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ABSTRACT

This article summarizes technical advances contained in the fifth major release of the Q-Chem quantum chemistry program package, cov-
ering developments since 2015. A comprehensive library of exchange-correlation functionals, along with a suite of correlated many-body
methods, continues to be a hallmark of the Q-Chem software. The many-body methods include novel variants of both coupled-cluster and
configuration-interaction approaches along with methods based on the algebraic diagrammatic construction and variational reduced density-
matrix methods. Methods highlighted in Q-Chem 5 include a suite of tools for modeling core-level spectroscopy, methods for describing
metastable resonances, methods for computing vibronic spectra, the nuclear-electronic orbital method, and several different energy decom-
position analysis techniques. High-performance capabilities including multithreaded parallelism and support for calculations on graphics
processing units are described. Q-Chem boasts a community of well over 100 active academic developers, and the continuing evolution of the
software is supported by an “open teamware” model and an increasingly modular design.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0055522

I. INTRODUCTION instead of the laboratory for increasingly many facets of

The era of electronic computing began with the “ENIAC” chemical information, is already at hand.

machine,’ developed at the University of Pennsylvania beginning

However, he did caution that
in 1943, and the first commercial machines began to be pro-

¥€:6L:LL ¥20T Iudv 61

duced around 1950. Although originally developed for military ... at the present time the rapid progress which could be

applications, molecular physics was not far behind.” The exis- made even with existing machine programs is not being

tence of these machines in universities led to the first develop- made, simply because available funds to pay for machine

ment of quantum chemistry software starting in the mid-1950s.’ time are far too limited.

Prognosticating on the future of electronic structure theory in his

1966 Nobel Lecture, Mulliken stated that" In the ensuing half-century, the problem of inadequate funds

was resolved by the revolution in inexpensive computer hardware
... the era of computing chemists, when hundreds if not that traces its origin to the invention of the integrated circuit in
thousands of chemists will go to the computing machine the late 1950s and the microprocessor in the mid-1970s. Perhaps
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FIG. 1. Development of leading edge computer capabilities, as documented
through the performance of the world’s top 500 supercomputers, as measured
on dense linear algebra in units of double precision floating-point operations per
second (Flops/s). The data are adapted from Top500.0rg and compared against
the performance of an eight-core laptop, which evidently has performance compa-
rable to the world’s fastest supercomputer of the mid-1990s to late-1990s.

ironically, a desire for realistic simulation in computer games has
led to such a massive market for high-performance hardware that
today’s laptop computers have the power of the world’s most
powerful supercomputer from the mid-1990s, as shown in Fig. 1.

ARTICLE scitation.orgljournalljcp

It is also worth noting that the roughly 100 W power consumption
of today’s eight-core laptop is an impressive 5000x smaller than
the corresponding supercomputer (e.g., the Fujitsu Numerical Wind
Tunnel Computer, which was No. 1 in 1996, consumes 500 kW). At
the other extreme, computing resources well into the terascale are
routinely available on computer clusters, and leadership supercom-
puting is in the midst of a transition from petascale toward exascale
computing.

This revolution in computer hardware is only meaningful to
practicing chemists if corresponding software is available to enable
straightforward and realistic simulation of molecules, molecular
properties, and chemical reaction pathways. The first electronic
structure codes were already working at the time of Mulliken’s
Nobel address, and indeed, Charles Coulson had warned in 1959 of
a growing split between theoretical chemists who were numerical
simulators (primarily early code developers) and those who
developed chemical concepts.” Today one would rather say that
quantum chemistry calculations are simulations whose results
represent numerical experiments. Just like real experiments, results
from these in silico experiments (even if reliable) must still be
understood in conceptual terms, to the extent possible. The
aspirations of early electronic structure codes are reflected in pro-
gram names such as Poivatom,® and such efforts rarely achieved
useful accuracy or else did so via fortuitous cancellation of errors.”
However, today there are many useful program packages including
~ 20 that are actively developed and supported.®

One of those is the Q-Chem project, which began in the
late 1992.° Since its inception, Q-Chem has operated as a large
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FIG. 2. Statistics showing Q-Chem developer activity since 2006. Top: total number of code commits, organized chronologically by month. The color of each monthly entry
indicates the number of individual developers who made commits. (Light blue is single-digit numbers, and the January 2021 peak represents about 50 developers committing
code that month.) Bottom: growth of the developer base broken down into existing developers vs those who committed code for the first time. The inset depicts the total

number of commits by the 50 most prolific developers.
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collaboration that defines its genre as open teamware scientific
software.”!’ The Q-Chem source code is open to a large group
of developers that currently includes more than 100 individuals
in at least 9 countries. Developers can submit their contributions
for inclusion in the official releases as long as the changes do not
violate the integrity of the overall package and are scientifically
sound. In addition, several Q-Chem modules are distributed as open
source software.!!"'” Figure 2 illustrates some statistics regarding
developer activity derived from the Q-Chem source code reposi-
tory logs. These data provide clear evidence of the sustained growth
of the developer community and the code itself over the past
decade.

The Q-Chem collaboration has delivered useful and reliable
quantum chemistry software over the course of five major releases
(as documented in earlier review articles)'®*’ and ~15 minor
releases. The present paper addresses progress made since 2015 by
the relatively large team of academic developers and the relatively
small team of professional programmers who contribute to the pack-
age. The authors of this paper’'’ represent contributors to Q-Chem
v. 4 and v. 5, while contributors to earlier versions are recognized in
overview articles describing v. 2,'* v. 3,"” and v. 4.

The remainder of this paper is organized as follows: Sec. II
provides an overview of density functional theory (DFT) capabilities
in Q-Chem, including a survey of the 200+ exchange-correlation
(XC) functionals that are presently available (Sec. 11 A).”! A variety
of excited-state DFT capabilities are described in Sec. II C, including
time-dependent (TD-)DFT in both its linear-response and its
explicitly time-dependent (“real-time”) versions. Next, Sec. III
describes single-reference correlated wave function methods
and other many-body capabilities, while Sec. IV describes
multireference methods. Section V highlights some specialty
features, including methods for computing core-level (x-ray)
excitation spectra, methods for describing metastable resonance
states, methods for computing vibronic lineshapes, and finally the
nuclear—electronic orbital (NEO) method for describing proton
quantum effects. Section VI surveys methods for describing
a molecule’s extended environment [e.g., quantum mechan-
ics/molecular mechanics (QM/MM), dielectric continuum, and
embedding methods]. Energy decomposition analysis methods are
described in Sec. VII. Section VIII describes the Q-Chem software
development environment, and Sec. IX provides an overview of
high-performance capabilities, including multithreaded parallelism
and algorithms that exploit graphics processing units (GPUs).
Section X describes graphical user interfaces (GUISs). Finally, Sec. X1
provides a wrap-up and a glimpse toward the future.

Il. DENSITY FUNCTIONAL THEORY

Standard quantum mechanics, including wave function-based
quantum chemistry, employs an approximate N-electron wave
function |¥) to evaluate the energy, E = (¥|H|¥). By contrast, DFT
is based on the Hohenberg-Kohn theorems,””*>