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In this project, we have devised a range of computational quantum chemistry
methodologies for the calculation of properties of generic molecular species as well as materials
systems. These include highly accurate wavefunction procedures as well as computationally efficient
density functional theory (DFT) methods. Specifically, two composite protocols, "WG" and "WGh", and

two DFTs, "HSEB"™ and "reHISS", have been formulated. They represent a complete set of methods
suitable for all quantum chemistry investigations.
We have used these methods to tackle chemical problems in biology (e.g., oxidation of DNAs and
proteins) and materials systems (e.g., electrical and photochemical properties of metal-organic
frameworks) .

In total, this project has directly and indirectly lead to about 20 internationally peer-reviewed
publications. The results have also been presented in multiple international conferences.
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( Computational
quantum chemistry utilizes fundamental
laws of physics to enable, from first princi-
ples, the prediction of a vast range of
chemical properties (e.g., molecular geom-
etries and energies, macroscopic thermo-
chemical and kinetic quantities, and spec-
troscopic properties). It has revolution-
ized how chemistry is conducted, with the
surge in the popularity of computational
chemistry owing to a large extent to the
appreciable development of more accurate
and efficient quantum chemistry proce-
dures. After decades of substantial de-
velopments in computational chemistry, it
is becoming more apparent that there re-
mains largely untapped potential for fur-
ther converging to the goal of accurate
computation with a wide applicability and
rapid turnover.)
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( It is currently
possible to computationally investigate
sizable molecular systems such as proteins

and carbon nanotubes. However, the best
choice of (relatively approximate) compu-
tational method and their associated un-
certainty are usually unclear. In more
conventional areas of chemistry where the
systems of interest are more manageable
in size, more accurate methods such as
“density functional theory” (DFT) are reg-
ularly applied. However, their accuracies
still fall short of the “chemical accuracy”.
Significantly, a greater drawback for DFT
is that, while their average accuracy is
reasonable, there are cases of unacceptably
larger errors. Although quantum chem-
istry methods with general chemical accu-
racy and precision already exist, they are
computationally very demanding and their
use 1s out of reach for the majority of
chemical applications. In response, this
project aim to create quantum chemistry
methods with comprehensive chemical ac-
curacy and are rapidly applicable to real-
istic systems.)
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( This project tar-

gets two specific types of methodologies
because of their potential for significantly
broaden the scope of computational chem-
istries. They are composite protocols and
DFT methods. Composite protocols use a
combination of carefully-chosen methods
that are readily accessible to approximate
the “gold standard” of contemporary
quantum chemistry, namely “CCSD(T)” at
the infinite basis set limit. We use a
combination of state-of-the-art quantum
chemistry techniques such as “explicit



correlation of electrons” and more efficient
truncated basis sets to reduce the compu-
tational requirement of composite protocols,
while at the same time maintain their ac-
curacies with additional zero-cost empiri-
cal methodologies such as component
scaling and valence electron based empir-
ical corrections. In the area of DFT de-
velopment, we use screening of “exact ex-
change” for simultaneous improvements in
the computational efficiency and in the
accuracy for molecular and materials
computations. We perfect the ingredients
of the DFT methods, specifically the type of
“exchange correlation” functionals and the
screening parameters, by optimization for
a large and diverse set of relevant chemical
quantities, and cross validate their accu-
racy with distinct set of independent sys-
tems.)
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( We have in this
project not only devised multiple methods
for the computational of thermochemical
quantities, but also sets of related recom-
mendations for other aspects of computa-
tional quantum chemistry such as optimal
methods for efficient computation of mo-
lecular geometries. Achievements that
are related to the aim of this project in the
most direct manner involve the formula-
tion of the “WG” and “WGh” composite
protocols, and the derivation of the “HSEB”
and “reHISS” series of screened-exchange
DFT methods. We have validated that
the WG and WGh methods have a con-
sistent chemical accuracy over a wide
range of molecular thermochemical, kinetic
and physical chemical properties. They
however are capable of computing species
that are more than five times as large as
the limit of methods with similar accura-
cies. In addition, when we compare WG
and WGh with methods of similar accuracy
for the computation of the same system,
WG and WGh accomplish the calculations
ten times or more faster.

The HSEB and reHISS functionals are
based on existing DFT methods that are
physically sound but non-optimal in terms
of parametrization. Our proof-of-principle
reoptimizations that lead to the new
methods already result in notable im-
provements in the accuracy, with room for
further enhancements. In other less di-
rectly related areas of research, we have
applied the new methods as well as some
existing ones to, for example, the elucida-
tion of the mechanism for oxidative dam-
age to proteins and DNAs, as well as the
phenomena of spontaneous and electro-
chemical induced charge transfer in next
generation materials such as metal organic
frameworks.

These results have now paved the way
for advanced computational quantum
chemistry investigations into systems with
real-world relevance. Notably, with these
new methods, we can now perform highly
accurate computations on large molecular
systems that were not possible. We now
can also accurately predict materials
properties with unprecedented confidence.
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