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The role of assessment in the chemistry classroom is ultimately tied to the nature of the assessments 
available for use.  Because they provide data that can inform decisions about curricular changes, or 
new pedagogies, the incorporation of new assessment strategies can play an important role in how 
educational and curriculum reform is carried out.  Several recent developments in assessment have 
been tied together to investigate the benefits of using multiple assessment strategies in decision 
making about teaching innovation.  These new tools include measures of student problem solving, 
metacognition, cognitive development within the chemistry content at the college level and 
evaluation of students in affective aspects of learning.  Summaries of how these new tools may be 
combined and what measures arise from such combinations are presented. 
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Introduction 

Changes in pedagogy usually occur when an individual 
instructor tries a new idea that seems likely to help students 
learn. This manner of educational innovation is natural in so 
far as teaching is a fundamentally personal activity.  Teachers 
infuse their efforts with their own personality, and thus any 
change in teaching is ultimately tied in some way to that 
personality. One common personality trait of scientists, 
namely a tendency to be analytical and data driven, does not 
always translate into classroom decisions (Cooper, 2007).  
 One barrier to data driven decision-making in curricular 
reform lies in the disjointed development of assessment tools 
(Labov, 2007).  While there are some examples of well 
established and widely known assessments, such as those 
produced by the American Chemical Society Exams Institute1, 
it is arguable that most chemistry faculty are aware of only a 
limited number of assessment strategies or assessment 
instruments (Towns, 2010). Chemistry presents a particularly 
good topic for improved assessment because it is (a) a 
component of the curriculum in a large number of science-
based majors and; (b) a field with a strong mix of both 
qualitative and quantitative concepts.  

 This circumstance should not suggest, however, that 
advances in assessment within chemistry have not occurred.  
A number of important developments have been reported in 
the past several years, and efforts to tie these projects together 
are now taking shape.  Examples of recently developed or 
characterized instruments include the measurement of student 
problem solving strategies and interventions to improve them 
using the IMMEX system  (Stevens and Palacio-Cayetano, 
2003; Stevens et al., 2004; Soller and Stevens, 2007 ); the 
ChemQuery project for assessment tied to cognitive 
development of students as well as their content knowledge 
(Claesgens et al., 2008);  the CHEMX instrument to measure 
student expectations of the learning environment of chemistry, 
particularly as it compares with faculty expectations for 
learning (Grove and Bretz, 2007; Mathew et al., 2008); an 
instrument similar to CHEMX called C-LASS (Barbera et al., 
2008); an instrument to measure student metacognitive 
awareness and the implications of that awareness in strategies 
students use for problem solving (Cooper et al., 2008; Cooper 
and Sandi-Urena, 2009);  an instrument that allows faculty to 
measure the extent to which laboratory activities include 
inquiry based learning (Fay et al., 2007); an instrument that 
measures student attitudes about learning chemistry via 
semantic differentiation (Bauer, 2008); and content 
assessments that include student estimates of item complexity 
(Knaus et al., 2009). 
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 With this broad range of instrument development it is now 
possible to consider a new working paradigm, in which 
curriculum development and assessment development occur 
symbiotically. This model is depicted in Fig. 1. 
 Most meaningful reform in the teaching and learning of any 
field begins at the top of this diagram, with an attempt to 
change some specific aspect of the curriculum or teaching 
environment.  Quite often, the result of such a change shows 
only limited effectiveness with traditional, well-established 
assessments such as standardized tests, because these tests 
typically address traditional course content and skills. 
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Fig. 1 Schematic depiction of the curriculum/assessment development 
system for data-enhanced decision making in chemistry education reform. 

Changing a course or a curriculum without a measureable 
improvement in or a curriculum without a measureable 
improvement in outcomes is not altogether appealing, so in 
many cases the instructor who has made the changes seeks out 
other ways to measure differences.  Such individually created 
surveys may provide information that students ‘like’ the new 
activity or style of teaching. However, this subjective measure 
is not generally useful in devising ways to move forward with 
further improvements, nor is it useful in determining whether 
students have actually learned particular concepts and skills.  
A more meaningful alternative would be to identify 
characteristics of student learning likely to be affected by the 
change in pedagogical approach or curriculum, and 
specifically devise and validate new assessments to measure 
that aspect of learning.  Thus, in this case, the teaching 
methodology or curricular change drives the development of 
assessment, and the results of the assessment help establish 
that meaningful reform has occurred.  
 Once developed, quality assessments can be applied to 
other environments both in other courses and with other 
pedagogies.  Thus, the process by which quality assessment is 
disseminated plays a large role in continuing to drive forward 
the cycle of assessment-enhanced reform of courses or 
teaching.  In many cases, the application of a new assessment 
instrument in a new institution, or a new course within a 
single institution, leads to unexpected discoveries.  If student 
completion of general chemistry courses, for example, leads 
them to have expectations that diverge further from those of 
the chemistry faculty (Grove and Bretz, 2007) than before 
they enrolled in the course, such data should cause some re-
evaluation of the activities or structure of the general 
chemistry coursework.  This type of data-driven decision 
about coursework or teaching methods can then catalyze the 
adoption or adaption of new methods in the course, which 
reinitiates the cycle. 
 This iterative model provides a mode of operation for 
curriculum and teaching reform that may seem appealing, but 
barriers remain to its wide-scale implementation.  In 
particular, quality assessments that address multiple factors 
related to learning may not be available or accessible to 
curriculum developers, instructors and researchers interested 
in reforming how and what chemistry is taught.  This barrier 

is explicitly being addressed by a collaboration among a 
number of researchers at several schools, as will be described 
further here. 

A premise: assessments beyond content knowledge 
can be useful 

A defining feature of the model depicted in Fig. 1 lies in the 
fundamental premise that educational reform is legitimately 
informed by multiple modes of assessment.(Cooper et al., 
2010)  In particular, while careful attention to content 
knowledge test development is vital to educational 
measurement, there are additional aspects to knowledge that 
merit attention as well.  From the perspective of measurement 
theory, assessing content knowledge has a built-in advantage 
in most course frameworks because instructors routinely use 
multiple measures (e.g. mid-term exams and final exams).  
Errors in measurement, which are just as fundamental in 
educational measurement as they are in the chemistry 
laboratory, are less likely to have a profound effect on 
outcomes when the measures are repeated, particularly 
throughout the course.  Indeed, the primary factor that limits 
the introduction of even more content measures (via graded 
homework or testing) is typically time rather than any sense 
that more measurements would not be valuable. However, 
many assessments measure content knowledge in the absence 
of any other skills (problem solving, ability to frame a 
scientific question, ability to transfer knowledge to novel 
situations, etc.); that is: factual recall is much easier to assess 
than the ability to analyze, evaluate, or synthesize data, skill 
development, or measures in the affective domain. 
 Assessment of these dimensions of student learning beyond 
content knowledge also takes time, and as a result, 
instruments that measure these constructs are likely to be used 
relatively infrequently. This means that the need to have well 
developed and validated instruments is even greater than for 
content assessments.  If the measurement will be made only 
once in a given course, it is exceptionally important that the 
instrument used provides reliable data. Given this common 
constraint, the challenge of instrument development becomes 
clear.  Significant time and expertise are required to devise a 
useful instrument and carry out the research required to 
measure its validity and reliability.  Thus, it makes sense to 
identify in advance what qualifies as useful information for 
the purpose of devising educational improvements.  While a 
number of ways exist to approach this task, probably the most 
fruitful method is to consider theories of learning2, use them 
to identify factors that either enhance or inhibit student 
learning, and then devise ways to measure those factors 
accordingly. 
 For example Novak developed and refined Ausubel’s 
theory of meaningful learning. (Ebenezer, 1992; Novak, 1998; 
Bretz, 2001) This theory delineates three dimensions of 
learning, namely cognitive (where content knowledge growth 
occurs), affective (where student attitudes change) and 
psychomotor (where physical skills or performance aspects 
are gained.)  An assessment program that provides insight into 
all three dimensions of student learning will provide access to  
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Table 1 Assessment methods for various aspects of learning 

 Theory base  
Cognitive (content) Affective Psychomotor 
ACS exams 
ChemQuery (Claesgens et al., 2008) 
Concept inventories (Hestenes et al., 1992; 
Mulford and Robinson, 2002) 
ROT (Bodner and Guay, 1997) 

Semantic Differential  
(Bauer, 2008) 
MSLQ  
(Pintrich and Johnson, 1990) 

IMMEX (also cognitive) (Stevens and Palacio-Cayetano, 2003) 
CHEMX (also cognitive) (Grove and Bretz, 2007) 
MCA-I (also cognitive) (Cooper et al., 2008) 
TOLT (also cognitive) (Tobin and Caple, 1981) 
GALT (also cognitive) (Roadrangka et al., 1982)  

 

a more robust and more nuanced view of student progress.  
Such enhanced assessment is far more likely to capture 
multiple aspects of student learning gains associated with 
curricular or teaching reform than measuring only content 
knowledge gain.  Table 1 provides a classification of 
assessment methods into these categories. 

A second premise: time is precious – use Occam’s 
Razor in assessment instrument development  

When instruments are first developed, it is rarely obvious 
immediately how long or extensive they should be. 
Consequently, there is a tendency to devise a large number of 
items in order to be confident that no aspect of the desired 
measure is underspecified.  This process is predictable for 
most new instruments, but ultimately it is essential to pare the 
instrument back to use as few items as possible to reliably 
measure what is desired.  In this sense, the Occam’s Razor 
(Baker, 2007) test becomes vital for the ultimate success of an 
instrument – if success is defined in terms of usability in the 
‘real world’ environment of classroom instruction, rather than 
in a research study.  This collaboration has designed and 
carried out multiple examples of how this process can be 
envisioned in the past year. 
 For example, the semantic differential instrument devised 
by Bauer (2008) initially included twenty items that measured 
student attitudes (within the affective domain of the operative 
theory model.)  The instrument was validated within several 
classes of students and found to provide useful information in 
this domain.  Lewis and colleagues (Xu and Lewis, 2010) 
carried out further analysis, including exploratory factor 
analysis, and found that a substantial fraction of the variance 
in the data derived from the instrument could be explained by 
two factors, and only eight items were required to quantify 
these factors.  Thus, a pared-down semantic differential 
instrument was devised and placed in the field.  Results of this 
new instrument are methodologically akin to those measured 
with the longer instrument, yet the new instrument takes only 
a few minutes to administer, thus leading to more 
environments in which it might be utilized. 
 A second example currently being explored to reduce the 
time needed to administer an instrument is underway with the 
metacognitive awareness instrument (MCA-I) from Cooper 
and colleagues.(Cooper, Sandi-Urena et al., 2008; Cooper and 
Sandi-Urena, 2009)  The original instrument includes items 
that were phrased with both positive and negative 
connotations. Not surprisingly, these two categories arose as 
largely independent factors in this instrument.  Thus, an 
experiment is now underway to determine if using only the 
positively stated items will provide the same level of 

reliability in measurement.  If successful, this research will 
enable instructors to measure metacognitive awareness in less 
time. In addition other metacognitive instruments (Grove and 
Cooper, 2010) are being evaluated in the same way, to 
produce a much shorter instrument.  
 It is also possible to devise measures that meet the Occam’s 
Razor test from the outset.  While it is difficult to measure the 
validity and reliability of a single item, it may be possible 
with properly designed items to obtain such estimates of 
quality for as few as three items.  Thus, triads of questions for 
use with student response systems in the classroom have been 
developed and administered with large groups of students on 
many campuses. For example, the concept that breaking a 
chemical bond is an endothermic process can be couched in 
different contexts or with varying quantitative precision, to 
form a triad of items, all of which have this fundamental 
chemical concept at their core. This type of development 
holds the promise of establishing validity for the items while 
simultaneously informing teaching.  Validity in this context, 
however, remains challenging to establish, as item order 
effects (changes in what a specific clicker question measures 
dependent on when that question is tested relative to the 
others) are difficult to avoid, for example.  

Devising assessments for cognitive skills that span 
content domains 

One key aspect of content assessment is that it typically 
embeds the evaluation of skills within items that are designed 
to measure specific content.  Thus, if there is a desire to 
measure critical thinking, or problem solving skills, the 
tendency is to use content-based exercises as a proxy for this 
style of measurement.  While open-ended responses for 
exercises in chemistry are capable of providing insight into 
student approaches for a particular exercise, the challenge of 
generalizing this assessment remains an important one. 
 One approach that has established a capacity to measure 
these generalizable skills is the IMMEX system for measuring 
problem solving strategy growth.  The typical protocol is for 
students to encounter a complex, open-ended problem in a 
web based environment.  Students are free to choose from a 
sizable array of information that is available to help to devise 
a solution to a problem solved, and importantly, all actions are 
stored in a database.  With enough student performances, 
data-mining methods, such as Artificial Neural Networks 
(ANNs) and Hidden Markov Models (HMM) can be applied 
to identify clusters of similar strategies (Stevens and Palacio-
Cayetano, 2003). Thus, strategies used to solve the problems 
can be categorized and described.  In addition, the difficulty 
of the specific version of a complex problem (a typical  
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Fig. 2 Aggregated efficiency and effectiveness measures of classrooms that performed Hazmat. A) The dataset was aggregated by teachers 

(symbols and text) and class periods with the efficiency (scale 0-6) and effectiveness (scale 0-2) measures calculated as described elsewhere 

(Stevens and Thadani, 2007). The symbol sizes are proportional to the number of performances. B) The Efficiency/Effectiveness measures are 

stepwise plotted for seven Hazmat performances for four representative classes. The axis is bisected by dotted lines indicating the average 

efficiency (2.78) and effectiveness (0.96) measures of the dataset creating quadrant combinations of high and low efficiency and effectiveness. 

 
IMMEX problem has between ten and thirty versions that are 
referred to as ‘clones’) can be established using Item 
Response Theory (IRT), which provides a second measureable 
dimension – namely effectiveness.  
 The combination of these two aspects of problem solving 
gives rise to a measure for aggregating efficiency and 
effectiveness of problem solving, as shown in Fig 2.  This 
depiction provides quadrants, where performances that lie in 
the upper right quadrant, for example, are both efficient and 
effective, arguably the most desirable problem solving state 
for a student to achieve.  This measure can be aggregated on 
any number of levels, including that for an individual student, 
for a single class, or for all classes of a particular instructor. 
This data format provides useful information for the 
instructors to make changes to their teaching, such as focusing 
on specific students who are making similar errors. Data can 
be obtained for any number of problem solving scenarios, and 
the data presented here is derived from a problem called 
Hazmat, which is essentially a general-chemistry level 
qualitative analysis scenario. 
 Looking at Figure 2, several levels of understanding may be 
derived by using this system. On the left side of this figure the 
efficiency and effectiveness of problem solving is plotted for 
multiple classrooms of different instructors. The different 
classes (shown by the same shape) often cluster in the same 
area of the efficiency / effectiveness continuum (for instance 
the squares to the upper right, or the +’s to the lower left) 
suggesting a consistent influence of the instructor on student’s 
problem solving outcomes. Such comparisons may serve as an 
assessment driven stimulus to consider teaching 
methodologies that prove to be successful. The figure to the 
right plots trajectories for four classes showing how problem 
solving improved as an increasing number of Hazmat cases 
were attempted. The progress towards efficient and effective 
problem solving made in ‘Class 04’ is dramatic, and may 
suggest that the particular pedagogies used by the teacher in 
this class are potentially worth disseminating.  
 Acquiring this type of formative assessment data and 
delivering it rapidly to instructors could indicate if and when 

the instructor needs to intervene in student practice. 
Importantly, this construct is transferable across problems, 
which opens the possibility of tracking students throughout a 
course to see how their problem solving skills evolve during 
the span of a semester.   Work based on this concept involves 
using IMMEX as a form of automatically graded homework, 
and the assignment of several problems at some interval. This 
strategy for helping students become better problem solvers 
(and measuring the success of the strategy) is ongoing at this 
time with students enrolled in a chemistry for engineering 
students course.  Students carry out a different IMMEX 
problem every three weeks, and solve-rates for the problems 
generally improve, even though the later problems are built 
from more demanding chemistry content (Caruthers and 
Holme, 2010). 
 Another key strategy for content domain-spanning 
assessment is the development of concept inventories.  
Ideally, items in such inventories are devised to elicit student 
understanding of key, typically broad-based, concepts.  The 
success of such inventories in physics (Hestenes et al., 1992) 
has led to a number of attempts to devise similar instruments 
in other domains, including chemistry (Mulford and 
Robinson, 2002). Work remains to establish how best to use 
this form of assessment so that it does not become an exercise 
where students learn the ‘right’ answer rather than the 
underlying concept, for example.  
 Finally, it is important to realize that learning theories 
suggest that there are overarching cognitive progressions 
through which students must pass.  It is possible to devise 
assessments with this cognitive dimension in mind.  The 
ChemQuery program does this explicitly (Claesgens et al., 
2008), and by adjusting the content knowledge assessments to 
include this cognitive development, it provides detailed 
information about the success of the curriculum being 
followed.  Specifically, a model for the cognitive hierarchy 
related to content knowledge has been devised beginning with 
‘notions’ that need not even be couched within a scientific 
vocabulary.  The next level is ‘recognition’, where students 
begin to use scientific language followed by ‘formulation’ 
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where students begin connecting more than one scientific 
concept.  A level designated ‘construction’ finds students 
using fully developed scientific models, and the final level 
‘generation’ requires that students be able to identify and 
research questions that would extend such models.  Progress 
towards the higher levels of this hierarchy is the goal of most 
chemistry courses, and assessments can be constructed to 
measure that progress. 

Assessment-based educational choices 

The final piece of the puzzle for data-enhanced educational 
reform efforts lies in the ability to utilize data to make wise 
choices for new teaching methods or curriculum changes.  
There are clearly examples in each of these categories. 
 First, the use of multiple assessments, along with targeted 
teaching interventions is capable of establishing the relative 
effectiveness of teaching methods.  For example, Cooper and 
colleagues (Cooper, Cox et al., 2008) have established, using 
IMMEX, that students will stabilize on a problem solving 
strategy relatively quickly, and hold to that strategy with some 
tenacity. In other words, students will retain their strategy 
even if it does not have a high rate of success.  They further 
established that working in collaborative groups provides a 
useful method for moving students towards more productive 
strategies in subsequent individual problem solving attempt.  
Other studies by Cooper and Sandi-Urena (2009) showed that 
the IMMEX strategy, IRT ability and MCA-I score were 
correlated, and that for many students these measures could be 
used as a proxy for each other.  
 This triad of assessments can now be used to show 
improved outcomes arising from interventions based on 
research on teaching and learning, and these outcomes may be 
difficult to evaluate using traditional methods. For example, 
Sandi-Urena and Cooper have developed an intervention 
designed to help students become more metacognitive 
problem solvers (Sandi-Urena and Cooper, 2010). It was 
found that students who participated in this activity had 
increased levels of metacognition (from their change in MCA-
I score) and better problem solving skills, as measured by 
IMMEX measures (ability and strategies on unrelated IMMEX 
problems), than students in the control group, who did all of 
the activities of the experimental group except the 
metacognitive intervention.  Another study looked at the 
effect of a cooperative lab-based program (Cooper, 2009) on 
student problem solving (Cooper et al., 2010). The laboratory 
environment requires students to plan, monitor, and evaluate 
their activities as they design experiments to solve problems, 
and analyze their data. Outcomes from this kind of laboratory 
program are difficult to assess using measures of student 
learning such as course exams, since any gains would be most 
likely to occur in problem solving and decision making. 
Students who participated in this laboratory program were 
found to have significantly better problem solving abilities, 
and metacognitive levels than the control group. These two 
studies have given evidence that would otherwise be difficult 
to obtain for research based educational methods, and have in 
fact shown that these are now research validated educational 
methods.  

 Second, assessments used by many groups of students with 
different backgrounds and/or educational goals, can identify 
challenges for content learning that are robust, regardless of 
the specifics of student populations.  An example of this is 
derived from work done by Pienta and co-workers (Pienta, 
2010) who have studied the role of cognitive load (Sweller, 
1988). in student problem solving success. In this work, it is 
found that common operations in chemistry, such as unit 
conversions, are actually harder for students to carry out 
successfully in one direction than the other.  In other words, 
student errors arise more frequently in converting from mL to 
L than in converting L to mL, and this type of error 
distribution arises in any level of student constituency, from 
Preparatory Chemistry (for students who are not prepared for 
standard college chemistry) to Chemistry for Engineering 
Students, who typically have relatively strong math 
backgrounds.  That this observation is made for seemingly 
low difficulty math skills suggests that changing the manner 
in which these skills are taught might be worth considering 
when devising changes in the curriculum for entry-level 
college courses. 
 Finally, it is possible to establish content-based 
assessments that show the impact of the introduction of 
different content in a course.  Knaus, et al. (2010) established 
with a combination content/affective measure that the use of 
examples of nano-science within a course lead to gains in the 
efficiency of student learning for content within this broad 
category.  These gains are not dependent on direct instruction 
on the material, but rather show that any introduction to the 
new content area, in this case nanotechnology, leads to 
student gains in learning efficiency, within that field.   For 
example, students in a course that included roughly 50 
minutes of total instruction time in nanoscience (out of 
roughly 2000 minutes of instructional time), performed 
significantly better and with greater efficiency on unfamiliar 
nanoscience items than students in a course that had no 
instructional time devoted to the topic at all. Thus, by using 
an assessment that is sensitive to more than just the content 
knowledge, data about the efficacy of curricular choices (the 
inclusion of nanoscience in a general chemistry course) can be 
established. 

Summary 

The premise of this project is that assessment carried out with 
multiple measures provides a model that can better inform 
reform efforts in chemistry education.  This premise is based 
on the experience of the authors in collaboration over many 
institutions, using a large number of assessment instruments.  
This model calls for a new synergy between curricular 
development and assessment development. The ability to 
measure aspects of learning beyond specific content 
knowledge that may be tested in a traditional manner is 
particularly important within this model.  For example, it 
could be argued that the art of problem solving in education is 
underdeveloped despite a large research effort to understand 
problem solving.  The difficulties are attributable, in part, to 
the primitive state of problem solving assessment. It is much 
easier to test for the facts of science than it is to test for the 
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other critical types of science understanding which has 
ramifications for how science is taught.  
 There is a critical need, and increasing calls for the 
development of new assessments for scientific reasoning and 
problem solving (Jonassen, 2007; Alberts, 2009). Thus, a 
model for education reform that includes assessment 
development as a fundamental component shows promise for 
tackling particularly challenging aspects of improved teaching 
and thus student learning. 
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