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Abstract: As energy and environmental protection issues become important, the cooling methods need to be improved.
Cooling systems using temperature-responsive hydrogels as sustainable materials have been studied as effective future
solutions for large-area buildings or industrial plants, but the development of effective materials is still insufficient. In this
study, a composite material was made of polyurethane and poly(N-isopropylacrylamide), which has a critical lower solu-
tion temperature near body temperature, by a crystallization method. It was designed to make its applications possible
by using rapid response via channel structures. This system can continuously supply water was proposed, and the com-
posites was possible to obtain a material capable of effective cooling while obtaining enhanced physical properties. As
a new cooling system, it offers the possibility of commercialization in various applications.

Keywords: temperature-responsive material, directional crystallization, sustainable cooling system, poly(N-isopropyl-
acrylamide), polyurethane.
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Figure 1. Schematic image of directional melt crystallization
(DMC) method.
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Figure 2. SEM images of (a, ¢) porous PU; (b, d) PU/PNIPAm
composites (scale bar (a, b) 2 mm and (c, d) 200 pm).
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Figure 3. (a) Swelling kinetics in 4 °C water; (b) deswelling kinetics
in 40 °C water of PU/PNIPAM composites.
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Figure 4. Release behavior of PU/PNIPAM composites upon four
cyclic temperature variation between 4 °C (blue) and 40 °C (red).
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plate and the filter paper.

Polym. Korea, Vol. 45, No. 1, 2021



54 W5

—
Q
S

58
. SUS plate
oy
—~ 504
8 1 Porous PU
o g N O Y e
= ]
m )
R e e
o4
5 PU/PNIPAm compgsite
= 354 ¥
] Only filter paper
I+
0012 3 456 78 9101112131415
Time (h)
b
(b)
Environment temperature
8 20 - Porous PU
2 WW_._IW
= |
T W@%ﬁﬁw
S 184 v
E Only filter ﬁ)a per
PU/PNIPAm composite
16 11—

012345678 9101112131415
Time (h)

Figure 6. Temperature variation when the SUS plate of cooling sys-
tems was (a) heated; (b) not (RT).

% zpolE ofm|sit), AA| Wzt Aol F71H0R Fo] ¥
FEA] 7] wjEo] olzfdt M weksly] A & FH I
A& TEoAFAUT = T A= AHAE o8l Figure
59} o] wHETH
WA 2l A & FYPFAZ AR 7t obd HAREHA]
U AZE ARSSIAY, A7 glo] HRAl UES e
Y Usd E5S H3s EFYo] 7FedA S gl
FEEAE BS s wWolsd & &
I AZE ES dAsH wolEolA] X3
o}, 3 E50] A4" UES o] 4S e 5004 Y
= S-3 o} Figure 54 H Qb
WA ZHo M= ARAE BEJHA] ol Yx|ehe ANte R
T B39l & S5t 7hssit) o) ol gsh ko ge]
ZA| 2ol e g-go] 7FsE o2 7|gHL
Figure 6(a)= Bt 51.7°C2] 3 9oll & FJHA, & F
JAdA9} o PU, & U9 PUPNIPAm E33AE
Z}z} E9ke o) SUS g3te] exwslo|tt, & FUART =
UdS W WtE ex= oF 12.1°ColH, B FYAx9} v
2 PUS 43 9ol S W& 6.3°Colth & F4a=9

Zay, Al4548 A15, 20213

o)z

PU/PNIPAm 53AE %S "= 102 °Colt}. a4 PU
E o] 83t A 2HloA = W] YgslA] I, BEAE
o] gal= ARTE Beo] "t B FYAR] oA 9k o] &
Sk W7zh a3b= AT, 9 Albe] Ay Az W
A 2"l o 2o S tshs @] Ut 53], 2% 7%
do] glo] AoMm B o] Eo] &

—_

N

132 ik, B9 E o] &3t o
A9k o] 8508 wiE ok QP Al W7t = E Bl
Figure 6(b)= “d-2llA d3ste] 2571 =4 &S o 3
718 Fgk B e sk S48t AleA] E1gnh et 214°C

o] &= HlolE floll & FAFA, = FURA S} tad

E U2 PU/PNIPAm 5FAE 2H2} 532 o Hols
o] 2rRslo|tt. B FYUAXT w4 ] Whd 2ne oF
24°ColH, & YR} o PUS E3 Yol E9ke o
£ 1.7°Colth. & 47X} PU/PNIPAm E3A & 54

£ 2.8°CO|t}. Ag2oM= Wztaart Zaskar, B4R

o e 72 Y 4 ek,

2 vhEglon, E3A|E 4°C /59 2407 FAS
o) 3§38 WIH = 625%, 40°C ZFH50) 2417 TS
32%Z 4°Ce] & WSH|7) 1.680) o] B AL s
o 2lom IR PNIPAmS] LCST ©l&te] £5oi &
o 2ol e JeS & Uk B FIAAEE
A& o] &3l BgAol] EFo] X&EH O R Jedh Al
FeQlon | & FU7x|9} PU/PNIPAmM E3HS 3
o FUL wl HAF 51.73°Ce GHAE 41.52°C7HA
A2 A o) Wzhe 2=+ 10.21°C
Aot A e# A7F Fot Wzto] 7153k Al 2aE S ¢k
T3 PNIPAmS] LCSTS o] &3] 2%=7) v vl
a3 5o TS volgal, 257 B2 We
LEHA 3l UR|AnFe] glo] 29 95
stek 4= IS Aotk B Ae] W7k AlaEe o g X
&7Vs8 YzHEE Aol 71 5= 3, AAAE, FAds
bk = rjoksl S-g-Holo|x o] 7EsAS A s

o rlr

=

=]

H N
>,
I
4
o
(e3
(o

w0
=g
}‘n fz

f

olN mz

Al o

2 00 o O of mR o 2 o

A

HAe Z: o] =2 20199 % Chung-Ang University
Graduate Research Scholarship(CAU GRS)Z} 2019 3435}7]
SAHHZAE] Ao 17353 Akekd S
2E A YA (KOITA-CLUSTER-2020-05-2)2] A0S kol
FPE AT,



10.

11.

. Emdadi,

YZIA2H)S- 13 Polyurethane/Poly(NV-isopropylacrylamide) S-31A12] A3} 7|9k A= 55

B
ror

i

. Cho, J. K,; Moon, J. H.; Kang, H. S. Energy Performance

Analysis for Energy Saving Potentials of a Hospital Building : A
Case Study Methodology Based on Annual Energy Demand
Profiles, Korean J. Air-Cond. Refrig. Eng. 2016, 29, 29-37.

. Heidarinejad, M.; Dalgo, D. A.; Mattise, N. W.; Srebric, J.

Personalized Cooling as An Energy Efficiency Technology for
City Energy Footprint Reduction. J. Clean. Prod. 2018, 171, 491-
505.

. Li, T.; Zhai, Y.; He, S.; Gan, W.; Wei, Z.; Heidarinejad, M.; Hu,

L. A Radiative Cooling Structural Material. Science 2019, 364,
760-763.

. Pang, H. H.; Brace, C. J. Review of Engine Cooling Technologies

for Modern Engines. Proceedings of the Institution of Mechanical
Engineers. Proc. Inst. Mech. Eng. D 2004, 218, 1209-1215.

Z.; Asim, N.; Yarmo, M. A.; Shamsudin, R.
Investigation of More Environmental Friendly Materials for
Passive Cooling Application Based on Geopolymer. APCBEE
Procedia 2014, 10, 69-73.

. Rotzetter, A. C. C.; Schumacher, C. M.; Bubenhofer, S. B.; Grass,

R. N.; Gerber, L. C.; Zeltner, M.; Stark, W. J. Thermoresponsive
Polymer Induced Sweating Surfaces as an Efficient Way to
Passively Cool Buildings. Adv. Mater. 2012, 24, 5352-5356.
Cui, S.; Hu, Y; Huang, Z.; Ma, C; Yu, L; Hu, X. Cooling
Performance of Bio-mimic Perspiration by Temperature-sensitive
Hydrogel. Int. J. Therm. Sci. 2014, 79, 276-282.

Bischofberger, I.; Trappe, V. New Aspects in the Phase Behaviour
of Poly-N-isopropyl Acrylamide: Systematic Temperature
Dependent Shrinking of PNiPAM Assemblies Well Beyond the
LCST. Sci. Rep. 2015, 5, 15520.

Boutris, C.; Chatzi, E. G; Kiparissides, C. Characterization of the
LCST Behaviour of Aqueous Poly(N-isopropylacrylamide)
Solutions by Thermal and Cloud Point Techniques. Polymer
1997, 38, 2567-2570.

Halake, K. S.; Lee, J. Superporous Thermo-responsive Hydrogels
by Combination of Cellulose Fibers and Aligned Micropores.
Carbohyd. Polym. 2014, 105, 184-192.

An, S.; Kim, B.; Lee, J. Incomparable Hardness and Modulus of
Biomimetic Porous Polyurethane Films Prepared by Directional
Melt Crystallization of a Solvent. J. Cryst. Growth 2017, 469,
106-113.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Cho, Y., Lee, J. Anisotropic Mechanical Responses of
Composites Having Water Microchannels. J. Ind. Eng. Chem.
2018, 60, 498-504.

Kim, J.; Cho, Y.; Kim, S.; Lee, J. 3D Cocontinuous Composites
of Hydrophilic and Hydrophobic Soft Materials: High Modulus
and Fast Actuation Time. ACS Macro Lett. 2017, 6, 1119-1123.
Kim, B. S.; Lee, J. Directional Crystallization of Dioxane in the
Presence of PVDF Producing Porous Membranes. J. Cryst.
Growth 2013, 373, 45-49.

Kim, B. S.; Lee, J. Macroporous PVDF/TiO, Membranes with
Three-dimensionally Interconnected Pore Structures Produced by
Directional Melt Crystallization. Chem. Eng. J. 2016, 301, 158-
165.

Kang, S.; Kang, T.-H.; Kim, B. S.; Oh, J.; Park, S.; Choi, L. S,;
Lee, J.; Son, J. G. 2D Reentrant Micro-honeycomb Structure of
Graphene-CNT in Polyurethane: High Stretchability, Superior
Electrical/thermal Conductivity, and Improved Shape Memory
Properties. Composites Part B: Eng. 2019, 162, 580-588.

Lee, S.; Lee, J. Crystallization-based Preparation Method of
Polymer Systems for Temperature-responsive Control of Water
Droplets. Polym. Korea 2019, 43, 646-651.

Kim, G; Kim, H. J.; Noh, H. pH Sensitive Soft Contact Lens for
Selective Drug-Delivery. Macromol. Res. 2018, 26, 278-283.
Lee, M. K.; Chung, N.-O.; Lee, J. Membranes with Through-
thickness Porosity Prepared by Unidirectional Freezing. Polymer,
2010, 51, 6258-6267.

Lee, S.; Kim, H. J; Chang, S. H.; Lee, J. Anisometric
Nanocomposite Hydrogels with Temperature
Compartments. Soft Matter. 2013, 9, 472-479.
Shi, Q.; Liu, H.; Tang, D.; Li, Y.; Li, X.; Xu, F. Bioactuators
Based on Stimulus-responsive Hydrogels and Their Emerging
Biomedical Applications. NPG Asia Materials 2019, 11, 64.
Lin, Y.-J.; Lee, G-H.; Chou, C.-W.; Chen, Y.-P.; Wu, T.-H.; Lin,
H.-R. Stimulation of Wound Healing by PU/Hydrogel Composites
Containing Fibroblast Growth Factor-2. J. Mater. Chem. B 2015,
3, 1931-1941.

Responsive

SAAE: HTEASEE AR wE U 7% 2k
@

Polym. Korea, Vol. 45, No. 1, 2021



