CHAPTER IV

RESULTS AND DISCUSSION

In this chapter, the i@su ) four sections. The first section

mainly focuses on the sy csis of o@-containing silane compounds
having different alk ¢ used.as urldte=ethered initiators. The second

of silicon-supported mixed
and subsequent silicon-

supported mixed tris(@M ol .v S ayer which is later used as

patterns for the synthg ,_ ~ brushes. The third section
involves b 2-methacryloyloxyethyl
phosphorylcholine (MPC) @nd zgié! k ¢ (-BMA) by atom transfer
radical polymerization (ATR :f . -y 'c -supported oc-bromoisobutyrate
monolayer and silicon—su : S)/oc-bromoisobutyrate monolayer.
The final section‘gkiains how—the-sral V-6 ES-BFdmoisobutyrate groups of
silicon-supported e d ; monolayer influences the

morphology of surfa S -tethered polymer brushes.
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4.1 ?ﬁnthe51s of a-Bromoester DéFivatives as Ifitiators L

RIANNIUANNINE R

quterlﬁcatlon of vinyl-terminated alcohols with 2- aromoisogultyryl bromide

was followed by hydrosilylation with dimethylethoxysilane to yield silane
compounds having one end capable of bonding to silanol groups on silicon surface
and the other end carrying latent o.-bromo ester which can later be used to initiate the

ATRP of vinyl monomers.
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4.1.1 Synthesis of Vinyl-terminated o-Bromoisobutyrate Compounds

0 9 cH,
OH THF/pyridine O—CA‘—Br :n=3.6,10
/\H *Br—C R AN n-2
CH, CH;
alcohol 2-bromoisobutyryl vinyl-terminated

o-bromoisobutyrate compounds

1,2,3

compound bromide

B

Three analogous [ s é— 3, 6, and 10) were used as
substrates for this reactigi 1 , msbstitution of vinyl-terminated
alcohols with 2-bromqise® 4’ dflian gave vinyl-terminated o-
bromoisobutyrate con S @8 Jeplore ( x lucts which were sufficiently
pure for the next syntheg ul ui ;»  purif \ after the work-up process. The
mechanism is schematic dhofvii i ,A‘ e c aracteristic 'H NMR peaks
and %yield of product§ arg Pd, indabl 2l et Signals of the methyl protons
of C(CHs);, at 1.98, 1.901. geiicts \ . and 3 represented the success of

the reactions between vinyl-tefifamtred i and 2-bromoisobutyryl bromide. 'H

NMR spectra of product ayed in Figures 4.3, 4.4, and 4.5,

respectively. e

'j‘\ﬁ“u fay ! — .m/\%fio .
%mmnimummmaa

Figure 4.1 Mechanism of nucleophilic acyl substitution of vinyl-terminated alcohol

with 2-bromoisobutyryl bromide
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Table 4.1 Characteristic 'H NMR peaks and %yield of vinyl-terminated o-

bromoisobutyrate compounds

Product No. Name Characteristic % Yield
'H NMR peaks

I (n=3) Prop-2-enyl (2-bromo-2-  singlet of C(CHj3); at 90

methyl) p 1.98 ppm

WHE-Promo-J===smelct of C(CH.): at 85

Afonionoate - 90 ppm

//’ }\\\\
3 (n=10) ;gi  “¥“\ of C(CHs), at 85

-l'.l_ \\\
y ! - M
4.1.2 Synthesigf ol S% \

2(n=06) Hex-§

pounds by Hydrosilylation of Vinyl-
terminated a-BromoisobiitysaieC

-

LI

CHy oy ) GH;
H;C,0-8i—H jg_-—"—-——"*—— —HC0- 1\9/0 r
CH; = = CH, H;

dimethylethoxysilane - vinyl-terminated

i :
o bramoisobutyrate Mﬁounds silane compounds

AUEY Vlgl'ﬂi BN
ARABANIUURITN G A s

brom01&)butyrate compounds (1, 2, and 3) was carried out in the dark in the presence
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of chloroplatinic acid, H,PtCls at room temperature for 24 h. Figure 4.2 illustrates
hydrosilylation mechanism using chloroplatinic acid as a catalyst. The reaction
yielded yellow viscous liquid as a crude product which was sufficiently pure for the
next synthesis without further purification after the work-up process. 'H NMR
spectra of the resulting silane compounds (Figures 4.3-4.5) showed methyl protons

of C(CHs), adjacent to bromine at 1.89, 1.93, 1.96 ppm for product 4, 5, and 6,
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respectively together with the absence of signals from two terminal protons
previously appeared in vinyl-terminated o.-bromoisobutyrate substrates in the range

of 4-6 ppm, indicating that the reaction was successful and gave silane compounds as

the desirable products.

H_ SiRzR'

NPt
R'R,Si

Figure 4.2 Mﬂaﬂéﬁmlﬁwgwﬂ@ﬂ@md as a catalyst
QRTINS



Table 4.2 Characteristic 'H NMR peaks and %yield of silane compounds
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Product Name Characteristic % Yield
No. '"H NMR peaks
4 (n=3) 3 - (Dimethylethoxysilyl) propyl  singlet of C(CHj), at 93
(2-bromo-2-methyl) propionoate ~ 1.89 ppm and singlet of
1} Si(CHs), at 0.04 ppm
S(n=6) 3-(Dimethylk mclet of C(CHj), at 90
(2-bromo= : 93+ppm and singlet of
at 0.06 ppm
6 (n=10) 3 - (Dimethylfthrd It Wel of C(CH), at 90

ppm and singlet of

(2-brom®-2-

» at 0.05 ppm

AULINENINYINT
ARIANTAUNNING1AY
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Figure 4.3 "H NMR spectra of (A) prop-2-enyl (2-bromo-2-methyl) propionoate and
(B) 3-(dimethylethoxysilyl) propyl (2-bromo-2-methyl) propionoate.
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Figure 4.4 'H NMR spectra of (A) hex-5-enyl (2-bromo-2-methyl) propionoate and
(B) 3-(dimethylethoxysilyl) hexyl(2-bromo-2-methyl) propionoate.
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Figure 4.5 '"H NMR spectra of (A) dec-9-enyl (2-bromo-2-methyl) propionoate and

(B) 3-(dimethylethoxysilyl) decyl (2-bromo-2-methyl) propionoate.
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4.1.3 Synthesis of Propyl(2-bromo-2-methyl)propionate as a ‘“‘Sacrificial”

Initiator
O L CHs;
I CH; ridine | 2
/\/OH + Br—C | Br Py - /\/()—( T
THF Ha

yropanol with 2-bromoisobutyryl
[omo=2=methyl)propionate (7) as a pale

ouge 4.6) of product 7 showed a
%96, ppm indicating the success

iy ‘sacrificial” initiator for the

]

dF
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Figure 4.6 '"H NMR spectrum of propyl(2-bromo-2-methyl)propionate
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4.2 Preparation of Silicon -supported Mixed Tris(TMS)/silanol Monolayer

OSi (CHy)s
O—Si—0Si (CHy),
OSi (CHy)s HCI (|)Si (CH3);
+ Cl—Si—0Si (CHy); ———» OH
OSi (CHs)5 ?Si (CHy)s
O—Si—0Si (CH;),
OSi (CHs),

silicon-supported
tris(TMS)/silanol monolayer

8

S)) was prepared by the

reaction between tris(gifnesfiyi ) _chlorosilane, (tris(TMSCD) and silanol groups

\..1 reaction, a series of mixed

surface coverage of tris(TMS) can

be prepared. The kinetics gf reagttn‘can o ored by ellipsometry and contact
; &

angle analysis. As shown in Figare 4.7 psometric thickness of tris(TMS) layer
slowly increased a Y f] n of reaction pacjed its maximum of ~ 20 A
after 4 days. WaterlCOi Biolre 4.8. Initially there was
a rapid rise in contac | anglc fre C ‘ d silicon surface to 60°/43°

within 12 h, followed by gradual increasg gver a period of 1-4 days, indicating that

the surface bﬁ%ﬂ%ﬂ%ﬁ%m ﬂﬁgc was increased. The

contact angle df192°/82° was evenu}ally obtamed after 4 days of reactlon

ammnimumwmam
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Figure 4.8 Water contact angle of tris(TMS) monolayer as a function of reaction

time : advancing angle (e) and receding angle (©).
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Degree of tris(TMS) coverage was determined from contact angle data
according to the method proposed by Israelachvili and Gee for molecularly mixed
heterogeneous surfaces [78]. The observed contact angle, 6,5, can be described in
terms of the mole fractions of each component, f; and f>, as well as the contact angles

for the pure surface of each component, ; and 6, by

0s O)1° + f2[1 +cos &) (4.1

(4.2)

when 0,55 = ~theobsetve iemgsansle of tris(TMS) coverage

\
o c AfdnuGi \\,‘ 0l \5‘-1, g coverage of tris(TMS)

| onolayer (65 = 0°)
e surface

s on the surface

In this study, the

a mixture of tris(TMS) groups (6, =

a ¥
U 4 ;

108°) and silanol groups e noted that the advancing contact

angles were used {¢ f-f-—,— ------------ . In addition.the: gho ical composition of the
tris(TMS) monola P 'l a are shown in Table 4.3
along with calculate "l
obviously in tio ting the higher degree of
tris(TMS) cﬁ ﬂag Eﬂﬁﬂgﬂmﬁﬁiame trend was also
observed when hexadecane wag’ used as g, probe fluid gfer contact angle

measanmmnifuuwrmmaﬂ

ris(TMS) coverage and contacéfangles. The carbon content
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Table 4.3 XPS data (15° take-off angle), water contact angle and calculated %

coverage of triscTMS) monolayer as a function of reaction time.

XPS atomic concentration Contact angle
(%) % (61 k)
Reaction time (day) Si 0 C tris(TMS) ~ water ~ hexadecane

coverage

0 40.50 0 29°/15° -

0.5 ' 51 62°/43° 20°/7°
1 73°/65°  30°/18°
2 81°/71°  30°/20°
3 86°/78°  35°/23°
4 92°/82°  34°/30°

Our results are€ in goo D eviously reported by McCarthy

and coworkers [11]. As"a rg8ult (TMS) groups, the reaction reaches its
s

maximum extent as soon as i

small for tris(TMSCI) to_ae¢

d by unreacted silanol groups is too
an be supported by the fact that

the contact angle tendstol] time (3-4 days). These

are reactive sites available for

>
|
¥

Kers have also demonstrated

residual silanol groups

adsorption or chemi 1 reaction. McCarthy and cowo

that the nanegc ‘ﬁ ‘ Mot ymenolayer (Figure 4.9)

containing urﬂcﬁg[; gﬁﬁﬂjhm‘;ﬂw t #ller silanizing reagents

as well as carboxyl-functionalized ilistyrene' -COOH) to %i€ld binary surface
NETR

o) I HVNT1 IS S A"

e
H,c\gi P ,
H,C 3 CH,
mcn..sw--o\z_ ,OIISE-\"III(J{_\ O _O HiCaw 5 | sCH,
.l -
H,C %] CH; O O SlI
- O O or PS-COOH A
snll.con tris(TMS) binary surface
gxide monolayerr mixtures

Figure 4.9 Schematic representation of nanopores in tris(TMS) monolayer



65

In our case, the unreacted silanol groups in the binary monolayer mixture of
tris(TMS)/silanol was allowed to react with silane compounds having a-bromoester
groups. The resulting binary monolayer mixture of tris(TMS)/ a-bromoester was
then used as a template for surface-initiated polymerization of vinyl monomers.

Detail investigation is available in the following sections.

ot omoisobutyrate Monolayer and

isobutyrate Monolayer

silic.:on silicon-supported
oxide a-bromoisobutyrate monolayer
Using the optimized condilion pi reported [70], a-bromoisobutyrate

monolayer having thé maxii d.0n silicon substrate with a

thickness 9.25 + b?l'.a

1

Z
v . dvancing/receding water
I

contact angle of sil€on-supported oc-bromoisobutyrate

::;::p\:jls;a;ﬁ:ﬁﬁ% W%&ﬁ Qﬁg]nﬁ f% the cleaned and dried
AN TUNMINGAY

monolayer was 72°/68°
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(l)Si (CHa)s
O—Si—O0Si (CH‘;)3
. CH 0 CHj
; OSi (CHy)s [ i
|—oH + C2H5O—?1-(-CH2);O—C—-(II—Br
(i)sl (CH3)3 CH3 CH3
0Si (CHy)s silane compounds

silicon-supported 4,5,6

mixed tris(TMS)/silanol mopolay

——

of ate monolayer

Vi A
Silicon—suppo d oifbutyrate monolayers were
¥ i¥

prepared by subseque% silanization of silicon-supported mixed tris(TMS)/silanol

monolayer hﬁ%ﬂﬁgwﬂnﬂ?ﬂﬂ&rﬂ Tpounds having end-

functionalized gg-bromoisobutyrat he silane molecules were grafted into

BCY: DN eI H N o) 14

so the formation of silicon-supported mixed tris(TMS)/cc-bromoisobutyrate

. Each silane

) monolayers,

monolayers can easily be assessed by XPS analysis. These data can also be used to
estimate the chemical composition of binary monolayer mixtures. XPS and contact
angle data for binary monolayer mixtures of tris(TMS)/cc-bromoisobutyrate (n=3)

are summarized in Table 4.4. According to contact angle analysis (data are not
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shown), a period of 4 days was sufficient for the graft density of oc-bromoisobutyrate

groups to attain its maximum value regardless of %tris(TMS) coverage.

Table 4.4 XPS atomic composition (15° takeoff angle) and contact angle data for
silicon-supported mixed tris(TMS)/ocsbggmoisobutyrate (n = 3) monolayer using 4

days of reaction

Water Contact
angle
% tris(TMS)
coverage (64 16k)
0 72°/68°
66 73°/52°
75 75°/55°
82 80°/63°

iF |

As expected, thetlasa indicated thatgthe ratio of C:Br increased as the amount

« e U T IHE I For e o

brommsobutyra groups availablg for m1t1at1 ATRP of ngopomer when the
o QRNRER TR PR AR e
monolafler mixtures of tris(TMS)/cc-bromoisobutyrate as templates for controlling
graft density of polymer brushes. Evidently, advancing water contact angles of
silicon-supported mixed tris(TMS)/ecc-bromoisobutyrate monolayer was raised as a
function of %tris(TMS) coverage similar to what previously observed in the case of

silicon-supported mixed tris(TMS)/silanol monolayer.
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4.4 Preparation of Polymer Brushes

4.4.1 Surface-initiated Polymerization of MPC from Silicon-supported o-

Bromoisobutyrate Monolayer

silicon-suppeited” O
a-bromoisobut

. 1]
LI O—IIJ—OCH2CH2N+(CH3)3
o

-supported
canonolayer

This part Gf<eSearch tocHSes o Ao cxney cmehial parameters that would

affect the efficienc o’il-“'

r
| 10

al” or “added” initiator and

(2) deactivator. The ‘o “sacrificial” initiator or “added” initiator represents free
initiator whichyiss 1o, ‘t% sg s anteationally added in the
solution duﬁasutjin a ﬂm am gj:lfj jor reasons. The first
reason is to use this free initiator (fropyl(2-bronss2-methyl)profliénate in this case)
to siml {m:s]yalﬂtﬂcﬁréﬁ[ ﬁ a%mgﬁlg Mrk reported by

Fukuda has demonstrated that the molecular weight of this “free” polymer formed in
the solution closely resembled that of the grafted polymer brushes cleaved from the
surface. Thus, it can be used to monitor the surface-grafted polymerization process.
[79]. The free initiator plays a role not only as an indicator of the polymerization but
also as a controller for the ATRP on the surface The second reason has a lot to do

with the activation/deactivation cycles of ATRP process (Figure 4.10). In the

polymerization without an “added” initiator, the concentration of the Cu" complex
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(deactivator) produced from the reaction at the substrate surface is too low to
reversibly deactivate polymer radicals with a sufficiently high rate. In the presence
of an “added” initiator, the deactivator was generated by radical termination in the
initial stage of polymerization until a nearly steady state concentration of copper (II)
(Cu") was achieved. The “added” initiator would help increasing and adjusting the

concentration of the Cu" complex as in a free ATRP system. The adjustment of the

Cu" concentration could be made byidife adding an appropriate amount of the

Cu" complex which acts asa

Pp=X + Cu i = P, + X-Cu(IDX/Ligand
LY
RN
PP
Termination
Figure 4.10 The activa ycles of ATRP process

y_ — Ii'"
1) PMPC brus i e ¢ oft*added” initiator

i¥

Accord ﬁ: to oufmlous work, PMAPC brushes grew more rapidly in a more

i dIBEIH LT WNE S F Lot meaiom in e

absence of “ad&d” initiator [80]. Fhe polar me um espec1a11y.\yater can facilitate

- QEN IR TR AT Epovcn

[19, 8119Such a medium, however, deteriorated the livingness of reaction and caused

polar aqueou

premature termination as can be evidenced from the thickness of PMPC reaching a
maximum value after a certain period of time. For this reason, two less polar solvent
systems were selected in this study: mixed methanol:water = 4:1 (v/v) and pure

methanol.

Figure 4.11 shows the development of PMPC thickness as a function of time

at two targeted degrees of polymerization (DP) using the mixed methanol:water =
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4:1 (v/v) as a solvent. The mole ratio of added initiator:CuBr:bpy of 1:1:2 was fixed
while two mole ratios of MPC:added initiator of 50:1 and 200:1 were used. The
thickness of PMPC layer increased with the increase of targeted DP. For both
targeted DPs, the thickness increased linearly with time at the beginning. The rate of
thickness increase of PMPC brushes seems to slow down at the later stage. This was

probably due to loss of active chain ends by termination and/or diffusion limitations

of monomer to the surface. This, fiesul ¥ gleg indicates that both polymerization
time and [MPC]:[added initi : deas tools for controlling the growth
of polymer brushes. The, SArincreas s a function of polymerization

time evidently suggests @ in character.

thickness (A)

w

g
e

ﬂummi"ﬁ“‘%“ﬁ"ii'lﬁi
o AT ORI TN (oK TN

using methanol water =4 : 1 (v/v) as a solvent.

Under the same condition to obtain the targeted DP of 200, PMPC brushes
prepared in pure methanol was relatively thinner than those prepared in mixed
methanol/water. The relationships between PMPC brush thickness prepared in pure
methanol and the one prepared in mixed methanol/water and reaction time are shown

in Figure 4.12. As explained earlier by Armes and coworkers [82], the presence of
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water in the mixed solvent helps increase the solubility of the catalyst as well as
increase the activation rate constant (k) in ATRP. In addition, in more polar media,
the bromide anion is sufficiently stable and well solvated, resulting in Cu(bpy),” Br’
species. While, in less polar media, Br is destabilized and concurrently binds much
stronger to CuBr than bpy does, resulting in Cu(bpy), ~ CuBr, " species. These results

agree very well with the previous data [30]. In spite of the variation in thickness of

thickness (A)

"'. ) T 1
Y] 15 20
on tife (h)

iF |

Figure 4.12 (J]%; ﬂ‘?wg]lf] ﬁﬁ polymerization time
=4:1(vlv

for targeted D 0 1n methanol: water ) (M) and pure methanol (O).

amaﬂnimum’mmaa

The growth of PMPC brushes can also be monitored by water contact angle
analysis. Figure 4.13 shows advancing (04) and receding (6r) water contact angles of
silicon-supported PMPC brushes as a function of polymerization time. Both
advancing and receding contact angles rapidly dropped with time from 72°/68° of the
hydrophobic silicon-supported ca-bromoisobutyrate monolayer (n = 3) to ~ 20°1° of

the hydrophilic silicon-supported PMPC brushes after 1 h of reaction. The contact
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angle data also imply that the surface bearing PMPC brushes is quite homogeneous
and smooth. The independence of water contact angle on the thickness of PMPC
brushes evidently suggests that the growing of each polymer brush is simultaneous

and living in character.

100 -
2 80
B
)
D
=
° 60 -
B0
=]
<
B 40 -
3
g
; 20 - L ]
=
-3 0 - (@) 1
15
Figure 4.13 Watered s giwarsus polymerization time

)
r

for targeted DP = 280 v
(O). ! ¥

. reﬁ%gﬁaﬂﬁ%@wmﬁ@mm A

PMPC brushes%Figure 4.14) in order to demonstrate that the wetting has reached its

N ¢ N Y
equlllﬂxw lﬁq ﬂ?\m;]% ﬁ? m;ﬁlﬁnnner layer of
PMPC byushes, a Similar trend was also observed in Figure 4.15"Whef pure methanol

was used as a solvent.

a solvent: 0, (®) and 0,
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Figure 4.15 Ellipsometric thickness (m) and receding water contact angle (6,) (O) of

PMPC brushes versus polymerization time for targeted DP = 200 using methanol as

a solvent
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2)PMPC brushes prepared in the presence of deactivator

Although the addition of “added” initiator is strongly recommended by many
research groups as an effective method to control the growth of polymer brushes,
some of them have argued that such method generates a large quantity of free
polymer formed in the solution. This free polymer as a side product of polymer

brush formation somewhat leads hg tedious process of surface cleaning after

reaction.

tive approach of adding an

deactivator has been p is rescaithy. CuBT) was added in the solution to

generate Cu(Il) whic A5y dactivatos cabsence of “added” initiator.

PC brushes using different

PC] = 0.012 mole. In the

Figure 4.16 illustrates
mole ratio of CuBr:
absence of CuBr, the g i 1 ra iikthe early stage and level off
after a certain period QofF (i & RdicE :, at\they polymerization was not well
controlled. This can be efplain®dHyv-theSfact that the concentration of the Cu"
complex (deactivator) producetfram th : on at the substrate surface is too low

LT I

to reversibly deactiyate g eI T icieptly high rate. The radicals

on the surface onc nerated I:‘r e dormant state, and thus

participated in side 1€actions §¥0 ',',l ive chains. The major side

reaction on the surfacE was bimoleculab termination. Adding 10 mol% CuBr;

(CuBr:CuBrzﬂ:u)Etj ﬁ Yoltﬂ ﬁjsﬂt iﬂTﬂ;ﬁymerization rate. The

reduced rate was caused by lower radical concen ration on the surface due to the

added tdeagti . r‘. icals. i . rushes linearly
increi@uﬁﬁﬁtﬁﬁﬁmyﬁﬁe ﬁﬁjﬁ%ﬂymerization is
living and can be well controlled. Increasing the CuBr; concentration to 50 mol%
(CuBr:CuBr; =1:0.5) minimized side reactions of the radicals at the surface, but
decreased the rate of polymerization significantly. This outcome indicate that only

small amount of CuBr; is necessary for balancing activation / deactivation cycle of

ATRP.
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Figure 4.16 EllipsoMctri brushes“versus polymerization time

for different [CuBr]/[ 200 using methanol:water = 4:1

(v/v) as a solvent: [CuE ) and 1:0.5 (A).

F Densityv of PMPC brushes
A J

3) MoleculaiWeisht ¢

It is rather difficult (0 obta s'molccular Weight of the polymer brush

directly since the amouqt @f polymer on thg silicon wafer is too small to degraft and

analyze. Theﬂf%dug }W(ﬂ)ﬁ%tﬁ E;'q ‘n ﬁbutlon and molecular

weight which &ln be used to calcul‘gte the graft den51ty of polymer brushes can thus

AN AN ING T

solutiorf]y Figure 4.17 shows the change in the molecular weight (M ,) and

molecular weight distribution (Mv/ﬁn) of free PMPC produced in methanol:water

= 4:1 (v/v) as a function of polymerization time. The molecular weight increased
linearly with increasing polymerization time. The molecular weight distribution

being close to 1.0 suggested that polymerization mechanism is living.
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Figure 4.17 The molecyl® V e d, molecular weight distribution
(MV/ Mn) (o) of free PMIFC fg oo 200 produced in methanol:water =

4:1 (v/v) as a functign of p

™ i
[1! i¥

Figures 4.18 ang] 4.19 show the elllpsometrlc thickness of grafted PMPC

brushes versﬁ%%eﬂm wm ﬂnﬁi in solution that was

produced by the free initiator. A l#fiear relationghip was observedr for both targeted

. AR NFAI G W FIVDL Qe i o

initiator! The thickness at the targeted DP = 200 were almost a factor of four greater

than those at the targeted DP = 50.
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Figure 4.18 Relationshiy ess of PMPC brushes with

the molecular weigh targéted DP = 200 produced in

methanol:water = 4:1 (
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thickness (A)

Figure 4.19 Relationship between the thickness of PMPC brushes with the

molecular weight (Mn) of free PMPC for targeted DP = 50 produced in

methanol:water = 4:1 (v/v).
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Graft density (o) which is a unit per cross-sectional area (A per chain can be
determined from the corresponding film thickness () and the molecular weight of the

chain (M) from the following equation:

c= tpNy = 1 (4.3)

Where p is the mass den ! APC) [84] and N4 is Avogadro’s

number. Using slopes 1?-1‘"" | theSpleis.an Figures 4.18 and 4.19 which
correspond to M/t, cal 50:46 and 0.34 chains/nm” for the
targeted DP = 200 and .Lhese results agree quite well
with the data previou , sities for various polymers
prepared by surface: itigfe [RP (weke als \,1\‘\f-- om 0.1 to 0.6 chains/nm’
[83]. Feng and cowork€rs §7 . ‘ cpofted g \ o ‘densities of PMPC brushes as
0.32 and 0.28 chains/aff flor theaeas 200 and targeted DP = 50,

respectively.

Y]

4) Confirm: V 'I‘

il
» J.H

XPS was used © £0 nfirm the fo ion of the initiator monolayer and the

growth of P]ﬁqﬂ'ﬁe’}lﬁ ﬁaﬂeﬁjwy ’Tﬂe‘ﬁ's The a-bromoester

layer was indfehted by the s1gnal of Brsg. The le and P, data suggested that

phospﬁ quﬂlﬁw&m ﬂeﬂm ﬁace after the
formati rushes ratio at 15 take-off angle of ~ 0.8

reasonably agreed with the stoichiometric ratio of MPC unit. Due to partial X-ray
damage of bromine during XPS analysis along with the fact that bromine may be
buried within the polymer brushes when the brushes were relatively thick [85], the
percentage of Brsg was neither quantitative nor consistent with the percentages of Ny

and P,
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Table 4.5 XPS atomic composition (%) of silicon surfaces before and after the

formation of PMPC brushes.

Atomic Composition (%)

Surface Si C @) Br P N

Silicon

a-bromoester_ W19 oL 087 - -

PMPC bru 0.00 1.16 0.96

(thickness = G

4.4.2 Surface-initiatéd Polynierizatio. ~BMA from Silicon-supported o-

Bromoisobutyrate Mo fol:

7

. : G
—0 —Sr== ' H,C=C

¢=o
OC(CH3);

A um*ﬂﬂmw L0 i
’QWW AINTN NN AN T

%
i
%

N

L
% l_\/\ =
4%; C|H C+CH C)—Br
C 3
OC(CHj3);

Pz-BM A brush on silicon-supported
o-bromoisobutyrate monolayer
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P:-BMA brushes were grown from the surface bearing a—bromoisobutyrate
monolayer via ATRP mechanism in the presence of CuBr/PMDETA using toluene
as a solvent. The polymerization was conducted at 90°C. The CuBr/PMDETA
catalyst system was used in the homogeneous and heterogeneous metal-catalyzed
living radical polymerization of tert-butyl methacrylate (--BMA). PMDETA was

selected because the catalyst complex is (i) highly active, (ii) easily available, (iii)

cost-effective and (iv) can be g . // ed from the polymer [86]. Propyl(2-

bromo-2-methyl)propionate w. 1sed/ af ;ge” initiator.
—
Figure 4.20 shoy Eotation: h1 ‘ giathickness of Pr-BMA brushes

7/ \\'

increasing polymerizatj

PMPC brushes. The' groff tifof B

growing from the og d polymerization time. For

targeted DP = 200, it ~BMA brushes increased with
busly observed in the case of
“{. also be monitored by water
contact angle analysis™Figliref.2 Litius{rates anging (04) and receding (6z) water
contact angles of siliconfsugportgdiPr-BX brusfigs s a function of polymerization

es rapidly increased from 72°/68° of

= 3) to ~ 90°70° of a more

time. Both advancing and Tec @i Contil
silicon-supported o.-bromoise "95 ::.f
hydrophobic silicos=; - s—-m-m—”:----\ 3 act angle data also imply

that the surface bearifg P i"“ eous and smooth.
]

Il i

ﬂ‘UEl’JTIEW]?Wmﬂ‘i
QWWNﬂ‘imﬂmﬂﬂEﬂﬁﬂ



81

80

60 -

40 -

thickness (A)

Figure 4.20 Ellipsoneffic ssof ' SShyersus polymerization time

120

g 100

&

% 80

=0

5 0 %&

8 [ J

§ 4 ¢ a o/

F ANEINENTNEINS

ymerization time

ARBINTRHAANPIAY »

Figure 4.21 Water contact angle data of P-BMA brushes versus polymerization

time for targeted DP = 200: 6,4 (®) and O ().
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Figure 4.22 shows that the ellipsometric thickness of grafted P-BMA

brushes versus the molecular weight (Hn) of P-BMA formed in solution that was

produced by the free initiator. Using equation 4.3 and M/t (obtained from the slope
of graph in Figure 4.22 and the mass density 1.10 g/cm3 [85]). Graft density of Pz-

BMA brushes for the targeted DP of was equal to 0.25.

20 -
16 -
5 e
= 12
—
»
E= 8
0 [ \
50 60

Figure 4.22 Relatiohs ‘ 5' BMA brushes with the

molecular weight ( M= of free Pr-BMA Tfor targeted D 2% 200 produced in toluene at

ne ﬂUEJ’JVIEW]?WEJ’Iﬂ‘i
%m 4 23 show ﬁ%cﬁfi]n ﬁe'gi(ﬁe Welﬁlit ﬁl E_l ). and molecular

weight Q_lstrlbutlon (M /M ) of free P-BMA as a function of polymerization time.

The molecular weight increased linearly with increasing polymerization time. The
molecular weight distribution being close to 1.0 suggested that polymerization

mechanism is living.
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4.4.3 Surface-initiated Polymerization of MPC from Silicon-supported Mixed
Tris(TMS)/c-Bromoisobutyrate Monolayer

(l)Si (CHz);
O—Si—O0Si (CH‘;)‘;
OSi (CH,),
CH
CH;4 [
—0—Si4CH,}0-C— . H2C=?
n C=0 0

| Il
OCH2CH20 —"I|J —OCHch'_;N"(CH_}) 3
o

MPC monomer

‘,ep! 3

)4 [
r‘-'fv- M

L) o

=

oL 0—P—OCH,CH,N'(CHy);
2 .

i¥

‘ éSl (CH3)3

AUY ¢) nﬂmﬁmm

‘M’]ﬁd\lﬂ‘im HRANBAR L

monolayer was intended to be used as nanoscaled templates for the formation of
PMPC brushes. In this section, the growth of PMPC brushes as a function of
otris(TMS) coverage, the type of grafted o-bromoisobutyrate and polymerization
time are primarily discussed in terms of water contact angle and ellipsometric
thickness. The results from morphological studies of silicon-supported polymer

brushes are separately provided in section 4.5.
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As demonstrated in Figure 4.24, the thickness of PMPC brushes which
corresponded with the density and length of polymer brushes decreased as the %
tris(TMS) coverage increased. Due to the hydrophobicity of tris(TMS) groups
surrounding oc-bromoester initiators, the growth of polymer brush is more favorable
in a more surface-wettable solvent, methanol in this particular case, than water.

Using 5h of polymerization, PMPC brushes prepared in methanol are relatively

thicker than those obtained in water?

thickness (A)

Figure 4.4 ﬂpumm NI WD Tom sicon s
mixed trls(TMS)/oc brommsobutixfte monola 'ﬁ szvni methanol.b) or water (0) as

ARIAIA AN INE T8 Y

a solve

The advancing and receding angles of PMPC brushes on the mixed
tris(TMS)/ec-bromoisobutyrate increased with increasing % tris(TMS) coverage.
Relatively high advancing angles reflect the assumption that tris(TMS) groups
dominate at the polymer/air interfaces. Receding angles can better represent how

hydrophilic the mixed surface is.
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Figure 4.25 Water ¢ e gfp h i &rown from silicon-supported

\
mixed tris(TMS)/oc-bro \ ne methanol as a solvent for 5 h:

64 (@) and 6 ().

The growth ‘ PMPC brushes from nanop@res can also be tuned by

polymerization time. ﬁg gve 4.26 shows ®he thickness and receding water contact

angle of theﬂlu m E’(W§Pw>&lﬂsn§avmg 82% tris(TMS)

coverage as a functlon of polyrgerization tirge, The longer gthe polymerization
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Figure 4.26 Ellipsometri 1 ( receding water contact angle (e) of

silicon-supported mixed" tri S/P! f‘.i: ushe§, having 82% tris(TMS) coverage
[ -

e

as a function of polymerizatiofrtmae.

ey —— —————————————etl el "
cwermrn
Nay

Originally,. ""““' "'—*"m-l“ ain %tris(TMS) coverage

Y

(~15-20 A) is relativ t yrage monolayer (~10 A) brought

iF |

a concern that the shr[ alkyl chain, especially for the silane having n=3 might be

buried in ¢ ‘?z o unable to initiate
polymerizati W’E;gjre, threc dnal oﬁﬂﬁﬂmﬁmpwnds having end-
functi ' -bromoiseb e‘ 0 ﬁ t t eaYﬁsidual silanols
et 1 AN LA B A TRTIANE o
between the surface-immobilized end and the other end bearing o.-bromoisobutyrate
group on the efficiency to initiate polymerization. The immobilized o-
bromoisobutyrate initiator is defined according to its alkyl spacer as n3, ng, and njg
for propyl (n=3), hexyl (n=6) and decyl (n=10), respectively.

Figure 4.27 depicts the thickness of PMPC brushes grown from silicon-

supported mixed tris(TMS)/oc-bromoisobutyrate monolayer having 82%tris(TMS)
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coverage. The density of surface-tethered initiator was varied a function of grafting
time in the range of 1-4 days. Polymerization was then conducted in methanol using
[MPC] = 0.08 M for 5 h in the presence of added initiator. Having similar graft
density of initiator (using the same grafting time), the thicknesses of PMPC brushes
grown from ne and njq are higher than that of PMPC brushes grown from nj. This

outcome can possibly be rationalized as the better mobility and the longer alkyl

spacer of ng and n; allowing th the steric hindrance of the surrounding
tris(TMS) and reach monqg f v than ns. It should be noted that the
thicknesses of silicon-s '@monolayer of ng and njg are 15

Aand 18 A, respectivelsr he obsErve he higher graft density or the

longer grafting time

60 - .
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40 -

30

thickness (A)
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ﬂNEJ’J‘i’IEWlﬁWE}’]ﬂ?‘ :
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Figureql.27 Ellipsometric thickness of PMPC brushes grown from silicon-supported

mixed tris(TMS)/oc-bromoisobutyrate monolayer having 82% tris(TMS) coverage
versus grafting time of initiator in methanol for 5 h: n; (®), ng (O) and njo (4).

Using the grafting time of 4 days for all three initiators, the kinetics of

surface-initiated polymerization of MPC on silicon-supported mixed tris(TMS)/oc-

bromoisobutyrate monolayer (@s ns, ng, and njp having 82% tris(TMS) coverage
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were determined. The thickness of PMPC brushes as a function of polymerization
time is depicted in Figure 4.28. These data clearly suggested that not only does the
alkyl spacer influence the ability of oc-bromoisobutyrate to react with monomer but
also how fast it can react. The data points at 1h can distinguish the kinetics between
ng, and njo at an early stage of polymerization. Nonetheless, such dissimilarity is no

longer noticeable at a later at a longer polymerization time.
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Figure 4.28 Ellipsoméiric , ®rushes|grown from silicon-supported

mixed tris(TMS)/oc-br sobutyrate m%player having 82%tris(TMS) coverage
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4.4.4 Surface-initiated Polymerization of --BMA from Silicon-supported Mixed
Tris(TMS)/cc-Bromoisobutyrate Monolayer

Osi (CHy)3

CH,

n H2C=(':
C=0
éC(CHs)a

t+-BMA monomer

CH,
é—CHz—C—Br
éHa C=0

A} OC(CHy);

P:BMA brush on silicon-supported

AU Bl ETWW ! |
Qﬂ&'lﬁ AN NAIINLAE s

monolayer from toluene is shown in Figure 4.29. The thickness of the grafted
polymer layer decreases with increasing tris(TMS) coverage. Figure 4.30 showed
that the water contact angles measured on the grafted Pr-BMA brushes on
tris(TMS)/a-bromoisobutyrate monolayer were very close to the value for the

homopolymer brush Pr-BMA (90° / 70°) independent of % tris (TMS) coverage.
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Figure 4.29 The thi ym silicon-supported mixed

tris(TMS)/ec-bromoiso e as a solvent for 5 h of

polymerization time.

$ter c ct angle (degree)
- e$.

O AR a‘ J'_ 1
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Figure 4.30 Water contact angle of P--BMA brushes grown from silicon-supported

mixed tris(TMS)/ec-bromoisobutyrate monolayer using toluene as a solvent for 5 h:

of polymerization time 6,4 (®) and 6 (0).
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4.5 Surface Topography of Polymer Brushes

AFM was used to study in detail the surface topography of the grafted PMPC
brushes on silicon-supported mixed tris(TMS)/cc-bromoisobutyrate monolayer.
Figure 4.31 shows AFM images for a clean silicon surface, silicon-supported mixed
tris(TMS)/silanol monolayers and their corresponding silicon-supported mixed

tris(TMS)/a.-bromoisobutyrate  map having various percentages of the

tris(TMS) coverage. In com
bearing tris(TMS)/silanok sontave ere afiosinf t_ureless and relatively smooth.
: ' = es are listed in Table 4.6.
the coverage of tris(TMS)

and a-bromoisobutyrz o {16 altered ovcrall Surface roughness.

Table 4.6 Average ro ficsd (Ry) of - sikidon: ited mixed surfaces determined

by AFM analysis.
—FI E
- silicon-supported mixed % silicon-supported mixed
o ris(TMS)Rlanol tris(TMS)/ot-
sl YV BN YN T
g laye omoisobutyrate
- ¢ . mgnolayer

3l 0.0794 0.1322

66 0.1174 0.1401

82 0.0954 0.1508




93
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-
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Figure 4.31 AFM images of silicon-supported mixed tris(TMS)/silanol monolayer
having varied %tris(TMS) coverage: (a) 0 %, (b) 51%, (c) 66 %, and (d) 82% and
silicon-supported mixed tris(TMS)/ a-bromoisobutyrate monolayer having varied

%tris(TMS) coverage: (e) 0 %, (f) 51%, (g) 66 %, and (h) 82 %
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In order to investigate the spatial distribution of PMPC brushes, silicon-
supported mixed tris(TMS)/silanol surfaces having various percentages of the
tris(TMS) coverage were used as nano-scale templates for surface-initiated
polymerization. The graft density of surface-tethered oc-bromoisobutyrate groups
was also varied as a function of reaction time (1-4 days) between the residual silanol

groups in nanopores with the silane compound having end-functionalized o-

methanol:water = 4:1 (v

Firstly, an effe
grafted PMPC brushesfag

lopography of surfaces having
reaction between silicon-
supported mixed tris(TMS 7l (hes ilane compound having end-

functionalized oc-brmo'_' as assumed that the residual

O\
silanols in nanopores dre g 5 -bromoisobutyrate groups that
are capable of initiating"po word, the nanopores are mostly
filled with surface-tetheréd ifil was not much space between the
grafted initiators and the groups. Originally, we envisioned
that protrusions rg; aﬁz:g-.um.‘-a::.::::“—l:; ushes in the nanopores

should appear on (he's \r'-\ coverage, the smaller the

size of protrusions. images of the silicon- supped mixed tris(TMS)/PMPC

.l'
brushes havuﬂd\ﬂ Erj W]ﬁ) iﬂﬁiﬁﬂiﬂenzanon time of lh
in methanol el4i3 rfaces did not show
any features that can be evidencds of nanoscaepic distribution@df PMPC brushes

erowropfre - PNrF) Ao chiofhfnd 4 Bleftuces become

even sm?)other after a longer period of polymerization was used.

It was postulated that the densely grafted PMPC brushes within the limited
space in nanopores may be forced by the surrounding tris(TMS) to stretch away from
the surface when the polymer chain was relatively short and densely packed inside
the nanopores. Under sufficiently long period of polymerization, the polymer chains

became so long that they can no longer stretch out, thereby tend to fold over the
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tris(TMS) monolayer. For that reason, the surface presumes relatively smooth
topography despite of its low overall graft density in the presence of tris(TMS). That
was exactly observed in Figure 4.32. Nonetheless, the surfaces may become
increasingly rough if the extensive growth of polymer brushes was allowed

(polymerization time > 5 h).

a)

[nm)

[nem]

o
o 2%
IUJ 2w 200 400 SO0 0 100 203 300 400 S00

ﬁumwﬂmwmm

QA AOHR TUNRATREA NS s

preparea in methanol for 1 h having varied %tris(TMS) coverage : (a) 0%, (b) 51%,
(¢) 66% and (d) 82%.
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Table 4.7 Average roughness (R,) of silicon-supported mixed tris(TMS)/ PMPC

brushes prepared in methanol determined by AFM analysis

% tris(TMS) R, (nm)
GOYerage Polymerization time of 1h Polymerization time of Sh
0 0.1322
51 0.1598
66 0.1727
82 0.1404
To visualize th€ eyol on of- \\\ orown from nanopores, two
alternative routes were '_ ( v -_ alate the graft density of PMPC
brushes. Firstly, by fixing r"' ) ge ‘dt 82%, the strategy exploited the

kinetics control over the reactios on-supported mixed tris(TMS)/silanol

monolayers and the

‘J ich later yielded low to

high graft density of ifi Biushes.

.ll ”

According to 1%ure 4.33, it was found that the surfaces having varied graft
density of vaxﬂﬁ ﬂj ﬂeﬂmtrrj:eter of less than 100
nm. The size agre verage roughness (R;)
11sted ﬁ re If-aggregation
of P dﬁﬁﬁ:i % m ﬁfﬁvﬁﬂﬁﬁ ure 4.33 (a)),

there should be enough space within the pores for the polymer chains to adopt more

coil-like architecture or aggregated form instead of being in extended forms which
are thermodynamically unfavorable. As the packing of PMPC brushes (Figure 4.33

(b)) was denser, the protrusions became larger and so did the roughness.

The surfaces whose nanopores were almost completely covered with PMPC

brushes were quite smooth and the protrusions simultaneously diminished as can be
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observed in Figure 4.33 (c-d). Such behavior might stem from the fact that PMPC
brushes were dense enough to be able to fill the nanopores and to eliminate the
valley-and-hill features on the surface. The disappearance of the protrusions may be
facilitated by two possible actions of polymer brushes previously explained. The first
action involves the polymer chains being forced to stretch away from the surface and

thus covering the nanopores while the other involves the folding of polymer chains

Ra=0.9279

[rm]

awuzuoawauoim 100

ama"@ﬁm um'mmaa

Ra =0.2487 Ra=0.1398

Figure 4.33 AFM images of silicon-supported mixed tris(TMS)/PMPC brushes
having 82% tris(TMS) coverage prepared in methanol for 1 h by controlling grafting
time of initiator: (a) 1 day, (b) 2 days, (c) 3 days and (d) 4 days.
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es is the key to the ability to

ative route was then done by
varying %tris(TMS )#€ 0 Cag i he (1 day) between silicon-
supported mixed tris /silanok*1r¢ cry d e silane compound. These
experiments were desigfie , that the residual silanols in
nanopores were not compl oi-Bromoisobutyrate groups and these
were some space between the ishes and the surrounding tris(TMS).

After the formatigndof!|

dfbe some space for PMPC
brushes to aggrega ,E:‘ 4 silicon-supported mixed

tris(TMS)/PMPC brusfles prepared

approach 'I‘ illustrated in Figure 4.35.

OV

The size of protrusionsfakyiously reflecteglsthe size of nanopores which should be

pmﬂTuam w‘m W VBT riristrvis) coverge,

the smaller the otrusions.

QW’WMﬂ‘immﬂﬂﬂEﬂaﬂ
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a)

c)
Figure 4.35 AFM_images<¢ mixed_tris(TMS)/PMPC brushes
prepared in metha Y6¥fort b usia, ggrafting tne oF T (n3) for 1 day and having

\ oM
varied % tris(TMS) “ Ag 56 "r;z (d) 82%.
y . .

=9 L

‘ .
Compﬂtlé gggﬂoﬂnznmnﬂ;!dnnie system of silicon-
A Rhn AN

coverage. P--BMA brushes was grown in toluene for 1 h from silicon-supported

mixed tris(TMS)/a-bromoisobutyrate having different graft densities of o-
bromoisobutyrate groups. Conducting the reaction between silicon-supported mixed
tris(TMS)/silanol monolayers and silane compound having end-functionalized o-
bromoisobutyrate groups (n3) for 1 day and 4 days yielded low and high graft density
of a-bromoisobutyrate groups, respectively. Even though both surfaces have

different graft densities of Pr-BMA brushes, their surface topographies are
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indistinguishable and relatively smooth in texture. The surfaces became rougher
when polymerization time was extended from lh to 5h (Figure 4.37) without
affecting surface topographies. Unlike PMPC brushes, Pr-BMA brushes are
hydrophobic. Therefore, they should be quite miscible with tris(TMS). In fact, this
speculation can be confirmed by contact angle data shown in Figure 4.30. The mixed

tris(TMS)/Pt-BMA  brush system thereby did not exhibit nanoscopic phase

separation although the surface of Pr-BMA brushes was low. These
results also implies that g PC brushes in nanopores which
appears as protrusions _is {ruly=4 @hase incompatibility between

hydrophilic PMPC brus L ). Once again, it should be
highlighted that such-=n# , ﬁ oticeable when graft density
of PMPC brushes was :

N
'I ]
Ra -‘O 993 Ra =0.2596

T MU T s o
:i:;:gﬁmﬁ PTORIL i) (1L R
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Figure 4.37 AFM images®0it Pwitixed tris(TMS)/PtBMA brushes
having 82% tris(TMS)_ g in .at,.90 °C for 5 h by controlling

grafting time of initiato
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