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Polymers with pendant pyridine groups (PPPGs) are pH responsive weak polyelectrolytes potentially attractive
for many applications such as sensors, antibacterial coatings, and ion gating systems. Synthesis of PPPGs by
classical atom transfer radical polymerization (ATRP) is very challenging due to highly probable formation of
monomer/metal complexes. In response to that, we report here a facile synthetic strategy to obtain surface-
grafted PPPGs that utilizes light-mediated ATRP. Metal-free surface-initiated ATRP catalyzed by 10-phenylphe-
nothiazine is used to polymerize three isomeric monomers with methacrylate groups attached at various posi-
tions of a pyridine ring. The reactivity of the isomers is compared for selection of optimal monomer structure
leading to thick brushes. The polymerizations are conducted under visible light, at ambient conditions, and using
only microliter volumes of the reaction mixture that is important for reducing the complexity and costs of the
process as well as limiting chemical waste. The observed linear dependency of the brush thickness vs poly-
merization time for poly(pyridin-3-yl methacrylate) (PP3M) grafted from indium tin oxide or silicon wafers
indicated the controlled characteristics of the developed method. The obtained PP3M brush demonstrated pH
responsive behavior associated with protonation of pyridine groups in acidic solution and adoption of highly

stretched conformation below pKj.

1. Introduction

Polymers with pendant pyridine groups (PPPGs) are in the field of
interest of many scientific groups around the world, due to their desired
characteristics: ability to coordinate transition metal ions [1], pH
sensitivity [2] and easy functionalization by quaternization of the pyr-
idine ring [3,4]. All these features makes them a perfect candidates for
numerous applications such as: drug delivery systems [5], platforms for
controlled adsorption of proteins [6], filtration systems [7], ion gating
membranes [8], dye-sensitized solar cells [9], sensors [10], antibacterial
agents [11] and catalysts [12].

In case of some of the abovementioned applications it is highly
desirable to form a stable coating with covalent attachment of the chains
to various substrates. This can be realized by formation of surface-
grafted polymer brushes by “grafting to” or “grafting from” technique
[13]. However, only the second approach enables formation of
well-defined layers with adjustable thicknesses and grafting densities
spanning a broad range. Within this approach, commonly
surface-initiated reversible deactivation radical polymerizations
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(SI-RDRP) were used to graft PPPGs on various substrates such as: in-
dium tin oxide (ITO) [4], nanoparticles [14], polymer membranes [15],
graphene oxide [16], nanorods [17] or cellulose [18]. The most
frequently reported technique for production of PPPGs brushes via
“grafting from” is surface-initiated atom transfer radical polymerization
(SI-ATRP) [13]. However, SI-ATRP of commercially available
pyridine-based monomers such as: 4-vinylpyridine (4VP), 3-vinylpyri-
dine (3VP), 2-vinylpyridine (2VP) is significantly hindered, due to
strong ability of pyridine groups to form complexes with copper cata-
lysts [19]. Pyridine-based monomers as well as PPPGs are strong coor-
dinating ligands that can compete with ligands forming activation
complexes with copper or other transition metals [20]. Monomers are
generally used in huge excess with respect to ATRP ligands, hence for-
mation of monomer/metal complexes is highly probable, which may
limit the polymerization rate. Matyjaszewski et al. have found that
addition of only 5% (by volume) of pyridine significantly slowed down
the ATRP polymerization (in solution) of styrene catalyzed by CuBr/4,
4’-di-(5-nonyl)-2,2'-bipyridine complex [21]. In case of ATRP of 4VP in
the solution, the improved rate and dispersity were observed when
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strong coordinating and active ligands such as MegTREN were used to
form complexes with CuCl [20]. However, it is worth to mention that
even MegTREN used with CuBr did not provide optimal conditions, due
to enhanced termination reactions.

In case of synthesis of the brushes by SI-ATRP the mentioned prob-
lems seem to play even more important role as most of the papers pre-
senting synthesis of PPPGs brushes reported formation of the layers
thinner than 20 nm [17,22] [-] [25]. However, Saha et al. reported
formation of very thick poly(4-vinylpyridine) (P4VP) brushes (~200
nm) on both silicon and gold surface, but analysis of the dependency of
layer thickness vs polymerization time, suggests that polymerization
was not fully controlled [26]. Raczkowska et al. presented synthesis of
thick P4VP brushes (42 nm) using SI-ATRP with activator regenerated
by electron transfer (SI-ARGET-ATRP) indicating successful utilization
of ATRP methods with reduced concentration of transition metal com-
plexes [27]. Recently, it was shown that controlled SI-ATRP of various
monomers could be conducted in the presence of ppm amounts of metal
catalyst [28] [-] [30] or in metal-free conditions by replacing classical
transition metal complex with organic photoactive molecule [31,32].
The second approach seems to be especially very attractive in terms of
polymerization of pyridine-based monomers as metal complexes could
be excluded from the reaction mixture. Indeed Ma et al. showed that
P4VP could be grafted from graphene oxide by metal-free SI-ATRP in the
presence of sacrificial initiator and 10-phenylphenothiazine (PTH)
under UV light [33]. However, in 2018, Narupai et al. showed that
metal-free SI-ATRP catalyzed by PTH could be even more powerful
enabling polymerization of various methacrylic monomers in microliter
volumes only (saving reactant), under visible light and ambient condi-
tions [34]. PTH is a singlet excited state reductant, therefore its deac-
tivation by triplet-triplet annihilation with oxygen is limited [35].
Moreover, PTH in the excited states may react with oxygen-derived free
radicals converting them to oxygen [35], thus metal-free ATRP in so-
lution could be performed even at ambient conditions [36]. Inspired by
these works, we aimed to use metal-free SI-ATRP for synthesis of three
different surface-grafted PPPGs from silicon wafer or ITO surface. We
synthesized three methacrylic monomers with pendant pyridine groups:
pyridin-4-yl methacrylate (P4M), pyridin-3-yl methacrylate (P3M) and
pyridin-2-yl methacrylate (P2M) and compared their reactivity. All po-
lymerizations were mediated by visible light (4qx = 405 nm) and
conducted in microliter volumes demonstrating tolerance to ambient
conditions.

2. Experimental section
2.1. Materials

Silicon wafers were obtained from ON Semiconductor (Roznov,
Czech Republic). ITO substrates (glass slides covered with 100 nm thick
layer of ITO) were purchased from Osilla (Sheffield, UK). Cover slips of
the size 24 x 24 mm were obtained from Heinz Herenz (Hamburg,
Germany). 2-hydroxypyridine (98%), 3-hydroxypyridine (98%), 4-
hydroxypyridine (97%), phenothiazine (min. 98%), 1,4-dioxane
(dried, min. 99.8%) and molecular sieves (3A) were purchased from
Alfa Aesar (Haverhill, MA, USA). Methacryloyl chloride (95%, 200 ppm
MEHQ as stabilizer), chlorobenzene (anhydrous, min. 99.8%) and so-
dium tert-butoxide (99%, pure) were purchased from Acros Organics
(Geel, Belgium). RuPhos was obtained from Ark Pharm (IL, USA).
RuPhos Pd G2 precatalyst, (3-aminopropyl)triethoxysilane (APTES,
99%), a-bromoisobutyryl bromide (BIB, 98%), ethyl a-bromophenyla-
cetate (EBPA, 97%), acetonitrile (HPLC, >99.9%) were purchased from
Sigma-Aldrich (St Louis, MO, USA). Triethylamine (min. 99.0%) was
obtained from TCI Chemicals (Tokyo, Japan). Dichloromethane (min.
99.5%, p.a.), n-hexane (min. 99.0%, p.a.), ethyl acetate (min. 99.5%, p.
a.), methanol (min. 99.8%, p.a.), ethanol (96%, p.a.) sodium sulfate
(anhydrous, min. 99.0%, p.a.), hydrogen peroxide (30%, p.a.), ammo-
nium solution (25%, p.a.), sulfuric acid (96%, p.a.), toluene (p.a.),
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sodium chloride (min. 99.8%, p.a.) and hydrochloric acid (35-38%, p.
a.) were all purchased from Chempur (Piekary élqskie, Polska).
Ammonium chloride (pure) was purchased from POCH Avantor Per-
formance Materials (Gliwice, Poland). Silica gel (LC 60, 70-200 mesh)
and N,N-dimethylacetamide (DMAc, 99%) were obtained from Fluo-
rochem (Hadfield, UK). Methacryloyl chloride was distilled whereas
dichloromethane and N,N-dimethylacetamide were dried over molecu-
lar sieves before usage. Rest of chemicals were used as received.

2.2. Methods

LED lamp emitting at 405 nm (M405LP1, Output Power 1200-1700
mW, Thorlabs, Newton, MA, USA) equipped with a heat sink was used
for metal-free SI-ATRP (see Fig. S1). The light intensity used for poly-
merization was set to 130 W/m? (measured by the Delta OHM HD2302.0
light meter equipped with the probe sensitive for the spectral range
400-1050 nm). Atomic force microscopy (AFM) images were obtained
using Dimension Icon AFM (Bruker, Santa Barbara, CA, USA). AFM was
operating in the PeakForce QNM® mode. ScanAsyst-air probes with a
nominal spring constant of 0.4 N/m were used for topography mea-
surements in air, while biosphere B300-FM probe (tip radius 300 + 10
nm, Nanotools, Miinchen, Germany) was used for measurements in
liquids. The spring constant of the B300-FM probe (4.67 + 0.2 N/m) was
calibrated by the thermal-noise method. The deflection sensitivity of the
optical beam-detection system was calibrated on nondeformable sap-
phire glass surface. To measure the brush thickness, the samples were
scratched gently by needle, rinsed with copious amount of THF, ultra-
sonicated in toluene (5 min), and then, the AFM images were captured in
an ambient air or solution at the edge of the scratch. The average dry
thicknesses were determined from depth histograms acquired from
height images captured at several locations on each sample. In case of
thickness measurements at different pH and in acetonitrile, all the
measurements were performed in one place at nearly the same position.
The GA-FTIR spectra of the brushes grafted from ITO surface were
recorded using a Thermo Nicolet iS10 FT-IR spectrometer with a
grazing-angle reflectance accessory (at an incident angle of 80°) using a
p-polarized beam. All the spectra were averaged from 256 scans and
baseline corrected using Omnic Software. The FTIR spectra of the
monomers (see the SI) were captured using the same spectrometer
equipped with an ATR accessory (SMART iTX). 'H and '3*C NMR spectra
were recorded on a Bruker Avance III 400 MHz spectrometer. Chemical
shifts are reported in ppm relative to the deuterated solvent resonance.
LCMS analysis was performed employing an analytical set of an ultra-
high performance liquid chromatography from Dionex UltiMate 3000
with a UV-Vis detector coupled with a high-resolution mass spectrom-
eter with a time-of-flight analyzer (ESIQTOF) — Bruker Impact II. A
gradient method was used (column: Gemini NX — C18, 150 x 3.0, 3 pm
110 A; phase A: HyO MS + formic acid (0.1%); phase B: acetonitrile MS
+ formic acid (0.1%)). Only the positive ionization method gave results.
Static contact angles measurements were performed for PP3M and
PMMA brushes grafted on silicon wafers using a video-based optical
contact angle instrument (OWIS) at room temperature using Surftens 3.0
software. To measure the contact angle at different pH, 12 solutions of
hydrochloric acid with pH ranging from 0.42 to 5.29 were prepared by
mixing an appropriate amount of hydrochloric acid with deionized
water. The 5 pl droplets of DI water or hydrochloric acid solutions were
placed carefully on the PP3M or PMMA brush sample. The contact an-
gles were measured after 2 and 5 min of incubation, in 2 different po-
sitions; at each position, the measurement was performed 5 times. After
each measurement, the samples were rinsed with DI water and dried
under a stream of nitrogen. Gel permeation chromatography (GPC)
analysis of polymer samples was performed using a Shimadzu modular
system comprising of a CBM-40 system controller, an SIL-20AHT auto-
matic injector, with one precolumn and three 10 pm columns (pore size:
100 A, 3000 A and 3000 A, PSS Polymer), RID-20A differential
refractive-index detector. The temperature of the columns was
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maintained at 30 °C using a CTO-20A oven. The eluent was N,N-dime-
thylformamide (HPLC grade, with 0.01 M LiCl) and the flow rate was
kept at 1 mL/min using an LC-40 pump. A molecular weight calibration
curve was produced using commercial narrow molecular weight distri-
bution polystyrene standards.

Synthesis of the brushes by metal-free SI-FATRP. The initiator decorated
ITO or SiO; substrates were prepared in a twostep process by grafting
APTES-BIB ATRP initiator according to the previously reported pro-
cedure [37]. The thickness of APTES-BIB initiator layer (2.2 + 0.2) was
determined on SiO; surface by spectroscopic ellipsometry. P2M, P3M or
P4M solutions with the concentration of either 2.1 or 1.4 M in DMAc
were prepared in small amber vials sealed with rubber septa under argon
atmosphere. The amount of PTH used in all reactions was set to 1 mol%
with respect to the monomer, while the total volume of stock poly-
merization mixture was 200 pL. In order to run the polymerization on a
single plate, a drop of reaction mixture (typically 20-30 pL) was placed
in air on top of initiator modified ITO or SiO; substrate and then covered
with the glass plate forming homogeneously distributed thin layer of
polymerization solution. The polymerization was initiated by exposing
the samples to LED light (4nq = 405 nm) at ambient conditions (see
Fig. S1). For comparing the reactivity of the synthesized monomers all
the reaction conditions were kept constant and the time of polymeri-
zation was set to 4 h. In case of kinetic studies of PP3M brushes, reaction
time was varied from 1 to 4 h. After polymerization, the samples were
rinsed by copious amount of DMAc, ultrasonicated in DMAc, THF and
toluene (10 min in each solvent) and finally dried under stream of argon.

Metal-free ATRP in solution. The molar ratios of the reagents used in
the reactions were as follows: [monomer]/[EBPA]/[PTH] = 100/1/1.
The polymerization mixture was prepared in the dark, in an argon-
purged system consisting of amber glass vessel connected with double-
tipped needle with specially designed polymerization vessel sealed
with a rubber septum. P2M, P3M or P4M polymerization solutions with
the concentration of 2.1 M in DMAc were prepared in an amber vial
(total reaction volume 1 mL) and then transferred to the polymerization
vessel with EPBA and magnetic stirring bar inside. The vessel was placed
on magnetic stirrer and exposed to LED light (4mqx = 405 nm) at room
temperature (light intensity was the same as in the case of metal-free SI-
ATRP). Small portions of the reaction mixture were collected after given
time to determine apparent number average molecular weight M,*’P
and dispersity (M,,"PP/M,*PP) by means of GPC measurements and
monomer conversion using 'H NMR.

Synthesis of pyridin-2-yl methacrylate (P2M). A mixture of 2-hydroxy-
pyridine (1.136 g, 11.94 mmol, 1.00 equiv) and triethylamine (2.11 mL,
15.2 mmol, 1.27 equiv) in dried dichloromethane (22.8 mL) was stirred
at 0 °C under argon atmosphere for 30 min. Methacryloyl chloride (1.32
mL, 13.5 mmol, 1.13 equiv) was then added dropwise during 60 min.
The reaction was carried out for 4 h at room temperature. The reaction
progress was controlled by means of TLC: n-hexane/ethyl acetate 2/3 v/
V, Rf, product = 0.7. The reaction mixture was washed with a saturated
aqueous solution of ammonium chloride (2 x 20 mL) and then with
deionized water (2 x 20 mL). A desired product which remained
partially in combined aqueous layers was extracted with dichloro-
methane (3 x 30 mL). Resulting organic layers were combined and dried
over anhydrous sodium sulfate, filtered, and concentrated under vac-
uum (max. 30 °C, 2 mbar). The crude product was purified through a
column chromatography over silica gel (n-hexane/ethyl acetate 92/8 ->
84/16 v/v) leading to a colorless oil (1.845 g, 94.70% yield).

'H NMR (400 MHz, CDCls, 5/ppm) (Fig. $2): 6 = 8.41 (1H, ddd, J =
4.9,1.9,0.5Hz),7.79 (1H, ddd, J = 8.1, 7.4, 2.0 Hz), 7.22 (1H, ddd, J =
7.4,4.9,0.9 Hz), 7.10 (1H, dt, J = 8.1, 0.9 Hz), 6.40 (1H, quint, J = 1.0
Hz), 5.79 (1H, quint, J = 1.4 Hz), 2.06 (3H, dd, J = 1.4, 1.0 Hz). 13C
NMR (101 MHz, CDCls, 6/ppm) (Fig. S3): 6 = 165.6, 158.3, 148.7,
139.6, 135.6, 128.2, 121.1, 116.7, 18.4. FTIR (v~/cm™) (Fig. S4):
~3030 (weak, v(C—H)arom.), 2928 (V(~CH2)gsym), 1735 (v(C=0)), 1637
(v(C=0Q)), 1591, 1573 (v(C=C) or v(C=N)), 1112 (v(C-0)). ESI-HRMS
(Fig. S5, positive ion mode): m/z calculated for [M+H]+ amounts
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164.1806; found 164.0707.

Synthesis of pyridin-3-yl methacrylate (P3M). A mixture of 3-hydroxy-
pyridine (3.28 g, 34.5 mmol, 1.00 equiv) and triethylamine (8.42 mL,
60.4 mmol, 1.75 equiv) in anhydrous dichloromethane (65.7 mL) was
stirred at 0 °C under argon atmosphere for 15 min. Methacryloyl chlo-
ride (3.56 mL, 36.4 mmol, 1.06 equiv) was added dropwise during 30
min. The reaction was carried for 2 h at room temperature. The reaction
progress was controlled by means of TLC: n-hexane/ethyl acetate 1/1 v/
V, R, product = 0.5. The reaction mixture was washed with a saturated
aqueous solution of ammonium chloride (2 x 50 mL) and then with
deionized water (1 x 50 mL). A desired product which remained
partially in combined aqueous layers was additionally extracted with
dichloromethane (2 x 50 mL). The resulting organic layers were com-
bined and dried over anhydrous sodium sulfate, filtered, and concen-
trated under vacuum (max. 35 °C, 2 mbar). The crude product was
purified through a column chromatography over silica gel (n-hexane/
ethyl acetate 100/0 -> 84/16 v/v) leading to a colorless oil (5.0 g,
88.8% yield).

'H NMR (400 MHz, CDCl3, 6/ppm) (Fig. S6): 6 = 8.49 (1H, dd, J =
4.7, 1.4 Hz), 8.46 (1H, d, J = 2.7 Hz), 7.51 (1H, ddd, J = 8.4, 2.7, 1.4
Hz),7.34 (1H, dd, J = 8.4, 4.7, 0.5 Hz), 6.38 (1H, quint, J = 0.9 Hz), 5.81
(1H, quint, J = 1.4 Hz), 2.07 (3H, dd, J = 1.4, 0.9 Hz). '3C NMR (101
MHz, CDCls, §/ppm) (Fig. S7): § = 165.28, 147.59, 146.86, 143.49,
135.29, 129.25, 128.11, 123.83, 18.31. FTIR (1/~/cm71) (Fig. S8):
~3030 (weak, v(C-H)arom.), 2929 (v(-CH2)qsym), 1734 (v(C=0)), 1637
(v(C=C)), 1578 (v(C=C) or v(C=N)), 1114 (v(C-0O)). ESI-HRMS
(Fig. S9, positive ion mode): m/z calculated for [M+H]+ amounts
164.1806; found 164.0707.

Synthesis of pyridin-4-yl methacrylate (P4M). A mixture of 4-hydroxy-
pyridine (1.317 g, 13.85 mmol, 1.00 equiv) and triethylamine (5.00 mL,
35.9 mmol, 2.59 equiv) in dried dichloromethane (26.3 mL) was stirred
at 0 °C under argon atmosphere for 15 min. Methacryloyl chloride (2.30
mL, 23.5 mmol, 1.70 equiv) was added dropwise during 60 min. The
reaction was carried out overnight at room temperature. The reaction
progress was controlled by means of TLC: dichloromethane/methanol
4/1 v/V, Rf, product = 0.9. The reaction mixture was washed with a
saturated aqueous solution of ammonium chloride (2 x 20 mL) and then
with deionized water (2 x 20 mL). A desired product which remained
partially in combined aqueous layers was extracted with dichloro-
methane (3 x 40 mL). The resulting organic layers were combined and
dried over anhydrous sodium sulfate, filtered, and concentrated under
vacuum (max. 30 °C, 5 mbar). The crude product was purified through a
column chromatography over silica gel twice (first and second purifi-
cation: n-hexane/ethyl acetate 100/0 -> 80/20 v/v) leading to yellow
oil (1.103 g, 48.81% yield).

'H NMR (400 MHz, CDCls, 6/ppm) (Fig. S10): 6 = 8.62 (2H, d, J =
4.7 Hz), 7.14 (2H, d, J = 4.7 Hz), 6.36 (1H, quint, J = 0.9 Hz), 5.81 (1H,
quint, J = 1.4 Hz), 2.05 (3H, dd, J = 1.4, 0.9 Hz). 13C NMR (101 MHz,
CDClg, 6/ppm) (Fig. S11): § = 164.6, 157.8,151.5, 135.4, 128.5, 117.1,
18.4. FTIR (I/~/CII171) (Fig. S12): 3075, 3050 (v(C-H)arom.), 2978 (v
(-CH3)gsym), 2939 (V(-CHa)gsym, and v(-CHa3)gym), 1741, 1703 (v
(C=0)), 1640 (v(C=C) or v(C=N)), 1585, 1531 (v(C=C), 1121 (v
(C-0)), 752 (pyridine ring). ESI-HRMS (Fig. S13, positive ion mode): m/
z calculated for [M+H]+ amounts 164.1806; found 164.0708.

Synthesis of 10-phenylphenothiazine (PTH). The procedure reported
herein is modified version of the synthesis protocol described elsewhere
[38]. Phenothiazine (0.423 g, 2.12 mmol, 1.00 equiv), sodium tert--
butoxide (0.265 g, 2.76 mmol, 1.30 equiv), RuPhos (0.010 g, 0.021
mmol, 0.012 equiv) and RuPhos Pd G2 precatalyst (0.016 g, 0.021
mmol, 0.010 equiv) were added to a glass pressure tube. Dry dioxane
(2.1 mL) and anhydrous chlorobenzene (0.280 mL, 2.76 mmol, 1.30
equiv) were added under argon. The tube was located in a microwave
reactor and the reaction was carried out for 45 min (5 W, 46 psi, 110 °C).
Upon cooling to room temperature, the reaction mixture was diluted
with ethyl acetate (6 mL) and washed with a saturated aqueous solution
of sodium chloride (2 x 4 mL) and then with distilled water (2 x 4 mL).
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A desired product which remained partially in combined aqueous layers
was additionally extracted with ethyl acetate (3 x 6 mL). The resulting
organic layers were combined and dried over anhydrous sodium sulfate,
filtered, and concentrated under vacuum (max. 30 °C, 5 mbar). The
crude product was purified through a column chromatography over
silica gel (n-hexane/ethyl acetate 99/1 -> 95/5 v/v) leading to a
colorless crystalline solid (0.554 g, 94.9% yield).

'H NMR (400 MHz, CDCls, 6/ppm) (Fig. S14): 6 = 7.61 (2H, t, J =
7.7 Hz),7.48 (1H, t,J =7.4Hz),7.40 (2H, d, J = 8.4 Hz), 7.03 (2H, dd, J
= 7.2, 1.9 Hz), 6.89-6.77 (4H, m), 6.21 (2H, dd, J = 7.9, 1.5 Hz). 13C
NMR (101 MHz, CDCls, 6/ppm) (Fig. S15): § = 144.4, 141.2, 131.0,
130.9,128.3,127.0,126.8, 122.6, 120.3, 116.2. FTIR (1/~/cm71): 3059
(v(C-H)arom.), 1586, 1570 (v(C=C)), 1490, 1463, 1443 (v(C=C-Q)),
1306, 1256 (v(C-N)), 937, 899 (v(C-S)). ESI-HRMS (Fig. S16): m/z
calculated for [M]+ amounts 275.3675; found 275.0764.

3. Results and discussion

The monomers were synthesized in a one-step synthesis by reacting
appropriate hydroxypyridines with methacryloyl chloride. The incor-
poration of methacrylate group in the monomer structure was dictated
by its high reactivity and compatibility with metal-free SI-ATRP as
indicated by Narupai et al. [34]. The structures of the obtained isomers:
P4M, P3M and P2M (see Scheme 1) were confirmed by NMR, FTIR and
ESI-HRMS spectroscopy (see experimental section and SI). The mono-
mers were subjected to the same conditions of metal-free SI-ATRP to
verify their reactivity as well as selecting the most promising compound
for additional tests.

ITO or silicon wafers were at first modified with (3-aminopropyl)
triethoxysilane (APTES) and then o-bromoisobutyryl bromide (BIB)
forming APTES-BIB initiator according to the previously reported pro-
cedure [35]. Freshly prepared initiator decorated substrates were then
immediately used for polymerizations. Metal-free SI-ATRP of the syn-
thesized monomers was tested for two different concentrations of
monomers (see Table 1). The polymerization mixture was composed of
only monomer, PTH and solvent (DMAc, see Scheme 1). The concen-
tration of PTH was set to 1 mol% with respect to monomer concentration
while the total volume of the solution used for polymerization on a
single plate was only 20-30 pL. In a typical process a drop of polymer-
ization mixture (20-30 pL) was placed onto initiator decorated substrate
(in air) which was then subsequently covered by coverslip. As a result,
the thin layer of the reaction mixture was sandwiched between two flat
surfaces. Such prepared samples were then exposed to LED light (A4qx =
405 nm) for a given time. The utilization of glass cover slip provided a
barrier for oxygen diffusion. Besides formation of homogenous brush
layers on the studied substrates, no brush grafting close to the border of
the sample (the distance varied from 0.7 to 1.2 mm depending on the
sample) was revealed (see Fig. S17). The observed edge effect was re-
ported by the Hawker group and assigned to oxygen diffusion leading to
decreased concentration of PTH close to the border of the sample [34].
Analyzing the results of brush thickness measurements (Table 1) one

o\ s 1% PTH, DMAC
hv
o—si” NN .
P3M
o]

o 0 Q
/N H /N H 7\ H
<;\>:2M Q::&M NQ::M
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Table 1
Results of metal-free SI-ATRP of P2M, P3M and P4M.

Monomer Monomer concentration (M)" Dry thickness (nm)”
P2M 1.4 23+1
2.1 43 +1
P3M 1.4 28 +4
2.1 58+1
P4M 1.4 5+1
2.1 19+1

2 In all cases the reaction time was set to 4 h, and the monomer : PTH molar
ratio was equal to 100 : 1.
Y Dry thicknesses of the brushes grafted from ITO were measured by AFM.

may conclude that P3M monomer is characterized by the highest reac-
tivity. For each compound we observed an increase of brush thickness
when using higher concentration of the monomer. However, in case of
synthesis of poly(pyridin-2-yl methacrylate) (PP2M) brushes precipita-
tion of polymer was observed at higher concentrations of monomer,
indicating on occurring of polymerization in solution due to possible
chain transfer reactions. It is also reflected in AFM topography images
showing formation of less homogenous layer with visible spots and ag-
gregates when compared to poly(pyridin-3-yl methacrylate) PP3M and
poly(pyridin-4-yl methacrylate) PP4M brushes (Fig. 1). The arithmetic
average roughness of PP2M surface, R, = 7.4 nm, was substantially
higher than that of PP3M, R, = 2.5 nm, and PP4M, R, = 2.2 nm. PP3M
brushes were found to be the thickest in both polymerization conditions.
The reactivity of the studied monomers was also compared by per-
forming metal-free ATRP in the solution. The performed polymeriza-
tions revealed the same trend as in the case of metal-free SI-ATRP. The
reactivity of the studied monomer increases in the order P4AM < P2M <
P3M but the observed differences in solution are even more pronounced
(see Table S1). The best polymerization control (M,,**?/M,**P = 1.54)
was achieved for P3M. These results indicate that the position of
methacrylate group with respect to the nitrogen atom in pyridine plays
an important role influencing activation of the vinyl group or stabili-
zation of the radical centers during polymerization. Pyridine-based
monomers may also undergo Sy2 reactions with the terminal and initi-
ating alkyl halide headgroups leading to the termination of the growing
chains and formation of branched structures [20]. The probability of
such reactions should be the highest in case of PAM monomer due to less
steric hindrance compared to P2M and P3M as the methacrylate group is
located in para position with respect to nitrogen atom in pyridine ring.
Low reactivity of P4AM could be also the result of some remaining im-
purities after synthesis, as monomer was slightly colored even after
repeated purification procedure (P2M and P3M were colorless oils, see
experimental section). It is worth emphasizing that differences in reac-
tivity of 2VP and 4VP monomers were reported in case of RAFT [39],
free radical polymerization and ATRP catalyzed by Cu(II) metal organic
frameworks [40]. In case of RAFT and free radical polymerization, 2VP
was found to be more reactive leading to formation of macromolecules
with higher molar masses but also higher dispersity in case of the free
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Scheme 1. Synthetic route to PPPGs brushes prepared by metal-free surface-initiated ATRP.
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Fig. 1. AFM topography images of PP2M, PP3M and PP4M brushes obtained after 4 h of metal-free SI-ATRP from ITO surface (monomer concentration 2.1 M). The

images are presented with the same height scale.

radical process [39,40]. It is in agreement with the presented results, as
P2M monomer was found to be more reactive than P4M, but its poly-
merization is less controlled resulting in more heterogeneous layers.
However, in case of ATRP catalyzed by Cu(Il) metal organic frameworks
faster polymerization was observed for 4VP that was assigned to
stronger coordination of metal centers by 4VP (in this case it has positive
effect) allowing enhanced light triggered reduction of Cu(I) to Cu(l)
[40].

The chemical structure of the synthesized brushes was analyzed by
Grazing-Angle Reflectance Fourier Transform Infrared Spectroscopy
(GA-FTIR) (see Fig. 2). The spectra were measured for the brushes
prepared at higher concentration of the monomers. The absorption in-
tensity in GA-FTIR spectrum is proportional to total polymer mass on the
surface [41,42]. Therefore, the observed absorption intensities increase
in a row: PP4M, PP2M and PP3M, which is in agreement with the ob-
tained thicknesses (Table 1). For each sample typical bands for pyridine
ring were detected: C-H stretching vibration in aromatic ring (above
3000 cm’l), C—C and C—=N stretching vibrations (1470-1595 cmfl),
carbonyl group: C=0 stretching (around 1760 cm™'), C-O-C stretching
(1100-1215 cm™?!) as well as polymer main chain: C-H stretching in
aliphatic groups (slightly below 3000 cm ™), C-H bending (1380-1450
crn’l).

For further studies we have selected P3M monomer, due to the best
performance in metal-free SI-ATRP. In order to verify the controlled
character of the metal-free SI-ATRP in the case of metal-complexing
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Fig. 2. GA-FTIR absorbance spectra of PP2M, PP3M and PP4M. The spectra are
vertically offset for clarity.

PPPGs, the dependence of PP3M layer thickness vs time of polymeri-
zation was evaluated (see Fig. 3). In order to show the versatility of this
method the kinetics of brush growth was followed on both ITO and
silicon wafers. The choice of ITO was motivated by its high conductivity
and transparency which is desirable for certain applications of PPPGs e.
g., photovoltaic solar cells [43], organic light emitting diodes [10] or
sensors [44]. The polymerizations were performed without sacrificial
initiator in the solution, hence the linear dependency of brush thickness
vs polymerization time was expected. Indeed, linear brush growth was
observed up to 4 h of polymerization for the layers grafted from both ITO
and silicon wafers pointing to controlled characteristics of the process.
The polymerization slows down after 4 h likely due to some side re-
actions, while the maximum brush thickness (66 + 5 nm in case of ITO)
could be achieved after 6 h. When comparing the kinetics of metal-free
ATRP of P3M in solution with metal-free SI-ATRP one may observe some
differences. Although, the linear dependency in semilogarithmic kinetic
plot (see Figure S18B) is observed pointing to stable concentration of
propagating radical centers, the dependency of molecular weight vs
monomer conversion slightly deviates from linear characteristics
(Figure S18A) as reported previously for metal-free ATRP of other
monomers [45]. The obtained M,*PP values are higher than theoretical
molecular weights (M, pointing to low initiation efficiency or over-
estimation of molar masses due to applied polystyrene standards in GPC
measurements [45].
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Fig. 3. Dependency of dry PP3M brushes thicknesses grafted on ITO and silicon
wafers vs time of polymerization. (For interpretation of the references to colors
in this figure legend, the reader is referred to the Web version of this article.)
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AFM topography images captured after certain time of polymeriza-
tion demonstrate gradual increase of layer thickness and formation of
homogenous films (Fig. 4). However, the brush growth was faster on ITO
surface with respect to silicon wafers (Fig. 3). It is worth emphasizing
that the grafting densities of PP3M brushes grafted on both ITO and SiO,
were virtually the same (see SI for details), therefore such significant
differences are due to formation of longer polymer chains with higher
molar masses on ITO indicating on enhancement of polymerization ki-
netics. We have observed similar dependency in classical SI-ATRP of
methyl methacrylate and N-isopropylacrylamide [37]. We showed that
this phenomenon is associated with release of indium and tin ions from
ITO, which may then undergo redox reactions with catalyst or initiator
molecules. Furthermore, it was shown that indium oxide, which is the
main component of ITO, may undergo photoreduction when exposed to
light of energy higher than 3eV (below 413 nm) [46], while various
indium-based compounds were found to be effective photocatalyst [47].
Therefore, it is probable that in case of metal-free SI-ATRP one may
expect additional activation mechanism utilizing tin or indium ions.
However, the detailed investigation of that phenomenon is beyond the
scope of this short communication.

PPPGs should demonstrate pH responsive behavior as nitrogen
atoms in pyridine groups could be protonated in acidic solution. The
most promising PP3M brushes were characterized by contact angle and
AFM measurements at various pH. The apparent dissociation constant
(pK,™P) of PP3M grafted from silicon wafer was determined by contact
angle measurements (Fig. 5). A droplet (5 pl) of hydrochloric acid so-
lution of known pH was placed on top of the sample surface and the
measurement was performed either after 2 or 5 min of incubation. It was
revealed that PP3M are highly protonated only at very low pH below
1.4, while the pK,%" was found to be 1.14 (see derivative curve in
Fig. 5). Analogous measurements were performed for poly(methyl
methacrylate) brushes (PMMA) of similar height. As expected, the
contact angle values were virtually the same at each pH. It is worth
emphasizing that pK,*? is practically the same for both times of incu-
bation indicating on quick protonation of the brushes in highly acidic
solution. The obtained pK,*” is much lower than the values observed
before e.g. for PAVP in solution (pK, = 4) [48]. The shifts in pK, values in
case of weak polyelectrolyte brushes compared to the same poly-
electrolytes in the solution were observed previously [49,50]. This effect
was related to the close proximity of the chains in the brushes.
Furthermore, it was recently shown that protonation behavior of weak
polyelectrolyte brushes depends very strongly on ionic strength [51]. If
the protonation is realized in the presence of low salt concentration very
low pH is required to protonate the polybasic brushes [51]. It is worth
mentioning that pK,%" of both P3VP and P4VP (polymers in solution)
determined in acidic solutions without any salt (as in this work) are
much lower (2.92 and 3.27) than pK, determined in 0.1 M NaCl (5.2 and
5.1) [52].

In order to confirm such a low pK,%?, the PP3M brush grafted from
silicon wafer was analyzed by AFM in solutions of various pH values.
PP3M obtained after 4 h of metal-free SI-ATRP was chosen for
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PP3M and reference PMMA brushes grafted from silicon wafers. The repre-
sentative first derivative curve of the relationship found for PP3M (2 min in-
cubation time) is shown as dashed line. (For interpretation of the references to
colors in this figure legend, the reader is referred to the Web version of
this article.)

measurements. The brush thickness was measured using special spher-
ical probe with tip radius of 300 nm in order to reduce the penetration
depth during measurements. The loading force was kept on the lowest
possible level necessary to capture an accurate topography map (typi-
cally around 5 nN). The initial thickness of the brush in the dry state was
equal to 37 + 2 nm (see Fig. 6A). After immersion in deionized water or
hydrochloric acid solution of pH = 3.1, insignificant swelling of the
brushes was noticed as the thickness increased of only 3 nm (Fig. 6). The
swelling ratio a = hy.e/hgry reached 1.08 suggesting poor swelling of the
layer in this condition. However, when the sample was immersed in
more acidic solution of pH = 1.1 we observed a very significant increase
of the layer thickness (185 + 5 nm), while the swelling ratio reached
high value a = 5.0 (Fig. 6D). As strongly protonated and swollen PP3M
brush was very soft, the layer thickness was additionally verified by
capturing of nanoindentation curves at high loads (see exemplary curve
in Fig. S19). The penetration depths at maximum load of 500 nN (the
plots had vertical slope at this force) were in 180-190 nm range con-
firming the thickness measurements. It is worth emphasizing that the
dry thickness of the layer after the measurement was the same as before
indicating strong attachment of the PP3M chains to the silicon oxide
substrate.

Weak polyelectrolyte brushes after crossing their pK, are highly
ionized and their chain extension under such conditions is driven by

80.0 nm

’

2.0 um
—_—

Time of polymerization

Fig. 4. AFM topography images captured at the edges of the scratch on PP3M brushes prepared after certain time of metal-free SI-ATRP on ITO substrate. The images

are presented on the same height scale.
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both polymer and counterion osmotic pressure as well as inter-segment
electrostatic repulsions [53]. As a result, the thickness of the brushes
approaches the contour length of the polymer backbone [53,54]. Ac-
cording to that the thickness of highly protonated PP3M brush at pH =
1.1 was used for calculation of its grafting density (¢ = 0.23 chains/nm?)
using the methodology described by Benetti et al. [55] (see SI for de-
tails). The obtained value was comparable to the one reported by Nar-
upai et al. for PMMA brushes prepared by metal-free SI-ATRP (¢ = 0.28
chains/nm?) [34].

We have attempted analogous measurements for PP3M grafted from
ITO (see Fig. S20) and observed negligible brush swelling in water (@ =
1.03) and hydrochloric acid solutions of pH = 3.1 (« = 1.07) and pH =
2.0 (a = 1.05) as well. However, when the measurement was performed
at lower pH (pH = 1.1), immediate delamination of the layer was
noticed pointing to degradation of ITO/brush interface (see Fig. S21). It
is not surprising as HCI is a good etching agent of ITO and at high
concentrations may easily react with indium ions forming indium
chloride [56]. Therefore, it seems that unprotonated brush effectively
blocks the degradation of the interface, while in the protonated form at
low pH the acid could easily reach the interface.

4. Conclusion

In summary, we present here a facile synthetic methodology for
preparation of polymer brushes with pendant pyridine groups. Three
different pyridine-based monomers were synthesized and then poly-
merized by metal-free SI-ATRP in microliter volumes. The best perfor-
mance was observed for P3M monomer with methacrylate group in meta
position with respect to nitrogen atom in pyridine group. The kinetic
studies revealed linear dependency of PP3M brush thickness vs poly-
merization time indicating controlled characteristics of metal-free SI-
ATRP. The key advantages of the proposed strategy are simple reaction
setup with microliter volumes of reagents and photoinitiation mecha-
nism triggered by visible light. The performed polymerizations were
conducted in air showing improved tolerance to oxygen when compared
to classical ATRP, due to utilization of PTH being oxygen tolerant
polymerization catalyst. The obtained brushes demonstrated pH
responsive behavior associated with protonation of nitrogen atoms in
PP3M in acidic solution and adoption of highly stretched conformation
below pK,. The developed methodology allows straightforward and
controlled synthesis of surface-grafted PPPGs that are hardly achievable
by classical ATRP with metal-based catalysts.
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