RMSD for the different subsets of the S66x8 database,

separated according to the factor scaling the equilibrium intermolecular separation. The resulting

data is presented in Table 5. MP2(terfc, aTZ) performs better than MP2/aTZ for each scaling value

of the intermolecular separation. This behavior likely comes from the fact that the long-range
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electrostatics remain correct at the MP2 level even under attenuation. However, a strong hint of

the need for long-range dispersion comes from the fact that while the MP2/aTZ RMSD decreases

monotonically with scale factor, attenuated MP2 exhibits a secondary maximum in its RMSD at a

scale factor of 1.25.

By comparison with attenuated MP2, the results for MP2-V(terfc, aTZ) and SCS-MP2-V(2terfc,

aTZ) shown in in Table 5 are very encouraging for two reasons. Focusing on MP2-V(terfc, aTZ) for

concreteness, it is evident first that the RMSD is lower at all scale factors than for MP2(terfc,aTZ),

and the improvement increases strongly in percentage terms at larger scale factors, where the Van

der Waals correction should be relatively more important. The reduction in RMSD is over 50%

at a scale factor of 1.25 and larger. Second, in contrast to MP2, the RMSD decreases monotoni-

cally with scale factor, indicating the effectiveness of the Van der Waals correction. The results for

SCS-MP2-V(2terfc, aTZ) are similar.

Table 5 Root-mean-square deviation (RMSD) as a function of scaled intermolecular distance for the S66x8

database for unmodified MP2, attenuated MP2, VV10-corrected attenuated MP2 and spin-component

scaled VV10-corrected attenuated MP2.

Scale factor MP2/aTZ MP2(terfc, aTZ) MP2-V(terfc, aTZ) SCS-MP2-V(2terfc, aTZ)

0.90 2.248 0.627 0.365 0.388

0.95 1.861 0.401 0.279 0.266

1.00 1.610 0.276 0.233 0.213

1.05 1.336 0.228 0.192 0.192

1.10 1.134 0.225 0.161 0.177

1.25 0.753 0.254 0.110 0.129

1.50 0.396 0.213 0.081 0.063

2.00 0.149 0.108 0.053 0.040

Table 6 presents the results for the S66a8 database.56 This database contains CCSD(T)/CBS

interaction energies for angular displacements of molecules in the S66 database away from equilib-

rium. Here MP2-V(terfc, aTZ), with and without spin-component scaling, achieves very low RMS

error (0.15 kcal mol−1) with respect to the benchmark values. MP2(terfc, aTZ) without dispersion

correction also performs very well (0.21 kcal mol−1) in contrast to MP2/aTZ (1.10 kcal mol−1).

Relatively modest improvement is expected for the Van der Waals corrected method when applied
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close to the equilibrium geometries used for parameterizing attenuated MP2.

Table 6 Root-mean-square deviation (RMSD), mean-signed error (MSE), mean-unsigned error (MUE),

and maximum error (MAX) on the S66a8 database in kcal mol−1 for unmodified MP2, attenuated MP2,

VV10-corrected attenuated MP2 and spin-component scaled VV10-corrected attenuated MP2.

Method RMSD MSE MUE MAX

MP2/aTZ 1.092 -0.915 0.915 2.815

MP2(terfc, aTZ) 0.209 0.028 0.172 0.514

MP2-V(terfc, aTZ) 0.152 -0.019 0.126 0.427

SCS-MP2-V(2terfc, aTZ) 0.155 -0.018 0.131 0.384

The performance of SCS-MP2-V(2terfc, aTZ) and MP2-V(terfc, aTZ) for the S22 database

of intermolecular interactions8,58 is presented in Table 7. The addition of a dispersion correction

to MP2(terfc, aTZ) reduces the RMS error on this database by about 0.18 kcal mol−1, result-

ing in an RMS error of 0.301 kcal mol−1. This is over a 30% reduction in RMSD relative to

attenuated MP2, which again suggests good transferability of the Van der Waals correction. The

spin-component scaled method performs slightly worse (0.375 kcal mol−1). The high mean-signed

error of MP2/aTZ (-1.684 kcal mol−1) is reduced to ∼-0.1 kcal mol−1 for both MP2-V(terfc, aTZ)

and SCS-MP2-V(2terfc, aTZ).

Table 7 Root-mean-square deviation (RMSD), mean-signed error (MSE), mean-unsigned error (MUE),

and maximum error (MAX) on the S22 database in kcal mol−1 for unmodified MP2, attenuated MP2,

VV10-corrected attenuated MP2 and spin-component scaled VV10-corrected attenuated MP2.

Method RMSD MSE MUE MAX

MP2/CBS 1.387 -0.838 0.885 3.596

MP2/aTZ 2.321 -1.684 1.684 5.550

MP2(terfc, aTZ) 0.479 -0.256 0.367 1.257

MP2-V(terfc, aTZ) 0.301 -0.114 0.239 0.757

SCS-MP2-V(2terfc, aTZ) 0.375 -0.130 0.285 1.019

To examine the behavior of attenuated MP2 methods for very stretched potential energy sur-

faces, performance for the dissociation of three dimers along center of mass coordinates is shown

in Figures 5, 6, and 7 for the water dimer, the t-shaped isomer of the ethene dimer, and the

argon-methane dimer, which are, correspondingly, electrostatically-bound, of mixed character,

and dispersion-bound. The equilibrium structures are taken from the A24 database,59 and the
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complete basis set (CBS) MP2 and CCSD(T) reference results for the scaled separations are from

the A21x12 database60 (structures and references available in supporting information).

Very similar behavior is given by attenuated MP2 with and without Van der Waals correction

for the water dimer n Figures 5, with all of the methods examined providing a positive correlation

binding energy in approximately the same region. This indicates, as noted by Thirman and Head-

Gordon,50 that the long-range correlation energy is dominated by the effect of reducing the HF

dipole moment, and thus reducing the attractive dipole-dipole interaction. The long-range VV10

correction makes little visual difference in this case.

The behavior for the ethene dimer, shown in Figure reffig:ed is significantly different. MP2(terfc,

aTZ) performs very well at the equilibrium geometry, only to significantly underestimate the total

binding energy for separated geometries. The MP2(terfc, aTZ) correlation binding energy serves

only to correct inaccurate electrostatics in this system, yielding a positive correlation binding en-

ergy at large separations and failing to capture the long-range dispersion interaction. By contrast,

MP2-V(terfc, aTZ) and SCS-MP2-V(2terfc, aTZ) both capture long-range dispersion and the much

better agreement with the benchmark CCSD(T)/CBS values is graphically evident.

For the purely dispersion-bound argon-methane dimer, the signature of missing dispersion in

MP2(terfc, aTZ) is also dramatic, with qualitatively different behavior than the benchmark values

for both the total binding energy and the correlation binding energy past 1.2 times the equilibrium

separation. By contrast, MP2-V(terfc, aTZ) and SCS-MP2-V(2terfc, aTZ) captures this missing

dispersion, continuously and differentiably transitioning between a short-range dominated by at-

tenuated MP2 and a long-range dominated by VV10 nonlocal correlation. These examples show

the importance of long-range correction in yielding an accurate interaction energy for a range of

inter-fragment separations.

Turning to thermochemistry, the RMSDs obtained by standard and attenuated MP2 methods on

the MGAE10963 and G2/9764 databases of atomization energies are given in Tables 8 and 9. On

the MGAE109 database, SCS-MP2(2terfc, aTZ) and SCS-MP2-V(2terfc, aTZ) perform similarly

(RMS errors ∼ 5.2 kcal mol−1). These RMS errors are significantly smaller than obtained with
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SCS-MP2/aTZ (7.78 kcal mol−1). The improvement of the SCS attenuated MP2 methods over the

unscaled attenuated MP2-V(terfc, aTZ) is quite striking (more than 50% reduction in RMSD) on

this database.

Table 8 Root-mean-square deviation (RMSD), mean-signed error (MSE), mean-unsigned error (MUE),

and maximum error (MAX) on the MGAE109 database in kcal mol−1 for unmodified MP2, attenuated

MP2, VV10-corrected attenuated MP2 and spin-component scaled VV10-corrected attenuated MP2.

Method RMSD MSE MUE MAX

MP2/aTZ 9.04 -1.83 7.38 23.31

SCS-MP2/aTZ 7.78 -5.98 6.27 24.15

MP2(terfc, aTZ) 9.38 -2.97 7.57 23.48

SCS-MP2(2terfc, aTZ) 5.15 -2.12 3.68 21.79

MP2-V(terfc, aTZ) 11.07 -5.64 9.13 24.63

SCS-MP2-V(2terfc, aTZ) 5.20 -2.70 3.69 22.16

For the G2/97 database, MP2-V(terfc, aTZ) also performs poorly (with an RMSD of 9.69 kcal

mol−1). The poor performance of MP2-V(terfc, aTZ) underscores the fact that it cannot be recom-

mended for evaluation of bonded interactions. As in the MGAE109 database, SCS-MP2-V(2terfc,

aTZ) performs very well on the G2/97 database with an RMSD of 5.15 kcal mol−1, surprisingly

almost 1 kcal mol−1 lower than SCS-MP2/aTZ, and almost 3 kcal mol−1 lower than MP2/aTZ.

We conclude that the spin-component scaled model exhibits quite satisfactory transferability for

bonded interactions, although its performance is not on a par with leading density functionals.

Table 9 Root-mean-square deviation (RMSD), mean-signed error (MSE), mean-unsigned error (MUE),

and maximum error (MAX) on the G2/97 database in kcal mol−1 for unmodified MP2, attenuated MP2,

VV10-corrected attenuated MP2 and spin-component scaled VV10-corrected attenuated MP2.

Method RMSD MSE MUE MAX

MP2/aTZ 8.28 -0.52 6.68 23.72

SCS-MP2/aTZ 6.17 -4.41 5.03 23.32

MP2(terfc, aTZ) 8.37 -1.80 6.74 23.97

SCS-MP2(2terfc, aTZ) 5.35 0.61 3.79 20.97

MP2-V(terfc, aTZ) 9.69 -4.71 7.99 25.16

SCS-MP2-V(2terfc, aTZ) 5.15 -1.69 3.54 21.46
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5 Conclusions

This work paired attenuated MP2 with long-range VV10 dispersion correction within the aug-cc-

pVTZ basis set, with spin-component scaling also used to improve short-range bonded interactions.

From training on the W4-11 and S66 databases, we see shorter range attenuation parameters rel-

ative to uncorrected attenuated MP2, as well as useful reductions in RMS errors for not only our

training sets, but also our test sets. For non-bonded interactions, we believe this results from the

improved physical content in Van der Waals corrected attenuated MP2. Our recommendations for

use are as follows :

1. For noncovalent interactions, the MP2-V(2terfc, aTZ) and SCS-MP2-V(2terfc, aTZ) meth-

ods improve over the original attenuated method, MP2(terfc, aTZ) for all classes of nonco-

valent interactions, and have correct asymptotic treatment of Van der Waals interactions. In

a statistical sense, these methods typically outperform MP2/aTZ and even complete basis set

MP2. Like MP2, these methods are self-interaction free, which is an advantage relative to

present-day DFT.

2. For thermochemistry, the SCS-MP2-V(2terfc, aTZ) method consistently performs as well as

SCS-MP2/aTZ or better while incorporating more appropriate long-range physics. As such,

we recommend this method for modeling bond-breaking reactions in complex chemical en-

vironments, particularly when it is important to be self-interaction free.

3. When incorporating the long-range Van der Waals correction, attenuated MP2 includes only

quite short-range MP2 correlation, as evidenced by the smaller attenuation parameters. Not

only is the physical content improved, but since MP2-V(terfc, aTZ) is even shorter ranged in

the MP2 correlation, there is potential for a lower prefactor in a specialized algorithm. This

is a problem that deserves future attention.
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