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ABSTRACT: From its inception in 2016 through 2019, the Baltimore SCIART Consortium oﬀered an annual 10-week
interdisciplinary summer research program for undergraduate students. Each year, the program mentored approximately 10 students,
many from primarily undergraduate institutions including minority serving institutions and historically black colleges and
universities. Throughout the sessions, the students were exposed to the career paths of art conservation and art conservation science
as they worked in the laboratories of scientists, engineers, art conservators, and art conservation scientists at the University of
Maryland Baltimore County, Johns Hopkins University, and the Walters Art Museum in Baltimore. Preparations for the 2020
program were underway when the COVID-19 pandemic shifted the undergraduate research paradigm to a virtual experience. An inperson, laboratory-based program was no longer an option, and this challenged the SCIART team to investigate novel ways to oﬀer a
rigorous, engaging undergraduate research program in a fully virtual setting. The result was an intensive, three-week pilot program in
which four SCIART students learned about and successfully applied open-source periodic density functional theory software
packages to explore the interactions between small molecule adsorbates and mineral-based surfaces relevant to art conservation. This
case study exempliﬁes how educators and research leaders were able to strategically pivot and provide an adapted curriculum for a
unique, interdisciplinary, and fully virtual undergraduate research experience. The implication is a potential (scalable) model for
culturally engaging research opportunities for historically underrepresented students in STEM, both during and beyond the COVID19 pandemic.
KEYWORDS: Second-Year Undergraduate, Upper-Division Undergraduate, Curriculum, Inorganic Chemistry, Physical Chemistry,
Computational Chemistry, Interdisciplinary/Multidisciplinary, Collaborative/Cooperative Learning, Computer-Based Learning
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INTRODUCTION
The Baltimore SCIART Consortium1 began in 2016 as an
annual 10-week summer research experience for undergraduate
students at the interface of science and art (SCIART). Students
selected for this program included those majoring in chemistry,
biology, engineering, visual arts, and history; many came from
primarily undergraduate institutions (PUIs) and historically
black colleges and universities (HBCUs). Each year, the
program enrolled approximately 10 students to conduct
research in the laboratories of scientists, engineers, and art
conservators at the University of Maryland Baltimore County
(UMBC), Johns Hopkins University (JHU), and the Walters
Art Museum (WAM) in Baltimore. For the ﬁrst four years of
SCIART, the primary goal of the interdisciplinary under© 2021 American Chemical Society and
Division of Chemical Education, Inc.

graduate research experience was to combine hands-on,
laboratory-based scientiﬁc training with exposure to the ﬁelds
of art conservation and art conservation science. The students
also participated in professional development activities and built
connections with practicing art conservators/conservation
scientists. Preparations for a similar program in the summer of
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2020 were underway when the COVID-19 pandemic shifted
both the education and undergraduate research paradigm to
primarily virtual experiences. The original 2020 program was
canceled since an in-person program was no longer an option,
but this unprecedented challenge prompted the question of
whether a fully virtual undergraduate research experience that
combines hands-on, computational scientiﬁc training with
exposure to the ﬁelds of art conservation and art conservation
science was possible. Further, might the same caliber of
professional development be integrated into a fully virtual
research program? The SCIART program was reimagined and
implemented as a three-week, fully virtual research program
during the winter semester of 2021, and the outcomes of the
pilot program suggest a successful, rigorous experience for
students.
The importance of oﬀering undergraduate research programs
that focus on computational chemistry is 2-fold. First,
computational methods such as those based on density
functional theory (DFT) or molecular mechanics remain
underutilized tools in the undergraduate chemistry curriculum.
Although there have been several examples of successfully
integrating computational methods into the undergraduate
lecture or laboratory curriculum throughout the past 15
years,2−13 nearly all examples involve isolated molecules that
employ an atom-centered basis set, and many require the
purchase of licensed software packages. This excludes students
in smaller undergraduate programs or programs that lack a heavy
focus on science, technology, engineering, and mathematics
(STEM), where the high cost of these software packages may be
prohibitive. Moreover, most undergraduate students are not
exposed to computational methodologies used to explore bulk
materials and surface phenomena of materials common to art
conservation and cultural heritage including copper, lead alloys,
and minerals. Speciﬁcally, surface adsorption calculations
analyzing the interactions between common atmospheric
pollutants and a material surface can provide valuable insight
into the physiochemical and surface properties of the material.
Understanding these interactions plays a critical role in the
development of noninterventive methods to assess and protect
cultural heritage artifacts. This type of computation employs
plane wave basis sets, which are primarily applied in solid-state
physics research and less commonly in computational chemistry.
As a result, chemistry students may lack essential knowledge
about solid-state surface calculations that could augment their
understanding of both class-based and independent research.
Given the rapidly increasing use of computational methods in
almost every application and subdivision of chemical research, it
is imperative that the next generation of scientists can recognize,
interpret, and perform simulations, a goal that aligns with one of
the 10 Big Ideas of the National Science Foundation (NSF):
harnessing the data revolution.14 Second, utilizing a virtual
platform for a hands-on program means that students who, for a
multitude of reasons, cannot reside or travel to/from campus on
a daily basis can still have an authentic, open-ended research
experience at home. By including students who may lack
transportation to/from campus or have family and/or work
commitments, the SCIART program works to broaden
participation in scientiﬁc research.15 The ongoing global
COVID-19 pandemic has created the opportunity to initiate a
remote approach to eﬀectively teaching chemistry, and several
recent publications have discussed how to best use online
resources to eﬀectively teach chemistry in a virtual setting.16−21
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There are, however, fewer reports about harnessing computational methods to virtually conduct chemical research.
In this article, we present a case study for implementing a
unique interdisciplinary computational research experience for
undergraduate students using a fully virtual platform. First, we
provide the educational context and program goals, including
both the general SCIART goals and the more speciﬁc
computational aims. Next, we discuss the four phases of the
program including topics and exercises covered within each
phase. Last, we provide speciﬁc details on how the SCIART
program utilizes DFT (a quantum mechanical method used to
calculate the electron density of atoms, molecules, and
condensed matter) to gain insight about a system of interest.
Overall, the recent Baltimore SCIART program provides a
promising example of the successful adaptation of the
undergraduate research curriculum in response to an
unprecedented challenge. The program design and exercises
adopted here can provide valuable insight for other instructors,
research programs, and institutions, particularly those that wish
to incorporate virtual learning into their core curriculum. The
outcomes of this work will bring continued value to virtual
learning that extends into the future of higher education.

■

EDUCATIONAL CONTEXT AND PROGRAM GOALS
The Baltimore SCIART Consortium was established as a
collaboration between UMBC, JHU, and Morgan State
University (MSU) with the WAM to provide interested
undergraduate students with a platform to investigate the
underexplored interface between science and art. Since its
inception, the SCIART program has exposed approximately 40
undergraduate students to cutting-edge research in the
laboratories of scientists, engineers, and art conservators and
conservation scientists at the three participating institutions.
The program is designed for high-performing undergraduate
students with diverse interdisciplinary interests, speciﬁcally (1)
science or engineering students with a strong interest in art and
art conservation/conservation science or (2) humanities
students with science or engineering backgrounds. Completion
of introductory level chemistry lecture and laboratory courses
prior to the program is mandatory for all participants, while
courses such as organic, inorganic, and physical chemistry are
recommended (but not required).
The primary goal of the SCIART program is to combine
hands-on scientiﬁc training with exposure to the ﬁelds of art
conservation and art conservation science. A signiﬁcant
component of this is providing students with the opportunity
to directly connect and interact with practicing art conservators
and conservation scientists at museums such as the WAM in
Baltimore, the Metropolitan Museum of Art in New York City,
and the National Gallery of Art in Washington, DC.
Furthermore, the program also incorporates mandatory
professional development activities that ensure that each
student, regardless of their chosen career path, learns skills to
advance along that path. For example, the 2019 SCIART
program included the following two 2 h professional workshops:
(1) Presentation Skills: How to Make a Good Oral and/or
Poster Presentation and (2) Presenting Your Research: Eﬀective
Scientiﬁc Posters. In addition to the goals outlined above, the
three-week computational SCIART program in January 2021
also sought to:
(1) Teach the students to use common Linux commands to
access and submit jobs to a facility for scientiﬁc computing
3173

https://doi.org/10.1021/acs.jchemed.1c00425
J. Chem. Educ. 2021, 98, 3172−3179

Journal of Chemical Education

pubs.acs.org/jchemeduc

Article

Table 1. Phases of Computational SCIART Research Program
Phase

Pedagogical Approach and Focus

1

Preprogram training sessions

2

(Week 1) Structured lectures and guided exercises

3

(Week 2) Independent exploration

4

(Week 3) Data interpretation and scientiﬁc communication

Exercises for Students
Participate in demonstrations of computing concepts and terms
Learn deﬁnitions and view examples of common Linux commands
Attend an introductory DFT lecture
Generate bulk structure of aragonite from standardized crystal structure data (Figure 1)
Relax structure with periodic DFT
Create and relax supercell surface slab (Figure 2)
Study adsorption of four similar small molecules on calcium-terminated surface (Figure 3)
Search through relevant literature to identify additional adsorbates
Expand list of small molecules and atmospheric pollutants to include student-chosen
adsorbates
Generate charge density and charge density diﬀerence plots for selected surface adsorption
calculations (Figure 4)
Analyze full body of data to draw conclusions and interpret results in context of art
conservation
Work as a team to design and create a presentation and poster summarizing the project
Present work to an audience of undergraduate and graduate students, professors, and art
conservators and conservation scientists

access to high-performance computing facilities, we recognize
that some institutions or instructors that may be interested in
organizing similar research experiences do not. Programs of this
type may beneﬁt from an NSF-XSEDE Education Allocation.28
The NSF-XSEDE program allots up to 50,000 h of runtime for
speciﬁc classes and courses, in which students can log on and run
simulations on some of the most powerful supercomputers in
the United States.

(2) Introduce the students to the general principles of DFT
(3) Demonstrate how to use open-source plane wave-based
DFT packages to study the interactions between small
molecule adsorbates and mineral-based surfaces relevant
to works of art
(4) Create a space for the students to explore how the
combination of experimental and computational data is
more compelling than either in isolation and, thus,
present a more rigorous approach to research
(5) Provide an inquiry-based, impactful research experience
to students using a fully virtual (at home) platform
Although introductory materials for plane wave-based
computational methodologies exist,22,23 we ﬁnd that there is a
serious disconnect between the level of knowledge needed to
understand these tutorials/workshops and the level of knowledge undergraduate students have on the relevant subjects. The
materials available, which are primarily online tutorials, are
aimed at teaching advanced STEM undergraduate and early
graduate students how to run and interpret DFT calculations.
These tutorials presuppose a working knowledge of Fortran,
quantum mechanics, inorganic chemistry, and diﬀerential
equations that are beyond the curriculum of many of the
students selected to participate in the SCIART program. The
recent computational SCIART program aimed to bridge this gap
and provide the students with the information needed to access
and understand the available resources, both during and after the
program. An important tool in achieving these goals is the High
Performance Computing Facility (HPCF),24 an interdisciplinary, community-based core facility for scientiﬁc computing and
research at UMBC. Provided with an account at the UMBC
HPCF for the duration of the program, each SCIART student
was able to access the computing cluster (with over 90 CPU
nodes connected by a high-performance network communication system25) to submit, run, and interpret their calculations.
Speciﬁcally, the students were provided access to an opensource DFT software package called Quantum ESPRESSO.
Quantum ESPRESSO26,27 is a suite of open-source computer
codes that allows scientists to use DFT to perform electronicstructure calculations and model materials. Speciﬁc descriptions
and examples of the calculations performed in the SCIART
program are discussed below, and additional resources including
example input ﬁles and a Quantum ESPRESSO runscript are
provided in the Supporting Information. While UMBC has

■

PROGRAM DESIGN AND DISCUSSION
To achieve the goals outlined above, the recent SCIART
program was designed to include four phases (Table 1), each
with its own focus and instruction type. The following
paragraphs describe the phases sequentially and provide an indepth discussion on each phase, highlighting how the content of
the program advanced throughout the four phases. It should also
be noted that the participants were provided with laptops for the
duration of the program, and each laptop had all the necessary
software installed prior to student pick-up. All open-source
software used throughout the SCIART program is listed in the
Computational Methods and Resources section below.
Phase 1: Preprogram Training Sessions

The ﬁrst phase of the computational SCIART program focused
on introducing the students to computing and the basics of
DFT, as the students did not have any experience with either
prior to this experience. Phase 1 occurred before the program
start date as three 2−3 h training sessions. One session was an
introductory DFT lecture and discussion (the contents of which
are described in the Supporting Information), and the other two
primarily consisted of guided demonstrations in which the
students actively participated and performed the exercises on
their laptops. To ensure that the students did not fall behind,
questions were encouraged, and each student was asked to share
their screen at multiple points throughout the sessions. The
computing topics included in the two training sessions were as
follows:
(1) Accessing and logging onto the UMBC HPCF cluster
(2) Creating and navigating the directory system
(3) Copying and untarring (unzipping) ﬁles
(4) Editing pre-existing ﬁles to create new input ﬁles
(5) Submitting jobs to the cluster using a queue management
software known as a SLURM queue
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(6) Reading the output ﬁle
(7) Transferring ﬁles from the cluster to their local computer
(8) Visualizing structures and charge density
As evident in the list above, these training sessions were not
chemistry focused. The goal was to familiarize the students with
computing concepts that they would be exposed to during the
program.
Phase 2: Structured Lectures and Guided Exercises

The focus shifted to chemistry between phase 1 and 2, as the
students were required to read the provided background
literature on aragonite (a polymorph of calcium carbonate and
the chosen mineral for our study) and fundamental (as well as
accessible) DFT articles.29−32 Aragonite was selected for the
SCIART project for two reasons. First, the mineral has a strong
connection to cultural heritage and art conservation as a
component of (1) historical pigments and paints, (2) materials
such as limestone and marble, and (3) the shells of mollusks.33
Second, the chemical formula of aragonite (CaCO3) does not
include a transition metal (i.e., redox) or heavy metal (i.e., spin−
orbit coupling), which signiﬁcantly reduces the computing time
and power required to fully relax surface structures. Reasonable
computing times were crucial, as the program was only 3 weeks
in length.
Phase 2 was the ﬁrst week of the program and incorporated
daily structured lectures and guided exercises and frequently
reapplied the terms introduced during the preprogram training
sessions (phase 1) to reinforce those concepts. There were three
primary objectives for phase 2: (1) guide the students through
the process of computationally generating the bulk structure
from standardized crystal structure data, (2) demonstrate how
to create the supercell surface slab from the relaxed bulk
structure, and (3) aid the students in setting up the ﬁrst round of
surface adsorption calculations. As the main goal of the student
research project was to study the physiochemical and surface
properties of aragonite by exploring the interactions between
common small molecule pollutants and the mineral surface, the
ﬁrst two primary objects in phase 1 were essential in creating an
accurate (i.e., based on experimental data) computational model
of the chosen material. To obtain the necessary standardized
diﬀraction data, the ﬁrst objective included a tour of available
crystal databases and online tools such as The Materials
Project34 that do not require a subscription or fee to search (see
Supporting Information for speciﬁc modules explored). The
bulk structure generated from the experimental crystal data
(Figure 1) also served as the starting point in a lecture about
crystal systems and symmetry elements in extended solids. In a
visual demonstration of translating the primitive unit cell in
three dimensions, cleaving along a speciﬁc crystallographic axis,
and then introducing vacuum to create an inversion symmetric,
calcium-terminated supercell surface structure (Figure 2), the
students then addressed the second objective.
In phase 2, the students were also guided through the process
of setting up their ﬁrst surface adsorption calculation by adding a
small molecule adsorbate to the supercell surface slab. They
started with four very similar adsorbates (CO2, NO2, SO2, and
O3), which prompted a discussion on functional groups and how
diﬀerent, more complex functional groups could interact with
the calcium-terminated aragonite surface. With the incorporation of physical models of the functional groups of interest, this
discussion proved particularly valuable for nonchemistry majors
and the students who were less familiar with the structures and
binding motifs of common functional groups. A representative

Figure 1. Bulk structure of aragonite. Calcium, carbon, and oxygen are
shown in teal, gray, and red, respectively. The primitive unit cell is
outlined in green.

Figure 2. Supercell surface slab of aragonite generated from relaxed
bulk structure. Symmetry elements are shown in black.

surface adsorption structure is provided in Figure 3. As a followup question to modifying the functional group on the adsorbate,
the students were also asked to hypothesize about the eﬀects of
changing the aragonite surface termination. Speciﬁcally, they
were shown a model of a protonated aragonite surface slab in
which the two surface calcium atoms had been removed and
protons subsequently had been added to balance the charge.
This model is in line with those used in similar surface exchange
calculations.35−38 Exploring this protonated structure introduced the students to the concept of DFT + thermodynamics
calculations,39−41 which were the focus of our ﬁnal internal
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that computational methodologies represent an extremely
underutilized tool in art conservation and art conservation
science. The dearth of available literature in which computational chemistry is applied to an art conservation question
highlighted a mostly unexplored avenue of research, and this
observation motivated a discussion about the value of
computational studies and the power of combining experimental
and computational data to more thoroughly answer the question
at hand. This idea was then extended, and the students were
asked to consider the limitations of a purely computational
approach, mainly that our model represents a perfect (defectless) system at zero temperature and pressure. Guided by
speciﬁc questions from the instructor, the students arrived at the
conclusion that the information obtained from this type of
calculation is still valuable to art conservators, as it identiﬁes
general trends in surface reactivity that can then be interpreted
in their work or probed experimentally.
The second objective in phase 3 was to visualize the charge
density in selected calculations and explore the type of
information we can extract from a charge density diﬀerence
plot, which is a comparison of where the electron density lies
when the adsorbate is and is not present. A representative charge
density diﬀerence plot is provided in Figure 4, and additional

Figure 3. Sulfur dioxide (SO2) physisorbed on the aragonite surface.
Sulfur is shown in yellow.

seminar during the three-week program (see Supporting
Information for additional information). Running the surface
adsorption calculation with CO2, NO2, SO2, or O3 was also the
ﬁrst time that each student had an individual goal. The SCIART
project was designed to have a balance of both team-based and
individual elements.42,43 With the individual elements, we aimed
to provide enough similarity between them that the students
could help and use one another as resources if needed, but we
also wanted each student to feel ownership and individual
responsibility over one or more speciﬁc aspects of the project.
Phase 3: Independent Exploration

During the second week of the program (phase 3), the
pedagogical approach progressed from structured lectures and
guided exercises to independent exploration. The ﬁrst objective
for phase 3 was to expand the list of small molecules and
atmospheric pollutants to investigate in the study. To do so, the
students were asked to search the art conservation/art
conservation science literature and identify small molecules
and pollutants that have been experimentally shown to
negatively impact an aragonite surface or artifact in some way.
From the literature collected by the students,44−48 the following
adsorbates were chosen (in addition to CO2, NO2, SO2, and O3,
which were studied in phase 2):
(1) H2O
(2) H2S
(3) SO3
(4) H2SO3
(5) H2SO4
(6) CH2O
(7) HCOOH
(8) CH3COOH
This group of 12 adsorbates included diﬀerent molecule types
and functional groups, which allowed the students to make
comparisons across variables such as (1) 2p vs 3p valence shell,
(2) carbon- vs nitrogen- vs sulfur-centered, and (3) linear vs
bent vs tetrahedral geometry around the central atom. Further
discussion on the analysis and interpretation of the data is
included in the description of phase 4 below. The independent
literature search was also used as an opportunity to emphasize

Figure 4. Charge density diﬀerence plot of sulfur dioxide (SO2)
physisorbed on the aragonite surface. The yellow color represents
positive charge density (i.e., more charge density when the adsorbate is
present), and the aqua blue color represents negative charge density
(i.e., more charge density when the adsorbate is not present). For
clarity, the charge density on the adsorbate has been subtracted from
the ﬁgure.

information about postprocessing tools is provided in the
Supporting Information. This type of visualization is a powerful
qualitative tool, as it allows the students to see how the electron
density on the surface is perturbed in response to an adsorbate,
which again proved particularly valuable for the nonchemists
and visual learners in the group.
Phase 4: Data Interpretation and Scientiﬁc Communication

As the ﬁrst objective in phase 4, the students analyzed the full
body of data qualitatively (by visualizing the perturbations in
charge density, as described above) and quantitatively (by
calculating the adsorption energy for each adsorbate; see
Supporting Information for calculated values). On the basis of
their observations, the students were ﬁrst asked to draw
conclusions on a purely scientiﬁc basis. Example discussion
questions are provided below:
(1) Do the carbon-, nitrogen-, or sulfur-centered molecules
interact with the aragonite surface most strongly?
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(2) How does adsorption energy (i.e., the strength of the
interaction) correlate with pKa for this series of
adsorbates?
(3) Describe the orientations of the acids on the aragonite
surface. Do all adsorbates with a carboxylic acid functional
group interact in the same orientation? How does the
carboxylic acid orientation compare to that of an
aldehyde?
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SUMMARY AND OUTLOOK

The recent SCIART program demonstrates the feasibility of
oﬀering an interdisciplinary undergraduate research experience
using a fully virtual platform. In 3 weeks (plus three 2−3 h
training sessions), four students were able to not only learn the
basics of computing and using an open-source DFT software
package, but also apply that knowledge to answering a real
question posed by art conservators and art conservation
scientists: How do atmospheric pollutants and other small
molecule adsorbates interact with an aragonite surface? Each
student, regardless of their background and area of study, could
provide both quantitative (e.g., adsorption energies) and
qualitative (e.g., charge density perturbations, molecular or
functional group conformations) evidence to address this
question by the end of the program. Although the SCIART
program used periodic (plane wave-based) DFT as a tool within
art conservation science, similar programs could be designed to
extend this computational methodology to other applications.
Furthermore, as all the software used in this program is open
source and can be installed and used on local computers, the
content structure described above (and, therefore, a similarly
designed program) is potentially scalable, meaning a larger
group of students could also be engaged. These open-source
codes are also installed on multiple XSEDE resources that are
available for institutions that do not have on-campus access to
high-performance computing facilities.
As only four students participated in the recent program, a
quantitative assessment of their feedback would not be reliable.
However, the students were asked to complete reﬂections at the
end of each program week, and qualitative analyses of these
weekly reﬂections were performed in order to identify emergent
themes in their experiences and help recognize areas of
improvements for future iterations of the SCIART program.
Two major themes emerged from these analyses: (1) the growth
mindset of the instructors and (2) the growth mindset of the
students. As the ﬁrst research program of its kind, the SCIART
instructors had to listen and act on participant feedback to
ensure that the students were actively learning throughout the
program. Speciﬁcally, pedagogical adjustments were made on a
weekly basis (based on the feedback received in the reﬂections
from the previous week) to create a productive and evolving
learning environment, which the students praised in their
evaluations. The growth mindset of the students, on the other
hand, was perhaps most evident in their self-reported comfort
level in discussing weekly concepts and terminology. A detailed
explanation of the qualitative analysis methods used as well as a
more in-depth discussion of the identiﬁed patterns is provided in
the Supporting Information.
Overall, the program was well-received by the students, and
the varied backgrounds, skill sets, and readiness levels of the four
participants (who all appreciated and grew from the SCIART
program) demonstrate how this unique, interdisciplinary
approach can provide a rigorous and engaging research
experience for a variety of students. The SCIART program
represents a unique way to connect with undergraduate students
from diverse backgrounds with little to no formal computational
training and enhance their computational literacy. The program
design and exercises outlined here serve as a starting point for
educators interested in providing undergraduate research
experiences using fully virtual platforms. Such experiences may
prove crucial in not only addressing the limited amount of
computational chemistry currently in the undergraduate

Following this discussion, the students were then directed to
frame their results/conclusions within the ﬁeld of art
conservation by asking the question “What preservation or
conservation measures would you suggest to a conservator based
on your ﬁndings?” An example response might be “A
conservator preserving an aragonite artifact should focus on
removing sulfurous gases from the storage or display environment, as these atmospheric pollutants were found to adsorb to
the surface most strongly.” This conversation was also a good
opportunity for the students to hypothesize (based on the data
they collected as well as previous studies49) what would happen
in more complex systems (i.e., with multiple interacting
adsorbates present), as these scenarios are more representative
of the chemistry occurring on the surface of a work of art or
cultural heritage object.
Articulating their responses to the above questions along with
designing and creating a presentation and poster to summarize
the project also led the students to focus on communication and
presentation skills in phase 4 (the second objective during the
last week of the program). Teamwork was also a key skill
developed during this week, as the students had to pull from
their unique backgrounds and strengths to create a single
cohesive, concise presentation. At the SCIART Showcase on the
ﬁnal day of the program, the students shared that presentation
with an audience of undergraduate and graduate students,
professors, and art conservators and art conservation scientists.
This showcase was a celebration of what the students had
accomplished during the program as well as another opportunity
for the students to engage with practicing art conservators and
art conservation scientists. The students were, thus, exposed to
an authentic forum for communicating their scientiﬁc ﬁndings to
experts in related ﬁelds, a paramount step in the scientiﬁc
process.

■

COMPUTATIONAL METHODS AND RESOURCES
All calculations performed by students in the SCIART program
employed periodic DFT methods29,30 using Quantum Espresso,
an open-source software package.26,27 The atoms were
represented using the open-source GBRV-type ultrasoft
pseudopotentials,50,51 and a plane wave cutoﬀ of 40 Ry and
charge density cutoﬀ of 320 Ry were employed for all
calculations. Bulk structural relaxations used a 6 × 6 × 6 kpoint grid,52 and the convergence criterion for self-consistent
relaxations was 5 × 10−6 eV. Geometry optimization of all
surface−adsorbate interactions did not include ﬁxing any
layers;53 all atoms were free to relax. All calculations were
performed at the generalized gradient approximation (GGA)
level using the Wu−Cohen (WC) modiﬁed PBE-GGA exchange
correlational functional for solids.54,55 The structures and charge
density diﬀerence plots generated by the calculations were
analyzed using XCrySDen56 (Figures 1, 2, and 3) and VESTA
(Figure 4),57 respectively. As all software used in this program is
open source, there is no charge associated with installing and
using the necessary software.
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the Walters Art Museum, who helped us identify aragonite
artifacts (such as mask stone carving from the Late Formative or
Late Preclassic period shown in the Abstract graphic) in the
WAM collection.

curriculum, but also making research more accessible for
students who cannot travel to and from campus for in-person
research.

■

■

ASSOCIATED CONTENT

* Supporting Information
sı

The Supporting Information is available at https://pubs.acs.org/doi/10.1021/acs.jchemed.1c00425.
(1) Presentation/lecture outlines, (2) example input ﬁles
for four diﬀerent types of calculations, (3) an example
runscript for Quantum ESPRESSO, (4) an explanation of
the postprocessing tools used in the program, (5) timing
information for a representative calculation, (6) results of
the adsorption studies on a calcium-terminated aragonite
surface, and (7) qualitative analyses of the semistructured
student feedback (PDF, DOCX)

■
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