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ABSTRACT: Smart Worksheets were introduced in 2017 into a second-year
undergraduate chemical kinetics course (UK) and were available to students from the
start of the course until the summer examination (ca. 3 months in duration). Several
metrics strongly suggest that the introduction of the Smart Worksheets has a very
positive impact on student understanding. For example, students who attended
workshops completed twice as many questions as in previous years, with some
completing them all. Students who attended workshops were much better prepared
for these workshop activities, and because students had used the Smart Worksheets
before the workshops, the tutor had information on what students understood and did
not understand. Therefore, workshop tutors were able to prepare workshops that
targeted specific needs. Questions asked in workshops and in an online forum showed
more higher-order thinking than in previous years. Student feedback highlighted the
usefulness of the Smart Worksheets (e.g., the instant feedback), and examination
scores showed a statistically significant difference (95% confidence level) between the mean score for those who used the Smart
Worksheets (larger than) compared with those who did not. This study suggests that Smart Worksheets can have a significant
positive impact on student cognition, assessment (here examination) performance, enjoyment, and enthusiasm for a highly
quantitative course.
KEYWORDS: First-Year Undergraduate/General, Second-Year Undergraduate, Physical Chemistry, Computer-Based Learning,
Kinetics/Rate Law/Reactive Intermediates

■ INTRODUCTION
Chemical kinetics is a core subject in a chemical sciences degree,
and being able to write out rate equations for elementary and
multistep reaction systems is an important skill. It is common-
place for kinetic experiments to be the focus of practical
elements of a chemistry undergraduate course, but the focus
here is on lecture/course-based material. It is well-known that
students struggle with this task, confusing rate of reaction and
rate constant, for example, and in general struggle with the
quantitative aspects.1−3 Whether students can integrate zeroth-,
first-, or homogeneous second-order reactions4,5 will depend on
their familiarity with calculus, but being able to use integrated
forms to plot appropriate graphs to derive rate constants is
another important skill.5,6 Excel spreadsheets to aid student
analysis5,6 and programmed systems (e.g., using Python or
MATLAB)7 or kinetic simulator software8−11 to help students
analyze their kinetic data have been used for some time, and
indeed, Excel spreadsheets have been used in the course we
describe here. Sweeder et al.12 compared simulations with
screencasts and suggested that the screencasts were a more
effective teaching tool in a chemical kinetics class. First-order
and indeed pseudo-first-order13 reactions are ubiquitous in
chemical systems from radioactive decay14 to chemical dosing,15

and being confident with the half-life concept and its
relationship with the first-order rate constant is often confused.
The relationship of zeroth-order reactions and the rate-
determining step is also a concept that students struggle with,
as is the whole idea of a zeroth-order reaction, especially when a
reactant concentration becomes so high that the order with
respect to that reactant becomes zero.16 Consecutive first-order
reactions,17 leading to the idea of the steady-state approx-
imation18 and its applications in the simplifying of chemical
kinetic systems, are a further challenge for some students. Even
more complicated systems, such as enzyme kinetics19 in more
advanced chemical kinetics courses, require a deep under-
standing of fundamental kinetic principles.

Teaching a second-year undergraduate course (in the UK) in
chemical kinetics for several years, one becomes familiar with
common areas that students struggle with and the wrong
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answers that students give. Typically (2007−2017), the second-
year chemical kinetics lecture course at the University of Bristol
was presented and followed by 2 weeks of workshops where
students could work through a variety of questions that model
those that may appear in an end-of-year exam. There are
typically 16 questions set (see the Supporting Information), and
in the two 1 hour workshop sessions, with two tutors and about
20 students per session, students completed at most six
questions in the 10 years since this version of the course started.
There were several areas where students struggled and, as stated,
year-on-year made the same mistakes. Such mistakes included
the following:

• Incorrect units for rate constants
• Incorrect rate equations (often writing equations

involving product concentrations rather than reactant
concentrations)

• Incorrect application of the steady-state approximation
• Incorrect graph for kinetic analysis (and incorrect labeling

of the graph)
• Confusion about order of the reaction

For completeness, in the second year (up to 2020) there were
two physical chemistry units, one in term 1 (including electronic
structure, energy levels, and heat capacities) and one in term 2
(of which kinetics is one of four courses, described in more detail
later). There are two summer examinations, one on Physical
Chemistry Unit 1 and one on Physical Chemistry Unit 2. Each
course in each unit provides a separate question in the
examination, and students could choose three out of four
questions in 2017. In 2017, we trialed a set of Smart
Worksheets,20−22 (described in detail in the next section and
with further details in the Supporting Information) that were
optional and available to students before the workshops began.
In this paper, we consider the effects of using these Smart
Worksheets on the cognition of this cohort of students. We note
that the assessment in 2017 was a 100% written closed-book
face-to-face examination in the summer, ca. 3 months after the
course began. More details about the course content and
workshop questions are available in the Supporting Information.
However, for completeness, the four ILOs for the course are
listed below:

1. Students should be able to write out the rate of change of
reactants and products for elementary rate equations.

2. Students should be able to write out the rate of change of
any species within a multistep set of reactions.

3. Students should understand when the steady-state
approximation will be valid for reactive intermediates.

4. Students should be able to use the steady-state
approximation to simplify complex rate expressions.

Students should also be able to apply ILOs 1−4 to understand
gas-phase (unimolecular and termolecular) and liquid-phase
reactions (diffusion- and activation-controlled) and why the
overall order of reaction can change, understand the concept of a
quantum yield and lifetime in a photochemical reaction and use
a Stern−Volmer plot to determine rate constants, and
understand enzyme kinetics (no inhibitors) and how to
construct a Lineweaver−Burk plot.

■ ANATOMY OF A SMART WORKSHEET
Smart Worksheets are e-enabled sheets named and devised by
Learning Science Ltd. (https://www.learnsci.com/products/
smart-worksheets). This work is a collaboration between
academics and Learning Science to develop Smart Worksheets

in support of a second-year kinetics course. There are three
published studies that have used the Smart Worksheet concept
at the time of writing this paper, and a brief description of each
study is now provided. Harmer and Hill20 used Smart
Worksheets during COVID-19 restrictions to support students
with laboratory-based assignments, to support students with
revision for summative assessments (where students could trial
calculations and receive instant feedback), and for the actual
summative assessments themselves. In the summative assess-
ment, the Smart Worksheets provided unique questions for each
student (removing issues of plagiarism). Here, data, such as
starting concentrations, were different for each candidate, so
their calculations were unique, but the type and complexity of
calculation were the same for the whole cohort. McCartney et
al.21 used Smart Worksheets to support pharmacy students with
calculations (e.g., concentration) in support of laboratories.
Williams22 used Smart Worksheets “to allow students to enter
experimental data and the results of calculations”. The
interactive sheets provide feedback and hints on answers
(through pop-up hints) that “encourage students to reflect on
the validity of their answers before submitting” their answers. An
additional advantage is that results are autograded, and feedback
tailored to groups of students can be given based on the quality
of the experimental data. Williams22 noted the positive impact
on all students following the introduction of these Smart
Worksheets and in particular on BAME (Black Asian Minority
Ethnic) students.

Figure 1 shows an example plot of a consecutive reaction
sequence of the form A → B → C, with associated rate

coefficients kA−B and kB−C. Students can try different rate
coefficient combinations to test out under what conditions the
steady-state approximation can be established.

The 16 questions used in the workshop and the five supported
by Smart Worksheets are shown in the Supporting Information.
Smart Worksheets, in this study, consisted of a set of five
questions in digital format that tested aspects of the course. For
each of the five workshop questions converted into a Smart
Worksheet, each was broken into sections, and for each element,
students could select options from a drop-down menu (see
Figures 1 and 2 that correspond to workshop questions 1 and 2).
On submitting their answer to that part, the sheet would
automatically return an answer, indicating whether the answer
was correct or not. If the answer was incorrect, the student could
request feedback (by clicking the feedback button), and the

Figure 1. Example of the concentration−time profiles for a reactive
intermediate in a set of consecutive first-order reactions, generated by a
Smart Worksheet and similar to one that can be derived using an Excel
spreadsheet.
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sheet would indicate why the answer was incorrect. There were
no restrictions on how many times the students could attempt
the questions, but in practice no student attempted them more
than three times. Although these questions did not count toward
their final mark, the total scores for the various attempts could be
retrieved, and indeed, the scores for individual elements could
be obtained. A playback feature (Timeline mode) allowed the
tutor to look at the student’s journey through the Smart
Worksheet, which will be discussed later. The Smart Worksheets
were available to the students from the time the course started to
the time of the examination (ca. 3 months). The time spent by
students who undertook the Smart Worksheets varied
significantly, but it should be noted that students could leave
the sheet open and go off and do something else, so monitoring
the time taken to complete the sheet was not very instructive,
and indeed, there was no correlation between “time spent” and
final score. Two Smart Worksheets, corresponding to questions
3 and 5, on the list of workshop questions are available for the
reader to look at interactively and anonymously:

• Chemical Reactivity Sheet 3 (username: cr3; password:
b3t<-79PY8)

• Chemical Reactivity Sheet 5 (username: cr5; password:
b2,X8j6zea)

■ RESULTS

Workshops
First, about 45% of students completed the noncompulsory
Smart Worksheets before the workshops, which provided
significant prior information about areas where students were

struggling to the course tutor. Students often made several
attempts (up to three) at the questions on the Smart
Worksheets, improving their scores each time. However, the
initial attempt highlighted areas that required support, and it was
possible for the tutor to access all of the individual Smart
Worksheets to inspect various attempts by the student and see
their progression. Therefore, rather than walking into a
workshop not knowing what students understood and did not
understand, there was already very good information available to
the tutor to identify where the students were struggling to
understand the basic and more advanced concepts. This
information allowed the tutors to tailor workshops much better
and to focus on questions and key learning points that seemed to
be an issue. At each of the workshops, registers were taken as
part of the School of Chemistry’s attendance-wide monitoring
process and not just for this course. Over the two workshops,
around 65% of all students registered attended, and these
included all of the 45% that had attempted the Smart
Worksheets. Therefore, we note, for later discussion, the subset
of students using this tool.

Second, given that a significant number of students attending
workshops (about 70% of total attendees at workshops) had
worked through the Smart Worksheets, the workshops
themselves changed dramatically in nature from previous years
(as recorded in a reflective diary (field notes) taken by D.E.S.,
relevant excerpts of which are given in the Supporting
Information). The course tutor and another academic colleague
had taken these workshops for several years and were familiar
with recurring areas where students struggled. In the year when
the Smart Worksheets were first introduced into the workshops,

Figure 2. Example of automated feedback provided in the laboratory Smart Worksheet in response to an incorrect answer. Worksheet developed by
Learning Science Ltd. Reproduced with permission from Learning Science, 2018.
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another academic colleague remarked, “What have you done to
these students? They are so much better prepared than previous
years.” (Quote taken from the recording in the reflective diary.)

In writing out rate equations, students were confident and
able to carry out this task accurately; in applying the steady-state
approximation, not only did they know how to apply the
approximation, they understood what constituted a reactive
intermediate that could be in steady state. There were no issues
with which graph to plot to facilitate the analysis of data and
determine a rate constant. Previously, in photochemical kinetics,
analysis of data using a Stern−Volmer plot was always a problem
(mainly arising from incorrect construction of rate equations),
but most students were now able to do this and had a good
knowledge of what a quantum yield was and understood the
concept of the lifetime. This was a significant and positive
change from previous years. Interestingly, there was a lot more
collaboration between students in the workshops, they were
noisier (in a good way) discussing questions and concepts, and
they were engaged with the workshop straightaway and did not
need time to settle as in previous years (all elements taken from
the reflective diary). It is assumed that those who had used the
Smart Worksheets were confident to help those who had not,
but no data were recorded to support this assumption.

Third, questions asked by students demonstrated higher-
order thinking. For example, on the topic of unimolecular
reactions, the reason why Lindemann theory fails at high
pressure is a tricky one, but not only had some students mastered
this, they were asking very insightful questions about how the
approach to k∞ varied with changing bath gas (reflective diary).

Fourth, several students had completed all 16 questions by the
end of the two workshops, and most had completed at least 10
questions, twice as many as in workshops in previous years
(reflective diary). Therefore, both staff and students (see
student feedback) saw a significant improvement in the
operation of the workshops through the implementation of
the Smart Worksheets, where students were much better
prepared and achieved more, while academics were in receipt
of key information in terms of where students were struggling
prior to the workshop sessions.
Online Discussion Forum

As part of all courses, there is an online discussion forum where
students can post questions, anonymously if they wish, from the
start of the course through to the examination. In all years prior
to the introduction of Smart Worksheets, the number of posts
never exceeded 35, and upon introducing Smart Worksheets
there were 68 posts. It should be noted that class size was
constant over the period considered (2014−2017), varying
between 161 and 168. A simple analysis of these posts from all
previous years showed that posts were predominantly in the last
2 weeks before the examination and consisted of questions that
asked for numerical answers to past examination questions, to
check working, or to answer a question about understanding. In
the year that Smart Worksheets were introduced, questions were
posted throughout the 3 month period from the running of the
course through to the examination. Around 30% of the posts
asked contained questions that displayed higher-order thinking,
e.g., asking about aspects that were not covered in the course
such as RRK and RRKM theory and how they rectify problems
with Lindemann theory (see the Supporting Information).
Fewer questions concerned basic knowledge checking. Although
students were probably reading around the subject in previous
years (it is hoped), the confidence to ask questions beyond the

course was heightened. It is not statistically significant, but
numerically more students answered other students’ queries on
the forum compared with previous years.
Course Feedback
The University central system asks students to complete a survey
on every course they complete (so in Physical Chemistry Unit 2
they will be able to comment on the four courses separately),
and they have an opportunity to provide comments and
questions (unattributable to any student). The University Ethics
Committee has approved this form, and as stated, students
submit their feedback anonymously. As course leaders, we are
sent the feedback in terms of overall score for each heading and
comments from students (some reported in this paper). The
course had received good feedback scores from students in
previous years, but upon introduction of the Smart Worksheets,
the feedback scores were the highest of any course taught in any
year group in chemistry in 2017. Under the topics of “The course
of lectures advanced my understanding” and “The format and
content of the workshops was valuable”, scores were improved
from previous years (see Table 1), where it is believed that the

introduction of Smart Worksheets played some role. Other
aspects of the course were viewed in a similar way by students
over the period 2014−2017, suggesting that content and
delivery had not changed significantly and that changes in
2017 were the main reason for any change in scores.

Although not every comment from student feedback referred
to the Smart Worksheets (referred to as online practice
questions by students), most did (89%), and all in a positive
way. Selected comments are reproduced below:
The lectures really made me like kinetics which I really was
not a fan of up until now. Appreciate the worked examples,
as these make understanding the maths a lot easier. The
online practice questions were really helpful.
Particularly liked the online practice questions which help to
solidify understanding. The handout was very useful too,
and the workshop questions were well set.
[The lecturer] Definitely tried hard to make the maths-
heavy module engaging. It is rare to find so many practice
questions and the online practice questions helped to prepare
for the workshops well.

End-of-Year Examination
The examination consisted of four questions, of which students
were required to answer three, although some chose to answer
all four, and their three best marks were used to score the
examination. Only the kinetics question was answered by all
students, with around 90% (electrochemistry), 83% (molecular
interactions), and 29% (intermolecular forces) answering the
other three. By the time of the examination, the fraction of

Table 1. Scores from Student Feedback on the Course with
Smart Worksheets (2017) and without Smart Worksheets
(Maximum Score Is 5, Minimum Score Is 1)

Item 2017 2016 2015 2014

The lectures are well organized 4.9 4.8 4.8 4.7
The associated handouts and/or web pages were

useful
4.9 4.7 4.7 4.7

The course of lectures advanced my
understanding

4.9 4.4 4.4 4.5

The board work and/or visual aids were useful 4.9 4.8 4.7 4.8
The format and content of the workshops was

valuable
4.9 4.5 4.4 4.4
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students engaging with the Smart Worksheets rose to 60%, and
these students were approximately those who attended work-
shops as well (i.e., we note that there was a group who did not
attend workshops and did not use the Smart Worksheets).
Separating the examination scores for students who used the
Smart Worksheets from those that did not revealed that the
mean score for those using Smart Worksheets was higher than
that for those who did not (around 8%), and the difference was
statistically significant at the 95% confidence level. On checking
the difference in means for the other three questions between
the same two cohorts used for question 1 (kinetics), no
statistical significance was found at the 95% confidence limit,
again supporting the assertion that the introduction of the Smart
Worksheets was primarily responsible for the change observed
in 2017 (see Table 2). The students who used the Smart

Worksheets fell into two distinct categories when compared to
the examination rank order. They were either in the top 20% or
in the lower 50%, suggesting that the Smart Worksheets
appealed to high-performing students or those who were more
challenged. If we used the scores on the other examination
questions to define a rank order for students, all those who used
the Smart Worksheets in the lower 50% raised their rank order
relative to that rank order defined by the other questions. For the
top 20%, the top 15 students stayed in the same place, and the
remaining students either improved their rank or stayed the
same. It was interesting to inspect the replay feature for the two
cohorts of students who used the Smart Worksheets. The top
20% of students were selective in the questions attempted and
even the parts of those questions attempted, whereas the
students in the lower 50% tended to work through the questions
in numerical order, and for some questions in the early parts, it
seemed that they were systematically going through all answer
options and their feedback. This is a sensible strategy if you are
struggling with a topic to understand why a wrong answer is
wrong; reading the feedback given, subsequent attempts were
more focused.
Subsequent Years
In 2018 and 2019, the courses in this module were the same, and
while still voluntary, student use of Smart Worksheets rose from
45% before workshops and 60% overall to approximately 80% in
2018 and over 90% in 2019 before workshops and almost 100%
by the time of the exam. No student failed the kinetics course in
2018 and 2019; once again, the question was attempted by all
students in the examination, and feedback was excellent. The
Smart Worksheets were commented on positively by all students
who provided feedback about the workshops. By the time of the

exam, students using the Smart Worksheets were 97−100%, and
in 2019 no student wrote incorrect rate equations in the exam or
applied the steady-state approximation incorrectly. As stated, no
student failed the exam in 2018 or 2019. In subsequent courses
in year 3 that used the material covered in the kinetics course,
feedback from course tutors noted that there had been an
improvement in student’s ability to carry out kinetic analysis,
suggesting longer-term assimilation of concepts.
Limitations of the Study
The main limitation is that the cohort who attended workshops
and used the Smart Worksheets were essentially the same, and
although they represented two distinct groups, there was a group
who did not attend workshops or use the Smart Worksheets.
Whether this introduces bias into the outcomes of this study is
not clear. A repeat of this study was not possible as virtually all
students had switched to using the Smart Worksheets in the
following years. Data reported from workshops are taken from a
reflective diary recorded by the corresponding author.

■ DISCUSSION AND CONCLUSION
The formal use and reporting of the impact of Smart Worksheets
is still in its infancy. However, the significant help to tutors
before workshops, informing them about areas that are
problematic and should therefore be focused on, has been
noted previously.20,22 It was possible to demonstrate a
statistically significant change in examination outcomes for
those using the Smart Worksheets compared with those who did
not, and there was a consistent change in rank order (positive)
for those in the lower 50% of the cohort. Previous studies20−22

agree with the findings of this study, that students found that the
Smart Worksheets were helpful and easy to use, aided
understanding, and (by providing instant feedback) were a
very valuable resource. There was good evidence from
workshops, online forums, and student feedback that students
were going beyond the material presented, whether out of sheer
interest or to improve their overall understanding of the subject
material, but the increase in questions posed on the forum that
suggested higher-order thinking was noticeable. Hence, we
conclude that Smart Worksheets have improved this course,
allowing students to test their understanding with prompt
feedback and to be ready for workshops. It is interesting to note
that in subsequent years the use of Smart Worksheets
approached 100% even though nothing was done differently
to promote their use, and feedback to students in earlier years of
their degree on the usefulness of Smart Worksheets from
students in the 2017 cohort is a likely reason. We have noted the
use of preprogrammed Excel spreadsheets, infographics, and
kinetic simulators, primarily to aid kinetic analysis,23 but
students need help to construct rate equations and apply
methods such as the steady-state approximation in order to use
kinetic tools and tackle more complicated kinetic analysis. The
Smart Worksheets appear to fill that gap in a way that students
find nonthreatening, can use at any time, and know that their
attempts do not count toward their assessment.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available at https://pubs.ac-
s.org/doi/10.1021/acs.jchemed.3c00934.

Outline of the kinetics course and their ILOs; the
complete set of workshop questions, indicating which five
questions have supporting Smart Worksheets; excerpts

Table 2. t-Test Statistics Comparing the Mean Values of the
Cohort Who Used Smart Worksheets (60%) and Those Who
Did Not (40%) for Questions 1−4, Where Question 1 Was
the Kinetics Question for Which the Smart Worksheets Were
Prepared (2017 Cohort)

Question
Test

Statistic

Degrees
of

Freedom

Two-
Tailed p
Value

Different Means at
95% Confidence Level

(α < 0.05)?

1. Kinetics 2.286 166 0.0272 Yes
2. Molecular

interactions
1.3424 156 0.184 No

3. Intermolecular
forces

0.7289 47 0.4697 No

4.
Electrochemistry

1.803 137 0.2807 No
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from a reflective diary kept by the corresponding author,
which support assertions in the main text; brief analysis of
questions posted to the online forum (PDF, DOCX)
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