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ABSTRACT: Activators regenerated by electron transfer—atom radical transfer polymerization (ATRP) as a controlled living polymeriza-
tion are distinguished by their acceptance of small amounts of transition-metal complexes and oxygen and by their tolerance of
reducing agents at a high concentration. The precondition of all ATRP applications is the use of homolytic or heterolytic cleavable
halides as a dormant species; this allows the propagation of monomer chains. Hence, alkyl bromides are slightly cleavable and are the
preferred initiators for ATRP. The bromination of polymer slides used as macroinitiators was carried out under gentle bromoform
plasma conditions. This led to an oxidation-resistant stable bromine layer. More than 20 bromines per 100 carbons on the polymer
scaffold were permanently bound to the substrate after plasma treatment. The resulting amounts of secondary and tertiary bromines
on the polymer scaffold exhibited a suitable macroinitiator concentration for the surface-initiated polymerization of methyl methacry-

late and glycidyl methacrylate. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40662.
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INTRODUCTION

Atom transfer radical polymerization (ATRP) as a controlled
living radical polymerization is characterized by its well-defined
polymers with narrow molecular weight distributions (MWDs)
and (co)polymers with precisely controlled architectures, func-
tionalities, topologies, and compositions.'® ATRP is less suscep-
tible to large amounts of monomers and initiators, wide ranges
of reaction temperatures, and different solvents and dispersed
media.” Moreover, ATRP is suited for surface modification, bio-
conjugation, and the preparation of new nanostructured materi-
als that are not accessible by conventional free-radical
polymerization. Thus, a plethora of new functional materials
has been prepared.*'! The reaction is based on the establish-
ment of a rapid equilibration between a minute amount of
growing radicals and a majority of dormant species, for exam-
ple, alkyl halides (R—X). Free radicals are generated through a
reversible redox process by a transition-metal complex, for
example, a Cu(I)—X ligand, which undergoes a one-electron
oxidation with the concomitant abstraction of a halogen atom
from the dormant species R—X. Typically, complexing ligands
are m-accepting, chelating nitrogen-based ligands, aliphatic poly-
amines, or simple amines, and this leads to higher polymeriza-
tion rates.'®" In reactions, a reduced-state metal complex is
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added as an activator, which reacts reversibly with R—X to gen-
erate a deactivator and an active radical (R&fradic;); this ena-
bles the propagation of the polymer chain (Figure 1).
Termination reactions also occur, but they can be minimized by
faster deactivation to the dormant species R—X. Other side
reactions may limit the achievable molecular weights. However,
the main drawback of ATRP is its susceptibility to oxygen. In
the presence of air, the reactive metal species (reduced state) is
trapped by oxidation (Figure 1). Thus, the use of reducing
agents will overcome inhibition by oxygen. As recently reported,
in the presence of oxygen, reducing agents [e.g., tin(Il) ethyl
hexanoate, 1-ascorbic acid], oxidized metal complexes, and sur-
plus oxygen are reduced in the reaction vessels."* This atom-
generated radical polymerization (AGET-ATRP) starts after an
introduction period, in which the reduced metal species is rap-
idly oxidized while oxygen consumption begins. However, the
latter is quickly reduced back to an activator (Figure 1). How-
ever, in an activator regenerated by electron transfer (ARGET)—
ATRP, only a small amount of the activator is permanently
regenerated during polymer propagation. A sufficient excess of
reducing agents advantageously scavenges oxygen and emerged
radicals. In contrast to AGET, ARGET-ATRP tolerates a large
excess of reducing agents and might be an appropriate approach
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Figure 1. AGET-ATRP reaction (R—X = alkyl halide as dormant species;
CI.IH_Xz/
ligand = deactivator that can be reduced; R <= monomer radical;

Cul—x/ ligand = activator that can be oxidized;

M = monomer; k,= activation rate coefficient; kg, = deactivation rate
coefficient; k, = polymerization rate coefficient; k, = termination rate coef-
ficient; EH = ethyl hexanoate).

for surface grafting because the reactor vessels do not need to
be deoxygenated."

In this article, we report that plasma bromoform-treated cyclo-
olefin polymer (COP) slides are suitable macroinitiators for sur-
face grafting via ARGET-ATRP. Controlled polymerization in the
presence of air is a method for surface grafting and surface modi-
fication in an upscaled manner. In general, the polymerization
rate of the initiators obeys the first order. To obtain well-defined
polymers with narrow MWDs, the halide must rapidly and selec-
tively migrate between the growing chain and the oxidized metal
species. Hence, only halides that undergo homolytic or hetero-
Iytic cleavage can be used.'® For molecular weight control, o-
carbon substituted and polyhalogenated bromine or chlorine are
preferred initiators.” Because polymers possess optical properties
and a transparency similar to those of glass, polymer supports
provide suitable, versatile, cost-saving, and attractive alternatives
to commercial glasses. However, the introduction of functional
groups (e.g., carboxyls, amines, hydroxyl, halogens) onto the
polymer surface occurs under obviously harsh chemistries. In the
presence of chromosulfuric acid or other oxidizing acids (e.g.,
Caro’s acid C—C and C—H— bonds), the functional groups are
broken and subsequently oxidized to C—O..'” Also, gas-phase
oxidations by butane or propane polymer surfaces introduce oxi-
dized chemical species. Furthermore, corona-discharge and
energy-rich radiation leads to a broad spectra of surface function-
alities.'” ' Certainly, all of these treatments degrade the polymer
surface and, up to 12-67 eV, also the inner scaffold of the poly-
mer. Over time, the introduced functional species turn into poly-
mers to reach the energy lowest state. Hence, after a certain time
period, no chemical functionalities are exposed. Additionally,
postoxidations of the introduced chemical modifications will be
observed. At the least, such modifications are unstable for stor-
age.”>” However, surface modifications in plasma or low-
pressure plasma processes present a gentle introduction of chemi-
cal functionalities. The main advantage of plasma treatments is
their selective employment of precursors that enhance the intro-
duction of elected functionalities. The ideal case is the selective
substitution of applied precursors. Bromoform (HCBr3), in com-
bination with bromine, as a precursor for bromination, has a low
ionization potential of 10.5 eV (1013 kJ/mol). Therefore, a lower
electron energy in the plasma is necessary for polyolefin surface
modification, and a reduced surface degradation is expected. The
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bromination of polymer surfaces has other advantages as well. In
most compounds, bromine exists in a reduced form and can be
oxidized only under extreme conditions. Because of the very low
boiling point of bromoform (—76°C), byproducts can be easily
removed by an applied vacuum. Bromine, as a neutral precursor,
contains a high molar portion of molecular bromine, which is
less corrosive than elemental halogen. With the realization of the
ideal electronic saturation of the outer shell as the next noble gas
configuration, more C—Br bonds are observed. Also, gas radicals
in the polymer scaffold can be scavenged by bromine, and this
leads to more C—Br groups (Figure 2). Additionally, because of
the lower binding energy between C—Br and C—H in HCBr3, a
single bromine substitution of polyolefin scaffold is most likely
to be HCBr; + Plasma — HCBry* + Bre and then HCBr; +
Plasma — CBrz* + He. Bromine has an electrophilic character
and attacks the polymeric scaffold with a preferred high electron
density. Thus, the tertiary C—H bonds are attacked 1600 times
faster and secondary C—H bonds are attacked 32 times faster
than primary C—H bonds.?* These secondary and tertiary bro-
mine substitutions are necessary preconditions for applied ATRP

in general.”
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Figure 2. Surface modification of the plasma-induced bromination of the
COPs synthesized by the ring-opening metathesis polymerization of vari-
ous cyclic monomers followed by hydrogenation (R, and R, are aliphatic
residues).”® AHp" = dissociation enthalpy
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Figure 3. XPS of COP after surface bromination with the bromoform.

Finally, a low-plasma-initiated functionalization is relatively
selective because of the thermodynamics of this reaction.'® The
X-ray photoelectron spectroscopy (XPS) analysis in Figure 3
shows that in addition to the C1 peak, two bromine peaks
(Br3p,,, and Br3p;/, and Br3ds,, and Br3ds,,) are observed; this
indicates the existence of C—Br species at the surface.
Computer-aided surface analysis for photoelectron spectroscopy
(CasaXPS) of the Cl1 peak presents the distribution and quanti-
fication of different carbon species after plasma treatment (Fig-
ure 4). These stable bromine species on COP allow a selective
and specific three-dimensional (3D) modification with grafted
monomers via ATRP. In contrast to glass slides, ARGET-ATRP
grafted functional monomers can play an important role in the
production of polymer biochips, which require safety regula-
tions in handling.

Under these gentle bromoform plasma conditions, in this study,
more than 20% of all introduced bromines could be used for
grafting reactions (Figure 5).>” Because of the radical scavenging
by Br atoms. oxidations by the exposure of the polymer to air
were hindered.

Other side reactions and the trapping of radicals were only mar-
ginally present when bromination was used.”®* After plasma
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Figure 4. CasaXPS-fitted C1 peak with the peak integration of the COP

after surface bromination with the bromoform.
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treatment, the selective substitution patterns of bromine were
used for the ARGET-ATRP propagation of the polymer
chain of methyl methacrylate (MMA) or glycidyl methacrylate
(GMA); these are demonstrated in the reaction setup in
Figure 6.

The High-Throughput microArraying (HTA12) slides were pla-
nar COP supports with 12 cavities, which came from Greiner
BioOne. The small reaction chambers were used for the analysis
of surface grafting and negative controls.

For ARGET-ATRP, plasma-brominated HTA12—-COP slides were
transferred to slide containers with a total filling volume of 30
mL. After the brominated slides were positioned, the monomer
solution was poured, and the transition-metal complex was
added to the slide containers, the free headspace resulted in an
approximately 25 mL of air. For a more homogeneous chain
propagation, we used the halogen-exchange technique. Because
the equilibrium constant for chloromacroinitiators was 1-2
orders lower than that of the bromomacroinitiators, C—Cl
bonds formed upon the deactivation of the growing chain were
reactivated more slowly, and this resulted in a more uniform
chain length and polydispersity index (PDI).*° For that case, we
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Figure 5. Bromine plasma treatment of COP and washing procedure for
the removal of unbound bromine. The remaining concentration of substi-
tuted bromine on COP was approximately 20%. After washing, the slides
appeared to have a slightly brown shimmer.
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Figure 6. Experimental setup of ARGET-ATRP on the HTA12 COP slides.
linelibrary.com.]

started with a bromine macroinitiator for the proper initiation
and replaced the halogen with a chloride during chain propaga-
tion for a more controlled surface polymerization®® (Figure 7).

The ARGET-ATRP was initiated with distinct amounts (100—
200 pL or 0.3-0.9 mmol) of tin(II) 2-ethylhexanoate. The
grafted polymer layers of MMA and GMA were characterized by
gel permeation chromatography (GPC), attenuated total reflec-
tance (ATR)-Fourier transform infrared (FTIR), spectroscopy,
Coomassie staining, and reaction with fluorescence dyes.

EXPERIMENTAL

Materials

MMA (>97%) and GMA (>97%, Fluka) were purified by pas-
sage through an aluminum oxide filled column. The copper
ligand 1,1,4,7,10,10-hexamethyltriethyl tetramine (HMTETA;
97%) was purchased from Aldrich, and copper(II) chloride
(>99%, Fluka) and tin(II) 2-ethyl hexanoate were purchased
from Sigma (95%) All other chemicals were used as received.
COP slides with 12 cavities and slide containers as reaction
chambers were provided by Greiner BioOne (Greiner GmbH,
Frickenhausen, Germany).

For the surface substitution with bromine, bromoform was used
as a precursor. The bromination of the COP slides was con-
ducted in a bell-jar reactor with internal electrodes working at
13.56 MHz. The pressure within the plasma reactor was aligned
to 2-20 Pa, the power input was in the range 10-300 W, and
the treatment time was between 2 and 500 s. The slide was fixed
and allowed to rotate through the plasma zone mounted on a
rotating steel cylinder. Under these conditions, the emerged rad-
icals were saturated to C—Br, and postoxidations efficiently
reduced during the formation of HBr were purged off by the
applied low pressure. The surface-initiated ARGET-ATRP of
MMA and GMA were conducted in slide containers; each of
them contained a filling volume of 30 mL. Primarily, the slide
containers were fitted with an injection needle for sampling and
to monitor the reaction. After the plasma-brominated slides
were positioned, the containers were filled with 4.1 mL (38
mmol) of methyl methacrylate for MMA-ARGET-ATRP and
5.0 mL (39 mmol) of GMA for GMA-ARGET-ATRP. A volume
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[Color figure can be viewed in the online issue, which is available at wileyon-

of 28 uL (0.19 mmol) of ethyl a-bromoisobutyrate (EBiB) was
used as a soluble ATRP initiator for sampling and analytics.
Then, a 25.5 mg/mL stock solution of Cu(II)Cl, (0.19 mmol) in
an Aceton Plus and 52 uL of HMTETA (0.19 mmol) were
freshly prepared. Distinct molar amounts of the prepared cop-
per complex were added to the monomer solution in the con-
tainers; the reaction was initiated with tin(II) 2-ethylhexanoate,
the container was subsequently sealed with a Teflon tape, and
the mixture was reacted at room temperature for several hours.
Samples were taken with the injection needle after 22, 25, and
40 h of reaction time for MMA—-ARGET—ATRP (Table I, entries

®®®®
@ )
Halogen unchange method Halogen exchange method
CuBr CuCl
CUBrCnBr Cnc]CuCl
CuBr CuCl

@@®® @@@Q

(B By

Figure 7. Principle of ARGET-ATRP with the halogen exchange method
for a lower PDI and better control of the chain length. The equilibrium
constant for the alkyl chloride initiators was 1-2 orders lower than that of
the alkyl bromide initiators. Thus, the C—Cl formed upon deactivation
reacted more slowly and led, therefore, to a more defined chain length
with a narrow MWD and a lower polydispersity.*
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[Sn(EH)2]o/
[EBiBlo CuCls Conversion
Entry MMA EBIB CuCl> molar ratio (ppm) Time (h) (%) M, M,, PDI (M,,/M,)
1 200 1 0.01 3.3 50 25 19 41,660 71,070 1.7
2 200 1 0.01 3.3 50 40 34 50,130 70,780 1.41
3 200 1 0.02 4.9 100 22 52 33,910 50,060 1.46
[Sn(EH)2]o/
[EBiBlo CuCls Conversion
Entry GMA EBIB CuClx> molar ratio (ppm) Time (h) (%) M, M,, PDI (M,,/M,)
4 200 1 0.01 3.3 50 16 87 60,660 186,100 3.06
5 200 1 0.01 4.9 50 8 76 14,680 54,000 3.67

M., weight-average molecular weight; M,, number-average molecular weight; EBIB = ethyl a-bromoisobutyrate.

1-3) and after 8 and 16 h for GMA—ARGET-ATRP (Table I,
entries 4 and 5). All of the used brominated COP slides sus-
tained all of the applied chemicals and monomers without any
etchings, adsorptions, dissolution, or diffusions into the slides.
This was verified in the adsorption tests of GMA and MMA on
COP slides over 48 h. In the ATR-FTIR spectra, only bending
and valence vibrations of the COP were visible. Hence, no
applied methacrylate was adsorbed or diffused into the COP
material (valence vibration (v) =2865 cm™ ' for C—H— valence
of the CH; groups, v=2930 cm™ ' for C—H valence of the CH,
groups, 6 =1450 cm™ ' for bendings of the CH, groups, and
d=1350 cm™ "' for bendings of CHj; see Figure 8).

The HTA12 slide format was divided into 12 cavities or reac-
tions chambers, which could be separately used for different
analysis (shown later in Figures 16 and 17). Because of the risk
of crosslinking within the ARGET solution, the formation of
byproducts, the participation of side reactions, and the reduc-
tion of the oxirane rings, the ARGET-ATRP conditions had to
be primarily optimized.>"** Therefore, nine 24-mL glass vials
with screw caps (ND24 with white PP screw caps from Fisher
Scientific) were filled with 5.0 mL (38 mmol) of glycidyl meth-
acrylate and 28 uL (0.19 mmol) of EBiB as a soluble ATRP ini-
tiator for sampling and analytics (Figure 9). Defined amounts
(50-200 ppm, Table I) of the 25.5 mg/mL stock solution of

§ missing C=0 H;
£Ew f cm of T
3 a"‘i'ﬁ“’ thas |
methacrylates
E il Y CH,
E CH, CH,
20
,,,,,,, applied MMA
—— applied GMA
]
3500 3000 20 2000 e e =

Wavelength [em™"]
Figure 8. ATR-FTIR spectra of the GMA- and MMA-adsorbed COP slides
after 48 h.
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Cu(ID)Cl, (0.19 mmol) in Aceton Plus and 52 uL. of HMTETA
(0.19 mmol) were pipetted into glass vials, the reaction was
initiated with distinct amounts of tin(II) 2-ethylhexanoate
(100-200 uL or 0.3-0.9 mmol), and the vials were sealed with
screw caps.

After optimization the GMA—ARGET-ATRP, the derived condi-
tions were transferred to slide surfaces in slide containers, as
mentioned previously (Table I, entries 4 and 5). Consequently,
the backside of the grafted slides was characterized by ATR-—
FTIR spectroscopy (PerkinElmer Spectrum One, inclusive uni-
versal ATR sampling accessory), atomic force microscopy
(AFM) in the tapping mode (Biolyzer SNOM AFM instrument,
Triple-O, Potsdam, Germany), and contact angle measurements
with water droplets (Contact Angle Systems OCA 20, Data
Physics Instruments GmbH, Filderstadt, Germany) while the
cavity surface was used for staining. Contact angles of 3 uL
water droplets between the surface and tangent of the three bor-
der lines (solid—fluid—air) were determined by internal software
(Data Physics V.2.1.9 Build 21). Because fluorescence was used
as a sensitive indicator for the surface reactions, the temporary
gradient of chain propagation was characterized with the reac-
tion of an Alexa 647 Fluor fibrinogen conjugate. Fibrinogen is a
glycoprotein with four subunits, and it plays an important role
in blood clotting. Moreover, it is a decisive cofactor at the

Hermetic
sealed
screw cap
color 20 ml air
change of
complexed
Cu(ll)Clyto
Cu(l)Cl 4 mi fluid

Methyl Glycidyl methacrylate + Glycidyl methacrylate + Ethyl a -
methacrylate + Ethyl a - bromo isobutyrate bromo isobutyrate + complexed
Ethyl a - bromo (EBiB) + complexed Cu(ll)Cl, with HMTETA
isobutyrate (EBiB) Cu(ll)Cl, with HMTETA (1,1,4,7,10,10- Hexamethyl-
(1,1.4,7,10,10 - triethylenetetramine) reduced with
Hexamethyl- Tin (Il) ethyl hexanoate Sn(ll) EH,

triethylenetetramine)
Figure 9. Reaction setup for the GMA-ARGET-ATRP optimization.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Figure 10. GPC traces of pGMA via ARGET-ATRP.

aggregation of thrombocytes. For the reaction-time-dependent
immobilization of this fluorescence dye, the optimized GMA—
ARGET-ATRP of entry 4 was processed in five different con-
tainers. After certain time periods, the containers were opened.
GMA-grafted COP slides were used for the immobilization of
the Alexa 647 Fluor fibrinogen conjugate. Hereby, only the cav-
ities A2, B2, A5, and B5 as negative controls were applied with
40 pL of 150 ug/mL Alexa 647 Fluor fibrinogen conjugate. After
2 h of immobilization, the slides were thoroughly rinsed with
water, ethanol, and water again and scanned with an Axon slide
scanner (Axon Instruments Gene Pix Personal 4100 A, Molecu-
lar Devices, Sunnyvale, CA) at an excitation/emission wave-
length of 635/670 nm. The pixel intensities were integrated over
an area of 30 mm” and averaged over the cavities. The grafted
cavities Al and Bl and the nongrafted cavities A6 and B6 were
reacted with 1,4-diaminobutane, stained with EZ Blue Coomas-
sie staining reagent, and gently shaken for 2 h in a slide con-
tainer in a nonfluorescent independent method. Afterward, the
slides were washed three times with deionized water.

RESULTS AND DISCUSSION

Typically, the PDI of ARGET-ATRP reactions is near 1. The
PDI becomes smaller with increasing monomer conversion and
increasing deactivator concentration:

= =1+ [RX]oko 2 -1
M, Kgeact [Mt"1X /L] J \ Conversion

kgeact = constant of deactivation, [RX], = hologenated initiator
ko = constant of propagation M¢""' = metal in oxidized state,
X = halogen and L = ligand. Obviously, the reaction rate of the
surface-initiated ARGET-ATRP decreased at room temperature.
Because of the possible softening or thermal degradations of the
brominated support material, higher temperatures were avoided.
The resulting lower conversions are indicated in Table I.

PDI =

In contrast to the GPC analysis of poly methyl methacrylate
(PMMA) (Figure 11), the GPC traces of poly glycidyl methacry-
late (pGMA) shown in Figure 10 showed a broader and multi-
modal MWD, which also resulted in a higher PDI. Tsarevsky
and coworkers®** have recently reported that tin (II) 2- ethyl-
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hexanoate (Sn(EH),), as a Lewis acid with a nucleophilic car-
boxylate counter ion, takes part in the polymerization of GMA
and may open the oxirane rings (Figure 1). In a further reac-
tion, the opened ring and the moisture in the headspace can
react with intact epoxides; this leads to branched pGMA or
crosslinked polymer. With that background, we varied the ratios
of Cu(II)Cl, to Sn(EH), to determine the optimized parameters
of the uncrosslinked polymers. Obviously, the results in Figure
12 show that higher amounts of complexed CuCl, led to more
crosslinked polymers in the beginning of the polymerization,
and higher amounts of Sn(EH), resulted in the proceeded chain
propagation. Generally, in ATRP, the reduced Cu(I) species
undergoes a one-electron oxidation with abstraction of a halo-
gen and a generated radical on the initiator side. However, in
the early reaction, the applied oxidized form of Cu(II)Cl,, as a
stronger Lewis acid than Cu(I), can also attack the electrophilic
bromine in the initiator group, and this leads to partial positi-
vated carbon or a temporary carbenium ion, which can react
with nucleophils in solution [e.g., the nucleophilic carboxylate
counter ion of Sn(EH), or amines of the ligand]. Therefore,
higher amounts and an excess of complexing agents for copper
(nucleophilic amines and amides) should be avoided. In this
case, the remaining bromine may attack the carbon in the oxir-
ane ring in a nucleophilic reaction that is mediated by the
occurring ethyl hexanoate (EH) acid and the electrophilic Lewis
acids Cu(II)Cl, and Sn(EH),, as shown in Figure 1. Investiga-
tions with Sn(EH), without any Cu-ligand and complexes have
shown that Sn(EH), is able to open the oxirane rings. If these
possible side reactions are decisive and predominant, ATRP is
hindered, and no surface grafting occurs. Finally, the moisture
in the headspace may hydrolyze the oxiranes diols and force the
crosslinking reaction. Crosslinked pGMA cannot be resolved
with acetone or tetrahydrofuran, and no polymerized GMA can
participate in methanol or ethyl acetate. It should be mentioned
that the surface grafting of reactive functional monomers is
slightly difficult in the presence of redox systems, and chemical
functions must, therefore, be consequently protected. Hence,
only a small parameter window is suitable for a controlled
GMA surface grafting via ARGET-ATRP.

Figure 9 shows the reaction setup and reaction vessels for
ARGET-ATRP in the presence of 20 mL of air (standard

—22h
——25h
—40h

normalized intensity

log (molecular weight) (g/mol)
Figure 11. GPC traces of pMMA via ARGET-ATRP.
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Figure 12. Optimization of GMA—ARGET-ATRP for the surface initiated (SI)—
ARGET-ATRP parameter window for the GMA grafting via ARGET-ATRP.

pressure at 101,325 Pa and room temperature =24°C). The
amount of Sn(EH), needed to consume oxygen in the head-
space and the reduction of the deactivator complied with Boy-
le’s law. With the assumption that the 20 mL of free headspace
contained 21% oxygen and that two molecules of Sn(EH),
reduced one molecule of O,, 0.34 mmol for 20 mL of air and
0.43 mmol for 25 mL of air of the reducing agent were needed.
Additionally, to marginally reduce Cu(II), 3.8 nmol was needed.

The AFM images in Figure 14 show the ARGET-ATRP surface
grafting on two slides. The first one was an ARGET-ATRP
surface-grafted pMMA on COP without bromination, and the
second one was a surface-grafted ARGET-ATRP after bromo-
form plasma treatment. Obviously, ARGET-ATRP surface graft-
ing did not occur without a sacrificial initiator. The surface
roughness of this slide was determined to be 10 nm. The
bromoform-treated COP slide presented a 10-fold higher rough-
ness of about 100-150 nm after a grafting time of 40 h. Because
the slide dipping depth was determined to be 7.5 cm?, an area
of 20% (1.5 cm?) was brominated, and this depicted a sacrificial
initiator concentration for ARGET-ATRP. Brushes on the COP
surfaces were estimated to be 50-100 nm.

Figure 13a,b shows the FTIR spectra of the ARGET-ATRP grafted
and nongrafted zones. In contrast to the nonmodified area (the
blank), the esters of GMA and MMA (ATR: valence C—O
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Figure 13. ATR-FTIR spectra of the modified surface area. The negative
control (blank) was taken from the nonmodified section.

y=1729 cm” ', valence C—O—C v=1170 cm ', and asymmet-
ric vibrations epoxy ring Vepox = 1231 cm~! and Vepoxi = 839
cm™ ). The visible valence vibrations at v= 1637 cm ' indicated
that the C=C acrylate bond resulted from of a partly crosslinking
reaction of pGMA.*** This aligned with the findings of the GPC
of pGMA shown in Figure 10. In the case of pMMA, the C=C
band was missing, and this indicated a full polymerization. How-
ever, not every epoxy group was crosslinked; this is shown in the
following analysis. Contact angle measurements on the backside
indicated changed physical behavior between the grafted and
nongrafted zones. Although the contact angle in the nongrafted
zone remained at 70-75°, the angle changed exactly on the dip-
ping edge to 40-45° in the GMA grafted zone (Figure 15).

Figure 14. AFM image of the grafted surfaces measured in the tapping mode. The left AFM image presents the surface grafting of MMA on the nonbro-

minated COP; the right AFM image show the surface grafting of MMA on the brominated COP with the sacrificial initiator concentration.
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Figure 16. Ultraviolet—visible spectra of the Coomassie-stained cavities. A1/B1 after 16 h of surface-initiated ARGET-ATRP with GMA.

The GMA-grafted section with cavities A1/B1 and the non-
grafted area with cavities A6/B6 as the negative control were
used for Coomassie staining after the reaction with 1,4-diami-
nobutane as a second a nonfluorescent and independent analysis
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.
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| Alexa 647
I Fibrinogen

6000

dipping
edge

- Alexa 647
Fibrinogen
negative
control

4000 +

T

2000

non
grafted
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of the GMA. Coomassie is a triphenylmethane dye that is com-
monly used for protein staining. The staining reaction is based
on the ionic iteration between the ionic Coomassie dye and the
basic amines. Thus, Coomassie staining is a suitable method for

GMA ARGET-ATRP grafted in A2/B2
non grafted in A5/B5S

zone 0 2

Reaction time in h

Figure 17. Integrated fluorescence intensity of a coupled Alexa 647 Fluor fibrinogen conjugate in 30 sqmm of A2, B2, A5, and B5 after 16 h of surface-

initiated ARGET-ATRP with GMA.
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Figure 18. Hybridization efficiency of the immobilized capture probes on
the 3D and 2D epoxy surfaces.

UV analysis after interaction with reacted amines on epoxy
surfaces. The wavelength scan from 400 to 800 nm presented a
typical extinction in the grafted zone at 610 nm during the neg-
ative control leave-out (Figure 16).

In selective time periods of ARGET-ATRP, the containers were
opened, and the A2, B2, A5, and B5 cavities of every three
grafted slides were used for coupling with the Alexa 647 Fluor
fibrinogen conjugate. Nongrafted cavities represented by A5 and
B5 were used as negative controls. The time-dependent coupling
efficiency was shown by the fluorescence intensity of the Alexa
647 Fluor fibrinogen conjugate (arbitrary units). The linear
increase of the coupling efficiency indicated a surface grafting
via ATRP because the controlled living polymerization obeyed a
first-order reaction (Figure 17), whereas the fluorescence signals
at 670 nm in the ARGET-ATRP A2 and B2 cavities increased
within the reaction time, and the negative controls in A5 and
B5 showed no immobilization.

CONCLUSIONS

Because polymer supports have to be functionalized under
harsh chemical conditions, ARGET-ATRP of the brominated
COP presented a very attractive approach for a mild introduc-
tion of chemical functionalities. Under conventional plasma
conditions, functional groups may oxidize, degrade the polymer
scaffold, or be unstable over long periods. The low-pressure
bromoform plasma treatment of COP as a gentle and low-
energy method for the introduction of a stable and covalent-
bond bromine exhibited suitable macroinitiators for ATRP
applications. Furthermore, the functional species of the grafted
layer were stable and did not turn into the polymer as in cases
of plasma treatments.”® Additionally, the grafted 3D surface
layers were more reactive and exhibited higher coupling efficien-
cies and homogeneities than the two-dimensional (2D) surface
modifications. Figure 18 presents the hybridization efficiencies
of dye-labeled oligomers onto immobilized capture probes on
3D epoxy and 2D epoxy layers. The immobilization efficiency
and/or hybridization efficiency were much higher over a broad
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range of probe concentrations, and even lower probe concentra-
tions could be used

Despite the easy handling and mild reaction conditions of
ARGET-ATRP, which tolerated oxygen, traces of water, and
small amounts of metal complex, the polymerization of GMA
or monomers that could be oxidized or deduced were not
suited for obtaining distinct molecular chain lengths. The quali-
tative and quantitative analyses showed that GMA was success-
fully grafted on COP and applied for the coupling reactions of
biochemical species. In particular, the use of a slide container
with a moderate presence of oxygen allowed the scale-up of sev-
eral hundred slides for surface functionalization via ARGET-
ATRP in one modification run. Moreover, a homogeneous dis-
tribution of functional groups and the adjustment of the func-
tionality density by ARGET-ATRP are useful information and
may prove suitability for biochip applications.
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