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ABSTRACT: While computational chemistry continues to play a gro
role in chemical research, issues with access and the timing of wh . Electron
tools are introduced to chemistry students remain as barriers towigen N sldlglelel[= configurations
interest and use. The accessibility of free software for chemical
has increased in recent years, promoting the inclusion of compu
exercises at small undergraduate or secondary education inst Computational
However, as many computational chemistry methods are bas Chemistry
advanced theories, students are often not exposed to compu
chemistry until organic or physical chemistry courses. This work I¢
using an open-source code to introduce computational chemistry
year or introductory level courses while enhancing understanding
Aufbau principle, electron cgaorations, and ionization energy. Ad
tionally, this hands-on, interactive laboratory activity promotes importar
workplace skills such as collaboration, data analysis, graphical interpreta-
tion, and critical thinking.

KEYWORDS:Computational Chemistry, Chemoinformatics, Laboratory Instruction, First-Year Undergraduate/General,

Periodic Trends Graphical analysis
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INTRODUCTION computational tools to allow students to derive data to explore
concepts of quantum mechanics, we provide students with a
dern method of scierdiinquiry where they can examine
e?gstract topics through an interactive, hands-on approach, rather
an relying on memorization. Additionally, by introducing

covered in the majority of introductory level chemistry courses. . ; : )
While these topics are important to create the foundations fBFudents to computational tools early in t_he'F aca_demlc_: careers,
£ may help them learn more about applications in their desired

students to understand periodicity and more advanced mater!¥

o o Ids of study.
f h | learn®'9S O1 . .
it is often found that students re yon rote memaorization to learn Desplte the bents and potentlal to enhance Iearnlng,

the materialrather than truly understanding it. Additionally, . . .
%ygputatlonal chemistry tools have not become more main-

Fundamental topics in quantum mechanics such as enef_ﬁg
levels, wave functions, and electron gqeoations have
commonly been taught through the lecture approach and

when supplemental materials are used to address this topic, t f§am in the introductory angit-year chemistry curriculum.

are few interactive physical demonstrations that students show and Reeves suspect that this mav be due to
examine for themselves other than emission spectra that do ot P y

require expensive equipment. While simulations are availrclk?f%mpl'Cat'onS Instructors encounter.ed when they vegre .
they do not necessarily address traehices in energy levels, exposed to qomputatlgnal methods elthergsastudent orearlyin
sublevels, wave functions, or electrongaeations in a way their teaching care€rsThe authors claim that beyond

that allows students to sigrantly interact beyond the clicking qnf?]\;cérsabtlae u?ariterixeﬁgﬁ ?gﬁ:‘hggeaﬁgﬂegr:tzss Qégcveﬁc’:; ':)hfe
of mouse buttons. As a result, this remains an area that m lr?ﬁ » €quip ’ ’ P

introductory level students struggle with due to its abstral® g calculation run times for small molecules are obstacles that

nature’’
Quantum mechanics ties directly to computational chemistrigeceived: June 23, 2021

which has been playing a growing role in research over the yeggyised: November 11, 2021

While computational tools are already in use at some institutiofgPlished: November 30, 2021

to aid in teaching of chemical bonding, VSEPR theory, and

electron densify,° to name a few, they largely have not been

used to address the rules behind atomic structures. If we can use

© 2021 American Chemical Society and ) .
Division of Chemical Education),l Inc. https://doi.org/10.1021/acs.jchemed.1c00700

W ACS Publications 4017 J. Chem. Edu@021, 98, 40174025


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Irene+K.+Metz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joseph+W.+Bennett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sara+E.+Mason"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jchemed.1c00700&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.1c00700?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.1c00700?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.1c00700?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.1c00700?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jchemed.1c00700?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jceda8/98/12?ref=pdf
https://pubs.acs.org/toc/jceda8/98/12?ref=pdf
https://pubs.acs.org/toc/jceda8/98/12?ref=pdf
https://pubs.acs.org/toc/jceda8/98/12?ref=pdf
pubs.acs.org/jchemeduc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jchemed.1c00700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jchemeduc?ref=pdf
https://pubs.acs.org/jchemeduc?ref=pdf

Journal of Chemical Education pubs.acs.org/jchemeduc Laboratory Experiment

many instructors have dealt with in years past. Therefore, while ACTIVITY DESIGN
advances in hardware and code performance make it tractabl
run calculations on small molecules during class perio
equipment and licensing costs, as well as software and hard
maintenance, are still sigaint concerrisThe availability of

) day laboratory exercise was designed to coincide with
%’rfollow lectures on introductory level electronic structure to
WAiSble students to derive answers to questions which often arise

. from a lecture only approach. This activity was tested over the
low-cost or free user-friendly software (Avofawohert, course of ve semesters (2018020) in 2 h long lab periods

ppenchemstr’ﬁ Jmol', chempzajrf-) has IEd. to a Sl'ght with between 3 and 7 sections of students per semester, which
increase in the early introduction of computational chemistry {85 over 300 students. The students are those enrolled in
undergraduates, but the primary focus on the early mtroduct@r&her classes designed for health sciences, which is essentially

of Comp”%altéofgal chemistry appears to be on molecul%e rst semester of a general, organic, and biochemistry course
modeling. >

What the scientt community knows about electron sequence, or the standardt-year sequence of chemistry

con gurations has not changed in over half a cénttiput courses typically taught at both four-year institutions and

the best practices for chemical education have evolved, andﬁg{gmmumty colleges. These courses consisted of a blend of

. . : muting rural and urban students, many of whom have not
cost and eciency for computational chemistry have decreas en exposed to applications of computational chemistry. The
signi cantly. Additionally, there are some literature referen-

122 : umber of lab periods this activity takes place over depends on
ce§ t_hat suggest comput_at|onal methods could be used e course, with the students in the health sciences chemistry
rationalize electron cagurations and help enhance student

understanding. Previous authors creating laboratory activities ~° daing only thest day of the activity, while those in the

: ) $tandard rst-year sequence course do both days. It is
focusing on electron caurations have noted that the standard commended that the students have received a lecture on
exercises of examining line spectra do not assist in bridging

e . .
signi cant disconnect between studéatsure and laboratory tantum nﬁmbe%si and eleac;[)ro? gpll_natlo_nrs] pno;}_to thﬁ
experiences when discussing electronic strtictir&here- acgwty]as sGownI gwe +and be familiar with graphing either
fore, providing students with an interactive computationé'i‘ xcel or Google sheets.
approach which allows them to engage with the material to
explore the derences in energy levels, sublevels, and how to [ Pre-activity: Quantum
plot orbital energies could be bam. Through the use of Numbers Lecture
software to collect previously inaccessible datayear
students can explore the anomalies of electrogucations v
and be allowed to come to their own conclusions on why they
occur. For students to get the most out of a computational
experience, easy to follow examples must be provided to ensure How-To Video for
those with minimal exposure to coding and computers can Virtual Machine and

follow with minimal frustration. OPIUM

In this paper, we present the details of an introductory
chemistry laboratory activity using computational chemistry and v
designed to guide students to derive the Aufbau principle .
through a hands-on approach. This activity is designed to take [ Pre-;abb?u'z and
place over one to two 2-h lab sessions to promote student rovems

cooperation, critical-thinking, quantitative reasoning, and a

greater understanding of the Aufbau principle and its anomalies. '
The main goals of this exercise are that the students will be able
to

Lab Activity

* Identify and explain anomalies in electrongeoations  rjgyre 1 Flowchart of student process from lecture to lab activity for
through data analysis. Aufbau computational exercise.

» Create wave function plots and relate the nodes in the
radial wave functions to relative energy levels.

* Build orbital energy diagrams, and explain the observedr|iowing the completion of their portion of the activity,

trends. students turn in data for their assigned elements to a class
« Determine why thesélectrons are listed prior to thie 3  database, and write up a laboratory report, creating and
electrons, and explain electron removal trends. including graphs as necessary to answer the assigned data

Additionally, students will gain exposure to an open-sour@é‘alySiS questions. If questions were missed or skipped, students

computational tool, allowing bridges to be created betwedffre contacted to discuss the data and graphs, and encouraged
previous coding experiences they may have been exposed @ §P'"ect and resubmit their reports. The evaluation ofethe

their secondary institutions. The activity is assessed througOrts and additional exam questions allowed the achievement
questions incorporated into student laboratory report<f the learning objectives to be assessed. Descriptions of the
requesting that students identify and explain the correct electrgtivities carried out on each day of the laboratory experiment
con guration for elements basedeesented data, determine are described below, and the complete instructor and student
electron removal trends, and create and interpret a graph of gigides can be found in tBepporting InformatiorStudent

4s and 3 energies, explaining how it relates to the Aufba@xercises can also be found at the Mason group web page, QCC
principle. for Everyon&>
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Software Point presentation to encourage them to take notes and are able

For the goal at hand of having introductory chemistry studen¥9 pause and rewatch the video as necessary. A preactivity quiz
identify correct electron cayurations and create graphs ollows, to ensure students know the components required for
ranking the relative energies ofint electron cogurations € input les, how to access the outpes, and the necessary
for a given atom, a user-friendly code capable of calculating §imands. Students are also required to turn in copies of their
electron energies is desirable. The all-electron energies and i3{ge desired test caurations for each of their assigned
functions produced by the code are a result of the quantufi€ments prior to the start of the activity. One of the
mechanical calculations carried out as preliminary steps prioS@ gurations must be the correct or literature electron
the use of a pseudopotential. The code needs to be low-cosC guration, but the others can be any variation the student
be implemented at the community college level and self-traini¢shes to test, as long as the total number of electrons does not
resources must be available. The Open-source Pseudopotefftange for the neutral cgarations.

Interface/Unication Module (OPIUMY is a Linux-driven,  Description of the Activity

open-source software package designed for the generatiorbeIUMzeiS well-suited for use in teaching the Aufbau principle

g;iﬁ?:t%orfg?rﬁgiaaobgizIi;Nelgjhtlgin?/eer;?iltét;uar][gtln?igarlnct)T:cour rrld for determining ionization energies. The code takes seconds
9 ’ 'calculate the all-electron eigenvalues for the sublevels and

gtrlg(c gnglc?tliiﬁzcso?{v?/gféu(iatsigfcn;g;ebrllglso.fVp\)/rr(])%rljgﬁléeglcvn\ghot Sn_er_e_tte_radlal vyave_functlon plots, is easy to manlpulgte once

: ; ' he initial input le is built, and allows students to test a variety of
radial wave functions computed based on quantum mecham&%m gurations to determine why the aurations provided by
which can provide visualization of periodic trends in atom e literature are correct; for example, some of the classic
radii. A computer running a Linux operating system is ncg}oblems in general chemistry: how can,\/fomﬁmw\?*

required, as'virtual machinés which emulate a Linux : : 10 o ;
environment, can be used. This allows one to run the Lin g(atlons, is Cush3d® or 45 3d"° and why? As OpPIUis a

. ; > L -driven, open-source code, students learning how to use
operating system in an app window, mimicking a separ gux : ;
computer, rowcing unforn access fo he coserhaly 1= SO0 IEIETLY becone exposed 0 o cherang system
minimizing technological barriers to completing the Iesson\glatewa for further development of computational skills. Eor

Due to the short calculation times of OPIUM, it can be ru Iy bei P h d P be d I. ded
entirely in the virtual environment, withouéating other examp'e, DeINg open-source, e code can be downoaded,

processes or operating systems of the parent machine. Itef%amlne_d, moded, and recompiled to include these
important to note that our use of OPIBMp compute the modi cations. As many STERIds now require some exposure

total energies of atoms/cations with varying valence electrh coding, this permits students to understand how program-

con gurations, is not the primary function of the code, which ig“-?ﬁ can .b'? a?p:'eid n ltheld C:I Chefm'Stgl_;,IUM dil
pseudopotential generation. Therefore, certain functions of the he %2'9'”6‘ utorials written for are readily
code are not accessed in the exercises presented in |Iapl o but are di cult for anllntroductor_y level student
Supporting Information with minimal exposure to chemistry or coding to follow; they
Both Grac¥ and OPIUM?® can be installed in any virtual also focus on how to design pseudopotentials, rather than the all-
Linux machine within a Windows-operating system. This a”o\ﬁgec_tron ca_\lculatlons. A.S the a!l-electron calculatlons are of
mrtlcular interest for introducing foundational electronic

the code to be used on pre-existing equipment, rather th ' th tutorial ¢ undated h
purchasing computers possessing solely Linux operating systif{ctureé. these tutorials wenst updated to enhance
readability and are freely available at the Mason Group page,

For this experiment, the binary -executables of GP ikl .
Gracé’ are installed on the virtual machine, and one can thelg CC for Everyone. Therefore, for the purposes of supporting
activities described here, meditutorials were crafted, and

use lessons and the up-to-date tutorials available on the Ma%la‘?\ .
group web page, QCC for Everydi@nce the virtual machine ater laboratory procedures were designed to help studients

and any desired examps are set up to instructor preference, NSWers 10 class topics they freqlldﬂeémlyji cult.
the virtual machine can then be copied to any machine withiplThe creation of inputes in OPIUM’requires knowledge of
the network by the collégéT department. the nimnotation for electron cogurations, and the ability to

o o utilize appropriate referencegtd the atomic radius. The bare
Preliminary Activities necessities of the inplg, as shown in the Example Input File
Prior to starting the activity, students attend a lecture on thgection of the student version of the Investigating Atoms and
basics of electronic structure, including an introductidmto  lons with Computers activity afdure 2are a series of three
guantum numbers, nodes, orbitals, radial wave functions, @&y blocks of information, [Atom], [Pseudo], and [Optinfo],
electron corgurations, in order to familiarize them with the where the latter two deal with functions of the code that are not
necessary topics for the activity. Students are then assigned éssential to determining the all-electron energies.

to three elements from the periodic table for the activity. The In order to create an inpuk for carbon, it is necessary to
assigned elements typically range from nitrogen to barium,tsgeemacs C.paramthe command line. This will open up an
early elements do not possess many orbitals, and each studeatriacs window, and data can be entered to build the three key
assigned an element within either the 3+bletk. Elements  blocks required to run calculations. Tist block, [Atom],

after barium possefserbitals, and require a greater level of contains the symbol for the element, the total number of
complexity for the inputle, which is beyond the scope of sublevels the element possesses, and thelmthetation,
introductory level courses. A 15 min how-to ¥ideanade electron lling, and &-" for each sublevel. Th&is what tells
available to the students prior to the lab in order to familiarizéne code to run calculations to determine the orbital energies.
them with the virtual machine, OPIEf\oftware andles, Students will enter their information for their testgumations
Grace,' and the Linux commands necessary to operate tha this key block, which is why they are requested to write and
software. Students are provided with an accompanying Powaning their desired test cgurations. The second block,
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[Atom] to run the all-electron calculations and plot the all-electron wave
c functions. The all-electron wave functionsrdirom the

:1500 200 - pseudowave functions in that the former exhibit the expected

200 2.00 - I-1 number of nodes while the pseudowave functions are smooth

210 2.00 - and nodeless. The pseudowave functions are not of interest for

rst-year students, so are not plottéddnre 3

[Pseudo] Once the graph has been viewed and closed, tleedag be

3 1.54 1.54 1.54 opened usingmacs C.logthe command line. Once open, one

opt . .

[Optinfo] can_scroll down to thg AE calculation component aljd obtain the

7.07 10 desired data, which includes the energy and the eigenvalues for

7.07 10 each orbital. This information is shown in red bokéglire 4

7.07 10 All places after the decimal should be recorded as there is a
Figure 2.Example OPIUM inpute for carbon. signi cant dierence between Ry/electron and kJ/mol, and a

small dierence in Rydberg can translate to a sati
: di erence in kJ/mol.
[Pseudo] can be used to plot all of an atcorbital wave Other test corgurations can be ran by copying the injput

functions in Gracg.In this block, the number of orbitals one ;
wishes to visualize the plotted wave functions for should ttaoga new name using the commend.param C1.parand

listed, and the cutsadius to use for each of the wave functions. - - by using th? emacs command to open the Ieel_wr
must be included. These orbitals do not all need to be occupiSm di cations. This can be uged not'only fqr the various test
in order to be plbtted they just need to be included in th% n gurations, but a_lso for testing various catiogaations.
previous key block Witiﬂing values of 0.00 included. For this eStudents_ should write down the names of tesiin order to
. A ) AR : ) keep their collected data organized.

exercise, using the atomic radius isisat to view the wave o )
functions for each orbital within the atom of interest.Determination of Correct Electron Con gurations and
Traditionally, this block includes just the orbitals one needs fdadial Wave Functions (Day 1)

nd pseudowave functions and pseudopotentials for as welMdben arriving in laboratories, both the introductory and the
the method of calculation. The last block, [Optinfo] contains therst-year transfer students are assigned to pairs, due to the
technical calculation details, beyond the total energy caldimited number of laboratory computers and to assist in catching
lations required for the exercise, which are not relevant to tihypographical errors. After an initial walk-along demonstration
student. Therefore, we provide @ent values for this block, which matches the preactivity video, students are released with
without further discussion. Once the inpetis edited and  directions to take turns to create inpes, run calculations, and
saved, a command line prompt is used to run the calculatiomftain the necessary data from their outesit Many students
which are complete within seconds. The run command carse their phones to capture data and graphs obtained from
accept a variety of options, and if directed, will evoke Grace @PIUM?® and Gracé’ which allows them to alternate in a
plot the wave functions of the orbitals, providing a way ttimely fashion, as they can record data in their lab notebooks
visualize each orbisalelationship to the atomic nucleus aswhile their partner creates new inpes and runs calculations.
shown irFigure 3This command isopium C C.log ae plotwa Upon completing all of the test cgurations for their assigned

o

r y(r)

0.5

0

| ! | ! | I
0 | 2 3 4 5
r(a.u.)

Figure 3.All-electron radial wave functions plotted by Grace fag flseahd D orbitals of carbon.
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Figure 4.Image of the all-electron part of the legior carbon. The relevant information is enclosed in red boxes.

Table 1. Eigenvalue and Total Energy Results for Varying ElectrongDeoetions for Iron

Standard Fe Coguration Alternate Fe Cauration 1 Alternate Fe Caguration 2
AE:Orbital Filling Eigenvalues (Ry) Filling Eigenvalues (Ry) Filling Eigenvalues (Ry)
100 2.00 509.5785 1.00 531.9075 2.00 509.0381
200 2.00 59.2596 2.00 64.6049 2.00 58.6489
210 6.00 51.1378 6.00 57.4482 6.00 50.5343
300 2.00 6.7576 2.00 8.2850 2.00 6.2006
310 6.00 4.3828 6.00 5.9158 6.00 3.8410
320 6.00 0.5715 6.00 1.7353 8.00 0.1214
400 2.00 0.3823 2.00 1.0415 0.00 0.2548
410 0.00 0.0994 0.00 0.6400 0.00 0.0461
Total Energy 2526.5918 Ry 2005.8182 Ry 2526.5907 Ry

elements, students turn in copies of their data which are enterallected for their test cayurations. The rst of these

into an Excelle to create a class database. The students theon gurations is the correct one, the gomation in the
compare the cogurations for each element and are asked taniddle is a student test cgaration where a mistype or mistake
determine the correct cauration without referring to their occurred in entering thdling, or in writing the electron
textbook or the Internet, and also to explain how they cacon guration, and in the last cguaration, the student moved
identify it is correct if they did not have the correct electrorsome electrons from the drbital into the 8 orbital. A

con guration written down in front of them. If students strugglecomparison of the total energies should communicate to the
with this, the discussion is opened up to the class, and the greateident that a mistake was made in Alternate Fg@ation 1

pool of students is able to recognize thegtwation possessing as a signcantly dierent energy is observed. By comparing the
the lowest total energy can be idedtas the correct one. Some total energies of the Standard Fe Goration and Alternate Fe
sample student test cgurations are shownliable Ifor Iron. Con guration 2, therst can be identd as being correct as it

In Table 1 there are three sets of student data which werbas the lowest overall energy out of the tesyjemtions.
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From the class database, the students extract the energieddorcations and analyze the error in these calculations to
the &and 3 sublevels as showrTimble 2 As students are not  determine what is considered acceptable for use in other
calculations such as lattice energies. Therefore, the transfer
Table 2. 8 and 4Eigenvalues for thed3Transition Metals ~ course picks up with the maddition of their inputles from the

rst week to create inpules for an array of cations, also

Element £l =tellEe (2 SEEEELEE (7)) allowing them to look at the correct electronguanations for
Sc 0.2619 0.3135 the di erent cations. This required the students to complete
Ti 0.3397 0.3348 calculations and extract the total energies for the neutral atom
\Y 0.4089 0.3525 and related cations. The elience between the total energies
Cr 0.3016 0.2363 can be found; for example, for Na, the energy of the neutral atom
Mn 0.5327 0.3828 is subtracted from the energy of theddsion as shown below:
Fe 0.5897 0.3965 . -«
Co 0.6215 0.4095 S322.486965 Ry S 322.866737Ry 0.3797722 Ry
Ni 0.6969 0.4220 (1)
Cu 0.4044 0.3447 To determine the percent errors for the ionization energies,
Zn 0.7973 0.4459 students are required to convert the Ry/atorareice in

energy found ieq 1to kJ/mol (1 Ry = 1312.75 kJ/mol) as
always comfortable analyzing data from a table, they are requsbdwn ineq 2 and to use reliable sources, such as the NIST
to create a visual representation as séeguire 5and then Chemistry WebbodR,to nd the literature values. Here we
asked to explain what information they can derive from both tl#ow an example unit conversi@uigfollowed by the percent
graph and table about electron removal and the Aufbaerror calculation ieq 3for the determination of sodiism
principle. There will be dirences in the eigenvalues dependingonization energy.

on whether or not the students include theudblevels in their W
1312.7%

calculations. KJ
Students are also asked to examine their collected graphs t®.3797722 Ry _ R - 498547
identify how many radial nodes are contained by eactsof the atom mol @

orbitals, and to determine an equation on how this can be related O 9
to the principle quantum number. An example of a graph they ‘496@ S 498.54—
used for a@transition metal is shownFigure 6Once the 5 x 100= 0.512%

students have changed the colors to allow them to identify each 496mT,| (3)
wave function, they can take notes on how many times eag
wave function crosses zero. When this information is record% g
the students can organize their data and write out what th%
think the relationships are between energy levels, sublevels,\ﬁﬂg
the number of nodes they should possess.

having the studentsd literature values for their percent

or calculations, it opens up discussion of what resources can
onsidered reliable, and which ones are not acceptable and
they are not considered to be. Students are then asked to
o i s explain why the order in which electrons should be removed is
Determination lonization Energies (Day 2) important to obtaining accurate ionization energies. Data is
For students enrolled in thest-year transfer course, not only is again submitted to a class dédor use in future lectures and

a greater understanding of the Aufbau principle and orbitaksignments discussing the hybridization of orbitals, bonding,
lling desired, but also the ability to calculate ionization energiesystal lattice formation, and in the calculations of lattice

Figure 5.Graph comparing the eigenvalues of the valence orbitalsddrahsiion metals.
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Figure 6.Graph of the all-electron radial wave functions for a transition metal.

energies. If students happen to be assigned the same elemaotse modications which were implemented, including a video
such as the case when dealing with larger classes, theyaréow to use the software, rather than just background reading
encouraged to compare their data as they should be obtainimgterial. The lab activity was met with a mix of enthusiasm and

identical results if using the same tesigrwations. frustration. For the students planning to go iltts requiring
the use of data analysis tools, they found it interesting that
HAZARDS software could be used to obtain data that was previously

vailable to them and that it could be used to help explain
abstract topics such as quantum mechanics. However, those who
were less technologically savvy found the exercise frustrating as
DISCUSSION the software is case-sensitive and typographical mistakes lead to
o . _ numerous errors. Overall, when students were askedtome
Th‘? activity provided St“‘?'er.“s a means of Iearmng the abstrag,, they thought the activity enhanced their understanding of
topics of the Aufbau principle, electron gorations, and e Aufbau principle and electron gumations, the majority of
Yfe students (75%) from the Fall 2019 semester answered yes.

There are no procedural or chemical hazards for this laborat
activity.

approach. Students learned how to use command line prom

I
tobtrL!n éh(;.‘ op?r;'—sm:rcfe socl)ftwar?, IOP%?/M Gra%é’ to £ [heir data analysis questioBsi{porting Informatiin their

obtain data reiating to fundamental quantum mechanics. Frqlly, onorts. Their reports provided a formative assessment of
the collected data, students were able to infer which electrg[hdent learning. Additionally, multiple gomations for

con gurations can be considered to be correct bastbe 0 lements have been included as short answer questions on

computed total £nergies, collected and analyzed data Rams, as shownTiable 1 Questions relating to the sample
understand the dérences between energy levels and subleve ta shown iable lrequired students identify the correct

and created graphs to help them explain observed tren Sectron conguration and explain why that particular

Additionally, this activity provides students with a practicl,, o, ation as the correct one as well as sketch out an electron
application of computational chemistry that does not require arﬂing diagram. Students in the introductory class had the most

advanced understanding of quantum mechanics, while provid{'p&bI ” . :
. . e with creating graphs of their data (45%), as the large
them with valuable workplace skills. di erences in energy can result in data points appearing very

Student Feedback and Engagement close together. Additionally, these students frequently struggled
As this lab activity was tested with more than 300 introductoryvith magnitude as they tended to ignore or drop the negative
level students over the course of 5 semesters (Spring 2018ign, which made it challenging for them to determine the lowest
Spring 2020), there was ample opportunity for them to providenergy corguration. Through examining data from varying
feedback. The majority of the students had no exposure to usitan gurations such as observélhinle 1 and class discussions
command line prompts, using Linux, or any sort of computan magnitude, students were able to determine which
tional chemistry resources beyond online homework systemscAgs guration possesses the lowest total energy, making it the
the activity was designed and tested, the students suggestexbt stable coguration. After collecting and analyzing data
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from not only their assigned elements, but also the classgaging quantitative reasoning and critical thinking skills rather

database, 55% of the students included graphs in their repditan pure memorization. The inclusion of computational

which showed the orbitals being lower in energy thanghe chemistry though the use of open-source codes not only

orbitals. The data used to obtain this graph are fotuadlal provides students a hands-on approach to understanding

andFigure Ss a replica of the graphs the students created idi cult concepts, but can assist in creating a well-rounded

their lab reports. As many students struggled with creating theéstroductory chemistry curriculum. In regards to the learning

graphsi-igure Swvas discussed in class to help the students wharocess, student extions in their lab report show the majority

struggled with graph creation and to ensure students could confethe students believe this exercise is enhancing their

to a conclusion on why the removal ofstilectrons versids understanding of the anomalies in electrorgooations and

electrons is likely to occur. why they are observed. Students demonstrated an ability to
Additionally, students gained experience with creating awiétermine correct electron cgurations from obtained data

analyzing graphs, and were able to calculate total energies foratheé thought themselves to have a stronger understanding in

anomalies in the Aufbau principle such as molybdesidaf (5  electron removal trends. The building of critical thinking and

vs 5 4d°) and silver (8 4d° vs 5 4d'% and similar elements  quantitative reasoning skills were also encouraged through the

through the use of data rather than relying on rotefacilitation of discussions and by permitting students the

memorization. The Grace plots of the wave functions, agpportunity to revise reports afterward if desired. When used

shown irFigure §provided students with a better visualizationat the community college, this activity helps create a strong

of how orbitals can be packed around the nucleus as the princifdandation for students who plan to transfer to institutions in

guantum number increases. which computing plays a larger role in the curriculum,
For the students who also determined the ionization energgpecically for students who will later move on to advanced

they learned how the software can be used to calesiate courses such as physical and inorganic chemistry.

second, and higher order ionization energies which can be

di cult to nd in rst-year texts, and compared them to =~ ASSOCIATED CONTENT

accepted literature values. Baseaf ¢the calculated percent *  Supporting Information

errors using known cagurations and literature valugs,'stu.den.ts-l-he Supporting Information is availablétads://pubs.ac-

were _requested to decide Whether_or not th_e|r 'on'zat'og.org/doillo.1021/acs.jchemed.1c00700

energies were acceptable for use in calculations, and how )

computational chemistry can be used to derive missing Instructor material$OF (DOCX)

information. This information can then be used in future Student material®DF) (DOCX)

calculations inrst-year chemistry if desired, such as in the OPIUM calculation overview (quiz question answers are

determination of lattice energies. Additionally, the data and  partofthe le, and should be removed from the document

trends observed can be used as a basis for teaching molecular prior to uploading it for student acce&%)F)

orbitals and transition metal chemistry.
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