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Dispersion Polymerization using Stabilizers and Preparation of
Inorganic/Organic Composites by Dispersion Polymerization in Supercritical

Carbon Dioxide

Min Hee Woo

Department of Image System Science & Engineering, The Graduate School.
Pukong National University

Abstract

Since Carbon Dioxide (CO,) is a good solvent for most liquid vinyl monomers and a
poor solvent for most polymers, it has been used as a medium for dispersion
polymerization. It has unique characteristics such as high diffusivity, liquid-like density,
zero surface tension, low viscosity, high fast mass transfer and tunable solvent power. In
addition, it is inexpensive, recyclable, non-flammable and non-toxic. It also has
advantage of easy separation from products and resolves problems related to solvent
removal.

In this paper, we report the dispersion polymerization of styrene using
poly(dihydroperfluorooctyl methacrylate-co-dimethylaminoethyl methacrylate)
(p(FOMA-co-DMAEMA)) copolymers synthesized in this study as a stabilizer in scCO,.
The effects of varying the concentrations of stabilizer and monomer, reaction pressure
upon the polymerization yield, molar mass and morphology of the resulting polystyrene
(PS) have been explored.

Inorganic/organic composites are expected to combine the physical properties of the
inorganic particles with the processability and the flexibility of the polymer matrix. PS
encapsulated silica particles were synthesized by the dispersion polymerization of styrene
in scCO,. The method involves the dispersion polymerization of styrene using
poly(heptafluorobutyl methacrylate-co-diisopropylaminoethyl methacrylate) (p(FBMA-
co-DPAEMA)) copolymer as the stabilizer in the presence of well dispersed silica
nanoparticles which were surface functionalized with the silane coupling agent bearing a
polymerizable group. The spherical SiO,/PS nanocomposites were successfully
synthesized by the dispersion polymerization of styrene in scCO, using copolymeric

stabilizers.
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Figure 1.1. Schematic pressure—-temperature diagram showing the

supercritical region
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Figure 1.2. Density vs pressure isothermals for liquid and sc COg
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2.2 4%

2.2.1 A)oF

A&e] A3 wEkA9l Styrene(Aldrich), 1H,1H-perfluoro octyl
methacrylate(FOMA,  SynQuest)®} 2-dimethylaminoethyl methacryl
ate(DMAEMA, Aldrich)= &/ 4F7WH(ALOs, neutral,, Brockman I,
Standard Grade, ca. 150mesh, 58A, Aldrich) ZH#o| J3A
T H WA A (inhibitor) & AAT § CaHolA SH3skel ARE skolch 2,2-
Azobisisobutyronitrile (AIBN, Junsei chemica): WEE=Z AZ2H 3}
A & ARESF AL, TFT, benzene, toluene CaHyolA SF3t3ith. CO;
(Daeyoung Co., 99.99%), CuBr(99.99+ %, Aldrich), 2,2’ -bipyridine (bipy),

ethyl 2-bromo isobutylate= A= 2] g§lo] AR&3}S T,

ARGdA=R AHgE #Y FSRAR]  poly(FOMA-co-DMAEMA)E
WAy TETY &&= sAdskalrt. ak1ulE (Teflon-coated) 7t £+
26ml Z#F2~39] FOMA 1g¥ DMAEMA 1g<& CuBr 0.007g, bipy 0.023g,
benzene 3g, TFT 3g¥ T Wi AALFTE97] stellA] 30% &<t bubbling
A7 0.007g9] ethyl 2-bromo isobutylateE® Z@}A~d YWHEZ Y&
100C= 7k, ateigieh,. A7) stel A 1243F &¢ whe ARl
Ao g WAANA w3 AA AZH. FAHE S Scheme 20 LYEFHAL,

FTeA FZF+= Figure 2.1 YERH AT

o

o
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@ H3C—[f—Br + CulBr/L ——= HiC —[lj + CulllBr /L

=0 C=0
L_|] Catalyst / C|]
| Ligand |
(sz fsz
CHs CHs
Initiator
(fH; TH3 'TH3 CH; ITHB s
A
) H,C _c]:@ + HC :T or HC =tf —» H3c—c|:—c r:|>’) + H :r\c|:
L’f:O =0 ‘f=0 LJ::o C=—0 =0
|
0 g 2 | | |
| | | 0 0 2
?Hﬁ CH THQ | | |
2 CH
o, | CH, (TH; THQ | V]
(CFs
‘ r|4 CH; (CFy)s (Tmﬁ
CFs HC / \CH3 ‘ CFs
CF;
Monomer

Scheme 2. Synthesis of copolymer via ATRP

%CHZ-C% / %Cﬂz-C%
I X I y
c=0 c=0
i ?
Ch, Ch
(CFy)s (|3H2
CF, N(CHy),

Figure 2.1. Structure of copolymer, poly(FOMA-co-DMAEMA)
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QAo bst ek Ao A ~E- BARERel A A WS v 2k
'l 39 Whg71(Aml) el mhdleg wkel @A 0.6g°  2~E AT
0.03g9] poly(FOMA-co-DMAEMA) (50:50) ¥ 0.006g¢] AIBNS Y=
ISCO Al#@A](Model 260D) HZE o]&3le] w-g7] Ul¥o] 70bare
oibstErAE Fe FH WhE7IE 65T Water-bathell Yo
7FE4E®l whg-7lol 345bare] olistRRAE FYET FH 4047
7S WA A WS FEEgem Aol 138bard]

=

ARk GEAE

-

sTEAY xRS BAEREE SA&s] 91§ Size-exclusion
chromategramphy(SEC)= HP1100 7]7]= A}&3}%ict. THFE F&8v=
ARgsle] 49 A7 (10-10%-10%-10% A: polymer standards service)S
ol-gd EHY2BEI FZFAEE AREste] FASGIH. FTFAY GEA
&S 54387 918ked INM-ECP 4000JEOL)9] 'H NMR& A}43%om,
4mlE CDCLy/CFClE  1:49 Rz 2§39 ARS33ith. Scannig
Electron Microscopy(SEM)2 Hitachi 3JAFAIE2] S-27008 AR&3}¢]
25kvoll Al SA3SIE. o]4kstetA Yo A Fa3tAl9 Cloud Point574-2 7
UEE Afytolo] o] &dl 28ml ZH A~ AL}

WeI)E olgste] BHHAYUL wer] el MAES Agsel W
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FEe 24, 3.368¢9 COE FUE & 3

sHAl 0.03g9] poly(FOMA-co-DMAEMA)St 0.6g9] 2~HAL Y&

HS-715  65C= 719 3 & 345bar?]

AmggA et 2Edlo] o]ibstera WellM s FalE F viES

ARg3e] A 71 A view cellE E3l] Cloud PointE =% st}

23 23 &

2.3.1 AF FFA 9 A=

AR AFEH dd T34 FOMA ¢ DMAEMA 9 % 71X

2 2% ¥& (67:33 ¥ 50:50)= HE

i

o]

DMAEMA ©97F dso=zx dFEFe /7] &ujdd Ikt

Aok WHEAX FTIAE
A 2]

T FAEL Table 2.1 o A= o] lar, FOMA ¢ DMAEMA 9] H|&2

'"H NMR &37]o ola) =<l =t}

SHA Z71ek= Aol Wulal A E, FOMA 2 67% (w/w) X33k &

<
ARG A= w5 ojjtstda  (oitsigtao]  0.21%, w/v)  UlelA

272bar 9] &= 65C & XA &d5]+= HbH, FOMA ¢ Hl&°] 50%

(w/w)Z 7+A3sPH Cloud point ¢ 4=o] 410 bar = Z7189E& & <

9lth.(Table 2.1) FOMA = 50% (w/w) £33t &58A AHSAA =

%71(345 bar)oll Al =<3k o]qkstekasol 88 ¥ A

T @A &gl

~E|AS ae b0 2

of
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65Tl eI} o]atslebie] T8 UolA F5FAle] &314dS Figure
2.2 o YeERATE  AqrleA HH FEEe FF ukgelA  Abg=
ot# A (345bar) ot} ~EAe] F&u] @AM FOMA 67%(w/w),
50%(w/w)E Z+7t EZ3Fsl= poly(FOMA-co-DMAEMA)E 0.03g (F3toll A
SR 7F oAbl E A tiH] 15%(w/v)E AFEE RS W, 2Ede] %7 o
iyl 5%(w/w)el ol H7hE w ~Eldle] FEr}b olitstetae ol 747t
3.8%%}F 7.8%(w/v)7} ¥& 7% 345bar oA &3lE T} o] 32 H|EF ~E]Ho]
olxbstek A el A 156% (w/v) o3 Wl FFFA7 271 Al A <
el st Es vhx et GAl A H o] HrhE AL ojw] gt

2
Ol

Table 2.1. Properties of random copolymers based on FOMA and
DMAEMA, poly(FOMA-co-DMAEMA) (67:33) (A) and poly(FOMA-co-
DMAEMA) (50:50) (B)

Theoretical Observed Cloud
Observed FOMA
molar molar point in
Copolymer Mn? content
composition composition COq
(kg/mol) (Wt%)
(mol%) (mol%)" (bar)*
A 38 44:56 41:59 67 272
B 29 25:75 25:75 50 410

2 Obtained by GPC.
® Determined by 'H NMR.
¢ Cloud points of the copolymers were determined at 0.21% (w/v) of copolymer in

COy at 65°C.
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Figure. 2.2. Solubility of stabilizers (5%, w/w, to styrene) in the mixture of
styrene and CO; at 65 °C and 345 bar: (@) poly(FOMA-co-DMAEMA)
(67:33) and (O) poly(FOMA-co-DMAEMA) (50:50).
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Table 2.2. Characterization of PS particles prepared with different
concentrations of copolymeric stabilizers, poly(FOMA-co-DMAEMA)
(67:33) (A) and poly(FOMA-co-DMAEMA) (50:50) (B). Reaction condition:
15% styrene/CO, (w/v), 1% AIBN/styrene (w/w), 65 T, initial pressure of
345 bar, for 40 h.

Stabilizer concentration  Yield Mn? Dn” ‘
Stabilizer PDI? PSD*
(%w/w to styrene) (%) (kg/mol) (um)

A 2 64 28.1 2.0 241 1.18

A 5 80 29.0 1.9 1.79 1.07

A 10 85 41.1 20 1.09 1.22

B 2 711 2450 2.0 1.78 1.15

B 5 82 31.3 1.8 156 1.09

B 10 93 42.2 2.1 0.88 1.33

? Obtained by GPC.
b Particle diameter.

¢ Particle size distribution.
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Figure 2.3. Scanning electron micrographs of PS particles prepared with
various concentrations (%w/w to monomer) of copolymeric stabilizers.
Reaction conditions as in Table 2.2. (a) 2%, (b) 5%, and (c) 10% of
poly(FOMA-co-DMAEMA) (67:33); (d) 2%, (e) 5%, and (f) 10% of
poly(FOMA-co-DMAEMA) (50:50).
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Table 2.3. Characterization of PS particles prepared at different monomer
concentrations with 5% (w/w to monomer) of poly(FOMA-co-DMAEMA)
(50:50) stabilizer. Reaction condition: 1% AIBN/styrene (w/w), 65 °C, initial

pressure of 345 bar, for 40 h.

Styrene concentration Yield Mn® . Dn”
(% w/v to COy) (%) (kg/mol) PDI (um)

45 92 40.7 2.1 5.11

25 89 32.2 2.0 3.52

15 82 31.3 1.8 1.56

4 Determined by GPC.

" Particle diameter.

Figure. 2.4. Scanning electron micrographs of PS particles prepared at
various styrene concentrations (%w/v to COg) with 5% (w/w to monomer) of
poly(FOMA-co-DMAEMA) (50:50) stabilizer. Reaction conditions as in
Table 2.3. (a) 45% and (b) 25% [15% is found in Figure 2. 3(e)].
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Table 2.4. Characterization of PS particles prepared at different initial
pressures with 5%(w/w to monomer) of poly(FOMA-co-DMAEMA) (67:33)
stabilizer. Reaction condition: 15% styrene/CO; (w/v), 1% AIBN/styrene
(w/w), 65C, for 40 h.

Yield Mn® Dn”
Pressure (bar) PDI*
(%) (kg/mol) (um)
159 39 12.7 2.8 -
248 74 32.1 2.2 1.09
345 80 29.0 1.9 1.79

4 Determined by GPC.

" Particle diameter.

SR

Figure. 2.5. Scanning electron micrographs of PS particles prepared at
different initial pressures with 5% (w/w to monomer) of poly(FOMA-co-
DMAEMA) (67:33). Reaction conditions as in Table 2.4. (a) 159 bar and (b)
248 bar [345 bar is found in Figure.2.3(b)].

_24_



T 7FA9 o & v &(67:333% 50:50)¢] poly(FOMA-co-DMAEMA) &3t

A= 2dAIRts A WA AERY] 2bS gt 9% A A =N AL

aly

$5I90eh. FOMAS] @30l 50%9 Wl FFHA/L Fe2ede angow
BRI, F ABET £ BAF) 1AL B2 @ 7P| Felsy
A QAE WEE A BARGL. FelsEd Q49 27 2 s o

42 wbgolA Aot G Ao Fiie ofs) s wevh AWMEA

A FE=7F 2% W W2 EEXES VM= 2 2R dAke] A9
o

to
rlr
=
fE
(@)
NS
2
S~
rlr
L
K
R
=
X
=1

At A7 AAH T 45004 159=
, ZE 283 JdAe A7) Folx|a, JA A7) ¥
TE ¢ FolHy. B4 TelA dojR Z2Ed JAE AHBAA ] o

23t¥l DMAEMA ©9le s AFH AHd7] <43t (electrostatic

stabilization)el] ¢]3le] AHAl €% (acidic buffered water)oll A 2| 4=

P
T 3l

_25_



T7/A7) ERA AlE

3.1 A&

%

e

Ny

el

K

1
s

FARI 74
A7t AW e,

olg} TEoe] %

1

kel
p="

= o
'T'Ez‘}‘r_‘

TR

Z Uz 7]

s
oy

el
o)

ol = 4

771/47]

A3l

el
ok

¢+

—

)
HH

o2 gulE AATO=EZH

o

[m
E

el

_26_



A g A8+ kA Q1 Styrene(Aldrich), Heptafluorobutyl
methacrylate(FBMA, Aldrich) ¢ 2-diisopropylaminoethyl methacrylate
(DPAEMA, Polysciences, Inc.) 3 7HAIA]l 2,2-Azobisisobutyronitrile (AIBN,
Junsei chemical), &vl Toluene (Junsei) A 2% oA¢} £ WHo=z
ZSFote] AFESE Y. COys(Daeyoung Co., 99.99%), ammonium hydroxide
(NH,OH), tetraethyl orthosilicate (TEOS), y—MPS (Aldrich), Ethanol<
A glo] Ab&stivt

3.2.2 Y F5¢A A=

AdgdA=z Ated A9 FFAQ  poly(FBMA-co-DPAEMA)E=

Toluenes vz FAsUch i dl8 HZE Soi9ly 25ml Zeha o

Qg

FBMA 0.7g¥ DPAEMA 0.3gS AIBN 0.01g, Toluene 0.5¢¥ A Yz

70CAA 7+ wurstelth A% 28l SelAl 1247 Fok WA F
Heom WANA Wee Ax AAL. FEEAS TRE Figure 3.1

LR AT

O

_27_



Lo »

‘ECHz-C% / %CHz-C%
I X I y
C=0 c=0

I l
0 0

I [

?Hz o

o o

?Fz N(CH(CHj3),),
CF;

Figure 3.1. Structure of copolymer, poly(FBMA-co-DPAEMA)
3.2.3 Si0s YA A= % 79 /2

SiO, YAl AZE Stober et al!'¥ol wil FaAFFoH, AxH SO,
T YA FEAAE AEl 40T F 2ol A 2441 AZA Z T
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24A17F ¥EgsliY. ¥l E 3 Supra2lK @A E2] 7] (Hanil Science)E&

AFg3ke] Si0, YRS Bastger 40TCe] Ao oA 24x7F AZRA AT
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0.06ge] W/l EE SiO, 0.06g° poly(FBMA-co-DPAEMA) (69:31) %

0.006g°] AIBN< ¥t} ISCO Al®#](Model 260D)HZE o] &3ato] ¥H57|

5o 70bare] ¢Ho g o|x3tetAE F3 FH HEEU|E 65T Water-

batholl Yol 7FdA|Zth, 718 wHE-7]o| 345bare]

HES- AT

40~ 3k

138bre] ¢t o=

w2 A7 s

6° og MPS
Q9 ° _——
® o

(w - silica particle

- PS

A
jﬂ( - surface grafted silica

Styrene

scCO,

Scheme 3. Representation of synthesis of Silica/PS multicore/shell

microsphere.
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Fourier transform infrared(FTIR) 2~ E &2 BOMEM Hartman & Braun
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Electron Microscopy(SEM) #2412 HitachiAte] S-27002 AFE-3}o]
20keVoll A =743} th. Transmission Electron Microscopy (TEM) #2412
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Figure 3.2. TEM image of the silica nanoparticles.

transmittance (arb. units)

4000 3500 3000 2500 2000 1500 1000 500
wavenumber/cm™!

Figure 3.3. FTIR spectra of: (a) y-MPS, (b) pristine SiO,, (c) y~MPS-

functionalized SiOq
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o wAEHe
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5 10% (G=FA ¥ w/w)=E ®¥3tste

Table 3.1. Characterization of SiOs/PS composites prepared with stabilizer,

poly(FBMA-co-DPAEMA) (69:31). Reaction condition: 15% styrene (w/v to

COy), 1% AIBN (w/w to styrene), temp 65 C, initial pressure 345 bar, for

40h.
Grafted SiO» Stabilizer Dn? Yield
Sample
(w/w to styrene) (w/w to styrene) (pm) (%)
S-1 5 2 - 75
S-2 5 5 1.9 78
S-3 5 10 1.7 82
S-4 10 10 1.6 85

4 Particle Diameter from SEM
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39 EgtAqo] REZ A= SEMY TEM 24% 538 %Attt Figure
3.49] SEM #4 A3}, 2, 5% AWZYAE A88S H$(Figure 3.4(a),
(b)), F-F3 AUTEA] sE2 Q3] a&Hoz ¢rgst avis w3 A
Zate] vk &7 4 A3 SHE YAE doHTh AMEAEA ] v &S
10%= =20 4 -(Figure 3.4(c), (d)oll= Hx JA Aol7} Z+7} 1.7um and
LumeZ  dojxth. o] HkE 2 FeME AW ¥y

EeHoR gl YL A4 e HFL v} Tl QA

Figure 3.4. SEM images of silica/PS composites (a) S-1, (b) S-2, (c) S-3
and (d) S-4.
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Figure 3.5. TEM images of silica/PS composites (a)S-3 and (b)S-4.
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Figure 3.6. FTIR spectra of (a) PS, (b) S-3 and (c) S-4.
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