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Abstract 

 

Device-level implementation of soft materials for energy conversion and thermal management 

demands a comprehensive understanding of their thermal conductivity and elastic modulus to 

mitigate thermo-mechanical challenges and ensure long-term stability. Thermal conductivity 

and elastic modulus are usually positively correlated in soft materials, such as amorphous 

macromolecules, which poses a challenge to discover materials that are either soft and thermally 

conductive or hard and thermally insulative. Here, we show anomalous correlations of thermal 

conductivity and elastic modulus in two-dimensional (2D) hybrid organic-inorganic perovskites 

(HOIP) by engineering the molecular interaction between organic cations. By replacing 

conventional alkyl-alkyl and aryl-aryl type organic interactions with mixed alkyl-aryl ones, we 

observe enhancement in elastic modulus with a reduction in thermal conductivity. This 

anomalous dependence provides a route to engineer thermal conductivity and elastic modulus 

independently and a guideline to search for unprecedented thermal management materials. 

Further,introducing chirality into the organic cation induces a unique molecular packing, 

leading to the same thermal conductivity and elastic modulus regardless of the composition 

acrossall half-chiral 2D HOIPs. This finding provides substantial leeway for further 

investigations in chiral 2D HOIPs to tune optoelectronic properties without compromising the 

thermal and mechanical stability.  

Key words: thermal conductivity, elastic modulus, hybrid perovskite, organic cations, chirality 
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1.  Introduction 

Thermal and mechanical properties are important considerations when implementing device-

level design to mitigate thermo-mechanical challenges and ensure long-term stability.[1–3] A 

comprehensive understanding of these properties, such as thermal conductivity and elastic 

modulus, and how they correlate will enable the discovery of novel materials with 

unprecendental performance. In soft materials, thermal conductivity and elastic modulus are 

usually positively correlated, particularly when sound velocity plays a dominant role in both 

properties.[4] In other words, thermal conductivity is higher when the elastic modulus is larger, 

which has been experimentally demonstrated, such as in polymers[5] and amorphous 

macromolecules[6,7]. The presence of such a positive correlation poses a challenge in designing 

novel thermal interface materials capable of dissipating excess heat while maintaining 

compliance at the same time, or thermal-insulating coating materials that can be thermally 

insulative and hard simultaneously.  

Complex crystals, such as hybrid organic-inorganic materials, offer opportunities to provide an 

anomalous correlation in thermal conductivity and elastic modulus, due to their tailorable and 

complex local bonding environment[8–11]. In this work, we focus on two-dimensional (2D) 

hybrid organic-inorganic perovskite (HOIP), shown in Figure 1(a). In a typical perovskite 

structure (ABX3), if the A-site is a relatively large-sized organic cation (e.g., long chained 

alkylamines), a quasi-2D layered structure will form, where one or multiple B-X inorganic 

octahedron layers are separated by the weakly bonded organic spacers.[12,13] The chemical and 

structural diversity in HOIPs offers a wide range of possibilities for tuning their physical 

properties and tailoring them for specific applications by judiciously engineering either the 

organic or inorganic components.[14–21] However, an anomalous correlation of thermal 

conductivity and elastic modulus has not yet been found in HOIPs so far. For example, in the 

study of 3D HOIPs, a positive correlation between thermal conductivity and elastic modulus is 

still observed upon varying the inorganic composition[22]. Similar behavior between the two 

properties is also observed in the case of 2D HOIPs with alkyl-type ligands (composed of 

carbon-carbon chains), where both properties increase with decreasing length of organic 

ligands.[23,24]  

The universality of this correlation in HOIPs cannot be assumed without understanding how 

both properties depend on different types of organic-organic interfaces, beyond a typical alkyl-

alkyl type of interface with only van der Waals interactions.[25] If aryl ligands are introduced 

into the structure, there will be π-π and CH-π interactions at the organic-organic interface.[26,27] 

Our recent simulation work suggests that π-π stacking enhances the interaction strength of this 

interface but decreases the thermal transport capability across the interface, which could 

potentially induce an anomalous correlation between elastic modulus and thermal 

conductivity.[28] Synthetically, this has been made possible by replacing an existing alkyl cation 

with an aryl one. For instance, substituting 50% of phenethylammonium (PEA) cations in 

phenethylammonium lead iodide ([PEA]2PbI4) with butylammonium (C4A or BA) results in a 

mixed metal halide perovskite [C4A][PEA]PbI4. These so-called mixed 2D HOIPs exhibit 

unique and tunable interactions between organic cations (i.e., π-π and CH-π interactions), which 

has been utilized to modulate properties.[27,29–31] Another way of tuning the organic-organic 

interaction is by introducing chirality into the structure.[32,33] This is facilitated by replacing half 

or all of the achiral organic ligands with chiral organic ligands. The distortions induced by the 

chiral molecules cause a reduction in crystal symmetry, which makes them highly appealing 
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for applications such as optoelectronics, bioencoding, spintronics and spin caloritronics, and 

tomography.[32,34]  

Tuning the interaction between organic cations at the organic-organic interface not only offers 

a relatively less explored, new degree of freedom to alter the 2D HOIP structure (and the 

properties) but also leads to a more comprehensive understanding of the structure-property 

relationship.[27] Most experimental thermal transport studies so far are focused on organic cation, 

inorganic layer thickness, and interlayer distance.[18,35–38] However, there exists a notable gap 

in understanding the role of the organic-organic interface. Previous investigations into the 

thermal transport of 2D HOIPs have largely utilized alkyl-type ligands, where van der Waals 

interactions are the primary bonding forces. Moreover, these studies have been confined to 

achiral organic cations, limiting the scope for tuning interactions at the organic-organic 

interfaces. This limitation, particularly in the choice of organic ligands, restricts the bandwidth 

available for modulating the organic-organic interface.[18,37] Similarly, studies on elastic 

modulus primarily focus on pure alkyl-alkyl and aryl-aryl type interfaces.[23,39–42] While there 

is a consensus that the stiffness of the organic cation and the organic-organic interaction play 

crucial roles in determining the elastic modulus in 2D HOIPs, minimal effort has been dedicated 

to tuning the latter.[43]To advance our understanding and possibly decouple the thermal and 

mechanical behavior, there is a need for more comprehensive investigations that delve into the 

nuanced dynamics of organic-organic interfaces, exploring a broader range of organic cations 

and interfaces. 

Herein, in this work, we prepared 12 different 2D HOIP thin films, modulating the organic-

organic interface by using pure achiral, mixed achiral, and chiral organic cations. The chiral 2D 

HOIP thin films are further classified into two groups, half-chiral (when 50% of the achiral 

organic cations are replaced with chiral organic cations) and full-chiral (when the entire achiral 

organic cations are replaced). We measured the thermal conductivity of the spun-cast thin films 

using the time-domain thermal reflectance (TDTR) method and the elastic modulus using 

nanoindentation enabled by contact resonance atomic force microscopy (CR-AFM). We 

discovered an anomalous correlation of thermal conductivity and elastic modulus in mixed 

achiral 2D HOIPs when replacing the organic cation from a softer alkyl ligand to a more rigid 

aryl ligand. Moreover, introducing chirality into the organic cation leads to the same thermal 

conductivity and elastic modulus for all the half-chiral 2D HOIPs, i.e., another anomalous 

correlation. Using the structural data, grazing-incidence wide-angle X-ray scattering 

(GIWAXS) characterization, and molecular dynamics (MD) simulations, we explain the 

observed results and provide insights on the roles of organic-organic interface on modulating 

the thermal conductivity and elastic modulus of 2D metal halide perovskite thin films. This 

work provides a route to decouple the dependence of thermal conductivity and elastic modulus 

on the chemical structure in soft materials and also provides substantial leeway for further 

investigations in chiral 2D HOIPs to tune opto-electronic properties without affecting the 

thermal and mechanical stability.  

 

2. Results  

2.1 2D HOIP thin films 

A typical lead-halide 2D HOIP system exhibits a sandwich structure, wherein the inorganic 

[PbX6]
2- networks are sandwiched between two layers of organic ligands.[44] The organic and 

inorganic ligands are connected via weak interactions such as Coulombic forces of attraction. 
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This unique structure offers additional knobs for tuning thermal and mechanical properties of 

the material by modulating the interlayer interactions. Figure1(a) shows the typical 2D HOIP 

structure (n=1) comprising alternating layers of inorganic octahedra separated by the weakly 

bonded organic cations where the inorganic layer, organic layer, inorganic-organic, and 

organic-organic interfaces could influence material's physical properties. Figure 1(b) illustrates 

the thermal transport pathway in 2D HOIPs. Generally in layered materials, the thermal 

resistances of the inorganic layer and organic ligands are much smaller compared to those of 

the inorganic-organic and organic-organic interfaces.[45] For the inorganic-organic interface, 

changing the halide anion, or in other words, the strength of the electrostatic inorganic-organic 

interface, does not produce a significant change in the thermal conductivity of 2D HOIPs.[38] 

Therefore, the organic-organic interface dominates the thermal resistance, and thus thermal 

conductivity of the material, which is attributed to the nature of the weakly non-bonded 

interactions. We identify two key parameters that influence the interactions at the organic-

organic interface, namely the spacing between organic ligands and the type of the organic-

organic interface, as illustrated in Figure 1(c) and Figure 1(d). The interaction at the organic-

organic interfaces (e.g., van der Waals or Coulombic interactions) decreases dramatically with 

an increasing spacing between the non-bonded entities. Further, the non-bonded interaction is 

heavily influenced by the type of interface. The interaction between alkyl-alkyl interface, 

dominated by van der Waals interactions is different in comparison to aryl-aryl and aryl-alkyl 

interfaces, where π-π and CH-π interactions play an important role. We prepared 12 2D metal 

halide HOIP samples (see Methods for details) with the type of interface tabulated in Table 1 

and illustrated in Supplementary Figure S1. Figure 1(e) shows the different types of organic 

ligands, including alkyl, aryl, and chiral ones.  

 

Table 1 Details of the 2D HOIP thin films measured in this work. 

ID Chirality Composition Organic-

Organic 

interface 

type 

Film 

thickness 

(nm) 

Interlayer 

distance (Å) 

1 Achiral [C4A]2PbI4 Alkyl-Alkyl 147.0 ± 11.9 13.3 

2 Mixed 

achiral 

[C3A][PEA]PbI4 All three* 138.0 ± 6.0 15.9 ± 0.8# 

3 Mixed 

achiral 

[C4A][PEA]PbI4 All three* 165.0 ± 3.8 16.1 ± 0.8# 

4 Achiral [C6A]2PbI4 Alkyl-Alkyl 148.0 ± 6.0 16.5 

5 Achiral [PEA]2PbI4 Aryl-Aryl 153.0 ± 1.5 16.0 ± 0.8# 

6 Half-chiral [SMePEA][C3A]PbI4 All three* 133.0 ± 2.0 14.8 ± 0.8# 

7 Half-chiral [SMePEA][C4A]PbI4 All three* 145.0 ± 4.0 15.8 ± 0.8# 

8 Half-chiral [SMePEA][PEA]PbI4 Aryl-Aryl 161.0 ± 5.6 16.1 ± 0.8# 

9 Half-chiral [SMePEA][C6A]PbI4 All three* 146.0 ± 1.0 17.1 
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10 Half-chiral [SMePEA][C8A]PbI4 All three* 151.0 ± 3.0 17.6 

11 Full-chiral [SMBA]2PbI4 Aryl-Aryl 148.0 ± 2.0 14.4 

12 Full-chiral [SMePEA]2PbI4 Aryl-Aryl 158.0 ± 2.0 17.4# 

 
* All three organic-organic interfaces including alkyl-alkyl, alkyl-aryl, and aryl-aryl.  
# Interlayer distance characterized using GIWAXS for these 2D HOIP thin films. 

 

 
 

Figure 1. Schematics of the chemical structure and composition of 2D metal halide HOIPs. (a) 

Representative 2D HOIP with alkyl-alkyl type organic interface. (b) Heat flow and thermal 
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resistance network for a typical 2D HOIP. Thermal conductivity is largely determined by the 

organic-organic interface, characterized by the spacing between the organic ligands and the 

type of the organic-organic interface. The organic interfaces are broadly categorized into three 

different types namely, (c) alkyl-alkyl, (d) alkyl-aryl and aryl-aryl, where different interactions 

between the organic entities beyond van der Waals interactions are indicated in the drawing. 

The interlayer distance is the separation between the two inorganic layers. (e) Organic ligands 

used in this work. S means left-handed chirality. 

 

2.2 Thermal conductivity and elastic modulus of 2D HOIP thin films 

We measured the cross-plane thermal conductivity of all 2D HOIP thin films using the TDTR 

method, as shown in Figure 2(a).[46–48] Details of the TDTR method can be found in the 

Methods or our previous publications.[48–50] Prior to the measurements, a thin layer of Cu (≈20 

nm) followed by Al (≈80 nm) is coated on all the samples via thermal evaporation. The samples 

are sealed in a protected Argon gas environment during the measurements, to prevent 

degradation. The pump laser beam heats the sample and the probe laser beam measures the 

surface temperature response upon heating with a controllable time delay. Thermal conductivity 

is obtained by fitting the experimentally obtained normalized temperature rise and decay data 

(as termed as Ratio) with a multi-layered heat conduction model, with geometrical and 

thermophysical properties of each layer as input parameters and the thermal conductivity of 2D 

HOIP film as the only fitting parameter. Figure 2(b) shows four representative experimental 

data curve and heat transfer model fitting for the 2D HOIP thin films. Excellent agreement 

between the experimental data and model is observed for the films used in this study. Detailed 

sensitivity analysis is presented in the Supplementary Section S2. Figure 2(c) and Figure 

2(d) show the thermal conductivity of achiral, mixed-achiral, half-chiral, and full-chiral 

samples. Comparing the 2D HOIP films with achiral alkyl-alkyl organic interfaces, we see that 

the thermal conductivity of [C4A]2PbI4 is nearly twice that of [C6A]2PbI4. Replacing half of the 

aryl cations in [PEA]2PbI4 with alkyl cations, such as [C3A] and [C4A], increases thermal 

conductivity. Interestingly, thermal conductivity for all the half-chiral HOIPs is similar, 

regardless of the achiral organic cation. Thermal conductivity of pure chiral HOIPs (i.e., 

[SMBA]2PbI4 and [SMePEA]2PbI4) is slightly higher than the half-chiral ones.  
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Figure 2. Cross-plane thermal conductivity measurement of 2D metal halide HOIP thin films. 

(a) Schematics of TDTR method and sample configuration. (b) The TDTR fitting process for 

the 2D HOIP thin films in this study. The symbols indicate the experimental data and the solid 

lines show the heat conduction model with fitted thermal conductivity. (c) Thermal conductivity 

of achiral and mixed-achiral samples in this study. (d) Thermal conductivity of half-chiral and 

full-chiral samples in this study. The data is presented in the form of mean value ± standard 

deviation. The PbI4 is omitted in the labels of (c) and (d) for simplicity. 

 

We also measured the elastic modulus (E) of representative 2D metal halide HOIP thin films 

using the CR-AFM method. Figure 3(a) shows the CR-AFM schematics with details described 

in the Methods section and the Supplementary Section S3. Figure 3(b) and Figure 3(c) show 

the elastic modulus map and the statistical fitting using normal distribution function, 

respectively, on a representative sample, [SMePEA][C3A]PbI4. Figure 3(d) shows the results 

of seven selective samples. The CR-AFM measurements of achiral 2D HOIPs show that the 

highest elastic modulus is for [PEA]2PbI4 thin film (≈12.3 GPa). This result agrees with 

previous nanoindentation measurements of single crystals, and the high elastic modulus is 

attributed to the rigidity of the benzene rings and the CH-π interaction.[39,40] Replacing PEA 

with softer alkyl chains leads to a reduction of elastic modulus in the mixed-achiral 2D HOIP 

films. And all the mixed-achiral 2D HOIP films have a larger elastic modulus compared to their 

pure alkyl counterparts (e.g., E≈2.1 GPa for [C6A]PbI4 and E≈3.3 GPa for [C4A]PbI4)
[23]. 

Surpringly, the elastic modulus of [C3A][PEA] is smaller than [C4A][PEA], even though the 

former carries shorter alkyl chains that should be stiffer (i.e., EC3A >  EC4A), if extrapolated from 

the measured trend of elastic modulus’s dependence on the chain length between C4 to C6 by 

nanoindentations.[23,41] Compared to the pure achiral [PEA]2PbI4, the pure chiral 

[SMePEA]2PbI4 manifests a much lower elastic modulus (≈ 7.3 GPa). We further tested the 
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half-chiral films and found that their elastic moduli are similar within the experimental 

uncertainty, falling in between 7~9 GPa for all the films. 

 
Figure 3. Elastic modulus measurement of 2D metal halide HOIP thin films. (a) Schematics of 

the CR-AFM method for elastic modulus map, where the arrows indicate the ultrasonic wave 

(generated by the actuator) propagating through the sample and drive the AFM cantilever 

vibration during contact imaging. (b) Elastic modulus map of [SMePEA][C3A]PbI4. The color 

bar represents elastic modulus in GPa. (c) Typical fitting of the measured elastic modulus using 

normal distribution function measured by CR-AFM for [SMePEA][C3A]PbI4. (d) Elastic 

modulus of seven representative 2D HOIP thin films. [S] is short for [SMePEA]. The PbI4 is 

omitted in the labels of (d) for simplicity. The data is presented in the form of mean value ± 

standard deviation.  

 

2.3 Correlation between thermal conductivity and elastic modulus in HOIPs 

 

Significant insights can be obtained by correlating the measured thermal conductivity and 

elastic modulus of 2D metal halide HOIPs, and comparing with correlations found in the 

literature. In similar soft materials, including 3D HOIPs, polymers, and amorphous 

macromolecules, thermal conductivity and elastic modulus are usually correlated by a direct 

dependence on sound velocity.[5–7,51,52] Elastic modulus is determined by the density and sound 

velocities of the material. Thermal conductivity is contributed by all the acoustic and optical 

phonon modes in the material with various travelling speeds and lifetimes. When low-frequency 

acoustic phonons travelling at the speed of sound with long lifetime channel bulk of the heat in 

materials, thermal conductivity scales with sound velocity, thus makes it challenging to 

independently tune thermal conductivity and elastic modulus.[51]  

 

Figure 4 shows the correlation between thermal conductivity and elastic modulus in HOIPs. 

We note that the thermal conductivity and elastic modulus measurements are along the vertical 
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direction (perpendicular to inorganic octahedra plane). For 3D HOIPs, where the influence of 

organic-organic interface is minimal, a positive correlation between thermal conductivity and 

elastic modulus is established. It is believed that both thermal conductivity and elastic modulus 

is directly correlated to sound velocity and there is a limited contribution from optical phonons 

to thermal conductivity due to their lower velocity and shorter lifetime compared to acoustic 

phonons.[51]  

 

Our results indicate that modulating the organic-organic interface in 2D HOIPs results in an 

anomalous relation between these two properties. For 2D HOIPs with alkyl-alkyl type of 

interface, we observe a positive correlation between the two properties, similarly as in 3D 

HOIPs. In 2D HOIPs with aryl-aryl and alkyl-aryl interfaces, however, we observe an atypical 

negative correlation. For instance, the thermal conductivity of [C3A][PEA] is larger than 

[C4A][PEA], while the elastic modulus shows the opposite trend. At the organic-organic 

interface, elastic modulus is reinforced by the aryl-aryl and alkyl-aryl interfaces with CH--π 

and π-π interactions, but the thermal transport is suppressed by these interactions (see detailed 

analysis in the Section 3.2 & 3.3).  

 

Practically, combining the effect of organic cation and the organic-organic interface offers 

additional “knobs” to engineer thermal and mechanical properties independently. The observed 

anomalous correlation provides opportunities to decouple thermal conductivity and elastic 

modulus and potentially lead to engineered hard but thermally insulative coating materials. 

Fundamentally, this finding also challenges the current understanding on thermal transport in 

2D HOIPs that appear to coherently transport heat across the organic-organic interface.[24,35] 

The unusual correlation between thermal conductivity and elastic modulus highlights the 

importance of optical phonons in regulating room temperature heat flow in 2D HOIPs 

depending on the interface type.[53,54] Optical phonons may not necessarily contribute to thermal 

conductivity, but rather provide strong scattering channels for acoustic phonons, as claimed for 

all-inorganic 2D HOIPs.[55] Another possibility is the large mismatch of phonon spectrum at 

the aryl-aryl and alkyl-aryl interfaces induces a strong phonon filtering effect.[28] Indeed, 

studies on thermal transport in 2D HOIPs have only recently begin to emerge and would require 

further investigations. 

 

Moreover, the second anomalous observation is that half-chiral 2D HOIPs possess almost the 

same thermal conductivity and elastic modulus. Fundamentally, this result suggest the unique 

role of chiral ligands in determining the molecular packing (see discussion in the Section 3.4). 

Practically, this result provides researchers with significant flexibility in adjusting their 

optoelectronic and structural properties without significantly affecting their thermal and 

mechanical properties, which is especially critical in device level implementation of these 

materials when thermo-mechanical failure is a concern. 
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Figure 4.  Correlation between thermal conductivity and elastic modulus for 3D metal halide 

HOIPs and 2D metal halide HOIPs with different organic-organic interface types (alkyl-alkyl, 

alkyl-aryl, and aryl-aryl). The anomalous correlations of thermal conductivity and elastic 

modulus are shown in solid squares: (1) the mixed achiral 2D HOIPs shows a negative 

correction (brown); (2) the half chiral 2D HOIPs show constant values of properties (blue). The 

thermal conductivity and elastic modulus data of 3D HOIPs is taken from Ref. [22], shown in 

open circles. The thermal conductivity data for [C5A]2PbI4 and [C7A]2PbI4 is taken from Ref. 
[24], shown in open circles.  The elastic modulus data for alkyl-alkyl type 2D HOIPs is taken 

from Ref. [23]. [S] is short for [SMePEA]. If the inorganic part is not explicitly labeled in the 2D 

HOIP chemical composition, it is PbI4. Data is presented as mean value ± standard deviation.   

 

3. Discussion 

To further understand the observed anomalous correlations between thermal conductivity and 

elastic modulus in 2D HOIPs, we investigate the possible mechanisms by exclusing the effects 

from crystalline orientation and crystallite size in Section 3.1 and analyzing each type of 

organic-organic interfaces in the following sections. 

 

3.1 Crystalline orientation and crystallite size analyzed by GIWAXS 

In general, both the thermal conductivity and elastic modulus in 2D HOIPs can be modulated 

by varying the organic cation, the interaction between the two organic cations, and the inorganic 

framework.[39] As the inorganic layer is the same in all the 2D HOIP films used in this study, 

the influence of the inorganic layer on thermal conductivity and elastic modulus will be the 

same. To understand the anomalous correlations between thermal conductivity and elastic 

modulus in 2D HOIPs in this study, assuming the spun-cast thin film is polycrystalline, we first 

analyze the crystalline orientation and average crystallite size to eliminate the dependence on 

these two factors.  

 

GIWAXS analysis was conducted to compare the orientation of the nanocrystals in the thin film 

and crystallite size among different samples (see Methods and Supplementary Section S4 for 

details). GIWAXS measures the diffracted intensity of an X-ray beam with an incidence angle 

close to the total external reflection angle of the 2D HOIP film. Simultaneous measurement of 

the in-plane and out-of-plane diffraction intensity using a 2D detector allows for the 
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determination of orientational order parameter and crystallite coherent length of the 2D HOIP 

films. In this study, the orientation of 2D HOIP thin films is quantitively described using the 

order parameter and the crystallite size is characterized using the coherent length. An order 

parameter value of unity indicates perfect parallel film orientation relative to substrate (i.e., the 

inorganic layer is parallel to the substrate) while a value close to zero indicates completely 

random film orientation relative to substrate.  

 
Figure 5. GIWAXS analysis of 2D HOIP thin films. (a) GIWAXS intensity map for the [PEA]2 

PbI4 thin film. (b) Variation of the order parameter across 2D HOIP thin films based on the 

(010) scattering peak near 0.4 Å-1. All the films show order parameters close to one, indicating 

near parallel orientation for all the films. (c) Variation of the coherent length across 2D HOIP 

thin films.  

Figure 5(a) shows the diffraction intensity color map for the pure achiral [PEA]2PbI4 thin film. 

The localized high intensity spots in the color map are indicative of high crystallographic 

orientation of the 2D HOIP thin film. The GIWAXS color map of the rest of the six samples is 

shown in Supplementary Figure S6. Figure 5(b) shows that most films in this study show an 

order parameter value close to unity, which highlights the preferred parallel orientation of the 

2D HOIP thin film relative to the substrate. The cross-plane thermal conductivity is typically 

lower in the case of parallel orientation, owing to the weaker non-bonded interactions.[56] This 

explains the lower thermal conductivity in our 2D HOIP thin films  (~ 0.1 - 0.25 W m-1 K-1), 

relative to the 3D HOIP thin films.[37] Figure 5(c) shows the measured coherent length 

(crystallite size) of six 2D HOIP thin films extracted from the (010) peak near 0.4 Å-1. Typically, 

the variation of the thermal conductivity with characteristic length (crystallite size in our case) 

is only significant when the characteristic length scale shrinks down to comparable to the 

phonon mean free path of the material.[50] Thermal conductivity in 2D HOIP is primarily 

contributed by phonons, which can be scattered at the inorganic layer, organic layer, inorganic-

organic interface, and organic-organic interface in the unit cell, and then the nanocrystalline 

boundaries and film surfaces.[18,37]The phonon mean free path in hybrid 2D perovskites is 

roughly estimated to be less than 5 nm on average, which is understandable considering the 

organic and inorganic interfaces occur every 1-2 nm.[57,58] The crystallite size in our 2D HOIP 

thin films is about 40 nm (with the lowest one ≈29 nm), much larger than the phonon mean free 

path in the material and thus the variation in crystallite size (coherent length) should not have 

any apparent effect on the measured thermal conductivity. Therefore, the observed variation in 

thermal conductivity should be primarily attributed to the difference in the chemical 

composition, instead of the nanocrystal orientation and size in the polycrystalline texture. 

3.2 Achiral 2D HOIP films: alkyl-alkyl interface v.s. aryl-aryl interface 

0.0

0.5

1.0

1.5

O
rd

e
r 

p
a

ra
m

e
te

r 

Samples

[PEA]2       [S]

    [PEA]

      [S]: SMePEA

    

      [S]

    [C4A]

      [S]

    [C3A]

[PEA]

[C4A]

[PEA]

[C3A]

0

10

20

30

40

50

60

C
o
h
e
re

n
t 

le
n
g
th

 (
n
m

)

Samples

      [S]

    [PEA]

      [S]: SMePEA

    

      [S]

    [C4A]

      [S]

    [C3A]

[PEA]

[C4A]

[PEA]

[C3A]

[PEA]2

a. b. c.



  

13 

 

For 2D HOIP films with achiral alkyl-alkyl organic interfaces, the correlation between thermal 

conductivity and elastic modulus is positive (i.e., thermal conductivity increases with increasing 

elastic modulus)[51], which agrees with that in 3D HOIPs[22], polymers[5,7], and amorphous 

macromolecules[6]. In other words, both thermal conductivity and elastic modulus decrease with 

a longer alkyl chain length, from [C4A] to [C7A]. In general, thermal conductivity in HOIPs is 

influenced by the phonon group velocity and scattering at the organic-organic interface.[18] As 

the latter is similar between the two for alkyl-type interface, the observed difference in thermal 

conductivity is primarily attributed to the difference in phonon group velocity. Past studies on 

hybrid perovskites have shown a significant contribution of acoustic phonons on thermal 

conductivity coupled with short optical phonon lifetimes, indicating direct correlation between 

sound velocity and phonon group velocity.[59–61] It has been demonstrated in the literature that 

elastic modulus (scales with sound velocity) shows a decrease from [C4A]2PbI4 to [C7A]2PbI4 

owing to the replacement of softer and flexible organic layers with an increasing alkyl chain 

length.[23] We note that one previous investigation on 2D HOIP single crystals claimed to have 

no dependence of the alkyl chain length on thermal conductivity for alkyl-alkyl interfaces, 

contrary to our observation.[24] This discrepancy can be potentially explained considering 

structural rearrangement of the single crystals in their study due to high temperature rise (~30 

K), differences in the preparation procedure and measurement conditions (e.g., prevention of 

degradation). Further, we also point out that the thermal conductivity result reported for 

[C4A]2PbI4 in their study is lower than our measurement and other studies, which again is 

potentially attributed to the structural changes due to steady-state heating during experiments 

and also the degradation.[24,38,62] 

Next, we compare the measured thermal conductivity of [PEA]2PbI4 (aryl-aryl interface), 

[C4A]2PbI4, and [C6A]2PbI4 (the latter two with alkyl-alkyl interface). The chain length in 

[PEA]2PbI4 and [C4A]2PbI4 is similar whereas the interlayer distance in [PEA]2PbI4 and 

[C6A]2PbI4  is similar. CR-AFM measurements of achiral 2D HOIPs in this work show that the 

elastic modulus for [PEA]2PbI4 thin film is the highest (≈12 GPa), which is attributed to the 

rigidity of the benzene rings and the CH-π interaction.[39,40] The elastic modulus of [PEA]2PbI4 

is much higher (≈4 - 6 times) than that of [C4A]2PbI4 and [C6A]2PbI4.
[39] Pure aryl-aryl interface 

(as in [PEA]2PbI4) exhibits sp2 (CH…π) interaction in addition to the weak van der Waals 

interaction in pure alkyl-alkyl interface, which was intuitively thought to offer additional heat 

transfer pathways for a stronger phonon transmission across the interface,[27] however, the 

opposite was observed in the measured result.[39] The observed low thermal conductivity in 

[PEA]2PbI4 highlights the strong phonon scattering or filtering across the aryl-aryl interface. 

Our recent simulation work indicates that the thermal transport across the aryl-aryl interface, 

despite its stronger interaction strength (and thus a higher elastic modulus), is much weaker 

compared to the alkyl-alkyl interface counterpart, due to a reduced phonon density of states at 

the broad spectrum caused by the rigidity and large mass of the rings.[28]  

3.3 Mixed achiral 2D HOIP films: alkyl-aryl interface 

Replacing PEA with softer alkyl chains leads to a reduction of elastic modulus in the mixed 

achiral 2D HOIP films. And all the mixed-achiral 2D HOIP films have a larger elastic modulus 

compared to the their pure akyl counterpart (e.g., E≈2.1 GPa for [C6A]PbI4 and E≈3.3 GPa for 

[C4A]PbI4)
[23]. Surpringly, the elastic modulus of [C3A][PEA]PbI4 is smaller than 

[C4A][PEA]PbI4 (Figure 3(d)), even though the former has alkyl chains that might be stiffer 

(i.e., EC3A >  EC4A).[23,41] Given the comparable interlayer distance in the two mixed achiral 2D 

HOIPs, we speculate that the H-C distance between the ligands in [C4A][PEA]PbI4 is shorter 
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compared to [C3A][PEA]PbI4, as the alkyl chain length of C4A is larger than C3A. Consequently, 

this implies that the CH-π interaction in [C4A][PEA] is stronger than in [C3A][PEA], potentially 

explaining higher elastic modulus in [C4A][PEA]PbI4. Furthermore, using a similar rationale, 

[C4A][PEA]PbI4 is expected to be more densely packed, indicative of a more rigid alkyl chain 

compared to [C3A][PEA]PbI4.
[63]  

Contrasting elastic modulus, thermal conductivity increases when replacing half of the aryl 

cations in [PEA]2PbI4 with alkyl cations such as [C3A] or [C4A]. This increase highlights the 

difference and mismatch in the phonon modes between the alkyl and aryl groups. Our previous 

simulation work also suggests the presence of a much broader spectrum of phonon modes in 

alkyl groups in comparison to aryl groups.[28] The interlayer distance in [C3A][PEA]PbI4 and 

[C4A][PEA]PbI4 is nearly identical even though the alkyl chain length is different in these two, 

which implies that variation in alkyl chain length leads to a different structural packing and 

spacing between the organic cations (see Figure 1(c) for illustration). In these mixed 2D HOIPs, 

all three different types of interfaces (i.e., alkyl-alkyl, alkyl-aryl, and aryl-aryl) can transfer heat 

(see Supplementary Figure S1), and thus variation in the spacing can significantly affect the 

thermal conductivity (This is also elaborated in Figure 6 for half-chiral 2D HOIPs). We 

speculate that both the aryl-aryl and aryl-alkyl organic interfaces contribute the heat transfer 

pathway in [C4A][PEA]PbI4, leading to a lower thermal conductivity than [C3A][PEA]PbI4, 

where possibly the alkyl-alkyl interface dominates the heat transfer pathway. However, due to 

the unavailability of structural data for mixed-achiral 2D HOIPs, this claim cannot be 

quantitively established. We do not observe any direct correlation between the interlayer 

distance and the thermal conductivity (see Supplementary Section S5), as also evidenced in 

other studies.[18,24,38] 

3.4 Half-chiral 2D HOIP films 

Figure 2(d) shows that thermal conductivity for all the half-chiral HOIPs (e.g., 

[SMePEA][C3A]PbI4, [SMePEA][C6A]PbI4) is similar, regardless of the interlayer distance and 

the achiral organic cation. This behavior can be explained by the unique structure and molecular 

packing of half-chiral 2D HOIPs. To start with, there are three potential heat transfer pathways 

in these structures including across alkyl-alkyl, alkyl-aryl, and aryl-aryl organic-organic 

interfaces, as illustrated in Supplementary Figure S1(c). Thermal conductivity is thus 

proportional to the summation of all thermal conductances across the three interfaces, following 

the concept of thermal resistance network.[64,65] Our group has used this thermal resistance 

network concept to successfully explain the thermal transport in amorphous materials[64], 

liquids[65], and across interfaces[66,67]. To understand how the variation in molecular packing 

changes the relative contribution from the three heat transfer pathways, we calculated thermal 

conductance across the three types of interfaces as a function of spacing using non-equilibrium 

molecular dynamics (NEMD) simulations as a reference. The details regarding the NEMD 

simulation are described in Methods and Supplementary Section S6.  
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Figure 6. Molecular dynamics simulation results for understanding thermal conductance 

between different organic-organic interfaces. (a) Thermal conductance across three different 

types of interfaces as a function of organic-organic ligand spacing calculated using molecular 

dynamics simulations. The symbols indicate the computed thermal conductance, and the lines 

show the best linear fit. (b) Thermal conductance across each interface for [S][C3A]PbI4, 

[S][C4A]PbI4, and [S][C6A]PbI4 2D HOIPs. [S] is short for [SMePEA]. 

Figure 6(a) shows the computed thermal conductance as a function of spacing (see Figure 1(c) 

for illustration). Note that the thermal conductance across alkyl-alkyl interface is significantly 

larger than the aryl-aryl and aryl-alkyl interface, emphasizing the role of aryl-aryl interaction 

on leading to a low thermal conductance and thus thermal conductivity. We examined three 

typical structures of [SMePEA][C3A]PbI4, [SMePEA][C4A]PbI4, and [SMePEA][C6A]PbI4 

here. The spacing is obtained from the structural data for these three 2D HOIPs. To ensure the 

spacing from the structural data is correct, we also relaxed one of the structures at 300K and 

calculated the spacing, and we do not observe any noticeable difference between the relaxed 

and the original structure. Using the spacing and NEMD calculated thermal conductance data, 

we calculated the thermal conductances across each interface and summed them up in the three 

2D HOIP structures for the cross-plane thermal conductivity as shown in Figure 6(b). For a 

shorter alkyl chain length([SMePEA][C3A]), the alkyl-aryl interface contributes to the total 

thermal conductivity the most. Increasing carbon chain length leads to a change in the packing 
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of these organic cations, also making alkyl-alkyl interactions contributes to thermal transport. 

The contribution of the aryl-aryl interface to thermal transport is almost negligible compared to 

the other two interfaces. This is not surprising considering the rings tend to be isolated (large 

spacing) for structure stability. The total thermal conductance, however, is similar across the 

three 2D HOIPs, which is consistent with our thermal conductivity measurements. We believe 

that a similar trade off among thermal conductances across the three interfaces is responsible 

for the observed thermal conductivity trend for [SMePEA][PEA]PbI4 and [SMePEA][C8A]PbI4.  

For half-chiral films, their elastic moduli are similar within the experimental uncertainty, falling 

in between 7~9 GPa for all the films. This highlights the dominant effect of the chiral molecule 

in dictating the mechanical properties through their intermolecular interactions, regardless of 

the choice of the mixing organic cations and despite the small variations in the interlayer 

distance. 

3.5 Full-chiral 2D HOIP films 

Further, thermal conductivity of full-chiral 2D HOIPs (i.e., [SMBA]2PbI4 and [SMePEA]2PbI4) 

is higher than that of the half-chiral ones, even larger than the lowest thermal conductivity 

observed in achiral 2D HOIPs ([PEA]2PbI4). This comparison seems to indicate that the rings 

are more closely packed (smaller spacing) in full-chiral 2D HOIPs than the aryl-alkyl spacing 

and aryl-aryl spacing in half-chiral 2D HOIPs. This is also indicative of the importance of 

orientation of the rings in determining thermal transport across aryl-aryl type interface.[28] A 

notable difference between the structures of [SMePEA]2PbI4 and [PEA]2PbI4 is the presence of 

several diverse orientations of rings in the former. This may allow for several phonon modes to 

exist leading to a better thermal transport. Such tuning of thermal conductivity with different 

aryl-aryl orientations provides an avenue for future studies in these materials. 

Compared to the pure achiral [PEA]2PbI4, the pure chiral [SMePEA]2PbI4 manifests a much 

lower elastic modulus (≈ 7.3 GPa). Since the total number of the rigid rings is similar, the 

mechanical property contrast can be attributed to the differences in the interaction resulting 

from the orientation of rings and the variation in CH-π interaction arising from the chiral 

structure. Comparing the structure of pure achiral [PEA]2PbI4 and pure chiral [SMePEA]2PbI4 

suggests that in the former, every aryl cation participates in the CH-π interaction, while in latter, 

only half of the aryl cation participates in the CH-π interaction, as also observed in half-chiral 

and full-chiral 2D HOIPs.[26]  

 

4. Conclusion 

Through a detailed investigation of 12 different 2D metal halide HOIP thin films comprising 

achiral and chiral organic cations, we provide the first report of thermal conductivity and elastic 

modulus characterizations on mixed-achiral (e.g., [C4A][PEA]PbI4), half-chiral (e.g., 

[SMePEA][C6A]PbI4), and full-chiral (e.g., [SMePEA]2PbI4) 2D HOIP thin films. The 

highlight of this work is the discovery of anomalous correlations between thermal conductivity 

and elastic modulus in mixed-achiral and half-chiral 2D HOIPs:  

(1) Mixing alkyl ligands with aryl ones, thermal conductivity of 2D HOIPs is suppressed due 

to the aryl-aryl and aryl-alkyl organic-organic interface while elastic modulus is enhanced 

by the CH-π interactions at these interfaces and rigidity of organic cations.  
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(2) Introducing chirality into the 2D HOIP structure engenders unique structural changes that 

stabilize the thermal conductivity and elastic modulus regardless of the choice of achiral 

organic ligands. 

Combining structural analysis, thermal conductivity characterization, elastic modulus 

measurement, and molecular dynamics simulation, this work offers insights into the structure-

property relationship and highlights the importance of organic-organic interface in modulating 

thermal conductivity and elastic modulus, key parameters in implementing these materials at a 

device level. 

 

5. Methods 

5.1 Sample preparation 

Synthesis of ammonium iodide salts: All ammonium iodide salts were synthesized by reaction 

of corresponding amine with unstabilized hydroiodic acid (HI) (57 wt% in water, Sigma-

Aldrich). Before reaction, the hydroiodic acid was purified using a 0.36 M tributyl phosphate 

solution in chloroform, following a previously reported procedure.[68] Then fresh purified HI 

was dropped into a cold solution of amine in 10 mL ethanol under stirring in an ice bath. After 

1 hour of stirring, the crude product was obtained by slowly evaporating the solvent under a 

reduced pressure. Then the white to light yellow precipitate was dissolved and recrystallized in 

ethanol and washed with ethyl ether three times. The product was dried under vacuum overnight 

and kept in a nitrogen gas filled glove box for further use. 

Deposition of perovskite films: B doped p-type single side polished (100) Si substrates 

(University Wafer) with a resistivity of 1-10 Ω cm were cleaned with ultrasonic wave in 

deionized water, acetone, then 2-proponal for 15 minutes each. The substrates were dried under 

a stream of nitrogen and subjected to the treatment of UV-Ozone for 15 min. For pure 

ammonium cation based perovskite, the precursor solution was made by dissolving 

corresponding ammonium iodide salt and PbI2 in DMF with the molar ratio of 2:1 and the 

solution was stirred at room temperature for 1 hour. The concentration of Pb2+ is 0.3 M. For 

mixed cation based perovskite, the precursor solution was prepared by mixing previous pure 

ammonium cation based solution with 0.3M Pb2+ with 1:1 volume ratio. The 2D perovskite film 

was obtained by spin-coating precursor solution at 5000 rpm for 20 s onto a precleaned Si 

substrate followed by thermal annealing at 80°C for 30 seconds. 

 

5.2 Thermal conductivity characterization using TDTR 

The thermal conductivity of 2D HOIP thin films was measured using the TDTR method. Prior 

to measurement, a thin layer of Al transducer (~ 80 nm) needs to be deposited. To protect the 

sensitive HOIP film from Al, an additional Cu layer (~ 20 nm) is deposited first on top of the 

2D HOIP film prior to Al deposition. The precise thickness of the two metal layers is confirmed 

using picosecond acoustic method. In TDTR, a time delayed pump beam injects heat into the 

material, creating a time dependent temperature rise which is captured by the probe beam. The 

power (5 mW for both beams) and magnification (5× for both beams with a Gaussian beam size 

≈12 µm) of the two beams is adjusted to ensure the temperature rise is within 10 K in the 

experiments. The samples are allowed to cool down for around 10 minutes before each TDTR 

scan. This is important to ensure the steady-state temperature rise in the material is low, to avoid 

any potential phase change or degradation in the 2D HOIP thin films. The experimental 
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temperature rise is then fitted with a multilayered heat conduction model, with the thermal 

conductivity of 2D HOIP thin film as the only fitting parameter. The thermal properties of Si 

substrate, Cu and Al thin films are taken from literature. 

 

5.3 Elastic modulus characterization using nanoindentation 

CR-AFM is a dynamic AFM mode that utilizes the AFM cantilever resonance to measure the 

mechanical properties of materials, which has been widely used to quantify the elastic modulus 

of thin films, 2D materials, and single crystals.[69–73] In this study, all CR-AFM measurements 

were performed with an MFP-3D Infinity AFM (Asylum Research, an Oxford Instrument 

Company, CA) enclosed by a customized chamber under dry air flow (RH < 3%). Prior to the 

AFM measurements, the deflection sensitivity of the AFM cantilever (ZEILR, NanoWorld) was 

calibrated by force curves on a silicon surface freshly cleaned by Piranha solution (98% H2SO4 : 

35% H2O2 = 3: 1 by volume).[70,72] The spring constant of the cantilever, 𝑘𝑐, was then calibrated 

by fitting the first free resonant peak to equations of a simple harmonic oscillator to measure 

the power spectral density of the thermal noise fluctuations in air.[74,75] The ultrasonic actuation 

of the AFM cantilever was achieved by gluing the perovskite thin film sample to an ultrasound 

transducer (V133-RM, Olympus NDT, see schematics in Figure 3(a)).[70–72] The dual actuation 

resonance tracking approach built in our MFP-3D Ininity AFM was used to track the CR 

frequency simultaneously during the contact mode topographic imaging and the total total 

applied force 𝐹 (including the adhesion force) during the scanning was also recorded.[72] The 

dynamic behavior of the AFM cantilever can be modeled as an Euler-Bernoulli beam oscillating 

with a mechanical constraint at the tip position (details can be found in Suppmentary 

Information Section S3) to extract the tip-sample contact stiffness 𝑘∗.[69,71,76] 𝑘∗ can then be 

converted to the reduced modulus (also called indentation modulus) 𝐸∗of the tip-sample contact 

through contact mechanics models. Here, we employed the most-widely-used Hertzian contact 

model for the analysis, where the AFM tip-sample contact is approximated as a spherical 

indenter with a radius 𝑅 contacting a flat surface with a total force 𝐹:[69,71,76] 

𝑘∗ = √6𝐹𝑅𝐸∗23
.                                                   (1) 

𝐸∗ can then be used to derive the material’s elastic modulus by: 
1

𝐸∗ =
1−𝜐𝑠

2

𝐸𝑠
+

1−𝜐𝑡
2

𝐸𝑡
,                                                   (2) 

where 𝐸𝑠 and 𝐸𝑡 are the Young’s moduli, and 𝜐𝑠 and 𝜐𝑡 are the Poisson’s ratios of the sample 

and the tip (silicon in this case), respectively. The tip position on the cantilever and the tip 

radius 𝑅 were calibrated by CR-AFM measurements on a sample with known stiffness (see 

Suppmentary Information Section S3 for more details). 

 

5.4 GIWAXS characterization 

GIWAXS experiments were performed on predeposited films at the BL 7.3.3. beamline of the 

Advanced Light Source (ALS), Lawrence Berkeley National Laboratory.[77] The samples were 

placed in a He-filled compartment during the measurements to minimize air scattering and 

beam damage. An X-ray beam of energy 10 keV was incident on the samples and the incidence 

angle was varied from 0.15° to 0.30° to determine the critical angle for total external reflection. 

The 2D data were recorded with a Pilatus 2M detector with a pixel size of 172 μm and placed 

at a distance of about 280 mm from the samples. The sample to detector distance was calibrated 

using the scattering pattern of a polycrystalline silver behenate (AgBH) calibration sample. To 

ensure that the bulk of the film is sampled, the incidence angle of 0.30° was chosen for all the 

analysis in this work. Data were analyzed using the Nika package for Igor Pro software 

(Wavemetrics Inc.).[78] Sector-averaged 1D in-plane and out-of-plane scattering profiles were 

computed using 10° wide cake slices from the 2D diffraction patterns. The diffraction peaks in 
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the 1D profiles were fitted using Voigt functions on a polynomial background. Coherent lengths 

were obtained by applying the Scherrer grain size analysis to the fitted peaks.[79] Peaks were 

assigned to crystal facets by comparing the experimental data to simulated X-ray diffraction 

pattern (see Supplementary Information for details). Volume normalized geometry corrected 

pole figures were obtained from the missing wedge corrected 2D GIWAXS images.[80] The 

isotropic background was subtracted from the pole figure profiles using a linear interpolation 

of pre-peak and post-peak intensities. The polar angle (χ) is defined as the angle of the measured 

scattering signal from the normal to the substrate. Therefore, χ = 0° is perpendicular to the plane 

of the substrate, and χ = 90° is parallel to the plane of the substrate or the horizon. The measure 

of orientation distribution of crystallites was obtained by the calculating order parameter for the 

(010) peak near 0.4 Å-1. The order parameter (S) is related to the second moment orientation 

distribution by the equation:[81]  

                                                          𝑆 =
1

2
(3〈cos2 𝜒〉 − 1)                                                     (3) 

The second moment of the orientation distribution was calculated from the measured intensity 

𝐼(𝜒) using the relation:      

     〈cos2 𝜒〉 =
∫ 𝐼(𝜒) cos2 𝜒 sin 𝜒𝑑𝜒 

𝜋/2
0

∫ 𝐼(𝜒) sin 𝜒𝑑𝜒
𝜋/2

0

                                       (4) 

 

 

5.5 Thermal conductance calculation using MD simulations 

We conducted non-equilibrium MD simulations in the LAMMPS software package. We chose 

poly(p-phenylene) (PPP) as a prototypical polymer to model the thermal conductance across 

aryl-aryl interface. We chose polyethylene (PE) to model the thermal conductance across alkyl-

alkyl interface. We used Polymer Consistent Force Field (PCFF) to model the interatomic 

potential with a cutoff distance of 10 Angstrom. The simulation box consists of multiple 

polymer chains separated by a predetermined spacing, varied between 4 – 6 Angstrom. More 

details about the simulation setup are described in Suppmentary Information Section S5 and 

can be also found in our previous publication[28]. 
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