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ABSTRACT: When learning chemistry, students must learn to extract chemical
information from mathematical expressions. However, chemistry students’ exposure
to mathematics often comes primarily from pure mathematics courses, which can
lead to knowledge fragmentation and potentially hinder their ability to use
mathematics in chemistry. This study examines how computation can affect students’
blending of cognitive resources and their framing of mathematics in a chemical
context. How students analytically and numerically interpret mathematical
expressions in chemistry are examined through 14 individual clinical interviews
with undergraduate chemistry students. The analysis was done by performing a
thematic analysis of the interviews through a theoretical lens provided by the blended
processing framework. This analysis reveals that computation and iterative thinking
might serve as a catalyst for conceptual understanding and blending of cognitive
resources. These findings suggest that we should evaluate how computational
approaches could be leveraged to give students a better understanding of both mathematical models and the chemical concepts
illustrated through these models.
KEYWORDS: chemical education research, undergraduate, physical chemistry, kinetics, computational chemistry, mathematics

■ INTRODUCTION
Chemistry is often called “The Central Science” because it has
a central role in both mathematics and other natural sciences.
Chemistry is important for a multitude of disciplines, and
several disciplines are important for chemistry. This means that
a chemist routinely deals with concepts from disciplines like
mathematics, physics, and biology, in addition to concepts
from chemistry. Consequently, problem-solving in chemistry
requires the use of a multitude of visual and symbolic models
and representations.1−4

Many students struggle to combine these different concepts
and tools when studying chemistry. For example, in chemical
kinetics, rate laws can be understood both as a model
describing the change of concentration in a reaction as well as
an equation that can be solved with certain mathematical
methods. In order to understand and use rate laws, students
must thus draw on conceptual knowledge from both chemistry
and mathematics. But inferring chemical information from a
mathematical expression is not a trivial task.
Researchers have shown that students who learn mathe-

matics in a purely mathematical context may later interpret
mathematical expressions as purely mathematical entities, even
when those expressions encode disciplinary meaning.5,6 That
students compartmentalize knowledge and fail to draw
connections between mathematics and natural sciences is
well-known from previous studies.7−9 However, this framing
can affect which cognitive resources they draw on when

interpreting mathematical models chemically, leading students
to perform symbolic manipulations without managing to infer
significant chemical content from the models.
One way students can connect the mathematical domain

with the chemistry domain is by using programming and
computation.10 Computers present a different way of
representing and thinking about both chemistry and
mathematics, and this may affect how students think about
certain problems and concepts in these subjects.11,12

Although researchers have studied how students understand
mathematics in a chemistry context,13 there is comparatively
little systematic research on how students use programming
and numerical methods to explore chemical models. This lack
of empirical research represents a gap in the research literature.
This paper will therefore examine how scientific computing
can act as a catalyst for helping students understand
mathematical models in chemistry.
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Literature Review and Background
Researchers have long been interested in understanding the
ways students use mathematics to reason and solve problems
in various scientific disciplines. One of the primary results of
this research is that students often experience knowledge
fragmentation when combining mathematical knowledge with
disciplinary knowledge, making it difficult for them to draw
connections between the two.14−16 These disconnects seem to
be especially prevalent in physics and chemistry, where
mathematics is a critical part of understanding within the
disciplines. One reason for this disconnect is that physics and
chemistry students use mathematics in a different way than
mathematicians do.17 For instance, inferring scientific meaning
from mathematics requires a different understanding and
skillset than symbolically manipulating a mathematical
equation.18−22

Mathematics in Science
Town, Bain, Rodrigues, and collaborators16 recently conducted
a major study investigating how students integrate mathe-
matics and chemistry knowledge. Their project produced
several articles and a book on mathematical understanding in
chemistry.13 Key findings from this project included the
following:23

• Students perform better on algorithmic problems than
on conceptual problems.

• Mathematics is framed and used differently by chemists
than by mathematicians.

• Students have difficulty interpreting mathematical
representations as models. The mathematical represen-
tations are interpreted as algebraic/symbolic entities
instead.

Related to these findings is the fact that students often
manipulate mathematical variables without considering what
they represent.26,27 Similar results can also be found in the
physics education research literature,6,26−28 where researchers
have found that the ways students frame mathematical
problems can significantly affect their problem-solving practice
and understanding. For example, when students frame a
problem purely as an exercise in symbol manipulation, it can
suppress their understanding of the underlying mathematical
and physical or chemical concepts.27 Based on these results,
researchers have argued that the cognitive resources that are
available for students in a particular context depend heavily on
student framing.29 This study builds on these results by
expanding the learning context to include programming and
computation.
Computation in Science and Mathematics
Ideas of how computers can affect learning in mathematics
were introduced as early as the 1960s by mathematician
Seymour Papert.11 His idea was to utilize computers to make
mathematical concepts tangible for children. A growing
accessibility of computers and an exponential increase in
computer power have made these ideas increasingly relevant in
the past 30 years.
Studies on reasoning and learning in mathematics through

computation show that programming can improve interdisci-
plinary cognitive skills and learning in mathematics.12,30−33

Other studies extend these results to natural science as well, by
showing that computation can be used to learn and understand
physics.28,34−37 Although research on how students may
understand chemistry through programming is lacking at the

moment, there are some recent publications that show how
programming can be integrated into the chemistry curricu-
lum.10

Chemical Kinetics

Rate laws are an ideal subject for studying how students
understand mathematics in a chemistry context because they
are relatively simple mathematical models that convey
chemical information. There is also a strong existing research
base on student understanding of chemical rate laws.23,38,39 For
example, researchers have found that students tend to not draw
connections between rate laws and integrated rate laws, framing
them as distinct entities with minimal or no connection to each
other.38 Students may thus interpret “integrated rate laws”
purely as mathematical entities, not conceptually as an
integrated differential equation where an expression for change
in a system is integrated to get an expression for a state of the
system. This exemplifies the knowledge fragmentation
described above.
Other aspects of chemical kinetics and students’ under-

standing of rates has also been studied in detail.40 One
important finding is that students often conflate ideas from
chemical kinetics and chemical equilibrium.41−45 Students also
find it difficult to define the term rate.44,46,47 In addition, the
dynamic and temporal aspects of reaction rates have been
reported as a possible source of alternative conceptions. For
instance, students might misunderstand instantaneous change
as a change from the initial state to the final state.48,49 Some
students also encounter great difficulty characterizing how the
reaction rate changes during a reaction. This means that we
might benefit from exposing students to additional representa-
tions of reaction rates, especially representations that show the
temporal and dynamic aspects of rate laws. Although several
researchers have studied how rate laws are understood as
mathematical models with different frameworks and in
different contexts, no such research has been done on
numerical computation and programming. This study will
thus address how students may use computation to make sense
of mathematical chemical models. The main hypothesis is that
scientific computing can help bridge the conceptual gap
between chemistry and mathematics.
Theoretical Framework

To understand how students draw on cognitive elements from
different disciplines to construct meaning, the blended
processing framework23 is used in this study. This framework
is a theory originally proposed by Fauconnier and Turner50,51

in the field of cognitive linguistics. Blended processing
describes how collections of cognitive structures blend and
integrate to form meaningful or conflicting units. This theory
conceptualizes concepts as consisting of collections of
cognitive elements, which are activated in specific contexts.
Large collections of such elements form a mental space from
which individuals can draw and combine specific compo-
nents.52 For instance, when solving a stoichiometric problem, a
student needs to combine their knowledge of algebra,
arithmetic, and significant figures with their knowledge of
reaction equations and stoichiometric relations between
products and reactants. The former are elements from a
mathematical mental space, and the latter are elements from a
chemical mental space. These connections may, in turn, allow
students to construct new meanings and understandings.23

They are often illustrated using blending diagrams, such as that
shown in Figure 1. This model of student cognition will be
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used to analyze and illustrate how students connect cognitive
elements from different mental spaces.

The blended processing framework is well suited for
describing interdisciplinary concepts in chemistry. For
example, Bain et al.8 use this framework to analyze problem-
solving in chemical kinetics, identifying when and how
different mental spaces from chemistry and mathematics are
blended together. An example of a blending process is
illustrated in Figure 1. Here, we see how concepts from
chemistry and mathematics blend to create new meaning.
Fauconnier and Turner describe mental spaces as small

conceptual packets that are constructed as we think and talk.
Blending occurs when input from two mental spaces is
projected upon a third space.53 In the example from Bain et al.
which is illustrated above, meaning, which is both stored in the
brain and constructed in the moment, from mathematics and
chemistry is combined to give rise to new meaning. We can use
these mental spaces to model how students combine thought
and language to construct new meaning across disciplines,
addressing the problem with compartmentalization, or
“disciplinary siloing” of ideas.38

The blending of cognitive elements and mental spaces has
also been studied in physics education.27,52,54−60 However,
there is a gap in the literature around how scientific computing
can contribute to the blending of resources in chemistry
learning. This study therefore uses the blended processing
framework, together with perspectives from previous literature
on blending of mathematics and chemistry or physics, to study
how students make sense of mathematical models in chemistry.
Our research questions are as follows:

1. How do students use elements from different mental
spaces when solving a problem involving mathematics
and chemistry?

2. How do programming and computations contribute to
the ways students make sense of mathematics in
chemistry?

■ METHODS
Data collection for this project took place at the University of
Oslo (UiO) in Norway. At UiO, rate laws are covered in
general chemistry in the first semester, and more thoroughly in
physical chemistry in the third semester. Chemistry students at
the University of Oslo also take a course in programming for
chemists in the first semester, which covers general
programming with Python, numerical methods, and how to
explore chemistry and chemical models with programming.
Solving rate laws numerically is part of the course. Although
most participants in the project were chemistry majors, two of
the participants were from the Material Science program.
Students from this program have a more general programming
course in the first semester, where rate laws are not covered
explicitly, although the methods required to solve them are.
Data collection for this study used a cognitive clinical

interview methodology.61 Clinical interviews have seen
frequent use in science education research, especially in
studies where researchers aim to probe a student’s thinking to
better understand the cognitive mechanisms behind their
reasoning.62,63 In the present study, these interviews required
students to solve several problems from chemistry related to
rate laws. In the first part of the interview, students were first
asked to define and give examples of rate laws. This was
followed up by a question about the relation between the
change in concentration (that is, the rate laws) and the
concentration itself. In this step, the students had to explain
what the derivative meant in this context, and what it meant
conceptually to integrate the rate laws. Next, they were asked
how to determine the concentration from a rate law.
In the second part of the interview, students were

introduced to a Python (3.9) code where three rate laws
were integrated for the reaction H2(g) + I2(g) → 2HI(g) at
high temperature, as shown in Figure 2. The students were

asked to explain what the code represents. The reaction was
simplified as irreversible to make the conceptual information
clearer, even though the reaction is reversible. The code
showed only the loop, where the rate laws were defined, and
the integration was done with the simple Euler method.
In the code above, the declaration of variables is implicitly

done in the lines above the ones shown. This code begins with
a for-loop, essentially repeating the lines below the first line N

Figure 1. Illustration of a possible outcome of conceptual blending.
Distinct sets of cognitive resources are modeled as forming different
mental spaces. Conceptual blending involves combining resources
from two or more mental spaces to form new meaning. Here,
resources from chemistry are used together with the mathematical
concept of rate to construct an understanding of how reaction rate
depends on molecular collisions over time. Knowledge of collision
theory from chemistry is combined with a conceptual understanding
of the derivative from mathematics to explain how the derivative
represents reaction rate and how it depends on molecular collisions.

Figure 2. Integration loop for the reaction H2(g) + I2(g) → 2HI(g) at
high temperature, as provided to interviewees.
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− 1 times. HI, H, I and t are arrays, which are a kind of
mathematical lists in Python. The arrays are filled with values
as the loop progresses. The variable i is a counter which is used
as an index for the arrays, denoting where to put the values that
are calculated at each iteration in the loop.
Data collection proceeded over two stages. First, 3 pilot

interviews were conducted with preservice teachers specializing
in chemistry. The questions in these interviews were more
open-ended, which lead the students into a memory exercise
rather than an exercise in problem-solving and conceptual
understanding. The interview protocol was therefore adjusted
to contain for example specific rate laws and complete or
semicomplete program code. Finally, chemistry students from
the bachelor and master programs at the University of Oslo
(UiO) were recruited for subsequent interviews. Eleven
bachelor students volunteered for the main interviews; all
interviews were conducted individually to provide sufficient
time and room for individual reasoning and reflection, and all
participating students were awarded a gift card. Every student
had participated in at least one course covering rate laws.
Audio and video for all 14 interviews were recorded and

transcribed. The transcribed video recordings were then
anonymized using pseudonyms, after which they were
deductively coded and analyzed by the first author using
Nvivo 12. The main codes were decided a priori, but some
codes were added throughout the coding process. The codes
were chosen as descriptions of possible mental spaces (like
conceptual chemistry and procedural mathematics). These
mental spaces are based on our experience with teaching, as
well as previous research.5 The main spaces we identified was
conceptual chemistry, programming, conceptual mathematics
and procedural mathematics.
To properly distinguish between codes, criteria for the

different mental spaces were established. For example, using
terms from a specific discipline, like “concentration”, does not
necessarily imply that the students are using resources from a
conceptual chemistry space. To qualify as conceptual
chemistry, the students needed to use resources from
chemistry as an explanation or a description of a chemical
phenomenon. These resources can be at the micro level, like
using the concept of molecular collisions to describe reaction
rate, or at the macro level, for example referring to reaction
equations, discussing how reactants and products depend on
each other, or stating the fact that the concentration of
different species change as time passes.
The procedural mathematics mental space and the

conceptual mathematics space are two distinct, but related
spaces. The procedural mathematics space represents resources
that students use to do algorithmic problems without relating
the symbols to what the mathematics really means. On the
other side, the conceptual mathematics space represents
resources connected to an understanding of what mathematical
symbols and operators mean (like the derivative representing
instantaneous change). That students can do procedural
mathematics without actually understanding what the equa-
tions and solutions mean are shown in several studies.5,17 This
provides theoretical justification for treating these two spaces
as separate.
The interviews were approved by the Norwegian Center for

Research Data. Identifying data like e-mails and names were
encrypted and stored on a secure device separate from the
interview recordings. These data were only available to the first

author. Every participant signed a consent form describing
their participation and how the data is stored and used.
The data were coded three times by the first author in the

space of a year to ensure the internal stability of the codes.
After these three rounds of coding, a second researcher coded
about 60% of the data. The researcher was instructed to code
the data in such a way that codes were mutually exclusive.
The data were then unitized to ensure that the same

segments were coded by both researchers. In this process, we
identified segments that were coded by one researcher but not
the other. Those segments were anonymized, which means
that they were marked as coded, without showing the actual
code. These segments were then coded by the researcher that
did not code the segments in the first place. This resulted in a
data set where every coded segment was coded by both
researchers.
The resulting inter-rater agreement was then measured by

Cohen’s kappa, which takes into account the possibility of
agreement by chance. This resulted in P(observed) = 0.73 and
P(chance) = 0.14, which gives a kappa of κ = 0.68. This shows
a substantial agreement even before discussing the codes.64

The inter-rater analysis was done in MAXQDA Analytics Pro
2022.
After calculating an initial kappa, the first author and

external researcher met to discuss the code thoroughly through
a negotiated agreement process.65 This resulted in perfect
agreement (κ = 1.00) and further refinement of the codes.
Through this discussion, both researchers realized the need for
one additional code reflecting the process where students infer
concepts from chemistry from computer code (P+CC). This
code was applied to a few segments during the negotiated
agreement process. Table 1 shows the final codes and one
example of each code from the data.
After the initial rounds of coding, a thematic analysis was

done to examine whether we could find recurring themes in
how students reasoned about problems in different contexts.66

For example, it was examined whether certain parts of the
problem-solving process contained more of specific codes than
others. In this analysis, a priori codes were used as models of
cognitive resources, collating codes into themes describing
patterns in student reasoning. In this process, a theoretical
relationship between expressed language and cognitive
resources was assumed. Thus, the thematic analysis was done
at the latent level, identifying possible underlying conceptual-
izations of the semantic content of the data.
Patterns in situations where blending did or did not occur

were identified through the codes and cognitive mechanisms
behind these patterns were theorized. These themes were
grounded in the blended processing framework and the
hypothesis that computation might help students blend. The
themes were finally reviewed and renamed after a thorough
analysis of the coding scheme and the whole data set.

■ RESULTS

Overview

Through this analysis, three main themes related to conceptual
blending and computation were identified, based on recurring
patterns of student reasoning documented in the interviews:

1. Procedural mathematics does not facilitate blending.

2. Students who interpret computer code tend to blend
resources from different mental spaces.
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3. Blending and dynamic reasoning is facilitated through
iterative thinking.

Segments illustrating the first theme are dominated by the
code PM (procedural mathematics) with little or no relation to
other codes. This occurs in the data when students are trying
to manipulate the rate laws using analytical mathematics. Data
illustrating the second theme are dominated by a mix of codes,
indicating that students are switching between mental spaces
and using cognitive resources from different domains to make
sense of different problems. The third theme provides a
potential mechanism behind this blending process, suggesting
that the stepwise, iterative nature of a computational approach
helps to facilitate blending.
These three themes will now be unpacked, illustrating each

with examples from the data corpus. Note that interviews were
conducted in Norwegian, so the parts of the transcription
shown in this article have been translated from Norwegian to
English.
Theme 1: Procedural Mathematical Knowledge Does Not
Facilitate Blending

When students used elements from a procedural mathematical
mental space, there were little evidence of conceptual blending.
For instance, when faced with the task of finding or sketching
the concentration from a rate law of the form = [ ][ ] k AA

t
d

d
,

nearly every student was trying to do the symbolic
manipulations necessary to integrate the law, without explain-
ing what the integral meant mathematically and chemically.
This trend could mean that students use procedural
mathematics as a “go-to” strategy when faced with a
mathematical problem. This in turn hindered them from
inferring any chemical information about the system. For
example, when John was asked how we can determine different
rate laws, he replies:

John: [...] if it is the zeroth, f irst, or second law, then we can
integrate these general rate laws into the integrated versions.
And if it turns out to be correct with the concentration...
Develops linearly, or something. I cannot quite f ind the
words. So, we get a linear function. Ehm. Which shows the
concentration. Well, I even remember the formulas, but I
cannot “place it”.
Interviewer: But I can hear that you remember a lot here. If
you�just write down any rate law.
John: Yes, we have ln(k) is equal to [pause]. Hmmm.
Irritating. I have f lash cards on them, but it is been a long
time since I’ve made them.
In his response to the question on how we can determine

rate laws, John immediately tries to remember the integrated
versions of the rate laws. In doing so, he bypasses answering
the question on how we can determine rate laws (which must
be done experimentally). He is thus describing the formulas
and symbols used in certain rate laws without explaining what
they mean. It can therefore be inferred that John does not
move between spaces or blend resources from different spaces
while solving the mathematical problem. He remembers some
formulas, as well as some elements of an integrated rate law
(the natural logarithm), but he does not infer chemical
information from them.
After a discussion about what the rate laws mean, John is

asked to find the concentration given a rate law. In response,
he tries to integrate the rate laws while also occasionally trying
to recall them from his previous chemistry classes. He thusT

ab
le

1.
C
od

in
g
Sc
he
m
e
w
ith

D
es
cr
ip
tio

ns
of

Ea
ch

T
he
m
e
an
d
Ex
am

pl
es

fr
om

th
e
D
at
a
M
at
er
ia
l

C
od

e
D
es
cr
ip
tio

n
Ex

am
pl
e
fro

m
th
e
D
at
a

M
en
ta
lS

pa
ce
s

PM
(P
ro
ce
du

ra
l

M
at
he
m
at
ic
s)

Re
m
em

be
rin

g
of

fo
rm

ul
as

(s
ta
tic
)
an
d/
or

al
go
rit
hm

ic
sy
m
bo

lm
an
ip
ul
at
io
n

(d
yn
am

ic
),
e.
g.
,i
nt
eg
ra
tin

g
w
ith

in
te
gr
at
io
n
ru
le
s.

“I
re
m
em

be
r
th
er
e
w
as

so
m
e
st
uff

fro
m

m
at
he
m
at
ic
s.
T
ha
t
w
e
m
ul
tip

lie
d
w
ith

e
to

th
e
po

w
er

of
so
m
et
hi
ng
.”

C
M

(C
on

ce
pt
ua
l

M
at
he
m
at
ic
s)

D
es
cr
ib
in
g
w
ha
t
a
m
at
he
m
at
ic
al

ex
pr
es
sio

n
m
ea
ns
,e

.g
.,
un

de
rs
ta
nd

in
g
th
e

de
riv

at
iv
e
as

de
sc
rib

in
g
ch
an
ge
.

“T
ha
t
is
w
ha
t
th
e
in
te
gr
al

is
−

th
e
ar
ea

un
de
r
th
e
gr
ap
h.
”

C
C
(C

on
ce
pt
ua
l

C
he
m
is
tr
y)

U
sin

g
ch
em

ist
ry

kn
ow

le
dg
e
to

so
lv
e
a
pr
ob

le
m
,o
rd

es
cr
ib
in
g
a
ch
em

ic
al
sy
st
em

,
e.
g.
,t
al
ki
ng

ab
ou

t
co
lli
sio

ns
of

m
ol
ec
ul
es

or
ch
an
ge

in
co
nc
en
tr
at
io
n
as

a
sy
st
em

ev
ol
ve
s.

“I
’m

th
in
ki
ng

th
at

[t
he

ch
an
ge

of
]
H
I
st
ar
ts
a
bi
ts
lo
w
.T

he
n
it
in
cr
ea
se
s
ex
po

ne
nt
ia
lly

un
til

w
e
re
ac
h
a
m
ax
im

al
re
ac
tio

n
ra
te
.T

he
n
it
w
ill

in
cr
ea
se

m
or
e
slo

w
ly

be
ca
us
e
w
e
ar
e
ge
tti
ng

fe
w
er

an
d
fe
w
er

re
ac
ta
nt
s.”

P
(P
ro
gr
am

m
in
g)

D
es
cr
ib
in
g
pr
og
ra
m
m
in
g
st
ru
ct
ur
es

an
d
sy
nt
ax
.

“T
hi
s
is
a
fo
r-l
oo

p.
W
hi
ch

w
ill

ru
n
fo
r
al
l..
.F

ro
m

0
to

N
m
in
us

2
[..
.].

It
’s
an

ite
ra
to
r.”

B
le
nd

in
g
of

R
es
ou
rc
es

C
M
+C

C
In
fe
rr
in
g
ch
em

ic
al

co
nc
ep
ts

fro
m

a
m
at
he
m
at
ic
al

ex
pr
es
sio

n
or

th
e
ot
he
r
w
ay

ar
ou

nd
.U

sin
g
m
at
he
m
at
ic
s
to

un
de
rs
ta
nd

ch
em

ist
ry
.

[A
ns
w
er
in
g
w
ha
t
th
e
de
riv

at
iv
e
in

th
e
ra
te

la
w
s
m
ea
n,

i.e
.,
co
nn

ec
tin

g
th
e
de
fin

iti
on

of
th
e
de
riv

at
iv
e
w
ith

its
ch
em

ic
al

m
ea
ni
ng

in
a
pa
rt
ic
ul
ar

co
nt
ex
t]

“T
ha
t
m
ea
ns

th
e
ch
an
ge

in
tim

e,
th
e
ch
an
ge

in
co
nc
en
tr
at
io
n
w
ith

tim
e.
”

P+
C
M

In
fe
rr
in
g
m
at
he
m
at
ic
al

co
nc
ep
ts

fro
m

pr
og
ra
m
m
in
g.

[E
xp
la
in
in
g
co
de
]
“Y
ou

ha
ve

th
e
de
riv

at
iv
e
to
o,

th
en

yo
u
m
ul
tip

ly
by

dt
.S

o
th
at

m
ea
ns

yo
u
ha
ve

ac
tu
al
ly

di
vi
de
d
it,

an
d

th
en

yo
u
m
ul
tip

ly
by

dt
ag
ai
n.

So
,y

ou
ge
t
th
e
in
te
gr
at
ed

fo
rm

,t
he
n.
”

P+
C
C

In
fe
rr
in
g
ch
em

ic
al

co
nc
ep
ts

fro
m

pr
og
ra
m
m
in
g.

[E
xp
la
in
in
g
co
de
]
“I

th
in
k
th
at

th
is
is
th
e
de
riv

ed
co
nc
en
tr
at
io
n
of

hy
dr
og
en

io
di
de
.I
t
is
th
e
ra
te

la
w
.”

C
C
+P

+C
M

In
fe
rr
in
g
ch
em

ic
al
an
d
m
at
he
m
at
ic
al
co
nc
ep
ts
fro

m
pr
og
ra
m
m
in
g.
M
ov
in
g
ba
ck

an
d
fo
rt
h
be
tw
ee
n
di
ffe
re
nt

m
en
ta
ls
pa
ce
s.

“W
e
st
ar
t
by

de
fin

in
g
st
ar
tin

g
co
nd

iti
on

s:
co
nc
en
tr
at
io
ns

an
d
tim

e
an
d
so

on
.W

e
al
so

us
e
th
es
e
in
iti
al

co
nd

iti
on

s
to

ca
lc
ul
at
e
th
e
ne
w
va
lu
es
.I
n
th
e
fu
tu
re
.A

nd
th
ey

ar
e
ba
se
d
on

th
e
ra
te

la
w
s
w
ith

re
sp
ec
tt
o
a
ce
rt
ai
n
re
ac
ta
nt
.T

he
y
ca
n

de
pe
nd

on
ea
ch

ot
he
r.”

Journal of Chemical Education pubs.acs.org/jchemeduc Chemical Education Research

https://doi.org/10.1021/acs.jchemed.2c00881
J. Chem. Educ. 2023, 100, 1739−1750

1743

pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.2c00881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


remains in a procedural mathematical mental space throughout
the process.
Surprisingly, without being asked directly about it, and

without being aware of the theoretical framework of the study,
John proceeds to explain how blending of resources is hard and
contextually dependent:

John: We are very dependent on certain contexts to apply
what we have learned. I of ten notice that when I work in
parallel with dif ferent subjects, where I realize in a subject
that I�“here I can use a thing f rom another subject”. It can
be dif f icult for me to apply what I have learned f rom one
subject to another. For it is so apparently, on the surface,
dif ferent.
This shows us that students can also be aware of the

problems they face when trying to combine knowledge from
different disciplines. In some cases, students were able to
integrate the rate laws analytically; however, even in these
cases, blending did not occur. For example, one interviewee,
Amelia, successfully managed to integrate the rate law
analytically without errors. This success may have been due
to her stronger background in mathematics than the other
students. However, here again, we see that she does not infer
significant chemical information from the integrated rate laws
either during or after the process of integration. For example,
here is how Amelia approached the integration task:

Amelia: It [the rate law] must be integrated! And then
there will be, no, sorry. [long pause] How is it possible to
forget basic math?! [thinking]. There will be separation of
variables, then. And then there will be k, dt, and then there
will be integration. We need to separate variables, and then
integrate. So, it will be ln. Okay, it is like that. Let us see. k
becomes 0. Also, it becomes ln here, ln A0, and then kt, kt0,
of course assume that one is zero, for there is no point in
using it. [...] So, if we want the concentration, then we can
take this over there. We can also take the exponential. [...]
Then you can maybe write this f irst. That was it. Also
[laughter], if I’m doing something wrong, it is because I do
not see it [...].
We see here that Amelia goes back and forth with symbols

and rules but makes no mention of the chemical information in
the rate laws while she is in the process. Even after she has
successfully integrated the rate law, she makes little attempt to
interpret it, rather opting to try to remember the graphs
representing concentrations for different rate laws:

Amelia: I do not remember exactly how it [the
concentration as a function of time] looks like, but
exponential functions are kind of curved and exponentially
growing and so forth.
Based on this example, we can see that Amelia still does not

infer chemical information from the rate laws, even though she
clearly knows how to integrate them. Thus, like John, Amelia
seems to be drawing exclusively from a procedural
mathematical mental space, exhibiting little evidence of
blending. Several other students exhibited similar behaviors,
focusing on mathematics to the exclusion of conceptual
chemical knowledge or interpretation.
That students do not automatically blend resources when in

a procedural mathematics space is in alignment with what is
shown in other studies involving mathematics in chemistry.16

In addition, the fact that students use procedural mathematics
as a “go-to” strategy when faced with mathematical problems
in chemistry is an important result from this analysis. Thus, we
can see that chemical concepts are not automatically used by

students when solving a problem from chemistry involving a
lot of symbolic manipulations and interpretations.
This result show that chemistry educators need to make

special care in the design of teaching activities where
mathematical procedures are used and conceptual chemical
and/or mathematical knowledge is the goal. We will now look
at how designing a mathematical problem through code can
affect the use of different mental spaces.
Theme 2: Students Who Interpret Computer Code Tend to
Blend Resources from Different Mental Spaces

From our discussion of theme 1 it is apparent that students did
not blend automatically when drawing on resources from a
procedural mathematical mental space. When using resources
from a procedural mathematical space, the students’ reasoning
about mathematical models in chemistry tended to be static
and dominated by rules and algebraic operations. But when
they were exposed to scientific computing, a shift was
observed: students began to blend resources in a more
dynamic way.
As an example, we saw previously that John was automati-

cally using resources from a procedural mathematical mental
space when first introduced to the rate laws, shifting between
trying to integrate the rate laws and remembering the
integrated rate laws from chemistry class. However, when
asked to explain the code that integrates the rate laws
numerically in the second part of the interview, he begins to
exhibit signs of conceptual blending: inferring chemical
information from mathematics and the computer code itself
and vice versa. For instance, when asked about how he would
solve the equations numerically, he replied:

John: We start by def ining starting conditions: concen-
trations and time and so on. I usually make lists that are
empty. We also use these initial conditions to calculate the
new values. Ehm. Forward in time, in a way. Ehm. And they
are based on the dif ferent rate laws with respect to a certain
reactant. It must preferably contain the other concentrations
as well. They can depend on each other. Ehm. Find the new
concentrations. Save it in lists and then loop it back and use
the current values as starting conditions for the next round
of Euler’s method. Which is then saved again, and then plot
it.
By explaining how to use lists and loops to numerically find

the new concentrations of products and reactants as the
reaction unfolds, John is drawing upon knowledge from
different disciplines. Thus, when he explains the code that
integrates the rate law numerically, he shows a higher degree of
blending and dynamic reasoning than when he tried to
symbolically solve the rate law. Instead of trying to remember
integration rules or the integrated rate laws as static entities, he
starts to reason and draw conclusions about different processes
drawn from different mental spaces. For example, he uses his
knowledge of the iterative integration process (“We also use
these initial conditions to calculate new values”, programming
mental space) in combination with what the rate laws
represent (“And they are based on the different rate laws”,
conceptual chemistry space). Furthermore, as predicted by the
conceptual blending framework, this blending is producing
new, emergent meaning.
Amelia, who successfully solved the rate law analytically, has

never seen a numerical solution of rate laws before. Despite
this, she also manages to infer quite a lot of chemical and
mathematical information from the code:
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Amelia: Then I assume this here is the concentration of H.
It says HI there, and H there and I there, but also because it
says half. And we have two here [pointing to 2HI in the
chemical equation], we also have one there [pointing to H2
in the chemical equation] We also assume the same for
iodide, because that is exactly it, it is half of the product [...].
[...]
Amelia: it uses the equation there [points to HIder in the
code and then the rate laws that are written on a piece of
paper]. And dt must be def ined somewhere. In other words:
It takes the previous one, that is, what was determined by
the rate law, here. It also adds the new [value of the] rate
law multiplied by delta t, dt. So, it builds up every time, sort
of accumulating, in the new list HI.
[...]
Amelia: What Euler’s method does is integrate it [the rate
law], or approximate it [the integral]. Because what you
f ind is the concentration when you integrate it. So, this is the
concentration [points to HI [i + 1] in the code].
In the first quote, Amelia explains the lines where the rate

laws are defined in the code by using her knowledge of
stoichiometry from the chemical equations to interpret the
code. She points out that the code “says half” and “have two
here”, which lead her to assume that the code represents
concentrations of H2, I2, and HI. This is an example of
knowledge emerging from blending knowledge from the
programming space and conceptual chemistry space (P+CC).
In the second quote, she proceeds to explain how we use rate
laws to determine the change in concentration, and then add
this change every time step. We also see from the third quote
that she views this iterative process as a way of integrating the
rate laws, which draws on knowledge from the conceptual
mathematics space (CM). From the different mental spaces,
Amelia constructs a new meaning of the rate laws as dynamic
entities that we can integrate to find the concentration with
time (CC+P+CM). This is similar to the example of blending
that we saw with John.
Another student, Chris, claimed to know the integration

rules and how to use them in a mathematical context, but when
presented with the problem of solving rate laws, he struggled to
explain or understand what integrating meant. Like John and
Amelia, he used mostly resources from a procedural
mathematics space for the first 15 min of the interview.
However, when presented with computer code, he too began
to blend elements of mathematical and chemical knowledge:

Chris: [...] And then we have how the concentration evolves.
Let us see. This means that the next concentration, that is,
the next value for the concentration, numerically, is given by
the initial value of HI, which is calculated. [...] Then we add
the change in concentration for HI af ter a very short period
of time, or af ter a change in time. And the same thing
happens below, as for those above. For H, the same thing
happens, that you take the starting concentration and add
the change in the concentration, over time. And the same for
iodine. [...] Then you loop it.
Here, Chris blends knowledge from conceptual chemistry of

what the rate laws mean (“how the concentration evolves”)
with his mathematical knowledge of the numerical method
(“the next value for the concentration, numerically, is given by
the initial value of HI”). This blending process seems to be
mediated by the way the code represents the problem as an
iterative process, as discussed in the next section.

These examples show that the computational task facilitated
conceptual blending, allowing students to infer important
chemical and mathematical concepts through computer code.
We saw previously that students tended to focus on symbolic
manipulations when approaching the problem analytically,
hindering chemical information to be inferred from the
mathematical models. One possible reason for this is that
most rules of integration and differentiation are not directly
related to the definitions of their respective mathematical
concepts. When students use these rules, their focus can shift
toward “plug-and-chug” strategies to get the “right answer”.
Integrating a function does not necessarily mean that they
understand what that function or integrated function means.
Simple numerical methods, on the other hand, are based on
the very definition of mathematical concepts. As such, it might
be easier to infer what different mathematical concepts mean in
a chemical context.
The main argument here is that the programming task led to

blending of resources from different mental spaces, whereas
the task of finding the concentration did not necessarily lead to
blending. It is therefore important to address the different
natures of the main tasks. The first task of finding the
concentration from the rate laws was framed as a productive
task where students had to come up with a solution
themselves. In the second task, the students were asked to
interpret an already existing solution, which is a responsive
task. These two tasks are quite different, and one can argue
that the first task will automatically lead students into trying to
remember solutions or try to solve the problem using rules and
algorithms.
Nevertheless, even though some students managed to solve

the integral fully or partially, we did not see any attempts to
make sense of the integral and infer any chemical information
from it. We also prompted several students to dive into their
chemical knowledge by asking them to construct diagrams
showing the concentration as a function of time. Even then,
several students did not use much of their chemical knowledge,
instead opting to remember how the graphs looked like or how
the function would look like from the rate laws. For example,
by asking Freya to sketch a graph for the concentration as a
function of time given the rate law v = k[A], she replied:

Freya: I think it should increase. Because the change in A...
Or it goes down. I think I remember rate laws as either
graphs that increases or graphs that decreases. But I am
always confused of that is on the y- or x-axis. Over time the
concentration of C will increase. So just a straight line going
up. Or a bit like a second order [function]... But I’ll say a
straight line going up.
We can see that no conceptual chemical concepts are used as

part of the argument, other than what the student has seen
before in chemistry class. She mainly uses mathematical
arguments to infer how the reaction unfolds, without thinking
about when or how the reaction ends or reaches equilibrium.
Here, chemical arguments, like collision theory or merely
discussing the relation between products and reactants, could
be used to discuss how the reaction would unfold.
Despite the differences of the two tasks, it could be argued

that even if the students were shown a complete calculation of
an integrated rate law from the beginning, they would not
interpret the process as time-dependent and dynamic, and
thus, they would not blend resources from different mental
spaces. We saw that even when given multiple opportunities to
include arguments from chemistry in their reasoning, most
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students failed to do so. They framed the first task mainly as a
remembering task or as a task where they needed to solve a
mathematical, not chemical, problem. When they were shown
the computer code, they instead framed the task as both a
programming task, a mathematical task and a chemistry task. A
reason for this will further be examined when we proceed to
unpack the third theme of the analysis.
Theme 3: Blending and Dynamic Reasoning Is Facilitated
through Iterative Thinking

In the previous section, it was argued that computation helped
to facilitate a shift from a static, recall-based approach to rate
laws toward a more dynamic, blending-based approach.
However, the question remains: what is it about computation
that facilitates this shift? Based on the data collected, we argue
that a key element may be the iterative approach that underlies
numerical methods, in which the next state of a system is equal
to a previous state plus a change in that state, given by the rate
laws. This way of reasoning was shown in the examples
presented in the previous section. However, other students
made this element even clearer in their interviews. For
example, both Freya and Ada used iterative thinking to
describe the rate laws and how the concentration evolves with
time:

Freya: Oh yes. Plus. We also add what we assume is in a
way the extra that you get over time. And we get that by
iterating it over time, HIder, yes, multiplied by dt.
Freya makes the iterative process explicit by using the verb

iterate. She explains the process as “adding the extra you get
over time”, which she clearly knows is the variable HIder in the
code, which again represents the rate law. The temporal aspect
of the iteration process is also explicitly remarked by Freya:
“We get that by iterating it over time”. The integration process
is thus now interpreted as a dynamic way of evolving the
system in time, instead of a static process of moving symbols
around in accordance with certain rules.
Ada provides another example of this:
Ada: [...] So here it is def ined what HI looks like, and it is
as you wrote there [she points at the given rate law]: k times
H times I. [...] We also def ine H and I, just so that we have
some values to put in here [points to the concentration of H2
and I2 in the rate law]. And once we have def ined the f irst
value, then we can go to other values, as we do here. [...]
And we do that for HI, for the product, as we have the
original value of the product plus a change. We also have
the reactants. What happens now is change. It is the original
value plus an amount of change, and the same with the
other reactant. We also see what happens with the change.
[...] And it depends on these, here [points at H[i] and I[i]].
And what happens next is. That is the f irst thing that
happens. And that is the change, and here’s the f inal value
[points at HI[i + 1]].
Here, Ada points out that we need an initial value of the

system. We can then use this value and the rate law, which
represents a change in the system (conceptual chemistry), to
calculate the next concentration of the chemical species
(conceptual mathematics). This is another example of how the
integration is performed stepwise through time instead of
symbolically.
Both Freya and Ada explain how we add a change in

concentration every time step. In these explanations they use
resources from mathematics, programming and chemistry.
These resources are combined to produce new meanings, as

illustrated in Figure 3. The iterative approach seems to help the
students to interpret symbols as chemical entities by

introducing a temporal, dynamic element to the problem-
solving. This dynamic element, where integration is a sum of
changes in a system, shifts the students’ focus from
mathematical rules to conceptual understanding of integration
as a sum of states over time. This allows for easier connections
between the mathematical model and the dynamic chemical
phenomenon.
The iterative approach is also described explicitly by some

students. For instance, when asked how he would solve the rate
laws, Thor sketches a program that uses Euler’s method
without trying to solve them analytically first. When asked
about what he understands by using a numerical solution, he
describes the iterative approach explicitly:

Thor: It is kind of, because what I’m thinking, sort of, is
that every time that goes by, a little bit more hydrogen and a
little bit more iodine is used to form more hydrogen iodide,
and thus it is�let us say it is per second, then, then it means
that the next second, then there will be less hydrogen and
iodine present to react. And thus, less hydrogen iodine will
be formed. And that is the [mental] picture I feel the
calculation helps me with at least. It divides the process into
small moments that make it very easy to understand what is
happening second by second.
Thor describes the numerical integration as an iterative

process of “small moments” where a change in concentration
happens. He uses this iterative way of solving rate laws as a way
of understanding how the system evolves with time. Thus, he

Figure 3. Freya and Ada’s problem solving provide examples of new
meaning emerging from the blending of knowledge from different
mental spaces mediated through a programming mental space.
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interprets the rate laws dynamically, in contrast to the
symbolic, static interpretation associated with the symbolic
integration that was shown earlier. This kind of iterative
thinking described by Thor, and exemplified by Freya and Ada,
seems to facilitate the blending of different resources. We can
say that this numerical, iterative approach catalyzes the
blending of resources from different mental spaces.
One important reason that the computer code facilitates

blending is that it is very explicit. That is, it represents
chemistry and mathematics in a less abstract way than standard
mathematical notation. For instance, every variable name can
be equated to a specific chemical entity. In addition,
mathematical operations in computer code are often easy to
interpret, as they mostly consist of simple arithmetic. Even
algorithms for numerical integration consist only of addition
and multiplication. As such, when students read the code, they
managed to understand their chemical content, and from this,
blend different resources. In this way, we argue that code can
activate and prime different mental spaces, which makes them
readily accessible for blending.
Another reason that computer code can facilitate blending, is

that it can serve as an iterative representation of dynamic,
temporal phenomena. For example, a code where concen-
tration is increasing in discrete time steps contains more
information about the dynamic nature of kinetics than an
integrated rate law does. A for-loop representing a numerical
method prompts the discussion of a dynamic phenomenon. As
such, it is not the code itself that directly facilitates blending. It
is merely used as a representation that emphasizes the dynamic
and iterative nature of kinetics. Thus, it is the interpretation of
the numerical method which is represented by the code that
facilitates blending.

■ CONCLUSION AND IMPLICATIONS
The data and analysis presented here show that students do
not tend to blend chemistry knowledge with mathematical
knowledge when working procedurally with symbolic entities
from mathematics. However, interpreting an iterative numer-
ical solution helps the students to foreground the dynamic and
time-dependent nature of reaction kinetics. In this process,
students are more likely to engage in conceptual blending and
thereby construct new emergent understandings. This blending
process is facilitated through iterative thinking mediated by
programming code. The code serves as a representation of the
numerical method, making it easier for students to interpret
reaction kinetics as dynamic and stimulating students to
interpret both the chemical and mathematical aspects of the
problem.
The numerical approach introduces a more dynamic,

temporal way of solving a mathematical problem, and this
makes the inference of the chemical dynamics of the system
more accessible. When exposed to a numerical approach, the
students also shifted their mindsets from static remembering to
dynamic reasoning. They used their knowledge of program-
ming, mathematics, and chemistry in a blended mental space,
trying to make sense of the problem, instead of remembering
and “getting it correct”. Thus, the students were more invested
in understanding and integrating the rate laws (iteratively)
instead of remembering what the integrated rate laws look like.
This gives us an answer to the second research question on
how a computational approach might contribute to the
understanding of mathematics in a chemistry context. The
fact that a stepwise iterative solution facilitated both blending

of resources and reinforced the understanding of mathematical
models as dynamic entities is also in alignment with research in
physics education.52,67

Using iterative approaches to mathematical models in
chemistry can also be a way to address the problems students
have with interpreting the dynamic, temporal aspect of rate
laws, as addressed in the literature review section. When both
the mathematics and the chemical system are described as
evolving with time, it might also be easier for students to
understand the connections between the mathematical model
and the chemical system it represents, which previous research
has regarded as problematic for many students.12,17,23−25,28

Bain et al. state that we can help students view mathematical
expressions as less abstract by making the connection between
the mathematical model and what it represents explicit.8 Their
findings suggest that this can be done by making theoretical
connections explicit or by partaking in laboratory work. Based
on the findings from this study, we argue that computation and
numerical methods can serve a similar role. When students use
programming to explore models, every step and connection
between chemistry and mathematics is explicit.
We do not claim that analytical methods are of no

importance in chemistry. A solid understanding of symbolic
mathematics is required to make sense of mathematical
models. But we might ask ourselves whether the traditional
emphasis on analytical methods and symbolic manipulation is
the best approach if the goal is to help students to better
understand the relation between mathematical and chemical
concepts. With the computer as a powerful tool that is readily
available to most students, we have a new opportunity to
evaluate the way we teach mathematics in chemistry. Also, it
can help us understand how we can leverage students’
mathematical knowledge to help them make sense of
important concepts in chemistry.
There is of course a danger of introducing a new discipline

or element of a discipline to students. If computation is
introduced as a separate discipline (for example, through
decontextualized computer science courses), students may fail
to blend resources from the computational space with
resources from other spaces. A computational education for
chemists should therefore be grounded in chemical problems
in such a way that we help students to integrate computation,
science, and mathematics. This way of programming can be
called scientif ic programming, which is an interdisciplinary
approach to programming in a scientific context.68

Another implication of this study is that chemistry
instructors should be wary of static or fragmented treatments
of analytic approaches to chemistry. For example, some
textbooks may present one subchapter concerning “rate
laws”, then another subchapter on “integrated rate laws”,
without much connection between the two. This conceptual
separation might be due to the complexity of integration rules
and to save the students the burden of remembering the
derivations, but this approach may inadvertently hinder
blending and understanding of what mathematics contributes
to chemistry. Without “hiding” the mathematics, we suggest
that one could instead implement a numerical approach, with
the possible effects on student reasoning shown in this article.
More research on the effect of the implementation of
numerical methods and computations in different contexts in
chemistry would be a great addition to the educational
literature.
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We suggest that the static framing observed in this study
may come from how chemistry is traditionally taught, rather
than from chemistry students simply failing to make certain
conceptual connections. Redish and Kuo refer to this problem
as “students having difficulty in translating the way symbology
is used to make meaning differently in math and science
classes”.17 In other words, math in science is not the same as
math in math,17 which we should take into account when
designing courses and educational programs. Introducing our
students to calculus through a mathematics course does not
automatically imply that they get a good understanding of how
to use calculus in chemistry. We must help them bridge these
understandings, either by making mathematics courses for
chemists, or by taking time to bridge the gap between
mathematics courses in our chemistry courses. Either way, we
cannot always blame the students for not understanding math
in science automatically.

■ LIMITATIONS
The small number of participants (N = 14) means we cannot
generalize causal relations between iterative thinking and
blending of resources in a general population of chemistry
students. Although we can suggest potential mechanisms and
causal relations in our population of students, which can then
be followed up on by later studies. We examined how including
a computational component affected how the students made
sense of certain chemical models. Further studies are needed to
examine different mathematical chemical models and different
populations of students.
All students in this study had a background including a

course in programming, either scientific programming in
general or programming for chemists. Students without this
background might struggle to understand numerical solutions
of rate laws like those discussed above, which might hinder
their ability to infer mathematical or chemical information
from the code.
It is worth noting that the mental spaces used as a model for

describing the blending processes are theoretical constructs
which are grounded in both the data from this study and in the
literature describing student difficulties with combining
resources from different disciplines (“disciplinary siloing”38).
It may help to describe the cognitive mechanisms behind these
phenomena, but it is nevertheless important to keep in mind
the limitations of the model. It does not represent specific parts
in the brain, nor are there sharp borders between the mental
spaces. The spaces might be interpreted as available cognitive
and linguistic resources either stored in the brain or
constructed in the moment in an interconnected discourse
and can be used as a model to understand the dynamic
construction of meaning.
Lastly, we have previously addressed that the two tasks of

finding the concentration from the rate laws and interpreting a
computer code that had already solved the integrals, are
different. Therefore, we encourage future research to further
explore different task designs when comparing analytical and
computational approaches to a mathematical problem in
chemistry.
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(46) Kırık, Ö. T.; Boz, Y. Cooperative Learning Instruction for
Conceptual Change in the Concepts of Chemical Kinetics. Chem.
Educ. Res. Pract. 2012, 13 (3), 221−236.
(47) Cakmakci, G.; Leach, J.; Donnelly, J. Students’ Ideas about
Reaction Rate and Its Relationship with Concentration or Pressure.
Int. J. Sci. Educ. 2006, 28 (15), 1795−1815.
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