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Abstract — In this study, synthesis of a hydrogel consisted of a coordination bond network between small organic
molecules and transition metals had been carried out. By adding a tackifying material to the gel, the potential of the gel
to be used as an adhesive material had been also confirmed. Synthesis of the adhesive had been done with simple mixing
of 3 components: tannic acid, transition metal, and polymer. The tannic acid molecule possesses multiple hydroxyl
groups that can form coordination bonds with the transition metals and hydrogen bonds with the hydrophilic polymers.
Due to the morphology of the metal-organic complex and polymer dispersed in water, the fabricated material exhibited
high adhesiveness and cohesiveness. Optimizing the rheological property had been conducted for use in adhesive by the
synthesis with varying the transition metal (Fe’, Ti*"), polymer, and treatment conditions. Rheological measurement
results demonstrate the promising potential of the material as a bio-compatible and versatile pressure-sensitive adhesive
with both high adhesiveness and cohesiveness.
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Fig. 1. (a) Schematic diagram of a tannic acid (TA) molecule and its possible interaction between transition metals or polymer molecules.
VdW stands for Van der Waals interaction (red arrow). (b) TA-transition metal network. (c¢) TA-transition metal-polymer network.
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Fig. 2. Rheological properties of TA-Fe** (a) amplitude sweep, (b) frequency sweep, and TA-Ti*" (c) amplitude sweep, (d) frequency sweep.
For each sample, storage modulus G', loss modulus G", and loss tangent tan 6 = G''/G' values at different frequencies are shown in 3
subplots for clarity. Annotation symbols are consistent with the original graphs (b) and (d).
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Fig. 3. Molecular structure of (a) polyacrylic acid, (b) polyethylene-
imine, (c) polyethylene oxide.

Ake} de] A2 7] A1 TASH Tite] %21 w9 AF o=
ool F7] whiEel], &2 FAE FTkshE A WA Hek o] &-&
T = Ao Addsieltt, webA 7 wiA ks o] gak] 9el
TA EAFo= 4 2, 7|3 = v 29~ (Van der Waals)
AEgo® st 7hset 1Rt B8-S FUkete] S 9
HEYE B Fol1A apgitk. 71 1A= polyacrylic acid,
polyethyleneimine, polyethylene oxide & 37F4 Z(Fig. 3), &F &
4 aEAFo] ™ 247} carboxylic acid, amine, ether 7152 5 3
TAS}S] =24~ Z3lo] 7hs3it.

{19 3744 Fre J—TZ]’*“ TA-Ti*" Aol 714t 7 2h= mwt
715 Fal) ok A7 mukatod A &S TA-Tit-a1itA) A9 stralndf}
frequency©l] W+ =48 S 24 AES TA &
W%, TATi*=1:50]1], F7}et 82} 8- 9] 512 50 wiveo| th.
AEAE F)ekA] o 0} & TUF 22719 A TA-Ti* (Fig. 2(c)-(d)<}
H]3310] moduli gkl 10*~ 10° Pall4] 10* Pa w]¥EO. 2 2443819171
strain sweep °l112] moduli 3k B = strain & 97kA] A 3HA|
AR A e Bk o) A 8] FUER TA-TI] 4
AR s e7k Ahashs Bk Q18] modulio] ZHa7b SIA| R, AL
WAZE 7] BAE TA-TIVE) w9 A IEQAE T4z
el 55 oushtt. 1=k GG ko] aERF St o e vls) &
7}8F8] 21, polyacrylic acid B23= polyethyleneimineS 5713+ 749
frequency sweep(Fig. 4(b))°l 4] G"¥} G'2] crossover frequency”}
10 ~ 100 rad/s G el vEbstth. o] Ab= TA-Ti o] <l
il A HIE A FAS 7INEC. R 8 58 3 Yol T3l 1
A= F7kste] 71ate] S84 A E-S o A
3 7HE 4 &S 9uldtth. SFAIRE polyacrylic acid &
polyethylene oxide® F7}5t 74-¢- W frequency Q& O.F A5
moduli7} FA3HA FHAate], T B Wh o) ke Qe 71
AIZE ddellx 2] e AA HolRith ol w2 S5 9] TA-
Ti*" Aol 71 A TAQLS] 4 A o2 UESD
Aol 712 7]0]dH= oJ k| H]gﬁ ZF BAbw)R] ok R} o
O 7 QIS o]AA N FHA 0T ME TE A ¥ FY 54 F
gro] o Auf#fo]7] Wit o & a4t 53] TA-Ti* Aol a4t
7t #dEHA —Er/&ﬂo% UA A TA-TiM UIE =7} F5-8F 7
W AP E FEE ] i 54 Apol = Qlal dF A
o] B7FsatH, F -] Al iAo r FHe & SO0l
3l m11e9A 5 A8k = AEel] Aol = 7] wiiel], A A
AZrE S8l dd et ik B8l 1

=

= HAAE ARehs 2ol

F7Fe]ofof gt
A7 TA-TIY VIE A6l it ahA] Ak TA-Tit -84}
AL A flal] TA-TIV-amiAh o] 215 ol A2k A
TR 2 AEL TA B 5E 5 wi%, TATIY = 1:5011, 713
TRAF GO FeE 37.5 wi%o] ok R ARE HE 2ol



EpdAb-Ado] g4-adAtkw 4+

i
12

1o

(a) 10° ey
= 105 B TA-Ti‘“-ponmer amplitude sweep (w = 10 rad/s)l -
L 10'f .
i 3lllllllllllll.-..
T 10 [z - A 4 - R
o A A A A A A A A A A A A A A ArAirarana .‘
£ 2
-~ 10 7
@
o 1 -
S 10 [Fee s e 0000000000000 o0 4
L2 oL -
S 10
s 10'1 [~ e Polyacrylic acid, Mw ~ 100k =
= el Polyethyleneimine, Mw ~ 25k i
4 Polyethylene oxide, Mw ~ 200k
10'3 S SETEETTTTY BRI B A T T P Ar T, .
0.01 0.1 1 10 100

Shear strain [%)]

Fig. 4. Rheological properties of TA-Ti**-polymer (a) amplitude sweep, (b) frequency sweep.

@

(@ 100 F__1 T T T T H
— -ITA—Ti“-ponmer temperature sweep (w = 10 rad/s, y = 0.1%) I-
© 6
o 10 | 1
5+ y
8 4
£ 10 N
@

1]

B
o 10
E
©
c 0 o
& 10 © e Polyacrylic acid, Mw ~ 100k 1

= Polyethyleneimine, Mw ~ 25k .

2 4 Polyethylene oxide, Mw ~ 200k
10° & 1 1 1 1 1 H
30 40 50 60 70 80

Temperature (heating) [°C]

@l A e A2 o) 181
(b) 105,., T T T T Ty
— 105 - TA-Ti“-ponmer frequency sweep (y = 0.1%) -
©
o 4
= 10 |
§3lllll-.......:::1'
T 10 F N 5 & % -1
£ 2 A A 4
= 10 O s . . 3
A
ERT ¢ ® -
[ ‘ o . o
g 10°F & g 8 e o ° -
© g L]
S 10 '+ e Polyacrylic acid, Mw ~ 100k =
s el Polyethyleneimine, Mw ~ 25k a
4 Polyethylene oxide, Mw ~ 200k
10'31- PR AT | PR | PP .
2 4 6 8 2 4 68 2 6 8
0.1 10 100
Angular frequency [rad/s]
(b) 10 F—T T T T T H
- -lTA—TiA'-ponmer temperature sweep (w = 10 rad/s, y = 0.1%) |
S 10° A,
B 4 :
g 10
®
5 .2
0] - -
o 10
£ - ~
@
c 0 .
& 10 © e Polyacrylic acid, Mw ~ 100k =
| = Polyethyleneimine, Mw ~ 25k _
A Polyethylene oxide, Mw ~ 200k
10'2 = 1 1 1 1 1 H
30 40 50 60 70 80

Temperature (cooling) [°C]

Fig. 5. Rheological properties of TA-Ti*"-polymer with different temperature while (a) heating and (b) cooling. The arrow indicates a drastic
change of the moduli of TA-Ti**-PEO gel during the cooling process (~ 40 °C).

F5d0] 78] Wil 2ol s wRkS B3 Eakel] e.dl A
7ho] B &ta A|skA o)Xl Lo 1B BAalo] Atz o g

w2 dojd o= o}, sl E9k= Q3 TA-Tit -1 82}2] &0

w2 A W3E #e1317] 98 rheometerolX] 4 C/mind] £59)
71 4 Yz S AR 5o wE H 242 S SIsitt

(Fig. 5). 714 3 ollA] Ex5Fo] -2 polyethyleneimineS: A
70 AL 25of| whE moduli®] W EF7} §11 (Fig. 5(a)), 7+ 2 W
ZhE AXA] ek Aol M IRt A skl Ak o] Sl A
&2 EAsHs 2 0% Bl sHAI v 24kl &2 polyacrylic
acid®} polyethylene oxide® 7}t 7&-9-0ll= 71 #g el 9] 1
AF el o) Wigh = TA-TiVAo] F4-ek Fi o) At A7) F4
S Fag o] ARl £33 5O E QI {2 Mol &% 7S HSl
31(Fig. 5(a), polyacrylic acid: ©F 40 ~ 50 °C, polyethylene oxide:
oF 55~ 65 °C), °oli= 252 W3kE Fall deolM= ¢xds] &aly]
A Fohs TEAFE TA-TI A skl 3A12 5 52 9
ush= A0 7 FZHt E3] polyethylene oxide (PEO)E AF&-5}o]
AT TA-Ti-PEOAS] 73-¢-, 7F ©015-9] W7} 31 = <k 40 °C
FollA 102 1) =2 528 moduli TV YRS 58 v
BITH(Fig. 5(b), 3ME3E). ©] moduli 5712 ¢olel thair s &3]
FAS}7] o] HAE PEO 47892 LCST (lower critical solution
temperature) A& H.017] WiZol[16,17], PEO +§H 2] & E7}
haghel] whet o] bR Aol g elx] PEO A= =0l ¥
5k ool vlsl TA ZA oA A2 TS F&ll B3} H= Als

R T ANE

Az sto] TA-PEORES] 443 & TA T4 ¢ 5% PEOS]
entanglemente]] 2|3+ J3ko] F5at7] Wit A o= 7R
o] o] H7+& entangle® PEO A3} TA-Ti* Ao =2 A #

w23] Wsksh=

A

L
Fu T

interpenetrating double network % morphology”
MELE- Ho] LEQ A 07 59T

TA-Ti*"-PEQ7} 714 = 2 5ol i 533 54 H3lE A &A
A2 A B4 A gef| o] g3tk A LE TAS] F 5+

Wi%, PEO 84 9] 5= 375 wi%® 43k, Tive] &5
(TATI = 1:5)8} 71 9 Wzho & o]Fo)zl & A 34 9 -f-5-oll
e W BEAS ST d A2l 8-S Fig. 53 #2o] 25°C
°lx1 80 °C 74+1¢] 7+ 273t o] 80 °CellA 25 °C 7H+] ] W3z}
o g ool o, 714 Yl W7} £t 4°C/mind] ok, TiYE
EFHeE Ao] A= AF FeIA GG < 15 RS A
AR DG, TiY7F 2FE A & AES GG > 12 Tk
ek AAF DS 7R B Ti7F §Adshs 7t Aol Al
AA ) BAS Ashs F23 299 ondit o A
4& A2 TA-Ti*"-PEO A2 moduli ko] 2F 10* ~ 10° Pa® t}
3702 AZel 3l 22 strain B frequency T4 €] moduli
Zhell ml&j 10! ~ 10% ¥H =34t} o] ZHE| TA-Ti*-PEOAS] 2%
history”} f-1 B/ F2.38F T v]Xth= AMIS $hH o] &
Q18 &= 1t} Amplitude sweep (Fig. 6(a))°N1A & A 2]& AX] TA-
Ti**-PEOA 2] S+ strain ¢ 2 o)A W& o] oji}A] ¢Fo} moduli
7} DA LERb= 710 strain ©F 0.3% ©)8HE, UH#] 37]<]

Korean Chem. Eng. Res., Vol. 58, No. 2, May, 2020



182 oJAIE - o]AE - HXND
(a) 107 o B R e L e e L) e m e (b) 107 T T T T TTTTTTTTy
—_ 6 ITA-(Ti‘")-PEO amplitude sweep (w = 10 rad/s)l — s TA-(Ti‘“)-PEO frequency sweep (y = 0.1%)
g 10r - & 10
e EEEEEEE) — o o o o
3105-, Ooo....' n -310512“"..'.'.. i
o e, 5]
£ LJ = a ! g
= AAAAAAAAARANARRRREG O 5 a8 5 ¥
SR AR ER-E R A-E-E-R- NN g 10 R S vy ]
£ vy < . 8! g 8 VvV
° v
2wt 1 ¢wpyiice -
®© a4 ® , v ¥ 4+
< 2| TA-Ti -PEO TA-PEO < 2| TA-Ti -PEO TA-PEO
O 10 I" heat treatment O ° A 7 O 10 I heat treatment O . A
heat treatment X o v heat treatment X " v
101 - SRR BT TTTT BT MR w ey, 101 H a1l PR | PR .
0.01 0.1 1 10 100 R D T A ST T
Shear strain [%] Angular frequency [rad/s]
10°
_ 10° _ _
" & o
= 10 = c
o 3 (O] s
10
10°
2 4 2 4 2 4 2 4 4 2 4 2 4
0.1 1 10 100 0.1 10 100 0.1 1 10 100

Angular frequency [rad/s]

Angular frequency [rad/s]

Angular frequency [rad/s]

Fig. 6. Rheological properties of TA-Ti*’-PEO and TA-PEO with the presence and absence of the heat treatment. Storage modulus G', loss
modulus G'', and loss tangent tan 6 = G''/G' values at different frequencies are shown in 3 subplots for clarity. Annotation symbols are

consistent with the original graph (b).

F 10% o138kl o] mlsh A o2 Fheh. 919

©] strain <}

g4 AqgE Az TA-T14+-PE = 57 frequency H el

O e

§L

& Jully] whzel[18,19], HAAZ AHEH ) 918 Fod

1w A4S ulEE 5= oI},

gl

pul

i=4

L

A G' < 3x10° Pa¥ ¥H53}1, tan & = G"/G' = 0.26 ~ 0.332] ]
Ao FATh 7hE veho], BAAI R AR 7] 913 7 24
53¢ Jﬁ Sk Eak ALY F9) 0% e Gro.® g
71521 He %;g'o Z4i44_ H].;ﬂeul/\ /\L_S,_zlg_o] 7]._0}01] 3|
2 A rte] A g 7HA T 7k ol W trade-off THAlO] Q=
SR HHHo) HF S o]k AL vkt e AES Fal
PR UEY L AR BAR A7) Sk YRR slart
01 O

o)

Res

Oei ﬂg] = 7%;( TA- "[‘144r PEOZ“«] X%;d—zﬂi/] o]_Q_ 7]—_#)\-1 s '_'
QISFSITY. Fig. 7(a)ol A A Ao =R E 14 Wako = 9] Joad
bearing capacityS 5733+ A2}, 2F 30 kPa2] H o) stresse} F 30 J/m?
2] adhesion energys WEFSITE. sliE A2E nigo 2 1% 12t

(a)30 x10°F T T T T T T L

IStress curve at imposed displaoementl

nominal stress, o [Pa]

0 2 4 6 8 10 12 14
nominal strain, € [-]

ol A|Z3 TA-TiY-PEOAS T8 5 TR & 2ol e =
FAE S7H71H A QIS 5 Ao el A okar 14 o
Fo] e MY e S Al ol & S8 A =X

H=
2.6x10* Pa (13 N/25 mm

%

O o

15 ok 1231 7P A S 718iglem, of
diameter)®] 1] #EF] SFEol| = AW 2|7t doluA] b= w2
A Y= ZHi]' i].o]g]_oﬂ;]. 1:1:3], g]?,: “3]—}\-]{5]. o ﬂﬂ] o]“r‘—’]
TA-Ti*"-PEOR 2] dry & wet 249 Hag S dehsd
Dry Z31o|X & AL 7|3 Apolof] il oF 123+ 7PEA & 7}
sk 7o gt T%Z*Q B3, wet 2271 olA= 3hte] SetolE 2
2 9ol 1 g =S 7 Eoll Al o] % thE Setol= SEAE
A el i oF 1527 7PHAl 4EE 1k H e gE S Bl
AzHE FRlsilt) 1 Ao, dry M= =2 2 et
WAIL(Fig. 7(b)-(c)), wet 1ol A= okzke] A 2HS R TH(Fig.
7(d)-(e)). 531, &2 ol Az 7 432k W Abol €] fibril 03_&‘
= Wgko w o] o) A gste] FA o] HAE ke F 719

Fig. 7. Load bearmg capacity and tack test of the heat treated TA-Ti*-PEO. (a) stress-strain curve, nominal stress ¢ = AL’ nominal strain

e=

0, initial thickness hy =1 mm, plate moving velocity 1 mm/s, measured adhesion energy ~ 30 J/m?. ((b)-(c)) fibril formation and

tackingss of the heat treated TA-Ti**-PEO in a dry condition, ((d)-(e)) poor degree of fibril formation and tackiness of the heat treated

TA-Ti**-PEO in a wet condition.
Korean Chem. Eng. Res., Vol. 58, No. 2, May, 2020



EhARAle] F4-mi A AR A9 Bl vl g3 HAZY o) 183
A3 sl o3 oURE =ol=d] 7]9517] W& 7. Ejima, H., Richardson, J. J., Liang, K., Best, J. P., van Koeverden, M.
[20,21], dry 270l A] fibrils @A 8T %2 A% AL E 7= P., Such, G K., Cui, J. and Caruso, F., “One-Step Assembly of Coor-
B odo] ther o] Atz AMLE 4= 9l Aoz st dination Complexes for Versatile Film and Particle Engineer-

VI A ol gl AlRE E 7ue] A Bk} o] 34
Afoo] wlg] A, BRIARE SRR Ao o] S ARROR 1
A UEN T FEE GAsto] £ SHU AHS R
o 53] 94 A2 S A7 TATI-PEOAS oRbe] g o
9] 818} 1h3-3 AR ok Qe HHY] R 3 9L v}
el she WAAZ AL g AT A0 B 538
3 shlstgint.

#? A

2 AT ST AT 2171 ?LX]QJ/\}%](NRF 2015RI1C1A1
A01054180)3} KAIST AFA|AFALY] 34 At o] T2 73
(N11170163)%] 2|95 Qro} =8 =] GlE T}

References

1. Ping, Y., Guo, J., Ejima, H., Chen, X., Richardson, J. J., Sun, H.
and Caruso, F., “pH-Responsive Capsules Engineered from
Metal-Phenolic Networks for Anticancer Drug Delivery; Small,
11(17), 2032-2036(2015).

2. Rahim, M. A., Ejima, H., Cho, K. L., Kempe, K., Miillner, M.,
Best, J. P. and Caruso, F., “Coordination-Driven Multistep Assem-
bly of Metal-Polyphenol Films and Capsules; Chem. Mater:, 26(4),
1645-1653(2014).

3. Guo, J., Ping, Y., Ejima, H., Alt, K., Meissner, M., Richardson,
J.J., Yan, Y., Peter, K., von Elverfeldt, D., Hagemeyer, C. E. and
Caruso, F., “Engineering Multifunctional Capsules through the
Assembly of Metal-Phenolic Networks, Angew. Chem. Int. Ed.,
53(22), 5546-5551(2014).

4. Park, J. H., Kim, K., Lee, J., Choi, J. Y., Hong, D., Yang, S. H.,
Caruso, F,, Lee, Y. and Choi, L. S., “A Cytoprotective and Degrad-
able Metal-Polyphenol Nanoshell for Single-Cell Encapsula-
tion) Angew. Chem. Int. Ed., 53(46), 12420-12425(2014).

5.0Oh, D. X., Shin, S., Yoo, H. Y., Lim, C. and Hwang, D. S., “Sur-
face Forces Apparatus and its Applications for Nanomechanics
of Underwater Adhesives, Korean J. Chem. Eng., 31(8), 1306-
1315(2014).

6. Ross, T. K. and Francis, R. A.,
with Mimosa Tannin, Corros. Sci.,

“The Treatment of Rusted Steel
18, 351-361(1978).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

ing) Science, 341(6142), 154-157(2013).

. Chang, E. P, “Viscoelastic Properties of Pressure-Sensitive Adhe-

sives, J. Adhes., 60(1-4), 233-248(1997).

. Creton, C., “Pressure-Sensitive Adhesives: An Introductory Course;

MRS Bull., 28(6), 434-439(2003).

Rahim, M. A., Bjérnmalm, M., Suma, T., Faria, M., Ju, Y., Kempe,
K., Miillner, M., Ejima, H., Stickland, A. D. and Caruso, F.,
“Metal-Phenolic Supramolecular Gelation, Angew. Chem. Int.
Ed., 55, 13803-13807(2016).

Seo, J. W,, Kim, H., Kim, K. H., Choi, S. Q. and Lee, H. J., “Cal-
cium-Modified Silk as a Biocompatible and Strong Adhesive for
Epidermal Electronics, Adv. Funct. Mater: 28(36), 1800802(2018).
Song, H. M. and Lee, C. S., “Simple Fabrication of Functional-
ized Surface with Polyethylene Glycol Microstructure and Gly-
cidyl Methacrylate Moiety for the Selective Immobilization of
Proteins and Cells; Korean J. Chem. Eng., 25(6), 1467-1472(2008).

Park, J. H. and Ahn, D. J., “Fabrication of Sensory Structure Based
on Poly(ethylene glycol)-Diacrylate Hydrogel Embedding Polydia-
cetylene Korean J. Chem. Eng., 34(7), 2092-2095(2017).

Kim, Y. W., Kim, J. J. and Kim, Y. H., “Surface Characterization of
Biocompatible polysulfone Membranes modified with Poly(eth-
ylene glycol) Derivatives, Korean J. Chem. Eng., 20(6), 1158-
1165(2003).

Brown, K., Hooker, J. C. and Creton, C., “Micromechanisms of
Tack of Soft Adhesives Based on Styrenic Block Copolymers,

Macromol. Mater. Eng., 287, 163-179(2002).

Roland, K. and Ebba, F., “Water Structure and Changes in Thermal
Stability of the System Poly(ethylene oxide)-Water}’ J. Chem. Soc.,
Faraday Trans. 1, 77, 2053-2077(1981).

Elena, E. D., “Role of Competitive PEO-Water and Water-Water
Hydrogen Bonding in Aqueous Solution PEO Behavior} Macro-
molecules, 35(3), 987-1001(2002).

Joo, M., Kwak, M. J., Moon, H., Lee, E., Choi, S. Q. and Im, S.
G, “Thermally Fast-Curable, “Sticky” Nanoadhesive for Strong
Adhesion on Arbitrary Substrates, ACS Appl. Mater. Interfaces,
9(46), 40868-40877(2017).

Moon, H., Jeong, K., Kwak, M. J., Choi, S. Q. and Im, S. G, “Sol-
vent-Free Deposition of Ultrathin Copolymer Films with Tunable
Viscoelasticity for Application to Pressure-Sensitive Adhesives,

ACS Appl. Mater. Interfaces, 10(38), 32668-32677(2018).

Gay, C. and Leibler, L., “Theory of Tackiness, Phys. Rev. Lett.,
82(5), 936-939(1999).

Zosel, A., “The Effect of Fibrilation on the Tack of Pressure Sensi-
tive Adhesives, Int. J. Adhes. Adhes., 18, 265-271(1998).

Korean Chem. Eng. Res., Vol. 58, No. 2, May, 2020



