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Persuasive appeals frequently prove ineffective or produce unintended outcomes, due to the presence 
of motivated reasoning. Using the example of electric cars adoption, this research delves into the 
impact of emotional content, message valence, and the coherence of pre-existing attitudes on biased 
information evaluation. By conducting a factorial survey (N = 480) and incorporating a computational 
model of attitude formation, we aim to gain a deeper insight into the cognitive-affective mechanisms 
driving motivated reasoning. Our experimental findings reveal that motivated reasoning is most 
pronounced when persuasive appeals employ a combination of emotional and rational elements 
within a negatively valenced argument. Furthermore, our computational model, which estimates 
belief and affect adjustments underlying attitude changes, elucidates how message framing influences 
cognitive-affective processes through emotional coherence. The results provide support for a negative 
correlation between shifts in coherence in response to new information and the propensity for 
motivated reasoning. The research contributes to computational models of opinion dynamics and 
social influence, offering a psychologically realistic framework for exploring the impact of individual 
reasoning on population-level dynamics, particularly in policy contexts, where it can enhance 
communication and informed policy discussions.

The adoption of electric vehicles (EVs) is a critical component in reducing greenhouse gas emissions and 
transitioning to a low-carbon transportation system1. After several years of notable global growth in EV 
registrations, the rate has recently slowed or even declined in some countries. Research into the behavioral 
aspects of EV acceptance has identified various factors that influence and potentially hinder the adoption 
of alternative fuel vehicles, such as economic considerations, technological advancements, infrastructural 
development, and policy support and incentives2–6. Recent literature has also shown that people’s attitudes 
towards and adoption behavior of new vehicle technologies are substantially influenced by interpersonal 
communication and persuasion7,8. The interpersonal exchange of information about innovation attributes 
and (emotional) experiences can raise awareness, reduce uncertainty, and provide practical knowledge about 
the adoption process, thereby encouraging others to follow suit. However, it can also reinforce skepticism and 
hinder adoption if the shared information is negative or if influential individuals express doubts. Here, we focus 
on the question of under which cognitive-affective conditions receivers are persuaded by rational and emotional 
appeals about different vehicle types.

Whether interpersonal communication is persuasive depends on the source of communication, the message 
type and content and, on the psychosocial characteristics of the receiver. A large body of theoretical research 
has emerged, providing a detailed understanding of how persuasion works and why its effectiveness can vary 
across different situations and individuals9–11. More recent work has explored cognitive-motivational aspects of 
information processing in social communication, particularly the influence of motivated reasoning in persuasive 
communication12,13. Motivated reasoning refers to a cognitive process where directional (motivational) goals, 
such as wishes or preferences, drive individuals to form beliefs, interpret information, and make decisions that 
support their desired conclusions rather than objective evidence14. Emotional and affective processes play a 
critical role in motivated reasoning15. Affective-emotional states can enhance the salience of certain pieces of 
information, leading to biased assimilation and interpretation to maintain a coherent, yet biased, cognitive 
state16–18.

Numerous empirical studies on motivated reasoning provide substantial evidence across diverse domains 
that human information processing is both influenced and constrained by distinct directional goals such as 
maintaining pre-existing beliefs19 and attitudes20,21, affirmation of culturally ingrained values22, protecting 
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social identities23,24 or religious worldviews25. People employ a range of strategies to achieve desired outcomes 
and resist persuasive appeals, including selectively avoiding information, discounting the source, and 
experiencing negative emotional reactions26. Furthermore, several studies have shown that prolonged exposure 
to counterattitudinal messages may even lead to a backfire effect—also referred to as backlash or boomerang 
effect—exacerbating attitudinal polarization among social groups with opposing views in both offline and online 
communication27–29. This psychological phenomenon occurs when attempts to persuade people to change 
actually strengthen their original position when the message challenges their core values, beliefs, and affective 
representations. The findings on the backfire effect are, however, mixed and inconsistent, with many studies 
failing to reliably replicate its occurrence30, highlighting critical limitations in existing theoretical frameworks. 

These gaps center on two important aspects. First, while numerous studies have examined this cognitive 
process in environmental contexts, particularly climate change19,24,31–37, these investigations have largely 
concentrated on broader, less personally relevant topics. Such research typically employs messages about 
scientific evidence that may seem disconnected from individuals’ daily lives and behaviors. Second, many studies 
do not systematically account for the affective processes induced by the (emotional) messages. While Bayesian 
principles can explain the integration of new evidence for ‘cold’ cognitive processes, this approach appears 
incompatible with Bayesian rational calculus principles when belief updating is driven by “hot” cognitions, such 
as strong directional motivations or emotional stakes38.

An alternative account of motivated reasoning phenomena comes from coherence-based reasoning 
frameworks39–42. Coherence-based reasoning frameworks, such as Paul Thagard’s theory of emotional coherence, 
are modeled using connectionist approaches that assert mental processes can be represented by brain-like neural 
networks.   Emotional coherence refers to the state in which a cognitive-affective network (i.e., cold and hot 
cognitive elements) achieves balance by ensuring that positively linked elements are similarly activated and 
negatively linked elements are dissimilarly activated. This balanced mental state is reached by adjusting the 
strength and configuration of nodes within the network to maximize consistency and satisfy constraints, leading 
to an overall state of emotional coherence. Unlike Bayesian updating, which relies on rational and probabilistic 
evidence integration, emotional coherence suggests that devaluing conflicting information while favoring or 
endorsing supporting data can enhance the coherence of existing mental representations, including goals, beliefs, 
and emotions. In these networks, each element of a mental task is represented as a symbolic interconnected node 
and processed through parallel constraint-satisfaction mechanisms (PCS) to maximize consistency and satisfy 
constraints41,43–48. PCS models, in general, are a formal conceptualization of cognitive consistency, drawing from 
established theories like cognitive dissonance49 and congruity theory50.

Existing PCS models of attitudes offer a practical, formalized framework for understanding the complex 
structures and processes involved in attitude change, along with a quantitative measure of coherence42. However, 
previous approaches, with some notable exceptions such as Simon et al.51, have mainly relied on aggregated 
empirical or simulated data, limiting their ability to provide detailed empirical insights at a cognitive-affective 
level. These models lack the capacity to generate testable predictions about specific mental structures that either 
encourage or discourage motivated reasoning based on the direction of advocacy (inconsistency or consistency 
of beliefs and affects) and the nature of the argumentation (rational or emotional) in persuasive communication. 
Furthermore, most coherence models have not explicitly considered the influence of affective processes 
associated with motivated reasoning, as documented in empirical studies of motivated reasoning52.

In this study, we integrate experimental data with computational modeling to explore and understand the 
cognitive and affective processes that underlie motivated reasoning in response to persuasive appeals. First, 
we conducted an online factorial survey experiment, allowing us to analyze whether attitudinal responses to 
persuasive appeals differ across various levels and valences of emotional message frames. We aimed to test the 
hypothesis that motivated reasoning contributes to a negative evaluation of information sources and leads to 
attitude polarization. Second, we simulated the process of information exchange and integration by creating 
a parallel constraint satisfaction network (PCS) model for each sender (vignette statement) and receiver 
(participants) in the experiment. PCS models represent issue-specific mental structures as nodes (goals and 
attitude objects) and connected links (beliefs and affective meanings). For each of the three experimental 
conditions, we estimated the adjustments made by respondents to their pre-existing network structures based 
on empirically reported attitude changes. This allowed us to identify specific mental structures and conditions 
that are most susceptible to motivated reasoning. Furthermore, our approach allowed us to quantitatively assess 
the theoretically predicted increase in overall coherence resulting from motivated reasoning.

Factorial survey
Methods
We conducted a factorial survey experiment with statements both advocating for and opposing the use of internal 
combustion engine (ICE-cars) and electric cars (E-cars). By using a vignette design, we aimed to investigate the 
interplay between pro- and counterattitudinal information, emotional content, and the presence of motivated 
reasoning. The vignettes described the attitudes and experiences of a hypothetical person advocating for or 
against ICE- or E-cars under three experimental conditions: rational, emotional, and a combination of emotional 
and rational argumentation.

The persuasive messages presented to participants were selected from a broader set of vignettes that varied 
along four dimensions, each featuring two to five distinct characteristics (levels) as outlined in Table A1. These 
dimensions included: (1) persuasive communication type (alligned with experimental conditions), (2) the 
vehicle powertrain (conventional internal combustion engine (ICE) vs. electric (E-) cars), (3) beliefs about how 
well different vehicle types fulfill transportation-related goals (personal mobility independence, travel comfort, 
eco-friendliness, driving pleasure & experience, and environmental impact concerns), and (4) attitudinal valence 
(positive or negative) of the attitude toward the vehicle. While the dimensions were consistent across vignettes, 
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the characteristics were systematically combined. To enhance ecological validity while maintaining diversity 
of argumentation, we combined statements about the vehicles’ perceived contributions to these transportation 
goals into pairs, with both statements sharing the same valence (either both positive or both negative). This 
pairing strategy yielded 10 distinct combinations (e.g., good for independence and comfort in positive vignettes, 
or poor for eco-friendliness and limited mobility independence in negative ones), trading off the coverage of 
goal-related belief combinations with vignette length and cognitive load.

There were 120 unique vignettes overall, which we organized into 12 balanced sets with four sets per 
experimental condition (40 vignettes/condition). Each set contained 10 vignettes (five ICE, five E-car), with 
balanced positive and negative valence statements across vehicle types within each condition. Complete vignette 
examples and detailed condition specifications are provided in the Supplementary Material.

Pilot study
To ensure the specificity and relevance of the characteristics of the three message types, all vignettes underwent 
pilot testing. Participants in the pilot study (n = 180) were recruited and incentivized through a commercial 
online research panel in Germany, namely Bilendi & respondi Group. They were randomly assigned to one 
of three groups, each consisting of 40 vignettes of a specific type (i.e., rational, emotional, or combined). We 
excluded five individuals due to incomplete data, resulting in a final sample of n = 175 respondents (with 56 
in the rational messages group, 59 in the emotional messages group, and 60 in the combined messages group). 
In the study, participants rated the emotionality and information content of each vignette on a six-point scale, 
ranging from ‘not at all’ (1) to ‘completely’ (6). As anticipated, participants considered the rational messages 
significantly more informative than the combined statements and the emotional ones (rational: M = 3.58, 
SD = 0.09; combination: M = 3.19, SD = 0.08; emotional: M = 3.06, SD = 0.08; F(2,172) = 9.79, p < 0.0001). 
Additionally, they evaluated emotionally framed messages as having significantly more emotional content than 
combined and rational statements (emotional: M = 4.23, SD = 0.10; combined: M = 4.13, SD = 0.10; rational: 
M = 3.80, SD = 0.1; F(2,172) = 5.36, p < 0.005).

Main study
In the main study, we implemented a 3 × 2 × 10 × 2 mixed factorial design to examine responses to various 
persuasive messages about the use of internal combustion engine (ICE) cars and electric cars (E-cars). 
The between-subjects factor was the type of persuasive communication: rational, emotional, or combined. 
The within-subjects factors included the vehicle type, the general valence of the message, and beliefs about 
the vehicle’s contribution to domain-specific goals. Our sample consisted of 480 participants, with a gender 
distribution of 47.1%, aged between 18 and 65 years, and a mean age of 46.63 (SD = 13.90). These participants 
were also recruited by Bilendi & respondi Group. All participants held a valid driver’s license, and the majority 
(89.8%) indicated having at least moderate knowledge of electric vehicles.

Participants were randomly allocated to one of three experimental conditions, with each group consisting of 
160 participants: (i) rational persuasion, which featured vignettes presenting factual and goal-oriented arguments; 
(ii) emotional persuasion, where vignettes conveyed emotional experiences with the different car types; and 
(iii) combined persuasion, involving vignettes that integrated both goal-oriented and emotional arguments. 
Each participant received one set of 10 vignettes, which was randomly selected from four sets available for each 
condition. Additionally, the order of vignettes was randomized for each participant to avoid order effects.

Before presenting the vignettes, we assessed participants’ pre-existing attitudes toward conventional internal 
combustion engine (ICE-cars) and electric cars (E-cars). For ICE-cars, we used 13 items, and for E-cars, we used 
15 items. Participants were asked to rate their agreement or disagreement on a six-point Likert scale in response 
to statements related to various goal-related aspects of transport mode use (e.g., cost efficiency goal: ‘the cost of 
driving an E-Car is too expensive for me’; independence goal: ‘Driving an ICE-car means freedom to me’). The 
items for each transport mode were aggregated into corresponding ICE-car and E-car attitude scales, by taking 
the mean of the ratings and rescaled to a range of −1 to + 1. To gather the necessary empirical parameters for the 
PCS model described later, participants were requested to indicate the importance of five goals related to their 
choices of transport modes (independence, comfort, eco-friendliness, driving experience, good conscience) on 
a six-point Likert scale. They were also asked to rate the emotional valence of these goals and the transport mode 
options (ICE-cars and E-Cars) on a semantic differential scale, which ranged from − 4 to + 4. Furthermore, 
participants provided their beliefs regarding the extent to which these goals could be satisfied by using ICE-cars 
and E-Cars on a six-point Likert scale.

In the main segment of the factorial survey, the set of 10 vignettes were displayed on separate screens . 
After each vignette, four dependent variables were assessed. Participants were required to provide responses 
on the following: (a) Their level of agreement with the statements, rated on a scale from 1 (strongly disagree) 
to 6 (strongly agree), to measure their cognitive dissonance with the messages, (b) the likability of the author, 
evaluated on a scale from 1 (very unpleasant) to 6 (very likable), aimed at quantifying the extent to which they 
discounted the source of the messages, (c) the competence of the author, rated on a scale from 1 (very low) to 6 
(very high), also employed to gauge the discounting of the message source and (d) whether they perceived an 
attitude change in a more positive or negative direction after evaluating the persuasive message, assessed on a 
seven-point scale ranging from ‘much more negative’ (1) to ‘much more positive’ (7).

All procedures conducted in this study adhere to the ethical principles outlined in the 1964 Helsinki 
Declaration and its subsequent revisions, or equivalent ethical standards. The data collection followed the 
institutional guidelines of ESOMAR21, as well as the international quality standard ISO 20252:2019. All study 
participants provided their informed consent to participate, with no impact on their physical or psychological 
well-being, privacy, or personal rights. The compliance with national regulations governing the protection of 
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human subjects was reviewed and approved by the Ethics Committee of the Research Institute for Sustainability—
Helmholtz Centre Potsdam.

Survey results
We initiated our analysis by examining whether the pre-treatment attitudes toward internal combustion engine 
cars (ICE-cars) and electric cars (E-cars) varied among the experimental groups. A one-way ANOVA revealed no 
significant differences between the groups for both attitude objects (ICE-cars: F(1,318) = 0.0, p = 0.965; E-cars: 
F(1,318) = 0.28, p = 0.600). Therefore, we can confidently assume that the subsequent results are not influenced 
by disparities in prior attitudes across the groups.

To investigate the influence of prior attitudes on the assessment of information sources and subjectively 
perceived attitude changes, we utilized Pearson correlations. In Fig.  1A–D, we present separate correlations 
between prior attitudes toward conventional and electric cars and each vignette’s ratings, categorized into 
positively and negatively framed messages. It’s important to note that these analyses are aggregated across the 
three message types. The level of agreement with the statements displayed a strong association with participants’ 
prior attitudes (positive: ICE-car: r = 0.58, p = 0.001; E-car: r = 0.66, p = 0.001; negative: ICE-car: r = 0.49, 
p = 0.001; E-car: r = 0.43, p = 0.001). The results underscore the presence of motivated reasoning across both 
transportation modes and message framings (positive/negative). Messages aligning with participants’ pre-
existing attitudes led to authors being perceived as more likable and competent than those whose messages 
significantly diverged from these attitudes. Although perceived attitude changes correlated with respondents’ 
prior beliefs, this correlation was less pronounced (Fig. 1D). Positive appeals reinforced attitudes in individuals 
with strong positive pre-existing attitudes (ICE-car: r = 0.30, p = 0.001; E-car: r = 0.47, p = 0.001). In contrast, 
negative messages concerning ICE-cars did not yield significant results (r = 0.07, p = not significant), and 
demonstrated a weak relationship for E-cars (r = 0.15, p = 0.01). Notably, a backfire effect occurred, wherein 
attitudes shifted in the opposite direction of the intended persuasive appeals among respondents with prior 
negative attitudes towards these transportation modes under the positive condition, and likewise for those with 
pre-existing positive beliefs in the negative condition. Consequently, they indicated even more pronounced 
positive attitudes after exposure to the message.

Overall, the correlations between prior attitudes and message evaluations were more pronounced for positive 
statements than for negative ones. This pattern was consistent for positively valenced messages about E-cars 
compared to ICE-cars, with a contrasting tendency observed for negative statements about the two vehicle types.

Subsequently, we conducted a separate analysis of the effects of positive and negative persuasive messages. 
In Fig. 2A–D, we present the average responses to all vignette-related measures, categorized by experimental 
condition and valence. Consistent with the notion that positive messages tend to be more appealing and 
persuasive than negatively valenced ones53, participants’ ratings, on average, were significantly higher for positive 
information. Separate dependent t-tests revealed substantial differences across all three conditions concerning: 
agreement with the statements (rational: t(159) = 6.50, p < 0.001; emotional: t(159) = 4.56, p < 0.001; combined: 
t(159) = 6.88, p < 0.001), perceived competence of the sender (rational: t(159) = 5.88, p < 0.001; emotional: 
t(159) = 4.83, p < 0.001; combined: t(159) = 7.76, p < 0.001), likability of the sender (rational: t(159) = 6.06, 
p < 0.001; emotional: t(159) = 6.96, p < 0.001; combined: t(159) = 8.69, p < 0.001), and perceived attitude shift 
in response to the information (rational: t(159) = 5.69, p < 0.001; emotional: t(159) = 2.60, p < 0.01; combined: 
t(159) = 4.24, p < 0.001).

It is important to note that despite the generally higher appeal of positive messages, our findings suggest 
a nuanced relationship between positive information and attitude changes. The observed backfire effect 
underscores the complexity of persuasive messaging, particularly when it conflicts with pre-existing beliefs. 
Positive messages may not always result in the intended attitude change, especially among individuals with 

Fig. 1.  Correlations between prior attitudes towards conventional (upper panels) and electric cars (lower 
panels) and all vignette responses across conditions. Responses to positively valenced statements are plotted 
in blue and negatively valenced statements in gold. The solid lines are the correlation lines and shaded areas 
indicate a 95% CI. (A) Prior attitudes correlated with agreement to statements. (B) Prior attitudes correlated 
with the perceived competence of the sender of statements. (C) Prior attitudes correlated with the likeability of 
the sender. (D) Prior attitudes correlated with the self-reported attitude change.
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strongly held beliefs. This highlights the need for a deeper understanding of the interplay between message 
valence and prior attitudes in shaping responses to persuasive appeals.

attitude change.
In our analysis of the impact of different types of persuasive appeals on perceived attitude changes, as shown in 

Fig. 2D, we conducted a one-way ANOVA with the type of persuasive appeal (rational, emotional, combined) as 
a between-subjects factor. This was followed by Tukey’s HSD post-hoc tests (p < 0.05). Surprisingly, we observed 
no significant differences either among the groups or in any pairwise comparisons between groups, whether 
for positive or negative messages (F(2,477) = 0.15, p = 0.8590, ηp

2 = 0.0003), nor for negative messages alone 
(F(2,477) = 1.80, p = 0.166, ηp

2 = 0.0006). Conversely, when assessing evaluations regarding sender characteristics, 
we detected notable effects across all types of persuasive appeals (rational, emotional, combined). For rational 
statements, participants indicated the highest levels of agreement (positive: F(2,477) = 8.85, p = 0.001; negative: 
F(2,477) = 13.45, p = 0.001), sender competence (positive: F(2,477) = 7.23, p = 0.0001, ηp

2 = 0.029; negative: 
F(2,477) = 19.40, p = 0.001, ηp

2 = 0.075), and likability (positive: F(2,477) = 2.36, p = 0.10, ηp
2 = 0.009; negative: 

F(2,477) = 20.04, p = 0.001, ηp
2 = 0.077), regardless of whether the message was positively or negatively framed. 

Responses to emotional information were slightly, though not significantly, more positive than those to the 
combined condition, as indicated by the post-hoc test.

Drawing on emotional coherence theory40, which predicts that message effectiveness should systematically 
vary with recipient cognitive and affective characteristics, we conducted a detailed analysis of covariance 
(ANCOVA), controlling for perceived dissonance (i.e., agreement), prior attitudes, and their two-way interactions 
with the treatment. The main effect of message type on perceived attitude change showed slight significance 
(positive: F(2,477) = 3.29, p = 0.0379, ηp

2 = 0.014; negative: F(2,477) = 3.80, p = 0.0231, ηp
2 = 0.016). Notably, 

covariates, such as prior attitude towards E-cars (positive: F(1,478) = 9.32, p = 0.0024, ηp
2 = 0.019; negative: 

F(1,478) = 11.34, p = 0.0008, ηp
2 = 0.019), and agreement with the statement, had a significant effect on perceived 

attitude change (positive: F(1,478) = 215.83, p = 0.0001, ηp
2 = 0.312; negative: F(1,478) = 45.23, p = 0.0001, 

ηp
2 = 0.087). However, prior attitudes toward ICE-cars showed no significant influence on perceived attitude 

change (positive: F(1,478) = 0.76, p = 0.7829, ηp
2 = 0.018; negative: F(1,478) = 0.93, p = 0.3352, ηp

2 = 0.017). The 
results revealed a small yet significant interaction between message type and agreement for negatively framed 
statements (F(2,477) = 3.80, p = 0.0023, ηp

2 = 0.018), and a non-significant interaction for positively valenced 
statements (F(2,477) = 2.15, p = 0.117, ηp

2 = 0.009.
The theory of emotional coherence offers an explanation for this valence asymmetry: For negative messages, 

disagreement creates stronger cognitive conflict requiring more intensive resolution, making the pathways to 
coherence (i.e., message type) more critical. In contrast, positive messages may require less intensive coherence-
maximizing processes even under disagreement, as positive information generally requires less cognitive 
elaboration to integrate54. Under conditions of high dissonance, participants perceived combined messages 
as the most persuasive, suggesting that multiple pathways for establishing coherence are particularly effective 
when cognitive conflict is high. The dual nature of these messages helps reduce cognitive dissonance by 
offering both logical arguments and emotional appeal, making the information persuasive. When respondents 
showed higher agreement (lower dissonance) with the statements, both rational and emotional messages led to 
stronger perceived attitude changes. In these low-conflict situations, the cognitive system requires less intensive 
coherence-maximizing processes—rational messages can elicit changes through logical consistency while 
emotional messages achieve this by eliciting positive emotional responses.

A second ANCOVA examining the perceived competence of the message sender, with prior attitudes, 
agreement, and their interactions as covariates, showed that the effect of message type became non-significant 
for positively framed statements (F(2,477) = 0.58, p = 0.5595, ηp

2 = 0.002). However, it remained significant for 
negatively framed statements (F(2,477) = 5.12, p = 0.0063, ηp

2 = 0.021), with rational messages leading to the 
highest perceived competence. No significant interaction between message type and agreement was found, but 

Fig. 2.  Mean ratings on all vignette responses across conditions, by experimental condition and valence of 
statements (blue: positive valence; gold: negative valence). Error bars represent standard error of the mean. 
(A) Agreements to vignettes. (B) Perceived competence of sender. (C) Likeability of sender. (D) Self-reported 
attitude change.
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the main effect of agreement was strongly associated with attributed competence (positive: F(1,478) = 680.07, 
p = 0.0001, ηp

2 = 0.588; negative: F(1,478) = 807.27, p = 0.0001, ηp
2 = 0.629). Additionally, prior attitudes towards 

E-cars significantly influenced competence attribution for negatively framed messages (positive: F(1,478) = 0.39, 
p = 0.5278, ηp

2 = 0.001; negative: F(1,478) = 25.12, p = 0.0001, ηp
2 = 0.050). This finding aligns with previous 

research indicating the impact of motivated reasoning on expertise perception and suggests that competence 
attribution to the sender was primarily driven by perceived dissonance with persuasive appeals rather than the 
type of argumentation or prior attitudes.

In summary, the empirical results demonstrate the influence of prior attitudes and dissonance on information 
evaluation, providing support for the proposed motivated reasoning processes. This effect was most pronounced 
for negatively valenced combined statements, resulting in more negative judgments about senders’ characteristics 
and lower persuasiveness compared to positive rational or emotional messages. The impact of different message 
types was primarily moderated by the level of dissonance or disagreement with the statements.

Parallel constraint satisfaction model of motivated reasoning
In our experiment, we observed the process of motivated reasoning, wherein respondents tended to evaluate 
both the messages and the sender of the information in a way that aligned with their existing attitudes. To 
deepen our understanding of the underlying cognitive-affective structures and mechanisms that facilitate this 
process, we conducted an in-depth analysis by developing a computational model of attitude formation and 
change based on the parallel constraint satisfaction (PCS) theory of emotional coherence40.

PCS modeling plays a critical role in our study, offering multiple valuable insights. First, the parameters 
used in the simulation are derived from the empirical data collected during the study, reflecting real-world 
cognitive and affective dynamics as respondents interact with different types of messages. By employing these 
data-driven parameters, the PCS model translates complex mental tasks into a parsimonious and quantifiable 
computational framework of motivated reasoning. Second, while our experimental setup captures the outcomes, 
the simulation provides deeper insights into the underlying cognitive and affective processes driving motivated 
reasoning. It helps us understand how different types of information—emotional, rational, or combined—are 
processed by individuals, whether the information aligns with or contradicts their existing beliefs and feelings. 
This understanding is crucial for demonstrating how emotional and cognitive components interact to drive 
changes in attitudes, which might not be directly observable in the experimental data.

Furthermore, the PCS model allows us to quantify how adjustments in beliefs and affect under different 
conditions of message framing lead to changes in attitudes. By calculating the overall coherence within the 
network of beliefs and affects as they adjust in response to new information, the model helps in understanding 
how coherence (or lack thereof) in mental representations influences the persuasiveness of messages and the 
likelihood of attitude polarization. Finally, by validating the model’s assumptions and mechanisms through 
simulation, we enhance the generalizability of our findings. The model can be adapted and applied to other 
scenarios and populations, providing invaluable insights for future research exploring similar phenomena in 
different contexts. Thus, while the PCS model corroborates our empirical observations, it also extends our 
understanding by offering a detailed account of the processes that drive attitude formation and change, thereby 
providing a comprehensive framework for understanding motivated reasoning.

Model structure
We designed the experimental framework as a one-way communication between two PCS models, each serving 
as a sender (i.e., the vignette statement) and a receiver (i.e., the respondent). Both models had identical network 
structures. The process involved four key steps, visually depicted in Fig. 3. Our starting point is a PCS network 
that represents the attitudes of the respondents (see Fig. 3A). Drawing from the general PCS model structure 
known as HOTCO (an abbreviation for “HOT Coherence”) as proposed by Thagard29, our computational model 
encompassed three interconnected components of attitudes (cf41) : cognitive (pertaining to beliefs about the 
relationship between goals and action options), affective (related to feelings about goals and action options), 
and conative (concerning behavioral tendencies regarding action options). Following HOTCO’s theoretical 
architecture, we explicitly separate cognitive and affective processing through distinct network structures. This 
separation is crucial as it allows us to model how emotional associations, and cognitive beliefs may independently 
influence attitude formation and change during persuasive communication.

In localist models like PCS networks, psychological concepts (e.g., goals or actions) are represented as 
individual units, and the links connecting these units denote the relationships between the concepts (e.g., 
beliefs or feelings). Our model, illustrated in Fig. 3A, features a central activation node (Special unit) and three 
interconnected layers of nodes. The Special unit serves two distinct functions: it acts as the source of activation 
for the network and enables individual differences in goal importance through priority links. The three layers 
comprise valence nodes that represent the pleasantness or unpleasantness of concepts, goal nodes that indicate 
the motives behind choices in transport modes (e.g. travelling eco-friendly), and option nodes representing the 
available transport mode choices. This architecture allows us to model the complex interplay between affective 
reactions, personal goals, and behavioral options in attitude formation.

Mutual constraints between these concepts were expressed through bidirectional links between nodes within 
each layer. Connections between goal and option nodes could either be excitatory (reflecting supportive beliefs, 
e.g., the goal of personal comfort aligns with the use of an E-car) or inhibitory (indicating conflicting beliefs, e.g., 
the goal of environmentally responsible travel behavior doesn’t align with the use of an ICE-car). Unlike some 
PCS implementations where options are mutually exclusive, we did not implement negative interconnections 
between transport mode options. This design choice reflects our theoretical position that attitudes toward 
electric and conventional vehicles aren’t necessarily antagonistic—individuals can simultaneously hold positive 
evaluations of both options’ different advantages.
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Links between the valence node and goal or option units signaled positive (excitatory) or negative 
(inhibitory) affective associations with concepts. The strength of beliefs or affect was quantified by connection 
weights ranging from − 1.0 to 1.0. Lines connecting the general activation node and the goal units represented 
the personal importance of a goal, with weights ranging from 0 to 1.0. In this structure, each PCS network of 
the participants consisted of five goal nodes (independence, comfort, eco-friendliness, driving experience, good 
conscience) and two option nodes, representing attitudes towards the use of ICE- and E-cars. Based on this 
framework, we modeled the individual attitudes of each participant (n = 480) as a unique PCS model. These 
models were parameterized using the participants’ survey responses, which included information about the 
importance of goals, beliefs, and affective meanings of concepts (as described in the Factorial Survey section). 
All other model parameters were consistent with our prior studies (cf42).

An iterative updating algorithm simulates the process of attitude formation by spreading activations 
through the network, aiming to maximize coherence while considering all constraints within the given network 
structure55. At the initial time, t = 0, all nodes start with an activation close to zero, except for the general 
activation node, which is set to 1.0. The units’ activations are updated iteratively and in parallel until they reach a 
stable pattern of activation, with the degree of change falling below a predefined threshold. This updating process 
follows the equation:

	
aj (t + 1) = aj (t) (1 − d) + {netj [max − aj (t)]} if netj > 0

{netj [aj (t) − min]} if netj ⩽ 0 � (1)

where aj(t) is the activation of the unit j at iteration t. The constant parameter d (0.05) is the rate of decay of 
activation for each unit at every cycle, min is the minimum activation (-1.0) and max is the maximum activation 
(+ 1.0). The incoming activation from other nodes is computed by the connection weight wij between each unit 
i and j, the net input netj to a node

	 netj = Σiwijai (t) .� (2)

Updating continues until a stable level of activation is achieved, typically requiring fewer than 100 iterations. The 
ultimate activation of option nodes reflects the evaluation of an object, with higher positive values indicating a 
more positive attitude and higher negative values suggesting a more negative attitude. At this stage, the network’s 
overall coherence, represented as ‘Energy’44,45 is calculated by:

Fig. 3.  Parallel constraint satisfaction model (PCS) of attitude formation and change. (A) General PCS model 
of attitudes towards transport modes. Nodes in the network symbolize (from left to right), beyond a special 
unit for activating the spreading algorithm, the valence existing concepts, personal goals and the options of 
action in a mobility context. Links between the special unit and goal nodes (shown in blue) represent the 
priority/importance of each goal. Connections between the valence, goal and option nodes represent the 
affective association of concepts. Positive feelings are shown by solid lines and negative ones by dashed lines. 
Connections between goal and option nodes represent beliefs. Positive beliefs are displayed by solid lines 
and negative ones by dashed lines. All link weights are determined by the empirical ratings of participants 
in vignette experiment, described above in the main text. (B) Model of information transmission in vignette 
experiment for each experimental condition. The upper networks represent formal translations of vignette 
content into network structures (sender networks). These specify whichconnection weights should be modified 
in the receiver network (lower network) based on experimental condition: In the rational condition (1) only 
belief-related connection weights, in the emotional condition (2) only affect-related weights of affective 
associations, and in the combined condition (3) both types of weights are transmitted from sender to receiver 
networks. Red lines indicate the specific weights that are transmitted in each condition. The receiver network 
represents participants’ attitude structure and is modified according to the transmitted weights.
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Energy (t) = −

∑
i

∑
j

wijaiaj � (3)

Where wij is the weight between each unit i and j, and ai (t) is the activation of unit i at time (t). This equation 
operates as follows: when the product of activation for two units aligns with the constraint between them, the 
network’s energy decreases; conversely, when the product of activation for two nodes contradicts the constraint 
between them, the network’s energy increases (see Fig. 2c). The network’s overall coherence is high when all 
cognitive and affective elements associated with one option align, while they do not align with the second option. 
Conversely, when beliefs and affect linked to both options are equally inconsistent, meaning that both option 
units are connected to a similar number of excitatory and inhibitory weights, attitudinal ambivalence arises, 
making it challenging to favor one option and subsequently reducing coherence.

In a second step, we created sender networks to formally represent the persuasive messages contained in the 
vignettes. These sender networks serve as a crucial intermediate step that translates verbal vignette content into 
precise network representations. For each vignette, we encoded its content as a specific pattern of connection 
weights in a network structurally identical to the receiver networks. For instance, a persuasive appeal promoting 
E-cars (o1) that emphasized environmental friendliness (g1) and comfort (g2) was represented by setting the 
corresponding connection weights (wg1−o1, wg2−o1) and associated valence connections (wv−g1, wv−g2, wv−o1) to 
+ 1.0, while all other weights were set to 0.01. Unlike receiver networks, sender networks only serve to specify 
weight patterns - their activation dynamics are not relevant for the subsequent information exchange process.

In the third step, we implemented the experimental conditions as different patterns of weight transmission 
between sender and receiver networks (see Fig.  3B). In the rational condition, only belief-related weights 
(connecting goals to options) were transmitted. In the emotional condition, only affect-related weights 
(connecting valence to goals and options) were conveyed. The combined condition transmitted both types of 
weights. In line with the experimental procedure, we generated simulations for 10 unique persuasive attempts 
per receiving agent, resulting in a total of 4800 (1600 per condition) simulated vignette treatments.

In the last step, we modeled the adaptation of attitudes resulting from persuasive communication attempts 
as modifications of connection weights within the receivers’ network structure. Drawing from the literature 
from network learning56,57, we developed an extended error-correction learning rule that captures how people 
maintain consistency among their beliefs when processing persuasive messages. Unlike previous learning 
processes in PCS networks58, these weight adjustments were specific, meaning that only links transmitted by 
the sender in the respective conversation and condition were altered in the receivers’ networks. For instance, in 
a rational persuasive communication regarding the use of electric cars that featured positive arguments about 
comfort and eco-friendliness, only the connections between the goal units (comfort and eco-friendliness) and 
the option unit (E-car) were modified.

The weight adjustment process is formalized through a polynomial function that captures key cognitive–
motivational mechanisms of information processing14,40:

	 ∆w = b1∆ws,r + b2wr + b3∆ws,rwr + b4wr
2 + b5∆ws,r

2� (4)

where ∆ws, r is the difference (i.e. dissonance) between the corresponding link weights of sender and receiver, 
i.e. the difference between existing beliefs and affects and new information, and and wr represents the receiver’s 
existing attitude (connection weight before communication). The function also includes the interaction between 
∆ws, r and wr and is approximated up to quadratic order. Best fitting parameters (b1 − 5) were estimated by iterating 
systematically through the set free parameters in the permitted range between − 1.0 and + 1.0.

To identify optimal parameter values, we employed backpropagation as an optimization technique to 
minimize the total sum squared error function D across all vignette treatments, defined as:

	
D = 1

N

∑N

i
(Asim − Aemp)2� (5)

where Asim represents the activation of the respective option unit in response to new information i.e. receivers 
simulated attitude towards a transport mode. Aemp is the empirically reported attitude after vignette treatment, 
calculated as by respondents’ original attitude plus the self-reported attitude change, which has been rescaled to 
values ranging between − 1 and + 1. N is the total number of vignette-participant pairs. The minimization of the 
error function is achieved by fitting free parameters (b1-b5) to the Eq. (4).

Simulation results
Using the parameterized PCS models, we conducted a simulation of each respondent’s attitude prior to the 
influence of persuasive messages. To validate whether our model accurately reflects the empirically observed 
attitude patterns before persuasion attempts, we correlated the activations of the option nodes for ICE cars 
and E-cars with the corresponding self-reported attitudes of the respondents. These results demonstrated 
a strong resemblance between the simulations and the empirical findings (ICE car: r = 0.93, p = 0.001; E-car: 
r = 0.93, p = 0.001). Furthermore, we investigated the relationship between the simulated coherence of networks, 
quantified by the energy of PCS networks, and the respondents’ simulated prior attitudes across different 
conditions. Our findings revealed an inverted U-shaped pattern (Fig. 4A), which was also supported by the results 
of quadratic regression models for ICE cars (R2 = 0.50, F(1, 478) = 476.4, p < 0.001) and for E-cars (R2 = 0.57, F(1, 
478) = 631.7, p < 0.001). As predicted by the PCS approach, both strongly negative and strongly positive prior 
attitudes were associated with low levels of energy, indicating that these attitudes were consistent, stable, and 
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resistant to change. In Fig. 4B, we examine how empirically measured agreement with statements relates to the 
coherence levels (energy) of participants’ initial attitude structures, as captured by our PCS network simulations 
prior to message presentation. The analysis reveals a systematic inverted U-shaped relationship between message 
agreement ratings and PCS network energy across all experimental conditions, though with varying strengths 
(rational pos.: R2 = 0.14, F(2, 157) = 13.86, p < 0.001; rational neg.: R2 = 0.02, F(2, 157) = 2.69, p < 0.01; emotional 
pos.: R2 = 0.11, F(2, 157) = 11.29, p < 0.01; emotional neg.: R2 = 0.07, F(2, 157) = 6.65, p < 0.001; combination 
pos.: R2 = 0.23, F(2, 157) = 24.12, p < 0.001; combination neg.: R2 = 0.11, F(2, 157) = 10.96, p < 0.001).

This pattern aligns with predictions from PCS theory: strong agreement with messages is associated with low 
energy levels (high coherence), indicating stable initial attitude structures. While low agreement is also associated 
with low energy levels, this relationship is less pronounced. In contrast, moderate agreement corresponds to 
high energy levels (low coherence), reflecting less stable initial attitude structures. The relationship is particularly 
pronounced for positively valanced messages and strongest in the combined condition, suggesting that messages 
containing both rational and emotional elements have the most systematic relationship with initial attitude 
coherence. These findings provide important validation for our PCS modeling approach by demonstrating that 
the theoretical concept of coherence, as captured by network energy prior to message exposure, systematically 
relates to subsequent agreement ratings.

To what extent are the cognitive-affective structures that underlie attitudes influenced by persuasive messages 
with different levels of emotionality? Fig. 4C displays the average weight changes (∆w) of beliefs and affect in each 
experimental condition that minimize the respective error functions D, representing the gap between simulated 

Fig. 4.  Computational model results. Note in general low levels of energy indicate a high degree of coherence. 
(A) Correlation of simulated attitudes for conventional (orange) and electric cars (blue) with simulated 
coherence, i.e. level of energy, of PCS network models for all simulated persuasive appeals. The solid lines are 
the correlation lines and shaded areas indicate a 95% CI. (B) Regression of empirical measured agreement 
to statements for each condition and the corresponding simulated coherence of PCS networks. Solid lines 
(blue: positively valenced; gold negatively valenced) are the best-fit regression lines. For the sake of better 
readability of the graph, empirical ratings of agreement are aggregated in bins. The error bars show the 95% 
CI. (C) Average weight changes of beliefs and affect link calculated based the observed attitude changes for 
each condition. For PCS networks in the rational condition error function D is minimized for free parameters 
b1 =0; b2 =0.7, b3 =−0.3, b4 = 0 b5 = −0.3, in the emotional condition for the parameters b1 =0; b2 =0.7, b3 
=−0.3, b4 = 0.3 b5 = −0.7 and in the combined condition where b1 =0; b2 =1.0, b3 =-0.3, b4 = 0.7 b5 = −0.3. 
(D) The average coherence level of PCS networks before and after the treatment for each condition.
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and measured attitudes following persuasive communication. The results reveal diverse patterns of belief and 
affect convergence and divergence across conditions. These patterns depend on the strength and valence of the 
prior beliefs and affect held by receivers, as well as their disparity from those of the sender.

In the rational condition, for instance, when the sender and receiver maintain strong opposing prior beliefs 
(sender: ws = + 1.0/-1.0 and receiver wr = − 1.0/+1.0), receivers tend to adjust their beliefs in a direction contrary 
to the new information, reinforcing the strength of their initial beliefs. However, the extent of this backfire effect 
differs between receiving agents with prior positive and negative beliefs. Interestingly, in response to opposing 
positive information, this backfire effect leads to more significant negative weight adjustments than belief 
changes induced by negative messages that align with pre-existing negative beliefs. Conversely, when the sender 
supports the receivers’ prior beliefs, the weights are updated in the direction of the sender.

The most pronounced effects of belief polarization/convergence and valence asymmetry are observed when 
two agents exclusively exchange affect, particularly in the emotional condition and, to a slightly lesser extent, in 
the combined condition. Intriguingly, in the emotional condition, opposing negative messages (i.e., when the 
receiver holds strong positive affect) do not lead to polarization but instead prompt a convergence of posterior 
affect towards the message. In contrast, when the recipient has a negative affect towards the attitude object and 
receives positive information about it, the backfire effect is most pronounced, with mental structures underlying 
the attitudes changing more strongly in the opposite direction to the message than in all other conditions. 
Additionally, contrary to expectations, under a negative constant condition (i.e., both sender and receiver 
are negative), the weight adjustments shift in a positive direction. These specific convergence and divergence 
effects underscore the unique role of emotional communication in moderating attitude changes, which can 
either reduce or increase polarization. To ascertain the impact of weight adjustments in response to persuasive 
messages on the coherence of PCS networks, we conducted a comparison of the average energy levels among 
all agents before and after the treatment for each condition (Fig. 4D). Prior to receiving persuasive messages, 
no significant differences in coherence levels were observed between conditions (F(2,477) = 0.19, p = 0.8824, 
η2 = 0.001). However, exposure to persuasive information resulted in a statistically significant decrease in energy 
in the emotional and combined conditions, but not in the rational condition (F(1,479) = 410.96, p = 0.0001, 
η2 = 0.0462). These findings align with the expectations of the coherence maximization process, indicating that 
beliefs and affect are adjusted in a manner that enhances the coherence among existing mental representations. 
Notably, this effect is most pronounced when both rational and emotional communication strategies are 
employed simultaneously.

Discussion
Our research had two primary goals. First, we aimed to investigate the impact of different levels of emotional 
content in persuasive messages on motivated reasoning. Our findings revealed that regardless of message framing, 
motivated reasoning influenced the persuasiveness of statements, resulting in dissonance with the message and a 
tendency to discredit the information source, particularly when individuals encountered opposing viewpoints. 
Moreover, we identified backfire effects, where individuals with strongly held views and high dissonance actually 
reinforced their existing attitudes, consistent with previous research59. A novel aspect of our study was that 
the extent of this process was moderated by message type and the valence of the advocated positions. Biased 
reasoning was most prevalent when participants encountered negatively framed appeals and when messages 
employed a combined rational and emotional tone, rather than exclusively rational or emotional approaches. 
The persuasiveness of messages was inversely related to the degree of motivated reasoning. Additionally, our 
results suggested that the impact of motivated reasoning on perceptions of the source was primarily determined 
by dissonance (agreement) with persuasive appeals, rather than by prior attitudes.

Our second goal was to elucidate the observed effects using computational mechanisms related to emotional 
coherence, achieved by extending an existing parallel constraint satisfaction (PCS) model40 with a learning 
algorithm. Our simulation results indicated that modifications of the existing mental representations underlying 
attitude changes exhibited significant variations across valence and different message types. Consistent with 
prior experiments60, we found that negative affect and beliefs were more resistant to counterattitudinal 
persuasive attempts. Furthermore, we demonstrated that negative mental structures had a greater tendency to 
lead to backfire effects, which were most pronounced when emotionally positive appeals were encountered. 
These findings suggested that mental structures respond to and integrate information with varying emotional 
qualities and intensities. Recent neuroimaging studies supported the idea that positively and negatively framed 
information is processed differently in the brain and is differentially used to update prior affect and beliefs61.

Previous research on PCS models62, which assumed coherence maximization as the core mechanism 
of information integration, argued that this process naturally operates to increase the coherence of existing 
mental representations. By employing a more realistic learning PCS network model, we complemented these 
earlier studies by providing evidence that the level of coherence shift associated with attitude changes depended 
on the type of mental structure involved in information integration. Information that solely influenced the 
cognitive structures of attitudes resulted in no increase in overall coherence after updating beliefs. In contrast, 
when information involved affective and, particularly, both affective and cognitive elements of attitudes, global 
coherence significantly increased. These findings emphasized the role of affect in reducing dissonance and 
ambivalence toward options for action and supported the notion that decision and attitude formation are driven 
by maximizing the emotional coherence of mental structures, combining cognition and affect, relevant to the 
decision at hand40. Furthermore, the pattern of coherence shifts, inversely related to the observed tendency of 
motivated reasoning, suggested an effortful process underpinning the integration of new information, especially 
when strong cognitive and affective components of attitudes were involved. The greater the effort required for 
a person to arrive at a coherent conclusion, the lower the persuasiveness and credibility of the message source. 
Future research could integrate additional elements such as specific identity concepts into the model, further 
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investigating the interaction between the goal of attitude protection and the goal of identity protection, both of 
which moderate responses to new information.

Our study has some limitations that should be acknowledged. First, the perceived attitude change effects 
reached statistical significance only after adjusting for perceived dissonance and prior attitudes, which raises 
questions about the stability and robustness of these findings, particularly given the absence of preregistration. 
Future research should aim to replicate these effects using preregistered designs to strengthen confidence in 
the results. Second, we focused on a single climate-relevant issue: vehicle choices. While this approach allowed 
for a detailed exploration and theoretical explanation of the cognitive-affective mechanisms underlying 
motivated reasoning in interpersonal communication, it remains unclear whether the empirical results would 
hold for other topics. Specific characteristics of the issue—such as personal relevance, economic implications, 
infrastructure dependencies, and public salience—limit the generalizability of our empirical findings to this 
domain. Furthermore, our study’s participants were exclusively from Germany, posing a limitation on the cross-
cultural applicability of our results. To address these constraints, future research could apply the proposed 
computational model to explore other domains where technological innovations intersect with personal attitudes 
and societal influence, such as renewable energy adoption or smart technology usage in homes, drawing upon 
diverse national samples. We posit that the cognitive-affective mechanisms identified through our research may 
also apply to similar contexts.

Despite these limitations, our findings make a valuable contribution to the growing body of literature on the 
role of motivated reasoning in information processing and attitude formation. While earlier studies focused on 
the influence of belief strength, values, political or group identity on attitude responses and group polarization in 
the context of biased processing of evidence and persuasive appeals36, we extended this work by demonstrating 
that positively valanced and cognitively framed messages can mitigate reasoning bias and prevent polarization 
between communication partners. Our results suggested that reducing the emotional content of messages that 
contradict individuals’ beliefs and affect, while increasing emotional intensity in persuasive appeals that align 
with respondents’ pre-existing beliefs and affective connotations of the attitude object, may offer an effective 
strategy to enhance the persuasiveness of communication and mitigate backfire effects63.

Additionally, our research contributes to the field of computational models of opinion dynamics and social 
influence64. Our findings underscore the importance of studying and comprehending the microfoundations 
of processes underlying motivated reasoning. Our modeling framework exemplifies how existing theoretical 
models of attitude and opinion formation can be extended to incorporate psychologically realistic processes 
related to information processing, with empirical support as a basis. We anticipate that our approach paves the 
way for future research aimed at understanding how individual reasoning influences dynamics at a population 
level. This approach has practical implications, such as in policy contexts related to the transition of mobility, 
where it can enhance the understanding of how policymakers can effectively communicate policy issues, 
accelerate public comprehension of available evidence, and foster informed policy discussions65,66.
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