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This study aimed to design a low-toxicity acrylic resin to develop a silver conductive ink
for printing conductive circuits. A carboxylated-hydroxylated acrylic resin based on
(meth)acrylate monomers was synthesized via a solution-free radical polymerization.
The resin properties, a Tg: 40 °C, acid value: 8.2, and hydroxyl value: 56.6 mg KOH/g,
were confirmed using DSC, FTIR, and titration analyses. Furthermore, gas
chromatography, FTIR, and solid-content tests confirmed the absence of residual
monomers to assess toxicity. Conductive inks containing 52-74 % silver nanoparticles
(50-10 nm) were produced using the synthesized resin and applied via the screen
method. The Ag-59 % ink, containing 59 % silver in the dry state, exhibiting a resistivity
of 0.7 Q.cm, excellent stability (no separation over 60 days), 5B crosscut adhesion,
optimal viscosity, and a particle size of <10 pm, was selected as the optimized ink.
SEM-EDX results confirmed the uniform distribution of silver nanoparticles within the
dried ink. This acrylic resin can serve as an effective matrix for producing low-toxicity,
stable, conductive ink with desirable electrical performance for tin-replacement
applications.
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. Printed electronics
. Photolithography

. Vacuum deposition
. Electroless plating processes
. Sensors

. Transistors

. Radio frequency

. Photovoltaics

. Smart packaging
10. Flexible display
11. Smart textiles
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. Top-down

. Bottom-up

. Biological

. silver oxalate

. silver acetate

. silver citrate

. silver tartrate

. silver nitrate

. silver oxide

10. Sintering

11. Dispersant polymer resin
12. Capping agent

13. Carrier solvent

14. Conductive metal nanoparticle
15. Formic acid
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. Methyl methacrylate

. Butyl acrylate

. Acrylic acid

. (Hydroxyethyl)methacrylate
. Azobisisobutyronitrile
. 2-Mercaptoethanol

. Methyl ethyl ketone

. Isopropyl alcohol

. Methanol

. Acetone

. Dimethylformamide
. Xylene

. Titrasol

. Dispering agent

. Wetting agent

. Leveling agent

. Adhesion promotor

. Terpilenol
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Table 1: Raw materials used for acrylic synthesis.

. Purity Molecular weight Boiling point

Methyl methacrylate

o

o
Butyl acrylate HZCJO A~
2}
(0]
Acrylic acid \)L
X OH
0
(Hydroxyethyl)methacrylate YJ\O/\/OH
Mercaptoethanol HS~0on
R0 CH,
Azobisisobutyronitrile %CXN*N Cxy,
H,C CH,
CHs
Toluene
0
Butyl acetate
ty )I\O/\./\

>99.8 100.12 101
>99.8 128.17 145
>99.9 72.06 141
>99.9 130.14 213
>99.0 78.13 157
>99.0 164.21 _

>99.0 92.13 110
>99.0 161.16 127
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1. Flory—Fox equation
2. Free radical polymerization
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Table 2: Formulation of acrylic resin synthesis.

105

Acrylic acid
Butyl acrylate -54
Methyl methacrylate 115
(Hydroxyethyl)methacrylate 83
Mercaptoethanol _

Azobisisobutyronitrile
Toluene

Butyl acetate

10

0.138773
30 0.234064
50 0.499401
10 0.07684
0.5 B
0.5 _
50 B
50
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Figure 1: Printing stencil for printing conductive ink on glass and
PVC substrate.

4. Limit of Detection/ Limit of Quantification
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6. Threshold
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9. Bounding Rectangle

10. Equivalent Diameter

11. Histogram

12. Nearest Neighbor Distance (NND) distribution
13. Centroid Coordinates

bl JolS i jslat & bosigos ol sl plosl 5
ub\dod_)/\‘ °C LsLab)bjM;)‘)ﬁ uﬁj&a)és‘vbﬁ&&wj
adads g i, Ty Judo a oles layld cpl iad Sas ag B Y-
s olsasl o, tele (o colaiwl 8,50 sl Pl bglire pxs
=y To 3l oo,S S anlyd glos oS il glases a0 Lyl i oS
5 S0l Gl (B S5 ek lo oy B asl 5L
ar Do yiess a5 wnsly axsls |, 4z LS, ol S, oS5
Jas ooz, S, L ole sbul en g 2l 5 j5b
B9 (655 gl 0,8 S35l g (n3) (Sl e
sbas Shoe (ulwlp wgainse 2 58 Jsiko 5 9 DGBE 90>
el (5590 Pl ly Gl gz ailoles Sy o Sz
L DGBE 093 o0 azr g iy & Pl 0l G285 i 5 0
Jos S Pl o plgie @ Sl 33 259 Omb ,Be Hld
S35 ol ST 5 Sl ol sl sl S (ol A5
om Bansee B ooy 1092 & (rizmed 5 35 o0 515 5kz O
So g 05d e JolS jeb ay ( oles a5l LB S 5l g
sl 5l s S 9t 9 (Sajeds, el J—uS 4 DGBE
Jdo s yle an ol (548 ToaniS 3485 g oS 5 Jule sole
Jos (598 0aiiS 5 Jole G lsie (ol Lbiaad xS
PVC aile s youks sloamslp a1 p092 adgl (Saienr 5005
ToaiiS e o i wlgs co DGBE ailoluw (ol 50 .oidus so Sguge
O 5o alelw Ty cdge rals L oole ol .ouS Wyl o |y cdge
ST S XY S| B Y-S S e Py B JUC S URPEN P I . )
i 983 Szl Ly g auil albls (g i S o0 abSlis
O bl 5 ol LSS (6 e LSe phd e ek by

) “ Q% l) o).a.: u‘)\s

o ulgi 0 )85 (Gllw) e (2L, 7Y
oiwss | eadoly joex mhaw 13 09250 polie 555 o)y sl

SEM-EDX’ oSl 5552 (55,1 (bl stagy 5975501 58y o
Thermo fisher ouijlw <5 %) Quanta Inspect F SEM Juo

9 gl VY zo—dg gl)ls Mo Licil Kaus 4y je2xe (sCientific
98259 9 rolie €98 5L L Ol oo cnlpl o oalial B KV 5Ly

1. Thixotropy

2. Wetting/Penetrating Agent

3. Plasticizer

4. Scanning electron microscopy coupled with
an energy dispersive X-ray spectrometer

5. Field emission gun (FEG)

AF-YIY F1EE)18 /55) 609U 9 pgle (ole a3 it



e g 033bo 8L ST (SLd yog390 B3N by Saka 35T 193 e HidlS / YLEl dlduc yzw

B pdy plosl (o yo Fe-00 oogasme (o) 0ol J 7S cd Cagb

g b Y

ool i Sl )T (3955 Sl (ouwy 32 9 2351 ==Y
Sl oS diged Sl ecn) To pebad 5 sodse 2 ALk sl
)5 32 DSC (3051 ulis s 18,5 DSC (y93 il sy
Py Joze Tg o S8 bl sl ooy (5155 Y JSCo 5o
13gl jga aSol a4 azgi b .l FF-F0 °C g0 10 ) wiges
ol Gidin b e To GRalidl s Logos o6 yondy ins 5o
=k et e (Alls ek b anslie )5 jerdi-0,39L bl
-7 abaly 5 Y=Y i Gallae S ST o) Jome gaisJge 2
DSC (sl @ules b plosl )] 52t 9 28,5 0550 ¥+ °C (s,

Sl 0als ools ylid T USS (o oald i S ST 03,

o3y Ty &5 om0 OLti ¥ JSCb 9 DSC (55l @l
Elosles 5 bypass b 45 TA-F+ °C s 4 oid yites Sy 5T
rosige 5l sy Gl el 5ol @Bl Ml ) alal) Gillae 4l
sboog S sloml cgar @St 5| (onSg 5000 5 vl S ST
Ol o oolitul (55 225 59, JeS 9 e g el SehenSs S
alide sloaul g g o, D3l 4y Jome (St ooy S
s o 3 )|

oud 03l (Lt B U5 55 (JsSge o2 dnslme (90l s
Wl 0o 0 o LSy 00 sae (gagl sas (03] @l il
ooz o eadizin S ST 05) sl o0 02 5 9515
(gl e F Jgao j0 zyaie mli b Gillas .ol ool ools yLis
eatadgs Sl ST () adged aalz deo ) 5 (oS5 o sae
Pz 9 sone (J9SIge pr2 090 Sllne 5 o u iy Billas
5 OVEEY @Mol) s90> ;5 i S ST 055 Fig (JsSge
b, sboypg> 5L 090 (JoSIge o2 oguome ;5 45 05 VNAYFY
PARRERE Fooee (@mol) :go0c JoSgo p > 0090 ste) Cml
Ao AYe e @mol) ;oS3 Je—go p o 0090 o
a9 Jds an S ST 5 (69,15 el Lasiie oS joboplon
bl Jlil b sl SienS'52)5 sloog 57 5 (LS g )00 (sloog S
sgma> Jdo @ oy S 132 Geizmed 9 Vb (559008 Lo
2 Sl Ad) Wl Loy sl Sy ST iile s (sl 050
2 By e 6ylanl 4 Vb 59,15 45 (aey0 00 sl ao o
S ST 05, FTIR gl 3 o S8 g0,k o 0 5 s
Gl 0as oaly Hlis £ IS 50 ool adgs

o0 yites S ST 303, FTIR ik o saline 5 slaals

iloads o)138 4> &g 4 O Jgaz (0

.alads 90 Uy A c..\....u_;l> 9> og da.asu.a Lgﬂfc)‘k\jl 090 ¥ s
Figure 2: Measurement of the resistivity of printed ink by two-point probe.
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1. Resistivity
2. Two-Point Probe
3. Crosshatch
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Table 4: Acid value, hydroxyl value, solid content, viscosity, Mn, Mw, and PDI of synthesized acrylic resin.

Mw Mn Viscos
(9/mol) (g/mol) o

2.077 119743 57642

ity (St) Solid % Hydroxyl value Acid value
C olid content (%) (MgKOH/g) (mgKOHIg)
85 50.5 56.6 8.2

o 3w Sy ST 005, FTIR cals 51 Jol> sloals b Jgu
Table 5: Peaks of the FTIR spectrum for the synthesized acrylic resin.

Functional groups Wave number (cm™)

O-H
COOH
—CH2

C=0

—-CH

Arom. Ester
C-0-C
—(CH2)n

3400-3500
2945
2900
1720

1379 & 1465
1100 & 1270
1106
719

0.8 T exo 1) 0 st 100 °C

2) 100 wmige- () °C
3) 0 emmpme- 100 °C

0.6

0.4

DSC / (mW/mg)
o

Onset:
Mid:
Inflection:

Glass Transition:

398°C
44.1°C
429°C

0.4 End: 4#3°C
0.6
0.8 B
-1 T T r T T T
0.0 200 40.0 60.0 80.0 100.0

Temperature (°c)

085 ble,y g (ol oS diged 5l DSC Q}a)‘—l oY s
Figure 3: DSC for a commercial code sample of silver conductive ink.
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Figure 4: DSC for synthesized acrylic resin.
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Figure 5: GPC for synthesized acrylic resin.
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Figure 5: FTIR for the synthesized acrylic resin.
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Table 6: Quantitative results of the free monomer analysis in the synthesized acrylic resin by GC method.

Retention time

Monomer (min)

Equation

Measured Concentration

LOQ (ppm) (opm)

PeF

Methyl methacrylate 45 Y =50+125 x X 0.5 15 Not Detected
Butyl acrylate 7.1 Y =25+109.5 x X 0.8 25 Not Detected
Acrylic acid 9.5 Y =853 x X-20 1.0 3.0 Not Detected
(Hydroxyethyl)methacrylate 12.6 Y =975 x X-50 2.0 6.0 Not Detected
Mercaptoethanol 8.3 - - - -

Azobisisobutyronitrile 14.2 - = - -
Toluene 3.2 - = - -
Butyl acetate 5.8
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Figure 7: Calibration curves of standard solutions of pure monomers AA, BA, MMA, and HEMA in a 50:50 toluene and butyl acetate solvent
mixture at 10, 50, 100, 500, and 1000 ppm concentrations.
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Figure 8: Gas chromatography diagram of the synthesized acrylic resin.
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Table 7: Nanosilver content in dry ink and Solid content, and grinding of wet inks with different nanoparticle contents.

Ag-52 % Ag-59 % Ag-64 % Ag-68 % Ag-715 %

Nanosilver content in

dry ink (%) 52.03 59.12 64.39
Solid content (%) 44.36 + 0.50 48.32 £ 0.50 51.76 + 0.50
Grinding 10 (um) > 10 (um)> 10 (um) >

Ag-64%
Ag-68%
Ag-71.5%
Ag-4%

S
o
w 3
S0 o
&2

After 1 day

B After 30 days

After 60 days
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Figure 9: Stability of the silver conductive inks with different silver
contents (a) after one day, (b) after 30 days, (c) after 45 days, and (d)
after 60 days.
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Figure 10: Resistivity test of inks printed with different thicknesses
on a PVC surface.
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Table 8: Resistivity of inks made with acrylic resin and silver nanoparticles in different contents.

Ag-52 % Ag-59 % Ag-64 % Ag-68 % Ag-71.5 %

0.40 £0.05

Resistivity (Q.cm) 1.60 £0.05 0.70 £ 0.05

Ag-74 %

0.10£0.05 0.050.05 0.01 £0.05
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Figure 11: Performance-cost analysis, the relationship between volume resistivity (electrical performance), storage stability, and relative cost as
indicated by silver content for the different ink formulations.
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Figure 12: A: SEM-EDX micrograph and surface elemental analysis with B: oxygen element, C: carbon element, D: silver element, and E: analysis
and surface elemental values of Ag-59% ink applied and printed on PVC surface.
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Table 9: Surface separation and elemental values of the Ag-59 % ink applied and printed on the PVC surface.
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K series 28.64 61.58
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Figure 13: Particle Size Distribution Histogram of Silver Nanoparticles in the Ink Applied and Printed on the PVC Surface.
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Figure 14: Inter-Particle Distance Histogram of Silver Nanoparticles in the Ink Applied and Printed on the PVVC Surface.
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