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Terminal silanol groups on the glass surface were used for the chemical bonding of a-bromo amide as
the initiator for surface initiated Cu(0)-mediated living radical polymerization (LRP) to graft well-defined
poly(butyl arylate) (PBA) and poly(2,2,2-trifluoroethyl methacrylate) (PTFEM) brushes on the glass surface.
A grafting to methodology was also performed by the modification of the glass surface using a thiosilane
agent and performing a thio-bromo click reaction in the presence of PBA and PTFEM synthesized via
Cu(0)-mediated LRP. Furthermore, a one-pot grafting to method was developed that proved a facile, fast,
and efficient method for grafting a bromo-terminated polymer to the glass surface in one step. All glass
slides were characterized using ATR-FTIR and UV-vis spectroscopy, water contact angle measurements
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and SEM. The surface topology and roughness of selected samples were analyzed using AFM. Results
show that an ultrathin layer of a polymer with nanoscale features and high roughness was chemically
grafted to the glass surface without compromising glass transparency. These methodologies can be used
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Introduction

The modification of different surfaces has been an extensively
used method for the addition of functionalities to the surface
including superhydrophobicity," superhydrophilicity,” chemi-
cal resistance,® UV protection,4 corrosion inhibition,> anti-bac-
terial,® anti-icing,”® sensing, and stimuli-response.’ Instead of
physisorption, which relies on the secondary binding forces
such as hydrogen bonding for the interaction of the surface
with the coating material, chemisorption methods use chemi-
cal bonding to anchor the coating material to the surface.
Therefore, it provides a more robust and durable coating that
cannot be easily removed by solvents, mechanical forces, or
processing conditions. Polymers are among the best materials
for surface modification'® because of their ease of synthesis
and their ability to be tailored for a specific application. Two
methods widely used for the chemical anchoring of polymers
to the surface of different materials are grafting from and graft-
ing to. In the grafting from method the surface is functiona-
lized with appropriate molecules that can initiate polymeriz-
ation and a surface initiated polymerization (SIP) is sub-
sequently performed in the presence of monomer(s) and
solvent. In the grafting to method a chain end group of a pre-
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to graft well-defined polymers with different functionalities on the glass surface.

synthesized polymer is reacted with a suitable functional
group prepared on the surface of the material. While the graft-
ing from method provides higher grafting densities (a require-
ment to prepare polymer brushes), the grafting density is low
in the grafting to method because of steric hindrance.""

Different polymerization methods were used for surface
modification via grafting from and grafting to strategies.
However, controlled/living radical polymerization (CRP/LRP)
methods'? have received the greatest attention because of their
extraordinary ability to control the polymer molecular weight,
dispersity, macromolecular architecture, and composition.
These methods provide unprecedented polymer structures that
would not be possible or would be hard to achieve by using
the conventional polymerization methods, including block
copolymer brushes,"® surface grafted comb-structured poly-
mers,"* bimodal polymer brushes,'” molecular weight gradient
polymer brushes,'® and mixed binary polymer brushes.'”” Of
the many CRP/LRP methods available,"” four of them are the
most frequently used for surface initiated polymerization
(grafting from). These include atom transfer radical polymeriz-
ation (ATRP),'® reversible addition-fragmentation chain trans-
fer (RAFT)," photoiniferter-mediated polymerization (PIMP),>
and nitroxide-mediated polymerization (NMP).>' These
methods owe their wide applications to the simplicity of the
experimental setup, compatibility with different functional
groups, mild reaction conditions, and their ability to be run in
different solvents as well as water.
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Since its invention and development by Percec et al.**
single electron transfer living radical polymerization (SET-LRP)
or Cu(0)-mediated LRP has been used extensively within the
polymer community as a simple and robust LRP method to
synthesize well-defined polymers with complex structures.****
Cu(0)-mediated LRP uses copper(0) in different forms (wire,
powder, and in situ produced nascent particles) as the catalyst
with the combination of a ligand such as tris(2-dimethyl-
aminoethyl)amine (Mes-TREN) in polar protic and aprotic sol-
vents that facilitate the disproportionation of Cu(1)X to Cu(0)
and Cu(u)X,. Cu(0)-mediated LRP is attractive because of its
high tolerance to air,**® impurities,”” and even radical inhibi-
tors.”® Cu(0)-mediated LRP is also well known for its ultrafast
rate of polymerization at room temperature and below”>>° and
its ability to generate polymers with perfect and near-perfect
chain end functionality.’® This is crucial in terms of making
block copolymers as well as functional polymers. A polymer
with high chain end fidelity is a perfect macroinitiator®" for
the polymerization of the second monomer and for the
functionalization of the chain end with other desired function-
alities, especially through click chemistry.”> One of the reac-
tions of the bromo-functionalized chain end of polymers syn-
thesized via Cu(0)-mediated LRP is the “thio-bromo click” reac-
tion with the thiol group that was originally used for showing
the chain end fidelity and the livingness of SET-LRP.*

While Cu(0)-mediated LRP appears to be an ideal method
for surface initiated polymerization of different surfaces for
the production of surfaces with special properties such as
thermoresponse®**> and anti-biofouling,*® there are few publi-
cations using Cu(0)-mediated LRP for surface initiated
polymerization. The materials that were modified with surface
initiated Cu(0)-mediated LRP include silicon wafers,**° nano-
particles,’®*! carbon nanotubes, graphene,*”™** silicon nano-
wire arrays,"® cellulose nanocrystals,*”*® and even sweet potato
starch residue.”® These publications are a few examples
showing the ability and opportunities provided by Cu(0)-
mediated LRP for use in grafting different monomers to a
variety of surfaces. To our knowledge, however, there is no
report of a surface initiated Cu(0)-mediated LRP performed
directly on the glass surface. Glass surface modifications have
been studied and done for more than 7 decades after the first
application of glass fibers inside polymeric resins. This has
led to a huge demand for new bonding technologies.>*"

Here we report a glass surface initiated Cu(0)-mediated LRP
of BA and TFEM in DMSO and 2-propanol to modify the glass
surface with chemically bound polymers, which are hydro-
phobic and UV absorbent. The glass surface was also modified
via the grafting to method by using the thio-bromo click reac-
tion of the bromo chain end of the well-defined PBA and
PTFEM. The PBA and PTFEM were synthesized via convention-
al Cu(0)-mediated LRP and then reacted with the glass surface
that was functionalized with thiosilane. A one-pot grafting to
method was also developed to chemically modify the glass sur-
faces in a one-step reaction. In all cases, an ultrathin polymer
layer with high roughness formed on the glass surface. This
layer was characterized by SEM, AFM, ATR-FTIR, and UV-vis
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spectroscopy and contact angle measurements. Results
showed that both the grafting from and grafting to method-
ologies can be used to functionalize the glass surface by Cu(0)-
mediated LRP.

Results and discussion
Cleaning and functionalization of glass slides

Fig. 1 shows the water contact angle of the glass slides after
cleaning with an aqueous 10 wt% NaOH solution. The water
contact decreased with the increase of the immersion time in
the base solution. The contact angle reaches almost zero upon
heating the glass slide at 400 °C for 2 h. The glass slides,
however, should not be used immediately for the functionali-
zation with silane coupling agents, since a thin layer of water
is recommended for the formation of a uniform and packed
organosilane monolayer.”*

Surface initiated Cu(0)-mediated LRP (grafting from) of BA
and TFEM

a-Bromo esters and amides are the most popular initiators
for Cu(0)-mediated LRP and are usually synthesized using
the reaction of appropriate acid bromide with alcohols or
amines.”>>* An amide bond, however, is substantially stronger
and more stable than an ester bond.>® Scheme 1a and b
demonstrate a two-step method of attaching the initiator to
the surface of the clean glass slides through an amide bond.

A Teflon vessel was used for the functionalization as well as
grafting from and grafting to reactions to avoid side reactions
with the glassware. Reagents were used in excess to ensure
maximum functionalization. An increase in contact angle from
almost zero to 84.6° was observed upon functionalization of
glass slides with alpha-bromo amide (Fig. 2). These glass
slides were used for the surface initiated Cu(0)-mediated LRP
(grafting from) of BA in 2-propanol and TFEM in DMSO using
copper powder as the catalyst (Scheme 1c). Since the initiator
is immobilized on the surface of the glass, and the catalyst
Cu(0) does not dissolve in the reaction mixture and is hetero-
geneous, a fine copper powder is necessary to help the acti-
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Fig. 1 Contact angles of glass slides before and after cleaning with 10%
NaOH for different times compared to the slides heated at 400 °C
for 2 h.
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Scheme 1 “Grafting from” methodology used for the growth of the
polymer chains on the glass surface.
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Fig. 2 Contact angles of glass slides before and after grafting of PBA
and PTFEM via surface initiated Cu(0)-mediated LRP compared to the
glass slide functionalized with perfluoro trichloro(1H,1H,2H,2H-perfluoro-
octyl)silane.

vation process happen smoothly. It has been proved that the
particle size of Cu(0) has a profound effect on the rate of the
reaction,> because Cu(0)-mediated LRP is believed to be a
surface-mediated process.>* Therefore, a moderate particle size
(44 pm) was chosen here to provide a moderate polymerization
rate. These moderately sized particles are also easier to remove
after polymerization.

Fig. 3 shows the ATR-FTIR spectra of the glass slides after
surface initiated Cu(0)-mediated LRP reaction. The peak of the
carbonyl group for PBA at 1735 cm™' and for PTFEM at
1750 cm™" and also the peak for the C-H bond at 2840 to
3000 ecm™" can be easily observed in this figure showing the
grafting of PBA and PTFEM on the glass surface. For the
PTFEM, peaks at 1120, 1160 and 1280 cm™" which are charac-
teristic of this polymer®® can be observed. However, the charac-

-1 55

teristic absorptions for the -CF; band at 630 cm™,”” and other
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Fig. 3 ATR-FTIR spectra of the blank glass slide compared to the glass
surface grafted by PBA and PTFEM via the “grafting from” methodology.

characteristic bands of these two polymers in the range of 600
to 1000 cm™", are covered by the dominant Si-O-Si and Si-OH
bands of the glass.

As mentioned in the introduction, one application of
grafting polymers on the surface is to provide a UV absorbing
layer. Glass has a strong UV absorption profile but mostly in
the UV-C range (280 to 200 nm); these wavelengths are almost
completely removed by ozone and other atmospheric gases
from sunlight. For the 400 to 280 nm range, however, the
atmospheric absorption of UV light is not complete and for
this range of UV, protection is necessary. Fig. 4 shows the UV-
vis spectra of the PBA and PTFEM grafted glass by surface
initiated Cu(0)-mediated LRP in the 800 to 200 nm range. As
can be seen in this figure, the absorbance in the visible range
(800 to 400 nm) is almost the same as blank glass (Fig. 4a),
showing the transparency of these samples. There is a rela-
tively large difference observed in the range of 400 to 200 nm
(Fig. 4b), showing superior UV absorption compared to glass
alone. The UV absorption, however, is more efficient in the
range of 320 to 280 nm (UV-B) and less efficient in the range of
400 to 320 nm (UV-A). This is in agreement with the UV
absorption of PTFEM, which has the maximum at around
305 nm (ref. 56) and the PBA that has several strong UV peaks
at 275, 328 and 345 nm in solution®” and at 300 nm as a
% It is important to mention that the PBA provides
slightly better UV protection compared to PTFEM in our
samples.

The contact angles of the glass slides before and after graft-
ing via Cu(0)-mediated LRP are shown in Fig. 2. A glass slide
functionalized with trichloro(1H,1H,2H,2H-perfluorooctyl)
silane was also prepared for comparison. It is remarkable that
samples with PTFEM brushes show almost the same contact
angle as the fluorosilanized sample having 13 fluorine atoms per
chain. This indicates that the chemical structure of the coating
itself is not enough for achieving higher contact angles, but an
appropriate degree of roughness is also needed for that, as
explained by the Cassie-Baxter model.>® As shown by the mor-
phology of these glass slides (Fig. 12 and 14), a rather ordered
roughness generated on the surface of the glass, together with
the chemical structure of the polymers, is responsible for the
increase in contact angle. The contact angle of PTFEM (110.7°)

film.
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Fig. 4 UV-vis spectra of the blank glass slide (black solid line) compared to PBA (red broken line) and PTFEM (blue solid line) grafted from the glass

surface.

is remarkably higher than the numbers reported for a surface
coated with this polymer (99.9°).°° This further highlights the
importance of the presence of an appropriate roughness of the
grafted surface compared to the physically coated glasses.®’

Ny

N
DY X
oo N 00" cF
N~ 3
< | BA TFEM
'i‘ Meg-TREN
’ (o} R’ '
9 Br R Cu(0) wire ~ R Br
\OJI\r +n o n-1
0“OR Mes-TREN oA o
MBP DMSO or t-BuOH-H,;0 OR OR

R’=H, R= n-Bu (BA) 25°C
R’= Me, R= TFE (TFEM)

Scheme 2 Cu(0)-mediated LRP of BA and TFEM using a copper wire as
the catalyst and methyl 2-bromopropanoate (MBP) as the initiator.
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Fig. 5 (a) 500 MHz *H-NMR of PBA synthesized via Cu(0)-mediated
LRP of BA in t-BuOH-water catalyzes by an activated Cu(0) wire of
12.5 cm at 25 °C, isolated at 97% conversion. Reaction conditions: BA =
2.0 mL, t-BuOH = 1.9 mL, water = 0.1 mL, [BAlo/[MBP]y/[Meg-TREN]y =
80/1/0.1, (b) 500 MHz *H-NMR of PTFEM synthesized via Cu(0)-
mediated LRP of TFEM in DMSO catalyzed by an activated Cu(0) wire of
12.5 cm at 25 °C, isolated at 96% conversion. Reaction conditions: TFEM
= 2.0 mL, DMSO = 2.0 mL, [TFEM]o/[MBP]o/[Mes-TREN], = 60/1/0.1.
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Grafting BPA and PTFEM synthesized by Cu(0)-mediated LRP
to the glass surface via a thio-bromo click reaction

Thio-bromo click chemistry was used for grafting well-
defined PBA and PTFEM synthesized by Cu(0)-mediated LRP
using a copper wire as the catalyst (Scheme 2). BA was poly-
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97% conversion
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M, (GPC)= 8,610
m, /M=1.14

PTFEM,
96% conversion
M,(th)=9,850 [ | N\« PTFEM
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M, /M= 1.32
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Fig. 6 GPC of the PBA and PTFEM synthesized via Cu(0)-mediated LRP
using a 12.5 cm Cu(0) wire in t-BuOH-water (95/5, v/v) and DMSO,
respectively.
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Scheme 3 “Grafting to” methodology via “thio-bromo click” used for
the growth of the polymer on the surface of the glass.
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merized in -BuOH-water (95/5, v/v)*® with a targeted mole-
cular weight of 10 000 g mol™! and TFEM was polymerized in
DMSO also with a targeted molecular weight of 10000
g mol™". Fig. 5 shows the 'H-NMR spectra of PBA and PTFEM
after purification and Fig. 6 shows the GPC graphs for the
two polymers. Dispersity values were as low as 1.14 for PBA
and 1.32 for PTFEM.

Water contact angle (°)

Thiosilanized PBA grafted
glass to glass

PTFEM grafted
to glass

PTFEM grafted
(one pot)

Fig. 7 Contact angles of glass slides before and after grafting to using
PBA and PTFEM via thio-bromo click compared to glass slide functiona-
lized with (3-mercaptopropyl)triethoxysilane.
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Fig. 8 ATR-FTIR spectra of the blank glass slide compared to the glass
surface grafted by PBA and PTFEM via the “grafting to” methodology.

View Article Online

Paper

For performing a grafting to reaction by a thio-bromo click
reaction of the bromo chain end of PBA and PTFEM, a thiol
functionality would be needed on the surface of the glass. To
do this, (3-mercaptopropyl)triethoxysilane was used to insert
thiol groups on the surface of glass slides (Scheme 3a) and
then they were subjected to grafting to using PBA and PTFEM
in the presence of triethylamine (NEt;).

Fig. 7 shows the contact angle of the thiosilane functiona-
lized (Scheme 3) glass slide compared to glass slides that are
functionalized by PBA and PTFEM via the grafting to method-
ology. An increase in contact angle was observed for the graft-
ing on functionalized slides, which is lower compared to slides
that were modified via the grafting from methodology (Fig. 2).
This was not unexpected, since as per the literature, grafting to
generates less grafting density compared to grafting from.""

ATR-FTIR spectra as well as UV-vis spectra of the glass
slides modified by the grafting to method are shown in Fig. 8
and 9. These spectra are almost the same as the slides modi-
fied with the grafting from method presented in Fig. 4 and 5.
However, the UV absorbance in the range of 400 to 320 nm is
almost the same as glass itself.

Besides the two-step grafting to methodology that was used
(Scheme 3), a one-step (one-pot) methodology was also per-
formed where glass slides, the thiosilane coupling agent, tri-
ethylamine, and the PTFEM were put together into the Teflon
vessel using xylene as the solvent and heated at 55 °C for
3 hours (Scheme 4). The glass slides functionalized using this
one-pot grafting method showed an even higher contact angle
compared to those functionalized using the common two-step
grafting to method (Fig. 7). As shown in the morphology sub-
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Scheme 4 One-pot “grafting to” methodology via “thio-bromo click”
used for the growth of the polymer on the surface of glass.
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Fig. 9 UV-vis spectra of the blank glass slide (black solid line) compared to PBA (red broken line) and PTFEM (blue solid line) grafted to the glass surface.
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Table 1 The roughness of selected samples compared to a blank glass
slide
Average Root mean
roughness  square roughness
Entry  Sample name (R,) (nm) (Rq) (nm)
1 Blank slide 0.18 0.26
2 PTFEM grafted from glass  5.63 8.68
3 PTFEM grafted on glass 2.42 4.72
4 PTFEM grafted on glass 8.46 10.58

(one-pot)

| Blank glass .k

PTFEM grafted from glass

PTFEM grafted
from glass.
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Fig. 10 ATR-FTIR spectrum of the blank glass slide compared to the
glass surface grafted by PTFEM via thio-bromo click in one pot.

chapter and Table 1, the one-pot methodology provides higher
roughness compared to the other two methods, which is
responsible for the high contact angle. ATR-FTIR and UV-vis
spectra of the glass slide modified by the one-pot grafting to
method (Fig. 10 and 11) confirm the attachment of PTFEM on
the surface of the glass slides. This one-pot grafting to method
using thio-bromo click provides a facile, fast, and effective route
for the modification of glass and silica surfaces with different
polymers.

Morphology and roughness of the glass slides modified via the
grafting from and grafting to methodologies by SEM

In order to observe the surface morphology of the glass slides
modified through surface initiated Cu(0)-mediated LRP (graft-

View Article Online

Polymer Chemistry

ing from) and thio-bromo click (grafting to), the glass slides
were analyzed by SEM. Fig. 12 shows SEM images of the glass
slides modified by using the grafting from and grafting to
methodologies. In all cases, a well-distributed surface rough-
ness with nanometer size features in the range of 100 to
200 nm width was generated by the modification method.
However, in the case of the glass slides modified with PTFEM
via the grafting to method (Fig. 12j-1), a different roughness
was observed with a microstructure that is similar to shark
skin.®? It is remarkable that the thickness of the polymer layer
is less than 100 nm (Fig. 12c), which indicates the formation
of an ultrathin coating on the glass surface (this is further con-
firmed by AFM topographic images in Fig. 14). When trying to
measure the weight percentage of this coating by TGA analysis,
the weight loss was negligible (from 0.20 wt% to 0.27 wt%) —
this value lies almost within the instrumental error of the TGA
(Fig. 13). Due to this extremely low weight loss, further
interpretation of the TGA is not provided. SEM and TGA
results, also confirmed by the UV-vis spectra shown in Fig. 4, 9
and 11, indicate almost equal absorption of the coated glass
and blank glass in the visible region.

The difference in surface morphology of these samples can
be related to different parameters such as differences in the
molecular weight and dispersity of the brushes by different
methods. The chemical bonds that attach these polymers to
the surface are different, including a rigid amide bond for the
grafting from method and a flexible thioether bond for the
grafting to method. Also, the grafting density is different based
on the method that is used (Fig. 13).

In order to investigate the surface topology and roughness
of the glasses modified by polymer brushes, atomic force
microscopy (AFM) analysis of the selected samples from each
category was performed, using a blank glass slide for com-
parison. Fig. 14 shows the topology of the blank glass slide
(Fig. 14a) compared to the topology of the PTFEM grafted
from glass (Fig. 14b), the PTFEM grafted on glass (Fig. 14c)
and the PTFEM grafted on glass in one pot (Fig. 14d). Table 1
summarizes the roughness data of these samples obtained by
AFM. It is obvious from the data in Table 1, as well as the
surface topologies in Fig. 14, that the grafting methods

——Blank glass slide
——PTFEM grafted to glass (one pot)
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Fig. 11 UV-vis spectra of the blank glass slide (black) compared to PTFEM (blue) grafted to the glass surface via thio-bromo click in one pot.
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<3 -3
SNt .

Fig. 12 SEM photographs of glass slides grafted with polymers on the surface. (a, b, c) PBA grafting from and (d, e, f) PTFEM grafting from via
surface initiated Cu(0)-mediated LRP; (g, h, i) PBA grafting to and (j, k, |) PTFEM grafting to via thio-bromo click and (m, n, o) PTFEM grafting to via a
one-pot thio-bromo click reaction.

indeed increase the roughness of the glass surface. This modified glass slides (Fig. 12). For the blank glass slides that
roughness as well as the chemical structure of the polymer show low roughness, with exposed silanol groups, most prob-
brushes are responsible for the water contact angle on the ably a Wenzel mode® of interaction between the water
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Fig. 13 TGA thermograms of the glass slides grafted with PBA and
PTFEM via grafting from and grafting to. The thermograms were pre-
pared at 10 °C min~* under a N, atmosphere.

droplet and the surface exists. However, for the glass slides
grafted with polymers, the increased roughness (Table 1) and
hydrophobicity of the polymer brushes are responsible for
providing a Cassie-Baxter mode® of interaction with the
water droplet. From the surface topologies in Fig. 14, and the
data in Table 1, it can be concluded that the one-pot grafting
on methodology provides the highest roughness and a fair
uniformity of grafting.
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Conclusions

The glass surfaces were cleaned to expose most of the terminal
silanol groups for use in chemically attaching an a-bromo
amide as the initiator for Cu(0)-LRP of BA and TFEM from the
surface of glass. This grafting from methodology through
surface initiated Cu(0)-mediated LRP provides an ultrathin
polymer layer that chemically bonds to the surface of the glass.
The thickness of the polymer layer can be easily controlled by
the time of the reaction and the mole ratio of the monomer to
the surface initiator. Also in a grafting to methodology, the
glass surfaces were functionalized by a thiosilane reagent to
put thiol groups on the surface and use them in the sub-
sequent thio-bromo click reaction with bromo-terminated PBA
and PTFEM. The ATR-FTIR spectra show the formation of a
polymer layer on the surface of the glass. This was confirmed
by the UV-vis spectra of the functionalized glass compared to
blank glass slides, showing superior UV protection of these
polymeric layers. The contact angle measurements also
showed a dramatic increase in water contact angle compared
to blank glass slides with higher angles for the grafting from
methodology, as is expected from the ability to produce higher
grafting density in this method. A one-pot grafting to method-
ology was also developed by the reaction of blank glass slides
with the thiosilane, the bromo-terminated polymer, the
solvent and a base all together in a Teflon vessel, which

Fig. 14 AFM topographic images of a blank glass slide (a), the PTFEM grafted from glass (b), the PTFEM grafted on glass (c), and the PTFEM grafted

on glass in one pot (d). Analysis of roughness is available in Table 1.
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showed the superfast and efficient one-step grafting of
polymer chains to the glass surface at relatively low tempera-
ture (55 °C). SEM photographs of all samples and AFM topo-
graphic images of selected samples showed the formation of a
uniform ultrathin polymer layer with nanoscale roughness.

The one-pot grafting to methodology provides a robust and
fast method for the functionalization of glass surfaces in any
form without the need for complicated and tedious processes.
These methodologies open up new avenues that have the
potential to simplify and expand the modification of any kind
of glass and silica surface with a large variety of polymers
accessible via Cu(0)-mediated LRP.>* Any kind of functionality
and application such as impact modification, UV absorption,
stimuli-response, etc. can be imparted to these surfaces by
choosing the appropriate monomers and polymers. Results
along these lines will be reported by our laboratory in the near
future.

Experimental section

Materials

BA (99+%, Acros) and TFEM (99%, Oakwood Chemical) were
passed over a short column of basic Al,O; to remove the
radical inhibitors just before being used. Methyl 2-bromo-
propanoate (MBP) (98%, TCI America), copper powder 325 mesh
(44 pm) (99.9%, Oak wood chemical), 2-bromopropionyl
bromide (97%, Alfa Aesar), NEt; (99.91%, Chem-Impex),
DMSO (>99.9%, certified ACS, Fisher), -butanol (99.5%, certi-
fied, Fisher), 2-propanol (99.5%, certified, Fisher), xylene
(mixture of isomers, ACS, Electron Microscopy Sciences), aceto-
nitrile (99.5+% EMD Chemicals Inc.), methanol (99.9%,
Certified ACS, Fisher), acetone (99.8% Certified ACS, Fisher),
(3-aminopropyl)triethoxysilane (>98%, Sigma-Aldrich), (3-mer-
captopropyl)triethoxysilane (94%, Alfa Aesar), and trichloro
(1H,1H,2H,2H-perfluorooctyl)silane (97%, Sigma-Aldrich) were
used as received. Methylene chloride, also called DCM (99.9%,
Certified ACS, Fisher), was dried over CaH, and freshly dis-
tilled before use. Milli-Q water was used in all experiments.
Mes-TREN was synthesized following a procedure found in the
literature.®* Square cover glass (18 x 18 mm, 0.17 to 0.25 mm
thickness, Fisher) was used, after cleaning, for surface modifi-
cation by the grafting from and grafting to methodologies.

Techniques

500 MHz 'H-NMR spectra were recorded on a Bruker INOVA
500 NMR instrument at 28 °C in CDCl; using tetramethyl-
silane as an internal standard. Attenuated total reflectance
Fourier transform infrared spectra (ATR-FTIR) were recorded
on a Shimadzu IRAffinity-1S spectrophotometer. 128 scans
with a resolution of 1 em™" were performed on all samples.
UV-vis spectra were recorded on a Shimadzu UV-2600 spectro-
photometer. A Waters Breeze GPC system with THF as the
eluent, operated at 40 °C with a flow rate of 1.00 mL min™",
was used for molecular weight and dispersity measurements.
Three columns from Polymer Standards Service, USA

This journal is © The Royal Society of Chemistry 2017
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(Amherst, MA), PSS SDV (3000 A, 1000 A, and Linear M) cali-
brated with 19 narrow PS standards (PSS USA; Amherst, MA)
with a MW range of 1000 to 1 000 000 g mol ™", were used with
an RI detector. Samples were dissolved in THF and passed
through a small basic alumina column followed by filtering
(0.2 micron, a nylon membrane) before injection. TGA thermo-
grams were prepared using a TA Q100 instrument in the temp-
erature range of 30 to 600 °C at a rate of 10 °C min~" under N,
flow. Small pieces of grafted glass were taken carefully,
weighed and put into the pan for measurement. The contact
angles of water on different glass surfaces were recorded using
a ramé-hart model 500. Around 2 pL of Milli-Q water was put
on the surface and the contact angle was measured. SEM
photographs were taken using a Zeiss 1550 Field Emission
SEM machine. Samples were coated with an ultrathin Au/Pd
coating before analysis. AFM analysis was done using an
Asylum-MFP3D-Bio-AFM-SPM.

Cleaning of glass slide surfaces

Before performing any reaction on the surface of the glass
slides, a cleaning process was needed to remove any surface
contamination and to expose the terminal silanol groups on
the surface. While different methods are available for cleaning
the glass surface before functionalization, base wash® and
basic and acidic piranha®®®® are the most common methods
used. Fig. 1 shows the contact angle of the slides after the
cleaning process in a 10% aqueous NaOH bath for different
times. For the samples heated at 400 °C and washed sub-
sequently in a NaOH bath for 10 min, the water droplet spread
out totally on the glass surface, so the contact angle was too
small to be measured by the tensiometer. Therefore, these
slides were used for the functionalization process.

Functionalization of the glass surface

After the cleaning process, glass slides were mounted on a
Teflon rod and inserted into a Teflon vessel for the reaction. A
certain quantity of xylene was added to submerge the slides
and a silane coupling agent ((3-aminopropyl)triethoxysilane,
Scheme 1a or (3-mercaptopropyl)triethoxysilane, Scheme 3a)
was added to prepare a 10% (v/v) solution. Reactions were run
at 75 °C for 15 h (overnight) under N,. Glass slides were
washed with excess xylene and with acetone in a sonication
bath, and dried under vacuum for the next reaction. For attach-
ing the initiator moiety to the aminosilane (Scheme 1b), the
same Teflon vessel methodology was used with a 10% (v/v)
solution of 2-bromopropionyl bromide in DCM containing the
equimolar triethylamine (NEt;). The acid bromide was added
slowly to the solution containing the glass slides and NEt; at
0 °C under N, and the reaction mixture was allowed to reach
room temperature over 1 h after which it was maintained for
another 12 h.

Surface initiated Cu(0)-mediated LRP of BA and TFEM
(grafting from)

For surface initiated Cu(0)-mediated LRP (Scheme 1c), three
glass slides with initiator functionality as well as three blank
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slides were mounted on a Teflon rod and inserted into the
Teflon vessel and copper powder was added. The Teflon vessel
was closed and purged with N,. In a glass vial, monomer (BA
or TFEM), solvent (2-propanol or DMSO) and Mes-TREN were
mixed (total volume 20 mL, containing 10 wt% monomer) and
bubbled with N, for 60 min at 20 °C, to remove oxygen. This
solution was added to the Teflon vessel containing the slides
under N, using a gas-tight syringe purged with N, at 25 °C. A
high stirring rate is necessary especially at the beginning
because of the heterogeneity of the reaction including
initiator and catalyst. For the BA the reaction conditions are:
[BAJo/[Cu(0)]o/[Mes-TREN], = 80/1/0.5 and for the TFEM the
reaction conditions are: [TFEM]y/[Cu(0)]o/[Mes-TREN], = 60/1/0.5.
Based on the integral of the vinyl hydrogens at 5.75-6.45 ppm
compared to the methyl group of the BA and PBA at 0.94 ppm
in 'H-NMR, a conversion of 81% was measured after 24 h
according to eqn (1).

Conversion (%)
= (1 — [(peakarea of double bond)/(peak area of methyl group)])
X 100

(1)

Glass slides were rinsed with excess solvent and washed with
acetone in an ultrasonic bath to remove any physisorbed
chemicals and then dried under vacuum.

Cu(0)-Mediated LRP of BA and TFEM to be used for grafting to
on thiosilanized glass slides

A copper wire (12.5 cm, 20 gauge) was washed with acetone
and scratched,”” wrapped around a stir bar, dried under
vacuum and inserted inside a glass vial under N,. In another
glass vial, monomer (BA or TFEM), solvent (DMSO or ¢-BuOH),
Mes-TREN, and methyl 2-bromopropanoate (MBP) were added
(total volume 4 mL). For the BA reaction the conditions are as
follows: BA = 2.0 mL, -BuOH = 1.9 mL, water = 0.1 mL, [BA],/
[MBP],/[Mes-TREN], = 80/1/0.1 and for the TFEM reaction the
conditions are: TFEM = 2.0 mL, DMSO = 2.0 mL, [TFEM],/
[MBP]y/[Mec-TREN], = 60/1/0.1. The reaction mixture was
purged with N, for 30 min at 20 °C and then transferred into
the glass vial containing the copper wire using a gas-tight
syringe purged with N,. This was considered time zero for the
polymerization. A stirring rate of 300 rpm was used for the
polymerization. Reactions were stopped after ~95% conversion
and polymers were purified by precipitation in cold methanol
for PBA and cold water for PTFEM and then dried at 50 °C
under vacuum. For running a grafting to methodology by
using a thio-bromo click reaction,*® three glass slides functio-
nalized with (3-mercaptopropyl)triethoxysilane (Scheme 3b) as
well as three blank slides were mounted on a Teflon rod and
inserted in the Teflon vessel. An appropriate amount of BPA
and PTFEM was dissolved in acetonitrile to prepare a 2 wt%
solution. Excess NEt; (two equimolar with regard to the
polymer) was added to the solution and the solution was trans-
ferred to the Teflon vessel containing the glass slides.
Reactions were run for 3 h at 25 °C at a stirring rate of 500
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rpm. Glass slides were washed with excess acetonitrile after
the reaction followed by washing with acetone in an ultrasonic
bath to remove the physisorbed polymer and then dried under
vacuum.

One-pot grafting on methodology using thio-bromo click

A one-pot grafting on methodology using PTFEM synthesized
via Cu(0)-mediated LRP was performed (Scheme 4). The pre-
vious method was a two-step reaction needing a separate thio-
silane functionalization of the glass followed by a thio-bromo
click reaction. For performing a one-pot grafting on reaction,
cleaned glass slides were mounted on a Teflon rod and
inserted into the Teflon vessel. A solution of 3 wt% PTFEM in
xylene was prepared and two equimolar of NEt; (with respect
to polymer) was added. The mixture was then transferred to
the Teflon vessel and an equimolar amount of (3-mercaptopropyl)
triethoxysilane was slowly added to the mixture while stirring.
The reaction was run for 3 h at 55 °C. After that, the glass
slides were rinsed with excess xylene and then washed with
acetone in an ultrasonic bath to remove the physisorbed
polymer.
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