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Abstract: Asking students questions is a central, although understudied and underappreciated, ingredient of
teaching. Formative questioning provides many opportunities for teachers and students, e.g. to practice skills
and receive feedback. Among other approaches, classroom response systems (CRSs), which run on the mo-
bile electronic devices of students, facilitate such active engagement of students in the lecture hall. This paper
presents an overview on questions for teaching with a focus on questions for CRSs and provides considerations
and brief guidelines for the development of multiple-choice questions. Examples from a mid-sized analytical
chemistry lecture illustrate additional challenges and different probes for potential misconceptions. Moreover,
limitations of valid interpretation of students’ responses are emphasized. This leads to a discussion of the value

of incorporating prompts for justifications into questions.
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1. Introduction

Questions,[!) especially those in exams, drive the focus of
learning for many students. It can be reasonably argued that it is
more important whether and what a lecturer asks during a course
than through which medium. By questioning, lecturers are able
to emphasize, recap, or amend specific facts, concepts, relation-
ships, processes, conflicts, controversies. Moreover, the feedback
to question responses is vital in education;23] it can guide and
support further instruction and learning with no or minor instant
influence on grading (formative assessment), which is in con-
trast to feedback provided by exams (summative assessment).[l
Ideally, feedback acts in both directions, from lecturers to students
and vice versa to adjust learning activities.

There are many articles on the utilization of classroom re-
sponses systems (CRSs) for chemical education.l5-9 T character-
ized CRSs as interfaces between lecturers and students for ques-
tion—answer sessions and proposed a framework for their imple-
mentation.[' Indeed, CRSs offer a unique set of features: While
a show-of-hands and coded cards are able to actively engage a
large number of students, depending on the system employed,
CRSs are also able to handle responses anonymously and al-
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low short written responses to be collected from all students
swiftly.

One may ask questions without a CRS, but cannot use a CRS
without questions. Consequently, this paper will discuss challeng-
es associated with questions and present examples. Although the
focus is on multiple-choice questions (MCQs) for formative use
with CRSs, similar issues arise when questions are put to students
verbally, in writing, or out of class via learning management plat-
forms like Moodle and remote learning. Hence, the fundamentals
(see Supporting Information), examples, and insights offered here
are more general in nature. Moreover, a recommendation for re-
questing justifications for option selection and conclusions about
the ‘meaningfulness’ of questions with respect to the responses
will be derived.

2. Any more questions?

There is a growing promotion of and interest in ‘active learn-
ing’. Since all active learning approaches depend on questions it
is somewhat astonishing that studies and educational literature
on questions for educational purposes and question development
for routine teaching are scarce.['!l MacArthurl'?! already criti-
cized the general lack of information on clicker questions, i.e.
CRS questions, in peer-reviewed articles and meetings. It comes
as no surprise that the development and phrasing of questions
was identified as a major hurdle for CRS implementation.[!3]
Available MCQs (in data bases,[!4! textbooks, online sources,
etc.) for analytical chemistry include mostly basics such as stoi-
chiometry, pH-related topics, titrations, efc. More advanced top-
ics like instrumental or structural analysis are rarely covered.
Moreover, questions found in textbooks are also not easily con-
verted to MCQs.

While a general framework for questions in educational con-
texts is still absent, it seems expedient to provide a brief over-
view on central considerations. The Supporting Information ex-
pounds on the structure of questions, their cognitive dimension,
best vs. correct reply options, and specifics to questions in CRSs.
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In brief, among other classifications, questions are commonly
distinguished into closed- and open-ended questions (OEQs),
depending on the answers deemed as suitable. In the context of
CRSs, MCQs are most common and come in different formats
(Table S2, Supporting Information). There is a strong endorse-
ment for ‘challenging problems’ or so-called concept(ual) ques-
tions in the context of CRSs in the literature.[!516] The intention
can be best understood by contrasting to what these questions
ought not to be: promoting plain rote learning, recognition, or nu-
merical problem solving. However, as outlined in the Supporting
Information, whether a question can meet this standard is highly
situation-related.

3. The Challenge of Multiple-choice Question
Development

There is no broad agreement about the characteristics of mean-
ingful questions for educational purposes in the literature. Beatty
et al.'%] noted that questions can be very useful for certain teach-
ing approaches (e.g. Mazur’s peer instruction!!Sl), but the same
might fail for others. A challenging question might be helpful to
introduce a topic, begin a well-put exercise, jump-start discus-
sion, or as a useful diagnostic tool for formative assessment to stir
the direction of learning. However, the same question could fail
in other circumstances by introducing confusion that sabotages
learning gains already achieved. In fact, MacKeachiel!7l notes
“...the greater your experience in their construction, the longer
it takes per [multiple-choice] item to construct a reasonably, fair,
accurate, and inclusive question.” (cited from ref. ['8) What con-
stitutes a ‘good question’ depends on many factors.

Tactics for MCQ design was presented by Beatty et al.[16]
They advise to consider the pedagogic objective in terms of the
content and process goals of a question. This provides a well-
founded starting point. The content goal focusses on the specific
subject matter and the process goal on the skills the students are
expected to employ to answer the question (compare to cogni-
tive domain, Supporting Information). Both should generally be
aligned with the overall course objectives or amended by other
activities. Beatty et al. also mention the metacognitive goal, but
it remained largely unclear how this may shape questions fur-
ther, if the questions are not specifically aimed at such process-
es (e.g. “What did you learn today?” or inquiries for so-called
muddiest points!'9T). However, as Pappa et al.120] point out meta-
cognitive questions can be valuable incentives for students to
develop skills by abstracting their approach to solve problems.
[llustrative question examples can be found in the appendix of
Pappa et al.[201

The quality of distractors (incorrect options) in MCQs en-
sures that the presented problem goes further than recognition.
The most often encountered flaw in MCQs is the implausible
distractor.[2!l It has been shown that specific phrasing of ques-
tions and options is an important aspect.l?2-24] Questions seem-
ingly unambiguous to experts were understood differently, but
still in a reasonable manner, by novices.l?2J On the other hand,
it is an (often implicit) objective of many courses that students
are able to handle the terminology, models, and underlying as-
sumptions. If this poses consistent difficulties, they are in turn
candidates for meaningful, separate questions.

Distractors for multiple-choice tests in educational studies
are often generated from interviews with students and MCQs are
tested thereafter at a smaller scale before being employed. While
this does not guarantee valid questions,[?2! this strategy is by far
too expansive for routine users of CRSs. Answers given by stu-
dents to OEQs in earlier exams and written exercises can serve
as basis for distractors. After the key (best or correct option)
has been phrased, the key can be varied for the distractors by
exchanging specific terms, insertion of imperfect or insufficient
information!'®! or hypernyms/?3! and hyponyms.[26]

3.1 General Recommendations for Multiple-choice
Questions

Most of the literature on MCQs focusses on diagnostic and
summative assessments, which does not consider the formative
use of CRSs. Four additional articles are especially noteworthy to
be considered for MCQ development: Haladyna et al.l?7! provided
guidelines in the form of 31 short demands for writing MCQs for
classroom assessment. Towns[28! offered guidelines for multiple-
choice assessments with examples from general chemistry and
information on post-exam item analysis to improve subsequent
MCQ development. Clegg and Cashinl!8! presented an overview
with recommendations on MCQ tests. Besides, Gierl er al.1?] re-
viewed the literature and made a strong case for distractors as the
‘Achilles’ heel” of MCQs. Though developing MCQs is ever so
often a creative process which does not follow a straight path, for
the use with CRSs (i.e. not necessarily for exams) the following
pooled recommendations to design MCQs seem most vital:

1. Start by selecting content and process goals.[!6]

2. Write the stem first, then the key(s), then distractors; be certain
that the best option is really the best.

3. The stem alone should be answerable without the options.

4. State the problem within the stem concisely, but completely.

5. Try to use typical errors, misunderstandings or false assump-
tions and interpretations of students as distractors.

6. Consider the time to read and process the question as well as
formulating a response and reasoning.

7. Avoid (phrasing) repetition in the options, consider rephrasing
of the stem instead.

8. Avoid negatives (‘not’, ‘no’), if used, emphasize them with
boldface, underlines, and/or capital letters.

9. Avoid making the key(s) longer than the distractors.

10. Avoid implausible distractors, but use familiar words (termi-
nology) for distractors.

11. Avoid clues with terms like ‘all’, ‘never’, ‘always’, ‘maybe’,

‘must’, ‘usually’, efc.

12. Avoid grammatical inconsistency between options.

13. Avoid options like ‘none of the above’, ‘all of the above’, ‘A
and C’, etc.

14. Check all again, recheck again, and evaluate after using the
question in class.

Questions may include the additional option of abstention (I
don’t know.”). This provides a more realistic distribution of stu-
dents’ ability and counteracts guessing, but also eases the pressure
of commitment and students opt for abstention at different levels
of certainty. There are no universal recommendations for whether
to use this option or not. However, in light of the formative aims
of CRSs it is reasonable to include this option as this can reveal
valuable information for the lecturer to conduct the class. If a large
portion of a class indicates that they “don’t know” the lecturer
may ask for explanations, e.g. lack of background knowledge,
from students. It is worth noting, that the difficulty of a question
(e.g. the quotient of the average allocated points and the maximum
points) is a post-hoc parameter and can only be estimated before
the question is put.

4. Discussion of Question Examples

In the following, several examples for CRS questions are
presented and discussed. In particular, the selection of questions
was not only driven by usefulness, but to point out shortcom-
ings of questions and interpretation of responses. All examples
were taken from the quantitative element analysis part of the
courses Analytical Chemistry I and II between fall 2017 and fall
2019. Topics of these courses include the analytical process, sam-
pling and sample preparation, quantitative analysis and calibra-
tion, inductively coupled plasma optical emission spectroscopy
(ICP-OES), and atomic absorption spectroscopy (AAS), X-ray
fluorescence spectroscopy (XRF) and inductively coupled plasma
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mass spectrometry (ICP-MS). A more detailed description of the
courses and the CRS approach is provided in ref. [10] and the CRS
used in ref. [30]. All questions were translated from German, are
numbered consecutively and formatted italic. The correct or best
options are labeled with an asterisk (*). The total number of votes
(N) and vote distributions are provided.

4.1 From Open-ended Questions to Multiple-choice
Questions

The demanding search for suitable distractors can be cir-
cumvented or at least simplified if responses to OEQs (former
exams, worksheets, efc.) from students are available. Some
CRSs allow the creation of MC options from OEQ responses.
After a first introduction to ICP-MS, students were shown
an ICP mass spectrum of an arctic ice water sample (Fig. 1).
Following some direct question—answer cycles around the sig-
nal at m/z 80 and relative signal intensities, identifying it as the
argon dimer (*’Ar,"), students were asked an OEQ via the CRS
(“What causes the signal at m/z 54?7). Students provided free
text input as responses (data not recorded). The options for a
second vote as a MCQ were selected according to their appar-
ent frequency and included also the single somewhat correct
response ‘N+Ar’ from a student. In the following years the op-
tions were written with the common nomenclature (e.g. ‘O,*’
instead of the student reply ‘3 times O’). Hence, the following
options were used:

1. What causes the signal at m/z 54?7 (N = 59)

A* ArN* 7%
B 0 2%
C (H0); 0%
D Crt 42%
E Fe* 42%
100,006,000
10,000,000 [~ = q -
II
1000000 ——H————— '—-:"—7 —_——
100000 ——- | ~.'.
10000 - }
1,000 L ! |
100 1/\/\ \ 1 ! [\
i Ol
'w s'o " " - 0

Fig. 1. ICP mass spectrum of an arctic ice water sample.

One year the lecturer inadvertently ruled out options D and
E as viable options, which shifted the votes not towards option
A, but B and C (data not shown). The result served as a lead-in
to discuss other plasma-background ion species. This mode was
very useful to generate attractive distractors, but with the CRS30I
used all options not intended for the MCQ have to be eliminated
manually, which would take some time for a large audience and
numerous responses.

4.2 Identification of Potential Misconceptions and
Peer Instruction

Effective teaching takes misconceptions held prior or devel-
oped by students during the instruction into account and addresses
them with appropriate teaching activities.[*1 However, in order to
counteract misconceptions effectively, mere diagnosis via incor-
rect selection MCQ options is insufficient; students’ reasoning
has to be taken into consideration. CRSs provide an opportunity

to assess both. An exit ticket (CRS questions put to the students
at the end of a lecture) contained the following set of questions:

2. Assess the following statement. “The sensitivity of atom ab-
sorption spectrometry (AAS) can be increased by increasing the
irradiance of the light source.” (N = 45)

A True. 36%
B* False. 64%
3. Please justify your answer. (OEQ)

While most students correctly selected B, only 20 of those 29
provided at least one word as justification. Nine of those (45%)
were referring to the Beer-Lambert law or relative irradiance,
thereby providing sound and subject specific reasoning. Common
other justifications referred to different parameters, claiming in-
fluences on sensitivity. This question was revisited during the
following lecture with similar questions and subsequent verbal
explanations.

Responses provided by students to worksheet questions sug-
gested that they consider an avoidable error as a systematic er-
ror. Although it might be argued that most systematic errors are
somewhat avoidable, this is not congruent with the concept of
systematic errors, as just a fleeting look at a burette to read the
volume scale is an avoidable error but likely leads to an additional
random error. After revision, a phrasing in the lecture slides was
found which might have misled students to the assumption that the
possibility for avoidance of an error is a criterion for systematic
errors. During the following lecture (before the students had ac-
cess to the sample solution to the worksheet) the same question
and justifications were put to the students by the CRS without
any prior explanation in order to test this potential misconception.

4. For digesting a sample to determine silicon you used hy-
drochloric acid which was contaminated with silicon.
This led to ... (N = 53)

A a random error 6%
B* a systematic error  92%
C no difference 2%

5. Why have you chosen this answer?
(N = 44, only counting votes from B in question 4)

A This is an avoidable error. 16%

B This affects all samples in the same manner.84%
C The effect is undirected. 0%

D This depends on the executing person. 0%

It should be noted that in case of question 5 the ‘best’ option
would reflect the reasoning of the students and not the concep-
tual correct explanation to question 4, since question 5 assess
the students’ rationale. This was explicitly mentioned to the stu-
dents for all CRS questions which ask for justifications. Of those
students having answered question 4 correctly, only 16% chose
option A for question 5, indicating that this misconception was
held by far fewer students than assumed earlier. Another possi-
bility is that option B was more attractive as justification than A,
regardless of students’ rationale for selecting option A in ques-
tion 4. Issues with question wording were observed for physics
MCQs by Ding et al.[221 For chemistry, interested readers are
referred to a series of eight papers32-39 published over a 26-year
span by various authors about a seemingly straight-forward con-
cept question.

Peer instruction was introduced by Mazur.[154041] Tn short, a
question is put to the students, students vote via a CRS, and then
discuss their option selection with their neighbors for a few min-
utes before voting on the same question again. This generally im-
proves the distribution of votes during the subsequent second CRS
round of the same question. Further useful information can be
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found from Vickrey et al.[*21 and Turpen et al.[*31 While it is often
a component of the flipped-classroom model,!*4! peer instruction
can be applied independently. After the first lecture on ICP-MS,
which also included a recollection of the ICP, the second lecture
started with the following question:

6. In solution iron may occur in different oxidation states. Is it
possible to determine the ratio of Fe’* and Fe** in water by
ICP-MS? (N = 16)

A Yes 56%
B* No 37%
C Don’t know 6%

Then the students were asked to exchange reasons for their
response with their neighbors. Students immediately started to
discuss the problem. When it started to get more turbulent, af-
ter about 2 minutes, the vote was restarted and the OEQ for rea-
soning (“Please justify your answer.”) was added. For the MCQ
the response was (N = 27) A (Yes) 56%, B (No) 33%, C (Don’t
know) 11%. Justifications for response A referred to the separa-
tion of the mass spectrometer according to the mass-to-charge
ratio, a response which was anticipated. Even more surprisingly,
the justifications for the correct response B contained only one
instance referring to a change of charge stage within the plasma.
Most other justifications referred to the small mass of electrons
or that both iron species would have the same mass. One student
indicated a change of her or his choice for the first question to A.
The same sequence of questions was repeated with similar results
in following years. Notably, a student who selected option A men-
tioned ion chromatography within the justification. In this case,
option A was the correct choice. To circumvent this ambiguity the
stem of the question could be changed to ... by ICP-MS alone?”
However, considering that the overwhelming majority of students
did not consider this aspect, the additional discriminator is not
necessary for a formative format and further subsequent explana-
tion or discussion would be more suitable.

It seems that peer instruction only works if there are enough
students in the audience with a sound and subject-specific rea-
soning and those are able to convince their peers. It is possible
that the time for discussion between students was not sufficient
to change perspectives, but it is more likely that too few students
started with an appropriate reasoning which might even be due to
missing information or direct instruction. Occasionally, verbally
requested reasoning for choosing a false option resulted only in
few responses.

It should be added that there were also instances, whereas peer
instruction led to an improved vote distribution for the second run
(question 7). However, there are indications that some students
may have misread such questions at first (responding to a question
that asked for the matrix of chocolate and not the prepared solu-
tion) and changed their vote after rereading the question or being
made aware of this mistake by their peers. In such cases the first
incorrect votes were also not based on misconceptions.

7. What is the matrix of the analyte cadmium in the prepared so-
lution after the digestion of chocolate?
Ist vote (N =57) 2ndvote (N = 87)

A Cacao, sugar, fat 65% 33%
B* Water 28% 55%
C Cadmium ions 5% 0%
D No matrix 2% 10%
E Don’t know 0% 1%

5. Questions with Justifications

Given the examples above, three conclusions were drawn: (1)
Without further information, assumptions about students’ reason-
ing for selecting an option remained superficial, (2) the fact that

students select the correct or best option does not mean they did so
for reasons consistent with the accepted scientific model, and (3)
the selection of a distractor did not sufficiently indicate a student
possesses a misconception. Moreover, a sometimes overlooked
issue with diagnosing misconceptions is that mislabeling does not
constitute a misconception. 43!

On one hand, the CRS question should be followed by an ex-
planation on justifications and possible ambiguities by the lectur-
er. On the other hand, it is worth to consider asking for students’
justifications!*¢l at least occasionally and for difficult questions.
Multiple-tier diagnostic tests have been developed’! to study
misconceptions, which also prompts students’ confidence in their
response. Furthermore, Chien et al. found evidence that incentives
for students to justify their responses is a contributing factor to
learning when using CRSs.[*8] This also indicates that it is not the
CRS itself, which eventually promotes learning, but the questions
asked via CRSs.19 Compared to question—answer sessions with
verbal interaction, CRSs offer the advantage to include most if
not all students and for the lecturer to likewise receive more rep-
resentative responses and contemplate on students’ justifications.
Still, the length of text required for adequate reasoning needs to be
taken into account. Prompts for justifications can be incorporated
into the CRS questions in different manners, which also assist
lecturers in validating students’ replies.

Table 1 provides alternatives for prompting justifications with
CRS questions. First, note that the question within the stem can be
reasonably answered without any options provided (recommenda-
tion 3) and it represents a grammatically closed but conceptually
open question (ref. [49], see Supporting Information for details).
Style 1 is the basic question without any prompt for justification.
Style 2 includes justifications in the options, but directly combines
them with the responses from 1. This can be seen either as (a) pro-
viding clues or (b) asking mainly for reasoning. The capitalization
and underlining is used to put more emphasis on the differences
of the options. If justifications ought to be accessed, they should
be detached from the basic responses given in style 1. Style 3 pro-
vides this by presenting each possible justification for each direct
response individually. An alternative is to separate the justifica-
tion completely from the direct response with a second prompt.
This offers the opportunity to introduce a larger variety of possible
justifications, since students might not consider certain phrasing
or terminology for their reasoning while still employ appropri-
ate models. Still, because style 4 requires already an insight into
possible students’ reasoning, a prompt for free text input (style 5)
can provide a more representative variety. Similarly, but with most
common CRSs technically not implemented, the option ‘other’ in
style 4 can be accompanied with the possibility for free text input.
Another alternative is to provide a correct statement in the stem
and ask only for a justification (style 6). Here, ideally if ‘other’ is
selected students would be able to also respond with additional text,
a feature current CRSs do not offer. Tamir found that this format has
less diagnostic potential than a well-designed MCQ.[5%

In order to contrast the previous styles with an often encoun-
tered alternative, one might consider the following: The initial ques-
tion could be completely rephrased into “Does an incomplete di-
gestion affect the results of repeated analysis randomly? (Yes/No)”
(style 7). This avoids the context to the point of the question being
‘simple’; it may just require recall, but can also be put effectively
to students. The original phrasing is more complex and requires the
students to consider the stated settings and conditions. To reiterate
the argument above: Whether or not a question is a ‘good question’
depends on the objectives and other circumstances.

In summary, styles 4 and 5 appear most suited to access stu-
dents’ reasoning directly with CRSs. In contrast to style 4, style 5
requires no insights or well-founded assumption about students’
justifications, but the presentation of already phrased options in
style 4 make the polling process faster. Style 5 can be routinely
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Table 1. Examples of alternative MCQs to introduce justifications into CRS questions. The correct options are labeled with an asterisk (*), note that
justifications in tier 2 may not be labelled as ‘correct’, because in formative assessment they should reflect the students’ rationale.

Item stem

A glass shard underwent micro-
wave digestion. The result-

ing solution is separated into
three aliquots and cerium was
determined by ICP-OES in each
aliquot. The three determined
cerium concentrations diverge
significantly from each other.
Can an incomplete digestion be
responsible for that?

A glass shard underwent mi-
crowave digestion. The result-
ing solution is separated into
three aliquots and cerium was
determined by ICP-OES in each
aliquot. The three determined
cerium concentrations diverge
significantly from each other.
Incomplete digestion CANNOT
be responsible for that. Why?

Does an incomplete digestion af-
fect the results of repeated analy-
sis of the solution randomly?

Style

1. Without
justification

2. Justification
added to option

3. Multiple justifi-
cations for each
direct response

4. Separated
justification
as MCQ

5. Separated justifi-
cation as OEQ

6. Only justification
MCQ)

7. Simplified stem

and without justi-
fication

Question tier 1

[ Yes
[ No*

LIYES, because an incomplete diges-
tion affects the cerium concentration
in the solutions randomly.

[INO, because an incomplete digestion
affects the cerium concentration in
the solutions systematically.*

LIYES, because an incomplete diges-
tion affects the cerium concentration
in the solutions systematically.

LCIYES, because an incomplete diges-
tion affects the cerium concentration
in the solutions randomly.

[INO, because an incomplete digestion
affects the cerium concentration in
the solutions systematically.

[INO, because an incomplete digestion
affects the cerium concentration in
the solutions randomly.*

[ Yes
[ No*

[ Yes
I No*

[J An incomplete digestion affects the
cerium concentration in the solutions
randomly.*

[J An incomplete digestion affects the
cerium concentration in the solutions
systematically.

[] Aliquots are taken from the same
solution.*

[ Other

[JYes
O No*

Question tier 2

Please justify your answer.

[J An incomplete digestion affects the
cerium concentration in the solutions
randomly.

[J An incomplete digestion affects the
cerium concentration in the solutions
systematically.

[ Aliquots are taken from the same
solution.

[ Other

Please justify your answer.
[free text input required]

applied in polls at the end of a lecture (e.g. exit tickets!!951-541),
As with all surveys these inquiries only provide an approximation,
students may not be willing or able to accurately articulate their
actual reasoning. Furthermore, students who are used to be asked
for justifications on a regular basis, are more likely to learn the
subject matter in a more meaningful way.[50!

6. Concluding Remarks

It can be reasonably assumed that lecturers who are using ques-
tioning tactics consciously are able to promote learning more effi-
ciently. CRSs are able to promote question—answer sessions in the
lecture hall, involve most if not all students, and thereby contribute

to learning. While there are general recommendations available,
the development of questions can be a cumbersome task and their
suitability is circumstantial. Whenever appropriate, reasoning for
selecting an option should be requested from the students via the
CRSs as it serves the formative aim of using a CRS. This can be ac-
complished in different ways, e.g. by the peer instruction approach
or incorporating incentives for providing justifications via CRSs.
Furthermore, it should be noted that all active learning approaches
rely on meaningful and suitable questions. In contrast to an ongoing
and lively debate on the adequacy of lectures and how to adapt them
to developing circumstances, questions remain a topic with hitherto
limited coverage in the educational literature. The author advocates
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for more effort in this direction in order to bolster active learning
in all teaching styles and assist teachers in this regard. To study the
suitability of questions in more detail, evaluating justifications is a
promising starting point.

Supporting Information

The supporting information for this article includes elaborations on
the structure of questions, their cognitive dimension, best vs. correct op-
tions, and specifics to questions in CRSs. URL: https://www.ingentacon-
nect.com/content/scs/chimia
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