CHAPTER 1V

RESULTS AND DISCUSSION

4.1 Synthesis of PMPC in solutlo\\\ ' / //
In general, the moleﬂh&ightjf p@ynthesized by polyaddition can

be controlled by the ratio between monomer and initiator. This is not really the case
for the synthesis of pol whose
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of polymer brush. This‘partiof study 'Was‘ | ith an objective to determine

o B R
o w —

theflm

AIJ 2
enftjfﬁg pol ush formation. We hypothesize that
the length or the molecular welgbt_fpoly%h should be linearly dependent on
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butyrate initiator: OEGBr (1)

oligo(ethylene glycol)QbromOisTo :
CuBr/bpy.
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The nucleophilic acyl substitution of poly(ethylene glycol) 350 monoethyl
ether with 2-bromoisobutyryl bromide in tetrahydrofuran (Scheme 4.1) gave an
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orange viscous liquid of methoxy-capped oligo(ethylene glycol)-2-bromoisobutyrate:
OEGBr (1) (80 %yield), which was sufficiently pure for the next synthesis without
further purification after the work-up process. The structure of product (1) was
confirmed by 'H-NMR, which revealed a singlet signal of the methyl proton C(CHs),
at 1.88 ppm indicating the attachment of 2-bromoisobufyrate group. The '"H-NMR
spectrum is shown in Figure A.1.
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Scheme 4.1 The meﬂ n of the litution reaction between
poly(ethylene glycol) 350 monoet i th 2-t tyryl bromide.
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The polymerization of MPC monomer by atom-transfer radical

polymerization using OEGBr (1) as an initiator in the presence of CuBr/bpy was
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carried out at room temperature. %Conversion of MPC monomer was calculated
from the ratio between 'H-NMR peak at 0.96 ppm corresponding to the a-methyl
proton (a—CHs) of PMPC and 'H-NMR peak at 1.80 ppm corresponding to the a-
methyl proton (a—CH3) of MPC monomer. The 'H-NMR spectra of MPC and PMPC
mixed with the unreacted MPC synthesized by ATRP using [OEGBr]:[MPC] = 1:20

(a fixed target DP, of 20 (M , —6%‘W
w
a) CH,= o)

wn in Figure 4.1.
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Figure 4.1 'H NMR spectra of (a) MPC and (b) PMP(Q mixed with the unreacted
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80%MeOH/H,0. The rate of monomer conversion was followed by analyzing the
solution withdrawn from the mixture during polymerization. The results shown in
Figure 4.2 suggested that the rate of monomer conversion increased as the polarity of
solvent increased. The polymerization in aqueous has reached almost 100%
conversion within 150 min of reaction. The rate of monomer conversion was
significantly reduced in the presence of methanol which is a less polar solvent in

comparison with water. These results agree very well with the previous data reported
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by Armes and coworkers [40]. They explained that MPC can be polymerized to high
conversion in both water and methanol at ambient temperature via atom transfer
radical polymerization (ATRP). The narrow polydispersities (—A? W My= 1.15-1.35)
were obtained in both aqueous and alcoholic media at 20 "C. However, slower
polymerizations and narrower polydispersities were always obtained in alcoholic
solution, and chain extension expe{l J] indicated significantly greater living

character under these conditions. these results support that the

Cu(I)Br/bpy complexes Oﬁm solvate ﬁlﬂ: solvent [17]. Nanda and

Maty_laszewskl studied the effect of po arlty Of the.medium on the activation rate

pqumen%’itm~ They found the k. was
le" polar solvent because of the effect of

€ pola med!a, e bromlde anlon is sufficiently stable
and well solvated, rest ting'i (bpwzg speci

goncul ‘= tly Binds g onger to Cu(I)Br than bpy does,
are data suggest that the
leal /] character [40]. Armes and
coworkers believe that aqueous. AIR&P 1s nuited for synthesis of controlled-
structure block copojgkner There are two plaumble:ﬁﬁ}atlons for the reduced
;\F‘rst the copper-halogen

However in less polar media,

living character enc&ﬁ_;fred in aqueous ATR
bond of the Cu(Il) comblex is likely
media, which could reduee the efficiency ofi polymer radical deactivation. Second,

the terminal ha@ A atom %h%oﬂnﬂ? n¥Ad§ hay) e proe to hydrolysis.
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less covalet'n! (more ionic) in aqueous
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Figure 4.2 % Monom IS ‘a function of reaction time: water (0),
50%MeOH/water (@), and 80%Me@H/water
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4.2 Preparation of PMPC Brushes :,, 4
PMPC brushes Bs synthesized by surfa e-1mt d atom transfer radical

polymerization from surface. grafted oc-bromoester initiators. The effect of solvent
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4.2.1 Synthesis of Prop-2'-enyl 2-bromo-2-methyl propinoate (2)

H Q CH;
I 73 NEt I
/\/OH + Br—C r /\/O—C r
CH; H;
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The nucleophilic substitution of allyl alcohol with 2-bromoisobutyryl
bromide in tetrahydrofuran gave prop-2'-enyl 2-bromo-2-methylpropinoate (2) as a
pale yellow viscous liquid (90 %yield), which was sufficiently pure for the next
synthesis without further purification after the work-up process. The 'H-NMR (Figure
A.2) of product (2) shows a singlet signal of the methyl pfoton C(CHs); at 1.94 ppm
indicating the attachment of allyl alcoho\vh 2-bromoisobutyryl bromide.

3 \\
4.2.2 Synthesw’e , ) yl-2-bromoisobutyrate (3)

CH; | Q CH;
H5c20—§i—H + _~&0; ZEE T ANy Ii\/\/O—C
CH;4 ‘ - \_‘CH3 CH;
r : i -
Hydrosilylation of anc with 2 was carried out in the dark in

product of 3- (dlmethylethoxysdi?%)p :

“ 01sobutyrate (3) was a yellow
viscous liquid (70 "/_i»_xleld), whlch wa§ s cm gfor the next synthesis
without further pux"i ion after the work-up procéssi The mechanism of
hydrosilylation is sho@ in Scheme 4.2 Rj-,jpectrum (Figure A.3) of

product (3) shows a tnpéet signal and mu&tli})let signal of the methylene proton

(SlCI_{JCHZCHﬂ maﬁcﬂ%ﬁ@ Wﬂl’&}sﬂx@mspectwely While

a multiplet peakf alkene proton (CH =CH) and (CH,=CH) at 5. 25 5.40 and 5.88-

iy s | Pt o s ol i



35

H—sSiR,R’

(Pt]

w °¥|_

-,_‘— Hz
& cﬁ-

" [Pt]\SiRzR'

'y

P

Scheme 4.2 The mechanism of the hydrosil H tion reaction between
dimethylethoxysilane with 2z,
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The substrates used for PMPC brush formation were silicon oxide substrates
that were chemically modified by incorporating a-bromoester functionality in its

surface region. Silicon oxide reacts with 3 to form o-bromoester functionalized
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surface (4). Contact angle measurements and ellipsometry were used as tools to

determine an appropriate reaction time that results in the maximum graft density of

initiator.

Figure 4.3 shows water contact angle data. ‘This data suggested that
hydrophobization has reached its

within 6-12 h of reaction. According to

the result from ellipsometric ), a monolayer of a-bromoester
initiator (4) was readily f; 10A on the top of the silicon
oxide layer (~34 A) with aximum graft density 24 h was

surface hydrophobicity was ifcréased. Water co ~angle of the surface grafted o-
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Figure 4.3 Advancing (O) and receding (@) water contact angle data of silicon

oxide surface after a reaction with 4 as a function of reaction time.
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Figure 4.4 The thickness ofithe s | ester initiator as a function

of reaction time.
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in tetrahydrofuran gave prop- mo-2-methylpropinoate (5) as a pale yellow

viscous liquid (90 %yield), which was sufficiently pure for the next synthesis without
further purification after the work-up process. The '"H-NMR (Figure A.4) of product
(5) showed a singlet signal of the methyl proton C(CHs), at 1.91 ppm indicating the
success of reaction between l-propanol and 2-bromoisobutyryl bromide. This product
was used as an “added” or controlling initiator for the polymerization of polymer

brushes.
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4.3 Preparation of PMPC Brushes

PMP(S brush
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r ‘Jtr‘

4.3.1 Effect of Solve{nt on Tblckne.s;Z fal"i

— —

PMPC brushes were grown from the su?face beari Jplg o-bromoester group (4)

via ATRP mechanlsn}}m the presence of CuBr/bpy usmg:‘_IjZO or isopropanol (IPA)
as a reaction media. IPA 1s selected as an alcoholic medla for polymerization since it
is much more env1ronmentally friendly than methanol. There is a second advantage
in using IPA rfathér than methdnol as'an“ATRP solvent; With certain hydrophilic
methacrylates, g Armes and coworkers have observed some degree of
transesterification ,occurring ,during, methanolic /ATRP, reven for polymerizations
conducted at ambient temperature [40]. This unwanted side reaction is suppressed in
IPA, which makes this solvent the preferred choice for the synthesis of certain MPC-
based diblock copolymers [75]. Figure 4.5 shows the relationship between PMPC
brush thickness and reaction time. It was found that polymer brushes grow more
rapidly in a more polar aqueous media in comparison with a less polar alcoholic
media which is in good agreement with the data obtained in solution as previously
described. The polar media, especially water facilitates the CuBr catalyst solubility

and dissociation and thus accelerates the polymerization [19, 26]. Such a media,
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however, deteriorates the livingness of reaction and may cause premature
termination as can be evidenced from the thickness of PMPC reaching its maximum
of ~50 A after 3 h.
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Figure 4.5 Ellipsometric thlck,n%f
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50%IPA/water (@), and IPA (C1).
=

4.3.2 Molecular Weight and Graft Density of PMPC brushes
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directly, we used the “free” 5 ﬁ rmed by~*added” initiafér in solution to

monior e et Gt Jned W0 e bbbt i

not only as an indicator of the polymerization but also as a controller for the ATRP

on the surface. In the polymerization without an additional initiator, the
concentration of the Cu" complex produced from the reaction at the substrate surface
is too low to reversibly deactivate polymer radicals with a sufficiently high rate. The
additional initiator would increase and adjust the concentration of the Cu" complex
as in a free ATRP system. Alternatively, the adjustment of the Cu" concentration

could be made by directly adding an appropriate amount of the Cu" complex [68,
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76]. Therefore, since the amount of polymer on the silicon wafer is too small to
degraft and analyze, the polymer in solution may provide an indication of the
properties of the polymer on the surface. Another advantage of the additional
initiator is that it produces free polymers, which can be used as a measure of the

molecular weight and molecular weight distribution of the graft chains.

A grafting density (o) which is a unit per cross-sectional area (4,) per chain
can be determined from the eorresponding film" thickness () and the molecular

weight of the chain (M) from the followff'lg equation by

#CALIONA =1 5
7T\ ~

where p is the mass derféity (19 _g/c_m3 $r PMPC) and N, is Avogadro’s number.
For example, a molecular weight of PMPt] ~1900 g, a thickness layer ~25.7 A, an

average value of ¢ ca. 0.95 chmn/nm2 1S foijﬁ&.j"

i bl volld

As characterized by Atohng 'absorpi’cfj'gi,’:'the purified PMPC contains 0.01-
0.05 ppm of Cu. This minute comtent is acceii’iaﬁlfe'for biomedical applications.
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4.3.3 Confirmation of PMPC Brush Formation by XPS

XPS was used o confirm the formation 'of the initiator monolayer and the
growth of PMPC brushes. The result is outlined in Table 4.1. The o-bromoester
layer can beindicated by the)sighal “of Brsg. The Ni¢ and P,y~data suggest that
phosphatidylcholine analogous groups are present on the surface of PMPC brushes.
The N/P ratios varying in the range of 0.7-0.8 reasonably agree with the
stoichiometric ratio of MPC unit. Due to a partial X-ray damage of bromide during
XPS analysiis, the percentage of Brsq is neither quantitative nor consistent with the
percentages of Njs and P,. The surfaces having polymer brushes were more
hydrophilic than the surface bearing o-bromoester groups (04/0r ~71/62°) which is

an indication of hydrophilic phosphorylcholine moieties. The independence of water
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contact angles on the thickness of PMPC brushes evidently implied that the growing

of each polymer brush is simultaneous and living in character.

Table 4.1 XPS elemental surface composition (%) and water contact angle of PMPC

brushes. N ’ ,

04/6r
Surface Conditi O , rsd Py Nis
_ 1 ¢
Silicon oxide - ) 75| 29 - - 34/15
o-bromoester & \
p 3 . . - - 71/62
surface 3
PMPC  |2hin 488992318 [70.27 | 1.12 | 0.81 | 44725
; o
brushes |3 hinfl, 'patg,_;” 1813 | 035 | 1.08 | 0.88 | 44/25
Pl l
e
T
___;;_,3&:{:'{_; 3; {4
4.3.4 Surface Topo =
The surface lo@grap was ﬂlyzed by AFM. The AFM

micrographs as shown in;Flee 4.8 suggest, that all surfaces bearing PMPC brushes

i e i A0 v s s

roughness (R,) ifi the range of 0.25-0. o,30 nm.
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(a) silicon oxide surface

(c) PMPC brushes (1 h, H,0,~14 A) (d) PMPC brushes (5 h, H,0,~52 A)

Figure 4.6 AFM miCibgraphes-of sthcon-oxide-and-PMPEC brushes.

4.4 Blood Compatibility of PMPC Brushes

In this study, the blood compatibility of polymer brushes/was determined
with arhattention fo|inyestigate the interaction between the surface bearing PMPC
brushes with blood components which are, plasma proteins from platelet-poor
plasma (PPP) and platelets from platelet-rich plasma (PRP). The effect of the
thickness PMPC brushes on blood compatibility was investigated.
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4.4.1 Plasma Protein Adsorption

The amount of plasma adsorbed on a material surface is a primary factor in
evaluating the blood compatibility of the material. When a blood-incompatible

material is in contact with blood, a surface induced thrombosis which is initiated by

Here we determine the amount

the adsorption of plasma protein, followed by adhesion and activation of platelets.
: v’ n adsorption using BCA microassay.

Absorbance at 562 nm

e 47 AR I 8N SHHURG sised ant e

absorbance obtaified from BCA microassay. . w
A9 aﬁnimeasum'a ngaag

Table 4.2 shows the amount of plasma protein adsorbed on the surfaces
bearing PMPC brushes having various thickness. It can be seen that the amount of
protein adsorbed on the surfaces having PMPC brushes are essentially the same

independence of the solvent used and the thickness of polymer brushes.
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Table 4.2 The amount of plasma protein adsorbed on the surfaces bearing PMPC

brushes.
Reaction | Thickness Amount of protein
Surface Solvent | 04/0r () 5
time (h) (A) adsorbed (pg/cm”)
Silicon oxide
- - - 34/15 0.32+0.12
surface 'y
o-Bromoester -~
- - Jo- 21/62 0.65+0.30
surface ‘
Vs |17 44/24 0.36 £ 0.06
PMPC brush H,0 g #1 E‘ 25 43/23 0.39+0.12
// Yy 1= =52 44/25 0.34 + 0.04
4 I r ST 44,23 041+0.05
| A i
IPA "~ f#' o 44 i W 44/25 0.35+£0.07
C 2 0 %e, | A4S 0.45 +0.09
i 7
2 18 | 66/54 1.47 £ 0.60
PMMA brush IPA 7 e
B K S 67/5§_ 2.40£0.39
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Even though thc;.amount of plasma protein adsorbed on the surfaces having
PMPC brushes was lower than those on ofithie surface grafted with a-bromoester
initiator, the difference was not that significant ‘considering the more hydrophilic
nature of PMPC in comparison with the surface grafted with a-bromoester initiator.
It is quite nécessany “to (find 'a surface having polymer | brushes that is blood
incompatible and can be prepared from the same surface grafted with o-bromoester
initiator. We then chose to synthesize poly(methyl methacrylate) (PMMA) brushes
by surface-initiated atom transfer radical polymerization of methyl methacrylate.

The surfaces having PMMA brushes were used as a positive-control surface.

As expected, the amount of protein adsorbed on the surface having PMMA
brushes was significantly higher than that on the surface having PMPC brushes. This
can be explained by the blood incompatibility of PMMA. This positive controll
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study confirmed that the reduction of protein adsorption and the blood compatibility

of the surface are really due to the existence of PMPC brushes.

4.4.2 Human Platelet Adhesion

It is well known that platelets also contribute to the thrombus formation. In
general, a foreign substrate induces adhesion.and activation of platelets with the
adsorbed protein layer serving as.a contl%lling factor of the platelet response. Figure
4.8 shows SEM micrographs eof silicon oxide surface, surface grafted with o-
bromoester initiator, PMIMMA brushes, add PMPC after contacting with PRP. This
result confirms the blood gompatibility-of PMPC brushes. Many platelets adhered to
the PMMA brushes. “A few /platelets v;ere adhered on the surface grafted o-
bromoester but did not adhere on the &héon ox1de surface. The thickness layer of
PMPC brushes does not seem to mﬂuenqc the adherent platelets. PMPC brushes
completely inhibited platelet adhesnon The data ,from platelet adhesion studies agree
very well with the plasma proteln adsorption an and conﬁrm the blood compatibility of

PMPC brushes.

L STREC L PS5V (Bum

B i oo b S At i e S o B B

feTREC - 4

(a) silicon oxide surface (b) a-bromoester surface

Figure 4.8 SEM micrographs of surfaces after contacting with human PRP.
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(e) PMPC brushes-{~26-4)

Figure 4.8 (continued),

(£) PMMA brushes (~30 A)
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