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In plane wave based electronic structure calculations the interaction of core and valence electrons is
usually represented by atomic effective core potentials. They are constructed in such a way that the
shape of the atomic valence orbitals outside a certain core radius is reproduced correctly with
respect to the corresponding all-electron calculations. Here we present a method which, in
conjunction with density functional perturbation theory, allows to optimize effective core potentials

in order to reproduce ground-state molecular properties from arbitrarily accurate reference
calculations within standard density functional calculations. We demonstrate the wide range of
possible applications in theoretical chemistry of such optimized effective core poté@EGP3

by means of two examples. We first use OECPs to tackle the link atom problem in quantum
mechanics/molecular mechani@M/MM) schemes proposing a fully automatized procedure for
the design of link OECPs, which are designed in such a way that they minimally perturb the
electronic structure in the QM region. In the second application, we use OECPs in two sample
molecules(water and acetic acjcsuch as to reproduce electronic densities and derived molecular
properties of hybrid(B3LYP) quality within general gradient approximatg@LYP) density
functional calculations. €2005 American Institute of Physic§DOI: 10.1063/1.1829051

I. INTRODUCTION lar properties as target quantities in the penalty functional. In
turn, the transferability requirements of the atomic pseudo-

Many ab initio electronic structure calculations, espe- . ; o
. . . potential are relaxed in favor of ECPs optimized for gener-
cially when dealing with large systems or heavy atoms, ex:

ploit the frozen-core approximation: only the chemically rel- alized molecular properties. In prmmple, our a_pp_roach can _be
seen as an atom-based version of the optimized effective

evant valence electrons are treated explicitly while an . ) ) .
effective core potentialECP or pseudopotential accounts potential (OER method in density functional theoPFT)

for the effects of the core electrofi@ Within the field of (Refs. 14—-18where an orbital dependent external effective
condensed matter physics the use of pseudopotentials is d&tential is optimized. However, while the OEP scheme ex-
pecially crucial for plane wave based calculations. WhileP!Oits the variational principle, we suggest to tune the ECPs
atomic pseudopotentials were introduced in an empirical fordiréctly such as to reproduce some molecular reference prop-
mulation in 1970 the development o&b initio pseudopo-  €rty- SO far, we have studied properties such as energies of
tentials has been going on since 1959 ECPs for heavy interaction, forces on the nuclei, and electron densities. Re-
atoms, molecules, and condensed phase calculations haRErducing forces and binding energies at the equilibrium ge-
been Subject to improvement ever SIIJIE’él In 1996, ana- Ometry, we could show that extended and calibrated Opti'
lytic (Gaussian-basgaorm conserving separable dual-spaceMized ECPSOECP$ can cure the lack of dispersion forces
pseudopotentials were introduced by Goedeckeal. for ~ in commonly used exchange-correlatiéx) functionals!®
some first, second, and third row eleméhtnd extended to In this study, we illustrate the generality of OECPs by ad-
all atoms up to Radon including relativistic effects in 1988. dressing electron densities as molecular properties. Zhao and
The parameters of these ECPs are generated for each at@®-worker$®~?’have shown the validity of this approach for
by iteratively minimizing an atomic penalty functional, single atoms by computing successfully KS orbitals and en-
which expresses the deviations of ECP-generated Kohnergies. Here, we apply the same idea to molecules and aim to
Sham (KS) valence orbitals from theirrelativistio all- demonstrate its usefulness by tackling other kinds of prob-
electron counterparts. Here, we propose a method which exems within DFT based electronic structure theory: First, we
ploits an analogous procedure in such a way that not onlghow that our approach can be used for the design of special
atomic but also molecular properties are included as a refetink atoms for binding quantum to classical fragments in
ence. Specifically, we propose to consider complex molecuguantum mechanics/molecular mechani@vi/MM) appli-
cations. Second, by the means of OECPs we will target to
3Electronic mail: ursula.roethlisberger@epfl.ch reconstruct a given reference electronic density computed
URL: http://lcbcpc21.epfl.ch with a certain amount of nonlocal Hartree—FogkF) ex-
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change, using the B3LYP function&t?* within a standard 1. METHODS AND COMPUTATIONAL DETAILS
local general gradient approximat@@GA) xc-potential cal-
culation, using BLYP*25

Hybrid QM/MM calculations have attracted a lot of at-
tention in recent years because of their ability to accuratel
treat at the quantum levéQM part molecules or molecular

The basic idea of the approach has been introduced in
Ref. 19 and is outlined here in more detail. The method
employs the iterative minimization of a penalty functiofial
¥)y variational tuning of a certain number of ECP parameters.
e . The way the penalty functional is designed determines which
fragments(containing hundreds of atomembedded in @ 5jecylar property will be optimized. Usually it represents
large enwronmen(many thousands of atomsvhich is de-  he gifference of selected physical properties, e.g., the elec-
scribed classicallyMM part) 22" However, when the clas- ronic density and its higher moments, computed with a
sical surrounding is covalently bound to the quantum regiongjven set of values for the ECP parametevkich we denote
the problem of how to link the QM part to the MM region is by ¢,), with respect to a reference system which can be
encountered. A popular choice is to cap all boundary atomgomputed at any level of theory. Thus, the minimization of
by hydrogens, however, this often leads to a distortion of theP({s;}) (which may depend on all quantities that can be
electronic density® Several research groups proposed to deexpressed via the KS orbitals of the sysjemtiows to ap-
sign special capping effective potentials to reduce thigproach as much as possible an arbitrary reference within the
effect?®*?Recently, a general scheme to fit pseudopotentialimits of the chosen functional form of the ECP approach. In
parameters in order to reproduce model system propertiggrinciple, this approach can be applied to any molecular
such as bond lengths or charges has also been introdticedground state property such as the electronic demgity, its
Alternatively, the frontier orbitals of the link atom which multipole moments, ionic forces, as well as the total energy.
point into the direction of the MM region can be consideredFor the applications of this study, we choose to7{o;})
to be frozer?*3In the present study, we propose to optimizedepend only indirectly on the set of parametérg} by
systematically the capping ECPs at the boundaries usin§'®ans of the electronic density. _
density functional perturbation theory. Specifically, using  Without any loss of generality, we illustrate the proce-
perturbed electron densities we will show how to iterativelydure supposing a simple funﬁuonal for;n only dependent on
minimize differences in electron density between the QMthe electronic de_n3|ty1(r)=2_k:1|<_pk(r)| » whereN is the
region and an all-atom QM reference calculation. In thisnumber of occupied KS orbitakg :
context, it should be mentioned that there are also frozen
density approaches avoiding the linking atom problem by P[n(r,{ai})]=f d3rw(r)F(n(r)). 1)
constructiort®

In the second application we attempt to improve the perThe weighting functionw(r) can be used to restrict the in-
formance of GGA based DFT functionals using OECPs. Of+tegration to a certain volume or to certain atoms only. The
ten, hybrid functionals such as B3LYP are able to yield aminimization of Eq.(1) is performed by following the gra-
more accurate description of molecular syst€nasmd reac- dient of P with respect to the ECP parameters,
tion profiles® than calculations using the GGA such as, e.g.,

BLYP. Especially transition states and regions of low elec- d_P:f d%w(r)g(r) dn(r) ©

tron density, e.g., hydrogen bonds, are described significantly do; an doj °

better when HF exchange is included in the xc functidial. o _ . b
Unfortunately, the inclusion of HF exact exchange, such as if "€ derivativesdn(r)/da;, which we will dgnoten]( (r),

is necessary for B3LYP DFT calculations, into the wavelepresent the I!ngar change in the.ellectronlc structure of the
function optimization algorithm increases the scaling of theSystem which is induced by a variation of one of the ECP

. . o nWpy=3sN *(0) (1)
computational cost for plane wave calculations typically bypari"(nl‘)eters‘af‘fﬁd% P =Zis L) ¢ (r)
one order of magnitude. As a solution to this problem wet i (@i "()]. This linear density response can be

propose to use specially designed OECPs within the BI_Yl:g:omputed through density functional perturbation theory,

. . . . where the perturbation Hamiltonian is given by the change in
DFT level of theory in order to rebuild the electronic density e
the ECP due to the variation of;,

from a corresponding B3LYP reference calculations of the
same molecular system. Therefore, within this application, a\”/Ecp({oi})
we will investigate how the OECP method responds to the  H/=———.
following question: within a local BLYP calculation, how do
those terms of the total external potential which are constiye have implemented E¢3) in the program codepmp.*°

tuted by the nonlocal ECPs have to be modified in order tqye apply Eq.(3) for each orbital within the implementation
yield an electron density which resembles as close as pogf a general variational density functional perturbation
sible the electron density corresponding to unmodified ECPgheory modulé' to determine the vector of response densities
plus the nonlocal B3LYP xc potential? As molecular test{nfl)(r)}_ Following the gradients of Eq(2) until conver-
systems for this application, we have chosen water and acetigence of the penaltf [Eq. (1)] we determine the set of ECP
acid, which are two ubiquitous solvent molecules and whictparametergo;}, which represent best the OECP correspond-
can act simultaneously as hydrogen bond acceptors aridg to the chosen penalty. To implement E8). we use ana-
donors. lytical ECPs as the one introduced by Goedeckesl!?

T 3
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They consist of a |OCaV|OC(r) and of a sum of nonlocal parts TABLE I. Calculated total perman_ent c_iipolg mo_mem:is for R—COZ_H~R
nl ) . - . = CH; corresponds to full QM acetic acid B is a link OECP replacing the
Vl ({Ui}'r’r ) with SpeCIfIC projectors for each angl’"ar mo- CHj group, H indicates hydrogen cappind;°Dis an empirically optimized
mentum channél, monovalent link carbon atom which reproduces sCHCH; bond length
(Ref. 32, and F corresponds to fluorine capping. All values are in debye.

ECP, ’ ’ nl ’
VESEr) =V ar—r)+ 2 Vi), @ Toor  on ow - Seon -
5 |l 1.70 1.32 0.69 3.10 231
~Zion r r
Vool ()= —eri{ +exr{ -
r rloc\/z 2rIoc
r 2 4 r 6
X|Cy+Cyl —| +Cs|l —| +C, —) } 5)
loc loc Floc within a macromolecule by a so-called link atom, designed
+ 3 to saturate the open valence, generally leads to a distortion of
V|(”')(r,r’)=m§:I Y|m(f)jh§:l Pin (M) hinj Py (1) Yia(F'), the electronic density in the QM neighborhood of the link

©6) atom. We want to investigate if we can minimize this per-
turbing effect of the artificial QM/MM bond cleavage on the
where py(r)or! 2071 9xp(—r2/(2r|2)), r=|r—Rj| on the electronic density in the QM region by applying our proce-
positionR, of nucleus 11 is the unit vector in the direction dure to identify an OECP for the link atom.
of r, andY|m denotes a spherical harmonic. The parameters As a model system for the link atom optimization we
{roc,C1,C2,C3,Cy,hyyj,1y,...} span the parameter space have chosen acetic acid where the methyl group is replaced
{ai}, its dimensionality being determined by the largest anty a link OECP, and the weighting functiam(r) is chosen
gular momentum component of the ECP. We could also haveuch as to restrict the integration volume in E@) to the
investigated the effect of optimizing additional larger angularunion of spheres of a radius of 1.5(8orresponding roughly
momentum channels, which would not be necessary in cono a C—C bond lengthcentered on each atom, while on the
ventional ECPs because for carbon or oxygen the ECP serigigiking nucleus the corresponding radius is only 0.7 A. By
can be safely truncated at the firgerm not contained in the doing so, we exclude from the penalty functiodl™ the
core. However, in this study we have chosen to restrict th(hecessarily different electron density of the methyl group
optimization of the ECPs in all cases to the already existingvhile keeping the rest of the QM region in the integration
parameters defining an ECP of a second row atom such aglume.
carbon or oxygen. In our dispersion forces related st Using a gradient based optimization technique, we have
have used for optimization only parameters defining an adminimized 7' in the space of all ECP parameters of the
ditional angular momentum channel, which was introducecapping atom to identify the OECP. The results for calculated
solely for the purpose of the optimization. We present theotal permanent dipole moments are presented in Table I. We
explicit form of Eq.(3) in the Appendix. have investigated acetic acid using four different replace-
For the two applications described in detail in the fol- ments for the methyl group: an optimized heptavalent ECP,
lowing section, we have chosen to optimize electron densihydrogen capping, an empirically modified monovalent link
ties as molecular properties. In full analogy to E2) in  aton?™ based on a carbon ECP, and fluorine capping. Subse-
Ref. 21 we have chosen the following penalty functional: quently, we have optimized the molecular geometry using
the four alternative saturation approaches. The €LBond
P[n(r)]=f d‘?’rw(r)|n“”(r)—n(r)|2 (7) length is increased negligibly in the case of the OECP, while
hydrogen or fluorine capping result in significant changes in
with individual weighting functionsw(r) and appropriate the bond lengths. In comparison to the full QM calculation of
reference densities™®'(r). According to Eq(2) the gradient  acetic acid, the OECP ' closely reproduces the total di-
of Eq. (7) with respect to an ECP parametey is given by pole moment, while all alternatives yield rather unsatisfying
dP[n(n)] results.. The small dipole moment in the case of hydfogen
T=2f d3rw(r)nlfl>(r)[n(r)—nref(r)]. (8) saturation reflects the fact that the hydrogenelectron is
! less polarizable by the electron attracting—EQyroup than
All calculations were carried out usir@pmD (Ref. 40 at  the methyl group. In contrast to that, when using a conven-
an orbital plane wave cutoff of 100 Ry and using the isolatedional empirically adjusted monovalent linking carbon atom
system Poisson solver according to Ref. 42. or fluorine capping the dipole moment is overestimated and
inverted. Especially a wrong dipole moment often constitutes
one of the major sources of errors at the boundary of
11l. RESULTS AND DISCUSSION QM/MM calculations. Furthermore, an accurate description
of the QM/MM boundary makes it possible to reduce the
size of the QM region, thereby allowing a decrease in com-
As a first application, we address the problem of designputational cost. The scheme presented here can easily be
ing optimal intramolecular link atoms between the quantumimplemented into an automatic procedure for the generation
and classical regions in QM/MM simulations where typically of optimal link ECPs for arbitrary chosen reference situa-
a C—C bond is cut. The substitution of a real carbon atontions.

A. QM/MM link atom optimization
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T TABLE II. Deviation A with respect to the B3LYP results for calculated
= total dipole momentsu|, RESP charges§°", bond lengthsdo_y;, and
—E L angles for water. Dipole moments are in debye, charges are in atomic units,
= and angles are in degrees.
<
—_— P [sa]
> gl gL Method Al AGRES  AQR®S  Adon  AZpon
— S
S 3 ° © BLYP+ECP* 0038 0022 0011  0.018 0.9
ﬁ BLYP+OECP 0.010 0.009 0.004 0.016 0.3
3‘% 3ECPs taken from Goedecket al. (Ref. 12.
w0 ~ o
5 i -
A 9 ° electronic density with respect to the corresponding B3LYP
2 results. We have computed dipole moments, atomic re-

024 0oA5 02915 03T T35 0333 033¢ strained electrostatic potential derived charfRESP(Ref.
G (Oxygen in water) G (Oxygen in acetic acid) G, (Carbon in acetic acid) 43)] and geometries of water and acetic acid.
We observe a systematic tendency for all considered
FIG. 1. History of the minimizat.ion Qf the density pen'alty asa fupction of properties to approach the B3LYP values. With respect to the
o, of oxygen in water and acetic acid and of carbon in acetic acid. . . .
B3LYP results, electronic properties such as dipole moments
and RESP charges improve in general by an order of magni-
) ) _ tude. Interestingly, the RESP charge on the carboxylic carbon
B. B3LYP density reconstruction using BLYP atom does not change. We suspect that this exclusive behav-

Using our approach, we have also determined OECP pader is due to the somewhat more complex electronic structure
rameters for all heavy atoms in water and acetic acid whictsurrounding this carbon atom having threeand onew
yield best the hybrid B3LYP electron density within a pure bond. Also geometrical distances are closer to the B3LYP
DFT BLYP functional calculation. They are able to repro- values but they do not improve to the same extent as the
duce the electronic density resulting from the B3LYP refer-electronic properties. But to account fully for properties
ence calculations with the smallest least square error. In prirether than those which are directly derived from the electron
ciple, we could have taken as a reference an electron densitlensity, a more suitable penalty needs to be defined which
originating from any level of theory, such as, e.g., Mgller-includes, e.qg., the ionic forces explicitly.

Plesset or coupled cluster calculations. Instead of a reference Here, we would like to point out that due to the signifi-
electron density one could also use other molecular propecant improvement in the description of the charge distribu-
ties, such as, e.g., ionic forcégeometry or KS eigenvalues tion obtained using OECPs together with a GGA xc func-
for the construction of the penalty functional. Here, we usetional, also a more accurate description of hydrogen bonds
the simplest form of a penalty functional, E€7), which ~ should be possible. We have therefore computed the interac-
imposes an approximate reconstruction of the electron dertion energy E'"t=EDimer_ pgMonomey of the water and of
sity obtained from a B3LYP calculation, namely®’  the acetic acid dimers. The deviation with respect to the
=ngsyp. We have taken the ECP parameters of all oxygerB3LYP results decreases in the case of the water dimer from
and carbon atoms as variables and minimized (Bgin the  0.38 to 0.20 kcal/mol and in the case of the acetic acid dimer
original B3LYP-optimized geometry. even from 0.97 to 0.03 kcal/mol.

For the oxygen and carbon ECPs in water and acetic The computational advantage of the use of the OECP-
acid, the progressive minimization of the penalty in its high-BLYP scheme instead of the ECP-B3LYP scheme lies in the
dimensional parameter space is shown as a function of onlgomputational cost, which within plane wave calculations is
o1 [=Te, EQ.(5)]in Fig. 1. o, represents approximatively decreased by one order of magnitude when BLYP is used
the core radius of the ECP. It is interesting to note that therénstead of B3LYP!
seems to be a general trend to decreagen order to repro-
duce the B3LYP xc functional better, independently of thelv. CONCLUSIONS
atom type or the molecule. Throughout the minimization,
while also all the other ECP parameténst shown in Fig. 1
vary only by a few percent$? decreases to roughly one third
of its initial value.

Furthermore, we would like to point out that—as one
would expect—the optimized parameters of the same atomasLE 111 Deviation A with respect to the B3LYP resuits for calculated
type in different chemical environments adopt in a slightlytotal dipole momentgu|, RESP charges®§S, and the O—H bond length
different manner, relaxing thereby the criterion of transfer-do-u for acetic acid: HC)C??OMO®H™). Dipole moments are in debye,
ability. For example, the OECP of a carbon atom in a car2"d charges and distances are in atomic units.
boxylic group or in a methyl group_.differ. However, as pre-  vethod  Ap, Adcy. AQeT AGSHT AdRE Adie” Adoy
sented in Fig. 1, the final core radii; of the two carbon or
oxygen atoms in acetic acid differ only by less than 1%. BLYP+ECP' 0016 0011 0016 0011 0016 0011 0017

. BLYP+OECP 0.002 0.001 0.017 0.006 0.005 0.000 0.012

In Tables Il and Ill, we present for comparison the de-

viations of several quantities which are derived from the*ECPs taken from Goedecket al. (Ref. 12.

We have presented an iterative method to tune on a mo-
lecular level parameters of analytic ECPs in electronic struc-
ture calculations by means of minimizing a suitably defined
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penalty functional. The penalty consists of an appropriatgenalty functionals, and extended functional forms of the
and differentiable function of the electronic density, and iSOECPSs.

constructed in such a way as to penalize deviations from a

given reference calculation. This approach has been impleACKNOWLEDGMENTS

. : 40
mented in thg plane wave pseudppotentlal COED. The authors are grateful for discussions with A. Laio,

We have illustrated the potential of the method by mean ~ummins. M Sprik, T. Wesolowski, G. von Freymann
of two applications: we have constructed an OECP for a link, .4 M. parrinelio. Av L .acknowledgés .;,upport from the

atom for bond cuts in QM/MM schemes, which minimizes g, <5 National Science Foundation, Grant No. 510573.
the perturbation of the QM region using an electron density

penalty _to quantify the differences b_etween a complete QVMy\ppENDIX: PERTURBATION HAMILTONIAN

calculation and a QM/MM calculation. The error on the

quantum region introduced by the use of link atoms can thus Here, we give the explicit form of the perturbation
be generally minimized within this scheme. The minimiza-Hamiltonian in  Eg. (3) for a given Goedecker
tion of the error has been demonstrated by obtaining a colseudopotentiat V= of maximal angular momenturh
rect dipole moment even when the QM/MM boundary is =S. Hj is the analytic derivative of the real space form of
included. The approach is general enough to be used in ordéte analytic nonlocal and separable pseudopotential in Egs.
to obtain systematically the optimal capping OECP for any(5)—(6) with respect to thgth parametetr; . The parameters
kind of bond by minimizing the above mentioned penalty{o;} are defined in the following order{r,C;,Cs,
inside the quantum region. Therefore, using our OECPs, thes,hs11}. H'[$(r) =2 H[](r)) =30, VEH(r)),
polarity of the QM/MM boundary can be conserved, whichwhere the individual components are given by

is important for the accuracy of the QM/MM approach. Fur- ) )

thermore, it is conceivable to reduce the size of the QMiV(Ioc)(r)(ﬁ(r): Zion\/EJrrﬂ "

region because of the increased accuracy of the descriptioty; Jra? o3 |\ o2

of the QM/MM bond, thus allowing a decrease in computa-

tional cost. Hence, the scheme presented here is an automatic r2

procedure to generate optimal link ECPs. b By o(1),
As a second application an electronic density computed !

using the B3LYP xc functional has been reconstructed within ¢ (lo0 2

an OECP-BLYP calculation. We could show significant im-r,zv (r)¢(r)=exg — Py #(r),

provements for electrostatic properties such as dipole mo- 1

ments, RESP charges, and dimer interactions. This suggestg r2 r2

that any kind of electron density corresponding to a given—V"°(r)¢(r)= —exp — —| (1),

dog O'i 20%

potential of arbitrary complexity can be approximately re-
constructed by using our scheme of tuning the external atom
centered nonlocal potential represented by the OECPs. Th"?;.U—anD(r,f'W(f)

é(r')

is of interest for the well known quest for better approxima-
tions to the unknown yet existing exact local exchange- d
correlation potential. We are pursuing further calculations of = _J dr'vi™(r,r)e(r’)
. 0-'0'4
this kind with more accurate reference methods, such as ex-

plicitly correlated approaches. Considering the decrease of 1 , r'? r2
computational cost, in the special case of B3LYP the use of WJ dr’exp — 292 R R
OECPs seems to be very promising to carry out more accu- > > >
rate “B3LYP-emulating” condensed phase plane wave cal- e

culations. However, the assessment of the transferability o}?svl (r,r')e(r)

these OECPs with respect to other atoms or dynamical influ-
ences is beyond the scope of this study and will be published oar? 30, ) r'2 )
elsewhere. Rl J e = 52 4

We conclude that with the use of OECPs in molecules
the external potential can be adopted to special purposes. The o4 r’2 r2
inherent technical advantage of our approach consists in the ~ + 6—3/2f drir’exg — —|o(r') |exg — —|.
fact that the computational cost is not increased because the IsT 205 75
standard pseudopotential machinery as it is implemented in=|r—R,| on the positionR, of nucleus I.¢(r) is a KS
most plane wave electronic structure codes can be usedrbital.
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