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ABSTRACT 

The low thermal conductivity of amorphous polymers typically prevents their usage in thermal 

management applications. Therefore, increasing their intrinsic thermal conductivity poses an 

exciting scientific challenge. One approach is to promote attractive interchain interactions. Here, 

we investigate the thermal conductivity of several ampholytic polymers. This unique class of 

polymers offers H-bond donor and acceptor groups in each repeat unit and constitutes an one-

component system. We use IR spectroscopy to characterize the bonding strength and motifs based 

on the carbonyl peak. For the dry ampholytic polymers, we find a correlation between H-bond 

strength and thermal conductivity. We also characterized the influence of hydration at various 

relative humidity conditions, which mostly led to an increase in thermal conductivity. This increase 

can be rationalized by the formation of a water-polymer nanocomposite material and can be 

described by volume-weighted mixing models.   
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Introduction 

Easy processability, lightweight, low cost, and electrical insulation make polymers promising 

candidates for various applications in electronic devices. The continuously increasing energy 

density in such electronic devices demands a wholistic concept for thermal management at the 

same time.1 The usually low thermal conductivity of polymers represents a significant obstacle in 

this context.  

For that reason, the ambitious goal of polymer chemists is to create thermally highly conducting 

polymers. Similar to the discovery of (semi)conducting polymers, this would open up an entirely 

new space for the application of amorphous polymers. Two general strategies have been pursued 

to reach this goal: the creation of polymer (nano)composites and polymer processing. In the case 

of processing a variety of methods such as mechanical stretching2-3, electro-spinning4, and nano-

templating5 have been investigated. In these cases, an increase in thermal conductivity is mostly 

attributed to a high chain orientation.6-7 The polymer chain orientation is often accompanied by 

some degree of crystallization. The chain alignment can be further enhanced by the proper design 

of the polymer backbone to promote stiffer polymer chains.8 Consequently, impressively high 

thermal conductivities, of around 20 W m-1 K-1, were measured along the axis of crystalline 

polymer fibers with a high modulus.2 However, the radial thermal conductivity stays low.9 Even a 

commercial product is already available, making use of stretched polymers with a high degree of 

crystallinity. The organic heat spreader TemprionTM OHS (DuPont) with a crystallinity of 99.9 % 

demonstrates a remarkable in-plane thermal conductivity of 45 W m-1 K-1 and typical polymer-like 

cross-plane thermal conductivity of 0.2 W m-1 K-1. Amorphous polymers, in general, have a lower 

thermal conductivity than crystalline ones. However, their heat spreading capabilities would be 

less affected by the orientation in space owing to the random polymer coiling. Furthermore, the 
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processing of amorphous polymers is less sophisticated due to the lack of a nucleation and growth 

phase compared to (semi)crystalline samples. Ways to beat the intrinsically low thermal 

conductivity of amorphous polymers are mixing with highly conducting components or the 

introduction of functional groups. 

In that regard, the field of (nano)composite materials has been actively investigated over the past 

years. The effective material properties strongly depend on a multitude of parameters such as the 

filler shape and composition, the interfacial interaction between filler and matrix, and the filler 

concentration.10-11 Depending on the filler shape, anisotropic thermal transport properties may 

evolve at the same time.12-13 

The introduction of functional groups to the polymer backbone or its side-groups is an alternative 

approach to increase the thermal conductivity. The main driving force for an increased thermal 

conductivity is stretching of the polymer to a more elongated conformation and an improved 

interchain transfer of the heat. Amorphous polymers with hydrogen bond-forming functional 

groups are consequently well suited to realize improved thermal conductivities.14 The strong 

hydrogen bonding between adjacent polymer chains could improve the transfer of thermal energy. 

In addition to this, the thermal conductivity can be further increased by the use of 

polyelectrolytes.15-16 Polyelectrolytes react sensitively to external stimuli such as ionic strength or 

pH, which influence the polymer conformation and polymer packing. 

The engineering of these interchain interactions can lead to high thermal conductivities of up to 

1.5 W m-1 K-1, as shown in amorphous polymer blends.17 However, demixing is a significant issue 

in polymer blends, and controversial findings on the role of H-bond were published.14 Miscibility 

is always an enormous challenge in polymer blends, and the resulting microstructure can be hard 

to characterize. 
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In this work, we present a new approach to prevent the issue of miscibility. Ampholytic polymers 

exhibit donor and acceptor groups for the formation of H-bonds covalently attached to one polymer 

chain, which inevitably prevents demixing. We present five different ampholytic polymers with a 

detailed characterization of their microstructure (measured by IR spectroscopy) and their thermal 

transport properties (measured by the photoacoustic method).  

Materials and Methods 

Polymer synthesis 

Synthesis of poly(2-(imidazole-1-yl)acrylic acid) (PImAA). The synthesis of ethyl 2-(imidazole-

1-yl)acrylate (EImA) and anionic polymerization in tetrahydrofuran (THF) with potassium tert-

butoxide (KOtBu) as initiator, as well as the polymer modifications, were performed as described 

in the literature.18 The polymers were characterized by 1H NMR (300 MHz, D2O) and SEC (0.1 M 

NaCl/0.3 % TFA in water, P2VP calibration). 

Synthesis of polydehydroalanine (PDha): PDha was synthesized as reported by Günther et al. or 

von der Lühe et al.19-20 Briefly, a solution of 2.9 mg (0.0084 mmol) of Lucirin TPO in 300 µL of 

1,4-dioxane was added to 300 mg (1.49 mmol) of tert-butoxycarbonylaminomethyl acrylate 

(tBAMA; M:I = 200:1). The mixture was placed in an UV cube (100 W) for 5 min. Afterward, the 

polymer was precipitated in 4 mL n-hexane and subsequently deprotected. Therefore, 500 mg of 

the obtained PtBAMA was dissolved in 7.5 mL of trifluoric acetic acid and stirred at 50 °C for one 

h. The mixture was precipitated in methanol. The so obtained PAMA was dissolved in 10 mL of 

1,4-dioxane, and a saturated solution of LiOH (10 mL) was added. The mixture was stirred at 100 

°C for three h and neutralized with diluted HClaq. During neutralization, PDha precipitated.  

PDha was characterized by 1H NMR (300 MHz, D2O/NaOD, pH 8). 
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Synthesis of poly(2-acrylamido glycolic acid) (PAGA): 2-Acryloylamido glycolic acid was 

synthesized as described in the literature.21 Reversible addition-fragmentation chain transfer 

(RAFT) polymerization was performed according to a previously published protocol22 with 

[M]:[CTA]:[I] = 145:1:0.3. PAGA was characterized by 1H NMR (D2O, 300 MHz) and SEC (0.1 

M NaNO3/ 0.05 % NaN3, PEO calibration). 

Synthesis of poly(methyl methacrylate) (PMMA): The RAFT synthesis of the PMMA was 

adapted from Mayadunne et al.23 Therefore, 38.25 g (0.382 mol) MMA, 750.6 mg (2.17 mmol) 2-

Cyano-2-propyl dodecyl trithiocarbonate (CPDTTC), 3.7 mg (0.0225 mmol) 

azobisisobutyronitrile (AIBN), and 11.9 g (0.129 mol) toluene were placed in a flask. The mixture 

was heated to 80 °C for 33.5 h. The polymer was precipitated in methanol. 

Poly(acrylic acid) (PAA): was purchased from Sigma-Aldrich as a sodium salt solution. The pH 

of the solution was adjusted to 1. The sodium ions were removed by dialysis of the solution against 

Milli-Q water until constant pH. 
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Scheme 1. Synthesis of poly(2-(imidazole-1-yl)acrylic acid) (PImAA), poly(2-(3-

methylimidazolium-1-yl)acrylic acid) (PMeImAA), poly(dehydroalanine) (PDha), and poly(2-

acrylamido glycolic acid) (PAGA). 
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Table 1. Summary of the measured polymer properties. The density and cp values were used for 

the determination of thermal conductivity. 

Name Mn [g mol-1] PDI Density [g cm-3] cp [J g-1K-1] 

PImAA 5,500 a) 1.31 a) 1.48 1.045 

PMeImAA 3,300a) 1.45 a) 1.37 0.896 

PDha 13,000b) 2.5 b) 1.24 1.009 

PAGA 28,500c) 1.32c) 1.22 1.245 

PAA 15,000 - 1.26 1.202 

PMMA 17,400d) 1.15 1.15 1.217 

a)  Determined by SEC using aqueous 0.3 % TFA/0.1M NaCl as eluent and calibrated against 
P2VP standards; b) Determined for the protected precursor of PDha by SEC using 0.1 % LiCl in 
DMAc as eluent and calibrated against PMMA standards; c) Determined by SEC using 0.1 M 
NaNO3/ 0.05 % NaN3 as eluent and calibrated against PEO standards, d) Determined by SEC using 
THF as eluent and calibrated against PMMA standards. 

Sample preparation 

Spin-coating 

The polymers were dissolved in the respective solvent to achieve concentrations between 

15 wt% and 25 wt%. PMMA was dissolved in toluene, PDha in DMSO, while all other polymers 

were processed from water. The solutions were then spin-casted on glass substrates with 

dimensions of 25x25 mm at 3000 rpm for 150 s. These samples were used for thermal conductivity 

measurements and IR investigations. The dry samples were kept in a vacuum oven at 100 °C for 

24 h. 

Humidity annealing 

Saturated salt solutions in a desiccator achieved different relative humidities. We used MgCl2, 

NaCl, and K2SO4 for relative humidities of 45 %, 77 %, and 92 %, respectively.24 The spin-cast 

samples were equilibrated in the humid atmosphere for 24 h before further investigations. The 
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transducer layer surface is shown in Figure S10 and demonstrates holes or cracks. Therefore, 

equilibration with the environment is not prevented by the evaporated transducer layer on top of 

the polymer. PA, AFM, and IR measurements were conducted immediately after receiving the 

samples from the humidity adjusted desiccator.  

Thermal conductivity measurements 

The photoacoustic (PA) method was used to determine the thermal conductivity of the spin-

coated polymer films.25-26 A gold transducer layer was applied to the top of the sample before the 

measurement. The sample is fixed to the measurement cell. The cell is gas-tight and filled with 

20 psi helium. A modulated laser heats the transducer layer periodically. The induced temperature 

change on the surface of the sample leads to an acoustic wave propagating into the gas. The 

acoustic signal is detected by a microphone and coupled to a lock-in amplifier. The frequency-

dependent phase shift between the modulated laser beam and the acoustic wave is measured. The 

experimental data are fitted by a multilayer model, describing the temperature distribution in the 

sample. The primary fitting result is the total layer resistance. Dividing the total layer resistance 

by the film thickness, the effective thermal conductivity is obtained. Each sample was measured 

three times. The mean values of these measurements are presented with the standard deviations as 

error bars. The humidity dependent data were measured without additional external control of the 

surrounding humidity. We did not observe a drift in the photoacoustic signal during the 

measurement time and conclude that the humidity water uptake remains constant for this duration 

(Figure S1c). More details can be found in the Supporting information section S1. 

Fourier-transform infrared spectroscopy 

The Fourier-transform infrared (FTIR) measurements were conducted on a Bruker (Billerica, 

MA, USA) Vertex 70 IR spectrometer with an attenuated total reflection (ATR) measurement unit. 
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The measurements were performed from 380 cm-1 to 4000 cm-1 with a resolution of 4 cm-1 and 128 

scans. The samples were taken from the desiccators or vacuum oven, respectively, and directly 

measured under ambient conditions. Normalized spectra were used to calculate the difference 

spectra relative to the dry polymer samples.27 Therefore, the normalized spectrum of the dry sample 

was subtracted from the spectra at the different relative humidities. The CH2 deformation vibration 

at 1450 cm-1 was used as a reference peak for normalization, which is unaffected by water 

adsorption.  

 

Fourier self-deconvolution 

Fourier self-deconvolution (FSD) is a mathematical method to increase spectral resolution. By 

this, it is possible to separate overlapping absorption bands in an IR spectrum.28 We applied the 

FSD according to Hu et al.29 The software OPUS 7.5 (Bruker, Billerica, MA, USA) was used for 

all steps. First, the carbonyl region (between 1800 cm-1 and 1540 cm-1) was cut-off. A baseline 

correction with one iteration was performed, and the spectrum was smoothed by 5-9 points. In the 

next step, the FSD was performed with a Lorentzian shape with a half-bandwidth of 25, and a 

noise reduction of 0.30. Another baseline correction was conducted before the peaks were selected 

according to the minima of the second derivative of the initial spectrum. Finally, the peaks were 

fitted with a Gaussian profile with the Levenberg-Marquardt method. 

Differential scanning calorimetry 

Differential scanning calorimetry (DSC) measurements were performed on a TA instruments 

Discovery DSC 2500. Two heating cycles were conducted; only the second cycle was used for 

evaluation. The temperature profile ranged from -40 °C to 140 °C using a heating rate of 10 K min-

1 with a nitrogen flow of 50 mL min-1. The measurements are shown in Figure S8.  
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Modulated DSC (MDSC) measurements were performed to determine the cp of the samples. The 

optimum MDSC parameters have been calculated and evaluated following the instructions 

described in the literature.30 The modulations in the transition-range and the modulation period 

were controlled and adjusted to a heating rate of 2 K min-1, a period of 80 sec, and an amplitude of 

1.6 K. The final samples were measured in hermetic pants to avoid loss of water during the 

measurement. The experiments were performed in a temperature range from 5 to 60 °C. The cp at 

25 °C of each polymer is given in Table 1Scheme 1. Synthesis of poly(2-(imidazole-1-yl)acrylic 

acid) (PImAA), poly(2-(3-methylimidazolium-1-yl)acrylic acid) (PMeImAA), 

poly(dehydroalanine) (PDha), and poly(2-acrylamido glycolic acid) (PAGA). 
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Table 1. 

 

Helium pycnometer 

An Ultrapyc 1200e (Quantachrome Instruments, Boynton Beach, FL, USA) was used for the 

determination of the density of the dry samples. Before each run, the volume of the measurement 

cell was calibrated. Subsequently, a defined mass of the polymer was put into the cell. The volume 

of the polymer was determined by 100 runs. The division of mass and volume calculated the 

density. The obtained values are summarized in Table 1.  

 

Results and Discussion 

We investigate the effective thermal conductivity of four different ampholytic polymers, 

poly(dehydroalanine) (PDha), poly(2-acrylamido glycolic acid) (PAGA), poly(2-(imidazole-1-

yl)acrylic acid) (PImAA), and its methylated derivative poly(2-(3-methylimidazolium-1-yl)acrylic 

acid) (PMeImAA, Figure 1a). All polymers have at least two different functional groups per 

repetition unit. We also analyzed poly(acrylic acid) (PAA) with only one functional group, which 

was reported to play a crucial role in the formation of a highly conducting pathway.17 Poly(methyl 

methacrylate) is not able to form hydrogen bonds and was also measured as a reference system.  

We start our analysis by the polymer characterization under dry conditions, i.e., after storing the 

samples in a vacuum oven. In the IR spectra in Figure 1b, it can be seen that, except PMMA, all 

polymers form intra- and intermolecular hydrogen bond interactions as indicated by the broad 

bands between 2500 cm-1 and 3600 cm-1. These bands originate from the O-H and N-H stretching 

vibrations. OH-wagging at 900 cm-1 is another indicator for the presence of COOH under these 

vacuum dried conditions. This band is broad due to various spatial orientations of the H-bond 
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forming functional groups. Due to this variety of possible bonds, the underlying C-H stretching 

vibrations, and several overtones, this region of an IR spectrum is challenging to evaluate.  

We, consequently, focus our analysis on another strong peak connected to hydrogen bonds: the 

carbonyl stretching vibration around 1700 cm-1. This peak is very strong, possesses a small 

FWHM, and is sensitive to the local environment.29, 31-32 Therefore, it provides a suitable target for 

further investigations of H-bonds. Furthermore, it was shown that the absorption coefficient of the 

carbonyl stretching vibration, in comparison to the O-H and N-H stretching, does not depend 

significantly on the strength of the H-bonds.33-34 One disadvantage is that H-bonds between 

functional groups without a carbonyl group contribution cannot be resolved. A first indication of 

the strength of a hydrogen bond is the position of the carbonyl peak, whereby lower frequencies 

indicate an increasing strength of the H-bond.35 We see a systematic shift of the carbonyl peak 

from PAA to PMeImAA, indicating an overall increase in strength of the carboxylic H-bonds. 

The effective thermal conductivities (Figure 1c) show typical values for water-soluble 

amorphous polymers compared to values reported in the literature (shaded area).14 Comparing our 

values for PMMA (0.16 W m-1 K-1) and PAA (0.31 W m-1 K-1) with the literature (0.20 W m-1 K-

114 and 0.34 W m-1 K-116/0.37 W m-1 K-114) we find slightly lower values. The lower values are 

reasonable since the PA method determines the total layer resistance of the sample. The effective 

thermal conductivity is calculated based on the polymer film thickness. Also, it takes the thermal 

resistances between the polymer layer and the support structure and transducer layer, respectively, 

into account. We attribute the relatively large standard deviation of the PImAA sample to the 

lowest layer thickness (< 1 µm) of the PImAA sample, which reduces the fitting accuracy. 
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Figure 1. a) Structure of the ampholytic polymers and the reference polymers PAA and PMMA. 

The ampholytic polymers have at least two functional groups per repetition unit. b) IR spectra of 

all investigated polymer samples in the dry state. The red dashed lines present the carbonyl peak 

position of PMMA and PMeImAA, respectively. c) The measured effective thermal conductivity 

of all samples (solid bars). The thermal conductivity correlates with the peak position (black 

symbols) of the carbonyl band measured by IR spectroscopy (except for PAA). The light blue area 

indicates the range of literature values for amorphous, water-soluble polymers.14  

 

Considering the systematic increase in H-bond strength derived from the carbonyl peak position, 

we find the expected increase in thermal conductivity for the ampholytic samples under 
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investigation. Rather unexpected from this point of view is the exceptionally high thermal 

conductivity of PAA. 

For further insight into the strength of the H-bonds, we provide a detailed analysis of the IR 

spectra. We base our analysis on a Fourier self-deconvolution (FSD) of the carbonyl resonance 

between 1600 and 1750 cm-1, according to Hu et al.29 The fitted spectra are shown in Figure 2. The 

peaks are assigned to different configurations of the carbonyl group. Dark yellow is anhydrides 

(1805 cm-1 to 1760 cm-1), green is free carbonyl groups (1740 cm-1 to 1730 cm-1), cyan is the 

terminal oligomeric form of carboxylic acid (1716 cm-1 to 1680 cm-1), blue is the cyclic dimer 

(1700 cm-1 to 1665 cm-1), and grey-blue is the inner oligomeric form (1675 cm-1 to 1650 cm-1). 

These peaks can be found in all samples containing a carboxylic acid group. The assignment is 

based on Dong et al.31, who investigated different H-bond motifs in PAA samples. The introduction 

of amino-groups in our ampholytic polymers introduces additional peaks marked in purple, 

ascribed to H-bonds with primary or secondary amino groups (PDha and PAGA). A final category 

of H-bonds is assigned to the interaction of the carbonyl group with the imidazole ring in PImAA 

and PMeImAA depicted in dark blue. Further contributions arising from vibrations other than the 

carbonyl stretching, like NH bending vibration/Amide II and vibrations of the aromatic ring, are 

summarized in orange. As a consequence, the orange bands were excluded for the evaluation of 

the carbonyl ratio. 

The relative contribution of all these different classes of hydrogen bonds is summarized in Figure 

2b. Most notably, PAA comprises a range of strongly coordinated H-bonds (dimer, inner, terminal) 

and even covalently condensed moieties (anhydride). The interplay of these structural motifs 

facilitates thermal transport between the polymer chains. Please note that the strength of the H-

bond is lowest in the case of PAA compared to all other ampholytic polymers (Figure 1b, 1723 
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cm-1 peak position of the carbonyl band). Thus the bonding scheme in PAA may additionally 

facilitate an elongated conformation, which also improves thermal transport. As soon as an 

additional functional group is introduced (NH2 in the case of PDha), the thermal conductivity drops 

considerably. However, the nature of the H-bond environment is still comparable to PAA. Merely 

the anhydride and free-carboxyl bonds are replaced by O-H-N moieties (“other bonds” in Figure 

2b). The overall stiffer carbonyl peak (1695 cm-1) should even favor a higher thermal conductivity. 

Thus it is difficult to unambiguously relate the thermal conductivity reduction to subtle differences 

in the way hydrogen bonds are formed in the respective polymers. Additional contributions, such 

as the side chain structure15 or the influence of the side groups on the polymer morphology8, are 

important at the same time. Thus, the alleged beneficial influence of additional hydrogen bonds to 

the primary amino-group is counteracted by conformational changes that cannot be resolved by IR 

characterization. The transition from PDha to PAGA, PImAA, and PMeImAA demonstrates a 

monotonic increase in the class of other hydrogen bonds. Along this direction, the strength of the 

carbonyl bond also increases. The combination of both effects translates into the general trend of 

increasing thermal conductivity.  
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Figure 2. a) Deconvoluted IR spectra of all investigated samples. The films were dried before the 

measurements. b) The relative ratio of different motifs of the carbonyl bond. c) Schematic 

illustration of different H-bond motifs. 

 

PAA and all herein used ampholytic polymers are strongly sensitive to humidity. We, 

consequently, determined its influence on the effective thermal conductivity. We gravimetrically 

measured the moisture content after prolonged exposure to specific humidities (Figure 3a). 

PMMA, as a control, demonstrates no sensitivity to increasing humidity. PAA exhibits a 

considerable absorption of water on the order of 40 %, whereas, in the case of the herein used, 

ampholytic polymers values from 35 % to 60 % are found. The quaternized PMeImAA exhibits 

the most significant water uptake and doubles its weight. These mass changes are comparable to 



18 
 

literature data on PAA36and other polyelectrolytes37, respectively. The uptake of water influences 

not only the H-bonding within the polymers, but also the specific heat capacity and density. Both 

quantities are highly relevant when determining the thermal conductivity under these conditions. 

The measurement of the effective polymer density at various humidity conditions is not possible 

in a direct manner. We, therefore, used the measured moisture content to calculate the humidity 

dependent density. The specific heat capacity was determined experimentally by MDSC 

measurements, using hermetic pans (Figure 3b). The shaded areas indicate the expected cp based 

on a mass-weighted mixing model considering the measured moisture contents. Whereas the 

overall trend of an increasing cp is well captured in all cases, some degree of variability in a range 

of ~ 20 % is seen. This variation can be explained by the difficulty of accurately retaining the 

moisture uptake and polymer conformation during the measurement itself. 

 

Figure 3. Humidity dependence of the samples. a) Moisture content increases with humidity for 

all polymers with functional groups. Shaded areas mark the variability. b) cp, measured by MDSC, 

increases with humidity (solid lines and symbols). Shaded areas rationalize the expected trend of 

the cp based on the water uptake in a) calculated by a mass-weighted mixing model.  
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The uptake of water also affects the polymer microstructure and H-bond environment. 

Consistently with our previous analysis, we used FSD of the carbonyl peak of our FTIR spectra. 

Figure 4 summarizes three distinct cases: PAA, PImAA, and PMeImAA. The spectra show a 

distinctly different way of water uptake in the case of PAA compared to PImAA and PMeImAA. 

In the literature, there is a differentiation between unbound and bound water.36, 38 We define bound 

water as directly coordinated to the polymer, while unbound water interacts with other water 

molecules and forms clusters.  

Our results of the absorbed amount of water in PAA (moisture content of 0.42 g/g polymer) are 

in good agreement with the literature value (0.47 g/g polymer).36 Also, the FTIR difference 

spectrum is in good agreement with the findings of Daniliuc et al.36 They reported a negative 

contribution in the difference spectra for free C=O (around 1735 cm-1) and dimer (around 1700 cm-

1) and a positive peak between 1672 and 1634 cm-1. The negative contributions are attributed to 

disconnected polymer-polymer interactions, while the positive contributions are newly formed 

polymer-water interactions.36 They interpreted the spectra such that only bound water exists in 

their PAA sample. 

Despite a higher moisture content, the difference spectra of PImAA and PMeImAA show overall 

fewer variations. Although the negative contributions between 1675 cm-1 and 1600 cm-1 represent 

disconnected polymer-polymer interactions, the overall lack of significant positive contributions 

indicates that the water is adsorbed in a less bound state in the case of PImAA and PMeImAA. 

The variation between these two polymers is smaller since polymers with similar functional groups 

show similar peaks in IR spectroscopy when ad/absorbing water.39 The same data evaluation and 

representation for PDha and PAGA are summarized in Figure S8. 
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Figure 4. From left to right: IR-spectra of samples stored at different relative humidity. Difference 

spectra in the region of the carbonyl stretching vibration. The relative peak area of different H-

bond structures dependent on the relative humidity. (a) PAA, (b) PImAA and (c) PMeImAA. 

 

When considering the deconvoluted peaks (right panels of Figure 4), one has to be cautious 

while interpreting the respective contributions. The major difficulty is that the thermal conductivity 

is governed by various parameters, which was already pointed out in the discussion of the dry 

samples. We can, however, extract reasonable trends. PAA shows that the adsorption of bound 

water hardly influences the thermal conductivity. Consequently, bound water intercalates tightly 

between the PAA chains without affecting its conformation nor impeding interchain thermal 
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transport. The IR spectra of PImAA do not show significant changes in the carbonyl peak region. 

Consequently, the uptake of bound and unbound water itself seems to be the driving force for the 

monotonic increase in thermal conductivity. PMeImAA hints towards the fact that the creation of 

inner oligomeric groups on the expense of anhydride, cyclic dimer, and charged heterocycle 

interactions impedes thermal transport up to the humidity of RH ~ 77 %. Lastly, considering 

reports in the literature, the uptake of water was also reported to increase the effective thermal 

conductivity strongly. Mehra et al.40 worked with polyvinylalcohol (PVA) and ascribed the thermal 

conductivity increase to the formation of thermal bridges by bound water molecules. All these 

examples demonstrate that the influence of humidity on the thermal transport in hydrophilic 

polymers is hard to predict and certainly depends on the specific polymer/water combination. 

Whereas the previous discussion focused on a microscopic interpretation of inter- and 

intramolecular interaction between the constituting polymers, we also want to draw the attention 

to an alternative consideration comprising a much more coarse-grained point of view. The uptake 

of unbound water can be understood as a way to generate a two-phase material, where water 

clusters are formed.38 This heterogeneous material can then be analyzed in a similar way to other 

nanocomposite materials using effective medium models as described by Carson41. For this, we 

use the vacuum (dry) polymer thermal conductivity as the pure phase of one component and 

literature data of the thermal conductivity of water as the second component. In combination with 

our data of the moisture uptake (Figure 3a) and two volume-weighted mixing models (parallel 

mixing model and effective medium model41), the humidity-dependent thermal conductivity is 

calculated (Figure 5). For PDha, PAGA, and PImAA, both mixing models describe the 

experimental data adequately well, particularly when considering the accuracy of the mixing 

models themselves and the thermal conductivity determination. For the case of PAA, where a high 
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amount of bound water can be expected, both mixing models systematically overestimate the 

effective thermal conductivity.  

 

Figure 5. Effective thermal conductivity versus relative humidity for all investigated polymer 

samples. From (a) to (f) PMMA, PAA, PDha, PAGA, PImAA, and PMeImAA. The solid symbols 
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depict the experimental data, while the dashed and dotted lines are calculated values using the 

parallel and the EMT mixing model, respectively. A schematic illustration of these models is 

shown as an inset in (a). The shaded areas consider the variability due to the deviation of the 

moisture content determination. The dashed black line represents the thermal conductivity of 

water.  

The parallel mixing model is based on the presence of extended percolation paths through the 

entire polymer structure. In contrast, if the water uptake happened in a random and dispersed 

fashion within the polymer, it should be better represented by the EMT mixing model (also 

compare to the schematic depiction in the inset of Figure 5a)41. The small difference between the 

pure polymer and the pure water thermal conductivity prevents an unambiguous judgment on the 

presence of dispersed or percolated water inside the polymer. Both mixing models, however, 

support the straight-forward interpretation in the sense of a water-polymer nanocomposite 

material. Only the ionic PMeImAA sample deviates strongly from the mixing models, which could 

be understood in a way that the uptake of water first disrupts thermal transport pathways. Once 

water condensation sets in at very high humidity (RH ~ 92 %), the thermal conductivity is again 

dominated by the water-phase.  

 

Conclusion 

We employed a set of polyampholytes featuring a high density of functional groups to 

investigate how thermal transport can be controlled by hydrogen bonding in amorphous polymers. 

We, therefore, compared four types of ampholytic polymers to PAA and PMMA as reference 

materials. The investigation of ampholytic polymers is particularly interesting since this opens an 

elegant pathway to study the influence of H-donor and H-acceptor groups in a one-phase system. 
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We employed a detailed IR spectroscopy investigation for a holistic understanding of the involved 

H-bond motifs. 

In summary, we can deduce three major trends. Firstly, PAA is an exceptionally well-conducting 

hydrophilic polymer, which we attribute to a stretched polymer conformation. Secondly, for all 

ampholytic polymers, we find an overall trend of increasing thermal conductivity along with an 

increase in the H-bond strength under dry conditions. This can be deduced from a systematic red-

shift of the carbonyl peak. Thirdly, the presence of humidity leads to a polymer-specific uptake of 

water and, consequently, to a variety of changes to the H-bond motifs. Yet, the thermal transport 

in ampholytic polymers can be well described by mixing models, where the uptake of water is 

considered as the formation of a nanocomposite material. Deviations from this straight-forward 

description are PAA, where a high amount of strongly bound water is observed, and for 

PMeImAA, where ionic interactions are dominant. The deconvolution of the carbonyl resonance 

peak demonstrates a range of binding motifs between the respective polymers. However, an 

unambiguous assignment of a particular H-bond moiety to an increased or decreased thermal 

transport behavior is not possible. Additional factors such as scattering effects along the polymer 

backbone or on polymer side groups have to be taken into account, as well as subtle changes to 

the polymer conformation. Overall, our contribution adds to a better understanding of the role of 

H-bonds for thermal transport in polymer materials. 

Most importantly, not only the specific design of H-bond motifs determines the capability to 

conduct thermal energy. Even in the case of one-phase systems, the various influences of polymer 

conformation, side-groups, and interaction have to be balanced. We are still far away from a 

predictive model to molecularly design amorphous polymers to a specific high or low thermal 
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conductivity. This is an ongoing challenge to be addressed by polymer chemists and engineers 

over the next years. 
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