
Author's Copy
2Reviews in Mineralogy & Geochemistry

Vol. 71 pp. 19-37, 2010 
Copyright © Mineralogical Society of America

1529-6466/10/0071-0002$05.00 DOI: 10.2138/rmg.2010.71.2

The Minnesota Density Functionals  
and their Applications 

to Problems in Mineralogy and Geochemistry

Yan Zhao
Commercial Print Engine Lab, HP Labs, Hewlett-Packard Co.

1501 Page Mill Road 
Palo Alto, California 94304, U.S.A.

yan.zhao3@hp.com

Donald G. Truhlar
Department of Chemistry and Supercomputing Institute

University of Minnesota
Minneapolis, Minnesota 55455, U.S.A.

truhlar@umn.edu

INTRODUCTION

Quantum mechanical electronic structure calculations are playing an increasingly useful 
role in many areas of mineralogy and geochemistry. This review introduces the density functional 
method for such calculations, gives an overview of the density functionals developed at the 
University of Minnesota, and summarizes selected applications using these density functionals 
that are relevant to mineralogy and geochemistry.

A key reason for the importance of computational methods in mineralogy is the ability 
to explore problems that cannot easily be studied in the laboratory. For example, it is very 
difficult to carry out laboratory studies under the real conditions of the Earth’s mantle and core 
because the temperature of the Earth’s core ranges up to 6000 K, and the pressure ranges up 
to 360 GPa. In the past decade, applications of quantum mechanical methods to understanding 
the properties of minerals and melts in the Earth’s interior have become increasingly important 
(Warren and Ackland 1996; Oganov and Brodholt 2000; Stixrude and Peacor 2002; Brodholt 
and Vocadlo 2006; Gillan et al. 2006; Tsuchiya et al. 2006). Some specific examples of problems 
in solid-state geochemistry where electronic structure calculations can be particularly useful 
are phase equilibria (Tsuchiya et al. 2004; Lay et al. 2005; Schwegler et al. 2008), equations 
of state, elastic constants, bulk and shear moduli (Li et al. 2006), hydrogen, proton, and water 
diffusion in minerals (Sakamura et al. 2003; Belonoshko et al. 2004; Pöhlmann et al. 2004), the 
character and structural properties of hydroxyl groups in minerals and structures of hydrous 
minerals (Winkler et al. 1994, 1995; Nobes et al. 2000; Brodholt and Refson 2000; Churakov 
et al. 2003; Walker et al. 2006; Ockwig et al. 2009), hydrolysis and dissolution mechanisms 
(Strandh et al. 1997, Criscenti et al. 2006; Nangia and Garrison 2008; Morrow et al. 2009), and 
mineral fractionation (Blanchard et al. 2009).

In the field of geochemistry more broadly, computational quantum mechanics can also be 
very useful for understanding planetary hydrospheres and atmospheres (Andino et al. 1996; 
Tossell 2006; Qu et al. 2006; Kuwata et al. 2007; Hegg and Baker 2009; Gao et al. 2009) and 
oxidation-reduction mechanisms (Neal et al. 2003; Jaque 2007; Kwon et al. 2009) and for 
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determining the properties of metal nanoparticles and other nanominerals, whose importance 
in geologic materials is increasingly recognized (Reich et al. 2006; Hochella et al. 2008). 

Most of the computational studies in all of these areas have employed Kohn-Sham density 
functional theory (KSDFT) (Kohn and Sham 1965; Kohn et al. 1996), which is the most 
popular electronic structure theory in solid-state physics and quantum chemistry. The next 
section of this review presents an introduction to KSDFT.

DENSITY FUNCTIONALS

KSDFT implicitly begins with the Born-Oppenheimer approximation (Born and Huang 
1954; Mead 1988) in which the forces governing atomic motions (that is, internuclear motions, 
also called nuclear motions) are the negative gradient of a potential energy function that equals 
the sum of the electronic energy and the nuclear repulsion, and the electronic energy is the 
ground-state expectation value of the electronic Hamiltonian with the nuclei frozen in position. 
(Thus the usual potential energy function for nuclear motion is associated with the lowest 
eigenvalue of the electronic Hamiltonian; higher eigenvalues correspond to electronically 
excited states and may be calculated for optical spectroscopy or photochemistry.) The Born-
Oppenheimer approximation provides a separation of electronic and nuclear motion, and it is 
expected to be very accurate for most problems in mineralogy and geochemistry, with the main 
exception being geochemical photochemistry. For the problems where the Born-Oppenheimer 
separation is valid, the key problem in attaining accurate computations is to make the calculated 
electronic energy accurate.

To find the electronic energy, KSDFT defines a reference Slater determinant (a Slater 
determinant is an antisymmetrized product of spin orbitals, where each spin orbital is usually 
taken as a product of a spin-up or spin-down spin function and a spatial orbital). The spin-up 
and spin-down electronic densities (which are called the spin densities) associated with this 
determinant (or, more generally, the spin density matrix associated with it) are the same as 
the exact spin densities (or space-spin density matrix) (Kohn and Sham 1965; von Barth and 
Hedin 1972). The electronic energy is given by the sum of the electron-nuclear attraction (and 
the electron interaction with any other external potential), the classical Coulomb energy of the 
electron density, and a universal functional of the density. In KSDFT this universal functional is 
separated into the reference-determinant electronic kinetic energy and an exchange-correlation 
energy, EXC, which is a functional of the spin densities (or the space-spin density matrix). It is 
this (unknown) exchange-correlation functional that is usually called the density functional. The 
spin orbitals are determined by effective potentials computed as functional derivatives of the 
exchange-correlation energy per electron; this effective potential is discussed further below.

Although KSDFT is an exact many-body theory for the ground-electronic-state properties 
of systems such as atoms, molecules, surfaces, clusters, nanoparticles, amorphous solids, and 
crystals, it depends on a universal exchange-correlation functional that is unknown and can 
only be approximated. The accuracy of a KSDFT calculation depends on the quality of this 
approximated density functional. In placing KSDFT in context, we note that it differs in approach 
from the older method of seeking better and better approximations to the many-electron wave 
function, an approach now known as wave function theory (WFT). Accurate WFT calculations 
become expensive more rapidly with increasing system size than does KSDFT. Both KSDFT 
and WFT are in principle exact, but in practice approximations are necessary, and for large and 
complex systems KSDFT provides a higher accuracy for a given cost. The road to improving its 
accuracy involves research to design more accurate density functionals. 

KSDFT is an example of a self-consistent-field (SCF) method, analogous to the Hartree-
Fock method, which is an SCF method in WFT. In an SCF method, each electronic orbital is 
governed by an effective potential energy function (mentioned above), which is called the field. 
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For example, in Hartree-Fock theory the field is the average electrostatic field due to the nuclei 
and to the electronic charge distribution corresponding to the orbitals occupied by the other elec-
trons; this field includes both direct Coulomb interactions and the effect of quantum mechanical 
exchange of identical electrons. In KSDFT the field is determined from a functional of the den-
sity. In either SCF method, the first step is that the orbitals are determined from an approximate 
field, then more accurate fields are calculated from the resulting orbitals, and new orbitals are 
found in these new fields; the process is iterated to self-consistency. The Kohn-Sham SCF meth-
od is more accurate than the Hartree-Fock one because the latter does not account for dynamical 
correlation of the electrons, that is, the tendency for two electrons to correlate their motion to 
minimize their mutual repulsion. In WFT, dynamical correlation is usually determined by post-
Hartree-Fock methods that correlate the electrons in non-self-consistent approximations; even 
though these post-Hartree-Fock steps are not self-consistent, they are very expensive, especially 
for large and complex systems. In contrast, KSDFT includes dynamical correlation during the 
SCF step by writing the density functional as the sum of an exchange functional and a correla-
tion functional, where the latter includes dynamical correlation. The field calculated from this 
density functional incorporates the energetic effect of electron correlation in an approximate 
way. (It is approximate because we do not know the exact exchange-correlation potential for 
real systems.) The exchange functional includes electron exchange, which lowers the energy of 
the electronic subsystem by allowing electrons, which are indistinguishable, to exchange spin 
orbitals with one another. In contrast, exchange is included exactly in Hartree-Fock theory by 
obtaining a variationally correct energy for an antisymetrized wave function; this leads to a non-
local field in Hartree-Fock theory, that is, the field depends not just on local values of the orbitals 
or density and their local derivatives, but on an integration over all space.

The approximate density functionals in the literature may be classified as local and nonlocal. 
For local functionals, the exchange-correlation part of the self-consistent field at a given point 
in space depends on the spin densities and possibly on their derivatives and on the spin-up and 
spin-down kinetic energy densities at that point in space (some functionals, although none of 
them discussed in this review, substitute the Laplacian of the spin density for the spin kinetic 
energy density); for nonlocal functionals, the exchange-correlation part of the self-consistent 
field at a given point in space involves a nonlocal integral over all space. The only widely studied 
(to date) method to include nonlocality is to incorporate Hartree-Fock exchange; functionals 
involving Hartree-Fock exchange are called hybrid. Recently some groups developed nonlocal 
correlation functionals based on the random-phase approximation (Furche 2008; Scuseria et 
al. 2008). In order of increasing complexity and accuracy, the three types of local functionals 
are the local spin density approximation (LSDA) (Kohn and Sham 1965), generalized gradient 
approximation (GGA) (Langreth and Mehl 1983; Becke 1988; Lee et al. 1988; Perdew et al. 
1992, 1996; Zhao and Truhlar 2008b), and meta-GGAs (Becke 1996; Tao et al. 2003; Grüning 
et al. 2004; Zhao and Truhlar 2006b, 2008c). Nonlocal functionals include hybrid GGAs and 
hybrid meta functionals. Hybrid GGAs and hybrid meta functionals (both of which include 
nonlocal Hartree-Fock exchange) have better performance for general-purpose applications in 
chemistry than local functionals, but tend to be less accurate, all other considerations being 
equal, for systems with nearly degenerate configurations, such as a transition metal atom with 
nearly degenerate s2dn−1 and sdn−1 configurations. Systems with nearly degenerate configurations 
are usually called multireference systems (Truhlar 2007).

Note that meta and hybrid terms in a density functional depend on occupied orbitals, not 
just on the density and its derivatives; the exchange-correlation energy is nevertheless still a 
functional of the density because formally the orbitals are functionals of the density. The most 
complete density functionals (such as the random phase ones mentioned above) also include 
terms that depend on unoccupied orbitals; such functionals are not discussed in detail in the 
present review.
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One hybrid GGA, namely B3LYP (Becke 1988, 1993; Lee et al. 1988; Stephens et al. 
1994), has become extraordinary popular (Sousa et al. 2007) in theoretical and computational 
chemistry. However, B3LYP and other popular functionals have unsatisfactory performance 
issues such as: 1) underestimation of barrier heights (Zhao et al. 2005a); 2) underestimation 
of interaction energies for weak noncovalent interactions (Zhao and Truhlar 2008e); and 3) 
underestimation of bond energies in transition metal compounds (Reiher et al. 2001; Schultz 
et al. 2005a,b; Harvey 2006). Some recent studies have shown that these shortcomings lead to 
large systematic errors in the prediction of heats of formation of organic molecules (Woodcock 
et al. 2002; Check and Gilbert 2005; Izgorodina et al. 2005; Grimme 2006; Schreiner et al. 
2006; Wodrich et al. 2006; Zhao and Truhlar 2006a; Wodrich et al. 2007) and incorrect trends 
in the bond energies of organometallic catalytic systems (Tsipis et al. 2005; Zhao and Truhlar 
2007b).

Since 2001, the Minnesota theoretical chemistry group has done extensive work in 
designing and optimizing more accurate density functionals, and these efforts resulted in 
several new functionals; eight of those developed in the 2005-2008 time frame are called the 
Minnesota density functionals (with acronyms beginning with M05, M06, or M08), and the 
full set of functionals developed at the University of Minnesota may be called University of 
Minnesota density functionals. In the next section, we review the functionals developed at 
the University of Minnesota, including some of their validations, and in the rest of the article, 
we review selected recent applications of University of Minnesota functionals in problems 
related to mineralogy and geochemistry. For applications of other density functionals and/
or applications in other areas, we recommend some recent reviews (Scuseria and Staroverov 
2005; Cramer and Truhlar 2009) as well as a nontechnical introduction to five of the first six 
Minnesota functionals (Zhao and Truhlar 2008c).

UNIVERSITY OF MINNESOTA FUNCTIONALS 

Table 1 lists, in chronological order, the functionals that have been developed by the 
Minnesota theoretical chemistry group. Although the doubly hybrid functionals (Zhao et al. 
2004b) and multicoefficient density functional methods (Zhao et al. 2005b) developed by us 
can be viewed as generalized density functionals, we did not include them in Table 1 because 
the energy functional includes unoccupied orbitals, and we have restricted our scope to not 
discuss such work in detail in the present review. 

MPW1K (Lynch et al. 2000) and BB1K (Zhao et al. 2004a) were optimized against 
a database of barrier heights by using the adiabatic connection method, and both of them 
were designed for kinetics. In 2004, we also developed MPWB1K and MPW1B95 (Zhao 
and Truhlar 2004); MPWB1K was designed for kinetics, but it has been shown to have 
improved performance for noncovalent interactions, and MPW1B95 was designed for main-
group thermochemisty. TPSS1KCIS is a byproduct of our work in multicoefficient density 
functional methods (Zhao et al. 2005b). MPW1KCIS and MPWKCIS1K are byproducts of our 
nonhydrogen transfer barrier height database work (Zhao et al. 2005a), whereas PBE1KCIS is 
a byproduct of our noncovalent database work (Zhao and Truhlar 2005a). In 2005, Dahlke and 
Truhlar (2005) developed three functionals for describing energetics in water clusters, namely 
PBE1W, PBELYP1W, and TPSSLYP1W. 

Also in 2005, PWB6K and PW6B95 (Zhao and Truhlar 2005b) were developed by 
reoptimizing six parameters in the MPWB1K functional form; PWB6K was shown to have 
greatly improved performance for noncovalent interactions (Zhao and Truhlar 2005c,d; Zhao 
et al. 2005d). However, from two benchmark studies in transition metal chemistry (Schultz 
et al. 2005a,b), we found a dilemma for the performance of density functionals, that is, to 
obtain more accurate barrier heights, one needed to mix in a high percentage of Hartree-
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Fock exchange, whereas transition metal chemistry favors low percentages of Hartree-Fock 
exchange; MOHLYP and MPWLYP1M are two byproducts of these benchmark studies. 

In order to develop a functional that can handle barrier heights, noncovalent interactions, 
and transition metal chemistry, we developed the M05 functional (Zhao et al. 2005c, 2006) 
and it has good performance for transition metal chemistry (Zhao and Truhlar 2006e) as well 
as main-group thermochemistry, barrier heights, and noncovalent interactions. With the same 
functional form as M05, we developed the M05-2X functional (Zhao et al. 2006) that focuses 
on main-group chemistry, barrier heights, and noncovalent interactions (Zhao and Truhlar 
2006a,c,d,f, 2007b,c). 

In 2006, building on all this experience, we have developed four new functionals by 
combining the functional forms of the M05 (Zhao et al. 2005c, 2006) and VSXC (Voorhis and 
Scuseria 1998) functionals; they are called the M06-class functionals: (a) M06, a hybrid meta 
functional, is a functional with good accuracy “across-the-board” for transition metals, main 
group thermochemistry, medium-range correlation energy, and barrier heights. (b) M06-2X, 
another hybrid meta functional, is not good for transition metals but has excellent performance 
for main group chemistry, predicts accurate valence and Rydberg electronic excitation energies, 
and is an excellent functional for chemical reaction barrier heights and aromatic-aromatic 

Table 1. Minnesota functionals.

Functional Typea Year Reference

MPW1K HG 2000 (Lynch et al. 2000)

BB1K HM 2004 (Zhao et al. 2004a)

MPWB1K HM 2004 (Zhao and Truhlar 2004)

MPW1B95 HM 2004 (Zhao and Truhlar 2004)

MPW3LYP HG 2005 (Zhao and Truhlar 2004)

TPSS1KCIS HM 2005 (Zhao et al. 2005b)

MPW1KCIS HM 2005 (Zhao et al. 2005a)

MPWKCIS1K HM 2005 (Zhao et al. 2005a)

PBE1KCIS HM 2005 (Zhao and Truhlar 2005b)

PW6B95 HM 2005 (Zhao and Truhlar 2005b)

PWB6K HM 2005 (Zhao and Truhlar 2005b)

MPWLYP1M HG 2005 (Schultz et al. 2005b)

MOHLYP G 2005 (Schultz et al. 2005b)

MPWLYP1W G 2005 (Dahlke and Truhlar 2005)

PBE1W G 2005 (Dahlke and Truhlar 2005)

PBELYP1W G 2005 (Dahlke and Truhlar 2005)

TPSSLYP1W M 2005 (Dahlke and Truhlar 2005)

M05 HM 2005 (Zhao et al. 2005c)

M05-2X HM 2006 (Zhao et al. 2006)

M06-L HM 2006 (Zhao and Truhlar 2006b)

M06-HF HM 2006 (Zhao and Truhlar 2006g)

M06 HM 2008 (Zhao and Truhlar 2008e)

M06-2X HM 2008 (Zhao and Truhlar 2008e)

SOGGA G 2008 (Zhao and Truhlar 2008b)

M08-HX HM 2008 (Zhao and Truhlar 2008d)

M08-SO HM 2008 (Zhao and Truhlar 2008d)

aG: GGA; M: meta-GGA; HG: hybrid GGA; HM: hybrid meta GGA
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stacking interactions. (c) M06-L is not as accurate as M06 or M06-2X for barrier heights but 
is the most accurate functional for the energetics of systems containing transition metals and 
is the only local functional (no Hartree-Fock exchange) with better across-the-board average 
performance than B3LYP; this is very important because only local functionals are affordable 
for many demanding applications on very large systems. (d) M06-HF has good performance 
for valence, Rydberg, and charge transfer excited states with minimal sacrifice of ground-
state accuracy. In a recent review (Zhao and Truhlar 2008c), we compared the performance of 
the M06-class functionals and one M05-class functional to that of some popular functionals 
for diverse databases and for some difficult cases. For most purposes, the M05 and M06-
2X functionals may be considered to simply be earlier versions of the M06 and M06-2X 
functionals.

In 2008, we explored the limit of accuracy attainable by a global hybrid meta density 
functional for main-group thermochemistry, kinetics, and noncovalent interactions by using 
a very flexible functional form called M08 (Zhao and Truhlar 2008d). M08-HX and M08-SO 
were developed in that exploratory study; they improve on M06-2X, but only a little (Zhao and 
Truhlar 2008d), and they have excellent performance for barrier heights (Zheng et al. 2009).

In 2008, we also developed a nonempirical GGA, which is exact through second order in 
a gradient expansion, that is, in terms of an expansion in powers of the gradient of the density, 
and it is called the second-order generalized gradient approximation (SOGGA). The SOGGA 
functional differs from other GGAs in that it enforces a tighter Lieb-Oxford bound on the 
density functional (Zhao and Truhlar 2008b). SOGGA and other functionals have been com-
pared to a diverse set of lattice constants, bond distances, and energetic quantities for solids 
and molecules. 

In chemistry, the quality of a density functional is usually judged on the basis of its predic-
tions for energetic quantities such as thermochemistry and chemical reaction barrier heights, 
with less emphasis on geometric predictions, which are in some sense easier to predict at 
least qualitatively correctly. In solid-state chemistry and physics, though, there is often a great 
emphasis on predicting precise geometrical parameters, such as lattice constants of solids. 
In many cases, good geometric predictions for molecules (bond lengths, bond angles, etc.) 
are correlated with good predictions for lattice constants. One somewhat exceptional case is 
M06-L, which has exceptionally good performance for predicting molecular geometries (Zhao 
and Truhlar 2008d), but only so-so quality for predicting lattice constants (Zhao and Truhlar 
2008b); however the SOGGA functional, which is not as good as M06-L for broad applica-
tions, has excellent performance for lattice constants (Zhao and Truhlar 2008b).

In the next section, we review some recent validations and applications of the Minnesota 
functionals for problems related to mineralogy and geochemistry. We recommend consulting 
the original references in Table 1 for the general performance of the Minnesota functionals in 
other areas of chemistry. 

The orbital solutions of the SCF equations are usually determined variationally as linear 
combinations of basis functions. For molecular calculations, the basis functions are usually 
Gaussians. For calculations on condensed-phase systems (solids, liquids, gas-solid surfaces), the 
orbitals are sometimes expanded in plane waves. In an ideal world the basis sets would be com-
plete, but in practice they are often truncated, which can contribute some error if the truncation 
is too severe. Standard truncated sets of Gaussian functions are available, and some examples 
mentioned in this review are (in order of increasing completeness) 6-31G(d,p), 6‑31+G(d,p), 
TZVP(P), 6-311++(2d,2p), 6-311+G(2df,2p), and aug-cc-pVTZ; we refer the reader to the 
original publications for further details of these basis sets. When specifying a KSDFT calcula-
tion using Gaussian basis functions, a common convention (used in some places in this article) 
is to label the method as F/B, where F is the density functional, and B is the basis set.
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Validations and Applications 

Water and aqueous chemistry

The chemistry of ground water is one of the most important subjects in geoscience. It is 
important to benchmark the quality of density functionals for the description of interactions 
between water molecules, and one of the most definitive ways to do this is to validate them 
against accurate WFT calculations for small water clusters for which accurate WFT calculations 
are possible. In 2008, Dahlke et al. (2008b) assessed the performance of 7 density functionals 
for reaction energies in hydronium, hydroxide, and pure water clusters, and they found that 
the M06-L functional is very promising for condensed-phase simulations of the transport of 
hydronium and hydroxide ions in aqueous solution. In another paper, Dahlke et al. (2008a) 
assessed the accuracy of 11 density functionals for prediction of relative energies and geometries 
of low-lying isomers of water hexamers, and their calculations show that only three density 
functionals, M06-L, M05-2X, and M06-2X, are able to correctly predict the relative energy 
ordering of the hexamers when single-point energy calculations are carried out on geometries 
obtained with second-order Møller-Plesset perturbation theory (MP2). Of the tested 11 density 
functionals, the most accurate density functionals for relative energies in water hexamer are 
PWB6K, MPWB1K, and M05-2X. 

More recently, Bryantsev et al. (2009) evaluated the accuracy of the B3LYP, X3LYP, 
M06-L, M06-2X, and M06 functionals to predict the binding energies of neutral and charged 
water clusters. They ranked the accuracy of the functionals on the basis of the mean unsigned 
error (MUE) between calculated benchmark and density functional theory energies, and they 
found that M06-L (MUE = 0.73 kcal/mol) and M06 (MUE = 0.84) give the most accurate 
binding energies using very extended basis sets such as aug-cc-pV5Z. For more affordable basis 
sets, the best methods for predicting the binding energies of water clusters are M06-L/aug-cc-
pVTZ (MUE = 1.24 kcal/mol), B3LYP/6-311++G(2d,2p) (MUE = 1.29 kcal/mol), and M06/
aug-cc-pVTZ (MUE = 1.33 kcal/mol). 

Austin et al. (2009) recently benchmarked several functionals for actinyl complexes and 
found that the M06 functional is competitive with high-level CCSD(T) methods in the study of 
the water exchange mechanism of the [UO2(OH2)5]2+ ion and of the redox potential of the aqua 
complexes of [AnO2]2+ (An = U, Np, and Pu).

In order to learn about reactions between oxide minerals and aqueous solutions, Qian et 
al. (2009) employed the MPWKCIS1K and B3LYP functionals to study the water exchange 
mechanism of the polyoxocation GaO4Al12(OH)24(H2O)12

7+ in aqueous solution. They found 
that the reactant, modeled as the polyoxocation already specified plus 15 second-solvation-
shell water molecules plus a continuum solvent model for the rest of the aqueous solvent, first 
loses a water ligand to form an intermediate with a five-coordinated aluminum atom. After that, 
the incoming water molecule in the second coordination shell attacks the intermediate with a 
five-coordinated aluminum atom to produce the product. The calculations imply, as should be 
expected, that both the explicit water molecules in the second hydration sphere and the bulk 
solvent water have a significant effect on the energy barriers; the need to carry out calculations 
on a large model is one of the reasons why the relatively inexpensive KSDFT is a preferred 
method for this kind of calculation.

Tommaso and Leeuw (2009) recently employed the MPW1B95 functional to study the 
dimerization of calcium carbonate in aqueous solution under natural water conditions. Their 
calculations suggest that, at T = 298 K and neutral pH conditions, the oligomerization of 
calcium carbonate is not spontaneous in water. This is an indication that the nucleation of 
calcium carbonate may not occur through a homogeneous process when calcium-bicarbonate 
ion pairs are the major source of CaCO3 in the aqueous environment.
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Goumans et al. (2009b) employed MPWB1K to study the formation of water on a model 
dust grain (fosterite) by using an embedded cluster approach. They found that the formation of 
water on a bare dust grain from hydrogen and oxygen atoms is catalyzed by an olivine surface 
by stabilizing the reaction intermediates and product.

Many studies of aqueous reactions are not directly relevant to geochemistry but show how 
complex processes in aqueous solution are becoming more amenable to study. For example, 
Wu et al. employed BB1K to study the mechanism of aqueous-phase asymmetric transfer 
hydrogenation of a ketone, in particular acetophenone, with HCOONa catalyzed by ruthenium 
N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine (Wu et al. 2008). The reaction has a 
nonconcerted hydrogen transfer as the rate-limiting step in water, as compared to a rate-limiting 
step of concerted proton transfer and hydride formation/transfer in isopropanol solvent. The 
calculations revealed that in aqueous solution water hydrogen bonds to the ketone oxygen at the 
transition state for hydrogen transfer, lowering the energy barrier by about 4 kcal/mol. 

Oxidation-reduction (redox) processes (Winget et al. 2000, 2004; Patterson et al. 2001; 
Belzile et al. 2004; Lewis et al. 2004, 2007; Anbar et al. 2005; Southam and Saunders 2005; 
MacQuarrie and Mayer 2005; Charlet et al. 2007; Savage et al. 2008; Helz et al. 2008) are 
very important in geochemistry. Oxidation and reduction of metal ions in aqueous solution 
are a particularly important example. Jaque et al. (2007) calculated the standard reduction 
potential of the Ru3+|Ru2+ couple in aqueous solution with 37 density functionals, including 
BB1K, MPW1B95, MPW1KCIS, MPWKCIS1K, PBE1KCIS, MPWB1K, and TPSS1KCIS, 
and five basis sets. Either one solvent shell (six water molecules) or two solvent shells (18 
water molecules) were treated explicitly, and the rest of the solvent was treated as a dielectric 
continuum. The calculated difference in solvation free energies of Ru3+ and Ru2+ varies from 
−10.56 to −10.99 eV for six waters and from −6.83 to −7.45 eV for 18. The aqueous standard 
reduction potential is overestimated when only the first solvation shell is treated explicitly, and 
it is underestimated when the first and second solvation shells are treated explicitly. This study 
shows the danger of simply choosing a single methodology without examining the dependence 
of the results on the choice of functional and model.

Atmospheric chemistry

Another important subject in geochemistry is atmospheric chemistry, and the Minnesota 
functionals have also been applied in this area (Lin et al. 2005; Eillngson et al. 2007; Ellingson 
and Truhlar 2007).

Isotopic analysis is an important technique for understanding the production, transport, 
and depletion of various species in the atmosphere (McCarthy et al. 2001, 2003; Keppler et 
al. 2005), and the fractionation of 12C and 13C in reactions of methane with OH and Cl are 
important parameters in this analysis. We (Lin et al. 2005; Ellingson et al. 2007) calculated the 
kinetic isotope effect and its temperature dependence for the reactions of 12CH4 and 13CH4 with 
OH using the BB1K, MPW1K, and M06-2X density functionals as well as three high-level 
multicoefficient methods, including two based in part on density functionals using unoccupied 
orbitals. Later experimental work led to the conclusion that the tunneling effect is underestimated 
in these calculations (Sellevåg et al. 2006).

The reaction of OH with H2S plays an important role in regulating the amount of H2S in 
the atmosphere, and therefore its reaction rate is an important input in atmospheric modeling 
(Perry et al. 1976). This reaction apparently has an unusual temperature dependence, with a 
negative or very small temperature dependence in at least part of the range of atmospheric 
temperatures (~200-300 K) and a positive temperature dependence at higher temperatures. 
A negative temperature dependence is often indicative of a reaction for which the dynamical 
bottleneck lies in a region where the potential energy of interaction of the reactants is attractive. 
Thus, in order to model the temperature dependence of this reaction reliably over the whole 
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range, one requires a density functional that is accurate for both reaction barriers and attractive 
forces. Calculations based on the M06-2X density functional, which is notable for being more 
accurate than previous density functionals for both of these features, reproduced the unusual 
temperature dependence found experimentally, whereas calculations based on older density 
functionals did not (Ellingson and Truhlar 2007).

Recently, Vega-Rodriguez and Alvarez-Idaboy (2009) employed the MPWB1K and 
M05-2X density functionals to study the mechanism for the reactions of OH with unsaturated 
aldehydes, which are of importance for atmospheric chemistry. They found that the calculated 
rate constants with M05-2X are in good agreement with experiments. 

Metal oxides

Most metals found in the Earth’s crust exist as silicate, oxide, and/or sulfide minerals. Metal 
oxide materials are particularly interesting for their technological usefulness in areas such as 
catalysis, photovoltaics, and electronics. 

Recently, Sorkin et al. (2008) reported a systematic study of small iron compounds includ-
ing FeO−. They found that some of the improvements that were afforded by the semiempirical 
+U correction (widely employed in condensed-matter physics) could also be accomplished by 
improving the quality of the exchange-correlation functional. 

Benchmark databases for Zn-containing molecules (including ZnO, Zn2O2, Zn3O3, and 
Zn4O4) have been recently developed by Amin and Truhlar (2008) and Sorkin et al. (2008), 
including Zn-ligand bond distances, angles, dipole moments, and bond dissociation energies. 
They tested many density functionals against these benchmark databases, and they found 
that the best KSDFT method to reproduce dipole moments and dissociation energies of the 
benchmark Zn compound database is M05-2X. 

M05-2X has been employed to investigate the mechanism of the photocatalytic degradation 
of 1,5-naphthalenedisulfonate (a surfactant) on colloidal TiO2 (Szabo-Bardos et al. 2008). The 
degradation is initiated by oxidative attack of an OH radical to make an aromatic-OH adduct. 
M05-2X calculations allowed a comparative analysis of possible sites of attack by the radical.

The adsorption of CO on the (001) surface of MgO is a challenge for popular density 
functionals because of its weak interaction character. Valero et al. show that M06-2X and 
M06-HF are the first two functionals to provide a simultaneously satisfactory description of 
adsorbate geometry, vibrational frequency shift, and adsorption energy of CO on the (001) 
surface of MgO (Valero et al. 2008).

Silicates and siliceous minerals

Silicate minerals and silica make up the largest part of the crust of the Earth. The structure, 
protonation, and reactivity of silicates and compounds containing silicon-oxygen bonds have 
been widely studied by quantum mechanics (Shambayati et al. 1990; Blake and Jorgensen 
1991; Tossell and Sahai 2000; Avramov et al. 2005; Vuilleumier et al. 2009). Zhang et al. (2007) 
investigated the computational requirements for simulating the structures and proton activity 
of silicaceous materials. In their study, 14 density functionals in combination with 8 basis 
sets were tested against high-level wave-function-based methods. They found that the most 
accurate density functional for both geometries and energetics is M05-2X. 

Zwijnenburg et al. (2008) compared the performance of B3LYP and BB1K for the 
prediction of optical excitations of defects in nanoscale silica clusters. They found that the 
spatially localized excitations are well described by time-dependent KSDFT, but B3LYP gives 
excitation energies that are significantly underestimated in the case of the charge-transfer 
excitations. In contrast, the time-dependent KSDFT calculations with BB1K was found to give 
generally good excitation energies for the lowest excited states of both localized and charge-
transfer excitations.
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Goumans et al. (2008) employed MPWB1K to investigate the catalytic effect of a 
negatively charged silica surface site on addition reactions to an adsorbed unsaturated organic 
molecule using an embedded cluster approach. Their calculations show that a negatively 
charged defect on a silica surface (silanolate) effectively catalyzes the addition of H or O atom 
to the HCCH, H2C=CH2, or CO molecule adsorbed on it. The negative charge polarizes and 
destabilizes the multiple bonds, which in turn lowers the barriers to addition. These results 
indicate that complex interstellar molecules could be formed effectively via surface-catalyzed 
hydrogenation and/or oxidation routes.

The mineral olivine is a magnesium iron silicate with the formula (Mg,Fe)2SiO4, and it is 
one of the most common minerals on Earth. Recently MPWB1K has been employed to study 
the formation of H2 on an olivine surface (Goumans et al. 2009a), and the results show that 
the forsterite surface catalyzes H2 formation by providing chemisorption sites for H atoms. 
The calculations also indicate that pristine olivine surfaces should be good catalysts for H2 
formation, with low product excitation and high reaction efficiencies.

Morrow et al. (2009) used M05-2X to investigate the dissolution mechanism in alumino-
silicate minerals. Their calculations show that Al species from protonated and neutral Al-O-Si 
sites can leach before Si species. Nangia and Garrison (2009) used the M05-2X density func-
tional to study hydrolysis/precipitation reactions at silica surface sites. The barrier height data 
successfully explained the experimentally observed dissolution rate over the entire pH range.

Clay minerals such as montmorillonite are of interest as environmentally friendly catalysts 
supports and also possibly as catalysts on their own (Zhu et al. 2009; Briones-Jurado and 
Agacino‑Valdés 2009).

Zeolites

Zeolites are microporous/nanoporous aluminosilicate minerals, and the zeolitic pores are 
nanocavities. Zeolites have the capability to catalyze chemical reactions that take place in 
their internal cages, and they provide a size-selective environment for chemical reactions. 
Theorefore zeolites are widely used in industry as heterogenenous catalysts. Indeed “every 
drop of gasoline we burn in our car has seen at least one zeolite catalyst on its way through 
the refinery” (Sauer 2006). Although industrial zeolites needed for specialized applications are 
synthesized to obtain the required purity and uniformity and sometimes to obtain unnatural 
frameworks, many naturally occuring zeolites are known, and zeolite-rich formations have 
both diagenetic and volcanic origins.

Practical applications of quantum mechanical calculations to reactions in extended 
systems like zeolites can be carried out by using the ONIOM method or the QM/MM method. 
In ONIOM calculations (Morokuma 2002), one treats a reaction site (subsystem) by a quantum 
mechanical method, and the rest of the system (the surrounding atoms and molecules) by a less 
expensive quantum mechanical method or an analytic potential energy function; when one treats 
the surroundings by molecular mechanics (that is, an analytical potential energy function—
such as the UFF force field (Rappé et al. 1992)—that is parameterized for nonreactive systems 
or nonreactive subsystems (Hagler and Ewig 1994; Cygan 2001)), this is usually called a 
combined quantum mechanical and molecular mechanical (QM/MM) calculation (Lin and 
Truhlar 2007). An ONIOM or QM/MM calculation is usually denoted A:B, where A denotes 
the more expensive method used for the reactive subsystem, and B denotes the less expensive 
method used for the surroundings. In QM/MM calculations, A denotes the QM part, and B 
denotes the MM part. 

BB1K was employed by To et al. (2006b) to investigate the mechanism of the formation 
of heteroatom active sites in zeolites, and the calculations show that the tetravalent-heteroatom 
sites preferentially adopt tripodal configurations, whereas the hydrolysis of T-O-Si bridges (T 
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is a heteroatom such as Ti or Sn) helps to relieve lattice strain and to stabilize the structure. 
Thus hydrolysis and inversion play important roles in the stabilization of heteroatom-based 
active sites in zeolites. In a subsequent paper, To et al. (2006a) reported QM/MM computations 
with BB1K for the QM active site in Ti-substituted zeolites (titanium silicalite-1) to study the 
processes of hydrolysis of Ti-O-Si linkages and inversion of the TiO4 tetrahedra. The calculated 
structural features of the tetra- and tripodal Ti moieties are in good agreement with experiments, 
and suggest that the tripodal species dominate in hydrous conditions, and that this is likely to 
be the chemically active form. Later, To et al. (2007) employed the BB1K functional to study 
the interaction of water molecules with Ti sites in titanium silicalite-1, and they found that the 
hydrations of all Ti centers are exothermic, a result that is in good agreement with experiment 
and previous theoretical work. In 2008, they (To et al. 2008) employed BB1K to find the active 
oxidizing species in the H2O2/titanium silicalite-1 catalytic system, and their computational 
results indicate that water is not just a medium for transporting reactants and products; rather it 
has an active role in stabilizing the peroxo species present on the catalyst.

In 2008, we developed a benchmark database for interactions in zeolite model complexes 
based on CCSD(T) calculations, and we tested 41 density functionals against the new database 
(Zhao and Truhlar 2008a). Among the tested density functional methods, M06-L/6‑31+G(d,p) 
gives a mean unsigned error (MUE) without counterpoise correction of 0.87 kcal/mol. With 
counterpoise corrections, the M06-2X (Zhao and Truhlar 2008e) and M05-2X (Zhao et al. 
2006) functionals give the best performance. We also tested 10 functionals against the binding 
energies of four complexes (two noncovalent and two covalent) of the adsorption of isobutene 
on a large 16T zeolite model cluster (Fig. 1). The counterpoise corrected binding energies 
are shown in Table 2. For comparison Table 2 also shows WFT results obtained by treating 
dynamical correlation by second order perturbation theory; those results are labeled MP2.

Table 2 shows that M05-2X and M06-2X are the best performers for the binding energies 
in a model 16T zeolite cluster, followed by M06-L and M06, and these four functionals give a 
smaller MUE than the MP2/TZVP(P) method. The popular B3LYP functional performs poorly 
with an MUE of 16.6 kcal/mol. These results show that M06-L, M06, M05-2X, and M06-2X 
are very promising quantum mechanical methods for the QM part of QM/MM simulations 
of zeolite. This conclusion has been confirmed recently by Maihom et al. (2009). They 
investigated the mechanisms of ethene methylation with methanol and dimethyl ether in a 128T 
cluster of ZSM-5 zeolite using the ONIOM(B3LYP/6-31G(d,p):UFF) and ONIOM(M06-2X/6-
311+G(2df,2p):UFF) methods with the zeolitic Madelung potential generated by the surface 
charge representation of the electrostatic embedding potential (SCREEP) method (Vollmer et 
al. 1999). Their calculations show that the energies for the adsorption of methanol and dimethyl 
ether on H-ZSM-5 from an ONIOM2(M06-2X/6-311+G(2df,2p):UFF)+SCREEP calculation 
are in good agreement with the experimental data.

Boekfa et al. (2009) employed four ONIOM methods, namely (MP2:M06-2X), 
(MP2:B3LYP), (MP2:HF), and (MP2:UFF), to investigate the confinement effect on the adsorp-
tion and reaction mechanism of unsaturated aliphatic, aromatic and heterocyclic compounds on 
H-ZSM-5 zeolite. They found that (MP2:M06-2X) give the best agreement with experiments 
for the energies of adsorption of ethene, benzene, ethylbenzene, and pyridine on H-ZSM-5. 

Kumsapaya et al. (2009) employed the M06-L/6-31G(d,p):UFF ONIOM method to inves-
tigate the isomerization of 1,5- to 2,6-dimethylnaphthalene over acidic β zeolite. The results in 
their study show the excellent performance of a combination of the M06-L functional with the 
confinement effect represented by the universal force field for investigating the transformations 
of aromatic species zeolite systems.

Hydroxyl nests are formed in zeolites, especially the all-silicon silacalite-1 (Astorino et 
al. 1995; Kalipcilar and Culfaz 2000), at a defect involving a missing silicon or aluminum 
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atom; the nest consists of four hydrogen-bonded hydroxyl groups. BB1K has been recently 
employed to study high-temperature dehydrogenation of defective silicalites (Fickel et al. 
2010). The combined experimental and computational study indicates that the product of the 
dehydroxylation of hydroxyl nests in silicalite-1 is not water but hydrogen.

To et al. (2005) employed BB1K to investigate the ground state and the electronically 
excited states of the [AlO4]0 hole in α-quartz and in the siliceous zeolite ZSM-5. Their results 
show that BB1K is significantly more accurate and reliable than previous popular density 
functionals, and the BB1K excitation energies show excellent agreement with experiment. 

Mineral nanoparticles

Many mineral accumulations are only poorly crystalline or exist as nanoparticles with 
properties quite different than those of microcrystals or macroscrtystals; transmission electron 
microscopy can be used to probe their nanomorphology (Penn et al. 2001; Hochella et al. 2008; 
Isaacson et al. 2009). Computational methods based on electronic structure theory are well 
suited for studying the structure, dynamics, and phase properties of small particles, such as 
metal and metal oxide clusters and nanoparticles, as shown for example in recent work on 
aluminum nanoparticles (Li et al. 2007; Li and Truhlar 2008a,b). 

In recent work, the SOGGA, M06, and M06-L density functionals have been found to be 
uniquely successful for predicting the structures of small anionic gold clusters (Mantina et al. 
2009), and in other recent work M06-L was found to be uniquely successful in predicting the 
structures of small cationic gold clusters (Ferrighi et al. 2009) (M06 and SOGGA were not 
included in the latter study).

Figure 1. Geometries of the 16T zeolite model complexes. (A) 16T·isobutene π complex,  
(B) 16T tert-butoxide, (C) 16T tert-butyl carbenium ion, (D) 16T isobutoxide.
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Concluding Remarks

In this chapter, we have presented an introduction to the Minnesota density functionals. 
We reviewed some encouraging validations and applications of the Minnesota functionals in 
problems important for mineralogy and geochemistry. Since the new-generation Minnesota 
functionals have been designed to give broad accuracy in chemistry, they perform very well 
even for many difficult cases where popular functionals fail badly (Zhao and Truhlar 2008c). 
The prospects for successful further application to a number of problems in mineralogy and 
geochemistry are encouraging.

Acknowledgments

The authors are grateful to Shikha Nangia for comments on the manuscript. The work 
at Minnesota was supported in part by the Air Force Office of Scientific Research (orbital-
dependent density functionals) and by the National Science Foundation under grant no. 
CHE07-04974 (complex systems).

ReferenceS

Amin EA, Truhlar DG (2008) Zn coordination chemistry: Development of benchmark suites for geometries, 
dipole moments, and bond dissociation energies and their use to test and validate density functionals and 
molecular orbital theory. J Chem Theory Comput 4:75-85

Anbar AD, Jarzecki AA, Spiro TG (2005) Theoretical investigation of iron isotope fractionation between 
Fe(H2O)6

3+ and Fe(H2O)6
2+: Implications for iron stable isotope geochemistry. Geochim Cosmochim Acta 

69:825-837

Table 2. Binding energies (kcal/mol) in four complexes involving the  
adsorption of isobutene on a 16T zeolite cluster model.a

Methodb  π complex tert-butoxide
tert-butyl 

carbenium ion isotutoxide MUEc

Best estimated 15.1 13.9 −9.8 13.9

M05-2X 11.7 14.9 −8.1 14.0 1.6

M06-2X 12.7 16.6 −9.1 15.6 1.9

M06-L 14.4 15.6 −2.3 13.5 2.6

M06 13.3 16.0 −3.9 14.4 2.6

M06-HF 12.4 18.6 −12.5 18.8 3.7

MP2/TZVP(P) 10.8 10.0 −13.4 9.1 4.1

PBE0 2.9 4.7 −15.6 4.7 9.1

PBE 3.2 2.3 −12.8 2.0 9.6

B97-1 3.9 2.2 −14.3 2.9 9.6

TPSSh −0.9 1.8 −17.7 1.6 12.1

B3LYP −2.5 −5.5 −20.7 −4.8 16.6

aSee Figure 1 for the 16T model cluster and four complexes. All results are taken from a previous paper (Zhao and Truhlar 
2008a).

bThe 6-311+G(2df,2p) basis set is employed for all density functionals in this table; the basis set for the MP2 calculations 
in indicated after /.

cMUE denotes mean unsigned error (same as mean absolute deviation, MAD).

dBest estimates were calculated from the two last rows in Table 3 of Tuma and Sauer (2006). The geometries, and MP2/
TZVP(P) results are also from Tuma and Sauer (2006). Other results in this table are from the present work.



Author's Copy
32 Zhao & Truhlar

Andino JM, Smith JN, Flagan RC, Goodard WA III, Seinfeld JH (1996) Mechanism of atmospherics 
photooxidation of aromatics. A theory study. J Phys Chem 100:10967-10980

Astorino E, Peri JB, Willey RJ, Busca G (1995) Spectroscopic Characterization of Silicalite-1 and titanium 
silicalite-1. J Catal 157:482-500

Austin JP, Burton NA, Hillier IH, Sundararajan M, Vincent MA (2009) Which density functional should be used 
to study actinyl complexes? Phys Chem Chem Phys 11:1143-1145

Avramov PV, Adamovic I, Ho KM, Wang CZ, Lu WC, Gordon MS (2005) Potential energy surfaces of SimOn 
cluster formation and isomerizations. J Phys Chem A 109:6294-6302

Becke AD (1988) Density-functional exchange-energy approximation with correct asymptotic-behavior. Phys 
Rev A 38:3098-3100

Becke AD (1993) Density-functional thermochemistry. J Chem Phys 98:5648-5652
Becke AD (1996) Density-functional thermochemistry. IV. A new dynamic correlation functional and 

implications for exact-exchange mixing. J Chem Phys 104:1040-1046
Belonoshko AB, Rusengren A, Dong Q, Hultquist G, Leygraf C (2004) First-principles study of hydrogen 

diffusion in α-Al2O3 and liquid alumina. Phys Rev B 69:024302
Belzile N, Chen YN, Cal MF, Li Y (2004) A review on pyrrhotite oxidation. J Geochem Explor 84:65-67
Blake JF, Jorgensen SE (1991) Proton affinities and gas-phase basicities of alkyl and silyl ethers. J Org Chem 

56:6052-6059
Blanchard M, Poitrasson F, Méheut M, Lazzeri M, Mauri F, Balon E (2009) Iron isotope fractionation between 

pyrite (FeS2), hematite (Fe2O3) and siderite (FeCO3): A first-principles density functional theory study. 
Geochim Cosmochim Acta 73:6565-6578

Boekfa B, Choomwattana S, Khongpracha P, Limtrakul J (2009) Effects of the zeolite framework on the 
adsorptions and hydrogen-exchange reactions of unsaturated aliphatic, aromatic, and heterocyclic 
compounds in ZSM-5 zeolite: A combination of perturbation theory (MP2) and a newly developed density 
functional theory (M06-2X) in ONIOM scheme. Langmuir 25:12990-12999

Born M, Huang K (1954) The Dynamic Theory of Crystal Lattices. Clarendon Press, Oxford
Briones-Jurado C, Agacino-Valdés E (2009) Brønsted sites on acid-treated montmorillonite: a theoretical study 

with probe molecules. J Phys Chem A 113:8994-9001
Brodholt JP, Refson K (2000) An ab initio study of hydrogen in forsterite and a possible mechanism for 

hydrolytic weakening. J Geophys Res 105:18977-18982
Brodholt JP, Vocadlo L (2006) Applications of density functional theory in the geosciences. MRS Bull 31:675-

680
Bryantsev VS, Diallo MS, Duin ACTv, William A. Goddard I (2009) Evaluation of B3LYP, X3LYP, and M06-

class density functionals for predicting the binding energies of neutral, protonated, and deprotonated water 
clusters. J Chem Theory Comput 5:1016-1026

Charlet L, Scheinost AC, Tournassat C, Greneche JM, Géhin A, Fernández-Martínez A, Couert S, Tisserand 
D, Brendle J (2007) Electron transfer at the mineral/water interface: Selenium reduction by ferrous iron 
sorbed on clay. Geochim Cosmochim Acta 71:5731-5749

Check CE, Gilbert TM (2005) Progressive systematic underestimation of reaction energies by the B3LYP model 
as the number of C-C bonds increases. J Org Chem 70:9828-9834

Churakov SV, Khisina NR, Urusov VS, Wirth R (2003) First-principles study of (MgH2SiO4) · n(Mg2SiO4) 
hydrous olivine structures. I. Crystal structure modelling of hydrous olivine Hy-2a (MgH2SiO4) · 
3(Mg2SiO4). Phys Chem Minerals 30:1-11

Cramer CJ, Truhlar DG (2009) Density functional theory for transition metals and transition metal chemistry. 
Phys Chem Chem Phys 46:10757-10816

Criscenti LJ, Kubicki JD, Brantley SL (2006) Silicate glass and mineral dissolution: Calculated reaction paths 
and activation energies for hydrolysis of Q3 Si by H3O+ using ab initio methods. J Phys Chem A 110:198-
206

Cygan RT (2001) Molecular modeling in mineralogy and geochemistry. Rev Mineral Geochem 42:1-35
Dahlke EE, Truhlar DG (2005) Improved density functionals for water. J Phys Chem B 109:15677-15683
Dahlke EE, Olson RM, Leverentz HR, Truhlar DG (2008a) Assessment of the accuracy of density functionals 

for prediction of relative energies and geometries of low-lying isomers of water hexamers. J Phys Chem 
A 112:3976-3984

Dahlke EE, Orthmeyer MA, Truhlar DG (2008b) Assessment of multicoefficient correlation methods, second-
order Møller-Plesset perturbation theory, and density functional theory for H3O+(H2O)n (n = 1-5) and 
OH−(H2O)n (n = 1-4). J Phys Chem B 112:2372-2381

Ellingson BA, Pu J, Lin H, Zha Y, Truhlar DG (2007) Multi-coefficient Gaussian-3 calculation of the rate 
constant for the OH + CH4 reaction and its 12C/13C kinetic isotope effect with emphasis on the effects of 
coordinate system and torsional treatment. J Phys Chem A 111:11706-11717

Ellingson BA, Truhlar DG (2007) Explanation of the unusual temperature dependence of the atmospherically 
important OH + H2S → H2O + SH reaction and prediction of the rate constant at combustion temperatures. 
J Am Chem Soc 129:12765-12771



Author's Copy
Application of Minnesota Density Functionals 33

Ferrighi L, Hammer B, Madsen GKH (2009) 2D−3D transition for cationic and anionic gold clusters: a kinetic 
energy density functional study. J Am Chem Soc 131:10605-10609

Fickel DW, Shough AM, Doren DJ, Lobo RF (2010) High-temperature dehydrogenation of defective silicalites. 
Microporous Mesoporous Mater 129:156-163, doi: 10.1016/j.micromeso.2009.09.011

Furche F (2008) Developing the random phase approximation into a practical post-Kohn-Sham correlation 
model. J Chem Phys 129:114105

Gao H, Wang Y, Wan, SQ, Liu JY, Sun CC (2009) Theoretical investigation of the hydrogen abstraction 
from CF3CH2CF3 by OH radicals, F, and Cl atoms: A dual-level direct dynamics study. J Mol Struct 
THEOCHEM 913:107-116

Gillan MJ, Alfé D, Brodholt J, Vocadlo L, Price GD (2006) First-principles modeling of Earth and planetary 
materials at high pressures and temperatures. Reps Prog Phys 69:2365-2441

Goumans TPM, Catlow CRA, Brown WA (2008) Catalysis of addition reactions by a negatively charged silica 
surface site on a dust grain. J Phys Chem C 112:15419-15422

Goumans TPM, Catlow CRA, Brown WA (2009a) Formation of H2 on an olivine surface: a computational study. 
Mon Not R Astron Soc 393:1403-1407

Goumans TPM, Catlow CRA, Brown WA, Kastnerz J, Sherwood P (2009b) An embedded cluster study of the 
formation of water on interstellar dust grains. Phys Chem Chem Phys 11:5431-5436

Grimme S (2006) Seemingly simple stereoelectronic effects in alkane isomers and the implications for Kohn-
Sham density functional theory. Angew Chem Int Ed 45:4460-4464

Grüning M, Gritsenko O, Baerends EJ (2004) Improved description of chemical barriers with generalized 
gradient approximation (GGAs) and meta-GGAs. J Phys Chem A 108:4459-4469

Hagler AT, Ewig CS (1994) On the use of quantum energy surfaces in the derivation of molecular force fields. 
Comput Phys Commun 84:131-155

Harvey JN (2006) On the accuracy of DFT in transition metal chemistry. Annu Rep Prog Chem Sect C Phys 
Chem 102:203-226

Hegg DA, Baker MB (2009) Nucleation in the atmosphere. Rep Prog Phys 72:056801
Helz GR, Tossell JA (2008) Thermodynamic model for arsenic speciation in sulfidic waters: A novel use of ab 

initio computations. Geochim Cosmochim Acta 72:4457-4468
Hochella MF Jr, Lower SK, Maurice PA, Penn RL, Sahai N, Sparks DL, Twining BS (2008) Nanominerals, 

mineral nanoparticles, and earth systems. Science 319:1631-1635
Isaacson LS, Burton ED, Bush RT, Mitchell DRG, Johnston SG, Macdonald BCT, Sullivan LA, White I (2009) 

Iron(III) accumulations in inland saline waterways, Hunter Valley, Australia: Mineralogy, micromorphology 
and pore-water geochemistry. Appl Geochem 24:1825-1834

Izgorodina EI, Coote ML, Radom L (2005) Trends in R-X bond dissociation energies. J Phys Chem A 109:7558-
7566

Jaque P, Marenich AV, Cramer CJ, Truhlar DG (2007) Computational electrochemistry: The aqueous Ru3+ | Ru2+ 
reduction potential. J Phys Chem C 111:5783-5799

Kalipcilar H, Culfaz A (2000) Synthesis of submicron silicalite-1 crystals from clear solutions. Cryst Res 
Technol 35:933-942

Keppler F, Harper DBH, Röckmann T, Moore RM, Hamilton JTG (2005) New insight in the atmospheric 
chloromethane budget gained using stable carbon isotope ratios. Atmos Chem Phys 5:2403-2411

Kohn W, Sham LJ (1965) Self-consistent equations including exchange and correlation effects. Phys Rev 
140:A1133-A1138

Kohn W, Becke AD, Parr RG (1996) Density functional theory of electronic structure. J Phys Chem 100:12974-
12980

Kumsapaya C, Bobuatong K, Khongpracha P, Tantirungrotechai Y, Limtrakul J (2009) Mechanistic investigation 
on 1,5- to 2,6-dimethylnaphthalene isomerizationcatalyzed by acidic β zeolite: ONIOM study with an 
M06-L functional. J Phys Chem C 113:16128-16137

Kuwata RT, Dibble TS, Sliz E, Pedersen EB (2007) Computational studies of intramolecular hydrogen atom 
transfers in the β-hydroxyethylperoxy and β-hydroxyelhoxy radicals. J Phys Chem A 111:5032-5042

Kwon KD, Rfeson K, Sposito G (2009) On the role of Mn(IV) vacancies in the photoreductive dissolution of 
hexagonal birnessite. Geochim Cosmochim Acta 73:4142-4150

Langreth DC, Mehl MJ (1983) Beyond the local-density approximation in calculations of ground-state 
electronic-properties. Phys Rev B 28:1809-1834

Lay T, Heinz D, Ishii, M, Shim, SH, Tsuchiya J, Tsuchiya T, Wentzcovitch R, Yuen D (2005) Multidisciplinary 
impact of the deep mantle phase transition in perovskite structure. EOS 86:1-5

Lee C, Yang W, Parr RG (1988) Development of the Colle-Salvetti correlation-energy formula into a functional 
of the electron density. Phys Rev B 37:785-789

Lewis A, Bumpus JA, Truhlar DG, Cramer CJ (2004) Molecular modeling of environmentally important 
processes: reduction potentials. J Chem Educ 81:596-604

Lewis A, Bumpus JA, Truhlar DG, Cramer CJ (2007) Molecular modeling of environmentally important 
processes: reduction potentials – CORRECTION. J Chem Educ 84:934



Author's Copy
34 Zhao & Truhlar

Li L, Weidner DJ, Brodholt J, Alfé D, Price GD, Caracas R, Wentzcovitch R (2006) Elasticity of CaSiO3 
perovskite at high pressure and high temperature. Phys Earth Planet Inter 155:249-259

Li ZH, Jasper AW, Truhlar DG (2007) Structures, rugged energetic landscapes, and nanothermodynamics of Aln 
(2 ≤ n ≤ 65) particles. J Am Chem Soc 129:14899-14910

Li ZH, Truhlar DG (2008a) Cluster and nanoparticle condensation and evaporation reactions. Thermal rate 
constants and equilibrium constants of Alm + Aln−m → Aln with n = 2 − 60 and m = 1 − 8. J Phys Chem C 
112:11109-11121 

Li ZH, Truhlar DG (2008b) Nanosolids, slushes, and nanoliquids. Characterization of nanophases in metal 
clusters and nanoparticles. J Am Chem Soc 130:12698-12711

Lin H, Truhlar DG (2007) QM/MM: What have we learned, where are we, and where do we go from here? Theor 
Chem Acc 117:185-199

Lin H, Zhao Y, Ellingson BA, Pu J, Truhlar DG (2005) Temperature dependence of carbon-13 kinetic isotope 
effects of importance to global climate change. J Am Chem Soc 127:2830-2831

Lynch BJ, Fast PL, Harris M, Truhlar DG (2000) Adiabatic connection for kinetics. J Phys Chem A 104:4811-
4815

MacQuarrie KTB, Mayer KU (2005) Reactive transport modeling in fractured rock: A state-of-the-science 
review. Earth Sci Rev 72:189-227

Mantina M, Valero R, Truhlar DG (2009) Validation study of the ability of density functionals to predict the 
planar-to-three-dimensional structural transition in anionic gold clusters. J Chem Phys 131:064706

Maihom T, Boekfa B, Sirijaraensre J, Nanok T, Probst M, Limtrakul J (2009) Reaction mechanisms of the 
methylation of ethene with methanol and dimethyl ether over H-ZSM-5: An ONIOM study. J Phys Chem 
C 113:6654-6662

McCarthy MC, Connell P, Boering KA (2001) Isotopic fractionation of methane in the stratosphere and its effect 
on free tropospheric isotopic compositions. Geophys Res Lett 28:3657-3660

McCarthy MC, Boering KA, Rice AL, Tyler SC, Connell P, Atlas EJ (2003) Carbon and hydrogen isotopic 
compositions of stratospheric methane: 2. Two-dimensional model results and implications for kinetic 
isotope effects. Geophys Res D 108:4461

Mead CA (1988) The Born-Oppenheimer approximation in molecular quantum mechanics. In: Mathematical 
Frontiers in Computational Chemical Physics. Truhlar DG (ed) Springer, New York, p 1-17

Morokuma K (2002) New challenges in quantum chemistry: Quests for accurate calculations for large molecular 
systems. Philos Trans R Soc London Ser A 360:1149-1164

Morrow CP, Nangia S, Garrison BJ (2009) Ab initio investigation of dissolution mechanisms in aluminosilicate 
minerals. J Phys Chem A 113:1343-1352

Nangia S, Garrison BJ (2008) Reaction rates and dissolution mechanisms of quartz as a function of pH. J Phys 
Chem A 112:2027-2033

Nangia S, Garrison BJ (2009) Ab initio study of dissolution and precipitation reactions from the edge, kink, and 
terrace sites of quartz as a function of pH. Mol Phys 107:831-843

Neal AL, Rosso KM, Geesey GG, Gorby YA, Little BJ (2003) Surface structure effects on direct reduction of 
iron oxides by Shewanella oneidensis. Geochim Cosmochim Acta 67:4489-4503

Nobes RH, Akhmatskaya EV, Milman V, White JA, Winkler B, Pickard CJ (2000) An ab initio study of 
hydrogarnets. Am Mineral 85:1706-1715

Ockwig NW, Greathouse JA, Durkin JS, Cygan RT, Daemen LL, Nenoff TM (2009) Nanoconfined water in 
magnesium-rich 2:1 phyllosilicates. J Am Chem Soc 131:8155-8162

Oganov AR, Brodholt JP (2000) High-pressure phases in the Al2SiO5 system and the problem of aluminous 
phase in the Earth’s lower mantle: Ab initio calculations. Phys Chem Minerals 27:430-439

Oganov AR, Price GD, Scandolo S (2005) Ab initio theory of planetary materials. Z Kristallogr 220:531-548
Patterson EV, Cramer CJ, Truhlar DG (2001) Reductive dechlorination of hexachloroethane in the environment. 

Mechanistic studies via computational electrochemistry. J Am Chem Soc 123:2025-2031
Penn RL, Zhu C, Xu H, Veblen DR (2001) Iron oxide coatings on sand grains from the Atlantic coastal plain: 

High-resolution transmission electron microscopy characterization. Geology 29:843-846
Perdew JP, Chevary JA, Vosko SH, Jackson KA, Pederson MR, Singh DJ (1992) Atoms, molecules, solids, and 

surfaces: Applications of the generalized gradient approximation for exchange and correlation. Phys Rev 
B 46:6671-6687

Perdew JP, Burke K, Ernzerhof M (1996) Generalized gradient approximation made simple. Phys Rev Lett 
77:3865-3868

Perry RA, Atkinson R, Pitts JN Jr (1976) Rate constants for the reactions OH + H2S → H2O + SH and OH + NH3 
→ H2O + NH2 over the temperature range 297-427 K. J Chem Phys 64:3237-3239

Pöhlmann M, Benoit M, Kob W (2004) First-principles molecular-dynamics simulations of a hydrous silica 
melt: Structural properties and hydrogen diffusion mechanism. Phys Rev B 70:184709

Qian Z, Feng H, Zhang Z, Yang W, Wang M, Wang Y, Bi S (2009) Theoretical exploration of the water exchange 
mechanism of the polyoxocation GaO4Al12(OH)24(H2O)12

7+ in aqueous solution. Geochim Cosmochim 
Acta 73:1588-1596



Author's Copy
Application of Minnesota Density Functionals 35

Qu, X, Zhang Q, Wang W (2006) Degradation mechanism of benzene by NO3 radicals in the atmosphere: A 
DFT study. Chem Phys Lett 426:13-19

Rappé AK, Casewit CJ, Colwell KS, Goddard WA III, Skiff WM (1992) UFF, a full periodic table force field for 
molecular mechanics and molecular dynamics simulations. J Am Chem Soc 114:10024-10035

Reich M, Utsunomiya S, Kessler SE, Wang L, Ewing RC, Becker U (2006) Thermal behavior of metal 
nanoparticles in geologic materials. Geology 34:1033-1036

Reiher M, Salomon O, Hess BA (2001) Reparameterization of hybrid functionals based on energy differences 
of states of different multiplicity. Theo Chem Acc 107:48-55

Sakamura H, Tsuchiya T, Kawamura K, Otsuki K (2003) Large self-diffusion of water on brucite surface by ab 
initio potential energy surface and molecular dynamics simulations. Surf Sci 536:396-402

Sauer J (2006) Proton transfer in zeolites. In: Hydrogen-Transfer Reactions. Volume 2. Hynes JT, Klinman JP, 
Limbach HH, Scowen RL (eds) Wiley-VCH, Weinheim, p 685-707

Savage KS, Stefan D, Lehner SW (2008) Impurities and heterogeneity in pyrite: Influences on electrical 
properties and oxidation products. Appl Geochem 23:103-120

Schreiner PR, Fokin AA, Pascal Jr RA, de Meijere A (2006) Many density functional theory approaches fail to 
give reliable large hydrocarbon isomer energy differences. Org Lett 8:3635-3638

Schultz N, Zhao Y, Truhlar DG (2005a) Databases for transition element bonding. J Phys Chem A 109:4388-
4403

Schultz N, Zhao Y, Truhlar DG (2005b) Density functional for inorganometallic and organometallic chemistry. 
J Phys Chem A 109:11127-11143

Schwegler E, Sharma M, Gygi F, Galli G (2008) Melting of ice under pressure. Proc Nat Acad Sci USA 
105:14779-14783

Scuseria GE, Staroverov VN (2005) Progress in the development of exchange-correlation functionals. In: 
Theory and Application of Computational Chemistry: The First 40 Years. Dykstra CE, Frenking G, Kim 
KS, Scuseria GE (eds) Elsevier, Amsterdam, p 669-724

Scuseria GE, Henderson TM, Sorensen DC (2008) The ground state correlation energy of the random phase 
approximation from a ring coupled cluster doubles approach. J Chem Phys 129:1231101

Sellevåg SR, Nyman G, Nielsen CJ (2006) Study of the carbon-13 and deuterium kinetic isotope effects in the 
Cl and OH reactions of CH4 and CH3Cl. J Phys Chem A 110:141-152

Shambayati S, Blake JF, Wierschke SG, Jorgensen WL, Schreiber SL (1990) Structure and basicity of silyl 
ethers: A crystallographic and ab initio inquiry into the mode of silicon-oxygen interactions. J Am Chem 
Soc 112:697-703

Sorkin A, Iron MA, Truhlar DG (2008) Density functional theory in transition-metal chemistry: relative energies 
of low-lying states of iron compounds and the effect of spatial symmetry breaking. J Chem Theory Comput 
4:307-315

Sousa SF, Fernandes PA, Ramos MJ (2007) General performance of density functionals J Phys Chem A 
111:10439-10452

Southam G, Saunders JA (2005) The geomicrobiology of ore deposits. Econ Geol 100:1067-1084
Stephens PJ, Devlin FJ, Chabalowski CF, Frisch MJ (1994) Ab initio calculation of vibrational absorption and 

circular dichroism spectra using density functional force fields. J Phys Chem 98:11623-11627
Stixrude L, Peacor DR (2002) First-principles study of illite-smectite and implications for clay mineral systems. 

Nature 420:165-168
Strandh H, Pettersson LGM, Sjöberg L, Wahlgren U (1997) Quantum chemical studies of the effects on silicate 

mineral dissolution rates by adsorption of alkali metals. Geochim Cosmochim Acta 61:2577-2587
Szabo-Bardós E, Zsilák Z, Lendvay G, Horváth O, Markovics O, Hoffer A, Töro N (2008) Photocatalytic 

degradation of 1,5-naphthalenedisulfonate on colloidal titanium dioxide. J Phys Chem B 112:14500-
14508

Tao J, Perdew JP, Staroverov VN, Scuseria GE (2003) Climbing the density functional ladder: Nonempirical 
meta-generalized gradient approximation designed for molecules and solids. Phys Rev Lett 91:146401-
146404

To J, Sherwood P, Sokol AA, Bush IJ, Catlow CRA, van Dam HJJ, French SA, Guest MF (2006a) QM/MM 
modelling of the TS-1 catalyst using HPCx. J Mater Chem 16:1919-1926

To J, Sokol AA, Bush IJ, French SA, Catlow CRA (2007) Formation of active sites in TS-1 by hydrolysis and 
inversion. J Phys Chem C 111:14720-14731

To J, Sokol AA, Bush IJ, French SA, Catlow CRA (2008) Hybrid QM/MM investigations into the structure and 
properties of oxygen-donating species in TS-1. J Phys Chem C 112:7173-7185 

To J, Sokol AA, French SA, Catlow CRA, Sherwood P, van Dam HJJ (2006b) Formation of heteroatom active 
sites in zeolites by hydrolysis and inversion. Angew Chem Int Ed 45:1633-1668

To J, Sokol AA, French SA, Kaltsoyannis N, Catlow CRA (2005) Hole localization in [AlO4]0 defects in silica 
materials. J Chem Phys 122:144704

Tommaso DD, Leeuw NHd (2009) Theoretical study of the dimerization of calcium carbonate in aqueous 
solution under natural water conditions. Geochim Cosmochim Acta 73:5394-5404



Author's Copy
36 Zhao & Truhlar

Tossell JA, Sahai N (2000) Calculating the acidity of silanols and related oxyacids in aqueous solution. Geochim 
Cosmochim Acta 64:4097-4113

Tossell JA (2006) Boric acid adsorption on humic acids: Ab initio calculations of structures, stabilities, 11B NMR 
and 11B, 10B isotopic fractionations of surface complexes. Geochim Cosmochim Acta 70:5089-5103

Truhlar DG (2007) Valence bond theory for chemical dynamics. J Comp Chem 28:73-86
Tsipis AC, Orpen AG, Harvey JN (2005) Substituent effects and the mechanism of alkene metathesis catalyzed 

by ruthenium dichloride catalysts. Dalton Trans 2005:2849-2858
Tsuchiya T, Tsuchiya J, Umemoto K, Wentzcovitch (2004) Phase transition in MgSiO3-perovskite in the Earth’s 

lower mantle. Earth Planet Sci Lett 224:241-248
Tsuchiya T, Wentzcovitch RM, Da Silva CRS, De Gironcoli S (2006) Spin transition in megnesiowüsite in 

Earth’s lower mantle. Phys Rev Lett 96:198501
Tuma C, Sauer J (2006) Treating dispersion effects in extended systems by hybrid MP2:DFT calculations—

protonation of isobutene in zeolite ferrierite. Phys Chem Chem Phys 8:3955-3965
Valero R, Gomes JRB, Truhlar DG, Illas F (2008) Good performance of the M06 family of hybrid meta 

generalized gradient approximation density functionals on a difficult case: CO adsorption on MgO(001). 
J Chem Phys 129:124710

Vega-Rodriguez A, Alvarez-Idaboy JR (2009) Quantum chemistry and TST study of the mechanisms and 
branching ratios for the reactions of OH with unsaturated aldehyde. Phys Chem Chem Phys 11:7649-
7658

Vuilleumier R, Sator N, Guillot B (2009) Computer modeling of natural silicate melts: What can we learn from 
ab initio simulations. Geochim Cosmochim Acta 73:6313-6339

Vollmer JM, Stefanovich EV, Truong TN (1999) Molecular modeling of interactions in zeolites: An ab initio 
embedded cluster study of NH3 adsorption in chabazite. J Phys Chem B 103:9415-9422

von Barth U, Hedin L (1972) A local exchange-correlation potential for the spin-polarized case: I. J. Phys. C: 
Solid State Phys 5:1629-1642

Voorhis TV, Scuseria GE (1998) A novel form for the exchange-correlation energy functional. J Chem Phys 
109:400-410

Walker AM, Demouchy S, Wright K (2006) Computer modelling of the energies and vibrational properties of 
hydroxyl groups in α- and β-Mg2SiO4. Eur J Mineral 18:529-543

Warren MC, Ackland GJ (1996) Ab initio studies of structural instabilities in magnesium silicate perovskite. 
Phys Chem Minerals 23:107-118

Winget P, Weber EJ, Cramer CJ, Truhlar DG (2000) Computational electrochemistry: Aqueous one-electron 
oxidation potentials for substituted anilines. Phys Chem Chem Phys 2:1231-1239 [Amendment – (2000) 
2:1871(E)]

Winget P, Cramer CJ, Truhlar DG (2004) Computation of equilibrium oxidation and reduction potentials for 
reversible and dissociative electron-transfer reactions in solution. Theor Chem Acc 112:217-227

Winkler B, Milman V, Payne MC (1994) Orientation, location, and total energy of hydration of channel H2O in 
cordierite investigated by ab-initio total energy calculations. Am Mineral 79:200-204

Winkler B, Milman V, Hennion B, Payne MC, Lee MH, Lin JS (1995) Ab initio total energy study of brucite, 
diaspore and hypothetical hydrous wadsleyite. Phys Chem Minerals 22:461-467

Wodrich MD, Corminboeuf C, Schleyer PvR (2006) Systematic errors in computed alkane energies using 
B3LYP and other popular DFT functionals. Org Lett 8:3631-3634

Wodrich MD, Corminboeuf C, Schreiner PR, Fokin AA, Schleyer PvR (2007) How accurate are DFT treatments 
of organic energies? Org Lett 9:1851-1854

Woodcock HL, Schaefer HF, Schreiner PR (2002) Problematic energy differences between cumulenes and poly-
ynes. J Phys Chem A 106:11923-11931

Wu X, Liu J, Tommaso DD, Iggo JA, Catlow CRA, Bacsa J, Xiao J (2008) A multilateral mechanistic study into 
asymmetric transfer hydrogenation in water. Chem Eur J 14:7699-7715

Zhang Y, Li ZH, Truhlar DG (2007) Computational requirements for simulating the structures and proton 
activity of silicaceous materials. J Chem Theory Comput 3:593-604

Zhao Y, González-García N, Truhlar DG (2005a) Benchmark database of barrier heights for heavy atom transfer, 
nucleophilic substitution, association, and unimolecular reactions and their use to test DFT . J Phys Chem 
A 109:2012-2018

Zhao Y, Lynch BJ, Truhlar DG (2004a) Development and assessment of a new hybrid density functional method 
for thermochemical kinetics. J Phys Chem A 108(14):2715-2719

Zhao Y, Lynch BJ, Truhlar DG (2004b) Doubly hybrid meta DFT: New multi-coefficient correlation and density 
functional methods for thermochemistry and thermochemical kinetics. J Phys Chem A 108:4786-4791

Zhao Y, Lynch BJ, Truhlar DG (2005b) Multi-coefficient extrapolated DFT for thermochemistry and 
thermochemical kinetics. Phys Chem Chem Phys 7:43-52

Zhao Y, Schultz NE, Truhlar DG (2005c) Exchange-correlation functionals with broad accuracy for metallic and 
nonmetallic compounds, kinetics, and noncovalent Interactions. J Chem Phys 123:161103



Author's Copy
Application of Minnesota Density Functionals 37

Zhao Y, Schultz NE, Truhlar DG (2006) Design of density functionals by combining the method of constraint 
satisfaction with parametrization for thermochemistry, thermochemical kinetics, and noncovalent 
interactions. J Chem Theory Comput 2:364-382

Zhao Y, Tishchenko O, Truhlar DG (2005d) How well can density functional methods describe hydrogen bonds 
to p acceptors? J Phys Chem B 109:19046-19051

Zhao Y, Truhlar DG (2004) Hybrid meta DFT methods for thermochemistry, thermochemical kinetics, and 
noncovalent interactions. J Phys Chem A 108:6908-6918

Zhao Y, Truhlar DG (2005a) Benchmark databases for nonbonded interactions and their use to test DFT. J Chem 
Theory Comput 1:415-432

Zhao Y, Truhlar DG (2005b) Design of density functionals that are broadly accurate for thermochemistry, 
thermochemical kinetics, and nonbonded interaction. J Phys Chem A 109:5656-5667

Zhao Y, Truhlar DG (2005c) How well can new-generation density functional methods describe stacking 
interactions in biological systems? Phys Chem Chem Phys 7:2701-2705

Zhao Y, Truhlar DG (2005d) Infinite-basis calculations of binding energies for the hydrogen bonded and stacked 
tetramers of formic acid and formamide and their use for validation of hybrid DFT and ab initio methods. 
J Phys Chem A 109:6624-6627

Zhao Y, Truhlar DG (2006a) A density functional that accounts for medium-range correlation energies in organic 
chemistry. Org Lett 8:5753-5755

Zhao Y, Truhlar DG (2006b) A new local density functional for main group thermochemistry, transition metal 
bonding, thermochemical kinetics, and noncovalent interactions. J Chem Phys 125:194101

Zhao Y, Truhlar DG (2006c) Assessment of density functional theory for π systems: Energy differences between 
cumulenes and poly-ynes and proton affinities, bond length alternation, and torsional potentials of 
conjugated polyenes, and proton affinities of conjugated Schiff bases. J Phys Chem A 110:10478-10486

Zhao Y, Truhlar DG (2006d) Assessment of model chemistry methods for noncovalent interactions. J Chem 
Theory Comput 2:1009-1018

Zhao Y, Truhlar DG (2006e) Comparative assessment of density functional methods for 3d transition-metal 
chemistry. J Chem Phys 124:224105

Zhao Y, Truhlar DG (2006f) Comparative DFT study of van der Waals complexes. J Phys Chem A 110:5121-
5129

Zhao Y, Truhlar DG (2006g) Density functional for spectroscopy: no long-range self-interaction error, good 
performance for Rydberg and charge-transfer states, and better performance on average than B3LYP for 
ground states. J Phys Chem A 110:13126

Zhao Y, Truhlar DG (2007a) Attractive noncovalent interactions in the mechanism of Grubbs second-generation 
Ru catalysts for olefin metathesis. Org Lett 9:1967-1970

Zhao Y, Truhlar DG (2007b) Density functionals for noncovalent interaction energies of biological importance. 
J Chem Theory Comput 3:289-300

Zhao Y, Truhlar DG (2007c) How well can new-generation density functionals describe protonated epoxides 
where older functionals fail? J Org Chem 72:295-298

Zhao Y, Truhlar DG (2008a) Benchmark data for interactions in zeolite model complexes and their use for 
assessment and validation of electronic structure methods. J Phys Chem C 112:6860-6868

Zhao Y, Truhlar DG (2008b) Construction of a generalized gradient approximation by restoring the density-
gradient expansion and enforcing a Tight Lieb-Oxford bound. J Chem Phys 128:184109

Zhao Y, Truhlar DG (2008c) Density functionals with broad applicability in chemistry. Acc Chem Res 41:157-
167

Zhao Y, Truhlar DG (2008d) Exploring the limit of accuracy of the global hybrid meta density functional for 
main-group thermochemistry, kinetics, and noncovalent interactions. J Chem Theory Comput 4:1849-
1868

Zhao Y, Truhlar DG (2008e) The M06 suite of density functionals for main group thermochemistry, 
thermochemical kinetics, noncovalent interactions, excited states, and transition elements. Theor Chem 
Acc 120:215-241

Zheng J, Zhao Y, Truhlar DG (2009) The DBH24/08 database and its use to assess electronic structure model 
chemistries for chemical reaction barrier heights. J Chem Theory Comput 5:808-821

Zhu L, Letaief S, Liu Y, Gervais F, Detellier C (2009) Clay mineral-supported gold nanoparticles. Appl Clay 
Sci 43:439-446

Zwijnenburg MA, Sousa C, Sokol AA, Bromley ST (2008) Optical excitations of defects in realistic nanoscale 
silica clusters: Comparing the performance of density functional theory using hybrid functionals with 
correlated wavefunction methods. J Chem Phys 129:14706




