
Students’ Understandings of Acid Strength: How Meaningful Is
Reliability When Measuring Alternative Conceptions?
Stacey Lowery Bretz* and LaKeisha McClary

Department of Chemistry & Biochemistry, Miami University, Oxford, Ohio 45056, United States

ABSTRACT: Most organic chemistry reactions occur by a mechanism that includes
acid−base chemistry, so it is important that students develop and learn to use
correct conceptions of acids and acid strength. Recent studies have described
undergraduate organic chemistry students’ cognitive resources related to the
Brønsted−Lowry acid model and the Lewis acid model, providing both qualitative
and quantitative analyses of these understandings. To drive changes in pedagogy and
curriculum, however, faculty need to be able to quickly assess students’ conceptions
of acids and acid strength. We recently reported on the development and assessment
of a nine-item, multiple-tier, multiple-choice concept inventory about acid strength,
named ACID I. Coefficient α for ACID I was calculated to be below 0.70. In this
manuscript, we demonstrate that despite this low coefficient α, the data generated by
ACID I are indeed reliable. Thus, the purpose of this paper is to (i) report two
significant alternative conceptions about acid strength that persist in organic
chemistry students’ minds after nearly two semesters, and (ii) discuss the meaning of
reliability for concept inventories, including a description of additional measures for the reliability of data collected using ACID I.
Two types of test conditions were employed within second-semester organic chemistry courses in two different regions of the
United States: a course at a medium-sized, midwestern liberal arts university and a large, southeastern research university.
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■ INTRODUCTION

Acid−base chemistry is fundamental to many chemical and
biochemical processes. Yet, studies have shown students from
secondary school through graduate school have difficulties
understanding and applying acid−base principles/theories.1−5

Learning acid−base chemistry can be particularly challenging
for students due to the use of multiple models of acids (i.e.,
Arrhenius, Brønsted−Lowry, and Lewis), often with little
explication of their differences and limitations.6 Many
alternative conceptions that students and preservice teachers
hold related to acid−base chemistry have been reported.7−10

Despite these reports, preservice teachers11 and college
instructors12 often remain unaware of alternative conceptions
their students (are likely to) hold about acid−base chemistry.
Teacher knowledge of chemistry students’ alternative

conceptions is necessary to develop instructional strategies
that promote constructivist learning because such conceptions
are integrated into students’ knowledge structures and affect
students’ thinking and reasoning.13−15 Knowledge structures
that students use to make predictions, generate explanations,
draw conclusions, and develop hypotheses are called mental
models.16−18 Mental models are dynamic, internal representa-
tions that an individual constructs of his or her world.19

Students often generate mental models that are functional,
though incomplete.20 Mental models can be unique to a
situation, and also to the individual.17 With experience, mental

models may become coherent, though not necessarily free of
incorrect ideas, and more resistant to change.21,22 Novice
chemistry students hold mental models for many concepts,
including bonding,23−26 chemical equilibrium,27 and acids and
bases.28,29 Most of these reports sampled high school or general
chemistry students. Few studies, however, have reported mental
models that advanced chemistry students employ to solve
domain-specific problems.1,30,31

Advanced chemistry students have been shown to invoke
mental models to generate solutions for qualitative tasks.
Bhattacharyya1 described a single mental model that graduate
organic chemistry students employed to explain trends in acid
strength. McClary and Talanquer31 showed that undergraduate
organic chemistry students used one of four mental models to
predict, explain, and justify trends in acid strength; these
expressed mental models were hybrids of intuitive beliefs and
scientific models. Such synthetic models have also been
reported in children32 and high school students.29 The McClary
and Talanquer study31,33 involving undergraduate organic
chemistry students was the basis for developing ACID I,34 a
nine-item concept inventory to elicit students’ conceptions of
acid strength.
ACID I is a research tool that can be administered as a

diagnostic instrument in classrooms either as a formative
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assessment or to evaluate instructional interventions. Other
instruments that measure alternative conceptions or intuitive
assumptions related to chemistry concepts include particulate
nature of matter,35,36 covalent and ionic bonding representa-
tions,37 kinetic particle theory,38 solution chemistry,39 acids
and/or bases,9,29 oxidation−reduction reactions,40 chemical
equilibrium,41,42 electrolysis,43 and enzyme−substrate inter-
actions44

ACID I was designed to investigate undergraduate organic
students’ mental models, based upon three prediction tasks
from McClary and Talanquer31 that required students to
conceptually understand the factors that affect acid strength.
Some first-semester organic chemistry (OC1) students relied
almost exclusively upon explicit features of structural
representations of organic compounds when asked to rank,
explain, and justify trends in acid strength.33 When ACID I was
administered to students in the second week of a second-
semester organic chemistry course (OC2), two alternative
conceptions were measured and described.34

■ METHODS

Goals and Research Questions

This study extends previous research on organic chemistry
students’ understandings of acid strength and uses ACID I to
measure the alternative conceptions that OC2 students held
about acid strength at the end of the semester, the prevalence of
these alternative conceptions, and how strongly the alternative
conceptions were held in students’ minds. In addition, this
study investigated the reliability of data collected with ACID I,
a concept inventory that used students’ own words as response
options for the multiple choice items.31,33

Three research questions framed this research study:

• Do alternative conceptions as measured after OC1
diminish with additional instruction during OC2?

• What alternative conceptions related to acid strength
were identified among OC2 students?

• How appropriate is coefficient α for ACID I, specifically,
and for concept inventories in general?

Instrument Design

Creating the prediction tasks, deciding upon the format of each
item, and choosing response options for ACID I have been
described in detail.34 In summary, three sets of items were
created, each framed around a different trio of compounds that
had previously proven challenging for students in organic
chemistry to understand with regard to acid strength (Figure
1).31,33 The first item in each set asked students to choose a
reason to best explain why one compound was most acidic. The
second and third items asked students to indicate the trend in
acid strength for the two remaining compounds and to select a
reason for their answer. They were also asked to indicate their
confidence for each answer and each reason.45 The original
confidence scale published by Caleon and Subramaniam45 was
converted from a Likert scale to an interval scale, i.e., 0% (just
guessing) to 100% (absolutely confident), in order to better
quantify the confidence of respondents (Figure 2). While
answer tiers inform educators about what students know,
reason tiers provide insights into why students have particular
conceptions.46 Confidence tiers offer an indication of how
strongly conceptions are held in students’ minds.40,45

Validity

Both the face validity and content validity of ACID I were
previously established with content experts.34 The 2D, skeletal
structures of compounds were consistent with students’ notions
of representations in organic chemistry. Furthermore, the
paper-and-pencil, multiple-choice format was a familiar,
reasonable approach to quickly gather data about organic
chemistry students’ understanding of acid strength. Content
validity was established by asking organic chemistry instructors
who teach undergraduate and graduate organic chemistry
courses to determine the extent to which ACID I, framed
within the context of predicting and explaining trends in acid
strength, reflected the key concepts necessary to understand
acid strength within organic chemistry.
Settings, Participants, and Data Collection

ACID I was administered under two different conditions at two
institutions; a liberal arts college (LA) and a research university
(RU). To answer the research questions, these two institutions
were chosen because they taught organic chemistry using
different curricula. Two sections (n = 152) of organic chemistry
were taught by Professor X at LA using a spiral curriculum:
topics were taught broadly first-semester and more in depth
second-semester.47 At RU, Professor Y taught one section and
Professor Z taught two sections of OC2 (total n = 226) using a
traditional two-semester organic chemistry curriculum where
topics were introduced according to the order they appeared in
the textbook. Students who were enrolled in OC2 at both
institutions completed ACID I during regularly scheduled
lecture periods. The three professors signed letters of support
as part of the Institutional Review Board process, and student
participants consented in writing to be part of this research
study.

Figure 1. Three sets of structures used in ACID I to elicit students’
conceptions of acid strength.

Figure 2. Format of confidence rating for items on ACID I.

Journal of Chemical Education Article

dx.doi.org/10.1021/ed5005195 | J. Chem. Educ. XXXX, XXX, XXX−XXXB



Two test conditions were employed to investigate whether
an additional semester of instruction had an effect on students’
alternative conceptions. For example, learning about more
complex reactions in OC2 where acid strength is an important
concept (e.g., enolate chemistry) might have prepared students
to consider additional structural features of each trio of acids
(e.g., inductive effect) rather than focus upon surface features
(e.g., the number of hydrogen atoms).
Under Condition 1 (pre/post condition), ACID I was

administered to half the LA students in OC2 during week 2 of
the spring semester. (The other students participated in pilot-
testing a different concept inventory during this time. The LA
students were randomly divided into the two concept inventory
groups by their seating in the lecture hall.) Then in week 13, all
LA students in OC2 completed ACID I. Thus, some students
in OC2 completed ACID I twice (LA Repeaters), while others
completed ACID I just once (LA Nonrepeaters). Under
Condition 2, OC2 students at RU completed ACID I only
once, during week 14. The motivation for this second test
condition was to examine the generalizability of the findings
from Condition 1.

Data Analysis

Only students who provided an answer and a confidence rating
to all questions were included in the analysis. Each item on
ACID I was scored as 0 if answered incorrectly, as 1 if answered
correctly, and summed to compute a total score for each
participant. The minimum total score possible was 0, while the
maximum total score possible was 9. Item difficulty, item
discrimination, and item reliability (i.e., point biserial
coefficients) were computed.48 Mean confidence was calculated
for each item (CFitem) and for each student (CFstudent).

45 Data
from a total of 290 students (LA, n = 121; RU, n = 169) were
analyzed and described below.
Only distracters that were chosen by at least 35% of students,

(i.e., at least 10% above chance for an item with four response
options) were considered for further analysis because these
conceptions were deemed signif icant.45 Signif icant specific cases
with CFitem ≥ 50% were considered genuine, while those cases
with CFitem < 50% were considered spurious. Genuine cases were
considered to be held more strongly in students’ minds while
spurious cases were considered to be less strongly held and
transient.
Analyses of data from both test conditions, including the

measurement of alternative conceptions, are presented
separately, followed by a discussion of the findings and
implications for teaching.

■ RESULTS

Condition 1: Pre/Post

Fifty-two students (i.e., LA Repeaters) completed ACID I in
January (pre) and April (post) 2011. Summary statistics are
provided in Table 1. The maximum possible score for ACID I is
9; therefore, the mean total scores suggest this was a difficult
concept inventory for all students. Values for item difficulty,
which is a measure of how many (what percent) of students
answered a question correctly, range from 13% to 71%, with
means of 34−37%, again indicating the students found the
questions on ACID I to be difficult. The α values are low,
raising a question about the internal consistency of the
students’ responses. (Challenges with interpreting α values,
specifically for a concept inventory, are discussed later in this
manuscript.)
Because each student in the LA Repeater sample had two

total scores, normalized gains49 were computed in order to
investigate whether an additional semester of instruction had a
positive effect on students’ understanding. While 85% of
students had a non-zero normalized gain, slightly more students
had a positive normalized gain (n = 23) than a negative
normalized gain (n = 21). The average normalized gain for the
latter group was −0.44, whereas the average normalized gain for
the former group was +0.36. Therefore, the average normalized
gain for LA Repeaters was effectively zero.
Although data obtained from the pre/post condition were

repeated measures, it was not appropriate to calculate a Pearson
coefficient. Students had three months additional instruction
(including concepts about acid strength) between the pre/post
administrations; therefore, the reliability as determined by a
test-retest condition would not be as meaningful.50 Instead, the
coefficient α was calculated for each administration of ACID I.
Coefficient α was 0.39 on the pre-test and 0.54 on the post-test.
As previously reported, ACID I measures two alternative

conceptions: f unctional group determines acid strength and
stability determines acid strength.34 Students who reason from
the f unctional group misconception focus upon specific
structure/composition features to explain trends in acid
strength rather than implicit, electronic factors such as
polarizability, inductive effect, and resonance. (For example,
students who reason from this misconception decide that acetic
acid and phenol are both more acidic than pentane-2,4-dione
(see Figure 1, set 1) because the latter does not contain OH but
the other two compounds do, and OH is associated with the
carboxylic acid functional group −COOH.) On each of items 1,
6, and 7, the functional group misconception was selected by
more than 35% of students whose mean confidences ranged

Table 1. Psychometrics for Pre/Post and Post-Test Conditions

LA Repeaters (n = 52) All Students (n = 290)

Statistic Pre-test Post-test Post-test

Mtotal score 3.04 ± 1.59 3.33 ± 1.92 3.09 ± 1.70
CFstudent (%)

a 54.10 ± 15.67 63.00 ± 12.40 60.76 ± 15.76
Item difficultyb 0.13−0.71 0.12−0.65 0.17−0.57

(M = 0.34 ± 0.20) (M = 0.37 ± 0.15) (M = 0.34 ± 0.13)
Item discriminationb 0.19−0.80 0.33−1.00 0.40−0.78

(M = 0.51 ± 0.22) (M = 0.69 ± 0.22) (M = 0.55 ± 0.15)
Item reliabilityb −0.06−0.62 0.25−0.56 0.30−0.54

(M = 0.37 ± 0.21) (M = 0.44 ± 0.10) (M = 0.41 ± 0.08)
Coefficient α 0.39 0.54 0.39

aCFstudent = mean confidence per student. bItem difficulties, discriminations, and reliabilities are reported as ranges.
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from 45.34−64.65% on the pre-test to 57.76−75.66% on the
post-test (Table 2). Students who reason from the stability

determines acid strength misconception reason that molecules
which are more stable are less likely to react, i.e., they are
weaker acids. On both items 2 and 3, the stability
misconception was used by more than 35% of students
whose mean confidences ranged from 50.96−68.63% on the
pre-test to 63.28−81.32% on the post-test (Table 2).
Condition 2: Post Only

In April, 290 students completed ACID I (Table 1). Total
scores were not normally distributed, so a Kruskal−Wallis
nonparametric test was used to determine that there were no
significant differences among any of the sections (LA Repeaters,
LA Nonrepeaters, 3 RU sections). Therefore, data for all
students was combined for the purposes of further statistical
analyses.

■ DISCUSSION AND IMPLICATIONS FOR TEACHING
While chemistry experts rely on structure/composition features
of substances to predict thermodynamic and kinetic behavior
within chemical systems, novices indiscriminately rely on
structure/composition to make predictions.51,52 Therefore,
functional group determines acid strength is considered an
alternative conception. With regard to stability determines acid
strength, many chemistry students have difficulties under-
standing thermodynamic stability in the context of chemical
bonding49 and acid strength.31 ACID I was designed to
measure when organic chemistry students consider conjugate
base stability as the best reason to explain trends in acid
strength, but not to fully investigate students’ understandings of
thermodynamic stability. It is plausible, of course, a subset of

participants may try to reason from both alternative
conceptions as measured by ACID I.
Within the data summarized by question in Table 2, 4

particular distracters were chosen by more than 35% of
participants, independent of test condition (Table 3). Notably,
the confidence regarding these distracters elicited genuine
conceptions (CFitem ≥ 50%) rather than spurious ones (CFitem
< 50%), suggesting that these items reliably detect both the
functional group and the stability misconceptions in students
who have completed either one or two semesters of organic
chemistry. The fact that an additional semester of instruction
had no noticeable impact upon student thinking about acidity
has considerable implications for the teaching and assessment
of acids and acid strength in organic chemistry.
Acid strength is an emergent property of chemical

substances, i.e., it relies on competing intrinsic and extrinsic
factors such as molecular composition, structure, and solvent
interactions rather than mere cause-effect relationships.
Students’ understandings of the influences of molecular
composition were measured using ACID I. For example, Set
1 (i.e., Items 1, 2, and 3) explored whether students’
conceptions of acid strength mostly relied upon structure/
composition or upon electronic factors (inductive effect or
resonance) when answering items about the relative acid
strength of pentane-2,4-dione, phenol, and acetic acid. The
results showed that for both the pre/post condition and the
post condition, most students selected acetic acid as the most
acidic substance in the set because “Compound C is a
carboxylic acid”. Similarly with Item 7, the most frequent
response to best explain why p-nitrophenol was more acidic
than both p-methylphenol and phenol was “Compound A has
an NO2 group”. As with earlier reports, organic chemistry
students, whether during their first-semester31,33 or at the start
of their second semester,34 continued during the second
semester to rely upon prior knowledge related to structure/
composition of molecules rather than implicit, electronic factors
to make decisions about acid strength.
Structure and composition are emphasized in general

chemistry because these factors greatly influence both the
physical and chemical properties of substances. While it is
problematic that even after two semesters of organic chemistry
that students continue to rely predominantly upon these
surface features, instruction can potentially shift students’
attention toward more conceptual, intrinsic reasoning.53 Even
though students can provide both Brønsted−Lowry and Lewis
definitions of acids, few can apply their knowledge to make
decisions about acid strength,2,33 to explain observed trends in
acid strength1,31 or to propose reasonable reaction mecha-
nisms.54,55 Distinguishing whether a reactant will behave as an

Table 2. Frequencies of the Most Common Distracter and
Mean Confidence per Item in the Pre/Post Condition

Pre-test (January, n = 52) Post-test (April, n = 52)

Item
Frequency of
distracter (%) CFitem (%)

Frequency of
distracter (%) CFitem (%)

1a 67.31 55.91 ± 23.62 61.54 73.55 ± 17.41
2a 84.62 63.28 ± 23.06 71.15 50.96 ± 22.10
3a 63.46 81.32 ± 17.81 61.54 68.63 ± 21.98
6 38.46 45.34 ± 20.94 46.15 57.76 ± 21.88
7a 48.08 64.65 ± 21.68 57.69 75.66 ± 18.09

aFive items measured one of two alternative conceptions: functional
group determines acid strength or stability determines acid strength. With
the exception of Item 6 on the pre-test, all items measured a genuine
significant case. The most frequent distracters are provided in Table 3.

Table 3. Specific Cases of Two Alternative Conceptions Identified Using ACID I under Two Experimental Conditions

Item Specific Cases of Alternative Conceptions (AC)
AC

Strength
AC

Frequency, %

1 Acetic acid is more acidic than both phenol and pentane-2,4-dione because it is a carboxylic acid. Functional group determines acid
strengtha

genuine 53.8

2 Phenol is more acidic than pentane-2,4-dione. Functional group determines acid strengtha genuine 67.6
3 Phenol is more acidic than pentane-2,4-dione because the benzene better stabilizes the conjugate base than the carbonyl groups of

pentane-2,4-dione. Stability determines acid strengtha
genuine 54.1

7 p-Nitrophenol is more acidic than p-methylphenol and phenol because p-nitrophenol has a nitro (−NO2) group. Functional group
determines acid strengtha

genuine 44.5

aAlternative conceptions are written in italics. Data are from the post condition (n = 290). Students primarily relied on structure/composition
properties of acids to predict and explain trends in acid strength.
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acid/base or as an electrophile/nucleophile is also particularly
challenging for students.2,55

It bears noting that the findings in this study were
independent of whether the curriculum was the traditional
“march through functional groups” or the novel spiral
curriculum.47 Organic chemistry instructors should facilitate
students’ shifts toward more conceptual reasoning by routinely
conducting formative assessment of their students’ under-
standing of acid−base theories as new mechanisms are taught.
Requiring students to explicitly identif y which species are
functioning as acids, bases, electrophiles, or nucleophiles and
explain why each species is best described as belonging to one
of those categories is recommended. ACID I is a suitable tool
for formative assessment of students’ understandings of acid
strength, particularly as students may be relying on alternative
conceptions to draw inferences when thinking about acids and
acid strength. Results from ACID I can then be used to inform
subsequent teaching and assessment practices within a course.
Using diagnostic tools to routinely assess students’ under-

standings can also assist instructors in identifying prerequisite
concepts and principles from general chemistry that are critical
to success in organic chemistry. In a survey of 23 college
organic chemistry educators in the U.S. about such prerequisite
concepts and principles, Duis12 found that acid−base chemistry
was cited by many organic chemistry faculty as a fundamental
organic chemistry concept, yet one from general chemistry that
required review because it was difficult for students. Informal
surveys similar to the one Duis conducted should occur within
departments to maximize continuity of learning throughout the
chemistry curriculum. Furthermore, discussions with faculty in
other science disciplines are recommended to help students
appreciate and understand how a chemistry concept such as
acid strength plays a role in biological systems, or, e.g., how
physics is involved in measuring dissociation constants. Finally,
educators must help students make meaningful connections
and place value on those connections by continually, and
effectively, assessing them.56,57 In particular, students’ higher-
order cognitive skills should be developed and routinely
assessed.58 Smith, Nakhleh, and Bretz59 have described a
framework to assist practitioners in designing exams to assess
students’ lower-order and high-order cognitive skills.

■ IMPLICATIONS FOR CHEMISTRY EDUCATION
RESEARCH

When designing assessments to measure students’ learning, an
important psychometric to consider is reliability, which
measures how consistent data are (rather than the instrument
itself).40,60,61 With respect to diagnostic instruments, both
instructors and researchers must be assured to a reasonable
extent that the data accurately reflect students’ understandings
of the targeted concept(s). Coefficient α is a useful measure of
internal consistency when instruments cannot be administered
multiple times; in this way, reliability can also be thought of as
minimizing random error.62,63 For ACID I, the coefficient α of
data collected in January with 89 students was 0.41.34 In this
study, considering only the LA Repeaters, coefficient α was 0.39
in January, which was similar to the larger January sample and
the larger April sample, and yet it was 0.54 in April (Table 1).
The substantial increase in internal consistency raises the
question: what constitutes meaningful measurement of reliability
for diagnostic tools?
Certainly classical test theory is used widely throughout the

chemistry education research community, and it has influenced

how researchers think about assessment design and the
psychometric analyses of assessments (see refs 34−36, 39, 40,
44, 46, 56, 57, 60, 61, 64−66). Diagnostic instruments in
science education literature typically report coefficient α to
demonstrate internal consistency among students’ responses on
the instruments, although other several quantitative measures
for reliability exist.67 Conceptually, reliability is the degree to
which an instrument repeatedly produces similar or the same
results. An important assumption of coefficient α is normality,
i.e., total scores must be normally distributed. However,
students with identical scores do not necessarily hold identical
misconceptions. Therefore, even if students’ total scores on a
diagnostic tool designed to measure alternative conceptions
were normally distributed, it is unlikely that the alternative
conceptions themselves would be normally distributed.
Considered through the lens of constructivism as a model for
how learning happens, students’ understandings depend upon
their prior knowledge and experiences, and such knowledge is
unlikely to be consistently recalled or applied to answer items
on cognitive assessments. As students engage in learning, they
try to connect what they already know to what they need to
know, and in doing so, many things can happen: concepts can
be integrated correctly into prior knowledge; OR concepts can
be connected but the nature of the relationship between them
is incorrect; OR concepts can be isolated from those they ought
to be connected to, resulting in fragmented knowledge; OR
concepts that ought to be learned never are, resulting in gaps.
This combination of errors, fragments, and gaps will
undoubtedly result in less than consistent responses by students
on diagnostic assessments. Therefore, the traditional threshold
of 0.7 as indicative of acceptable reliability is actually a flawed
metric when it comes to diagnostic assessments. Coefficient α
cannot capture these complexities in students’ understandings,
nor was it designed to do so.
Streiner68 has described four inappropriate uses of coefficient

α: (1) tests that measure how many items are completed in a
fixed period of time, (2) tests where items are presented in
order of difficulty, (3) when the answer to one item depends on
the answer to a previous item, and (4) tests with more than one
dimension. ACID I is a diagnostic tool that includes items with
separate answer tiers and reason tiers; it also does not measure
a unidimensional construct. Again, another important caution
when using the coefficient α: high internal consistency does not
imply unidimensionality.69 Similarly, measuring students’
understandings of a single concept does not imply that the
test itself was unidimensional. In fact, we argue that under most
circumstances, a concept inventory will fail this important
assumption for the coefficient α because by nature, chemistry as
a discipline relates interconnected ideas. If the diagnostic tool
does not assess understanding of the many related concepts
(i.e., it has low construct validity), then inferences drawn from
data may be inaccurate.68,69 While ACID I focuses on the
concept of acid strength, the construct (i.e., students’
understandings of acid strength) also depends on students’
understandings of concepts such as chemical equilibria and the
conventions used to represent structures. Thus, coefficient α is
not an appropriate measure of reliability for ACID I, or for that
matter, most diagnostic instruments in chemistry (science)
education.
Recently, chemistry (science) education researchers have

become critical of adopted practices that are commonly
employed and reported in chemistry (science) education
literature.64,65,70 For example, Adams and Wieman70 argued
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that for instruments designed to measure students’ under-
standings (such as those intended to measure alternative
conceptions), high internal consistency (e.g., coefficient α) is
likely indicative of redundant items, and for that reason, test−
retest reliability is a better measure than internal consistency.
However, repeated measures data from test-retest conditions
may be less reliable if the students are familiar with the
instrument or if the topic was explicitly taught between the test
and the retest.
ACID I was designed to measure students’ understandings of

acids and acid strength. Acid−base chemistry is a concept that
is typically taught multiple times throughout a second semester
organic chemistry course. Therefore, a test−retest condition
was not possible in this study. Instead, we used the post
condition to examine reliability. Reliable data were expected to
show that students from different universities could respond to
ACID I at similar points in the semester and have similar
responses for each item, for total scores, and that students held
a number of the same alternative conceptions related to acid
strength.
Recently, Cooper, Underwood, and Hilley66 used chi-square

analysis to determine if responses from two similar groups of
students were different on the implicit instruction of Lewis
structures instrument (IILSI). We were unable to statistically
determine, however, whether students’ responses on ACID I
differed based on university because the data did not meet the
assumptions for a chi-squared test of independence. However,
an independent samples Kruskal−Wallis test was performed,
and it showed that the distributions of the total scores among
the students were not significantly different. As mentioned
earlier, Items 1, 2, 3, and 7 elicited the same significant specific
case of either functional group or stability across both samples.
On the basis of these findings, the data from ACID I are
considered to be reliable.

■ CONCLUSIONS AND FUTURE RESEARCH
After two semesters of organic chemistry, and two semesters of
general chemistry, in most cases, students who completed
ACID I held two alternative conceptions, namely, functional
group determines acid strength and stability determines acid
strength. Items 1, 2, and 3, in particular, strongly elicited these
conceptions from a majority of participants, both in January
and again in April. Specific distracters in the January data that
were spurious cases of an alternative conception were chosen
by fewer than 35% of participants in April; only genuine cases
persisted after further instruction in organic chemistry. That
Items 1, 2, 3, 7 (and 6 in the pre/post condition only) elicited
functional group or stability with even greater mean confidences
suggests that many students finish introductory organic
chemistry without gaining a conceptual understanding of acid
strength (Tables 1 and 3).
Additional studies are warranted to further explore students’

understanding of organic acidity and to address several
limitations of the study reported herein. First, the representa-
tions themselves could be modified to explicitly include all
hydrogen atoms. Note that in the current study, the structure of
ethanal as drawn includes only the aldehydic hydrogen atom,
but not the three (more acidic) α hydrogens. Under what
circumstances do students attend to just explicitly drawn
hydrogen atoms vs those not explicitly drawn? Similar studies
could be conducted with Kekule structures including all
hydrogen atoms or with space-filling models. Second, students
were not provided any information regarding the Ka for each

compound. Therefore, the opportunity for them to consider
relative acidities of the acid vs the conjugate acid, or to consider
the implicit electronic features of the conjugate base, remains
unexplored. Third, an additional important limitation of the
research presented here is the absence of any discussion of
solvent effects upon entropy and, ultimately, free energy and
acidity.71,72

While some specific cases persisted and ostensibly
strengthened in students’ minds during OC2 (e.g., acetic acid
is most acidic because it is a carboxylic acid [Items 1, 2, and 3]),
other specific cases were chosen by less than 35% of the
students (e.g., pentane-2,4-dione is most acidic because
pentane-2,4-dione has two carbonyl groups [Items 4, 5, and
6]). Scenarios like these illustrate that students’ alternative
conceptions are challenging to assess with high internal
consistency because students’ knowledge is often fragmented.
Many reliability measures are predicated on the assumption of
normally distributed data, yet non-normal distributions of
alternative conceptions are likely to be the rule, rather than the
exception. Nevertheless, reporting the reliability of data
collected from a given instrument is necessary for stakeholders
(e.g., educators, researchers, administrators) to draw inferences
and make decisions about student learning or perhaps teaching
effectiveness. Researchers need to more carefully educate
audiences regarding the limitations of oft-used reliability
measures such as coefficient α when reporting their research
in presentations and publications.
Coefficient α was not appropriate to use to establish the

reliability of ACID I data. Some item responses depended on
the answer from previous items (i.e., scoring separately an
answer tier followed by a reason tier), and students’
understandings of acid strength could not be considered a
unidimensional construct. Thus, coefficient α for students’
responses on ACID I varied depending on the test condition.
Four items, however, were able to detect genuine signif icant
cases of two alternative conceptions. Further evidence to
suggest that the data generated by ACID I were reliable is that
these cases were previously investigated with first-semester
organic chemistry students at a third university in the
southwestern United States.31,33 Not only did the qualitative
data from this prior research allowed us to develop ACID I,34

but they also they provided rich context to make sense of the
quantitative data and interpret the reliability.
The confidence scale used in this research was interval (0−

100%), rather than the original Likert scale published by
Caleon and Subramaniam.45 However, the distinctions of
spurious (CFitem < 50%) and genuine (CFitem >50%) as labels
for misconceptions were retained. Clearly, there are limitations
to reporting confidence in terms of a percent, and the authors
make no claim that the data are accurate to ±1%. The 0−100%
interval scale has also recently been used with cluster analysis to
document evidence of “over-confidence,” i.e., the Dunning-
Kruger effect,73 in a study to explore students’ understandings
of redox reactions.74 While this scale has been used twice now
with two different samples of students in two different domains
of chemistry (organic acidity and redox reactions), additional
studies regarding how to measure and quantify confidence are
warranted.
Further research is needed to better explore the appropriate-

ness and the meaningfulness of psychometrics adopted into
chemistry (science) education research from other disciplines.
Doing so will lead to more robust methods, which in turn can
lead to more standardized community practices, especially with
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regard to reporting. With regard to chemistry students’
alternative conceptions, research that explores more deeply
the possible origins of such alternative conceptions continues to
be warranted.75 Knowing where the gaps in understanding exist
and their origins will further improve instructional pedagogy
and assessments.
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