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Library of dispersion-corrected atom-centered potentials for generalized gradient approximation
functionals: Elements H, C, N, O, He, Ne, Ar, and Kr
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Parameters for analytical dispersion-corrected atom-centered potentials (DCACPs) are presented to improve

the description of London dispersion forces within the generalized gradient approximation functionals BLYP,
BP, and PBE. A library of DCACPs for hydrogen, carbon, nitrogen, oxygen, helium, neon, argon, and krypton
was obtained by calibrating against high-level CCSD(T) or configuration interaction references. The perfor-
mance and transferability of DCACPs were tested on weakly bound complexes and provide excellent results

throughout all investigated systems.
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I. INTRODUCTION

London dispersion forces are of primordial importance in
chemical and biological systems. Kohn-Sham density func-
tional theory (KS-DFT),! with local density approximation
(LDA) or present-day generalized gradient approximation
(GGA) exchange correlation (xc) functionals, either provides
sporadic results or fails completely to account for these
forces. Consequently, considerable efforts have been made
to remedy this shortcoming.>~!!

Dispersion-corrected atom-centered potentials (DCACPs)
represent the effect of dispersion forces via additive atomic-
orbital-dependent potentials whose two parameters are ob-
tained by calibrating against references of chosen accuracy.?
The first generation of DCACPs calibrated against MP2 ref-
erences has already shown promising results.!3-13

Herein, a procedure is described to obtain the DCACP
parameters with a new penalty functional introduced to im-
prove the long-range description of intermolecular interac-
tions. A library of DCACPs, including parameters for hydro-
gen, carbon, nitrogen, oxygen, helium, neon, argon, and
krypton, to be used in conjunction with BLYP,!®!7 Bp,16:18
and PBE! functionals, is presented. DCACPs can be tuned
to reach any desired accuracy given by the chosen reference.
In this work, DCACPs were calibrated against high-level
correlated ab initio CCSD(T) or CI references of (H,), in a
parallel conformation,?® benzene dimer (as sandwich),’!
(N,), (parallel), (CO,), (cross shaped), and rare gas
dimers.?> The calibration systems were chosen in order to
fulfill the following criteria: (a) the system is small enough
so that reference calculations are tractable, (b) the interaction
energy is dominated by the balance between Pauli repulsion
and dispersion forces, and (c) the electronic structures of the
monomers in the complex are well described by the GGA
employed. Testing was restricted to simple van der Waals
(vdW) complexes where high-level reference data are avail-
able. Furthermore, the influence of DCACPs on intramolecu-
lar geometries and electronic structures was investigated by
analyzing bond lengths, vibrational frequencies, electron
densities, multipole moments, and polarizabilities. The com-
patibility of DCACPs with various atomic pseudopotential
types was also addressed.
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II. METHOD

In our approach, a penalty functional P composed of two
energy and one nuclear force dependent terms is introduced.
Compared with the scheme in Ref. 12, an additional energy
term evaluated at the (midpoint) distance where the interac-
tion energy is half of the equilibrium energy is added to
improve the long-range behavior of the resulting interaction
energy curves. Note, however, that the asymptotic 7~° behav-
ior is not explicitly imposed. The functional being minimized
is given by

min P(r) = min| [E(rnin) = E(ragins (o) + [E® (ryia)

{(Ti} {0’,’

 E(mafo D)+ w,|F1<rmm,{o,}>|2],
I

where r;, and r,;q are the intermolecular equilibrium and
midpoint distances of the reference calculations. E™(r) is the
reference interaction energy at r, and w; is a weighting fac-
tor, chosen so that contributions from the energy and the
force terms (F,;) for atom I have the same order of magni-
tude. Only forces along the intermolecular interaction axis
are considered.

This penalty functional is minimized by variationally tun-
ing the {o;} parameters that define the atom centered nonlo-
cal potentials centered at {R}:

+l

U]IDCACP(r’r/) = E Ylm(f')pl(r)o-lpl(r,)ij(f,)’

m=—|

with the normalized projector p,(r) o exp[—r*/(203)].
r=|r-R/| is the distance from the position of nucleus /,
is the unit vector in the direction of r—R;, and Y,,, denotes a
spherical harmonic. This potential has the same analytical
form as the nonlocal part of the atomic pseudopotentials de-
veloped by Goedecker et al.?> We found that one projector is
sufficient to obtain accurate results for the reference and test
systems. Preliminary tests revealed that the method is insen-
sitive to the choice of / for the expansion. Any angular mo-
mentum component not occupied in the atomic pseudopoten-
tials can, in principle, be used, and we chose to standardize
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TABLE 1. DCACP parameters for H, C, N, and O in atomic
units.
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TABLE II. DCACP parameters for rare gas atoms in atomic
units.

BLYP BP PBE BLYP BP PBE
o [10*] o o [10] o o [107Y] oy o [107Y] oy o [107Y] o o [107Y] oy
H -4.06 2.71 -5.55 2.66 0.50 2.47 He -3.92 2.40 -9.91 2.16 3.31 1.98
C -5.49 3.11 -3.71 3.50 -5.79 2.84 Ne -6.41 2.48 -12.92 2.42 3.00 2.07
N -6.05 2.91 -8.06 2.82 -1.77 2.83 Ar -12.96 2.77 -16.42 2.79 —7.44 2.15
(0] -7.92 2.57 -10.65 2.64 -6.47 1.73 Kr -12.95 3.18 —14.68 3.22 -3.48 3.20

on the rarely used component /=3. By tuning the amplitude
(o) and the width (o) of DCACPs, P is minimized in such
a way that the reference equilibrium interaction energy and
distance as well as the midpoint interaction energy are opti-
mally reproduced for the calibration system. For this mini-
mization, we employed a simple but robust simplex-downbhill
algorithm.?*

Even though in this communication we chose to concen-
trate only on three popular GGA functionals—BLYP, BP, and
PBE—the DCACP approach is general and can be applied to
any functionals. The LDA is accurate for solids and is still
widely used in condensed matter physics. However, GGAs
show a more consistent performance across various disci-
plines, including chemistry and biology, and offer a better
description on intramolecular properties over LDA.

All DFT calculations were carried out using the program
cPMD.? Pseudopotentials of Goedecker et al. type were used
throughout the calibrations; for the testing calculations,
Troullier-Martins®® and Vanderbilt?’ types were also em-
ployed as specified. For the calibrations, we used plane-wave
cutoffs (referred to as cutoff from now on) of 100 Ry (C and
Ar), 120 Ry (He), 125 Ry (N), 150 Ry (H, O, Ar, and Kr),
550 Ry (Ne, for PBE and BP), and 600 Ry (Ne, BLYP). The
calibrations of H, He, Ar, and Kr were carried out in an
isolated 10X 10X 20 A® cell using the Poisson solver as
implemented in CPMD according to Ref. 28. The calibration
of neon was carried out in an isolated cell of 10X 10
%X 15 A3 (BLYP) and 10X 10x 18 A% (BP and PBE). N (10
X 10X 20 A3 cell) and C and O (15X 15x20 A3 cell) were
calibrated with periodic boundary conditions (PBCs). Unless
otherwise stated, calibration references were calculated at the
CCSD(T)/aug-cc-pVTZ level of accuracy with the GAUSS-
1ANO3 package.”® The test calculations were set up as fol-
lows: 150 Ry cutoff, 10X 10X 20 A? (20 A on the intermo-
lecular axis) cell with PBCs for Ar-N, complexes; 100 Ry
cutoff, isolated 12 X 12 X 30 A3 cell for formaldehyde dimer;
100 Ry cutoff, 15X15x15 A% cell with PBCs for
H,-benzene complex.

III. RESULTS AND DISCUSSIONS

A. Parameters

Tables I and II list the DCACP parameters for H, C, N,
and O and the rare gas atoms He, Ar, Ne, and Kr to be used
in combination with the GGA functionals BLYP, BP, and
PBE. The radial term of DCACPs is plotted in the form of
—|o|"?pizs(r) in Fig. 1.

A positive o indicates that the original xc functional pro-
duces overbinding curves whereas a negative o; shows that
the uncorrected interaction energy curve is underbinding.
While the BLYP and BP intermolecular interaction curves
are always repulsive for the calibration systems, PBE shows
partial binding in some cases. As a result, DCACPs for
BLYP and BP have consistently negative o; while no obvi-
ous trend can be observed for DCACPs complementing PBE.
For the latter, o varies according to the performance of un-
corrected PBE.

B. Calibrations

Figure 2 shows the interaction energy curves of (H,),
calculated using DCACPs calibrated with and without the
midpoint term in the penalty functional. The inclusion of the
midpoint term significantly improves the midrange to long-
range behavior; however, in order to satisfy this additional
penalty term, compromises are made: ranﬁAcp for DCACP-
PBE is shifted outwards by 0.06 A with respect to 7} and
the interaction energy is more attractive by 0.002 kcal/mol.
DCACP-BLYP behaves slightly worse: r2-ACF is shifted out
by 0.12 A compared to 75\ and the complex is overstabi-
lized by 0.007 kcal/mol. Bearing in mind that the interaction
energy curve is shallow around the minimum, this shift is
negligible for simulations performed at finite temperatures.
Better fitting results for the equilibrium energies and dis-
tances were obtained for all other calibration systems using

the midpoint penalty functional.
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FIG. 1. The radial term of DCACPs complementing the BLYP
functional plotted in the form of —|o|"2p5(r).
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FIG. 2. Interaction energy curve of parallel H, dimers as a func-
tion of intermolecular distance showing the effect of including the
midpoint term in the penalty functional.

Figure 3 shows the interaction energy curves of the sand-
wich benzene dimer as an example of the DCACP’s perfor-
mance on a calibration system. The overall shape of the in-
teraction energy curves calculated at the same level of
accuracy as the reference points [CCSD(T)] and the ones
evaluated with the DCACP-augmented xc functionals
(DCACP-GGA) agree very well, considering that there are
only three penalty terms (two energy- and one nuclear-force-
dependent terms) and only two adjustable parameters per el-
ement. For the rare gas dimers, r;, and E,;, are also in very
good agreement with the reference values, in great contrast
to the spurious attractive or repulsive behavior of the unaug-
mented xc functionals.

C. Effects on electronic structure

The fact that DCACPs occupy a polarization channel and
are much weaker as well as longer ranged than the atomic
pseudopotentials should ensure that there is no interference
between the two. To verify this, we checked the effect of
DCACPs on molecular geometries. Specifically, the bond
lengths of the isolated monomers of the calibration systems,
including single, double, and triple bonds, were computed.
The values obtained with DCACP-GGA deviate negligibly
from those of the corresponding uncorrected functionals (one
thousandth of an A). Furthermore, dynamical properties were
tested via vibrational frequency analysis on geometry-
optimized (ionic gradient tolerance of 10~ a.u.) molecular
hydrogen, water, and carbon dioxide and showed small de-
viations of <5 cm™!.

Unlike the DFT-D scheme’ in which an explicit force
field-like the r© dependence is included, DCACPs are
effective potentials whose contributions to the total energy
depend explicitly on the electronic wave function. As a con-
sequence, DCACPs adapt to the chemical environment
where the atom is—i.e., exhibit strongly improved transfer-
ability properties. On the other hand, it is not desirable to
have DCACPs strongly affecting the already reasonably
well-described electronic properties. In this regard, the very
small amplitude of DCACPs (107#—107 smaller than the

PHYSICAL REVIEW B 75, 205131 (2007)

60— 71— 71— T T T
N
N -- BLYP
— BP
—— PBE |
= _
E
=
s _
=
i |
|
4.4 4.6

3
£
©
Q
2
w ;
/[ ccsp()
16 —— DCACP BLYP
d —— DCACP BP
i ——== -~ DCACP PBE
-1.8 . ] . | . ] n I . I
3.6 3.8 4 4.2 4.4 4.6
(b) Distance (A)

FIG. 3. Interaction energy curves of the sandwich benzene
dimer as a function of intermolecular distance with (a) pure and (b)
DCACP-augmented GGA functionals.

atomic pseudopotential) induces a negligible effect on char-
acteristic properties that depend on the electronic structure:
properties such as polarizabilities and multipole moments
(tested on formaldehyde, Ar, CO,, N,, and benzene) remain
basically unchanged. Figure 4 illustrates that the effect of
DCACPs on the electronic structure of a vdW complex is
small (the largest electron density difference is 10 smaller
than the complex’s maximum electron density) but relevant:
there is an increase of electron density in the intermoiety
space at the expense of the density on the molecular plane.

D. Transferability

The assessment of the newly generated DCACPs was lim-
ited to a simple set of weakly bound complexes. Even though
the size of the testing set is relatively small and restricted to
the gas phase only, the transferability of the parameters is
expected to be at least on par with the ones calibrated against
MP2 references where encouraging results were obtained for
rare gases, graphene, and hydrocarbon complexes.!>!3 Fur-
thermore, recent studies employing DCACPs with BLYP
functional successfully described condensed phase phenom-
ena such as the binding energy of graphene sheets, the cohe-
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FIG. 4. Graphs showing A(z)=[dxdy[nP AP (r)—nBLYP(r)]
[atomic units (a.u.)] against the intermolecular axis z (A) for the
benzene dimer (left) and the H, dimer (right). The dotted lines show
the position of the moieties. The inset shows the DCACP-BLYP
electron density for the respective system.

sive energy of benzene crystal’® and properties of liquid
water.?!

Here, the interaction energy of H,-benzene (bound by dis-
persion forces), Ar-N, complexes in two different configura-
tions (bound by dispersion forces), and formaldehyde
(H,CO) dimer (bound by dipole-dipole interaction and dis-
persion forces) were evaluated with fixed monomer geom-
etry. The results are tabulated in Table III. GGA functionals
fare badly in describing these complexes where the dominate
forces are weak interactions: the minimum interaction energy

TABLE III. Equilibrium distance (A) and interaction energy
(kcal/mol) of weakly bound complexes. Results from DCACP-
GGA are marked with an asterisk. For repulsive interaction curves,
the quoted interaction energy is calculated at the equilibrium dis-
tance of the corresponding DCACP complex.

? © o
HZ-CGHG (HQCO)Q AI’-NQ L AI’—NQ T

Emin Tmin Emin Tmin Emin Tmin Emin T'min

BLYP 0.47 2.90 -091 3.8 0.23 440 0.34 3.80
BLYP* —1.06 2.90 —2.35 3.3 —0.15 4.40 —0.25 3.80
BP 0.56 2.75 —0.71 3.6  0.35 4.41 0.52 3.76
BP* —-1.24 2.75 —-2.39 3.2 —-0.11 441 —-0.26 3.76
PBE —0.48 3.05 —1.55 3.4 —-0.12 4.45 —0.12 3.98
PBE* —0.96 2.85 —2.06 3.3 —0.20 4.31 —0.24 3.80

CCSD(T)* —0.95 2.75 —2.18 3.3 —0.23 4.26 —0.30 3.70

aReference: Ar-N, (Ref. 32), H,-C4Hg (Ref. 33), H,CO dimer cal-
culated in this work with aug-cc-pVDZ basis set
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Ein is overly underestimated [mean absolute error (MAE)
0.80 kcal/mol] and the equilibrium distance r,;,, if predicted
at all, is shifted out, sometimes by as much as 0.6 A. BLYP
(MAE 0.95 kcal/mol) and BP (MAE 1.10 kcal/mol) fail to
predict minima in all cases apart from the dipole-dipole
interaction-dominated formaldehyde dimer; PBE shows
qualitative binding, albeit at the wrong r;,, (MAE:
0.35 kcal/mol, 0.22 A).

The inclusion of DCACPs greatly improves the perfor-
mance: overall MAEs are reduced down to 0.08 A and
0.11 kcal/mol for r,;, and E,;,, respectively. r.;, is pre-
dicted extremely well throughout the set, with deviations of
less than 0.2 A from the CCSD(T) values. DCACP-PBE
(shown as PBE" in the table) with a MAE of 0.05 kcal/mol
stands out as the best among the three functionals tested
(MAE: 0.10 and 0.16 kcal/mol for DCACP-BLYP and
DCACP-BP, respectively). As mentioned previously, the
DCACP parameters depend heavily on the performance of
the corresponding GGA functionals. DCACPs complement-
ing PBE can be either attractive or repulsive depending on
the element in question, making it possibly more system de-
pendent and thus less transferable. On the other hand,
DCACPs for BP and BLYP always provide an attractive cor-
rection to the underlying functional, in line with the idea of a
dispersion-motivated correction. Thus, we believe that the
latter combinations may be preferable over the better-
behaving DCACP-PBE due to the more clean-cut interpreta-
tions they offer.

As a side note, the Ar-N, complex (the linear form la-
beled L in Table III) shows the largest deviation of all test
cases. Since r;, for this complex lies at a relatively distant
4.3 A, this might be attributed to the slight discrepancy be-
tween the midrange to long-range description of DCACP-
GGA and the actual = asymptotic behavior.

Besides being applicable to different density functionals,
DCACPs presented herein are not restricted to be employed
with the analytical format of Goedecker et al.>* The con-
straint on the analytical format is only enforced during
calibration. ~ Numerical = pseudopotentials  such  as
Troullier-Martins?® (TM) or Vanderbilt>’ (VDB) types can be
(and were) used alongside. The DCACP-PBE N, dimer is
used as an illustration for this “pseudopotential transferabil-
ity” and shows that the improvement brought about by
DCACPs is equally good in all three cases with the usual
wavefunction cutoff employed for each pseudopotential type
(e.g, 70 Ry for TM). As a side note, a numerical version of
DCACPs can easily be included as an extra channel (f chan-
nel in this case) in TM pseudopotentials.

IV. CONCLUSIONS

We presented a library of DCACPs calibrated against
CCSD(T) and full CI (H only) calculations that can be used
in combination with the GGA functionals BLYP, BP, and
PBE. The results indicate that the effects of London disper-
sion forces can be well described within DFT-GGA with
the DCACP approach without introducing any significant in-
tramolecular distortions on geometries and electronic
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structures. Furthermore, DCACPs display a strong transfer-
ability to systems other than the calibration ones; i.e., once
calibrated, DCACPs can be applied in various chemical en-
vironments without further tuning the parameters. In brief,
the DCACP approach shows promising outcomes despite its
empiricism, suggesting a more physical interpretation under-
lying this remarkable performance. More elaborate applica-
tions of DCACPs on chemical and biological systems are in
progress.

A library of DCACPs in analytic and numerical formats,

PHYSICAL REVIEW B 75, 205131 (2007)

interaction energy data and intramolecular properties dis-
cussed in this communication can be obtained from Ref. 34.
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