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Abstract There are limited general chemistry laboratory experiments that align with the atoms first approach
lecture topics. An atomic structure lab experiment was developed to be implemented in the first weeks of the
semester for students to learn how to use a balance, describe atomic structure and isotopes, plot data in MS Excel,
and practice algebra skills early in the semester. The lab activity was completed at two different institutions during
Fall 2023, Meredith College and North Carolina State University. The activity consists of three parts: 1) plot average
atomic mass vs. atomic number and use linear regression line to identify an unknown, 2) weigh different isotope
models and find the average atomic mass given the isotope compositions, and 3) weigh isotope models and calculate
the percent isotope abundance for each model given the identity of the element. Pre- and post-lab quizzes were
administered to assess the learning objectives and student feedback was collected for the activity through a post-lab
survey.
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1. Introduction

Atomic structure and composition are key to
understanding molecular structure, properties, and
reactions in chemistry. Chemistry faculty have been
interested in the *“atoms-first” approach in general
chemistry courses to first introduce the structure of the
atom as a foundation for further learning versus starting
with a macroscopic approach. Several textbooks have
reorganized the chemical concepts in general chemistry to
fit this model. [1,2,3,4,5] There have also been several
studies that demonstrate improved student performance
when the atoms-first approach was adopted. [6,7,8] One
disadvantage of the atoms-first approach is the challenge
to have a laboratory experiment align with the atomic
structure lecture content. However, with creativity, an
experiment can be designed to fit appropriately within the
atoms first approach. [9]

Most reported atomic structure activities are developed
to be incorporated into upper-level laboratories or involve
expensive instrumentation, such as a mass spectrometer.
[10,11] Recent experiments have also introduced atomic
structure with the implementation of virtual reality. [12]
Readily available online resources, such as PhET
simulations, [13] have been used to teach atomic models

with a major focus on electron transitions and appropriate
calculations. [14] A foundational understanding of atomic
composition is essential in a first-semester general
chemistry course. Thus, an activity for atomic structure
and isotope abundance was adapted [15] and further
developed to use early in the laboratory curriculum. It
introduces a series of basic skills and concepts that not
only emphasize atomic structure concepts but set students
up for success for the remainder of the semester and
subsequent chemistry courses. The activity focuses on 1)
atomic structure concepts, 2) algebra skills, 3) proper use
of a laboratory balance, 4) data plotting skills. Giving
students the opportunity to practice basic math skills early
on in their chemistry education has been well studied and
shown to be an important skill for success in chemistry.
[16,17,18,19] Additionally, introduction to plotting in MS
Excel and then using the linear plot can strengthen student
interpretation and manipulation of graphing. [20,21,22,23]
Herein, we describe the implementation of the activity at
two different institutions, Meredith College and North
Carolina State University (NC State).

2. Activity Overview

In the atoms-first general chemistry curriculum used at
both NC State and Meredith College, atomic structure and
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isotope abundance are covered in detail during the
beginning of the first semester general chemistry course.
These topics are also often discussed in high school
honors and AP chemistry courses. A simple, inexpensive,
hands-on activity with atomic models was developed to
reinforce these concepts. Models were made using plastic
containers filled with varying masses of beads to represent
specific isotopes. There are three parts to the activity:

1. Generate a plot of atomic number as a function of
mass using a series of known isotope models.
Identify an unknown isotope by obtaining the mass
of the isotope model and calculating atomic number
using a linear regression trendline.

2. Calculate the average atomic mass and identify the
unknown element given the relative abundance and
measure the masses of the isotope models.

3. Calculate abundance of each isotope given the
name of the element and measure the masses of the
isotope models.

The learning objectives for the activity are:

1. Describe the structure of an atom and an isotope.

2. Calculate between isotope abundance, isotope mass,
and average atomic mass.

3. Construct a linear regression line and use the data to
calculate an unknown value.

4. Properly use a balance to weigh materials.

The activity can be done as an experiment or activity at

the high school level, college level, or as a standalone
outreach activity.

3. Materials and Methods

The activity was conducted as a laboratory experiment
during a general chemistry laboratory course at two
institutions, Meredith College and NC State, during Fall
2023. The experiment instructions from each institution
are in the supporting information, as well as a lesson plan
for instructors. Meredith College is a private, women’s
liberal art college with an undergraduate enroliment of
1200-1400. North Carolina State University is a land-
grant R1 research institution with approximately 27,000
undergraduate students enrolled over 11 colleges.

Participants at Meredith College were enrolled in CHE
141 General Chemistry | Laboratory and completed this
lab during the third lab meeting of the semester. Students
taking the course at Meredith College were a mix of
chemistry majors, undeclared students, students requiring
the course for another major, and students taking the
course for a general education requirement. At NC State
the activity was implemented as the first experiment of the
semester in the CH 104 General Chemistry | Laboratory
for Students in Chemical Sciences. All students
participating in the study at NC State were chemistry
majors. Students worked in pairs and a 2-3 hour block is
required to complete the experiment. The experiment

could be separated into individual parts to shorten the time.

The models for the isotopes were made from plastic,
screw top cases purchased from Amazon. A total of eight
sets of isotopes were used. Different colored plastic
containers were used to represent different isotopes of a
specific element that has more than one naturally
occurring isotope (Figure 1). The containers were filled

with varying amounts and materials of metal shots,
ribbon, and/or wire so the mass of each model
corresponds to a specific isotope. For each isotope model,
1 g represents 1 g/mol.

In Part 1, MS Excel was used to create an XY scatter
plot using the first ten elements of the periodic table with
atomic mass on the y-axis and atomic number on the x-axis.
Students weighed the atomic model of the unknown to find
the atomic mass. Atoms with only one isotope listed in the
NIST database for atomic weights and isotopic
compositions with relative atomic masses, such as boron
and fluorine, were chosen as the unknown for Part 1 of the
activity. [24] The measured atomic mass of the isotope
model was substituted into the linear regression equation to
solve for the atomic number of the unknown element.

The goal of Part 2 was for students to calculate the
average atomic mass and identify the unknown element
given the percent isotope abundance. Students weighed
each isotope model to find the atomic mass. The atomic
mass and percent isotope abundance were substituted into
the given equation to calculate average atomic mass.

In Part 3, students were given a series of known
isotopes. Students weighed each isotope model to find the
atomic masses. The students then used the average atomic
mass of the element listed on the periodic table and
measured atomic mass of each isotope to find the percent
abundance of each isotope.

Pre-lab and post-lab quizzes (Supporting Information)
were administered to evaluate whether students met the
LOs. The pre-lab and post-lab quizzes had the same five
multiple choice or dropdown selection questions to
evaluate percent improvement. Questions 1-3 assessed LO
1, question 4 assessed LO 2 and question 5 assessed LO 3.
A one-way ANOVA analysis was used to determine if
there was a significant difference between the pre- and
post-lab quiz average class percentages. Question 6 on the
quiz was a free response question that gauged student
understanding on why an element with a lower atomic
number could be heavier than an element with a higher
atomic number.

Pre- and post-lab quizzes at Meredith were
administered through the learning management system,
D2L Brightspace. The pre-lab quiz was administered
during the lab before the experiment was performed, while
the post-lab quiz was completed at the end of the lab
experiment. A total of 63 students completed both the pre-
and post-lab quizzes at Meredith. At NC State, pre- and
post-lab quizzes were administered through the learning
management system, Moodle. The pre-lab quiz was
completed the night before the lab meeting while the post-
lab quiz was due one week after the lab meeting. There
were 53 NC State students who completed both the pre-
and post-lab quizzes for the study.

In addition, a post-lab survey that evaluated student
perceptions about the activity was conducted after the
activity (Table S1). IRB approval for this study (protocol
number 26226) was granted through North Carolina State
University’s research and compliance office. The survey
had nine questions, six Likert-scale questions and three
short answer questions. At both institutions, the survey
was sent via a Google Form to students after the
experiment and was open for ten days. There were 51
Meredith students and 48 NC State students who
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responded to the survey for the study.
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Figure 1. Isotope model sets used for the experiment

4. Results and Discussion

Pre- and post-lab quizzes were administered to assess
the LOs for the activity. At Meredith College, the average
for the pre-lab quiz was 74.5% +/- 2.9% (N=63) (Figure
2). The post-lab average score for students increased to
86.3% +/- 2.4%. Question 1 was omitted from the quiz
results due to an error in the quiz setup on the learning
management system. A p-value < 0.005 was obtained
from the one-way ANOVA, which indicates a significant
difference between the two quiz scores. The average post-
lab quiz score for students at NC State also increased to
91.5% +/- 1.6% compared to the average pre-lab score of
81.6%  +/- 3.0% (N=53). The quiz scores were

significantly different, as indicated by p-value < 0.005
from the one-way ANOVA. Question 3 was omitted from
the quiz scores at NC State due to an error in
administration in the learning management system. The
increase in student assessment scores suggest that students
improved their knowledge on the structure of atoms and
isotopes, using the equation for average atomic weight and
percent isotope abundance, and isotope mass, and/or using
a linear regression line to calculate an unknown value.
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Figure 2. Average pre- and post-lab quiz scores. Error bars represent
the standard error of the mean. N=63 for Meredith College and N=53
for NC State

Table 1 shows the percentage of students that met each
LO for each question on the pre- and post-lab quizzes at
each institution. At both institutions, the percent of
students that met the LO for each question increased from
the pre-lab quiz to the post-lab quiz. Questions 1-3 on the
quiz assessed whether students were able to describe the
structure of an atom and an isotope. At NC State, question
1 was the most challenging for students with only 36%
meeting the LO in the pre-lab quiz and 60% for the post-
lab selecting both correct answers. It is important to note
that if full credit was given for both partially and
completely correct, the percentage of students was 91%
and 98% for the pre- and post-quiz, respectively. Most
students selected that isotopes have the same atomic
number, but missed that isotopes have the same chemical
properties. It would be helpful to add a specific question
on the chemical properties of isotopes.

The percentage of students meeting the LO for Q2
increased by 10% and 6% from the pre-lab to post-lab for
students at Meredith College and NC State, respectively.
For question 3, 71% of Meredith students met the LO on
the post-lab quiz. Calculating between isotope abundance,
isotope mass, and average atomic mass was the LO
measured in question 4. In the post-lab question 4 the
percent of students that met the LO at Meredith and NC
State were 83% and 96%, respectively. Question 5 aimed to
assess students’ ability to use a linear regression line to
calculate an unknown value. Both institutions showed an
increase in the percentage of students that met the LO with
81% of Meredith students and 96% of NC State students
that met the LO on the post-lab.
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Table 1. Percentage of students from each institution that met each learning objective on the pre-lab and post-lab assessments

Meredith College NC State
LO Assessed Question Number Pre-Lab Post-Lab % Change Pre-Lab Post-Lab % Change
1
1 - - - 36% 60% ] 25%
Describe the structure of an atomand an isotope. 2 81% 91% [ 10% 91% 96% [ 6%
3 52% 1% ] 19% - -
2 . .
Calculate bet\{veen isotope abundance, isotope mass, and 4 4% 3% Py 19% 3% 96% Py 13%
average atomic mass.
Construct a linear regression line and use the data to calculate 5 4% 81% Py 18% 85% 96% Py 1%
an unknown value.
NCState

1. The instructions in the activity were clear and easy to follow.

2. The activify helped me gain a better understanding of why the atomic
mass does not always directly correlate to atomic number.

3. The activity improved my understanding of how to use data to

Meredith College

senate e plots and o toutlzes near s susionto

calculate unknown values.

4. The activity improved my knowledge of isotopes and how to calculate
1sotope abundance.

5. The activity helped me gain a better understanding of what atomic
mass represents and how it is calculated.

6 The sty improvd my kol of e smctre. T
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Figure 3. Survey results of students’ responses from the Likert scale questions, 1=Strongly Disagree, 5=Strongly Agree. Numbers are reported in
percentages of responses for each category (NC State, N=48; Meredith College, N=51)

Question 6 on the quiz probed whether students
understood why tellurium (Te) has a higher atomic mass
than iodine (I) even though iodine has more protons than
tellurium. The short answer question was marked as
correct only if students referred to the difference in
number of neutrons. At NC State, 78% of students
answered correctly on both the pre- and post-lab quizzes,
which showed no improvement. Meredith students
showed significant improvement from the pre- and post-

lab quiz scores with 62% and 82% correct, respectively.
The student survey results for the Likert-scale questions
are shown in Figure 3. Student feedback was overall
positive for the experiment (Figure 3). Few students from
either institution strongly disagreed or disagreed with any
of the questions. At Meredith College, the average for
each survey question was 4 or higher. NC State averages
were also 4 or higher for all questions except question 6,
with an average of 3.5. It is presumed that students have



World Journal of Chemical Education 91

already been introduced to atomic structure before coming
to the lab, either prior to college or through lectures. As a
result, the students’ perception is that the lab activity did
not enhance their understanding of this concept, even
though the assessments suggest it did (Table 1).

Students were also asked three free response questions:
What was your favorite part of the activity? What was
your least favorite part of the activity? and What, if
anything, would you change about the activity?. The open-
ended responses were evaluated by coding the different
responses and reporting the total number of both Meredith
and NC State students for each response (Figure 4). These
data were aggregated due to very similar responses by
students at the different institutions. Over half the students’
favorite part about the activity was the hands-on
experience of using a balance and weighing the isotope
models. Performing the calculations in the activity was the
second favorite part of the lab. Other students commented
that they enjoyed plotting in MS Excel, understanding the
concepts of atomic structure and isotope abundance and
problem solving. Although some students liked
performing the calculations and plotting in excel, 40% and
23% of students reported that performing the calculations
and plotting in excel were their least favorite parts,
respectively. The one noticeable difference between
institutions was that the majority of NC State students
reported their least favorite part of the activity was
plotting in MS Excel, while the majority of Meredith
students disliked performing the calculations. Students did
not give much feedback on what to change about the
activity, as 75% of students responded that they would not
change anything. Several students thought that some of
the instructions in the activity could be worded more
clearly, as well as more instruction on the math
calculations and plotting in MS Excel.

Two of the faculty who taught these labs at Meredith
College commented that the structure of the worksheet can
improve the students’ experience. In Part 1, students were
unclear about the purpose of generating the plot and
students filled in the table without using the trend line first,
and instead consulted the periodic table. NC State
organized the experimental procedure differently and did
not have a similar issue. While using the trend line, some
students were using it incorrectly by substituting the
atomic mass value for x instead of the y value, as stated in
the instructions. It would be helpful to have more
instruction in the pre-lab, or even a pre-lab video, for
making and using a linear regression plot in MS Excel. It
is also important to discuss the R? value in the linear
regression line of the first ten elements of the periodic
table versus how it would not work extending it to the
entire periodic table due to the ratio of protons and
neutrons. From the results of question 6 for NC State
students, the activity did not help increase student
understanding on why an element with a lower atomic
number could have a higher average atomic mass than an
element with a higher atomic number. There are several
suggestions that could be added to the activity to reinforce
this concept. At the end of Part 1, have students generate a
linear plot for both 3d and 5p elements and interpret the
R? value. In addition, add a question to compare the
atomic mass of cobalt and nickel and have students
discuss with their lab group the pattern discrepancy in

atomic mass. These questions will help reinforce the
concept that the neutron/proton ratio is not one as atomic
number increases and that the atomic mass is derived from
the combination of masses of neutrons and protons. In part
2A, having the table in number 4, and in part 2B, having
the table in number 6, are important placements and allow
students to fill in the table with less confusion. The tables
previously were at the beginning of the questions and
most students filled the table in before working through
the steps. The final recommendation is to ensure that
students can collaborate on parts 2A and 2B, especially if
these examples were not covered in the lecture. If an
instructor allows students to work on lab sections out of
sequence, they should be aware that completing part 2A
first may aid in solving part 2B.

‘What was your favorite part of the activity?

Performing the
Calculations

= Weighing Isotope
Models

= Understanding
Concepts

= Plotting in Excel

= Problem Solving

‘What was your least favorite part of the activity?

= Performing
Calculations

= Weighing Isotope
Models
Nene

= Plotting in Excel

= Working in a Group

Instructions

What, if anything, would you change about the
activity?

304 1%

= Nothing

u More Math

Instruction )
Clearer Instructions

u More Excel

Instruction
= Increased # of

Models

Figure 4. Survey results of students’ responses from the free response
questions. Results are reported with NC State and Meredith College
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5. Conclusions

The activity is a simple method that uses inexpensive
materials to provide hands-on experience for students to
be able to describe the structure of an atom and isotope,
calculate between isotope abundance, isotope mass, and
average atomic mass, construct and use a linear regression
line, and properly use a balance to weigh materials. It can
be administered as a laboratory experiment or activity in
high school or a first-year general chemistry college
course. Students met the LOs for the experiment and
increased performance from the pre-lab to the post-lab
quiz by an average of 11.8% at Meredith College and
9.9% at NC State. Students commented that they enjoyed

the hands-on experience and learning how to use a balance.

Positive feedback was received from students at both
institutions with an average score of 4 or higher for all but
one Likert-scale question. Lastly, the activity helps
reinforce skills that students often struggle with such as
plotting data and basic math skills.
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