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(Academic Abstract) 

 

Thermal switch is very important in today’s world and it has varies of applications including heat 

dissipation and engine efficiency improving. The commercial thermal switch based on mechanical 

design is very slow and the structure is too complicated to make them smaller. To enable fast 

thermal switch as well as to make thermal switch more compact, I try to use second order phase 

transition material to enable our thermal switch. Noticing the transition properties of 

thermoresponsive polymer for drug delivery, its potential in thermal switch can be expected. I used 

Poly(N-isopropylacrylamide) (PNIPAM) as an example to show the abrupt thermal conductivity 

change of thermoresponsive polymer solutions below and above their phase transition temperature. 

A novel technique, transition grating method, is used to measure the thermal conductivity. The 

ratio of thermal switch up to 1.15 in transparent PNIPAM solutions after the transition is observed. 

This work will demonstrate the new design of using second order phase transition material to 

enable fast and efficient thermal switch. 

 

 



A Thermal Switch from Thermoresponsive Polymer Aqueous 

Solutions 

 

Yunwei Ma 

 

(General Audience Abstract) 

 

Controllable thermal conductivity (thermal switching) is very important to thermal management 

area and useful in a wide area of applications. Nowadays, mechanical thermal conductivity 

controller device suffers from large scale and slow transition speeds.  To solve these problems, I 

tired the phase transition thermoresponsive polymers to create quick thermal switching because 

the thermal conductivity will change with the phase. Thermoresponsive polymers show sharp 

phase changes upon small changes in temperature. Such polymers are already widely used in 

biomedical-like applications, the thermal switch applications are not well-studied. In this work, I 

tested Poly(N-isopropylacrylamide) (the abbreviation is PNIPAM) as an example to show the 

quick thermal conductivity changing ability of thermoresponsive polymer when the transition was 

happened .I used a novel approach, called the TTG, transient thermal grating. It has easy setup and 

high sensitivity. The thermal conductivity switching ratio as high as 1.15 in transparent PNIPAM 

solutions after transition is observed. This work will give new opportunities to control thermal 

switches using the phase change of thermoresponsive material or abrupt other phase change 

material in general. 
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Nomenclature 
 

Character Name    Unit 

A = Laser amplitude  𝑊 

c = Thermal capacitance  
𝐽

𝑘𝑔
∙ 𝐾 

E = Power of laser beam  𝑊 

L = grating constant  𝑚 

q  = Wave vector   
1

𝑚
 

R = Thermal resistance  
𝐾

𝑊
 

t  = Time    𝑡 

T = Temperature   𝐾 

λ = Wavelength   𝑚 

ρ = Density    
𝑘𝑔

𝑚3 

φ  = Phase of laser beam  𝑟𝑎𝑑𝑖𝑢𝑠 

ω = Beam size   𝑚 

𝑘 = Thermal conductivity  𝑊/𝑚𝐾 

𝛼  =  Thermal diffusivity  𝑚2/𝑠 

𝜃 = Incident angle   𝑟𝑎𝑑𝑖𝑢𝑠  
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Chapter 1: Introduction 
 

1.1 Background 
 

It’s very important to use thermal switch in many applications from space technologies to even 

smart coffee mugs. The concept and basic design of traditional thermal switches was setup around 

1960s for use on space mission to moon, which is still very new.1-8 Generally, most of the thermal 

switches use mechanical movement which needs complex structure 9 or phase transitions material 

3, 10. Such traditional mechanical thermal switches can’t solve the big size of motors and it is hard 

to fabricate into small scale. To fabricate a simple designed thermal switch is quite challenging, 

because it requires a significant change in the thermal conductivity of material used. The thermal 

switch ratio is defined by the ratio of thermal conductivity after transition to thermal conductivity 

before transition. In recent works 11-12, the thermos switch ratio from 1.5 to 3.2 are already reported. 

But all of these first-order phase transition design have significant drawbacks, where latent heat 

costs more energy and time for transition to happen. Here, I will use the second order phase 

transition material to enable thermal switch. 

Thermoresponsive polymer are the polymer that undergoes a sharp phase transition under 

temperature change13-22. The change is mostly reversible and can be seen from the volume 

difference 23  around transition temperature. The salvation state change is the physical background 

behind. It has applications in medical delivery, gene modification and other biomedical area, other 

applications including battery 24 and sensors 25. The thermal conductivity potential of 

thermoresponsive polymer, however, is not fully researched yet. 
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We can divide the thermoresponsive polymers into two main categories: the first one has a low 

critical solution temperature (LCST) 26, which means that the polymer become insoluble at high 

temperature and the other one is upper critical solution temperature (UCST) 27, which means the 

polymer become soluble at high temperature. The balance of entropy are the main reason for this 

phase transition28, where the entropy of chain and entropy of monomers need to find a minimum 

state. At different temperature the free energy of the mixture will find a minimum with different 

soluble state 28. As far as I know, the most studied thermoresponsive polymer is Poly(N-

isopropylacrylamide) (PNIPAM) 18, 28-35 , because its transition temperature is 32°C which is close 

to the body temperature and it can be modified by adding gradients 36. For thermal energy storage 

37 and smart structure application 38, a thermal switch with a room temperature transition activation 

is strongly preferred. A  strong volume change is found for PNIPAM 39 and this phenomenon is 

very typical for phase transition polymers.  

1.2 Aim and objectives 
 

This project is the first attempt of PNIPAM solution thermal switch and also the first attempt of 

using thermoresponsive polymer. I use a novel technique called transition grating technique to 

measure the thermal conductivity. A sharp thermal conductivity decreasing was found, this 

decreasing trend is different from the anticipated result published before40. This work is the first 

to try to apply phase –transition polymers to thermos switch applications, it may also give 

instructions on using high order phase transition to enable easy and fast thermal switch. 

1.3 Publication 
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Thermal Switching of Thermoresponsive Polymer Aqueous Solutions. Chen Li, Yunwei Ma, and 

Zhiting Tian. ACS Macro Letters 2018 7 (1), 53-58. DOI: 10.1021/acsmacrolett.7b00938 

1.4 Contribution 
 

Chen and Yunwei are both co-first authors to this project. Chen is responsible for the mathematical 

modeling of thermal grating model and Yunwei is responsible for the graph and table plotting. The 

optical table setup, sample synthesize and measurement were done by both of them. The main text 

of submitted paper is mainly written by Chen and the supporting information is mainly written by 

Yunwei. 

1.5 Outline 
 

 Chapter 2 gives a comprehensive review of literature and gives the importance of this 

work 

 Chapter 3 gives the principle of TG and also the numerical model to estimate the results. 

 Chapter 4 gives the experimental setup and data acquired. 

 Chapter 5 gives the explanation to our experimental result 

 Chapter 6 gives the conclusion and also the future potential work  

1.6 Summary 
 

This chapter described the background and importance of our work, and briefly introduced the 

main outcome of our results. Also the publication is given and the construction of this paper is 

introduced here. The following chapters will follow this organization and gives more details of my 

research.  
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Chapter 2: Literature Review 
 

2.1 Thermoresponsive Polymers 
 

Thermoresponsive polymers are sometimes called temperature-responsive polymers, this term 

refers to polymers that undergoes drastic and discontinuous change of physical properties with 

temperature. In most of cases, the term is used when the polymer is put in a given solvent and 

belongs to a larger term called stimuli-responsive materials. Thermoresponsive polymers has a 

miscibility gap for their solvent-solution diagram, depending on whether this miscibility gap is at 

high or low temperature, the upper or lower critical temperature can be defined respectively. 

PNIPAM is a thermoresponsive polymer which was first synthesized in the 1950s, it can be 

synthesized with free-radical polymerization and can be functionalized for varies applications. The 

LCST (lower critical solution temperature) is around 32 °C. Above LCST, it will transfer from a 

swollen hydrated state to dehydrate state, losing 90 % of its volume. Its LCST is very close to body 

temperature, thus, intensive research has been done about its application in tissue engineering and 

drug delivery.  However, the potential of such transition in thermal switch is not fully investigated. 

2. 2 Thermal switch 
 

As it is mentioned in the introduction, most of the thermal switch is still made of mechanical 

switch, whose structure is relatively complicate and big comparing with phase-transition thermal 

switch, and the reliability is usually lower than phase-transition counterpart. For phase-transition 

thermal switch the problem is the thermal conductivity k needs to have dramatic change before 

and after phase transition, as ideally we want to totally turn-on and turn-off the thermal transition. 
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Another consideration of phase transition thermal switch is that first-order phase transition is not 

preferred as the latent heat will slow down the transition speed. For example, water and ice has 

different thermal conductivity but melt ice or cool down water needs to overcome the latent heat. 

That will make the switch slow and energy inefficient. 

2.3 Thermal conductivity measurement 
 

For bulk or thin film or other type of materials, many different method to measure thermal 

conductivity have been proposed and realized41. We can use steady-state measurement or transient 

hot-wire method 42 to bulk sample. Thin film measurement can use 3ω method 43-47 or time-domain 

thermoreflectance 48-53. The traditional measurement technique has obvious drawbacks including 

extra requirement on sample, more heat contact introduced on sample which lead into large 

uncertainties 41. Transient thermal grating (TTG) recently get significant as a new method to 

measure thermal conductivity for thin films54-59. It only needs little sample preparation and can 

give use high sensitivity and very fast measurement.  It is designed by putting two pump beams 

on to the sample, a thermal grating is thus generated with a temperature difference on the grating 

54. The thermal conductivity will affect how fast this grating will disappear which can be detected 

by our optical detector. 
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Chapter 3: Principle of TTG 
 

3.1 Principle  
 

As we can find in Figure 1, my TTG setup is based on transmission measurement and I used 

heterodyne setup to enhance the signal. 60 Our light source has different wavelength 532 (pump) 

and 514 nm (probe), and both pump and probe are diffracted by the phase mask. The masking 

spacing is 3.7 μm, which can generate a grating period L = 1.25 μm. The heating effect needs light 

absorption but PNIPAM solution is too transparent, so I add food dye (blue) to my sample to 

enhance the light absorption so the thermal grating can be stronger. After several different attempt, 

I find the most stable dye for our sample without affect the signal. My sample solution is put in a 

cuvette with 50 um-thick. I use the sample dye concentration for all the measurement to ensure the 

sample is under similar heating. The sample temperature is controlled by water bath method. The 

actual sample temperature on measured spot could be different from heat dissipation, so I used 

infrared camera to measure the surface temperature and combined with an analytical model to 

estimate laser heating effect, the final sample temperature is then estimated. 
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Figure 1．Arrangement of optical path for transient grating method. 

3.2 Setup 
 

 

Figure 2．Experimental setup in transmission TTG geometry. 
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In the TTG setup, a picosecond Nd:YVO4 laser (pulse duration 4-8 ps, wavelength 𝜆e= 532 nm, 

frequency 1 kHz, energy 37.5 μJ per pulse) is used for excitation. An electro-optically gated beam 

from a continuous-wave (CW) solid-state laser (pulse duration 200 μs, wavelength 𝜆p = 514 nm, 

CW power 250 mW) is used as the probe beam. The horizontally polarized excitation beam and 

the vertically polarized probe beam are focused onto the mask with spherical lenses of focal length 

15 cm, respectively. To image the mask pattern onto the sample, we use spherical lenses with focal 

distances f1 = 15 cm and f2 = 10 cm. On the sample, the laser spot diameters are about 150 μm for 

the excitation pulses and about 75 μm for the probe and reference beams. The heterodyne phase is 

controlled with a motorized actuator by adjusting the angle of a glass plate. The diffracted signal 

combined with a reference beam, which is derived from the same source and attenuated by a 

neutral density filter (ND-2), is detected by a balanced amplified photodetector (bandwidth 45 

MHz) whose output is recorded with an oscilloscope (4 GHz bandwidth). See the setup in Figure 

2. 

 

3.3 Mathematica model 
In this part, we use a simple model to explain how the thermal gratings are generated by pump 

beams and how they dissipate with heat conduction. 

A. Formation of thermal gratings 
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Figure 3． Interference of pump beams. 

As shown in Figure 3, two pump beams with amplitude A, wave vector k, phase 𝜑, wavelength 

𝜆 = 2𝜋/𝑘 are focused on the sample surface and interfere with each other. 

The total wave function is expressed as: 

E = 𝑒−𝑖𝜔𝑡 ∙ 𝐴𝐴𝑒𝑖(𝒌𝑨∙𝒓+𝜑𝐴) + 𝑒−𝑖𝜔𝑡 ∙ 𝐴𝐵𝑒𝑖(𝒌𝑩∙𝒓+𝜑𝐵)                                 (1) 

Amplitude: 

|𝐸|2 = 𝐸𝐸∗ = 𝐴𝐴
2 + 𝐴𝐵

2 + 2𝐴𝐴𝐴𝐵𝑐𝑜𝑠[(𝒌𝑨 − 𝒌𝑩) ∙ 𝒓 + (𝜑𝐴 − 𝜑𝐵)]                  (2) 

 

In our experiment, |𝑘𝐴| = |𝑘𝐵|, |𝑘𝐴 − 𝑘𝐵|=2k sin𝜃.  

The grating period is: 

L =
2𝜋

 |𝑘𝐴 − 𝑘𝐵|
=

2𝜋

 2k sin𝜃
=

𝜆

2 sin𝜃
                                          (3) 

B. Decay curve of thermal grating 
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Figure 4. Thermal dissipation of the sample. 

Suppose the liquid sample has weak light absorption, the heat is generated uniformly along the 

beam. Based on the periodic condition, we only consider one grating period with length L and get 

a one-dimensional heat conduction equation: 

ρc
∂T

∂t
= k

𝜕2𝑇

𝜕𝑥2
                                                                      (4) 

With boundary condition: 

𝜕𝑇(0,𝑡)

𝜕𝑥
=

𝜕𝑇(𝐿,𝑡)

𝜕𝑥
= 0                                                                (5) 

Initial condition is: 

𝑇(𝑥,0) = 𝑇∞ + 𝑇0 ∙ cos (2𝜋
𝑥

𝐿
)                                                    (6) 

The general solution is: 

T = 𝑇∞ + 𝑇0 ∙ ∑ 𝐷𝑛 cos (𝑛𝜋
𝑥

𝐿
) 𝑒

−(𝑛𝜋)2∙𝛼𝑡
𝐿2

∞

𝑛=1

                                      (7) 

Consider initial condition, only n=2 exists. The final solution is 

T = 𝑇∞ + 𝑇0 ∙ cos(𝑞𝑥) ∙ 𝑒−𝛼𝑞2𝑡                                                  (8) 



11 

 

The above expression shows that temperature decay is an exponential function 𝑒−𝛼𝑞2𝑡. The q can 

be calculated from optical parameters and the thermal conductivity can be obtained using 𝑘 =

 𝜌𝑐𝑝α, where 𝜌 is the density and 𝑐𝑝 is the specific heat capacity. 

3.4 Numerical Model of temperature rise 
 

Along the beam direction, there will be a temperature gradient from water to air. Our IR camera 

can detect the temperature of outside cuvette, marked as 𝑇𝐼𝑅. Here we give a simple estimation of 

water temperature: 

 

In steady state we have: 

�̇� =
𝑇𝑤𝑎𝑡𝑒𝑟 − 𝑇𝐼𝑅

𝑅1
=

𝑇𝐼𝑅 − 𝑇𝑎𝑖𝑟

𝑅𝑠𝑢𝑟𝑓𝑎𝑐𝑒

(9) 

And 𝑅1 =
𝐿𝑤𝑎𝑡𝑒𝑟

𝑘𝑤𝑎𝑡𝑒𝑟∗𝐴
+

𝐿𝑔𝑙𝑎𝑠𝑠

𝑘𝑔𝑙𝑎𝑠𝑠∗𝐴
=

25∗10−6 𝑚

0.6 𝑊/𝑚𝐾∗5.625∗10−4𝑚2 +
1.25∗10−3 𝑚

1 𝑊/𝑚𝐾∗5.625∗10−4𝑚2 = 2.294 𝐾/𝑊   (10) 

 𝑅𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = [𝑅2
−1 + 𝑅3

−1]−1 = [(
1

ℎ𝑟𝑎𝑑∗𝐴
)

−1

+ (
1

ℎ𝑐𝑜𝑛𝑣∗𝐴
)

−1

]
−1

= 57.35 𝐾/𝑊               (11) 

Solution 

Figure 5. The thermal resistance model for sample. TIR   is the temperature detected by IR 

camera. R1 is the thermal resistance of water and glass, R_2 is the thermal boundary resistance of 

cuvette surface and R3  is the radiation of cuvette surface. 
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The reference data of thermal conductivity is from 61 and 62. In this way we calculate sample 

temperature 𝑇𝑤𝑎𝑡𝑒𝑟 from 𝑇𝐼𝑅 ( °C). Then we made another estimation of laser heating effect and 

we will prove that it won’t impact our sample significantly. Based on steady-state module63, our 

average steady state temperature can be described as: 

∆𝑇̅̅̅̅ =
𝜇 ∗ �̇�

𝑘√2𝜋(𝜔1
2 + 𝜔2

2)
(12) 

Where 𝜇 = 0.015 is laser absorbing ratio, �̇� = 67.5 𝑚𝑊 is laser-caused heat flux, 𝑘 is the 

thermal conductivity of sample, 𝜔1 = 150 𝜇𝑚 and 𝜔2 = 75 𝜇𝑚 are the beam size of pump and 

probe.  The calculated ∆𝑇̅̅̅̅ ≈ 4 °C for all the samples. 
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Chapter 4: Experimental Result 
 

4.1 PNIPAM solution made 
 

The sample is made by dissolve PNIPAM powder into DI water and do oscillation for 1 h. The 

dye is added before adding PNIPAM to prevent deposition of PNIPAM.  After the oscillation, the 

sample shows LCST around 32 °C which confirms its functionality: 

a)                 (b)  

Figure 6 PNIPAM solution (a) at room temperature and (b) at temperature higher than 32 ℃. 

As shown, PNIPAM solution below 32 ℃ is a clear, homogeneous solution while above the 32 ℃ 

it appears cloudy. We use water bath in the measurements to heat the sample to different 

temperatures. 
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4.2 Data acquisition 

 

 

Figure 7 The thermal decay curves of PNIPAM solution across the transition temperature at 

0.025 g/ml. 

The signal is an exponential decreasing shape, which matches our mathematical model is equation 

(8). This means that our transient thermal grating model can precisely describe our result here and 

we can clearly see that after transition the decay curve is more flat, which means the thermal 

diffusivity is smaller. We assume the thermal capacity and density not changed as most part of the 

sample solution is water, so we can safely say that the thermal conductivity is also smaller after 

transition. We did this simplification as thermal conductivity is more straightforward than thermal 

diffusivity for thermal switch application. 
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4.3 Experimental Results 
 

To calibrate our TTG measurement setup, I first use water to do the calibration. The measured 

shows thermal conductivity of 0.611 ± 0.006 W/mK （0.611 is the mean value and 0.006 is the 

standard deviation）at 25 ℃ and  0.628 ± 0.003 W/mK at 36 ℃, with confidence probability 68.3 

%. There is 0.7 % and 0.6 % difference compared with the literature values 64-68 at 25 ℃ and 36 

℃, respectively. Here my standard deviation is also only 1% of mean value. It shows our TTG 

setup is precise enough. I then moved to measure the PNIPAM sample under different 

concentration and temperature. The highest concentration is 0.025 g/ml because the sample will 

become opaque and thus, unable to be measured with our transmission setup. Since the solubility 

of PNIPAM is higher than 0.025 g/ml, I can safely conclude that the switch ratio can be higher 

with higher concentration of PNIPAM (the signal intensity drops significantly after transition at 

0.025 g/ml as shown in Figure 7).   
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Figure 8 The thermal conductivity of PNIPAM solutions at different concentration and different 

temperature. 

 

Figure 9 The thermal switching ratio of PNIPAM solution sample at different concentration. 
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As we can see from Figure 9, the thermal conductivity ratio of PNIPAM is continuously increasing 

with increased concentration. The highest value I can measure is 1.15 at a concentration of 0.025 

g/ml. This data is obtained at a low concentration, so we cannot regard the 15% switching ratio to 

the only 2.5 % of PNIPAM concentration but only the phase transition. A larger thermal switch 

ratio can be expected on this plot, however, the transmission requirement limits my experiment to 

go to high concentration. 
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Chapter 5: Interpretation and Explanation 
 

5.1 Data interpretation 
 

Before transition, the relatively low thermal conductivity compared with water are found, which 

supports the lower thermal conductivity for water-polymer sample69-70. I also found such mixture 

has very stable thermal conductivity before transition. When I first heat the sample but not over 

the transition temperature, the thermal conductivity is first increasing. When the temperature 

reaches LCST, all sample except the lowest concentration one with 0.001 g/ml, has a sharp thermal 

conductivity decreasing.  The transition time is very fast with milliseconds 71 because it is a second 

order phase transition without any latent heat to slow down the process. 

5.2 Explanation of result 
 

The trend we found is different from the previous report 40 that thermal conductivity of PNIPAM 

water solution has increased thermal conductivity above the transition temperature LCST. To 

explain my recording, here is the physical explanation. With strong intermolecular hydrogen 

bonding with water molecules below LCST, the PNIPAM is soluble. When heated above LCST, 

the hydrogen bound between PNIPAM chain and water molecules break31, 72, meanwhile the chain 

folds with intramolecular hydrogen bonds become dominant73-74. As we can see in Figure 10, such 

change will result in a shrink in volume and will create a water phase and PNIPAM phase. Consider 

the research claiming that hydrophility has better thermal transport at solid-liquid interfaces 

compared with hydrophobicity 75-77. I attribute the lowered thermal conductivity above LCST to 

the thermal interface resistance between water and shrinked PNIPAM molecules, which were 

soluble with no interface resistance under LCST78. 
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Figure 10 The illustration of PNIPAM solution (a) below and (b) above transition temperature. 
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Chapter 6: Conclusion and Future Work 
 

6.1 Conclusion 
 

In conclusion, I use a novel measurement technique, the transient thermal grating technique to 

measure the thermal switch behavior of thermoresponsive polymer PNIPAM. A thermal switching 

ratio of 1.15 in transparent PNIPAM solution with concentration 0.025 g/ml above LCST was 

found. The second order phase transition property can enable fast switching and compact design. 

As far as I know, it is the first time to apply high order phase transition phenomenon into thermal 

switch. This project will give information on the minimization of thermal switch and the switch 

frequency optimization. 

6.2 Future Work 
 

One of the disadvantage is the switch ratio is only 15% in our experiment which is much lower 

than transitional mechanical switch. Our TTG is based on transmission laser measurement so we 

can’t measure high concentration which is opaque. So further experiment can be made through 

non-transmission measurement to test higher PNIPAM concentration. 

Another potential research is about PNIPAM hydrogel. PNIPAM hydrogel is already observed to 

have similar phase-transition property with PNIPAM solution. With higher PNIPAM 

concentration, its hydrogel may give us higher thermal switch ratio.  
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Appendix A: Water Bath Temperature Monitor 
 

IR camera is used to monitor the temperature of sample controlled by water bath. It can be see that 

at 32℃ water bath, our sample temperature is around 28℃. If we add 28℃ with the laser 

heating effect (4℃, estimated from equation (12)), we get 32℃, the LCST of PNIPAM.  

  

32℃ 33℃ 

  

34℃ 36℃ 
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40℃ 44℃ 

  

45℃ 47℃ 

Figure 11 IR camera result of temperature rising of sample cuvette. 
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Appendix B: Controlled Experiment of Scattering and Polymer type 
 

We measured Ca(OH)2 aqueous suspensions at different concentrations (0.01 – 0.025 g/mL) to 

simulate the increased light scattering when the phase transition of PNIPAM aqueous solutions 

happens, and to test whether it would affect the results. 

 

Figure 12 Ca(OH)2 aqueous suspensions of (a) 0.01 g/mL and (b) 0.025 g/mL.  

 

The result is shown in the table below, we can see that the stronger light scattering comes from 

higher Ca(OH)2 won’t led into higher measured 𝑘 . This proves that the decrease of 𝑘  in our 

PNIPAM  sample above LCST does not come from light scattering. 

 

Table A1. Thermal conductivities of Ca(OH)2 aqueous suspensions at room temperature 

 

 

As shown in Figure A3, we measured PNIPAM aqueous solutions of 0.015 g/mL with two 

different polymer molecular weights (Mn). PNIPAM A has an average Mn of 30,000, with Mn 

between 25,000 and 35,000, and poly-dispersity ≤1.5 (narrow chain length distribution), while 

PNIPAM B has Mn ranging from 20,000 to 40,000.  We assume that the different polymer 

molecular weights would affect the light scattering above the LCST. The determined thermal 

conductivities are close to each other. 
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Figure 13 The thermal conductivity change vs. temperature for PNIPAM (different molecular 

mass) and PEO. 

We also conducted another control experiments to show that the drastic thermal conductivity 

change is not observed in a non-thermoresponsive polymer aqueous solution without an LCST 

behavior. We chose Poly(ethylene oxide) (PEO) aqueous solution of 0.015 g/mL, and the 

measured thermal conductivity as a function of temperature simply follows the trend of water.   
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