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Abstract: Education 4.0 arises to provide citizens with the technical/digital competencies and 
cognitive/interpersonal skills demanded by Industry 4.0. New technologies drive this change, 
though time-independent learning remains a challenge, because students might face a lack of 
support, advice and surveillance when teachers are unavailable. This study proposes 
complementing presential lessons with online learning driven by ChatGPT, applied as an 
educational tool able to mentor K-12 students learning science at home. First, ChatGPT’s 
performance in the field of K-12 science is evaluated, scoring A (9.3/10 in 2023, and 9.7/10 in 2024) 
and providing detailed, analytic, meaningful, and human-like answers. Then, an empirical 
interventional study is performed to assess the impact of using ChatGPT as a virtual mentor on real 
K-12 students. After the intervention, the grades of students in the experimental group improved 
30%, and 70% of students stated a positive perception of the AI, suggesting a positive impact of the 
proposed educational approach. After discussion, the study concludes ChatGPT might be a useful 
educational tool able to provide K-12 students learning science with the functional and 
social/emotional support they might require, democratizing a higher level of knowledge acquisition 
and promoting students’ autonomy, security and self-efficacy. The results probe ChatGPT’s 
remarkable capacity (and immense potential) to assist teachers in their mentoring tasks, laying the 
foundations of virtual mentoring and paving the way for future research aimed at obtaining a more 
realistic view of the AI impact on education. 

Keywords: education 4.0; artificial intelligence; blended learning; ChatGPT; virtual mentor; K-12; 
science education 

 

1. Introduction 

“It’s the end of the world as we know it“ is not only the title of a song, but also a proper description 
of current societies worldwide, facing the deep, and quick changes impelled by the Fourth Industrial 
Revolution (4IR) that every citizen is witnessing [1,2]. 

The previous industrial revolutions were driven by technologic advancements, and their effect 
on the industry and societies was profound [3]. While the 1IR employed steam and waterpower to 
mechanize manufacturing, the 2IR enabled mass production through the use of electricity and the 
division of labor, and the 3IR was powered by electronics and computerization, allowing the 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 September 2024 doi:10.20944/preprints202409.1323.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202409.1323.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

automation of manufacturing and the analog to digital transition, changing the world’s capacity to 
store information in digital format from less than 1% in 1980s, to more than 99% by 2014 [4]. 

Conversely, the present industrial revolution (4IR) pursues a new paradigm of smart, 
autonomous, and sustainable manufacturing, the so-called Industry 4.0 [5], whose foundational 
pillars were conceived to empower every citizen and every government to build a better and more 
inclusive, human-centered world [3]. This revolution still exploits the key developments to digitalize 
the information set by the Digital Revolution (3IR) as early as 1947 [6], that is transistors, integrated 
circuits, microprocessors and computers, Internet, digital mobile phones and even digital TV. 
However, the 4IR is mainly driven by a set of disruptive technologies that blur the lines between the 
physical, digital, and biological worlds (through cyber-physical systems) [3]. These technologies aim 
at [5,7]: 
(1) Increasing connectivity, data and computational power (cloud technology, smart sensors and 

actuators -even wearables-, blockchain…) 
(2) Boosting analytics and system intelligence (advanced analytics, machine learning, neural networks, 

artificial intelligence -AI-…) 
(3) Promoting machine-machine and human-machine interaction (extended reality, XR -including virtual, 

augmented and mixed reality, that is VR, AR and MR, respectively-, digital twins, robotics, 
automation, autonomous guided vehicles, Internet of Things, Internet of Systems…) 

(4) Enhancing advanced engineering (additive manufacturing such as 3D printing, ICTs, 
nanotechnology, renewable energies, biotechnology…)  
All these disruptive technologies are leading Industry 4.0 towards the concept of Smart 

Manufacturing (as production becomes faster, closer and more responsive to customer/market 
requirements), exhibiting unprecedented degrees of interoperability, virtualization, decentralization, 
real-time capability, modularity, information transparency and technical assistance [2,8]. 
Consequently, the 4IR is not only improving the efficiency of business and keeping billions of people 
interconnected, but also enhancing sustainability through better management of resources, 
contributing to regenerating the natural environment and potentially reverting the damage earlier 
industrial revolutions provoked [9]. 

Thus, the 4IR is already changing the way we perceive the world, work, think, relate and 
definitely live in an unprecedented scale, scope and complexity. Anyway, the opportunity and the 
responsibility to build a better and sustainable future through the Industry 4.0 must be embraced by 
worldwide governments, companies, industries, academia and civil society [3].  

Since technology is only one part of the equation, workers and citizens must adapt their skills to 
a new future where machines will take care of heavy duties, and humans will just attend to derived 
problems. Therefore, all the abilities that machines lack will now be very appreciated in the labor 
market. These competencies can be divided into three categories [10]:  

(1) High-level technical skills: knowledge in ICT - information and communication technologies - 
sciences, Big Data and data analysis, network management, programming, 3D printing, 
nano/biotechnology… 

(2) High-order cognitive skills: critical thinking, problem-solving, decision-making abilities…  
(3) Human and interpersonal skills: creativity, social, emotional capabilities… 
Societies might empower their citizens with those skills and digital competencies, and the best 

way is education. Old-school education based on the Empty Container Paradigm (students are an 
empty container that must be filled with knowledge), presented several problems to satisfy the fit-
for-purpose criterium within the context of Industry 4.0 and the 4IR [11,12]:  

(1) The current teaching process has plenty of room for interactivity improvement (which is required 
for a better and longer learning) 

(2) Assessments only evaluate the amount of learned knowledge, but not the acquired 
competencies/skills 

(3) Wide time gap between receiving knowledge and its application in practice.  
Therefore, the education evolved over the years until reaching the concept of Education 4.0 [13–

16], aimed at providing students with not only technical/digital competencies, but also cognitive and 
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human/interpersonal skills required by the society and the Industry 4.0. Indeed, it was clearly boosted 
worldwide by COVID-19-related school closures [17–20]. The foundations of Education 4.0 might be 
summarized as [11,16]:  

(1) New student-centered learning strategies (heutagogy, peeragogy, cybergogy…) 
(2) Location and time-independent learning 
(3) Personalized learning 
(4) Interactive/collaborative learning 
(5) Gamification to raise engagement 
(6) Online sources of information (web, massive open online courses -MOOCs-…) 
(7) Teacher to mentor transition  
Many of them are currently being fulfilled by using 4IR technologies. According to bibliography 

[17,21,22], the most frequently applied technologies within Education 4.0 are VR, AR, MR, eye-
tracking, learning-analytics, robotics and simulation, besides the tools enabling online learning such 
as streaming lectures, virtual classrooms, digital boards, cloud systems and MOOCs. AI is also 
applied in combination with learning-analytics to assess the students’ progress in order to find 
weaknesses and adapt the education process to their particular needs, enabling a more personalized 
education [17,23–26].  

A simple problem hampering efficient time-independent learning (part of the second pillar of 
Education 4.0) is the availability of mentors to assist students, which cannot be complete. Therefore, 
there is a growing interest in MOOCs and virtual mentoring, as they are effective and complementary 
tools outside schools. However, MOOCs lack interactivity, mentoring capacity and freedom to 
provide personalized answers to the student’s particular doubts, while current virtual mentoring still 
refers to remote mentoring, that is connecting students with their human mentors, which still does 
not address the availability limitation. 

The use of AI in education has been explored since 1970s, when computers were devised not 
only as tools but also as potential tutors [27], developing a new field of research using computers to 
smartly coach students termed Intelligent Computer Assisted Instruction or Intelligent Tutoring 
Systems (ITS) [28–31]. Computer learning has evolved over time, integrating artificial intelligence, 
and thus, plenty dialogue-based systems have been developed [29–31] for assisting students in 
learning different subjects, from STEM sciences to politics, claiming to provide students with a 
meaningful interaction, which is key for the long-term learning [32], and pointing out student’s 
difficulties in order to duly address them, promoting customized learning. However, ITS 
effectiveness has been debated over the years [33,34]. Besides, these solutions have been purposely 
designed for teaching, so they are forced to follow a pre-programmed method to teach students, 
which limits the ITS capacity of solving the student’s particular doubts arising when doing 
homework without any tutor. This might explain why these solutions have barely been employed in 
experimental lessons including problem-solving and/or decision-making in chemistry, physics, and 
clinical fields [30]. 

Other researchers have assessed the use of old chatbots as “real-time educational assistants for the 
teacher”, but they actually lack interactivity, just relating to students through pre-programmed 
answers lacking intelligence, and their only aim is raising engagement and generating statistics of 
student’s understanding level [32,35–37]. Again, these systems lack freedom to answer the student’s 
particular doubts. 

The growth of AI during the last years has recently been quantified, not only in numbers but 
also in real applications within the market: the adoption of AI in companies (50%) has doubled since 
2017 (20%) and the average number of AI capabilities they exploit (such as natural-language 
generation or computer vision), has also doubled from 1.9 in 2018 to 3.8 in 2022 [38], according to a 
McKinsey Global Survey [39]. In 2023, 149 new AI foundation models were released (mainly from 
the industry), more than double the amount appeared in 2022, and the number of AI patents sharply 
increased worldwide (67% from 2021 to 2022). Surprisingly, while the US is the leading source of 
those models, China led global AI patent origins with 61% (being the US the origin of 21%) [40]. 
Today, AI can be applied not only to process information and take decisions (even in fields such as 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 September 2024 doi:10.20944/preprints202409.1323.v1

https://doi.org/10.20944/preprints202409.1323.v1


 4 

 

weather forecast [41] or chemistry [42,43], among many others), but also to generate original text, 
images and even video content, and even if the AI has already overcome human performance on 
several benchmarks and domains (such as image classification, visual reasoning, and English 
understanding), human beings still perform better than the AI within more complex tasks like 
competition-level mathematics, visual commonsense reasoning and planning) [40].  

Concerning natural language processing, Open AI (San Francisco, California) developed in 2018 
an autoregressive language model called GPT (Generative Pre-trained Transformer), exploiting deep 
learning to produce human-like text from image/text inputs [44], whose last version (GPT-4, released 
on March 14, 2023) feeds an artificial intelligence chatbot called ChatGPT, able to write and debug 
computer programs [45,46], generate documents such as essays [47]; answer test questions [48], write 
poetry, lyrics and compose music [49], and even provide assistance in complex scientific tasks [50–
52]… Despite this impressive demonstration of capabilities within a short time of existence, ChatGPT 
is just a large-scale multimodal model powered by AI, so its application in fields different from the 
strict generation of text is currently unveiling a problem related to a lack of appropriate training, 
guarantee of intellectual property rights preservation, and hallucinations (mistaken or nonsensical 
answers that seem semantically or syntactically correct), which are allegedly limited in the last 
version of the language model, and will tend to reduce with an increased training [53]. As a 
consequence, this technology is actually earning as many positive judgements as widespread 
criticism from artists, ethicists, academics, educators, and journalists [54–57].  

There is a recent and growing interest into assessing the potential of AI-powered chatbots (such 
as ChatGPT) as an educational tool in quite different fields such as language, programming, 
mathematics, medicine and economy, among many others [58–61]. Many of those studies focus on 
evaluating the chatbot ability to ask and also answer particular fact-based and test questions. Even 
OpenAI has evaluated its own technology by means of exams purposely designed for humans. While 
GPT-3.5 performance lied at bottom 10% of test takers, GPT-4 outscored better than the majority of 
human test takers (top 10%). Those previous studies have promoted an open debate around the 
potential benefits and limitations of ChatGPT in the field of education [44,58,62–67], even suggesting 
its potential use as teaching assistant [64–66,68,69] automatically tackling duties such as creating 
assessment tests, grading, guiding, and recommending learning materials, though also claiming that 
ChatGPT “lacks the ability to provide emotional support, and facilitate critical thinking and problem-
solving skills in science learning”, from a theoretical perspective [68]. 

Concerning the use of ChatGPT in the field of science education, the studies usually exploring 
the generative artificial intelligence capabilities to answer a few theoretical questions [68,70,71], or 
applied questions such as acid/base problems [72]. Some studies have even developed a theoretical 
framework for applying generative AI in the field of education [73]. Nevertheless, those publications 
claim the future research should focus on evaluating the impact of ChatGPT (or other AI applications) 
on real students’ learning outcomes, such as academic achievement, motivation and engagement, in 
different contexts, as there is still a need for real cases of AI impact on real students, that is, empirical 
and systematic evaluations of the use of ChatGPT on real students learning science [56,73]. 

Therefore, the present exploratory study will try to provide more insight in this field, by 
addressing the following research questions (RQs), within the frame of applying generative AI in K-
12 science education: 
RQ1: Does ChatGPT provide a trustworthy time-independent learning experience to K-12 students, 
when teachers are unavailable?  
RQ2: Can ChatGPT create meaningful interactions with K-12 students? 
RQ3: What is the real impact of using ChatGPT as a virtual mentor on K-12 students learning science 
when teachers are unavailable?Following previous works on the use of AI within an educational 
context [74–76], this exploratory study will address these RQs by the evaluation of ChatGPT’s 
competence to become an educational tool aimed at providing K-12 students with a personalized, 
meaningful, and location- and time-independent learning, in a safe environment and real time, 
assisting teachers in the task of mentoring students through specific duties such as homework 
correcting and solving doubts at home. A special focus will be set on assessing: (a) student’s 
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proficiency before and after the intervention, and (b) students’ perception of the AI as a useful 
educational tool, once duly evaluated. to the best of our knowledge, this is the first empirical 
assessment of the real impact of using ChatGPT as a virtual mentor on K-12 students learning 
chemistry and physics, within the frame of a blended-learning pedagogical approach combining 
constructivist/connectivist presential learning (Education 2.0 and 3.0) with student-centered self-
regulated cybergogy (Education 4.0) [16]. 

2. Materials and Methods 

The study was designed following the previously described IDEE theoretical framework for 
using any generative AI in the field of science education [73]. According to this, the main pillars of 
the study have been identified: 
• Desired outcomes: This empirical study aims to systematically assess the real effect, possibilities 

and challenges of applying a complementary and well-defined use of ChatGPT outside the 
traditional school environment (mainly focused on correcting specific homework assignments 
designed by the teacher and solving students’ particular doubts and needs) on K-12 (15-16-years-
old) students learning chemistry and physics. This will allow finding the answers to the previous 
RQs, which will provide more insight regarding the use of advanced AI tools such as ChatGPT 
as teaching assistants in the field of science education. The outcomes that will be monitored to 
assess the impact of the AI on students will be their proficiency (through grades evolution) and 
their perception on the AI as an educational tool, before and after the intervention. 

• Appropriate level of automation: The study has been designed within a blended-learning 
pedagogical approach, where the teacher role is essential as not only mentor but also facilitator 
[77]. Thus, K-12 students kept the constructivist/connectivist presential learning at school in 
combination with online learning experiences designed by the teacher (flipped-learning [78]). 
The only difference arose for those students in the experimental group, who might complement 
their homework tasks by means of ChatGPT, employed as an educational tool able to correct 
assignments, solve doubts and guide the students towards a better understanding of the lesson 
and a stronger and longer-term settlement of knowledge. Therefore, only a partial automation is 
considered. 

• Ethical considerations: All procedures performed in this study, involving human participants, were 
in accordance with the national and European ethical standards (European Network of Research 
Ethics Committees), the 1964 Helsinki Declaration and its later amendments, the 1978 Belmont 
report, the EU Charter of Fundamental Rights (26/10/2012), and the EU General Data Protection 
Regulation (2016/679). As the study involved 15-16-years-old students, parental informed 
consent was obtained from all individual participants included in the study. Main ethical 
concerns discussed in bibliography are related to intellectual property, privacy, biases, fairness, 
accuracy, transparency, lack of robustness against “jailbreaking prompts”, and the electricity and 
water consumption to sustain the AI servers [79–82]. In this study, the planned use of ChatGPT 
leaves little room for intellectual property, privacy or transparency issues. Besides, jailbreaking 
prompts seem not to be useful for students in this case. However, students misusing ChatGPT to 
do their homework instead of positively exploiting the AI to correct their homework and solve 
their doubts [56] might be a potential problem, but this technology is so new and attractive that 
students will easily be engaged to test ChatGPT and its potential benefits. Anyhow, the potential 
misuse might easily be detected by comparing students’ grades before and after the intervention, 
as grades of students misusing the AI would never show any improvement. Another potential 
consideration might be the generation of incorrect or biased information, as the AI answers are 
limited by the previous training and some mathematical hallucinations have already been 
detected [83]. Thus, a previous validation of ChatGPT’s performance in the specific field of K-12 
chemistry and physics will be assessed. In the case of large language models, bias can be defined 
as the appearance of systematic misrepresentations, attribution errors or factual distortions based 
on learned patterns that might drive to supporting certain groups or ideas over different ones, 
preserving stereotypes or even make incorrect assumptions [84]. Training data, algorithms and 
other factors might contribute to the rise of demographic, cultural, linguistic, temporal, 
confirmation, and ideological/political biases [85]. However, these potential preexisting biases 
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within the model should not affect the utility of the AI within the field of interest (K-12 science 
education), even if users should and will be aware of this possibility. Besides those 
considerations, the foreseen impact of this study on learners focuses on achieving a better 
understanding of the lesson, a stronger and longer-term settlement of knowledge. Concerning 
teachers, they would be assisted in a time- and location-independent manner by the AI in their 
task of mentoring students, leaving teachers more time to personally satisfy particular students’ 
needs. 

• Evaluation of the effectiveness: According to bibliography, the gold standard for measuring change 
after any intervention (i.e. within educational research) is the experimental design model [85]. In 
this case, the study assessed the effectiveness of the proposed educational approach through a 
quasi-experimental analysis, that is an empirical interventional study avoiding randomization 
able to determine the causal effects of an intervention (the impact of a chatbot powered by AI 
used as a virtual mentor on K-12 students learning chemistry and physics when their teachers 
are unavailable) on the target population. Randomization was not an option for the present 
study, as there was an interest in counting on two groups of students (the one interacting with 
the chatbot -experimental group- and that without any interaction with the AI -the control group-
, balancing students’ level of proficiency (low, medium and high), thus avoiding potential biases 
coming from hypothetically unbalanced groups. First, the real performance of ChatGPT in the 
field of chemistry and physics for K-12 students (precisely 15-16-years-old students) was 
systematically evaluated by the authors. The AI-powered chatbot answered a test specifically 
designed for real K-12 students, including a set of 52 selected theoretical questions and problems 
summarizing the knowledge and problem-solving skills to be acquired during a complete 
academic course, in a similar way to previous studies [48,59,60], always keeping in mind that this 
technology is not purposely designed for education, despite its great potential. No difficult nor 
impossible questions were removed from the set of questions as other studies did (i.e. questions 
demanding drawings as outputs, or analyzing images as inputs) [86], in order to obtain a fair and 
accurate perception of the performance of ChatGPT within this particular field, including all type 
of knowledge and skills requested for 15-16-years-old students learning chemistry and physics. 
Eleven teachers including chemists, physicists, and engineers evaluated the answers. The AI 
replies to theoretical questions were assessed looking for clarity, accuracy and soundness, while 
more applied questions such as problems were not only evaluated by the accuracy of the final 
result, but also by the validity and clarity of the procedure to reach that result, paying special 
attention to those resources enabling a stronger and longer-term knowledge settlement in a 
pedagogical manner. Once the theoretical performance of the chatbot in the field of interest was 
assessed, the authors judged the experimental capacity of this tool to assist teachers in the task of 
mentoring real 15-16-years-old students learning chemistry and physics when educators were 
unavailable, precisely in duties such as solving theoretical doubts and correcting homework 
assignments (including problem-solving questions) in real time and without time restrictions. 
Therefore, this study empirically assessed the impact of providing students with a meaningful 
interaction with the chatbot through which they could experience a completely personalized 
learning, improving their knowledge and skills while boosting their engagement. All of this 
could be monitored through two indicators chosen to measure the impact of ChatGPT on K-12 
students learning chemistry and physics, before and after the intervention:  Students’ grades 
(taking into account both proficiency and problem-solving skills) and their perception on the AI 
as a useful educational tool. 
Finally, among the different chatbots powered by AI (both free and paid), ChatGPT was selected 

to perform the experiments described within this study because of two main reasons: ChatGPT was 
totally free at the time (which could contribute to reducing inequities in the field of education, even 
if the latest version was not free for some time, and is now free again), and it exploits the original 
OpenAI GPT technology, which counts on more training and is constantly updating, thus ensuring 
the use of the latest and most powerful version, less prone to hallucination. Indeed, the study started 
with ChatGPT powered by GPT-3.5 (which evidenced frequent hallucinations when performing 
mathematical operations and proved a lack of chemical reasoning), and ended up employing GPT-4 
model, released in March 2023. The latest version displayed less mathematical hallucinations (within 
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the frame of a K-12 chemistry and physics field), and many other advantages that will be further 
described (including a more trained chemical reasoning to solve some experimental problems). Other 
large language models such as Bard (Google), LlaMa-2 (Meta) or AWS services (Amazon), were also 
released, but their capacities were not comparable to those of ChatGPT at the moment [71]. Finally, 
the last GPT model (GPT-5) is expected to be released soon, and it has supposedly been announced 
to reach the Artificial General Intelligence (AGI), an AI able to pass the Turing test [87], that is an AI 
so developed that might be indistinguishable from a human intelligence. 

2.1. Assessment of ChatGPT’s Performance in the Field of Chemistry and Physics for K-12 Students 

1. A set of 52 theoretical questions and problems were carefully selected to systematically ascertain 
the real competence of ChatGPT in the field of interest, covering the main knowledge and 
problem-solving skills to be acquired by 15-16-years-old students during a complete academic 
course. Gathering both theoretical questions and problems allowed to analyze not only 
ChatGPT’s current strengths (textual output) but also its potential weaknesses, exploring its 
capacity to deal with problem-solving (combining text recognition with mathematical 
calculation) and also verifying the capacity to deal with inputs and outputs other than text (i.e. 
requesting to draw the Lewis structures of some molecules, as this is a fundamental part of the 
knowledge to be reached by chemistry students). The whole set of questions is available within 
the Supporting Information. The aim of this part of the study is not verifying if ChatGPT fails, as 
we already know it, but to systematically assess the amount of mistakes displayed within a real 
physics and chemistry test summarizing the knowledge and problem-solving skills required for 
a whole course, and grade it in accordance to a human scale, verifying if ChatGPT might be a 
trustworthy tool in K-12 science education. Finally, other parameters concerning the quality of 
the answer will also be taken into consideration (clarity, insight, systematicity, simplicity etc.). 

2.2. Assessment of ChatGPT’s Impact on Real K-12 (15-16-Years-Old) Students Learning Chemistry 

In order to evaluate the impact of ChatGPT on K-12 students learning chemistry and physics 
without their teachers, students in the experimental group were requested to employ this tool within 
4 sessions in which they had to correct their specifically designed homework and also solve 
theoretical or problem-solving doubts, after a previous demonstration performed by the teacher, at 
class. Then, two key performance indicators (KPIs) were proposed to monitor the influence of the use 
of ChatGPT over the students’ proficiency in chemistry and physics: the users’ perception on the AI 
as an educational tool (which was assessed by a set of questions formulated to students after each 
session, applying the Likert scale to address and scale the answers in the survey [88]), and student’s 
grades (in comparison with previous term grades). Specifically, a typical five-level Likert scale design 
was used to measure variations in agreement, whose levels accounted for: 
1. Strongly disagree. 
2. Disagree. 
3. Neither agree nor disagree. 
4. Agree. 
5. Strongly agree. 

The evaluation of students’ proficiency was conducted by direct comparison of students’ grades 
through a paired sample t-test, which was performed before and after the intervention, over both the 
control and the experimental groups, after verifying the normal distribution of data, as previously 
described [89–91].  

The homework was divided into four sessions focused on the “Chemical Reactions Unit”, and 
more specifically on a topic that is usually hard to understand to the general profile of 4th ESO 
students, which is the fundamental chemical entity quantifying the “amount of substance”, whose 
unit is the mole. Mole calculations at this level are related to: a) the number of particles and atoms in 
a specific substance using Avogadro’s number, b) the macroscopic mass of the substance (including 
the molecular mass, or more precisely relative mass), and c) the number of moles in a gas sample 
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related to the system conditions -pressure (atmospheres), temperature (Kelvin), and volume (litres)-
. Within this frame, two profiles of sessions were designed:  

a) Chemical calculations (gas laws). Sheets 1 and 2 present a concretion of the gas equation of 
state, in the final form of ideal gas law, related to the mole content of the gas sample. The exercises of 
sheets 1 and 2 request the direct and single calculation of moles, volume, or pressure from the exercise 
statement including the complete dataset. Each sheet includes 6 exercises. 

b) Gas or volume to mole relationships, as a more advanced learning. Sheets 3 and 4 introduce 
Avogadro´s Law. Each sheet introduces a set of 6 exercises considering the calculation of a single 
parameter (n (mole) or V (volume)) both in the reactant and/or product species of a particular 
chemical reaction. Pressure (in atmospheres), temperature (absolute, in Kelvin, K) and stoichiometric 
factors were provided in the exercise to focus the calculations and reduce complexity. They included 
a brief theoretical exercise requesting a particular reformulation of the Avogadro’s Law (mole to 
volume ratio). 

The complete set of exercises and questions within the different sessions is included in the 
Supporting Information. 

3. Results 

3.1. Assessment of ChatGPT’s Performance in the Field of Chemistry and Physics for K-12 Students 

The performance of ChatGPT in the field of physics and chemistry for 15-16-years-old students 
was assessed by careful evaluation of the IA’s answers to the set of 52 questions previously 
mentioned, which can be found in the Supporting Information, over the time of study. The score for 
each question relied exclusively on two parameters: the accuracy of the final result as well as the 
procedure to reach that outcome. Each parameter contributed a half to the total score (0.5/1), being 
the only inputs to assess the AI performance in the field of interest. The score for those questions 
including several sections was the same, so each section contributed proportionally to the final score. 
Finally, those resources enabling a stronger and longer-term knowledge settlement in a pedagogical 
manner (clarity, brevity, simplicity, use of examples etc.) were positively valued beyond ChatGPT’s 
performance, contributing to rise the chatbot’s validity as an educational tool, from a pedagogical 
point of view. 

Preliminary tests were conducted to judge the best general prompts to be used when asking 
ChatGPT the different questions. The language was obviously not a problem for the tool (being a 
large language model): the same question was posed in Spanish and English, and the only difference 
was the language used to answer it (Figures S7 and S8). Besides, the straight question asked to the IA 
ended up with a relatively concise answer, while using a more specific prompt (“Acting as a 
chemistry/physics teacher, please explain…”) provided more detailed but still clear answers, 
including accurate and illustrative examples. As a consequence, the 52 questions were evaluated by 
using English language and the specific prompt already mentioned. The results are summarized in 
the Table 1 (2023) and Table 2 (2024) and will be chronologically discussed, in order to provide a clear 
comparison with time. 

Table 1. Results obtained by ChatGPT within the 52-questions test to assess ChatGPT’s performance 
in the field of chemistry and physics for 15-16-years-old students in 2023. 

Question Score Question Score Question Score 
1 1 19 1 37 1 
2 1 20 1 38 0 
3 1 21 0,67 39 1 
4 1 22 1 40 1 
5 0 23 1 41 1 
6 1 24 1 42 1 
7 1 25 1 43 1 
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8 1 26 1 44 1 
9 0,50 27 1 45 1 

10 1 28 1 46 1 
11 1 29 1 47 1 
12 1 30 1 48 0,67 
13 1 31 1 49 1 
14 1 32 1 50 0,50 
15 1 33 1 51 1 
16 1 34 1 52 1 
17 1 35 1   
18 1 36 1 Final Score 9.3/10 

The 52 questions within the test were quite balanced according to their discipline, because 27 of 
them were related to chemistry, while the other 25 dealt with physics (Figure 1). According to the 
nature of the questions, almost 60% were theoretical queries, while 30% were experimental problems 
(Figure 1). Even if there was no balance, there was at least a significant number of experimental 
questions to show ChatGPT’s competence to deal with problem-solving tasks. 

While Figure 1 describes the distribution of questions by discipline and/or nature, Figure 2 
displays the assessment of ChatGPT’s performance in the field of K-12 chemistry and physics 
students, in 2023. 

Table 2. Results obtained by ChatGPT within the 52-questions test to assess ChatGPT’s performance 
in the field of chemistry and physics for 15-16-years-old students in 2024. 

Question Score Question Score Question Score 
1 1 19 1 37 1 
2 1 20 1 38 1 
3 1 21 0,67 39 1 
4 1 22 1 40 1 
5 0 23 1 41 1 
6 1 24 1 42 1 
7 1 25 1 43 1 
8 1 26 1 44 1 
9 0,50 27 1 45 1 

10 1 28 1 46 1 
11 1 29 1 47 1 
12 1 30 1 48 1 
13 1 31 1 49 1 
14 1 32 1 50 0,50 
15 1 33 1 51 1 
16 1 34 1 52 1 
17 1 35 1   
18 1 36 1 Final Score 9.7/10 
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(a) (b) (c) 

Figure 1. Type of questions requested to ChatGPT: (a) by discipline; (b) by nature; (c) by discipline 
and nature. 

Among the answers to those 52 questions, 46 of them were completely correct and 
carefully explained in 2023, that is 88% of total answers, half of them related to chemistry 
and the other half associated to physics. Additionally, among the 6 questions that were not 
correct, only 2 of them were completely wrong and scored 0 (one within chemistry and 
physics syllabus, respectively), while the rest were partially correct (two 0.5/1 and two 
0.67/1), therefore increasing the final score from 8.8/10 to 9.3/10. Thus, ChatGPT obtained a 
final grade of A, which demonstrates the AI displays a quite reliable performance within 
the 15-16-years-old chemistry and physics syllabus, independently of the questions’ nature 
(theoretical or problem-solving queries).  

   
(a) (b) (c) 

Figure 2. Assessment of ChatGPT’s performance in the field of chemistry and physics for 15-16-years-
old students in 2023: (a) Final score only including totally correct answers; (b) Final score including 
partially correct answers; (c) Final score including partially correct answers by discipline. 

Some positive remarks that might be extracted from the analysis of the consistent results 
obtained in 2023, were: 

• ChatGPT, being a language model, handled perfectly with understanding questions and 
providing answers in different languages (Figures S7 and S8). 

• The AI, being a language model, elaborated the answers according to the literal request 
of information.  

• The chatbot provided an answer in real-time, but it was written word by word, probably 
in an attempt to resemble more human, which contributed to a closer and meaningful experience for 
the user. 

• ChatGPT was responsive to different prompts (write, act, create, list, translate, 
summarize, define, analyze…). In this case, the prompt “act” was exploited to request the IA to 
behave as a science teacher able to explain in detail the solutions to the different questions (Figure 
S4).  
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• The chatbot took into account the context of the conversation, which might improve its 
comprehension of the subject being debated, and allowed to make reference to a concept or idea 
previously discussed (Figure S5). 

• ChatGPT furnished information that was sensitive to operators as “TRUE, FALSE” 
(question 8, Figures S22 and S23). 

• The IA could handle with not only theoretical doubts, but also with problem-solving 
tasks. In the latter case, the chatbot perfectly recognized and applied the values, unities and what is 
more important, what was being requested within the question. 

• ChatGPT could return answers to several questions formulated at the same time. 
However, it usually provided more detailed answers when questions were divided. 

According to these results and the answers included within the Supporting Information, 
ChatGPT displayed not only a great ability to provide correct answers to a considerable number of 
theoretical questions and applied problems (ensuring a remarkable performance of 9.3/10, 93%), but 
also clear and detailed close to human-like explanations to theoretical queries and problem-solving 
duties that might help students to better understand the two disciplines of study. This might imply 
the AI could exhibit a great competence to guide real students to a better knowledge settlement, by 
correcting their homework and solving their particular doubts or mistakes in real time through a 
positive, human-like and meaningful interaction, within an immersive and safe environment (far 
from judgement from teachers or peers [92]), also promoting students’ confidence and self-regulation. 

Considering now the 6 incorrect answers in 2023, they were balanced by discipline, being 3 of 
them related to chemistry and the other 3 related to physics. However, there was no balance by 
nature, as there were 2 issues with practical problems and only 1 issue concerning theoretical 
questions within chemistry, while the opposite situation happened with physics wrong answers. 
Anyhow, no tendencies concerning the theoretical or practical nature of the incorrect answers could 
be extracted. 

Furthermore, the main problems encountered by ChatGPT in 2023 focused on its own inability 
to recognize or produce images at the moment (question 38, Figure S64, and questions 9 and 21, 
Figures S24, S42, S43, respectively), even if an accurate textual description was provided instead, and 
only on one occasion it found difficulties to solve simple mathematical calculations (question 50, 
Figures S81 and S82), even if the theoretical procedure and the substitution of numerical values in 
the equations were correct. Finally, the AI found also some troubles when predicting periodic 
properties of elements (the direct consequence of electronic configurations) to order some elements 
according to certain properties, such as radius and reactivity (question 5, Figure S17), as well as 
discussing about the type of energy (kinetic or potential) exploited in several sources of energy, 
specifically in tidal energy (which might exploit both kinds of energy, even if the chatbot was forced 
to decide one of them). In summary, the AI problem to process images as inputs or outputs involved 
3 among the 6 incorrect questions in 2023. While this issue  might only find a solution through an 
application redesign, the rest of the troubles might be solved with better training of the GPT model, 
allowing improved and more accurate answers. 

A brief summary of the chatbot weaknesses in 2023 that might be extracted from the analysis of 
the mistaken answers were: 

• Being a language model, ChatGPT could not recognize images as proper inputs. When 
the query could not furnish all the inputs required to understand the question, the user was forced 
to develop an alternative code to introduce the lacking data (such as that in question 1, involving a 
customized notation created in real-time to make the AI understand how to recognize the atomic 
mass and atomic number of some isotopes that were provided within the question, Figure S5).  

• The chatbot could not create image as outputs even with GPT-4 (i.e. question 21), though 
the textual description that was offered instead was very clear, illustrative and correct.  

• The AI, being a language model, encountered some problems with mathematical 
calculations (question 50, Figures S81 and S82). Even if they were more frequent in GPT-3.5 model, 
occasional mathematical hallucinations persisted in GPT-4 model.  

• The chatbot did not handle correctly all the periodic properties of elements.  
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Despite these results, ChatGPT was further evaluated in 2024, and surprisingly the chatbot was 
even more competent than before. Among the 52 questions, 49 of them (94%) were completely correct 
(Figure 3), and there was no completely wrong answer (0). 

  
 

(a) (b) (c) 

Figure 3. Assessment of ChatGPT’s performance in the field of chemistry and physics for 15-16-years-
old students in 2024: (a) Final score only including totally correct answers; (b) Final score including 
partially correct answers; (c) Final score including partially correct answers by discipline. 

The 3 questions that were partially correct increased the final grade from 94 to 97%, still scoring 
A but displaying a significant performance improvement in 2024. All the theoretical questions were 
correctly answered by ChatGPT in 2024, including that regarding the properties of elements 
according to their position within the periodic table (question 5, Figures S17-S17b), that concerning 
the kinetic and also potential energy of tidal energy (question 48, Figures S77-S79b) and even the 
problem of handling images as inputs was solved (question 38, Figure S64-S65b), recognizing the 
vectorial character of Force within an image provided by the user. 

Despite the verified improvement with training, the AI still exhibited some difficulties with 3 
practical questions, specifically with handling images as outputs (questions 9 and 21, Figures S24, 
S42, S43, respectively) and also with some mathematical calculations (question 50, Figure S81-S82b). 
Some Lewis structures were clearly improved, and the textual description was perfect, but the final 
image was still confusing (Figure S24b). The same stood for the energy diagram requested in question 
21 (Figure S43b): even if the scheme indicated in parentheses that the energy of reaction products was 
lower, the drawing placed the energy of reactants in a higher position than that of reaction products, 
which could be confusing for students. Besides, reactants and products were in the same level within 
the x axis (reaction progress), therefore the student might not appreciate the variation of energy 
during the reaction progress in a clear way, which is the aim of that part of the question. 

Regardless of these minor problems (many of which were duly addressed by a better training of 
ChatGPT in 2024), the consistent, exhaustive, and positive results obtained within the test 
demonstrated the remarkable performance of ChatGPT to answer both theoretical and problem-
solving questions (9.7/10, 97%) , scoring A, thus being trustworthy for K-12 physics and chemistry 
students. Furthermore, the first part of the study unveiled the positive resources (beyond 
performance) to enhance students learning process: clarity and a high level of detail and organization 
in the real-time answers provided in a time-independent manner, as well as a human-like meaningful 
interaction with students, which provided them with complete freedom to exploit this tool to find 
real-time answers to their particular doubts when they are studying or doing homework, supporting 
them in a way no other educational tool would allow under these circumstances (when teachers are 
unavailable). These advantages pave the way for a potential use of ChatGPT assisting teachers in 
their task of mentoring real students. 

3.2. Assessment of ChatGPT’s Impact on Real K-12 (15-16-Years-Old) Students Learning Chemistry 

The impact of using ChatGPT as a virtual mentor on real 15-16-years-old students learning 
chemistry when teachers are unavailable has been assessed through an empirical interventional 
study performed in a real school, monitoring two KPIs: the users’ perception on the use of the AI as 
an educational tool (evaluated by a set of questions formulated to students after each session, see 
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Supporting Information, applying a typical five-level Likert scale), and students’ proficiency (by 
comparing students’ grades before and after the intervention, first and second term, respectively). 

The study comprises the analysis of several exercise sheets including the main calculations 
concerning chemical reactions, as presented in the former section, and a subsequent use of ChatGPT 
to verify the correction of the homework, as well as solving any mistake or doubt. During the class, 
before the release of the homework sheets, the teacher corrected at least one problem with the help 
of ChatGPT, thus the students had an initial guide to the use of this tool with autonomy (prompts, 
possible mathematical hallucinations etc., trying to promote students’ critical thinking). The AI 
followed a general procedure to solve problems that basically consisted of 1) identifying the data 
(including unities) and the unknown factor among pressure (P), volume (V), amount of matter (n), 
and temperature (T), 2) determining the formula required to solve the problem, and 3) performing 
the substitution of real values within the formula (sheets 1, 2) or basically identifying species in the 
chemical reaction, associating data to them, and performing the substitution of real values within the 
formula (sheets 3, 4). Yet in the preparatory class, the use of ChatGPT 3.5 released some minimal and 
basic calculation errors that could be solved with the human factor (help of the teacher and careful 
surveillance of students), boosting students’ critical thinking but conditioning to a certain extent their 
initial opinion on the tool. The text of the solution improved slightly from trial to trial, and this was 
the furthest scope of ChatGPT 3.5’s approach. Upon completion of the study, some questions were 
tested again with ChatGPT 4.0, reducing the issues with mathematical calculations and improving 
the chemical ability to solve problems and teach students, as the AI was now able to establish 
relations among the chemical species in the chemical reaction (i.e. assignment of a given formula to 
a reactant, or a product), and determine not only their stoichiometric coefficients, but also other 
important conditions such as limiting and excess reactants. In fact, this means a huge step forward in 
solving chemical reactions exercises in comparison with the previous version, ensuring a stable and 
sure pathway to the correct solution.  

Once the four sessions data sheets were collected, the student’s tasks were corrected, evaluated, 
and qualified. The student’s performance questionaries were registered to be evaluated after the 
sessions’ completion.  

3.2.1. How Long Did It Take to You to Complete the Session? 

Considering question 1, Figure 4 represents the time spent by students to solve the homework 
(without the AI), displaying a tendency with a Gaussian shape, centered in 24 minutes for sheets 1, 
2, and 47 minutes for sheets 3, 4, which is reasonable as the latter entailed a much higher calculation 
load. 

  
(a) (b) 

Figure 4. Question 1 concerning the working time devoted to complete sessions (a) 1 and 2; (b) 
3 and 4. 
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3.2.2. In What Aspects of the Session Have You Found More Difficulties? 

The most common response to this question was the effort to understand chemical concepts and 
consequently, the way to apply them in a real problem. 

3.2.3. Rate Your Level of Agreement (1: Strongly Disagree, 2: Disagree, 3: Neither Agree Nor 
Disagree, 4: Agree, 5. Strongly Agree) with the Following Statements:  

3.2.3.1. You Have Understood the Theoretical Concepts 

3.2.3.2. You Know How to Apply the Theoretical Concepts 

As expected, the results to question 3 (Figure 5) supported the most common answer of students 
to question 2 (“In what aspects of the session have you found more difficulties?”), proving that the 
majority of students (69%) did not agree with having understood theoretical concepts, and then being 
able to apply them within a problem-solving task implying some calculations (75%), without the 
teacher’s or the AI’s help. Because of this, the use of ChatGPT to solve doubts and to correct the 
homework assignments arose as a potential solution for those students facing problems to complete 
the sheets exercises, improving students’ understanding of theoretical concepts in real time, and 
guiding them to apply those concepts within real problems, in a very clear and detailed manner. 

  
(a) (b) 

Figure 5. Question 3, regarding students’ perception of their understanding of: (a) theoretical 
concepts; (b) the application of theoretical concepts. 

Finally, question 4 was only requested to students having employed ChatGPT. 

3.2.4. Rate Your Level of Agreement (1-5) with the Following Sentences:  

3.2.4.1. The Approach Offered by ChatGPT to Solve the Exercise Is Correct 

3.2.4.2. The Numerical Result of the Exercise Provided by ChatGPT Is Correct 

3.2.4.3. ChatGPT is Useful as a Complementary Educational Tool (For Solving Theoretical Doubts 
or Correcting Problems) in the Absence of a Teacher 

Students having used the chatbot then evaluated the AI ability to solve chemical problems. As 
expected, Figure 6a points out the positive perception of students about the competence of ChatGPT 
(even if GPT-3.5 model was firstly used) to define the theoretical approach to solve the exercise, 
displaying a distribution of values centered at 4 (agree). 
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(a) (b) (c) 

Figure 6. Question 4, concerning the correction of (a) the approach to solve the exercise; (b) the 
numerical result; and (c) the usefulness of ChatGPT as an educational tool. 

In a similar manner, the results for question 4.2 (Figure 6b) show a high degree of acceptance of 
the statement, that is, students appraised the AI capacity to provide correct numerical results most of 
the time, even if there were some mathematical hallucinations, more frequent with GPT-3.5 model 
(and still present to a lower extent in GPT-4 model). Those errors of GPT-3.5 model might be the 
reason for a wider distribution in Figure 6b, tending towards lower values because some students 
(13%) disagreed considering ChatGPT offered correct numerical results (in general), being the 
average still centered at 4 (agree). The mathematical errors might easily be detected by a human user, 
and this fact could be positively exploited by both students and teachers. Concerning students, the 
potential presence of hallucinations might improve their attention as well as their critical-thinking 
ability. Regarding teachers, the risk of finding a mathematical mistake prevents students from 
negative behaviors like the direct copy of results, promoting a good use of the AI based on following 
ChatGPT’s guidance to the solution through a perfectly detailed theoretical approach. In conclusion, 
ChatGPT might be perceived as a patient and wise mentor correcting homework and solving 
students’ particular doubts in real time, displaying occasional mathematical distractions that can 
easily be detected by students, all of which provides a meaningful and positive interaction with K-12 
students, improving their learning process. 

The questionary concludes with question 4.3 (Figure 6c), which provides an overall impression 
of students’ perception about the AI as an educational tool. Only a 37% of students appreciated 
ChatGPT’s ability to guide them towards the right pathway to solve/correct a problem (agreeing (4) 
and strongly agreeing (5) with the utility of the AI as an educational tool). Thus, there is a 
considerable number of students which were not sure about ChatGPT’s usefulness (31%) or strongly 
disagreed with its utility (32%), which was comprehensible considering they started the study testing 
GPT-3.5 model. These students probably put more focus in the problem of mathematical 
hallucinations rather than valuing the AI capacity to detail a perfect theoretical approach to solve any 
chemical exercise. Furthermore, there were additional issues underneath that might be conditioning 
this result, which were: 1) the limited time of use and the sooner evaluation of the AI (right after the 
completion of each homework session), and 2) the lack of objective indicators for students to measure 
the improvement in their learning process (such as the increase of their proficiency in chemistry). 
Thus, the same survey was repeated after a whole term of evaluation, in order to notice any 
remarkable difference in students’ perception on AI. Besides, this KPI was not the only one employed 
to monitor ChatGPT’s impact on 15-16-years-old students learning chemistry. 

Students’ proficiency before and after the intervention was also assessed by direct comparison 
of students’ grades after one term of AI use with those obtained the previous term (with no AI 
assistance), through a paired sample t-test, which was performed before and after the intervention, 
over both the control and the experimental groups, after verifying the normal distribution of data. 
The results of the data analysis are summarized in Table 3 and Figure 7. 

The general overall marks of these students have improved since the utilization of the AI tool, 
although grades are indeed a really complex factor. Within the control group, even if the average 
marks slightly improved on the second term (one point out of ten, Figure 6), the data analysis 
revealed that there were no statistically significant differences between the students’ grades before 
and after the intervention, with 95% confidence (which was set for the study), as the p-value 
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associated with the contrast statistic of paired samples Student’s t test (p = 0.29) was greater than 0.05 
(5%). This might be expected, as the control group did not employ ChatGPT as a virtual mentor, so 
these students could not exploit all the advantages of the AI use proposed within the study. 

On the contrary, the experimental group displayed statistically significant differences between 
the students’ grades before and after the intervention, with 95% confidence, as the p-value associated 
with the contrast statistic of paired samples Student’s t test (p = 1,67.10-6) was smaller than 0.05 (5%). 
The students’ mean scores in the experimental group improved almost three points out of ten (Figure 
7) after one complete term using ChatGPT as a virtual mentor. Besides being statistically significant, 
this remarkable improvement in students’ proficiency might be due in a large extent to the use of 
ChatGPT as a virtual mentor in the absence of their teacher, because the improvement 1) was almost 
three-times higher than that of the control group, and 2) was manifested by 90% of students in the 
experimental group, independently of their level of proficiency. 

Table 3. Assessment of students’ proficiency by comparison of students’ grades before and after the 
use of ChatGPT as a virtual mentor during one term, through paired sample t-tests applied over the 
control and the experimental groups. 

 

  
(a) (b) 

Figure 7. Second KPI: students’ grades in the first and second term (before and after the intervention) 
for: (a) the control group and (b) the experimental group. 

The students with high level of proficiency improved their marks significantly, but the main 
differences were observed for students with medium and low level of proficiency, as their grades 
improved remarkably. Students with a failed first term (marks between 3 and 5) got second term 
grades between 6 and 9.55, and the most shocking example, the student with the lowest mark in the 
first term (1.61, showing great difficulties to follow the class level), improved her knowledge during 

Control Group Before After  Experimental Group Before After 

Mean 5,62 6,69  Mean 4,37 7,11 

Standard deviation 6,8225 5,2588  Standard deviation 2,5190 4,3867 

Observations 4 4  Observations 19 19 

Pearson correlation coefficient 0,7697   Pearson correlation coefficient 0,5951  
Hypothetical difference of means 0   Hypothetical difference of means 0  
Degrees of freedom 3  Degrees of freedom 18 

t statistic -1,2654  t statistic -6,9602 

P(T<=t) one-tailed test 0,1475   P(T<=t) one-tailed test 8,3829E-07  
t critical value (one-tailed test) 2,3533   t critical value (one-tailed test) 1,7341  
P(T<=t) two-tailed test 0,2951   P(T<=t) two-tailed test 1,6766E-06  
t critical value (two-tailed test) 3,1824   t critical value (two-tailed test) 2,10092204  
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the second term using the AI to finally get a 4.78 (slightly higher final grade, 5.52, with additional 
contributions from other tasks of no interest for this study), reaching the minimal acceptable level of 
knowledge for a student in Spain (5/10). These particular cases reflected that the average level of 
proficiency of the class climbed from low-medium to medium-high, with the only aim of this 
educational tool assisting the teacher.  

Finally, before the end of the final term, the students’ perception on ChatGPT’s utility as an 
educational tool was again assessed, in order to compare with the previous results (Figure 8). At that 
moment, the students had used the AI much longer time (two terms), and they also counted on 
several objective criteria to assess whether their proficiency in chemistry had increased or not (their 
own knowledge, which could still be somehow subjective, and their grades, which were objectively 
assigned by the teacher). 

 

Figure 8. Question 4, concerning the usefulness of ChatGPT as an educational tool, after two terms 
using the AI. 

As expected, the overall perception of students about the use of ChatGPT as an educational tool 
after two terms of use was significantly more positive than previous results: 70% of students agreed 
or strongly agreed considering the AI as a useful educational tool, instead of the initial 37%, that is, 
almost the double of students providing a positive perception of ChatGPT. According to what was 
commented before, a higher time of use and objective indicators of students’ proficiency 
improvement (their real proficiency, and their grades) might account for this change in students’ 
perception of the AI, realizing that ChatGPT had been an efficient educational tool to boost their 
proficiency in chemistry in a short time.  

Beyond the data analysis, the survey allowed to gather some students’ opinion that went beyond 
a positive perception: they agreed the homework sheets and the work with ChatGPT had been crucial 
for the improvement of their learning process. When students faced the homework assignments, 
teachers were unavailable, and regretfully, many of them could not count on parents or any other 
tutor able to help them with their doubts in real time (which is by the way a common problem for 
teen students, which are allegedly supposed to be more independent). Those students found 
themselves suffering a lack of surveillance, advice and/or support from a meaningful human being 
around them that no one could fill in. However, that feeling disappeared after one term of using the 
AI at home, because students now could count on ChatGPT to provide them with the real time 
support (both technical and emotional support) they needed. Thus, the study empirically 
demonstrated the remarkable abilities of ChatGPT to mentor 15-16-years-old students through a 
human-like, meaningful and personalized interaction, which not only ensured a remarkable 
improvement of students’ proficiency, but also contributed to promoting a feeling of care and support 
some students lacked[64]. 
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4. Discussion 

The results obtained within the present exploratory study allowed to address the original 
research questions in the frame of K-12 science education: 
RQ1: Does ChatGPT provide a trustworthy time-independent learning experience to K-12 students, 
when teachers are unavailable? 

Previous studies of ChatGPT performance unveiled quite different results, even within the same 
field of application and target population [58]. For instance, ChatGPT returned neither reliable nor 
accurate information concerning anatomy for university studies [60], it displayed poor results (45% 
of correct answers) for MSE (the main specialization exam for medicine in Türkiye) [93], and finally 
it also provided a high level of concordance, accuracy, and insight on the United States Medical 
Licensing Exam (USMLE) [48]. Several factors might account for this variability across the literature, 
besides the knowledge level and the AI model (which are the same in these cases): systematicity, type 
of questions and the level of encoding. The first study attempted a quick assessment of the AI 
performance within the field of anatomy by means of a few questions, while the rest of them were 
more exhaustive and systematic, i.e. evaluating the AI performance through three tests of around 300 
multiple-choice questions. The second study provided the AI with multiple-choice questions, while 
the third study used not only multiple-choice but also open-ended questions. Besides, the latter study 
put special attention to encoding, including both multiple-choice single answer with and without 
forced justification prompting. Surprisingly, the most exhaustive and systematic study, which 
included several types of questions beyond multiple-choice ones and paid particular attention to 
encoding, concluded the AI performed with a high level of concordance, accuracy, and insight on the 
United States Medical Licensing Exam. This suggests that any assessment of current AI capabilities 
within certain field of knowledge should take (at least) all those variables into account, that is, 
knowledge level, AI model, systematicity, types of questions (not only multiple-choice but also open-
ended questions) and encoding. 

In the field of science education there are some publications exploring the ability of the 
generative artificial intelligence to answer a few theoretical questions [68,70,71], but more systematic 
studies paying attention to the previously described variables would increase the knowledge in the 
field.  

In this study, the lower level of knowledge (restricted to K-12 science education) and the higher 
AI model planned to be used during the experiment (GPT-3.5 at first, and then GPT-4) made the 
authors foresee a positive performance. Furthermore, a special attention was dedicated to performing 
an exhaustive and systematic assessment, including more than 50 open-ended questions of K-12 level 
chemistry and physics, and an adequate encoding. No demographic, cultural, linguistic, temporal, or 
ideological/political biases were detected within the answers, probably because the questions 
belonged to the scientific field, leaving aside those sources of potential bias from the language model. 
The exhaustive and systematic study revealed that ChatGPT provided answers with remarkable 
accuracy and insight to theoretical questions, and a clear, detailed and well-organized procedure to 
find the solution to problem-solving questions. The consistent and positive results obtained through 
this performance test (9.3/10 in 2023 -with GPT-3.5 model-, and 9.7/10 in 2024 -with GPT-4 model-) 
demonstrated ChatGPT provided trustworthy answers (97%) in the field of K-12 science education, 
despite some limitations that have been considered and included within the test design (half of which 
have been duly addressed by OpenAI after a GPT model update and more model training). Thus, a 
realistic view of current ChatGPT performance within the field of interest has been provided to the 
community, which is in line with previous publications considering similar variables within different 
fields of education [48,72]. These results suggested ChatGPT might be a reliable tool to help K-12 
students learning science to reinforce theoretical knowledge and enhance their problem-solving skills 
with no time and location restrictions, when teachers are unavailable. 
RQ2: Can ChatGPT create meaningful interactions with K-12 students? 

Even if there is still a limited understanding of what meaningful interactions are, from a holistic 
perspective, some authors recently summarized the main factors contributing to meaningfulness 
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across different cultures, taking into account today’s media landscape [94]. Those aspects included 
the partner and what happens before, during, and after the interaction [95], the number of interactors 
[96], the activity during the interplay [97], as well as the communication medium [98], synchronicity 
[99,100] and motivation/engagement. According to this study, factors regarding the interaction 
characteristics had more influence over the meaningfulness than the communication channel [95]. 
Besides, among the different communication media, text and instant messaging as well social 
media/network had higher influence than calls, video calls and even face-to-face interactions (which 
displayed the lowest coefficient from linear regression analysis). 

If the interaction of users with ChatGPT could be examined as an analog of the interaction of 
two human beings, from a theoretical perspective, ChatGPT might be taking benefit from some of 
those factors promoting meaningful interactions with users, to a certain extent. First, the interplay 
involves only one interactor (and some authors suggest people might find more meaning in small 
groups [97]). Besides, the communication medium is an instantaneous textual message conversation, 
which is the best option among the different media, and one of the activities providing maximal 
meaning to the interaction [95]. Furthermore, the conversation aim is studying, which is also another 
activity driving to an interaction of maximal meaning. Finally, synchronicity is another strength of 
ChatGPT, which might enhance the meaningfulness of the interaction through “amplification 
effects”, related to more vivid memories, motivation and engagement [95,100,101]. Thus, the AI puts 
special effort into interacting with the user like a human being would do, not only displaying answers 
in real time, but more precisely typing them letter by letter, word by word, sentence by sentence, 
contributing to a closer and more realistic interaction. In conclusion, ChatGPT counts on the required 
resources to be able to create meaningful interactions with the user, from a theoretical point of view. 

During the experiments to assess ChatGPT’s performance in the field of chemistry and physics 
for K-12 students, and those aimed at evaluating ChatGPT’s impact on real K-12 (15-16-years-old) 
students learning chemistry when their teachers were unavailable, both the authors and the students 
verified the AI remarkable ability to explain scientific theoretical concepts and guide students to 
solving problems like a real human would do, following conventional well-organized procedures in 
a clear way, and providing real-life examples promoting a deeper and longer-term understanding of 
the subject. Both authors and students corroborated the interaction with ChatGPT resembled quite 
similar to interacting with a real person with a deep knowledge in the field (K-12 physics and 
chemistry). Many aspects of ChatGPT were responsible for this resemblance, such as the real-time 
instant-messaging-like communication medium (contributing to both synchronicity, motivation and 
engagement,) with only one interactor, typing the answer as a human-like would do, the ability of 
the AI to take the context and previous discussion into account, very open and versatile prompts 
enabling the user to request ChatGPT to answer in a particular framework (i.e. acting as a secondary 
school teacher), and its ability to provide rich answers adapted to those different requested behaviors. 
All these experimental aspects of ChatGPT allowed creating meaningful interactions with the user.  

Besides the functional advantages of the AI enabling a meaningful interaction with students, a 
different facet enriching the meaningfulness of the interaction might also be considered, such as the 
emotional support the AI might provide to students. Several authors recently claimed that ChatGPT 
cannot offer emotional support nor enhance critical thinking and problem-solving skills in science 
learning [68], despite its impressive capabilities (assessing, grading, guiding and recommending 
students), but the discussion kept within the theoretical plane, mainly referring to the fact that 
ChatGPT is not able to substitute the role of teachers (which is true). 

However, the present study proposed the AI might assist the teachers in their role of mentoring 
students (not substituting them), and thus has experimentally verified that ChatGPT displayed not 
only functional but also social features. In fact, the AI was able to satisfy individual needs in real time 
(K-12 scientific doubts), within a safe environment (far from peers, parents’ or teachers’ judgement 
[93]) and without time or location restrictions, providing both fast answers (of mainly any domain) 
to users’ particular questions as well as the interactive and personalized support desirable from the 
perfect assistant [64]. Thus, the AI-human interaction promoted users’ autonomy and productivity, 
which in agreement with Maslow [101] and the Relationships Motivation Theory [102] contributed 
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to satisfy their physiological, emotional, security, dignity and self-actualization requirements, even 
promoting a feeling of care, support and social camaraderie [64]. Emotional support is usually 
provided by family, significant others, friends, colleagues, counselors, therapists, clergy and support 
groups, but also by online groups or even social networks. In this case, the meaningful interaction 
established between the AI and the human user enabled ChatGPT to provide students with a kind of 
emotional support that, according to bibliography [103], might bring students reassurance, 
acceptance, encouragement, and sense of being cared. 

This was not only verified by students’ positive perception on the AI after two terms of 
evaluation, but also through some students’ opinion that was obtained within the survey, 
corresponding to students counting on no parent nor tutor able to help them with their doubts during 
their time to solve the homework assignments. They highlighted how important was counting on the 
AI to solve their doubts in real time for their learning process. The meaningful interaction established 
between ChatGPT and those students in a safe environment, in combination with the remarkable 
technical support provided by the AI in a time- and location-independent manner, promoted 
student’s sense of care and reassurance over time (two terms), which made them finally recognize 
the emotional support they felt knowing they could count on ChatGPT to help them. 

In conclusion, ChatGPT was able to create meaningful interactions with K-12 students (15-16 
years old), and the emotional support provided by this singular human-AI interaction reinforced its 
ability to assist the teachers when they were unavailable within the virtual mentor role proposed in 
the study. 
RQ3: What is the real impact of using ChatGPT as a virtual mentor on K-12 students learning science 
when teachers are unavailable? 

The objective of using ChatGPT on K-12 students learning science when teachers are unavailable 
is to help students correcting homework assignments, solving doubts and guiding them towards a 
better understanding of the lesson and a stronger and longer-term settlement of knowledge (technical 
support), while improving students’ sense of care and reassurance (emotional support). Thus, the 
impact of this approach might be verified by a raise of students’ knowledge and skills, and the 
evolution of students’ perception of ChatGPT as a useful educational tool. 

The increase in students’ knowledge and skills was experimentally assessed by a quasi-
experimental analysis [104], an empirical interventional study avoiding randomization able to 
determine the causal effects of an intervention on the target population. Even if an experimental 
analysis would have provided stronger causal effects, randomization in a small group of students (a 
class) might have created groups with unbalanced level of proficiency, therefore it was avoided. 
Future studies will soon be carried out with a higher number of students, considering several classes 
and schools from different regions/countries, and thus an experimental analysis will be chosen to 
develop a large-scale assessment. 

Once the remarkable performance of the chatbot in K-12 chemistry and physics was 
demonstrated, and the meaningful human-AI interaction could be verified, the effectiveness of the 
proposed educational approach was monitored through two different outcomes: the evolution of 
students’ grades before and after the intervention and students’ perception on the AI as an 
educational tool. 

According to bibliography, grades offer a limited capacity to evaluate the students’ level of 
proficiency (due to a generalized lack of standardization across institutions or even nations). Despite 
this, grades are still one of the most frequently used indicators, trying to systematically take into 
account both theoretical knowledge and applied skills and competencies through achievement tests 
[105]. Besides, recent studies demonstrated that high-school grades might be a stronger predictor of 
college grades than standardized tests (because they are thought to capture both students’ academic 
and noncognitive factors that play a role in academic success, such as perseverance and a positive 
mindset) [106]. In conclusion, grades might not only be considered as reliable indicators, but also 
good predictors of future performance. 

On one hand, the present study demonstrated that students’ grades average in the experimental 
group improved 30% after one term using ChatGPT to correct their homework assignments and also 
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to solve theoretical and problem-solving doubts (with respect to their grades in the previous term, 
with no AI help). Besides being statistically significant, the improvement in students’ proficiency was 
almost three-times higher than that of the control group and was manifested by 90% of students in 
the experimental group, independently of their level of proficiency. Considering students’ 
perspective within the experimental group, the students with lower level of proficiency (displaying 
great difficulties to follow the lessons) were able to pass their exams (some of them reaching good 
marks), while the students with higher level of proficiency still increased their grades. To sum up, 
the class grades’ average improved from low-medium to medium-high level of proficiency, with the 
only additional help of ChatGPT as an educational tool assisting students when teachers were 
unavailable. 

On the other hand, students’ perception on the AI varied over the course of the study. First 
reason is they handled evolving versions of ChatGPT: they started using GPT-3.5, displaying more 
limitations and hallucinations, and they ended employing GPT-4, which addressed most of those 
problems. Furthermore, time allowed students to provide a more meditated perception on the AI. 
After one term using ChatGPT, students counted on not only perspective, but also quantitative inputs 
to verify if the AI had been a useful educational tool for them, or not: their own proficiency, and 
grades. Both reasons made the students’ perception on the AI as an educational tool evolve from an 
average of 3 (neither agree nor disagree), with a third of students strongly disagreeing (1), towards 
an average of 4.05 (agree), with most students agreeing or strongly agreeing (70%). 

Both indicators clearly demonstrated in this quasi-experimental analysis that the intervention 
was successful: ChatGPT was capable to provide students with the technical and emotional support 
they required when teachers were unavailable, so that their grades and perception on the AI 
usefulness as an educational tool increased significantly after only one term. 

Similar approaches have already been proposed in the field of education [56,73,107], but no 
experimental analysis was performed, and the lack of empirical results was highlighted. To the best 
of our knowledge, this is the first experimental assessment of the impact of using ChatGPT on real 
science students’ learning outcomes, monitoring academic achievement and perception on AI as an 
educational tool assisting teachers in their task of mentoring students when they are unavailable (i.e. 
at home). This finding supports previous conclusions of AI chatbots enhancing learning performance, 
verified in other educational areas such as language learning [108–110] and even through a meta-
analysis [61], claiming a positive impact of AI chatbots in several learning outcomes. 

Previous publications [108] described potential limitations of ChatGPT, including: 1) an 
effectiveness that has not been fully tested, 2) the quality of data used to train the AI, and 3) the 
complexity of the tasks to be performed by ChatGPT. The present study demonstrated ChatGPT 
might overcome those limitations in certain context. Restricting the knowledge level to well-
established science, such as the chemistry and physics for K-12 students, the difficulty of the tasks to 
be performed by the AI was moderate to low, and thus 2) the quality of the well-known data used to 
train the AI in this context was noticeable (as the few mistakes of AI during the performance 
assessment were related to a mathematical hallucination and the handling of image inputs/outputs, 
all of which should be improved and was not related to the quality of data). Those reasons and the 
powerful AI model employed (GPT-4 in the end) might explain the remarkable theoretical 
performance obtained (97%), within the specified context. Once ChatGPT was applied to mentor 
students while teachers were unavailable, such an educational tool promoted a 30% increase in the 
grades of students within the experimental group. Surprisingly, this finding is not aligned with the 
conclusions of previous studies assessing the effect of AI chatbots across different educational levels. 
According to Garzón and Acevedo [111], the support from AI chatbots significantly improved 
University students’ learning outcomes, but there was no significant effect on primary school and 
secondary school students’ outcomes. Some studies [112] verified that the lower language 
competency of primary school students might hamper an effective interaction with AI chatbots. 
However, the present study demonstrated not only that secondary school students are able to create 
a meaningful and effective interaction with ChatGPT (15-16 years old students count on high enough 
language competencies), but also that the impact of the AI on secondary school students was 
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remarkable. Maybe the improvement in both the AI training during the present study (2023 and 2024) 
and its ability to meaningfully interact with the user accounted for this positive change of trends. 

In order to evaluate these results, it is important to describe the educational context. Spanish 
educative law (LOMCE at the moment, evolving towards LOMLOE) established a curricular system 
for K12 students, which particularly for 4th degree of compulsory secondary education (hereinafter 
4th ESO), introduced basic concepts as molar concentration, ideal gas law, stoichiometry, and simple 
calculations regarding mass conservation law, or limiting reagent. 4th ESO is the last course of 
compulsory education system in Spain, and even if “physics and chemistry” subject is optative at this 
level, it is frequently chosen among the different possibilities by a high number of students. However, 
a significant part of them will not undergo to further bachelor or university studies, so the teacher 
must do their best effort to keep motivation at a high level. Therefore,  blended approaches involving 
AI like the one proposed in this study might contribute to motivating and engaging students in an 
efficient manner. Besides this advantage, there is another important issue to consider in the temporal 
educational context: the academic years 2019/2020, 2020/2021 and 2021/2022 included strong 
educational changes due to the COVID-19 pandemic, and despite the employment of new TIC 
resources, most of the students still showed gaps in their STEM learning process. Thus, ChatGPT 
might not only raise students’ motivation and engagement, but also assist teachers in their tasks of 
guiding and supporting students (when they were unavailable), solving their particular doubts and 
even bridging those educational gaps in a time-independent manner, allowing all students to catch 
up and gain confidence. Therefore, the obtained results demonstrated the AI might become an 
educational tool able to democratize a higher level of knowledge acquisition, without the need of 
parents/tutors/private teachers help, thus promoting students’ autonomy and security. 

This idea aligns with the conclusions of previous studies, emphasizing the intertwined evolution 
of society, education, and technology [113]. New opportunities for a more inclusive, accessible and 
effective education might arise when using ChatGPT as an assistive technology that automates 
communication in this field. While the use of AI could respond to societal needs (such as providing 
students with assistance in a time- and location- independent manner), ChatGPT might also have an 
impact on society and education, and this impact might promote the development of more 
responsible technological advancements, at the same time including newer learning opportunities 
and ever closer AI-human interaction [114]. 

Many advantages of the use of ChatGPT as an educational tool might explain the obtained 
results, among them the rise in students’ confidence (solving all the doubts the student needs in real 
time, even from their backgrounds, to understand theoretical concepts and also problem-solving 
exercises, correcting their homework and localizing potential mistakes), an increase in their 
motivation and engagement (testing a disruptive educational tool which implies a meaningful 
interaction with a virtual entity, with certain degree of gamification), and the benefits from virtual 
mentoring, such as completely personalized learning (students ask exactly what they might need), 
location- and time-independent learning (students might use the AI at any place, with any media -
pc, mobile phone-, and any time they want to learn), and the meaningful interaction with the chatbot 
(as previously discussed in RQ2), ensuring a long-term knowledge acquisition (functional support) 
and improving students’ sense of care and reassurance (emotional support) etc. Again, these 
conclusions align with previous research providing reasons to explain why students assisted by AI 
could increase their learning performance: an increased confidence, motivation, self-efficacy etc. [61]. 

The main limitation of this study lied in the limited number of students participating within the 
interventional experiment (one class of science in a single school of Benaguasil, Valencia, Spain). 
However, the study aimed at providing the science education community with the first proof of the 
positive impact of using ChatGPT as virtual mentor of K-12 students learning science, when teachers 
were unavailable, so the allowance to conduct such a new interventional study was restricted to only 
one class. After the positive results obtained within this study, future experimental analysis 
(randomized studies) including a higher number of students and a broader diversity (considering 
age, gender, nationality, ethnicity, ability, religious, socioeconomic, experiential, sexual orientation 
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or geographical diversity) will soon be conducted to gain a more complete understanding of the AI 
impact on education. 

Finally, two potential biases might have influenced the results: the Hawthorne effect (or the 
modification in human behaviour when the individual being observed is aware of being studied) and 
the John Henry effect (the change in human behaviour in individuals belonging a control group, 
trying to compensate for their apparent disadvantage). In this case, no solutions to those biases are 
foreseen for future studies, as individuals participating within such experiments must use or avoid 
using AI, so they are obviously aware of being studied, and also conscious of belonging the 
experimental or control group. 

Despite the limitation and potential biases, the study suggested ChatGPT might be a useful 
educational tool able to provide K-12 students learning science with the functional and emotional 
support they might need, democratizing a higher level of knowledge acquisition with no additional 
help from parents/tutors, and promoting students’ autonomy, security and self-efficacy. The results 
probe ChatGPT’s experimental capacity (and huge potential) to assist teachers in their mentoring 
tasks, when they are unavailable, paving the way for future studies allowing to get a more realistic 
perception of the AI impact on education. 

As a final recommendation, students and professors should be exhaustively trained in order to 
unleash the vast potential foreseen for the AI in the field of education. This would allow them to 
better exploit the benefits from AI technologies over time, and also to gain insight into their potential 
risks, biases and limitations. 

5. Conclusions 

 Current reviews on the impact of the AI on education claim their main limitation is the lack of 
empirical studies assessing the effect of using AI on students’ learning outcomes. And this is even 
more relevant within the field of science education. 

As a consequence, this study aimed to evaluate the real impact of using ChatGPT as a virtual 
mentor on K-12 students learning science, within the frame of a blended-learning educational 
strategy, complementing the constructivist/connectivist presential learning with student-centered 
self-regulated location and time-independent cybergogy. More specifically, the AI was meant to 
assist teachers when they were unavailable, by virtually addressing students’ doubts and homework 
correction in real-time, within a safe environment, through a personalized, meaningful and flexible 
learning experience that is independent of time and location, providing students with the support, 
advice and surveillance they might require. 

First, the real competence of ChatGPT within K-12 chemistry and physics was systematically 
verified through a test designed for human students, paying special attention to encoding and the 
use of open-ended questions. ChatGPT provided answers with remarkable accuracy and insight to 
theoretical questions, and a clear, detailed and well-organized procedure to find the solution to 
problem-solving questions. The consistent and noticeable results obtained through this performance 
test (9.3/10 in 2023 -GPT-3.5 model-, and 9.7/10 in 2024 -GPT-4 model-) demonstrated ChatGPT 
provided trustworthy answers (97%) in the field of K-12 science education, despite some minor 
limitations that were duly discussed. These results suggested ChatGPT might be a reliable tool to 
help K-12 students learning science to reinforce theoretical knowledge and enhance their problem-
solving skills with no time and location restrictions, when teachers are unavailable.  

Furthermore, several aspects of the use of ChatGPT within the proposed pedagogical approach 
were discussed to be promoting meaningful interactions with students, from a theoretical 
perspective, considering current media landscape. 

Then, the real impact of using ChatGPT as virtual mentor on K-12 students learning science, 
when teachers were unavailable, was assessed through a quasi-experimental analysis. The learning 
outcomes being monitored before and after the intervention were students’ proficiency and students’ 
perception of the AI as a useful educational tool.  

On one hand, the grades of students belonging to the experimental group increased 30% after 
the intervention, three-times higher than that of the control group, which was manifested by 90% of 
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students in the experimental group, independently of their level of proficiency. The class grades’ 
average improved from low-medium to medium-high level of proficiency, with the only additional 
help of ChatGPT as an educational tool assisting students when teachers were unavailable, verifying 
the functional support the AI might offer to students. 

On the other hand, students’ perception on the AI as a useful educational tool was measured 
through a Likert scale, reaching an average of 4.05 (agree), with most students agreeing or strongly 
agreeing (70%). Besides, the study also revealed that students counting on no parent/tutor able to 
help them with their particular doubts when teachers were unavailable, felt reassurance counting on 
ChatGPT from now on, verifying the AI provided not only functional but also social/emotional 
support. 

After a profound discussion, the study concluded that ChatGPT might be a useful educational 
tool able to furnish K-12 students learning science with the functional and social/emotional support 
they might require, democratizing a higher level of knowledge acquisition without parents/tutors 
help, also promoting students’ autonomy, security and self-efficacy. These results probe ChatGPT’s 
outstanding capacity (and vast potential) to assist teachers in their mentoring tasks, when they are 
unavailable, laying the foundations of virtual mentoring and paving the way for more discussion and 
future empirical studies allowing to get a more realistic perception of the AI impact on education. 

Supplementary Materials: The following supporting information can be downloaded at: preprints.org. The 
document contains the study to assess ChatGPT’s performance in the field of chemistry and physics for K-12 
students, and the material used to evaluate ChatGPT’s impact on real K-12 (15-16-years-old) students learning 
chemistry. 
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