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ABSTRACT
Measuring critical thinking skills (CTS) ) B — ) =
in the tOpiC of atomic structure requires Atomic structure Partial credit diagnostic assessment CTS hierarchy e
a diagnostic instrument capable of  sbusw F-.;;Q%cﬁ
capturing students' reasoning patterns E”T” ’ @%Eﬁizﬁl
accurately, rather than  merely \_;T)\QJ oo
distinguishing between correct and \p —V
incorrect answers. This study aimed to 2 tavti
develop and evaluate a complex ‘
multiple-choice diagnostic instrument
based on the Rasch model to measure
students' CTS on the concept of atomic
structure. The instrument comprised
ten items developed based on Facione's six dimensions of critical thinking: interpretation, analysis,
evaluation, inference, explanation, and self-regulation. Data were collected from 850 senior high school
students in Gorontalo, Indonesia, and analyzed using the Partial Credit Model (PCM) approach with
WINSTEPS 4.5.5 software. Results indicated that item reliability was very high (0.99; separation = 10.63),
while person reliability was moderate (0.61; Cronbach's Alpha = 0.65). Infit and Outfit MNSQ values
ranged within the ideal threshold (0.99-1.00) with ZSTD values approaching zero, confirming adequate
model fit. Category Probability Curve (CPC) analysis confirmed that response categories functioned
sequentially, while the Wright Map demonstrated a progressive difficulty hierarchy from the interpretation
to the self-regulation dimension. Differential Item Functioning (DIF) analysis revealed differential difficulty
levels based on gender and grade level, particularly for self-regulation items, which proved more
challenging for female students and Grade Xl students. These findings underscore the importance of
considering cognitive factors and learning experience in developing Rasch-based CTS diagnostic
instruments for chemistry education.
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INTRODUCTION average = 485) [2]. Diagnostic studies in
Critical thinking skills (CTS) are core chemistry ~education consistently show
competencies in 21st-century science serious difficulties in applying scientific
education, explicitly identified as one of six reasoning to abstract topics, including atomic
dimensions of Indonesia's Pancasila Student structure  [3][4]  with  internationally
Profile within the Merdeka Curriculum [1]. Yet documented evidence that even targeted
Indonesian  students' CTS attainment pedagogical interventions yield adequate
remains concerning: the 2022 PISA placed comprehension in only approximately 64% of
Indonesia at rank 68 of 81 countries in students with learning difficulties [5]. The
scientific literacy (mean = 383 vs. OECD development of diagnostic instruments
Guolel
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sensitive to students’' CTS on such structural
topics thus warrants urgent attention [6].
Measuring CTS on atomic structure is
particularly challenging due to persistent
misconceptions — electrons "orbiting" the
nucleus, atoms equated with "smallest cell
parts," or misinterpreted nuclear shape [3][7]
that are documented across all educational
levels, including among teachers. More
fundamentally, CTS is not monolithic:
interpretation and representational analysis
differ cognitively from evaluation, inference,
and self-regulation, the latter involving
[8]. These

challenges demand instruments that capture

metacognitive  reasoning
reasoning quality, not merely answer
correctness.
Assessment development has
progressively addressed this. Single-tier
tests failed to distinguish guessing from valid
reasoning; two-tier tests [9] combined content
with reasoning and improved misconception
detection [10]; three-tier tests added
confidence [11]; and four-tier tests separated
content and reasoning confidence [12][13].
Recent systematic reviews confirm four-tier
formats' superior diagnostic power for
detecting stable misconceptions [14].
Concurrently, the Rasch Partial Credit Model
(PCM) has emerged as a measurement
approach placing person ability and item
difficulty on the same continuum for
transparent, fair, sample-independent
mapping  [15][16], with

feasibility in Indonesian science education for

demonstrated

instrument quality analysis, difficulty pattern
evaluation, and DIF detection [17][18]. Two
gaps remain inadequately addressed. First,

most multi-tier instruments on atomic

structure map misconceptions rather than
specifically measure CTS — meaning
response patterns reflecting reasoning
quality have not been systematically
analyzed as meaningful CTS diagnostic
units. Second, most studies use dichotomous
or simple scoring, losing information
embedded in partial response patterns that
Rasch PCM can

psychometrically meaningful partial credits.

preserve  through
Systematic reviews further confirm that four-
tier research is rarely combined with
polytomous Rasch frameworks for CTS
estimation on abstract chemistry topics [14].

This study addresses these gaps by
developing and validating a complex multiple-
choice instrument on atomic structure with a
partial credit scoring strategy, whereby
response patterns are mapped as ordered
categories according to their CTS inference
value. The Rasch PCM was applied to: (1)
estimate person ability and item/category
difficulty parameters; (2) examine item-
person fit; (3) evaluate category function
through CPC analysis; and (4) visualize
(Wright Map) for

measurement range assessment. The study

person-item maps

aimed to: (i) develop a CTS item bank
operationalizing chemistry CTS indicators; (ii)
test validity, reliability, and category function
via Rasch PCM,; (iii) analyze CPC and DIF
response patterns; and (iv) present a student
ability map for targeted intervention. This
article contributes to chemistry assessment
methodology by offering an analytical
framework for complex multiple-choice
diagnostic items aligned with CTS constructs,
demonstrating Rasch PCM as a fair

polytomous measurement engine, and
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providing validity evidence relevant to the

Indonesian Merdeka Curriculum context.

METHODS
1. Research Design
This  study

experimental quantitative approach with a

employed a non-

cross-sectional design. This approach was
chosen because the primary purpose was to
describe and evaluate students’ CTS
response patterns on atomic structure at a
single point in time, without providing any
treatment or intervention to respondents [19].
Data were collected simultaneously in a
single measurement period during the even
semester of the 2024-2025 academic year.
This design is appropriate for instrument
evaluation studies aimed at simultaneously
estimating person ability and item difficulty
parameters on the same continuum [16].
Researchers did not manipulate learning
processes or materials; consequently, this
study draws no causal conclusions.

The research design logic
encompasses three complementary
analytical orientations: (1) descriptive, to
map students' CTS ability profiles based on
Facione's six dimensions; (2) psychometric,
to evaluate instrument quality through Rasch
PCM modeling; and (3) comparative, to
detect differential item functioning (DIF)
based on gender and grade level. These
three orientations directly map onto research

objectives (i)—(iv) stated in the Introduction.

2. Participants and Research Context
Respondents in this study were 850

senior high school students from several

schools in Gorontalo Province, Indonesia.

School selection was conducted purposively

based on accessibility and the required
grade-level representation, while respondent
selection within each school was performed
through simple random sampling from
available student lists. Accordingly, the
sampling strategy employed was cluster-
purposive with within-cluster randomization
— neither pure convenience sampling nor full
random sampling.

All  respondents had received
instruction on atomic structure concepts
under the Merdeka Curriculum. Respondents
participated voluntarily and provided written
informed consent prior to data collection. No
respondents received special instructional
treatment in connection with this study.
Respondent demographic characteristics are

presented in Table 1.

Table 1. Respondent Demographics

Number

Student Code N o
Class Level

Class X X 519 61

Class XI Y 150 17,6

Class XIlI z 181 21,3
Gender

Male M 351 41,3

Female F 499 58,7

The sample size of 850 is considered
adequate for Rasch PCM analysis, given the
250-500

parameter estimation

recommended minimum  of
respondents  for
stability in polytomous modeling [20]. The
distributional imbalance across grade levels
(Grade X representing 61.1%) reflects actual
school conditions in the region and was
considered in interpreting DIF results by

grade level.
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3. Conceptual Domain of Atomic
Structure

Prior to item development, the

conceptual domain of atomic structure

material relevant to critical thinking skills
(CTS) was mapped. This mapping served as
a content anchor to ensure that each
diagnostic item measured a specific CTS
dimension within a curricularly verified
conceptual context. The mapped domains
covered four core areas of atomic structure:
the development of atomic models, including
and

electron transitions, photon energy,

spectral interpretation in the Bohr model;

133

electron  configuration and  quantum
numbers, including writing electron
configurations, determining quantum
numbers, and locating elements in the

periodic table; isotopes and relative atomic

mass, including calculations of relative
atomic mass (Ar) based on isotope
abundance data; and basic quantum

mechanics, including orbital concepts, wave
function probability density (¢?), and electron
probability. This domain mapping provided
the foundation for developing the CTS

construct, as presented in Table 2.

Table 2. Construct Map of Critical Thinking Skills: Atomic Structure Concept

No CTS Operational Indicator Measured Aspect Item
Dimension Code
1 Interpretation Clarifying the meaning of  The ability to explain the relationship Int_01
a statement between photon energy and electron
transitions in the Bohr atomic model
Clarifying scientific facts ~ The ability to understand ionization energy Int_02
patterns in the periodic table
2  Analysis Examining The ability to analyze electron Ana_03
information/facts configurations, quantum numbers, and the
position of elements in the periodic table
Verifying The ability to analyze the energy of photons  Ana_04
information/facts emitted from various electron transitions
between energy levels
3  Evaluation Verifying the accuracy of  The ability to evaluate the relative atomic Eva_05
statements mass (Ar) based on isotope data
4 Inference Responding to more than  The ability to deduce the properties of Inf_06
one solution elements from their electron configurations
Drawing logical The ability to distinguish between true and Inf_07
conclusions false statements about the fundamental
structure of the atom
5 Explanation Identifying accurate The ability to provide correct reasoning Exp_08
information about atomic properties based on protons
and electrons
6 Self- Monitoring and The ability to correct misconceptions about  Reg_09
Regulation correcting understanding  electron probability in wave mechanics
theory
Validating scientific The ability to validate the concept of orbitals Reg_10

concepts

and the wave function (y?) as the
probability of electron existence

Note: CTS = Critical Thinking Skills

4. Instrument
The measurement instrument in this
study was a complex multiple-choice test

comprising ten diagnostic items. Each item

provided five answer options: two correct

answers and three distractors

logically

designed so that students could not guess

the correct answers randomly. Distractors
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were constructed based on misconceptions
commonly documented in the atomic
structure literature [3], thereby increasing the
diagnostic power of the instrument [17].

Iltem scoring employed a three-level
partial credit system: (a) score 2: student
selects both correct answers; (b) score 1:
student selects one correct answer; and (c)
score 0: student selects no correct answer.

This scoring system enables the capture of

partial reasoning information unavailable
from conventional dichotomous scoring, and
is conceptually aligned with the PCM
assumption that responses with higher
credits reflect qualitatively superior ability
levels [15]. An example of item Int_01,
measuring the interpretation ability of the
photon energy—electron transition
relationship in the Bohr model, is presented

in Table 3.

Table 3. Example of Int_01 item

Component Description

Item code Int_01
CTS dimension Interpretation
Conceptual Development of the atomic model
domain
Sub-concept Photon energy and electron transitions in the Bohr atomic model
Iltem prompt Select the correct statements regarding photon energy and electron transitions in the
Bohr atomic model.
Option A The energy of a photon emitted during a transition from a lower energy level to a
higher one is always greater. [Incorrect]
Option B The energy of a photon emitted during a transition from a higher energy level to a
lower one is equal to the energy difference between the two levels. [Correct]
Option C The energy of a photon associated with the transition from n = 1 to n = 3 is smaller
than that associated with the transition from n =3 to n = 1. [Incorrect]
Option D An electron transition to a higher energy level always requires the absorption of a
photon. [Correct]

Option E Photon energy is not affected by the energy difference between levels. [Incorrect]

Scoring criteria

Selecting both B and D = 2 points; selecting either B only or D only = 1 point;

selecting any other response pattern = 0 points.

5. Instrument Validation and Quality
Instrument validation was conducted in
two stages: expert content validity and
student readability testing. Stage 1 — Expert
Validation. Three expert validators with
expertise in chemistry education and
assessment instrument development were
asked to evaluate: (a) item alignment with
CTS indicators and dimensions; (b) chemistry
content accuracy; (c) language clarity and
readability; and (d) distractor quality in
detecting misconceptions. Each aspect was
rated using a four-point scale (not appropriate
Inter-validator

to very  appropriate).

agreement was analyzed using Fleiss K,
yielding k = 0.97 (p < 0.0001), classified as
almost perfect agreement according to
Landis and Koch's criteria [21]. All items were
declared content-valid and comprehensible,
with minor editorial revisions prior to use.
Stage 2 — Readability Test. Prior to
main data collection, the instrument was
piloted with 30 students outside the main
sample to obtain feedback on readability and
item comprehension. Results confirmed that
all items were well understood, with no
students reporting ambiguous instructions or

unclear answer choices.
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6. Data Collection Procedure

Data collection was conducted during
the even semester of the 2024-2025
academic year through several systematic
stages. Permission was obtained from school
principals, and institutional ethical clearance
was secured prior to data collection. Students
and parents or guardians then received
written explanations regarding the study’s
purpose, voluntary participation, data
confidentiality, and the right to withdraw
without any consequence. Written consent
was obtained before students completed the
instrument. The instrument was administered
in written form in each classroom during a
single session of approximately 45 minutes
under the supervision of the researcher or a
briefed

conditions were standardized across schools

classroom  teacher.  Testing
to minimize situational effects. After the test
administration, students’ responses were
coded using the partial credit scoring system
of 0, 1, and 2, and the coded data were

entered into a data matrix for further analysis.

7. Ethical Statement
This study was conducted in
compliance with ethical principles governing
research involving human participants. All
participants participated voluntarily based on
signed informed consent. Individual student
identities and data were kept confidential and
used exclusively for aggregate analysis
purposes. No procedures posed physical or
psychological risks to respondents. The study
received approval from the relevant schools
and the researcher's institution in accordance

with applicable procedures.

8. Data Analysis

Data were analyzed using WINSTEPS
software version 4.5.5 [20], the summary
statistics are presented in Table 4. The
Rasch model was selected for its ability to
place person ability and item difficulty on the
same latent continuum, enabling interval-
based measurement independent of any

particular sample [16].

Table 4. Summary Statistic

Psychometric Person Item
N 850 10
Mean .02 .00
SD (Standar Deviasi) 1.03 .69
SE (Standar Error) .59 .06
Reliability .61 .99
Separation 1.26 10.63
Infit — MNSQ .99 .99
Outfit - MNSQ 1.00 1.00
Infit — ZSTD -.05 -.18
Outfit — ZSTD -.04 -.02
Cronbach Alpha (KR-20) .65

Unidimensionality:

Total Raw Variance in Observations

= 14.5668 (100%).

Raw Variance Explained by Measures

= 4.5668 (31.4%).

Raw Unexplained Variance (residual)

= 10.0000 (68.6%).

Unexplained Variance in 1st Contrast

= 1.5399 (10.6%).

Unexplained Variance in 2nd—5th Contrast

=7.4%-9.0%.

Source: Compiled from WINSTEPS 4.5.5 results
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Analysis was conducted in stages as
described below, with explicit mapping to
research objectives. Stage 1 —
Unidimensionality Test (addressing Objective
ii): Evaluated through Principal Component
Analysis of Residuals (PCAR). Criteria: (a)
variance explained by measures = 20%; and
(b) unexplained variance in the first contrast
< 15% [22].

Stage 2 — Reliability and Separation
(addressing Objective ii): Evaluated at two
levels: (a) Rasch-based person and item
reliability; and (b) internal consistency via
Cronbach's Alpha (KR-20). Separation
values determined the instrument's ability to
differentiate ability groups. Stage 3 — Item Fit
(addressing Objective ii): Evaluated using
MNSQ Infit and Outfit values and ZSTD
statistics. Items were declared fit when
MNSQ ranged within 0.7-1.3 and ZSTD
within —2.0 to +2.0 [22][23].

Stage 4 — Category Function via CPC
(addressing  Objective  iii):  Category
Probability Curve (CPC) was used to verify
that all three response categories (0, 1, 2)
functioned sequentially and consistently, with
each category having a clear dominance
region within a specific ability range [20].
Stage 5 — Wright Map (addressing Objective
iv): The Wright Map visualized the relative
positions of student abilities and item
difficulties on the same logit scale, enabling
pedagogical interpretation of which CTS
dimensions students had mastered and
which remained challenging.

Stage 6 — DIF Analysis (addressing
Objective iii): Differential Item Functioning
(DIF) was tested to detect whether score

differences across demographic groups

(gender and grade level) reflected genuine
ability differences or were artifacts of items
functioning differently across groups. DIF
was analyzed on the same Rasch logit scale
to ensure fair and measurable cross-group

comparison [24].

RESULT AND DISCUSSION

1. Rasch Instrument Properties and
Psychometric Quality

Results of the Rasch PCM analysis
using WINSTEPS 4.5.5 are presented in
Table 4.
demonstrated adequate fit with the Rasch
model. MNSQ Infit and Outfit values at both
the person level (0.99-1.00) and item level
(0.99-1.00) fell within the ideal range of 0.5—

1.5, while ZSTD values approached zero (-

Overall, the instrument

0.18 to —0.04), indicating no systematic
distortion in overall response patterns [23].

Individual item fit evaluation employed
the following criteria: (a) Outfit MNSQ within
the range 0.7-1.3; values above 1.3 indicate
excessive random variation, while values
below 0.7 indicate an item that is overly
predictable; (b) ZSTD within —2.0 to +2.0; and
(c) positive point-measure correlation
(PTMEA) as evidence of item consistency
with the measured construct [22][23]. Results
are presented in Table 5.

Nine of the ten items met all fit criteria
and were declared fit with the Rasch PCM. All
Outfit MNSQ values ranged within 0.91-1.08,
well within the 0.7-1.3 tolerance. One item
requiring attention was Reg_09, with MNSQ
= 0.91 (within tolerance) but ZSTD = -2.19,
slightly exceeding the negative threshold of —
2.0. This negative ZSTD indicates an overly

predictable response pattern, suggesting that
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Reg 09 — measuring the ability to correct
electron probability misconceptions —
possesses a very dominant correct-answer
attractor, driving more uniform responses
than the model anticipated. The PTMEA for
Reg_ 09 (0.33) was the lowest among all
items, indicating lower discriminatory power,
yet remained positive and consistent with the
construct direction. All PTMEA values (0.33—
0.64) were positive, confirming that all ten
items consistently measure the same CTS
construct.

These fit results demonstrate
adequate psychometric quality across
multiple indicators. Item reliability reached a
very high level (0.99; separation = 10.63),
indicating that the item difficulty hierarchy is
highly stable and capable of differentiating
more than ten distinct ability groups on the

logit scale — a level of psychometric richness

rarely achieved with ten-item instruments
[16]. The full satisfaction of Rasch fit criteria
by all ten items confirms that no item
produced response patterns deviating
significantly from model expectations, a
prerequisite for valid person ability estimation
[23]. This contrasts favorably with earlier
multi-tier diagnostic studies that reported
misfitting items attributable to poorly
constructed distractors or item-respondent
mismatches [13][17]. The case of Reg_09
warrants more nuanced interpretation. The
marginal ZSTD = -2.19 does not constitute
traditional misfit; rather, it signals an overly
uniform response pattern consistent with a
dominant correct-answer attractor. Distractor
strengthening is recommended in future
instrument  revisions to improve its
discriminatory power between moderate- and

high-ability students.

Table 5. Item Statistics: Misfit Order

Code Item Measure SE Outfit Outfit PTMEA Status
MNSQ ZSTD Corr.

Int_02 -0,45 0,06 1,08 1,84 0,64 Fit
Int_01 -0,91 0,06 1,07 1,00 0,61 Fit
Ana_04 -0,17 0,06 1,07 1,58 0,47 Fit
Eva_05 -0,02 0,06 1,06 1,29 0,51 Fit
Inf_07 -0,13 0,06 1,02 0,58 0,44 Fit
Inf_06 0,00 0,06 0,97 -0,77 0,58 Fit
Exp_08 0,02 0,06 0,96 -0,78 0,37 Fit
Ana_03 -0,81 0,06 0,94 -1,32 0,50 Fit
Reg_10 1,32 0,07 0,94 -1,46 0,35 Fit

Reg_09 1,15 0,07 0,91 -2,19 0,33 Requires

Attention

Source: Compiled from WINSTEPS 4.5.5 results

Person reliability was moderate (0.61;
separation = 1.26; KR-20 = 0.65). This
moderate profile must be understood in
context and should not be interpreted as a
standalone instrument weakness. Three
contextual factors explain it: the instrument

comprised only ten items; the sample

spanned three grade levels with substantially
heterogeneous learning experiences; and the
Wright Map identifies gaps at very low (< -2
logit) and very high (> +2 logit) ability levels,
and in the +0.5 to +1.0 logit range (between
Exp 08 and Reg_09), indicating suboptimal

continuum coverage. Targeted item additions
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at these gaps in future development would

directly improve person reliability

2. Unidimensionality

PCAR analysis showed that variance
explained by measures was 31.4%
exceeding the recommended 20% minimum
for educational studies [22]. Unexplained
variance in the first contrast was 10.6% and
in the second through fifth contrasts ranged
from 7.4% to 9.0%. These findings warrant
cautious and balanced interpretation. While
the 31.4% figure provides initial support for
the unidimensionality assumption, the first
contrast value of 10.6% cannot be dismissed,
as it slightly exceeds the 10% threshold often
used to signal a possible secondary
dimension [20]. This is substantively
understandable: the instrument spans six
CTS dimensions forming a theoretical
hierarchy from concrete interpretation to
metacognitive self-regulation [8].

Facione's six CTS dimensions form a
theoretical hierarchy in which interpretation
and analysis rely primarily on
representational processing, while self-
regulation involves a qualitatively distinct
metacognitive layer. The 10.6% residual
likely reflects genuine cognitive
heterogeneity across dimensions rather than
measurement noise — these dimensions
correlate within a single CTS construct yet
each carries unique cognitive demands,
contributing to residuals that are not entirely
random. Accordingly, unidimensionality is
tentatively supported — the instrument is
sufficiently valid for measuring one primary

CTS construct on atomic structure for

practical measurement purposes — while
acknowledging that stronger validation with
more diverse samples, expanded content
domains, homogeneous single-grade
samples, and multidimensional confirmatory
analysis is needed for stronger confirmation

[6].

3. Category Function: Validity of the
Partial Credit System via CPC

CPC analysis verified that all three
response categories (0, 1, 2) functioned
sequentially with distinct dominance regions.
Figure 1 presents CPCs for two contrasting
items: Int_01 (easiest; measure = -0.91) and
Reg 10 (hardest; measure = +1.32) For
Int_ 01, the curves followed an ideal
sequential pattern: category 0 dominated at
low logits (below —1.5), category 1 had a clear
dominance region at moderate logits (—1.5 to
0), and category 2 began to dominate as logit
approached and exceeded 0. This confirms
that even average-ability students have a
high probability of answering completely
correctly, consistent with Int_01's position as
the easiest item.

For Reg_10,

dominated at logit values above +1.5 to +2.0,

category 2 only

meaning only students with ability well above
average could answer completely correctly.
Most students stopped at category 1 (partial
answer). Notably, Reg 10's MNSQ and
ZSTD values (0.94 and —1.46, respectively)
suggest that this partial response pattern is
highly consistent and predictable — students
below the ability threshold uniformly
produced partial responses rather than

random ones.
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Figure 1. Category Probability Curves for Iltems Int_01 and Reg_10

Overall, CPC analysis confirmed that
all three response categories functioned
sequentially across all ten items, without any
category collapsing or unreasonably
overlapping [27]. This validates the partial
(0-1-2)

each score

credit scoring system as
psychometrically meaningful:
level captures a qualitatively distinct level of
CTS reasoning that dichotomous scoring
[18][28]. The CPC

contrast between Int_01 and Reg_10 visually

cannot differentiate
demonstrates the instrument's full diagnostic
spectrum, from items accessible to average-
ability students to those requiring well-above-

average cognitive performance [29].

4, Wright Map: Person Ability, Item
Difficulty Distribution, and CTS
Hierarchy
Figure 2 presents the Wright Map

visualizing the simultaneous distribution of

student abilities and item difficulties on the
same logit scale, enabling direct pedagogical
interpretation  of instrument-respondent
alignment. Most students were concentrated
in the logit range of 0 to +1, placing them at
The

distribution on the Wright Map confirms the

an intermediate ability level. item

hierarchical progression of CTS dimensions,

from easiest to most difficult based on

measure values from Table 5.
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Figure 2. Wright Map Person—Item

This empirical confirmation of a
hierarchical CTS progression across the logit
with

theoretical framework [8] — provides the first

scale converging Facione's
Rasch PCM-based evidence of this hierarchy
on atomic structure in Indonesian chemistry

education. Low Difficulty — Interpretation and
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Analysis (logit —0.91 to —0.17): Items Int_01
(=0.91), Ana_03 (-0.81), Int_02 (-0.45), and
Ana_04 (—0.17) occupied the lower end of the
difficulty scale. This is consistent with their
demand for concrete-level representation
processing — interpreting photon energy and
electron transitions, and analyzing electron
configurations. These items reflect
intensively practiced curriculum content at
concrete representational levels, explaining
their relative accessibility — paralleling
Chandrasegaran et al. [10], who found
descriptive-interpretive  abilities  precede
evaluative abilities developmentally.
Moderate Difficulty — Evaluation,
Inference, and Explanation (logit —0.13 to
+0.02): Items Inf_07 (-0.13), Eva_05 (-0.02),
Inf_06 (0.00), and Exp_08 (+0.02) clustered
around the mean student ability (logit = 0.02),
constituting the most diagnostically sensitive
zone. Students below average still struggle
with verifying isotope statement accuracy and
electron

drawing conclusions from

configurations, while above-average
students begin constructing systematic
scientific arguments. This range is the most
informative for instructional intervention.
High Difficulty — Self-Regulation (logit
+1.15 to +1.32): Items Reg_09 (+1.15) and
Reg_10 (+1.32) were positioned far above
mean student ability, representing the
cognitive  peak. This confirms that
metacognitive ability — correcting electron
probability misconceptions and validating
wave function (w?) concepts in quantum
mechanics — requires the highest CTS level.
The +1.13 logit gap between Exp_08 (+0.02)
and Reg 09 (+1.15) quantifies a genuine

cognitive discontinuity: validating orbital

concepts and the wave function (y?)
demands metacognitive monitoring and self-
correction beyond content mastery —
abilities requiring explicitly reflective learning
rather than procedural drill [12]. This gap
prescribes targeted scaffolding through self-
explanation, error analysis, and macro—
submicro—symbolic multiple representations
[25][26].

The Wright Map also identifies two
important gaps: (1) no items accommodate
very low ability (< -2 logit); and (2) no items
exist in the +0.5 to +1.0 logit range between
Exp_08 and Reg_ 09, creating a gap that

warrants future instrument development.

5. Differential Item Functioning (DIF):
Curriculum Exposure, Not Instrument
Bias

DIF testing ensured that score
differences across demographic groups
genuinely reflected ability differences rather
than item artifacts [24]. DIF was analyzed by:
gender (male vs. female), and grade level

(Grades X, XI, XII). Figure 3 presents the DIF

plots for both variables.

DIF by Gender (Figure 3): For items at
low to moderate difficulty — Int_01, Ana_03,
Int_02, Ana_04, Eva_05, Inf_06, Inf_07, and
Exp_08 (measure range —0.91 to +0.02) —
difficulty patterns between male and female
students were approximately equivalent. No
substantial DIF was found, indicating
comparable opportunities for both gender
groups on these items.

More visible DIF emerged on Reg 09
and Reg_10, where female students in this
sample tended to experience relatively

greater difficulty. This finding must be
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interpreted  cautiously: the observed
differences cannot be directly interpreted as
evidence of gender-based instrument bias,
as the instrument did not independently
measure variables that could explain these
differences — such as cognitive style,
exposure to spatial-quantitative exercises, or
frequency of symbolic representation-based
assignments. Group-based cognitive
attributions — such as males' spatial
superiority or females' reflective capacity —
are methodologically unsupportable, as
neither  variable was  independently
measured. This finding is more appropriately
interpreted as an early signal that female
students in this sample may have had more
limited opportunities to practice the
mathematical-spatial representations

required by self-regulation items [30][31].

ure (4t}

Mea

(A)

" Note: L= Male; P= Female

Equal representational practice across
gender groups should therefore be ensured
[14]. Further investigation with designs
explicitly controlling for learning exposure
variables is warranted.

DIF by Grade Level (Figure 3): Grade-
level DIF revealed patterns strongly
influenced by curriculum sequence and depth
of concept exposure. ltems Int 01 and
Ana_03 were relatively easier for Grade Xl
students, likely because they had just
completed intensive instruction on these
topics before moving to chemical bonding
and stoichiometry. ltems involving deeper
quantum aspects (Ana_04, Inf_06) appeared
more challenging for Grade Xl students, who
had not yet fully re-integrated quantum

concepts.

(B)

> Note: X (Class 10), Y (Class 11), ¥ (Class 12}

Figure 3. DIF Plots by Gender and Grade Level

Grade Xl students performed better
on Exp_08, which required scientific
justification consistent with their more mature
experience in scientific discussion and
presentation. Items Reg_09 and Reg_10
posed the greatest challenge for all grade
groups, particularly Grade Xl, as self-

regulation in the quantum mechanics context

demands cumulative conceptual maturity that
Grade Xl students are better positioned to
meet.

Overall, DIF findings confirm two
important points: first, the instrument is
sensitive to pedagogically relevant
curriculum exposure differences; second,

cross-group performance differences more
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likely reflect variations in learning experience
than inherent instrument bias. Grade-level
DIF, in particular, yields positive content
validity evidence: difficulty patterns shifted
systematically with curriculum sequencing.
This curricular sensitivity constitutes a form of
consequential validity rarely documented in
chemistry diagnostic instrument studies
[32][33], and reinforces the argument that
CTS score

consider students' curricular context.

interpretation must always

6. Comparison with Previous Studies
This study uniquely integrates three
rarely combined methodological elements:
complex multiple-choice format with explicit
partial credit scoring, Rasch PCM modeling
preserving response gradation, and logit-
based DIF

comparison. While two-tier studies [9][10]

enabling fair cross-group

demonstrated superior misconception

detection, their dichotomous scoring
sacrificed partial response information. Four-
[12][13]

dimensions but

tier studies added confidence

seldom employed
polytomous modeling. This study shows that
partial credit scoring alone yields meaningful
diagnostic gradations at lower respondent
cognitive load — without explicit confidence
tiers. Compared to prior Indonesian Rasch
[17][18]

conceptual domains, this study extends PCM

studies focused on simpler
application to the complex CTS domain with

additional CPC and DIF validation evidence.

7. Limitations
bound the

generalizability of these findings. First, a

Five limitations

single-province convenience sample

(Gorontalo) constrains external validity.

Second, ten items produce suboptimal
continuum coverage, particularly in identified
logit gaps. Third, cross-sectional design
precludes mapping CTS developmental
trajectories. Fourth, criterion validity evidence
— such as correlation with performance-
based CTS assessments — is absent. Fifth,
DIF interpretation cannot fully disentangle
CTS ability from chemistry content mastery,

as both are simultaneously measured.

8. Implications

Theoretically, these findings support
reconceptualizing chemistry CTS as a
layered competency hierarchy in which
representational management (interpretation
and analysis) underlies evaluation and
inference, while metacognitive self-regulation
demands orchestration of all preceding
layers. The empirically quantified logit gap
(+1.13) between explanation and self-
regulation confirms that metacognitive CTS
does not develop linearly but requires
qualitatively distinct pedagogical conditions
[8]. Logit-based DIF analysis also emerges
as a curricular context validation tool,
extending its function beyond conventional
bias detection.

Practically, teachers can use the
Wright Map CTS profile to precision-target
instruction across three zones: students at
negative logits require reinforcement of
concrete macro—submicro—symbolic
representations; those at moderate logits
benefit from structured scientific
argumentation; and the +1.13 logit gap
signals an urgent need for explicit
metacognitive scaffolding — through self-

explanation and error analysis — between
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explanation and  self-regulation.  For
instrument developers, the highest priority is
adding items within the +0.5 to +1.0 logit gap
and at scale extremes (< —-1.5 and > +2.0
logit) to improve continuum coverage and

person reliability.

CONCLUSION

This study developed and validated a
Rasch PCM-based complex multiple-choice
diagnostic instrument to measure critical
thinking skills (CTS) in atomic structure
concepts among 850 senior high school
students in Gorontalo Province, Indonesia.
Four principal conclusions follow.

First, ten items successfully
operationalized Facione's Six CTS
dimensions — interpretation, analysis,
evaluation, inference, explanation, and self-
regulation — in a hierarchical and structured
manner. ltem positions on the logit scale
ranged from -0.91 (interpretation) to +1.32
(self-regulation), confirming a progressive
difficulty structure aligned with Facione's
theoretical framework.

Second, psychometric evaluation
confirmed adequate instrument quality. Item
reliability was very high (0.99; separation =
10.63); all ten items met fit criteria (Outfit
MNSQ = 0.91-1.08). Reg_09 (ZSTD = -2.19)
requires distractor revision to improve
discriminatory power. Person reliability was
moderate (0.61; KR-20 = 0.65), reflecting
sample heterogeneity across three grade
levels. Unidimensionality was tentatively
supported (variance explained = 31.4%), with
the first contrast of 10.6% indicating a

possible secondary dimension consistent

with the hierarchical nature of the six CTS
components.

Third, response pattern analyses via
CPC and DIF yielded complementary validity
evidence. CPC confirmed that all three
response categories (0, 1, 2) functioned
sequentially across all items, validating the
partial credit system as psychometrically
meaningful. DIF revealed that cross-group
performance differences reflect curriculum
exposure variations rather than instrument
bias, establishing the instrument's sensitivity
to genuine learning effects as a form of
consequential validity.

Fourth, the Wright Map identified a
logit gap of +1.13 between Exp_08 (+0.02)
and Reg_09 (+1.15), confirming a genuine
cognitive discontinuity between explanation
and metacognitive self-regulation in quantum
mechanics. This gap provides a precise
target for pedagogical scaffolding
intervention.

Collectively, these findings establish
Rasch PCM as an appropriate framework for
credit-based CTS

instruments in

evaluating  partial
diagnostic chemistry

education. The instrument captures
reasoning gradations through validated
sequential response categories, providing
richer diagnostic information than
dichotomous instruments — a claim
grounded in internal psychometric evidence
and subject to confirmation through future
comparative studies.

Primary limitations include a single-
province sample, a restricted ten-item pool,
cross-sectional design, and the absence of
external criterion validity. Future research

priorities are: (1) expanding the item bank,
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particularly at the +0.5 to +1.0 logit gap and
scale extremes; (2) cross-regional validation
for measurement invariance; (3) longitudinal
designs to map CTS developmental
trajectories from Grade X to Xll; (4) mixed-
method investigation — cognitive interviews
and written explanation analysis — to
examine the self-regulation bottleneck; and
(5) criterion validity development through
correlation with authentic performance-based

CTS assessments.
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