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Development of Novel Computational
Strategies to Match the Challenges
of Supramolecular Chemistry,
Biochemistry, and Materials Science

Tomasz A. Wesolowski*

Abstract: Recent formal developments and applications of the ‘freeze-and-conquer’ strategy proposed by
Wesolowski and Warshel in 1993 to study large systems at quantum mechanical level are reviewed. This universal
approach based on density functional theory allows one to link, via the orbital-free embedding potential, two parts
of a larger system described at different levels of accuracy leading thus to significant savings in computational
costs. As a result, applicability of conventional methods of quantum chemistry can be extended to even larger
systems. It is shown that the ‘freeze-and-thaw’ approach applying the first-principles based approximation to the
orbital-free embedding potential recently developed in our group provides a powerful and universal technique to
study such embedded molecules (or molecular complexes), which are not linked with their microscopic environ-
ment by covalent bonds.
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large systems. In the Hartree-Fock theorical methodsin which the potential energy
1. Introduction which is the simplesib initio method and surface and expected values of observables
which does not describe correlation effectgre obtained by means of empirically para-
Computer modeling at the quantum methe computational cost of solving relevanteterized approximation to the exact
chanical level has long been recognized asjuations grows as fast a§ Where N is Hamiltonian (Hiickel method, Tight-Bind-
a useful technique to study molecules angroportional to the number of electrons iing method, ZINDO, AM1etc) are gener-
chemical processes. In principle, it can prahe system. In the Configuration Interactiomlly recognized as useful tools in interpre-
vide a complementary insight into details ofnethod, which leads to virtually exactation and even quantitative prediction of
the system or process under investigatiaesults, the computational cost grows exhe structure and reactivity of large mole-
that are not available from experimentgbonentially with N [2]. Despite recentcules, supramolecular complexes, extended
studies. The most universal aab initio progress in the numerical implementatiosystems of interest in materials science,
methods, which do not involve any empiriof ab initio methods reducing significantly biomolecules, clustergtc. [4]. Even sim-
cal parameters. For small chemical molghe above scaling laws, the routine applicgler methods using parameterized Born-
cules or molecular complexes, the resultsons of the high-levedb initiomethods are Oppenheimer potential energy surface, la-
derived from high-levehb initio calcula- currently limited to systems of the size obeled frequently abolecular Mechanics
tions are of ‘chemical accuracy’ quality [1].the benzene dimer. Quantum Monte Carlprovide a valuable tool to study static and
Unfortunately, the high-levelab initio methods [3] provide another route to solvdynamic properties of liquids, interfaces,
methods are not applicable for most of th8chrédinger’s equation with chemical accusolvent effects, and bio-molecules [5].
systems relevant to the challenges of modacy, but the applicability is currently limit-  In the last decade, the formal develop-
ern chemistry dealing usually with veryed to even smaller systems. A computatiomaents in density functional theory (DFT)
al chemist applyingab initio methods to and the emergence of efficient computer
model large systems faces, therefore, implementations of the Kohn-Sham meth-
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oped DFT methods applying Kohn-Shan
formalism lead to results with an accurac |lsolated SUbS}’StE—m of interest
significantly better than that of the Hartree
Fock theory which is the lowest levab
initio method not describing electron corre "'-!"
lation. They are usually of the quality of the o
simplestab initio correlated methods. The
practical benefits from this ‘price-to-per-
formance’ ratio can be hardly overestimat
ed. Computer modeling using Kohn-Shar
formalism of large systems comprising
thousands of atoms is currently possib Embedded SUbE}fEt'E!H'I of interest
[8]. Owing to efficient computer imple-
mentations of the Kohn-Sham formalism
systems such as proteins, membrang
nucleic acids, supramolecular complexe
large organometallic complexes, or nano
tructures entered the domain of applicabil
ty of computer modeling at the quantun
mechanical level (seeg.[9] or the recent
applications of Kohn-Sham DFT method .
in our Geneva group [10]). Moreover, the H ,:Hr: ¥
Kohn-Sham equations provide also one ¢,
the key elements of the Car-Parrinello sin¥ig. 1. Schematic division in real space of a larger system into subsystems in modeling by
ulation technique, which is becoming oneneans of embedding techniques. In the orbital-free embedding formalism [12], the subsystem
of the most commonly used method in thef interest (shaded) is represented as p, whereas its microscopic environment (dark) as p,. The
studies of large periodic systems [11]. ove_rlap between p, and p, in real space is indicated by the intermediate shade of the interface
region.

HY=EY

HY=EY

2. Embedding Strategy for Studies 3. Orbital-Free Embedding
of Large Systems
Wesolowski and Warshel showed that

The strategy of using a high-level theothe exact embedding potential takes the fol-
retical method of a controllable accuracy towing universal system-independent form
the whole system of interest is not practicl5]:
for sufficiently large systems. An alterna-
tive, which we will call here thembedding jremb _ 1 embkscen) [: _
strategy is based on reducing the quantur v 4 F.p..p.]
mechanical description to the selected pe _ 2 Pr(F) 4 SE_[p] SE_[p] N ST [p,p.] (1)
of a larger system and describing the effe ™~ _ZIR 3 1+J.‘r -7 + 3p - dp 8p
of the remaining part by means of - * P=prP2 P=pi :
bedding potentia{Ve™?) (see Fig. 1). The
particular form of \™P might originate where:
from various theoretical considerations. IN, is the number of the nuclei in the subfunctional introduced by Cortona [16]
appears in models known under such Iabeetystem 2; ZIZ is the nuclear charge of thein his formulation of DFT. Note that

as hybrid methodsQM/MD or QM/MM, nucleust in the subsystem 2; Vemb(KSCED) jncludesall the information
Reaction Field Method, Polarizable Con- about the subsystemvia the electron den-
tinuum Method, COSMO, etsee the re- Ts”a‘{pl,p2]=Ts[pl+p2]—Ts[p1]—Ts[p2] (2) sity p, and the positions of nuclear charges.
views by Gao, Sauest al, or Wesolowski Orbital representation of neithgy, nor

and Weber [13]). Studies of the solvent efand where the functional of the kinetic enp,+p, is needed. Therefore SPP(KSCED)js
fect on the electronic structure and othesrgy in the non-interaction electrons refererbital-free. Obviously, as in the conven-
properties of a) a solvated molecule or b) ence system (Jp]) and the exchange-cor-tional Kohn-Sham modep, is constructed
solvated molecular complex undergoingelation functional (E[p]) are defined as in using one-electron functions (Kohn-Sham-
chemical reaction in condensed phase atlee Kohn-Sham formalism [6]. The effecdike) orbitals ¢ - z¢¢ ).

typical examples of applicability of the em-+ive potential of Eqn. (1) is a key element For practical applications of Eqgn. (1),
bedding strategy [14]. Embedding methods the ‘freeze-and-conquer’ strategy introgood approximations for TF"f{p1 p,] and
are also widely used in material sciencduced in [12]. We denote it withE [p]are needed. The development of the
where computer models of extended sukemMP(KSCED)tg indicate that it results from approximations to the exchange-correlation
faces or bulk material comprise an embedhe constrained minimization of the totapotential as explicit functional op has
ded cluster [15]. It is important to underlineenergy bi-functional (Ef;,p,]) in whichp, been an object of intensive studies in vari-
that the precondition for applicability ofis kept frozen at a given initial value (Kohn-ous theoretical groups (for review, see [7]).
embedding methods is tlepriori knowl- Sham Equations with Constrained Electrobess is known about approximations to
edge of the localization of the electroni®ensity). The total energy bi-functionalT"®{p,,p,]. In our earliest applications of
states needed to define the subsystems. E[p;,p,], is a particular case of the multi Vemb(K CI%D)to study solvent effects [17],
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we used the simplest approximations foglectron density ;) whereas the cationenergy bi-functional for more complicated
Tsnad[pl,pz] derived from gradient expan-was represented as, predicted very accu- systems such as those reviewed in the next
sion approximation for Jp]. Our subse- rately the Fermi contact term of Mdn section.
quent dedicated studies of the accuracy dfe and Ar matrices (AcacNe)= 222.7
TS”aU[pl,pz] led us to a very accurate apgauss Vvs. AisoeXp(Ne) = 222.4 gauss; 4.1. Molecules Trapped in the Zeolite
proximation applicable for such case# f°A) = 209.8 gausws. A SXPA) = Small molecules such as CO are fre-
where thep,—p, overlap is small. In this 211.6 gauss). Other areas of applicability afuently used as probes to obtain insight in-
approximation, the analytic form ofthe orbital-free embedding formalism into the local structure of metal binding sites
Ts”af{pl,pz] defined in Egn. (2), dependsclude the studies of molecules physisorbed zeolites [25]. The sign of the shifts and
explicitly onp, andp, as well as on their on metal oxide surfaces. A straightforwarthe shape of IR bands provide the details
gradients (see [18] and reference thereimhoice for subsystems is to represent tlwncerning the topology of the Si/Al re-
For stronger overlaps, however, the semphysisorbed molecule gs;, whereas the placement sites [26]. In our recent work on
local approximations to S’I‘af’[pl,pz] in surface as the frozen electron dengily the influence of the interaction with the
which the functional depends explicitly onThe effect of physisorption on the properZSM-5 zeolite framework on the stretching
the local value of electron density and it§es of the adsorbed molecules results maifrequency of CO adsorbed on alkali metal
gradient are too rude. In practice, such pa from the electrostatic interactions anaations, we demonstrated that the theoreti-
titioning of a larger system intp, andp,, from Pauli repulsion [23]. Both effects arecal calculations could provide quantitative
which corresponds to cutting through covadescribed by our orbital-free embeddingredictions [27]. In these studies, the com-
lent bonds, is beyond reach of such approgetential: (a) electrostatic interactions arplex Me'..CO (where Me = Li, Ne, or K)
imations. represented by the exact functionals (twwas considered gs; whereas the zeolite
firstterms in Egn. (1)) whereas (b) the Pauframework represented as a cluster was
repulsion is represented through theonsidered ap, (see Fig. 2). Calculations

4. Properties of Embedded Mole- approximate non-additive kinetic energysing a series of clusters of variable size to
cules Studied Using Orbital-Free functional (last term in Eqn. (1)). Our theotepresent the zeolite led us to the identifica-
Embedding Potential Vemb(KSCED) retical studies of the effect of physisorptiotion of microscopic interactions contribut-

on the infrared spectra of CO physisorbeithg to the shifts of the stretching frequency

Various computer implementations ofbon MgO or ZnO surfaces led to very accusf the CO molecule trapped in a zeolite. It
the ‘freeze-and-conquer’ approach applyate predictions (agreement within fewwas found that the interactions between the
ing the orbital-free embedding potential otnT?) of the surface-induced shifts of thébound CO and the wall of the channel op-
Eqgn. (1) are possible. They can differ in th€O stretching band [24]. The good numeiposite to the Si/Al replacement site as well
approximation used fors"lad[pl,pz] and in ical results of the above studies provide as long-range electrostatic interactions af-
the origin of the embedding electron densjustification of the use of the gradient-defect the frequency of CO stretching by as
ty p,. Several authors followed the ‘freezependent approximations of [18] to the relemuch as 30 cri.
and-conquer’ approach of [12]. Stefanovant approximate component of the total
vitch and Truong used it in studies of mole
cules adsorbed on metal oxide surface
[19]. Trail and Bird applied Egn. (1) in cal-
culations where partitioning of the tota
electron density intp, andp, was used to
separate valence and core electronsina g
id [20]. Carter and coworkers combined of
bital-free embedding potential of Eqn. (1
with theab initio description of the isolated
embedded subsystem [21]. In the followin
part, we will review our recent applications
of the ‘freeze-and-conquer’ strategy usin
the gradient-dependent approximation f
Ts“a‘{pl,pz] developed in our group in 1997
[18].

One of its first applications was the
study of the effect of noble gas matrix o
the hyperfine structure of the Mgation
[22]. This rather academic problem pro
vides a challenging test for the approximg
tion to the kinetic energy dependent part i
the orbital-free embedding potential o
Eqgn. (1). The effect of the noble gas atom
surrounding the Mg cation (either Ne or
Ar) on the spin distribution originates from

Pauli repulsion arising from the overlap be-
tween tf?e electron degnSity of Ne (or Ar?an&ig' 2. The CO molecule adsorbed at the cationic site in the Me-ZSM5 zeolite. The Me+..CO

. . . complex is considered as p; whereas the other highlighted atoms represent p,. The calculated
the h'ghESt QCCUp_'ed orbital Qf MgOUr  ghifs of the CO stretching frequencies amount to 46 cm~', 38 cm™, and 17 cm™! for Me = Li,
Ca|CU|at|0n§, in which the mamxlwas FEPreéNa, and K, respectively. The corresponding shifts measured in the zeolite amount to 45 cm™,
sented by either Alor Ng; cage with frozen 29-35 cm™', 16-23 cm™". More details can be found in [27].
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4.2. Physisorption of Molecular approximation for E[p]. Fig. 4 illustrates senp, andp, is not appropriate. One of the
Hydrogen on Graphitic Surfaces the recent progress in the development pbssible ways to avoid high—p, overlaps
Adsorption of molecular hydrogen onfirst-principles based approximations to tharising from cutting the covalent bonds is to
carbonaceous surfaces is a key elementrilevant functionals. Currently, we are apdse artificial link atoms. Such computer im-
astrophysical theories aimed at understanglying the KSCED method in studies of theplementation of KSCED is in progress in
ing the abundance of hydrogen in interstestructure of larger complexes formed byur group [33]. Another option is to use an
lar space [28] and in development of hylarger organic molecules used in the corattificial cluster comprising only the amino

drogen storage devices based on carbstruction of nanocolumns [32]. acids in the enzyme’s active center as a
[29]. We studied the adsorption of molecu- model of the whole enzyme. Fig. 5 shows
lar hydrogen on various polycyclic aromat4.4. Proton Transfer in the Enzyme’s the model used in our studies of the proton
ic hydrocarbons of increasing size used @#ctive Center transfer in carbonic anhydrase [34]. Com-

models of the infinite graphite surface (see Contrary to the examples discussed gmred to full Kohn-Sham calculations,
Fig. 3). It was found that the hydrogen molfar, partitioning the total electron density ofimiting the quantum description to the
ecule is adsorbed above the ring center aadorotein molecule into its; andp, com- Zn2+...H20...H...I—50 complex and repre-
can rotate rather freely. The calculatedonents cannot avoid cutting through ccsenting the three histidine molecules as
binding energy of 1.27 kcal/mol is in excelvalent bonds. Therefore, a straightforfrozen electron density, has a negligible
lent agreement with available experimentalard application of the approximation tceffect on the potential energy curve corre-
measurements (1.1-1.2 kcal/mol) [28]. TS”a"[pl,pz] of [18] for the arbitrarily cho- sponding to the proton transfer [34].

3.0 ; :
R
HE gredient-dependent
| igradient—free
=
. o
£ 0 -
m 2.0
3] H u
= [l |
Fig. 3. The cluster model of the molecular hy- —
drogen adsorbed on graphite surface. The H, (] O u
molecule is considered as one subsystem and 3
the cluster representing the surface as the D
other one in the total energy bi-functional e
Elp,,p,]. More details can be found in [31]. .TE’ 1.0 |
o
|
] |
0.0 L : 1
0.0 1.0 2.0 3.0
DO0(exp) [kcal/mol]

Fig. 4. Comparison between the experimental dissociation energies and the calculated inter-
action energies in the complexes of the X...carbazole type (X = Ne, Ar, N,, CO, CH,). The
4.3. Other Weak Intermolecular KSCED interaction energies were calculated using two levels of approximation to the relevant
Complexes functionals in the total energy bi-functional E[p,,p,]: (a) gradient-free functionals used in our

For weakly interacting complexes clos riginal paper [16] (empty squares), (b) recently developed [18] gradient-dependent functionals

to their equilibrium, the minimization of the ™! Sauares). More details can be found in [30]
total energy bi-functional depending on two

variablesp, andp, leads to better interac- H
tion energies than the corresponding Koh g
Sham calculations [30][31]. Fig. 4 com; H, Y

pares the experimental dissociation eneg
gies in complexes involving carbazole witl
the binding energies derived from KSCEL
calculations [30]. Results obtained usin

two levels of approximation in KSCED arey  /N---------- AN

shown: (a) the gradient-free approximatio \/' : NQ N~ Fig. 5. The model of the active center in the
for Tsna({pl'pz] which was proposed as the R : \—_< carbonic anhydrase. The three histidine mole-
simplest parameter-free approximation i ! R cules are considered as one subsystem and

the Zn?*...H,0...H...H,0 complex, which is in-

our orlglnal work in 1993 [12] and the con volved in the proton transfer reaction, as the

ventional LDA approximation for E[p]

. . N) other one in the total energy bi-functional
a_md (b) the gradlent-depende.nt approxim (O Elp,.p,]- R indicates the rest of the polypep-
tion for Tsna‘{pl,pz] developed in 1997 [18] SN tide chain of the enzyme. In the calculations

and the corresponding generalized gradie R H reported in [34], R represents hydrogen.
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