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The eChem project features an e-book published as a web page (https://bit.ly/e-chem), collecting a
repository of Jupyter notebooks developed for the dual purpose of explaining and exploring the underlying
theory behind computational chemistry in a highly interactive manner as well as providing a tutorial-based
presentation of the complex workflows needed to simulate embedded molecular systems of real biochemical
and/or technical interest. For students ranging from beginners to advanced users, the eChem book is well
suited for self-directed learning, and workshops led by experienced instructors for targeting student bodies
with specific needs and interests can readily be formed from its components. The members of the eChem
team are engaged in both education and research and as a mirroring activity, we develop the open-source
software upon which this e-book is predominantly based. The overreaching vision and goal of our work is to
provide a science- and education-enabling software platform for quantum molecular modeling on contemporary
and future high-performance computing systems, with the resulting development and workflows now being

documented in the eChem book.

I. INTRODUCTION

Theoretical chemistry has made tremendous progress
in the past few decades and is today an indispensable
tool in all fields of molecular science, exemplified by bio-
chemistry and nanotechnology, where it can be employed
to reveal the microscopic origins of functionality and in-
teractions as well as to tune performance and guide syn-
thesis. As such, computational chemistry has matured
to a highly active field, capable of modeling a plethora
of chemical processes. However, due to the complexity
of the problems being addressed, as well as the multi-
tude of available software packages, this may seem like a
daunting task, both for new users and also experienced
users facing a need to adopt computational methodolo-
gies outside their own toolbox. At the other end, the link
between the equation and the computer implementation
found in existing software can be vague at best. As such,
more user-friendly software tools, interactive education,
and instructive tutorials and workflows are important.
For the educational aspects, we would argue that to reach
deep levels of understanding, it is beneficial to blend in
components of exploration by students themselves and,
being computational scientists, we advocate the use of an
interactive framework such as Jupyter Notebook.! With
these modern, flexible software packages and frameworks,
we are more capable than ever of providing a blended
learning platform for interactive, easily adaptable, com-
putational workflows and deep explorations into the un-
derlying theory. In this way, students can create their
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own algorithms and solutions for the physical processes
at hand, reaching an understanding in line with the quip:

What I cannot create, I do not understand.
—Richard Feynman

In this article we present the eChem project, which
seeks to do precisely that. This project serves a dual
task, both bringing down the sometimes opaque theory
of quantum chemistry to a more concrete level, including
explicit computations alongside derivation of important
theories in computational chemistry, as well as by includ-
ing more advanced tutorials showing various aspects of
state-of-the-art modeling of chemical processes, including
explicit instructions in how to consider theses processes.
As such, the project is aimed for a large width of reader-
ship, ranging from undergraduate students just entering
their first course in theoretical chemistry, to experienced
researchers who need to freshen up aspects of theory and
modeling, or who are moving into a field of study they
are not yet that familiar with.

The framework we have chosen to use is Jupyter Note-
book,! which can be used to build web pages through
the Jupyter Book project.? Jupyter is an increasingly
popular interactive web tool? which can combine code,
data collection, text, calculations, and more. We use
the Python version of it, which has as predecessor the
IPython project,® which Nature placed on a list of ten
codes that transformed science,® due to the ease of con-
ducting, communicating, and teaching science. Jupyter
has indeed been used in a number of influential studies,
including contributing to the discovery of gravitational
waves in 2016,% and the first imaging of a black hole in
2019.7 It has been noted that Jupyter has seen a massive
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growth, with the number of public notebooks increasing
from 200,000 in 2015, to over 10,000,000 in 2021.3° The
software can easily be installed on any operating system,
and is run through a web interface, with a kernel running
either on a local computer or through a cluster- or cloud-
based service. A notebook then consists of any number
of cells with text or executable code, which can be run in
any order. This gives a large flexibility for exploration,
explanation, and execution, although care needs to be
taken as there is always a risk that the non-linear use of
blocks can make the code messy.?59

The educational benefits of interactive notebooks have
been realized in many fields, with examples in, e.g.,
bioscience and informatics,'® and radiology physics.'!
In chemistry, specifically, notebooks have been devel-
oped on the topics of scientific computing,'?!3 analytical
chemistry,'* stochastic simulations of processes,'® labs
in physical chemistry,'® machine learning,'”'® molecular
docking,'® or to explain basic concepts like the hydrogen
molecule,?® the particle in a box,2! reciprocal space,??
and more. It has been noted that deeper insights are
gained after using interactive notebooks,?! and students
have been seen to quickly adopt Jupyter notebooks also
for other courses.'? Notebooks can be implemented in
a problem-based learning protocol,?* and it is particu-
larly interesting to be able to use research-grade compu-
tational chemistry software.?3 In addition, projects such
as nbgrader simplify the use of notebooks for exercises
by facilitating assignments.?*

The eChem project uses a variety of quantum chemi-
cal software packages for providing the routines necessary
to carry out the calculations. The primary packages are
those developed by us, including VeloxChem,?® MultiPsi,
and Gator.? Some additional quantum chemical soft-
ware routines from adcc?” and PySCF?%29 are also used,
together with semiempirical methods from xTB.3%3!
Such semiempirical approaches are increasingly capable
of providing structures and sampling of conformational
spaces close to high-level quantum mechanical calcula-
tions, while requiring limited parameter fitting.?! 33 Rou-
tines from geomeTRIC,?>* and OpenMM?® are used for
structure relaxation and, respectively, for semi-classical
or classical dynamics. For analysis and visualization, rou-
tines in NumPy,?¢ matplotlib,3” py3Dmol,*®3 and k3d
are used. These software suites are chosen for their per-
formance and ease of use, as well as having a Python layer
from which calculations can be run, enabling easy ma-
nipulation, exploration, and development. Furthermore,
we favor free and open-source software packages, which
enable wider adoption, improved user friendliness, flexi-
bility, and a democratization of science.*’*! The move to
more interactive software modules and improving inter-
operability between software packages has been realized
by many groups,?®29:40:42-46 including program packages
and projects with education in mind.*” 5% Projects such
as PsidNumPy also include a number of tutorials for ex-
plaining the underlying theory,*” and thus have some ad-
ditional overlap with the eChem project. Other frame-

works include the Open Chemistry project,*! which fo-
cuses on the interactive production, sharing, and visu-
alization of quantum chemical data on the web, using
Jupyter as a platform.

In the following, we describe the philosophy of the
eChem project, considering its dual purpose of educa-
tion and exploration. We then outline the current con-
tents of the e-book, briefly describing what is contained
in each part. We stress that we are here concerned with
today’s snapshot version of the book, but that it is a
living document that is expected to change over time.
For example, the chapters on molecular dynamics and
polarizable embedding are knowingly incomplete and tu-
torials on photochemistry and other important fields are
being developed. The use of this e-book for education
is then discussed, including self-directed and workshop
situations, as well as our experiences in teaching using
eChem. In closing, we provide outlooks focused on the
future expansion of the e-book, and general conclusions.

Il. OUR PHILOSOPHY

The “e” in eChem can refer to electronic as well as ed-
ucational. The goal of this project and our software de-
velopment is to be both science- and education-enabling,
providing a comprehensive and living repository of the-
ory, workflows, and tutorials. The living descriptor
means that the eChem web page is subject to constant
changes, being updated with new and improved discus-
sions of underlying theory, as well as workflows and il-
lustrations of our most recent research efforts. Together
with the ability of providing numerical examples and tu-
torials, this approach has major advantages over a more
static printed book, an idea which was originally consid-
ered but subsequently discarded. This means that the
book is never finished, and portions of it are in a rather
preliminary state—this article thus focuses on the parts
that are sufficiently polished at the time of writing.

The term science-enabling refers in this context to
workflows and recommendations for a wide range of
methodologies and applied studies, providing a very
transparent overview of how we model a range of chem-
ical processes. For this, we require software capable of
considering dense 3D systems of large size (with stable
and reliable solvers), excited states of diffuse character,
time-efficient prototyping of novel methods, providing
transparent exposure of data and data-structures to en-
able in-depth analysis, interaction with other software
packages, and programs suitable for both laptops and
top high performance computing (HPC) resources. The
exploratory and flexible nature of a Jupyter framework
here benefits novices and veterans in the field alike, en-
abling the use of novel computational workflows, interac-
tive computations and analysis, and rapid development
cycles. For instance, during the writing of the eChem
book the authors appreciated how easily unusual work-
flows and examples could be implemented and visualized,



resulting in many examples illustrated on the web page.

In the context of education-enabling, the notion of
deep learning refers to taking each student’s understand-
ing of the subject matter to another (deeper) level. Our
experience tells us that the process of implementing
methods to solve fundamental equations is supremely ef-
ficient as a means to achieve that type of deeper learning
and understanding, but only a small number of students
are granted this opportunity as many core modules of
scientific software were written a long time ago and have
often been made obscure by code optimization. We be-
lieve that a core issue is that humans are not good at
learning in abstract terms. We can get very far with a
lecture or a textbook, but we will never build as much
intuition about how a clock works as by simply break-
ing one apart and rebuilding it from scratch. This is
exactly the aim of the eChem book, allowing a hands-
on approach to computational chemistry. Together, we
dismantle the black box that a computational chemistry
code often seems to be, go through all the cogs and gears,
and build back together some of the main computational
methods of modern computational chemistry. Discus-
sions of theory are thus interspersed with numerical ex-
amples, bringing the material beyond a more opaque dis-
cussion and into the realm of deep learning. This, cou-
pled with the exploratory nature of notebooks and the
ample opportunities for visualizing complex theory, ben-
efits the interest in and deep understanding of complex
subjects.

Finally, an important part of our philosophy is that re-
search and education should, as far as possible, be freely
and easily available as well as user-friendly. As such, we
favor software packages that are free and open-source,
easy to install with a common package managing tool,
and offering interoperability at the Python level. We
have chosen Jupyter Notebook as our vehicle for inter-
active computations. We note that, historically, such
a choice has suffered from lower performance than run-
ning more specialized codes written in, for instance, For-
tran through a batch queuing system, but developments
made to combine Python modules with C++ routines for
compute-intensive parts as well as frameworks such as
JupyterHub to access powerful computational resources
is constantly diminishing this gap. In this new landscape,
we believe that the decrease in cognitive cost reached
by adapting computational protocols to the sequentially
operating (single-core) brain®! rather than multi-tasking
computers often outweighs the increase in wall time.

I1l. THE ECHEM BOOK

The title page of the eChem book is shown in Fig. 1.
The book is composed of six parts with underlying chap-
ters and sections, intertwining theory with numerical ex-
amples and analyses. The first part titled Tutorials and
workflows focuses on practical calculation and analysis of
spectra and properties, and the parts following this are

more directed toward a discussion of the underlying the-
ory. Notebook markdown cells with text and equations
presenting the theory are intertwined with code cells im-
plementing the said expressions. These code cells, which
also perform insightful calculations with associated figure
illustrations, are key to the deeper student learning, not
least since they are made available for download and fur-
ther curiosity-driven exploration. A simple example de-
voted to the concept of electron correlation is illustrated
in Fig. 2.

The compilation of the many separate notebooks into
one coherent and interlinked eChem book is based on
the Jupyter Book project.? The entire stack of software
needed to create the book can be installed as follows

conda env create -f echem.yml

where the echem. yml file, provided on the web page, con-
veniently defines all dependencies. Conda is an open-
source package and environment management system
that first needs to be installed and it runs under any
of the three main operating systems: Windows, MacOS,
and Linux. The Conda package manager gives access to
the Anaconda repository of scientific software, featuring
environment encapsulation.

A. Tutorials and workflows

This first part of the eChem book demonstrates how
one or several software programs (or modules) are used
to perform commonly conducted modeling in theoretical
chemistry and how the notebook approach to simulations
naturally promotes software interoperability. A choice
was made here to deviate from a conventional textbook
structure where theory would typically be presented be-
fore applications. The underlying reason for doing so is
well captured by an ancient quote that is also found on
the title page of the eChem book:

For the things we have to learn before we can
do them, we learn by doing them. —Aristotle

Moreover, this choice was made with the more ad-
vanced user in mind that has already grasped the under-
lying principles and methods of theoretical chemistry and
is in need of learning about methodologies and practicali-
ties. We feel that turning the order of presentation of the
material upside down in this way can be done in the for-
mat of an e-book without compromising readability ow-
ing to the opportunity to introduce ample cross-linking
between pages. The tutorial topic selection reflects the
present research activities of the current members of the
eChem team, and will be expanded in the future.

1. Vibrational spectroscopies

This chapter shows how IR and Raman spectra are
computed in practice using VeloxChem. The sections go
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FIG. 1. Title page of the eChem book.

through all the practical steps, from geometry optimiza-
tion to computing the Hessian and performing the vibra-
tional analysis. From an educational perspective, it offers
students the possibility to explore the origins of IR and
Raman peaks by computing the molecular dipole moment
and polarizability along different vibrational modes and
by comparing similar molecules that differ, for example,
by only one atom substitution.

2. UV/vis spectroscopies

In this chapter the computation of UV /vis spectra are
considered, primarily using time-dependent density func-
tional theory (TDDFT), the algebraic diagrammatic con-
struction (ADC) approach, and multi-reference methods.
Different methods of resolving spectral features, includ-
ing the resolution of individual eigenstates or calculating
the damped linear response function, are considered, dis-
cussing the pros and cons of each approach. Exercises
considers the reliable calculation and analysis of the ex-
cited states of an arbitrary molecule, as well as ways of
lowering computational costs.

3. X-ray spectroscopies

The modeling of X-ray spectra is discussed primar-
ily in the context of ADC and TDDFT, considering X-
ray photoelectron, X-ray absorption, and X-ray emis-
sion spectroscopy (XPS, XAS, and XES, respectively),
as well as resonant inelastic X-ray scattering (RIXS).%?
Various challenges relating to modeling these processes,
such as strong relaxation and relativistic effects, are con-
sidered, and technical aspects of carrying out the cal-
culations (optimizing core-hole states, using core-valence
separation for considering core-excitations, and more) are
discussed. More non-standard calculations are also in-
cluded, which illustrate the flexibility of the frameworks
in use. The chapter closes with some general recommen-
dations of which levels of theory are suitable for modeling
these processes—this is obviously biased by the experi-
ences of the authors—and exercises for illustrating chem-
ical shifts, the calculation and assignment of spectra, and
more.

B. Electronic ground states

This second part of the eChem book gives an intro-
duction to standard electronic structure methods used to



Correlation energy

Electron correlation arises from two primary sources namely the fermionic nature of
electrons and the interaction between electrons. From the perspective of the Hartree—
Fock method the first but not the second source is accounted for, and as a measure of this
discrepancy the correlation energy is defined as

Eeorr = Eexact — Bur

In work with approximate methods such as the plethora of wave function models, it is
convenient to introduce a method specific correlation energy following Léwdin [Low80]

Eeorr = Ewr — Eyr

where Ewr is the energy of the molecular system computed by the selected wave
function model.

To illustrate these concepts, we will use the configuration interaction (Cl) method to study
the Hz molecule. The obtained results provide the exact correlation energy within the
chosen basis set.

import veloxchem as vlx

import multipsi as mtp

import matplotlib.pyplot as plt
import numpy as np

np.set_printoptions(precision = 6, suppress = True, linewidth = 170)

mol_str = """
H 0.000000 0.000000 -8.70
H 0.000000 0.000000 0.78

molecule = vlx.Molecule.read_str(mol_str, units='au')
basis = vlx.MolecularBasis.read(molecule, 'sto-3g')

scf_drv = vlx.ScfRestrictedDriver()
scf_drv.compute(molecule, basis)

hf_energy = scf_drv.get_scf_energy()

space = mtp.OrbSpace(molecule, scf_drv.mol_orbs)
space.FCI()

ci drv = mtp.CIDriver()
ci_drv.compute(molecule, basis, space)

ci_energy = ci_drv.getEnergy(©)

The correlation energy is small compared to the absolute energy.

print(f"HF energy: {hf_energy : .8f}")
print(f"CI energy: {ci energy : .8f}")
print(f"Correlation energy: {ci_energy - hf_energy : .8f}")

HF energy: -1.11671433
CI energy: -1.13727594
Correlation energy: -0.02056162

FIG. 2. A self-contained eChem notebook showing the in-
tegration of explanatory text with numerical examples, thus
illustrating the easy accessibility of concepts in theoretical
chemistry.

describe electronic ground states. Methods presently in-
cluded are Hartree—Fock (HF'), density functional theory
(DFT), configuration interaction (CI), Mgller—Plesset
(MP) perturbation theory, and multi-configuration (MC)
state approaches such as the complete active space self-
consistent field (CASSCF) method. This selection will
be expanded as to encompass also other commonly used
quantum chemistry methods.

1. General aspects

In this chapter, we introduce fundamental concepts of
molecular quantum mechanics and set the notation for

other parts of the book. We present one- and many-
electron wave functions in line with the Pauli princi-
ple, and systematically construct the Hilbert spaces in
which the wave functions reside with the use of Kro-
necker products. The introduction of operators acting
on the elements of these vector spaces follows suit with
distinctly separated actions for the orbital- and spin-
degrees of freedom. Owing to its importance, the molec-
ular Hamiltonian is given a detailed treatment, with the
electronic part introduced on the basis of the adiabatic
Born-Oppenheimer approximation. The interpretation
of quantum mechanics is probabilistic and the one- and
two-electron densities therefore take center stage in quan-
tum chemistry, leading to a discussion about electron
correlation. Here, the eChem book shows its strength
by being able to provide the student with visual aids to
understand this difficult topic of ubiquitous importance,
see Fig. 3.
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FIG. 3. An eChem illustration of two-particle densities along
the internuclear axis of carbon monoxide, with electrons 1 and
2 positioned at the carbon nucleus and along the internuclear
axis, respectively. The same (top) and opposite (middle) spin
densities are depicted, clearly showing a Fermi hole at the
carbon nucleus for the same spin density (bottom).



2. Wave function theory

The foundation of wave function approaches in quan-
tum chemistry is the HF method. The eChem book
combines a conventional presentation of the underlying
self-consistent field (SCF) theory with an associated in-
tertwined notebook implementation based on the data
exposure of integrals in the NumPy layer of the Velox-
Chem program. The poor SCF convergence in the origi-
nal Roothaan—Hall scheme is illustrated and improved on
with an implementation of the direct inversion in itera-
tive subspace (DIIS) acceleration scheme. The pedagogic
value of directly experiencing the effects of a numerical
scheme in this manner can hardly be overestimated.

The presentation of the CI method introduces the im-
portant concept of orbital spaces to control and limit the
number of determinants in linearly expanded post-HF
wave functions. Class methods in the MultiPsi program
are employed to define orbital spaces, view the resulting
determinants for a given spin multiplicity, and construct
the associated CI Hamiltonian. The section continues
with the considerations of direct and truncated CI tech-
niques that in practical work are imperative to introduce
and the issue and lack of size consistency in truncated CI
is discussed and illustrated.

In contrast, the presentation made in the next sec-
tion of MP perturbation theory ends with an illustration
that this electron correlation method indeed preserves
size consistency.

An extension of CI theory known as multi-
configurational SCF (MCSCF), or CASSCF, is presented
next, including an insight into how the method can be
implemented. This section features an orbital viewer
that serves as a convenient tool when constructing ac-
tive spaces that should be well balanced, see Fig. 4. This
issue can be particularly troublesome upon the breaking
of chemical bonds when static correlation is prevalent.
The dissociation of the O—H bond in water is used as an
illustrative example in this section.

3. Density functional theory

The DFT chapter provides a conventional presenta-
tion of the fundamental Hohenberg—Kohn theorems, the
Kohn-Sham formulation of DFT, and Jacob’s ladder
of exchange—correlation (xc) functionals. More impor-
tantly, the data exposure of grid points and weights in
the NumPy layer of the VeloxChem program enables, in
a separate section, an exploration of the xc kernel inte-
gration that typically is treated in a black-box manner
in teaching as well as research, see Fig. 5. The chap-
ter continues with a modification of the SCF program
from the HF section and with the resulting DFT pro-
gram, the important and sometimes critical artifact of
the self-interactions error in the Kohn—Sham operator is
analyzed and an insightful orbital decomposition is given.

viewer = mtp.orbitalviewer ()
viewer.plot(mol_vlx, bas_vlx, scf_gs.mol_orbs)
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FIG. 4. The OrbitalViewer of MultiPsi, here illustrating the
highest-occupied molecular orbital (HOMO) of thymine. The
viewer also includes a selection tool to aid the choice of a
balanced active space.

grid_drv = vlx.veloxchemlib.GridDriver()

grid_drv.set_level(4) # default level in VeloxChem
mol_grid = grid_drv.generate(molecule)

# grid point coordinates
X = mol_grid.x_to_numpy()
y = mol_grid.y_to_numpy()
z = mol_grid.z_to_numpy()

P = mol_grid.number_of_points()
print('Number of grid points:', P)

Number of grid points: 35884

FIG. 5. Excerpts from the eChem book section illustrating
the exposure in the NumPy layer of data structures—here the
grid point distribution for numerical integration in DFT.



C. Molecular structure and dynamics

This third part of the eChem book discusses and illus-
trates the concepts required to determine relaxed molec-
ular structures and other special points on the potential
energy surface (PES),%%%* as well as to perform ground
and excited state dynamics simulations. The topics in-
clude molecular gradients and Hessians, optimization
methods, together with approaches relevant to molecu-
lar dynamics such as PES interpolation techniques and
force field parametrization.

1. General aspects

We open the part by discussing concepts which are im-
portant to all types of explorations of molecular poten-
tial energy surfaces. Here we address the different types
of coordinates that can be used to describe the molecu-
lar structure, from Cartesian to different internal coordi-
nates,® as well as methods to transform from one type
to another. Additionally, a section on how force fields
are parameterized to describe bonded or non-bonded in-
teractions is also included.

2. Gradients

We here provide an in-depth dive into the way that an-
alytical energy and property gradients are derived. The
chapter starts with the general Lagrange formalism which
can be used in any type of analytical gradient deriva-
tion, followed by examples of energy gradients in the
ground state (HF, DFT, MP2), and excited states (CIS,
TDDFT). Additionally, the way that property gradients,
such as the dipole moment gradient and the polarizability
gradient, can be determined analytically is also discussed.

3. Hessians and vibrations

This chapter discusses in detail the equations required
to determine analytical molecular Hessians at the SCF
level and to perform vibrational analyses. Together with
the dipole moment and polarizability gradients which re-
late to the IR and Raman spectral intensities, respec-
tively, this chapter constitutes the theoretical basis for
the tutorials on IR and Raman spectroscopies addressed
in the Tutorials and workflows part of eChem.

4. Structure optimization

Here, we address aspects relevant to finding local min-
ima on the global PES. The chapter starts by discussing
and comparing different optimization methods, from the
simple gradient-descent algorithm to Newton—Raphson

and quasi-Newton methods. It includes examples of
practical geometry optimizations using VeloxChem and
allows students to implement their own optimization
drivers and compare their performances.

5. Transition-state theory

The second class of special points on the PES that we
discuss are transition states, which are important in ex-
plaining the mechanisms of chemical and photo-chemical
reactions. The concept is illustrated by a practical ex-
ample where students are led through all the steps re-
quired to optimize the transition state for a ground state
chemical reaction and follow the minimum energy reac-
tion path. Further examples of photo-chemical reactions
will be included in the future. As the current notebook
contains all the necessary ingredients for students to un-
dertake this exploration independently, this future inclu-
sion may be set up as an exercise.

6. Potential energy surface interpolation techniques

This chapter discusses how potential energy surfaces
of ground or excited states can be constructed by inter-
polation using a set of data points calculated quantum-
mechanically (QM).>® After considering the theoretical
aspects of the method, an example of how it performs in
the case of the ground state of water is set up as an exer-
cise. The students must first transform the gradient and
Hessian from Cartesian to internal coordinates, then per-
form the interpolation between a set of QM data points
that they choose themselves. The interactive Jupyter
notebook allows them to explore how the number of QM
data points affects the accuracy of the interpolated PES,
as well as what happens when PES regions outside the
region covered by the QM set are calculated (i.e., per-
forming extrapolation instead of interpolation). In the
future, we plan to include a simple molecular dynamics
driver to allow also dynamics simulations on the interpo-
lated PES with an example of a ground state chemical
reaction described using PES interpolation and excited-
state dynamics on a multi-state interpolated PES.

7. Molecular dynamics

We here illustrate the parameterization of a force field,
which is an important yet often complicated step for set-
ting up a successful molecular dynamics simulation. The
rest is primarily a (brief) theory discussion, with more
(including numerical examples) to come.



D. Spectra and properties

This fourth part of the eChem book presents methods
to describe excited states and calculate transition proper-
ties and spectra. Some methods provide a state-specific
reference to excited states whereas others are based on an
indirect reference via poles and residues of ground state
response functions.®®

1. General aspects

This chapter discusses fundamental aspects of exact
state response theory, and how this can be used to de-
rive molecular properties, and later expanded to approx-
imate state methods. With Numerov’s method, the rovi-
bronic states of the molecular Hamiltonian for hydrogen
chloride are determined using a module implemented in
VeloxChem. The vibrational wave functions are peda-
gogically illustrated on top of the vibrational levels in-
side the potential energy curves and the associated rovi-
bronic spectra are calculated and plotted. Next an ap-
proximation is made to focus on the electronic states of
molecular systems, which is what computational chem-
istry is most often concerned with. We provide an intu-
itive time-domain introduction to response theory from
which numerical values of frequency-dependent response
functions are straightforwardly determined from plots of
induced dipole moments. Analytical formulas for these
response functions is what quantum chemical software
implement for the different standard electronic structure
theory methods, some of which are discussed in the sub-
sequent chapters of this part of the book.

2. Time-dependent DFT

As DFT does for ground state electronic structure cal-
culations, its time-dependent formalism, TDDFT, repre-
sents most of the excited state calculations nowadays."”
We first go through the underlying time-dependent
Hartree-Fock theory and then expand to TDDFT, con-
sidering practical aspects of performing calculations and
showcasing its strengths and pitfalls (e.g. charge-transfer
states).

3. Multi-reference methods

Excited-state properties and especially non-adiabatic
dynamics constitute an area where multi-configuration
state methods play an important role. In this chapter, we
describe the different ways we can target excited states
using multi-configurational methods, both using CI re-
sponse and the related concept of state-averaged MCSCF
and response based on MCSCF approaches. Once again,
our codes allow us to quickly illustrate simple concepts

like the erratic convergence of excitation energies in trun-
cated CI (and thus why CIS is really the only truncation
level used) or the undesirable dependence of the excita-
tion energies on the number of states in state-averaged
MCSCEF.

4. Algebraic diagrammatic construction

This chapter discusses the theoretical basis behind the
algebraic-diagrammatic construction scheme for the po-
larization propagator.®® %0 The chapter starts by illus-
trating the concept of the polarization propagator and
shows how its series expansion gives rise to the ADC(n)
hierarchy of methods for excited states. The derivation
of relevant equations is performed in the more intuitive
intermediate state representation and applied to both
valence-excited and core-excited states, the latter within
the core-valence separation (CVS) approximation. From
an educational point of view, the exercises included in
this chapter allow students to construct and diagonal-
ize their own ADC matrix for diatomic molecules in a
minimal basis. In this way, they learn how to explore
the structure of the matrix, which is otherwise difficult
to grasp. Additionally, this allows them to estimate the
influence of the CVS approximation on the final core-
excitation energies.

5. Exciton coupling model

The exciton coupling model is a low-cost approach to
determine response properties of a multi-chromophore
systems by splitting it into subsystems.%! It gives a natu-
ral classification of electronic transitions as being of local
and/or charge-transfer character. This method is illus-
trated by the calculations of absorption and dichroism
spectra of the ethylene dimer in a twisted configuration
by placing the two ethylene molecules in separate sub-
systems, and a comparison is made with a conventional
quantum chemical response calculation made on the full
dimer system.

E. Environment

This fifth part of the eChem book describes how local-
ized multipole moments and polarizabilities are defined,
calculated, and used for molecular representations in dy-
namics and spectroscopy simulations.

1. Localized properties

This chapter presents two fundamentally different ap-
proaches to define localized properties, namely the Merz—
Kollman electrostatic potential (ESP) and localized prop-
erties (LoProp) schemes. It describes how modules in



the VeloxChem program are available to access these
schemes, including the improved retrained version of ESP
that defines the so-called RESP charges suitable for the
derivation of classical force fields. The LoProp scheme is
quite elaborate and typically used in a black-box manner
by researchers. The eChem book offers a notebook pre-
sentation of this scheme that guides the reader step by
step through the process of calculating localized charges
and electric-dipole polarizabilities of hydrogen fluoride.
An in-depth understanding of these parameters is made
available in this interactive e-book and it in turn pro-
motes critical thinking in building models of complex
molecular systems.

2. Polarizable embedding

Hybrid quantum mechanics/molecular mechanics
(QM/MM) methods are nowadays widely used in sim-
ulations of molecular systems in the condensed phase.
For calculations of spectra in the polarizable embedding
(PE) model, the classical environment of the quantum
core region is represented by site-distributed multipole
moments and polarizabilities and the aforementioned Lo-
Prop method is often used in this context. This chapter
presents the basic PE theory and gives an illustrative ex-
ample of a spectrum calculation of a ligand in aqueous
solution.

F. Visualization

This sixth part of the eChem book discusses available
techniques for the visualization of molecular structures
and orbitals, MD trajectories, reduced particle densities,
and transition and excited state densities. It uses mod-
ules in VeloxChem, Gator, and MultiPsi, as well as the
more generic library modules py3Dmol and k3d.

1. Molecular structure and dynamics

This chapter illustrates how py3Dmol can be used to
visualize molecular structures, from small molecules to
proteins and using different possible layouts. Addition-
ally, we show how to animate MD trajectories, geometry
optimizations, and molecular vibrations.

2. Electronic structure

In this chapter we show how molecular orbitals can
be visualized with the OrbitalViewer module available in
both VeloxChem and MultiPsi, which provides a light-
weight and highly responsive interface for showing molec-
ular orbitals. As support for multi-reference calculations,
OrbitalViewer also presents natural occupation numbers

and provides an interactive interface for molecular or-
bital selection and the construction of active spaces, see
Fig. 4. This selection can be saved and subsequently used
for multi-reference calculations.

Furthermore, the generation of cube-files for visualiza-
tion of molecular orbitals, natural transition orbitals, and
attachment/detachment densities are illustrated, and the
theoretical basics are discussed. Radial densities of or-
bitals are also considered, together with illustrations of
reduced one- and two-particle densities—the illustration
of the Fermi hole in carbon monoxide shown in Fig. 3 is
taken from this section of the e-book.

IV. ECHEM FOR EDUCATION
A. Self-directed learning

Chemistry students in general, including undergradu-
ates and experimentalists, will find an opportunity in the
eChem book to learn the basics of theoretical chemistry
by performing actual calculations that mirror the the-
ory and concepts under study. We argue that, just as
a theoretician benefits from knowledge about the basic
experimental methods, the experimentalist benefits from
knowledge about the basic computational methods. This
promotes a mutual understanding and interdisciplinary
work.

Self-directed learning with the eChem book can also
be applied in the context of flipped learning, where the
focus is on active learning from the part of the student, as
supported by instructors. While flipped learning comes
with its set of challenges, it has been seen to generally
provide additional insight and improved critical thinking
skills, %2764 with the field of chemistry in particular likely
to benefit from such an approach.®?

Additionally, a reoccurring event in a dynamic and ac-
tive research group is the graduation of developed PhD
students followed by the recruitment of new ones. In this
situation, the eChem book serves as a means to trans-
fer knowledge. The beginner student may have access
to a curriculum of advanced courses, yet there will al-
ways be a gap between basic theory and the field-specific
knowledge and practical skills that need to be acquired
before research activities can be conducted. This train-
ing is greatly accelerated with interactive and targeted
study materials that are made suitable for self-directed
learning.

B. Designing a course module or workshop

There are entire books available discussing the appli-
cation of computational methods for teaching chemistry
and chemical concepts as well as the introduction of pro-
gramming into the chemistry curriculum.%®-%¢ It has been
noted that access to computational chemistry is essential
for undergraduate chemistry programs, a viewpoint that



is strongly supported by us. However, the integration
of computational chemistry in undergraduate teaching
is hampered by a lack of user-friendly and easily accessi-
ble software/hardware environments and instructors with
adequate training.*®%” The eChem project is designed to
break these barriers.

The use of notebooks for courses and workshops rep-
resents a form of blended learning which promotes ac-
tive learning and has been noted to fare well when com-
pared to traditional learning activities.%® In active learn-
ing, the student is engaged in active, meaningful exercises
via technological tools that provide cognitive support.”
It can be noted that assessment practices are about as
important as presentation practises,’® and in this con-
text nbgrader®* is of particular relevance. This is a tool
which facilitates creating and grading assignments (cod-
ing or written form) in a Jupyter notebook environment,
including auto-grading functionalities as well.

A module in an undergraduate course based on the
eChem book would typically take the form of a series of
computer exercises dispersed among more conventional
lectures covering the topics addressed in the parts titled
Electronic ground states and Molecular structure and dy-
namics. A workshop is likely to cover the more advanced
topics covered in Spectra and properties and Environment
and combine a presentation of the underlying theoretical
foundations with hands-on exercises either taken directly
or inspired from the part titled Tutorials and workflows.

C. Our experiences

During May 2022, we held a first workshop based on
the eChem book. The workshop was carried out over
three days, and we had 13 student participants with very
different backgrounds and skills. While some were well
versed in software development, others had no prior ex-
perience in coding. The participants turned out to be
very receptive to the strategy of combining lectures with
explicit numerical examples, and in the future we plan to
organize the workshop in the format of a five-day event
to allow for it to be even more interactive. The top-
ics covered were very varied, including tutorials designed
to explore the intricacies of different electronic structure
methods, as well as tutorials focused on the application
of ready implemented routines to probe particular chem-
istry problems.

For the outcome of a workshop like this to be success-
ful, it is essential that participants do not lose time and
interest due to software installation issues. As trivial as
this may sound, it becomes a challenge when everyone
brings his or her own laptop to the event, which could be
running any one of the three main operating systems that
in turn have been customized according to personal pref-
erences. For this occasion, we smoothly guided the par-
ticipants before the event to perform a Conda installation
of a predefined and tested Conda environment. However,
to make it feasible to study more realistic chemistry prob-
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lems, we are considering adding the possibility of includ-
ing access to HPC resources, with which the participants
can consider much larger systems. This can be done by
using, e.g., JupyterHub. That would be a complement to
the installation on laptops, as this has benefits in terms
of ease of use, and the participants can continue using
the packages also after the event.

The varying levels of expertise of the participants
showed that some preparation work of the participants
would sometimes be suitable. This can be carried out
by referring to other Jupyter e-books, focusing on, e.g.,
the basics of Jupyter, or how to create good illustrations
(see, e.g., Ref. 13). This will be suggested before future
events.

V. SUMMARY AND OUTLOOK

We have here presented the eChem educational
project, featuring an online e-book that enables and stim-
ulates interactive self-directed learning but can also be
used to form course modules and workshops. Numeri-
cal examples with enlightening figure plots carried out
in notebook code cells are intertwined with presenta-
tions of basic theory in markdown cells. These self-
contained notebooks are easy to download and execute on
the reader’s personal computer, which promotes further
student exploration driven by author-designed exercises
and/or stimulated curiosity.

Different parts of the eChem book are suited for stu-
dents not only at different stages in their educational
training but also with different focus in their own work.
Undergraduate and beginner graduate students are likely
to benefit mostly from the chapters devoted to basic the-
ory and concepts, whereas more senior graduate students
and researchers in computational chemistry are likely to
benefit mostly from the workflows and tutorials describ-
ing methodologies and software interoperability to tackle
complex molecular systems of real technical and/or bio-
chemical interest. In addition, the eChem notebooks
demonstrate the exposure of C++ data structures in the
Python layer which in turn enables the prototyping of
novel scientific methods. This will benefit graduate stu-
dents and researchers with a focus in their work on theory
development and program implementation.

As noted earlier, the eChem book is a living docu-
ment, designed to be constantly improved and expanded
such that its repository of notebooks exemplifies and ex-
plains the state-of-the-art methodologies in theoretical
chemistry. It will never be complete in coverage and will
always be biased by the research interests of its authors.
The most imminent additions to be made include tuto-
rials on catalysis and reactivity, optical activities, and
nonlinear field interactions.
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