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Natural polymers like cellulose are rich in hydrophilic groups those are able to form intermolecular and intramolecular hydrogen bonding 

interactions. The regulation of such interactions can be critical for tuning material functionality. In this work, we designed a sustainable hybrid 

comprising of sodium carboxymethyl cellulose (SCMC) and xylitol, in which the molecular interaction is tuned for significantly enhanced 

thermal conductivity (TC). With optimized ratio of SCMC and xylitol, enhanced TC of up to 1.75 times of neat SCMC was achieved in addition 

to excellent flexibility and optical transparency. These enhancements are attributed to the formation of new H-bonds between SCMC and xylitol 

molecules resulting in formation of homogenously distributed thermal bridges throughout the polymer matrix. The intermolecular interaction in 

SCMC-xylitol composites elucidates some of the fundamental factors (e.g. H-bond intensity) responsible for promoted phonon transfer in 

polymeric materials, and at the same time sheds light on the capability of employing biopolymer-polyol based materials for thermal management 

applications.
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1. Introduction
(indent) Thermal management is crucial in a variety of applications 

such as sensing, actuation and computation. The rapid trend of 

miniaturization over the last decade has elevated thermal management 

as one of the critical design problems. The overriding goal in such 

applications is to effectively utilize the available energy and minimize 

the risk of failure because of excessive heat in components of the 
1-2 3systems.  For thin flexible electronic devices such as electronic papers,  

4-5 6flexible organic light-emitting diodes  and foldable solar cells,  

combination of high thermal conductivity (TC), flexibility and optical 

transparency is required. Therefore, fabrication of materials exhibiting a 

good combination of these properties have attracted attentions.

Polymers are attractive platform for new functional materials 

because they are non-corrosive, flexible, electrically insulating and offer 

important phase change properties at an affordable cost. Despite these 

attractive properties, the impact of plastics on environment and eco-

system has aroused huge concern nowadays. To develop thermal 

management materials, traditional petroleum-based polymers are not 

natural fit since they suffer from intrinsically low TC. Therefore, it is of 

paramount importance to find green alternatives with proper approaches 

for their TC enhancement.  

Heat conduction in insulating materials, including polymeric 

materials, is regulated by the propagation of phonons, which are 

7discrete units of heat energy analogous to photons.  Heat can be 

transferred efficiently across a temperature gradient when the scattering 
8of phonon is minimized.  Polymers usually show low TC because there 

9-10is significant phonon scattering between the polymer chains.  The high 

phonon scattering is due to random entanglement of polymer chains and 
11absence of efficient thermal network for phonon transfer.  Traditionally, 

TC enhancement of polymers can be achieved by incorporating 
12-14 15-17thermally conductive fillers such as metallic,  ceramic  or carbon 

18-20based.  When such fillers form a continuous network inside the 

matrix, efficient phonon propagation along the network would facilitate 
2heat conduction.  However, in terms of scale-up manufacturing, it is 

often challenging to inject a large amount of fillers to ensure the 

formation of such continuous networks because it increases the cost of 
21material and also the difficulty in processing.  In addition, the 

introduction of new polymer-filler interfaces would increase phonon 
22-24scattering and adversely affect TC.  Recently, Kim, et al. reported a 

significant enhancement of TC in miscible blend of poly (N-acryloyl 

piperidine) (PAP) and poly (acrylic acid) (PAA) without using any 

fillers. Interestingly, the formation of strong H-bonds between PAP and 

PAA resulted in the formation of continuous H-bond network inside the 

matrix and therefore significantly increased TC. It is claimed that such a 

network can be obtained by fine tuning the interchain interactions 
21between the polymer chains.  Using the same strategy, Mehra et al. 

enhanced the TC of poly (vinyl alcohol) (PVA) with small molecules 
25 7,22including water  and short organic molecules.  It has been 

demonstrated that incorporation of small molecules which can form H-

bonds with PVA facilitated the formation of a continuous thermal 

network inside the matrix followed by boosting the phonon transfer and 

TC. 

Inspired by the aforementioned approach and considering the 

alternative biopolymers instead of petroleum-based polymers, we 
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investigated the effects of interchain interactions between a 

biopolymeric host and a naturally occurring sugar alcohol on the 

thermal, mechanical and optical properties of the resulting hybrid film. 

The selected host is sodium carboxymethyl cellulose (SCMC) and the 

additive is xylitol. SCMC is an anionic linear polysaccharide, which is 
26an esterified derivative of cellulose  that is widely used in industries 

27 28 29such as food,  agriculture and forestry,  textile and paper , drug and 
30 31cosmetics,  ceramics, paints and lacquers, adhesives etc.  Its wide 

26, 32-33applicability is largely because of its high viscosity,  low cost, non-
34-36 33toxic, non-allergenic,  biodegradability  and its oil and lipid barrier 

33,37properties.  However, the presence of strong H-bonds in SCMC  leads 

to its poor thermoplasticity, which can be improved by reducing the 
38inter-molecular interactions.  Plasticizers are often added to improve 

39the processability and flexibility of such biopolymers.  In this work, 

xylitol as a natural polyol was selected as plasticizer due to its rich 
40 41hydroxyl groups  and relatively high TC.  The insertion of such small 

plasticizers into SCMC could increase the distance between polymer 
42chains and thus their mobility.  Moreover, it is expected that new H-

bonds can be formed between SCMC and xylitol and thus new 

thermally conductive networks inside the polymeric matrix. Here, the 

effect of xylitol concentration on the mechanical, optical and thermal 

properties of SCMC/xylitol hybrids was investigated by various 

characterization techniques. The complete green nature of such hybrids 

with desired multi-functionality offers a new perspective of utilizing 

sustainable products for advanced materials design and applications. 

2. Experimental
2.1 Materials and sample preparation

(indent) High viscosity grade SCMC and xylitol were purchased from 

Sigma-Aldrich. These products were used as received. Deionized (DI) 

water (Millipore) with minimum resistivity of 18.2 MΩ was used as 

solvent. To prepare the films, 5.0 g of SCMC was gradually added to 

150 mL DI water while stirring mechanically. After obtaining a 

transparent viscous solution, the required amount of xylitol was added 

to the solution and mixed for 30 minutes. Blends with different weight 

ratios of SCMC: xylitol (5: 0 (SX0), 5: 1 (SX1), 5: 2 (SX2), 5: 4 (SX4) 

and 5: 5 (SX5)) were prepared. The transparent solutions were poured 

into glass petri dishes and dried at 55 °C for 5 days to obtain 

freestanding films. These films were used for all the other 

measurements. 

2.2  Characterization methods

(indent) Fourier-transform infrared spectroscopy (FT-IR) characterizations 

were carried out using Perkin Elmer ATR FT-IR. Mechanical tests were 

conducted using ADMET 500 universal testing machine (MTEST 

Quattro, USA). For tensile test, films were cut into rectangle shaped 

samples with dimension of 80 × 5 mm and the average values of the 

thickness from five different points were used. Five tensile 

measurements were performed on each sample to minimize the 

experimental error. TC measurements were carried out using C-Therm 

TCi Thermal Conductivity Analyzer. Thermal behavior of the samples 

was characterized by Thermogravimetric Analyzer (TGA Q50, TA 

instrument). The transmittance characterization of films was carried out 

using UV-1800 Shimadzu spectrophotometer in the range of 200-800 

nm.

3. Results and discussion
(indent) SCMC is a cellulose derivative with sodium carboxymethyl 

26(CH COONa) groups.  The large number of hydroxyl and carboxyl 2

groups present in SCMC, as illustrated in Fig. 1, is responsible for its 

hydrophilic nature. Since SCMC and xylitol are both hydrophilic, they 

are soluble and miscible in water. Xylitol molecules can easily diffuse 

into the intermolecular space between SCMC chains. When the water is 

evaporated, the mixture results in a transparent film. 

 To distinguish the molecular interactions by using FT-IR, the 
43,44wavelength shift of a certain functional group should be monitored.  

Since SCMC and xylitol are hydrophilic components with numerous 

hydroxyl groups, their O-H band shifts are a reliable indicator for 

Fig. 1 The H-bonds involved in SCMC are illustrated; intrachain H-bonding are shown in blue and interchain H-bonding are shown in green. The H-

bonds between the molecules of SCMC can be replaced by new H-bonds between xylitol and SCMC molecules. The shown configuration is only one of 

the possibilities in SCMC-xylitol system.
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Fig. 2 (A) FT-IR spectra of xylitol and SCMC-xylitol films with different xylitol contents (SX0-SX5 respectively), (B) higher magnification of hydroxyl 

stretching peaks which is highlighted in Fig. 2(A). 

monitoring the changes in interactions of the system.  Fig. 2 shows the 

characteristic peaks associated with the main functional groups in 
-1SCMC. The peak at 2961.93 cm  is associated with the stretching of C-

-1H bonds while peaks at 1588.12 and 1413.13 cm  are ascribed to 

asymmetry and symmetry stretching of carboxylate groups, 
-1respectively. The band at 1024.51 cm  is assigned to the asymmetry 

stretching frequency of C-O-C groups. The strong and broad peak at 
-13318 cm  is associated with the stretching frequency of O-H bonding 

45-46as well as interchain and intrachain H-bonding.  These H-bonds are 

formed between SCMC molecules due to the presence of large number 
47of hydroxyl and carboxyl groups.  The O-H bond stretching of xylitol 

-1 48appears at 3431, 3364 and 3290 cm  wavelengths.

Fig. 2(A) shows the FT-IR spectra of the neat SCMC and the  

SCMC-xylitol hybrid films with different contents of xylitol. The peaks 

representing the O-H stretching of SCMC-xylitol system, shown in the 
-1highlighted wavelength range 3000-3550 cm  appears smooth for 

samples with xylitol up to 44.4 wt% (SX4). In contrast, for SX5 

sample, there are multiple peaks, which appear at wavelength of 3425, 
-13360 and 3293 cm . As discussed earlier, these peaks are the finger 

prints of xylitol. Therefore, it seems that this concentration of xylitol 

49exceeds the compatibility limit of SCMC-xylitol system.   

Fig. 2(B) shows the O-H stretching peaks at higher magnification. 

The hydroxyl stretching peak shifted from 3335 to 3268, 3276 and 3288 
-1cm  for SX1, SX2 and SX4 confirming the enhanced strength of 

50hydrogen bonding interactions.  However, this is in contrast with the 

plasticizing role of xylitol. Plasticizing action of a plasticizer is 

accompanied with weakening of the attraction forces between the 
51polymer chains leading to flexibility enhancement of the polymer.  

Thus, xylitol is acting as an antiplasticizer in these concentrations. 

Antiplasticizing effect or antiplasticization is the effect of low 

concentration of plasticizer in which they increase the stiffness of 
52polymers.  Previously, Chaudhary has demonstrated the antiplasticzing 

effect of polyols on the glass transition (T ) of starch films. It was found g

that incorporation of xylitol and glycerol in low concentration led to 

increased T . This phenomenon was explained by increased interactions g
53followed by enhanced networking and molecular entanglements.   

Finally, the OH peak of the SX5 sample appeared with OH peaks 

of xylitol at higher wavelength than the corresponding wavelength in 
54-55pure SCMC. The higher the wavelength, the weaker is the interaction.  

This means that the strength of intermolecular hydrogen bonding of 

Fig. 3 Stress-strain curves of SCMC-xylitol films SX0- SX5 respectively.
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SCMC is decreased. Formation of H-bonds between SCMC and xylitol 
42, 53can affect the intra-molecular interaction of individual component  

and at the same time leads to the formation of thermal bridges, which 
11, 21-22facilitates phonon transfer across the polymer chain.  The former 

37increases the mobility and flexibility of the macromolecules , while 
11, 21-22, 25latter enhances the TC of the resulted blend films.   

SCMC, like most of other biopolymers, suffers from poor 

mechanical properties such as fragility and brittleness that limit its 

application in several industries. Fragility can be addressed by using 

plasticizers. The low molecular weight of plasticizers allows them to 

diffuse into the intermolecular spaces and reduce intermolecular forces. 

As a result, the free volume is increased resulting in enhanced 

molecular mobility, and hence making the biopolymer more flexible. 

When biodegradable plasticizers are used for biopolymers, the hybrids 

retain their biodegradability. Polyols (e.g. sorbitol, mannitol, xylitol, 

Fig. 4 (A) Summary of the effect of xylitol content on ME and (B) maximum stress (TS) of SCMC-xylitol films.

etc.) are hydrophilic natural plasticizers that can enhance the mechanical 
37properties of the compatible hydrophilic biopolymers such as SCMC.

Mechanical test was performed to evaluate the effect of xylitol 

content on mechanical properties of SCMC namely elongation at break 

(%elongation), tensile strength (TS) and modulus of elasticity (ME).  As 

shown in Fig. 3, introduction of xylitol up to 4.0 g into SCMC does not 

significantly affect the %elongation of the hybrids, while for SX5, 

%elongation is about 2 times of its value for pure SCMC. This 

phenomenon can be explained by the plasticizing effect of xylitol and 

weakened intermolecular bonds of SCMC with newly formed H-bonds 

between xylitol and SCMC. As a result, the polymer chains are less 
42, 49restricted leading to better flexibility.  

The maximum stress and ME of all samples is summarized in Fig. 

4. It is observed that lower loading of xylitol into SCMC (SX1 and 

SX2) results in more rigid films which is reflected in both stress and 

Fig. 5 (A) Before and (A') after applying force on SX0, SX1 and SX2 samples. These samples could not be bent and were broken immediately after 

bending. (B) Sample SX4 could be bent but broke when rolled (B'), and the SX5 sample was flexible enough to be rolled (C).
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ME. It is well-known that the mechanical properties are mainly affected 
56by inter- and intramolecular interactions between the molecules.  For 

SX1, TS improves from 123 to 153 MPa and its ME increases from 

10.21 to 10.88 GPa. Further addition of xylitol (SX2) decreased the TS 

to 127 MPa and the ME to10.58 GPa which is still higher than strength 

and ME of the pure SCMC film. The increased strength and ME of 

SX1 and SX2 films can be explained by the antiplasticizing effect of 

xylitol. For SCMC-xylitol films with low content of xylitol, the 

hydroxyl groups of xylitol can increase the SCMC-xylitol interaction, 

networking and molecular entanglement that result in higher strength 
53, 57and ME.  On the other hand, further increasing xylitol content in SX4 

and SX5 samples, decreases both the strength and ME of the films 

which means xylitol is softening the films at these concentrations.  

Therefore, there is a transition zone for xylitol in the range of 28.5 to 

44.4 wt% in which it switches from antiplasticizer to plasticizer for 

SCMC.

Fig. 5 shows the flexibility of the SCMC-xylitol films. Fig. 5(A) 

and Fig. 5(A') as the before and after applying bending, demonstrate the  

fragility of SX0, SX1 and SX2 films. These films could not bend and 

break immediately when bending force was applied. Similar 

phenomenon can be observed in SX4, Fig. 5(B&B').  In contrast, SX5 

can be rolled easily as illustrated in Fig. 5(C). 

Fig. 6 shows the TC values of all the samples. The TC of neat 

SCMC is 0.43 W/(m·K) and it improved to 0.75 W/(m·K) (1.75 times) 

when the xylitol content was increased to 50 wt% (SX5). The 

formation of thermal conducting pathways between polymer chains that 

arise because of intermolecular interactions, i.e. H-bonding, among 
21-22, 25, 58dissimilar molecules has been reported in the literatures.  For 

instance, incorporation of water molecule in PVA matrix resulted in TC 

enhancement of over 200%. TC improvement was based on the newly 

formed hydrogen bonding between the PVA chains and water 
25molecules.   

Improving TC of polymeric systems with this approach requires a 

homogenous distribution of interchain interactions above the 
21percolation threshold.  Therefore, miscibility of the polymeric host with 

the additive is a key factor for enhancing TC. If the components are 

immiscible, the mixture will phase separate leading to agglomeration of 
22polymer chains with increased phonon scattering, and thus lower TC.  

Here, due to hydrophilic nature of both SCMC and xylitol, H-bond can 

Fig. 6 TC of SCMC-xylitol film increases with the content of xylitol in 

5.0 g SCMC. Notice the improvement from 0.43 W/(m·K) (neat 

SCMC) to 0.75 W/(m·K) with 50 wt% of xylitol.

Fig. 7 (A) TGA and (B) Derivative TGA (DTGA) thermograms of SX0-SX5 samples and xylitol (Xyl).

be formed uniformly within the mixture and thus improved TC was 

achieved.

As it was mentioned earlier, due to presence of hydroxyl and 

carboxyl groups in SCMC, abundant intra- and interchain hydrogen 

bonding is present in SCMC. These interactions lead to random self-

association and rigidity of SCMC. The addition of xylitol disassociates 

such intrachain/interchain bonds (in SCMC) and forms new H-bonds 

with SCMC. The five hydroxyl groups in each xylitol molecule has 

great capability to interact with SCMC via H-bonds those are formed 

between the hydroxyl-hydroxyl groups or hydroxyl-carboxyl groups. As 

a result, a network of H-bonds through the matrix can be formed. 

Meanwhile, antiplasticizer effect of xylitol in low concentration 

increases the strength of present interactions followed by increased 

networking and molecular entanglements. Although plasticizer effect of 

xylitol in high concentration is accompanied with weakening of the 

interactions, but due to increased density of thermal bridges between the 

polymer chains a well-defined thermal network will be formed through 

the matrix. Therefore, the loading of thermal bridges through the matrix 

CommunicationEngineered Science
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is a dominant factor over the strength of interactions, which results in 

enhancing TC up to 0.75 W/(m·K) with 50 wt% loading of xylitol.

Thermal stability of the hybrids was evaluated by TGA. Fig. 7(A) 

shows the thermal degradation of samples under nitrogen environment 

as a function of temperature. Decomposition of all the samples in a 

single step confirms the presence of a strong interaction between 
59-60SCMC and xylitol.  The initial decrease in weight of the samples that 

can be noticed in the Fig. 7(A) is due to the presence of moisture in the 

samples. In the temperature range of 250 to 323 °C, the decrease in 
26, 61weight of SCMC can be attributed to decarboxylation.  Finally in the 

temperature range of 373 to 511 °C, the decrease in weight is because 
61the remaining material in the film is converted into carbon residues.   

Since xylitol can be almost fully decomposed at ~500 °C, only SCMC 

residues remain at higher temperatures. The temperature, T , at which dmax

decrease in weight is maximum is illustrated in the DTGA curves 

presented in Fig. 7(B). The temperature at which the sample weight 

reduced by 50% was recorded as T . The weight of the samples at two 50%

specific temperatures, 300 °C and 500 °C were also recorded as shown 

in Table 1.

As shown in Table 1, presence of xylitol in the SCMC-xylitol 

mixtures resulted in reduced T  meaning that the degradation rate 50%

becomes higher. The weight percentage (%) of the samples at 350 and 

500 °C also confirmed that samples with higher content of xylitol lost 

more weight than other samples.  

It is known that enhanced interaction between the polymer chains 

decreases the chains mobility and decomposition rate and enhances the 
62thermal stability.  However, it should be noted that the TC of 

reinforcing agents can also affect the thermal stability. Higher TC of 
63-additives can facilitate the diffusion of heat into the polymeric matrix.

64 As a result, in low content of xylitol the impact of enhanced heat 

diffusion is dominant over the enhanced interactions between the 

SCMC chains for the thermal stability. Similarly, increasing the content 

of xylitol is accompanied with enhancing the heat diffusion and also 

improving the chains mobility. However, the summarized results in 

Table 1 demonstrate that the maximum decomposition temperature of 

the SCMC-xylitol film was only reduced by 7 °C. 

In spite of varying the xylitol content, all the films that were 

obtained in this study were optically transparent. No phase separation 

was observed even when the sample has 50 wt% of xylitol as illustrated 

in Fig. 8. In a polymeric system, phase separation can result in turbid 
22 37slurries,  exudated drops  or in xylitol containing systems it can result 

42 in crystallization of xylitol. The absence of these phenomena in our 

system demonstrates sufficient compatibility between SCMC and 

Table 1 T , T  and weight loss (%) of samples at 300 and 500 °C is shown. Increasing the content of xylitol resulted in dmax 50%

faster thermal degradation and higher weight loss.

Sample  Tdmax 
o

( C)  T50% 
o

( C)  
Weight loss (%)  

350 °C 500 °C 

SX0 288.0  327 51.4  60.7 

SX1 285.0  303 58.1  67.4 

SX2 286.0  303 61.8  70.7 

SX4 283.0  289 69.9  76.2 

SX5 281.0  284 75.1  80.1 

Xylitol  275.1  271.6  8.4  6.0 

Fig. 8 UV-Vis and optical images of all the films. The above figures 

illustrate transparency of SX0, SX1, SX2, SX4 and SX5 films. The film 

containing 50 wt% of xylitol has the highest transmittance of ~ 93%.

xylitol even when the content of xylitol is high.

Fig. 8 shows that the increase of xylitol content can enhance the 

film transparency up to ~ 93% in SX5 for the entire range of 

wavelength. In addition to the light barrier properties of the 
65plasticizers , they can affect the polymer chain compaction and help to 

66pass the light through polymeric films.  In this work, the increased 

transparency of the SX5 film could be attributed to less compactness of 

SCMC chains.

4. Conclusions
(indent) Here, TC, optical transparency and flexibility of SCMC, which 

is a known biopolymer was successfully enhanced by engineering its 

interchain interactions. These enhanced properties were achieved with 

incorporation of xylitol, a natural sugar alcohol with 5 hydroxyl groups. 

As demonstrated, by increasing the content of xylitol TC increased from 

0.43 to 0.75 W/(m·K), which represents a 1.75 times improvement 

compared to neat SCMC. TC enhancement at low concentration of 

xylitol was due to both strong H-bonding interactions and the newly 

formed thermal bridges between the polymer chains. At higher 

concentrations of xylitol, though H-bonding interactions were 

weakened, but resulted in increased number of thermal bridges. As a 
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result, a well-defined thermal network was formed through the matrix. 

In addition to the TC, xylitol affects the mechanical property of SCMC 

in two different ways. At low concentration, xylitol increases the 

brittleness of the SCMC films due to its antiplasticizing effect, 

reflecting strong H-bonding interactions between the components while 

at higher concentrations, it acts as a plasticizer and enhances the 

flexibility of the films.  Even though xylitol increased flexibility, the 

maximum decomposition temperature of the SCMC-xylitol film was 

only reduced by 7 °C. In summary, incorporation of xylitol effectively 

enhances the TC and flexibility of SCMC with a negligible change in 

the maximum decomposition temperature. These materials provide a 

promising approach for the development of biodegradable materials for 

thermal management applications in flexible electronics. 
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