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Abstract
Virtual and concrete models have been of interest in chemistry teaching to improve students' understanding of a three-dimensional representation of chemical concepts such as symmetry. This study aims to determine the effectiveness of using concrete and virtual models on students' understanding of symmetry. Students' understanding was also explored in light of their spatial ability. The study was conducted using a quasi-experimental design with 62 students as participants. Two different instruments, spatial ability and understanding of symmetry tests, were employed for data collection. Data analysis was performed using the Pearson product-moment correlation and two-way variance analysis test. The results showed the virtual model's contribution to improving students' understanding of symmetry is higher than that of the concrete model for both students with a high spatial ability (HSA) and low spatial ability (LSA). Also, the better students' spatial ability, the better their understanding of molecular symmetry.  
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INTRODUCTION
Molecular symmetry is an essential topic that is generally provided for university students taking an inorganic chemistry course. Symmetry governing the physical and spectroscopic properties of molecules provides clues regarding electronic and molecular structure as well as the way of reaction carried out.1  The topic is also essential in other chemistry branches, such as predicting optical activity in organic chemistry.2  Recognising and understanding three-dimensional representations is a paramount ability to understand chemical concepts, particularly symmetry. Having good visual-spatial thinking skill is highly required to build a robust understanding of symmetry.3 Also, students should visualise and predict three dimensions of unfamiliar motion.4 The sound understanding of symmetry and 3D orientation of chemical compound and reaction contributes to students' success in learning other chemical concepts.5 It is the building blocks for understanding modern molecular chemistry.6 Difficulty in understanding symmetry contributes to the barrier to understand other chemical concepts.7 These statements confirm that a good understanding of symmetry is essential for chemistry students. Visualising a two-dimensional object to a three-dimensional object requires several thinking tasks. Firstly, the interpretation and understanding of different charts must be done correctly before translating them into three-dimensional forms.8–11 Secondly, converting abstract objects into real objects.12 However, the results of our preliminary observations showed that the vast majority of students could not predict the shapes of molecules and determine the angle of the molecular shape. These inabilities could be rooted in students' tendency to describe molecular shapes based solely on Lewis structures without considering molecules' position as three-dimensional objects.13 Also, the explanation of abstract concepts in textbooks is generally only based on two-dimensional visualisations,14 which distort mental models. 
Recent studies 11,15–17 revealed that students still find it challenging to visualise two-dimensional forms implying an insufficient spatial ability. This insufficient ability could be rooted in difficulty identifying the rotation axis position relative to the object based on the visualisation of objects before and after rotation and difficulty visualising an object's appearance after rotation and reflection operations.18 Students' ability to build mental visualisation of molecular shapes can be improved by optimising their representational competence.10,19,20 This ability can be improved by applying a virtual model-assisted learning strategy or concrete model.10,20,21 Virtual or concrete model-assisted learning provides Visio-spatial information better than without using a model.10 Research comparing the effectiveness of using virtual and concrete models in chemistry has been carried out.8,10,22 The results found different outcomes. Fjeld22 found that the concrete model demonstrated better support to students' achievement than a virtual model.
On the other hand, Abraham et al.8 and Stull & Hegarty10 found an insignificant difference between the two models. The difference in cognitive construct when using the two models could be a complementary aspect for each other. Fjeld22 revealed that the virtual model requires more cognitive tasks than the concrete model. Therefore, combining the two models is reasonable exercises.10 
Several approaches have been applied in teaching symmetry as well as overcoming students' unscientific understanding of the topic including hands-on symmetry project,23 three-dimensional (3D) models,24–26 virtual laboratories,3 common daily objects,27 and drawing 2D projection.28 A study focusing on the difference between using concrete and virtual model is limited. Therefore, this study aimed to explore how concrete and virtual media affect the students' understanding of symmetry and how students' spatial ability influences it. The result of this study will provide a vital perspective to be applied in the teaching of symmetry. The virtual model in this study is an online multimedia application provided by the website, https://symotter.org/. Meanwhile, the concrete models were created by students representing the molecular geometries. 
METHODOLOGY
Research Design & Participants
This study employed a quasi-experimental design and involved two classes/groups (with 31 students for each) of third-year students at the Chemistry Department, Universitas Negeri Gorontalo taking chemical bonding. In this university, symmetry is one of the topics discussed in the chemical bonding course. The convenience sampling technique was applied because the study was carried out in a natural setting in which the authors were not allowed to randomise the classes. 
Procedure
This study was carried out according to the following procedure. Before the treatment, the two groups were given a preliminary test to determine whether they posed an equal academic ability. The test covered the geometry molecule topic, a prerequisite topic before embarking on the symmetry class. Homogeneity test using the Levene's Test (P> 0.05) showed that the prior academic ability between the two groups was equal. Students' spatial ability was also measured using an adapted instrument, Purdue Spatial Visualization Test (PVST), developed by Guay.29 Next, a guided inquiry teaching approach was implemented for the two groups. The virtual model was applied as symmetry learning media for one class (we named it virtual class), and the concrete model was applied for another class (we name it concrete class). The teaching of molecular symmetry to both groups was carried out in three meetings with 120 minutes for each. After completing all three meetings, students' understanding of molecular symmetry was measured using a short answer test with 18 questions. The instrument is named Students' Understanding of Molecular Symmetry Test (SUMST).
Learning Media and Instrument
Virtual Model
[image: ]The virtual model was applied as the learning media to facilitate students' understanding of symmetry for a virtual class. The virtual models are available on the website of https://symotter.org/. The website (Symmetry @ Otterbein) offers three features like the following. (1) Symmetry Tutorial provides an interactive point group that can guide the user through all elements and operations of symmetry with interactive displays and animations. (2) Symmetry Gallery is a collection of more than hundreds of unique molecules with interactive views of all elements of symmetry and animation of symmetry operations. The molecules are arranged by groups of points, so the user can select samples to show a particular element of symmetry. (3) Symmetry Challenge provides a detailed flow chart of the process of determining the point group of each molecule. Figure 1 below depicts a virtual model of molecular symmetry available on the website.
Figure 1. Example of the virtual model presented in the teaching of virtual class


Concrete Model
The concrete model was applied as the learning media to facilitate students' understanding of symmetry for concrete class. The concrete models were produced by utilising daily materials such as pencil eraser and needles. Students were required to create the concrete model to build their understanding of the symmetry operation unconsciously. The molecular shape design was arranged to form an angle following the experimental molecule's angle and affect the symmetry operation. 
[image: F:\Desktop\Materi S2\Penelitian\IMG_20201125_072405_1.jpg]Figure 2. Example of a concrete model produced in the teaching of concrete class

Spatial Ability Test
[image: ]The PSVT applied to measure students' spatial ability was in a multiple-choice question and 30 items. The example of a question is provided in Figure 3 below. The spatial ability test instrument has high category reliability with a value of 0.95. 
Figure 3. Example of a question in the PSVT

Students' Understanding of Molecular Symmetry Test (SUMST)
Students' understanding of molecular symmetry after teaching using virtual and concrete models was measured using the Students' Understanding of Molecular Symmetry Test (SUMST). The SUMST was in the form of a short answer question and represented all symmetrical operations that exist in the molecule in depth. The test instrument consisted of 18 items with a Cronbach Alpha coefficient of 0.905 falling in the very high category.
Data Analysis
Students' Spatial Ability
The level of students' spatial ability is categorised based on the spatial ability test score. Students who obtained scores above the average are included in students with high category spatial abilities (HAS). In contrast, students who obtained scores below the average are included in students with low category spatial abilities (LSA).
Students' spatial ability and understanding of symmetry
The correlation between students' spatial ability and students' understanding of symmetry was measured using Pearson product-moment correlation. Before the correlation test performed, the prerequisite tests, including the normality test and the homogeneity test, were applied. The normality test using the Kolmogorov-Smirnov test ( One-Sample KS ) obtained P>0.05, which means that the data is normally distributed. The homogeneity test using Levene's Test obtained P>0.05, which means the data is homogeneous. 
The effectiveness of virtual and concrete models on students 'understanding of symmetry 
Two-way analysis of variance (ANOVA) was used to determine (1) the difference in the effectiveness of using virtual and concrete models on students 'understanding of molecular symmetry with different spatial abilities and (2) the interaction between virtual models and concrete models on students' spatial abilities in learning molecular symmetry.
Ethics approval
Ethical approval has been obtained from Universitas Negeri Malang and Universitas Negeri Gorontalo.
RESULTS AND DISCUSSION
Student Spatial Ability Level
Students' spatial abilities were classified into three categories, including spatial visualisation (SV), spatial relation (SR) and spatial orientation (SO). All three categories were identified using the related type of spatial questions. Ten questions represented each category. The example portrayed in Figure 3 above is a type of SV question. The description of students' spatial ability level is presented in Table 1. 
Table 1. Students' Spatial Ability Test Results
	Spatial ability category
	Number of Students (%)

	
	High
	Low

	SV
	77.4
	22.6%

	SR
	58.1
	41.9%

	SO
	75.8
	24.2%



The table described that the number of students with high spatial level ability is always higher than that of each category with low spatial ability. The previous study 30 supports this finding that spatial abilities develop well at 11-16. 
Spatial Abilities, Virtual & Concrete models, and Understanding of Molecular Symmetry
Students' responses to the SUMST instrument representing their understanding of molecular symmetry for virtual and concrete models with high and low spatial ability levels are presented in Table 2.
Table 2. Students' Responses to the SUMST and spatial ability level
	Spatial ability level 
	Students' score to the SUMST

	
	Students with Virtual Model (SVM)
	Students with Concrete Model (SCM)

	High
	X = 66.20
	X = 51.9

	
	N = 17
	N = 19

	
	SD = 13.83
	SD = 18.93

	Low
	X = 44.34
	X = 36.80

	
	N = 14
	N = 12

	
	SD = 21.05
	SD = 21.5


The table shows that the virtual model provided a better contribution to the students' understanding of symmetry for high spatial ability (HSA) and low spatial ability (LSA) students. This finding is in accordance with the previous research.10,21,31 The better performances of SVM students were demonstrated in several aspects. Students with the virtual model (SVM) demonstrated better performance than students with the concrete model (SCM) in predicting molecular shape, especially in determining the bond angles. The availability and accuracy of information regarding bond angle a molecular geometry cause students to become accustomed to predicting molecular shape by including bond angles, making it easier for students to identify molecular symmetry operations. This familiarity leads to better cognitive training and the improvement of cognitive abilities.32
Below is the different level of students' responses in predicting the shape of the PFCl4 molecule for the two groups. SVM students understood that the angle of Cleq-P-Cleq (eq= equatorial) would be distorted and <1200 due to the difference in electronegativity between the Cl atom and the F atom, which is in the axial position. Meanwhile, SCM students assumed that the difference in electronegativity would not affect the angle of the molecule = 1200 (Figure 4). Such error in determining the bond angle will lead to an incorrect choice in determining the rotation and reflection operations.33
[image: F:\Desktop\Materi S2\Penelitian\IMG_20200813_112649_1.jpg]




Figure 4. Example of an incorrect answer of SCM students regarding PFCl4 molecule

SVM students also identified the rotation operations through the actual rotation axis than SCM did. The limited possibilities in manipulating the movement of molecular shapes for SVM strengthen students' long-term memory retention. In contrast, the concrete model provides plenty of possibilities for SCM students to do movement manipulations of molecular shape leading to overload memory remembering these movements. The limited possibilities help students remember every detail of three-dimensional objects' movement.31 The two groups demonstrated the different responses in determining the rotational operations of the SeF6 molecule. SVM students identified that SeF6 molecule exhibit C4, C3, and C2 of axes rotations. Meanwhile, SCM students assumed that the molecule only exhibits C3 and C2 axes rotation. 
SVM students also more succeeded in identifying reflection operations in the mirror plane than SCM students. The virtual model's availability of mirror plane features (vertical, horizontal, and diagonal mirror planes) supported a better understanding of SVM students when studying the mirror plane's reflection operation. In identifying the reflection operation on the mirror plane of the POF3 molecule, SVM understood that the molecule has a vertical mirror plane at the F atom's corners. Meanwhile, SCM students assumed that the molecule has a horizontal and diagonal mirror plane. 
The difference in students' understanding between SVM and ACM students is also described based on each topic's correct answer (Table 3). SVM students obtained a higher average score than SCM students. This fact emphasises that the virtual model is adequate for teaching chemistry concepts involving three-dimensional objects, 34 such as molecular geometry and molecular symmetry, particularly for high spatial ability. 
Table 3. The comparison of Correct Answers between SVM and SCM students
	No.
	Sub-topic
	Correct Answers (%)

	
	
	Virtual Model
	Concrete Model

	1
	Predict molecular shape
	68
	67

	2
	Identify the rotation operation via the actual axis of rotation 
	53
	50

	3
	Identify the major axes
	45
	41

	4
	Identify the reflection operation on the mirror plane
	33
	31

	5
	Identify any inversion operations through the centre of symmetry
	49
	45

	6
	Identify the rotation operation via the pseudo rotation axis
	35
	35

	7
	Predict the polarity of molecules based on the symmetry operations they have
	33
	29

	8
	Predict the conservation of molecules based on the symmetry operations they have
	46
	43



The phenomena discussed above provide strong evidence of different students' understanding due to the use of virtual and concrete models in teaching molecular symmetry. Two-way ANOVA also confirmed the difference with the F values of 5.059. The virtual model is more effective than the concrete model in increasing student' understanding of molecular symmetry. The test also found that there is no interaction between learning media and spatial skills (F (1.62) = 0.484; P> .05). 
The Relationship between Spatial Abilities and Understanding Molecular Symmetry
Table 2 above also shows a contribution of students' spatial ability towards their success in understanding molecular symmetry. In particular, students with high spatial ability (HSA) demonstrated a better understanding of molecular symmetry than low spatial ability (LSA) students, as uncovered in the previous studies.3,35 HSA students could use spatial visualisation, spatial orientation, and spatial relation, strengthening their understanding of molecular symmetry operations such as rotation, reflection, inversion, and pseudo rotation operations. In determining the reflection operation on the AsH3 molecule, LSA students believed that the molecule has four mirror planes, including one horizontal mirror plane and three dihedral mirror planes. This error resulted from a low understanding of the spatial visualisation aspect, leading to the difficulty of translating the bold visual notation code and dotted line notation in molecular structures.11 
In term of the ability of spatial relations, holding this ability contributed to students' competence in manipulating representative three-dimensional objects in space.14 LSA students believed that the SO2F2 molecule has a C3 rotation operation (Figure 5). This error could be the result of an inability to determine the geometry of the molecule. 
[image: C:\Users\ACER\AppData\Local\Microsoft\Windows\INetCache\Content.Word\IMG_20200611_175129.jpg]
Figure 5. Example of LSA students' error in determining the rotation operation of SO2F2 molecule

The different responses between the two groups were also found when determining the rotation operation on the SeF6 molecule. Robust knowledge in spatial orientation will lead students to determine the molecular rotation operations on different axes 36 correctly. SLA students believed that SeF6 molecules only have the C4 rotation operation as the main axis due to their inability to imagine the appearance of the SeF 6 molecule from various viewpoints, which allows determining the existence of other rotation operations. 
In terms of combining spatial visualisation, spatial orientation, and spatial relations abilities, the discrepancy between the two groups' responses was determined by determining the rotation operation via the pseudo axis (Sn) of the CCl4 molecule. LSA students were unable to show a pseudo-axis rotation operation on the CCl4 molecule. Students' mistakes were shown in several ways. Firstly, they can perform rotation operations correctly but cannot for reflection operations. Secondly, they performed rotation and reflection operations correctly but could not determine the new molecule's position from a different point of view. 
The findings above show that students' spatial ability correlates to their understanding of molecular symmetry both for HAS and LAS students. The better students' spatial ability, the better they understand the topic of molecular symmetry. This correlation was also confirmed by the statistical test result using Person product-moment correlation with an r-value of +0.395.  
CONCLUSION
This study confirms that the virtual model provides a better contribution toward students' understanding of molecular symmetry. Also, students' spatial ability affects students' understanding of the topic. Students' understanding of molecular symmetry increase with the increase of their spatial ability. This study implies that employing a virtual model in the teaching of molecular symmetry is a fruitful approach. Improving students' spatial ability is essential to be a solid milestone in learning chemistry concepts involving three-dimensional objects such as molecular geometry and molecular symmetry. 
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