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In this work we describe the facile preparation of azide-terminated polymers by conventional radical

polymerization (cRP) using azo initiators bearing azide groups. We show that cRP provides

a convenient avenue for the preparation of azide end-functional polymers in a one-step process. The

versatility of this chemical methodology was demonstrated by the synthesis of unprecedented azide end

group-functionalized sodium polystyrene sulfonate (PSSNa) and poly(2-methacryloyloxyethyl-

trimethylammonium chloride) (PMETAC) which were then ‘‘clicked’’ onto alkyne-terminated silicon

surfaces and polyethylene terephthalate nanochannels to form polyelectrolyte brush layers. The facile

synthesis of the end-functionalized macromolecular building blocks will enable the creation of a wide

variety of ‘‘clickable’’ architectures using very simple synthetic tools. We are confident that these results

will constitute a key element in the ‘‘click’’ chemistry toolbox and, as such, will have strong implications

for the molecular design of interfaces using macromolecular architectures.
1. Introduction

The manipulation of the chemical composition of surfaces plays

a pivotal role in different technological areas such as wetting,

adhesion, lubrication and catalysis, just to name a few examples.1

One of the most common procedures for modifying substrates

and achieving accurate control over their surface properties

consists of anchoring tailored macromolecular architectures with

pre-defined functionalities. An appropriate method is the

attachment of end-functionalized polymer chains to surface-

modified substrates, thus implying the covalent attachment of

the macromolecules having functional groups that can react with

surface functionalities anchored on the substrate.2 This strategy

is often called the ‘‘grafting-to’’ method. It is well-known that

surface modification via a grafting-to method involves a rela-

tively low grafting density of polymer chains. This is due to steric

hindrance introduced by the grafted polymer chains that

precludes the further tethering of other chains.3 Notwithstanding

this limitation, the ‘‘grafting-to’’ method is widely used for

surface modification since it is simple, practical and can be

conducted under mild conditions. It is also worthwhile noting

that some applications, as is the case of bioseparations or func-

tionalized biointerfaces, the polymer chains do not require a very
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high density because they are often derivatized with large-sized

moieties or conjugated to bulky building blocks, like proteins.4,5

Silica, glass and gold surfaces can be easily modified with

different chemical functionalities by using self-assembled

monolayers.6 Then, these chemical groups can undergo

condensation reactions with polymer chains end-functionalized

with adequate reactive counterparts. For example, Tran and

Auroy reported the grafting of polystyrene sulfonate chains on

surfaces by using a sequence of chemical reactions. First, they

polymerized polystyrene chains terminated by a reactive tri-

chlorosilane group and covalently tethered them to the silicon

surface, Then the PS chains were converted to polystyrene

sulfonate by a soft sulfonation reaction.7

In a similar way, Sirard et al. grafted poly(dimethysiloxane)

chains on silicon surfaces by spin coating the polymer chains

modified with silanol groups onto the hydroxyl-terminated

substrate.8 Finally, the Minko and Luzinov groups reported the

grafting of carboxy-terminated polymer chains onto 3-glyci-

doxytrimethoxysilane-modified silicon surfaces by spin coating

and thermal annealing in order to obtain robust responsive

macromolecular layers.9

One of the important aspects of grafted polymer films relies on

the stability of the tethered chains since many applications

require stable films in liquid media. This demands the use of

robust covalent attachment as a route to anchor the polymer

chains. In this context, ‘‘click’’ chemistry emerged as a versatile

strategy to generate robust covalent bonds with remarkable

stability to hydrolysis, oxidation or reduction.

‘‘Click’’ chemistry refers to a chemical procedure for creating

stable covalent bonds through azide/alkyne reactions. In

particular, the very well documented copper(I) catalyzed azide-

alkyne reaction cycloaddition, also termed as the ‘‘Sharpless click

reaction’’, has demonstrated to be a versatile method of C–N

formation in organic chemistry.10 To date, this chemical
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methodology has been implemented in the synthesis, modifica-

tion and/or functionalization of a wide range of materials, such

as metal11 and oxide nanoparticles,12 liposomes,13 layer-by-layer

assemblies,14 dendrimers,15 micelles,16 dendronized polymers17

and so on. There are many advantages that make ‘‘click’’

chemistry particularly attractive in fields like macromolecular

chemistry or materials science.18,19 These particular features are:

(a) the reaction is solvent-insensitive and proceeds with high

yields with no by-products, (b) the chemical strategy exhibits

functional group orthogonality, which indicates good tolerance

to different chemical groups, and (c) the reaction also works in

heterogeneous conditions with high yields.18 The latter one is

a key feature indicating that ‘‘click’’ chemistry is also a powerful

toolbox to deal with colloidal and surface science problems.

During last years, considerable progress has been made in the

field of ‘‘click’’ chemistry related to surface science aspects.20–24

Seminal works demonstrated that ‘‘click’’ reactions can occur on

different substrates with quantitative yields. Chidsey and

co-workers were able to ‘‘click’’ electroactive functionalities onto

metal surfaces enabling the facile modification of the electrode

surface.25 Later on, similar surface ‘‘click’’ chemistry approaches

were extended to different substrates like silicon, gold, glass or

graphitic surfaces.26 This straightforward strategy enabled the

covalent surface attachment of different molecules like redox

centers,27 fluorescent dyes28 or even PEGylated oligomers29 in

a simple manner.

The high versatility of ‘‘click’’ chemistry for tailoring surface

properties and design materials with molecular accuracy relies on

our ability to generate the adequate building blocks to ‘‘click’’

together, i.e.: azide- and alkyne-functionalized molecules, in

a predictable manner. In this regards, the further evolution and

application of ‘‘click’’ chemistry in scientific disciplines different

to organic or polymer chemistry will greatly depend on finding

new routes to create azide- and alkyne-terminated building

blocks in a low-cost, straightforward and simple manner.

Macromolecular science provided ‘‘click’’ chemistry with a more

ambitious outlook through the incorporation of more sophisti-

cated and powerful methods to achieve tailored molecular design

of the ‘‘clickable’’ building blocks. The click chemistry approach

has been successfully combined with many controlled radical

polymerization reactions including atom transfer radical poly-

merization (ATRP),30 nitroxide-mediated polymerization

(NMP),31 reversible addition fragmentation transfer (RAFT)32

or ring-opening metathesis polymerization (ROMP),33 among

others. These methods of controlled radical polymerization have

been demonstrated to be a powerful tool to generate well-defined

macromolecular architectures; however, in some cases they also

present incompatibilities among the participating species in the

reaction mixture. In other words, the interplay between catalysts,

monomers and solvent can play a decisive role to successfully

achieve the end-functionalized macromolecule suitable for the

‘‘click’’ reaction.

On the other hand, conventional radical polymerization (cRP)

initiated by azo initiators is still the most robust synthesis route

for the preparation of polymers which is applicable to almost any

vinyl monomer. Within this framework, we consider that

merging the fidelity of alkyne–azide ‘‘click’’ reactions with the

robustness of cRP will give a new dimension to the molecular

design of materials by opening a gate to nearly unlimited
184 | Polym. Chem., 2010, 1, 183–192
‘‘clickable’’ polymeric architectures obtained by a traditional

synthetic procedure.

We hereby report the use of an azo initiator bearing azide

groups for the facile synthesis of azide-terminated polymers.

Central to our work is to demonstrate that cRP provides a one-

step process for preparation of azide end-functional polymers

that can be used for surface functionalization of different

substrates. To illustrate the versatility of this approach unprec-

edented azide end group-functionalised sodium polystyrene

sulfonate (PSSNa) and poly(2-methacryloyloxyethyl-trimethy-

lammonium chloride) (PMETAC) were prepared. The azide–

alkyne click reaction of the telechelic polymers functionalized

with azide end groups was demonstrated by grafting them onto

alkyne-terminated silicon surfaces and polyethylene tere-

phthalate nanochannels.

2. Experimental section

2.1 Materials and methods

Sodium 4-vinylbenzenesulfonate (technical, $90%, Fluka),

[2-(methacryloyloxy)ethyl]trimethylammonium chloride (METAC)

as 75% aqueous solution, 4,40-azobis(4-cyanopentanoic acid)

(purum, $98.0%, Fluka), phosphorus(V) chloride (purum,

$98.0%, Fluka), methyltrichlorosilane (99%), hexamethylphos-

phoramide (HMPA, $98.0%, Fluka), 1,3-dichloro-1,1,3,3-tet-

ramethyldisiloxane ($97.0%, Fluka), ethynylmagnesium

chloride (0.5 M in THF), N-(3-dimethylaminopropyl)-N0-ethyl-

carbodiimide hydrochloride (EDC, 98%, Fluka), penta-

fluorophenol (PFP, +99%,) were obtained from Sigma-Aldrich,

Schnelldorf, Germany. Propargylamine (99%), dry dichloro-

methane was obtained from Acros Organics, Geel, Belgium.

Triethylamine was refluxed overnight with calcium hydride,

distilled and stored under argon. Dimethylsulfoxide was distilled

prior to use. All other chemicals were used as received. Infrared

(IR) spectra were recorded as neat films using a Nicolet FT-IR

730 spectrometer. 1H NMR was performed on a Bruker Spec-

trospin 250 MHz NMR spectrometer (Fallanden, Switzerland).

Polyethylene terephthalate (PET) (Hostaphan RN 12, Hoechst)

membranes of 12 mm thickness were irradiated at the linear

accelerator UNILAC (GSI, Darmstadt) with single swift heavy

ions (Pb, U and Au) of energy 11.4 MeV/nucleon.

2.2 Synthesis of acyl chloride-terminated azo initiator (2)

5 g (0.01784 mole) of 4,40-azobis(4-cyanopentanoic acid) were

suspended and stirred with 150 mL dried dichloromethane in

a 3-necked round bottom flask equipped with a stopper and

nitrogen inlet and outlet. The white suspension was cooled to

0 �C in an ice bath. 9.29 g of PCl5 (0.0446 mole, 2.5 equiv.) were

added progressively over 30 min. At the end of the addition, the

solution was completely clear, following solubilization of

4,40-azobis(4-cyanopentanoic acid) in dichloromethane. The

reaction mixture was allowed to warm up to room temperature

and the dichloromethane was evaporated under reduced pressure

on a rotary evaporator at room temperature until the volume of

the remaining solution was approximately 30 mL. Then, 70 mL

n-hexane (dried overnight over molecular sieves) was added to

the reaction mixture and the flask was cooled down to 0 �C to

allow the complete crystallization of 2.34 The solid was then
This journal is ª The Royal Society of Chemistry 2010



filtered, washed with 10 mL cold n-hexane and dried overnight

under vacuum (yield: 90%).

2.3 Synthesis of 3-amino-1-azide propane (4)

In a 1 L Schlenk flask connected to a dropping funnel, 1-bromo-

3-aminopropane hydrobromide 3 (0.15 mol, 32 g) was dissolved

in water (100 mL) followed by the addition of NaN3 (0.5 mol, 3.2

g) in 150 mL of water. After the addition was complete, the

dropping funnel was replaced with a reflux condenser, and

the reaction mixture was heated to reflux for 16 h followed by the

removal of 2/3 of the water on a rotary evaporator. The resulting

mixture was cooled in an ice bath and 500 mL of diethyl ether

was added to it. Followed by addition of 40 g of KOH pellets in

small portion while keeping the temperature below 10 �C. The

organic layer was separated and the aqueous phase was extracted

with diethyl ether (2 � 300 mL). The combined organic layers

were dried over K2CO3 and concentrated to give 12.45 g of clear

yellow oil (yield: 85%).

IR (film): 3305 cm�1 (N–H stretching vibration), 2933, 2866

cm�1 (C–H stretching vibration), 2091 cm�1 (–N3 antisymmetric

stretching vibration). 1H NMR (250 MHz, CDCl3) d [ppm]: 3.31

(t, J¼ 6.8 Hz, 2H, –CH2N3), 2.74 (t, J¼ 6.8 Hz, 2H, –CH2NH2),

1.66 (5, J ¼ 6.68 2H, –CH2–), 1.13 (s, 2H, –NH2). 13C NMR (250

MHz, CDCl3) d [ppm]: 28.2 (–CH2–) 39.2 (–CH2–NH2), 49.1

(–CH2–N3).35

2.4 Synthesis of azide functionalized azo initiator (5)

Acyl chloride 2 (5.49 g, 0.017 mole) was dissolved in dry CH2Cl2
(45 mL) and transferred to a dry 250 mL Schlenk flask under

N2(g). The solution was cooled in an ice/salt bath. To this solu-

tion a five times excess of amine 1 (8.66 g, 0.086 mole) dissolved

in dry CH2Cl2 (30 mL) was added dropwise. After the complete

addition the reaction mixture was allowed to warm up to room

temperature and stirred overnight. The reaction mixture was

then extracted with 1% HCl (3 � 70 mL) followed by washing

with brine until the aqueous extract was neutral. The solvent was

removed at room temperature on rotary evaporator and solid

residue obtained was suspended in small volume of ethanol.

Hexane was added to this suspension to get clear precipitates,

which were allowed to settle, and supernatant liquid was dec-

anted. This procedure was repeated several times till a white solid

was obtained (in 92% yield). The thus obtained azide-function-

alized azo initiator was of reasonable purity as reflected by 1H

and 13C–NMR spectra, listed in the following:

IR (neat): 3256 (NH) 3056–2869 (CH), 2097 (–N3) 1628, 1561

(amide linkage). 1H NMR (d6-DMSO): d [ppm] ¼ 8.05 (1H, NH,

br-s), 3.33–3.39 (2H HN–CH2, t, J ¼ 6.8), 3.10–3.12 (2H,

HNCO–CH2, q, J ¼ 6.42 Hz) 1.91–2.40 (4H, 2H from N3–CH2–
Table 1 Experimental conditions and molecular weight characterization of

Entry Polymer [Initiator] : [M] C

1 PSSNa–N3 1 : 2 1
2 PSSNa–N3 1 : 2 2
3 PSSNa–N3 1 : 1 2
4 PMETAC–N3 1 : 5 2
5 PMETAC–N3 1 : 1 2
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CH2–CH2–NHCO and 2H from CH2 attached to the quarter-

nary carbon, m) 1.66–1.70 (5H, 3H from –CH3 and 2H form N3–

CH2, br). 13C NMR (d6-DMSO): d [ppm] 170.3, 118.5, 72.3, 48.7,

36.2, 33.5, 30.3, 28.6, 23.6.

2.5 Synthesis of azide-terminated polyelectrolytes

As an example we will describe the synthetic procedure for the

preparation of azide-terminated sodium polystyrene sulfonate,

as described in Table 1 (entry 3). In a Schlenk tube, 0.12 g (0.58

mmole) of sodium 4-vinylbenzenesulfonate monomer and 0.26 g

(0.58 mmole) initiator 5 were dissolved in DMSO, and the

solution was stirred and degassed by N2(g) bubbling for an hour.

The Schlenk tube was closed under a positive pressure of N2(g)

and polymerization was carried out at 60 �C for 20 min. Poly-

merization was quenched by rapid cooling in an ice bath and

exposure to air. The polymerization solution was then poured

into a non-solvent for the polymer, i.e. THF. The polymers were

purified by repeated precipitations from their water solution into

THF. The purified polymer was characterized by FTIR spec-

troscopy and GPC. In case of PMETAC–N3 acetone was used as

a non-solvent to precipitate out the polymer from polymerization

solution and for subsequent re-precipitations from water for

purification purposes.

2.6 Click chemistry on the silicon surface

2.6.1 Synthesis of ethynyldimethylchlorosilane (EDMS). In

an oven-dried 250 mL three neck round-bottom flask, equipped

with nitrogen inlet and outlet, dropping funnel, magnetic stirrer

and a rubber septum, 5 g of 1,3-dichloro-1,1,3,3-tetramethyldi-

siloxane (8) (25 mmol) and dry THF (25 mL) were added with the

help of syringe. To this solution 0.5 M THF solution of ethy-

nylmagnesium chloride (125 mL, 62.5 mmol) was added drop-

wise at room temperature under nitrogen. The mixture was

heated to 45 �C and stirred for a period of 3 h. Then the solution

was gently concentrated to about 50 mL under reduced pressure

and filtered through a short silica plug to remove the Mg residue

using pentane:diethylether (1:1, v/v) as eluent. The filtrate was

concentrated in vacuo to give 1,1,3,3-tetramethyl-1,3-diethy-

nyldisiloxane (9) as a colorless liquid in 90% yield (4 g), which

was stored below 4 �C. IR (film): 3295 cm�1 (bC–H stretching

vibration), 2957, 2919, 2861 cm�1 (C–H stretching vibration),

2036 cm�1 (–CbC– stretching vibration). 1H-NMR (250 MHz,

CDCl3) d [ppm] 0.24 (s, 12H, –CH3) and 2.36 (s, 2H, –CbCH).
13C NMR (250 MHz, CDCl3) d [ppm]: 1.89 (–CH3), 88.96

(–CbCH), 92.3 (–CbCH). A mixture of 3.01 g (16.5 mmole) 9,

1.7 g (11.4 mmole) of methyltrichlorosilane, 0.131 mL of HMPA

and 11.7 mL of water was stirred at 60 �C for 4 h. The reaction

mixture was then subjected to distillation to give
the different azide-terminated polyelectrolytes

onditions Mn Mw PDI

20 min, 70 �C 21 559 50 906 2.36
0 min, 60 �C 14 819 34 479 2.33
0 min, 60 �C 3491 7510 2.15
0 min, 60 �C 5986 8496 1.42
0 min, 60 �C 3557 6921 2.00
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ethynyldimethylchlorosilane (10) as a colourless liquid (boiling

point: 38–42 �C). IR (film): 3277 cm�1 (bC–H stretching vibra-

tion), 2962, 2903 cm�1 (C–H stretching vibration), 2035 cm�1

(–CbC– stretching vibration). 1H-NMR (250 MHz, CDCl3)

d [ppm] 0.54 (s, 6H, –CH3) and 2.56 (s, 1H, –CbCH). 13C NMR

(250 MHz, CDCl3) d [ppm]: 3.4 (–CH3), 85.83 (–CbCH), 95.19

(–CbCH).36,37

2.6.2 Functionalization of silicon wafer with 10 and subsequent

click chemistry. A plasma activated silicon wafer was placed in

a crystallization dish and covered with a filtered (0.22 mm pore

filter) solution of 10 (10 mL) in dry toluene (30 mL) followed by the

addition of dry triethylamine (50 mL). The dish was covered and

left at room temperature (RT) for 18 h. The alkyne functionalised

silicon wafer was sonicated for 2 min in toluene, acetone and

then ethanol. Finally, the wafer was dried under a stream of N2.

The click chemistry reaction on the surface of alkyne functional-

ised silicon wafer is exemplified for a PSSNa–N3 with a molecular

weight of 7114 g/mole at peak maximum (Mp) in GPC elugram.

100 mg (0.014 mmole) of the polymer and 0.87 mg (0.0035 mmole,

0.25 molar equivalent) of CuSO4$5H2O were dissolved in 10 mL

water. To this solution 1.4 mg (0.007 mmole, 0.5 molar equivalent)

of sodium ascorbate was added. The click reaction solution

was stirred for 10 min at RT and an alkyne functionalised silicon

wafer was immersed in the solution for overnight. The silicon

wafer was washed with water and dried under stream of N2.

2.7 Asymmetric conical nanochannels

2.7.1 Asymmetric conical nanochannel fabrication. The

fabrication of asymmetric conical nanochannels in PET was

accomplished by asymmetric surfactant-controlled etching of

single ion tracked membranes.38 Briefly, the heavy ion-irradiated

membranes were treated with soft UV light for 35 hour from one

side only. Then the membrane was placed in a conductivity cell in

which it served as a dividing wall between the two compartments.

The pure etchant (6 M NaOH) was filled on the UV sensitized

side while the other half of the cell, adjoining the non UV treated

side of the membrane was filled with protecting solution (6 M

NaOH + 0.04% v/v surfactant). The etching process was carried

out at 60 �C. During the etching process, a potential of �1 V was

applied across the membrane in order to observe the current

flowing through the nascent nanopore. The current remains zero

as long as the channel is not yet etched through, and after the

breakthrough a continuous increase of current is observed. The

etching process was stopped when the current was reached at

a certain value and the channel was washed first with 1 M HCl in

order to neutralize the etchant, followed with deionised water.

After etching, the diameter of the large opening (D) of the

channel was determined by field emission scanning electron

microscopy (FESEM) using a PET sample containing 107 pores/

cm2 which was etched simultaneously with the single channel

under the same conditions. The diameter of the small opening (d)

was estimated by assuming the conical geometry of the channel

from its conductivity using the following relation:38

d ¼ 4LI/mDkV

where L is the length of the pore which could be approximated to

the thickness of the membrane, d and D are the small and large
186 | Polym. Chem., 2010, 1, 183–192
opening diameter of the channel respectively, k is the specific

conductivity of the electrolyte, V is the voltage applied across the

membrane and I is the measured current.

2.7.2 Functionalization of inner channel surface with alkyne

groups and subsequent click chemistry. All the surface function-

alization reactions were carried out in the same cell used for the

etching process. The carboxyl groups on the channel surface were

activated by derivatizing into pentafluorophenyl esters. An

ethanolic solution containing 0.1 M EDC and 0.2 M penta-

fluorophenol was placed on both sides of the track-etched PET

membrane with single nanochannel. The activation was carried

out for 1 h at room temperature. After washing with ethanol

several times, the solution was replaced with the 0.1 M ethanolic

solution of propargylamine on both sides of the membrane and

allowed to react overnight. Then, the chemically modified

membranes were washed several times with ethanol followed by

distilled water. Finally, the propargylated membrane was sub-

jected to aqueous click chemistry reaction following the same

procedure as described for click reaction on alkyne functional-

ized silicon wafer. The click reaction solution was transferred to

both sides of the alkyne functionalized PET membrane (with

single conical nanochannel) for an overnight period while the

membrane was still fixed in the cell. After the click reaction, the

membrane was washed with distilled water several times.

2.7.3 Current–voltage measurements. The membrane con-

taining the single asymmetric nanochannel was mounted between

the two halves of the conductivity cell, and each half was filled

with electrolyte solution (unbuffered 0.1 M KCl, pH z 6.2–6.3).

A Ag/AgCl electrode was placed into each side, and the Keithley

6487 picoammeter/voltage source (Keithley Instruments, Cleve-

land, OH) was used to apply the desired transmembrane potential

in order to obtain a current–voltage (I–V) curve associated with

ion transport through the single nanochannel.

2.8 Gel permeation chromatography (GPC)

Molecular weight distributions were measured using GPC and the

experimental conditions depended on the studied polyelectrolyte.

For azide-terminated sodium polystyrene sulfonate a series of

columns, TSK Gel G6000 PWXL- TSK Gel G5000 PWXL and

TSK Gel G3000, supplied by TosoHaas (Stuttgart) was used. The

GPC was equipped with a Waters 590 pump, and with UV

(S-3702, SOMA) and RI (ERC 7519, Erma Inc.) detectors. The

eluent was a solution consisting of 80% (0.1 M NaNO3) : 20%

(CH3CN) at a flow rate of 1 mL/min, and the column temperature

was 23 �C. Sodium polystyrene sulfonate was used as a calibration

standard. The experimental conditions for the azide-terminated

poly(2-methacryloyloxyethyl-trimethylammonium chloride)

were similar to those described above, except for the eluent (97%

(0.8 M NaNO3) : 3% (CH3CN)), the column temperature (60 �C),

and the calibration standard (polyethylene oxide, PEO).

3. Results and discussion

3.1 Synthesis of the azide-terminated azo initiator

As previously discussed, cRP provides a robust alternative for

growing a wide variety of polymers bearing different chemical
This journal is ª The Royal Society of Chemistry 2010



groups. This simple route relies almost exclusively on the

generation of reactive free radicals originating from the ther-

mally induced dissociation of an adequate initiator. In our case,

the free radical initiator was an azo compound bearing terminal

azide groups synthesized via a three-step route (Scheme 1). First,

2,20azobis(4-cyanovaleric acid) (1) was treated with a slight

excess of PCl5 in CH2Cl2 at 0 �C to obtain an acyl halide-

terminated azoinitiator (2). Then, the azide-terminated linker (4)

was obtained by reacting 1-bromo-3-aminopropane hydro-

bromide with sodium azide.

Finally, the synthesis of the initiator was accomplished by the

reaction of acyl chloride 2 with an excess of 4. A CH2Cl2 solution

of 4 was added drop-wise to a cooled (<0 �C) solution of 2 in

CH2Cl2. After the complete addition, the reaction was allowed to

proceed at RT under stirring during 12 hours. The reaction

mixture was then extracted with 1% HCl, followed by rotary

evaporation to remove the solvent. The solid residue obtained

was re-suspended in ethanol and precipitated by adding hexane

to the solution. This procedure enabled the preparation of the

azide-terminated azo initiator (5) with reasonable yield (92%)

and purity as indicated by the 1H-NMR and 13C-NMR spectra

(Fig. 1).

FT-IR characterization of the purified solid also corroborated

the presence of the chemical entities corresponding to the azide-

terminated initiator (Fig. 2).
Fig. 1 (a) 1H-NMR (b) 13C-NMR spectra in d6-DMSO of the azide-

terminated azo initiator.
3.2 Synthesis of azide-terminated polyelectrolytes

The characterization of the azo initiator was followed by the

synthesis of the azide-terminated polymers. In our case, to

illustrate the potentials of the approach we synthesized sodium

polystyrene sulfonate (PSSNa) and poly(2-methacryloyloxy-

ethyl-trimethylammonium chloride) (PMETAC) functionalized

with azide terminal groups (Scheme 2).

The synthesis was carried out in a Schlenk tube in the absence

of oxygen. The monomer and the initiator were dissolved in

DMSO, and the solution was stirred and degassed by N2 (g)

bubbling for one hour. Then, the Schlenk tube was closed under

a positive pressure of N2, and the polymerization was carried out

at 60 �C. After a preset polymerization time the solution was

quenched by rapid cooling in an ice bath and exposure to

ambient conditions. Finally, the purification of the azide-termi-

nated polyelectrolytes was accomplished by precipitation in THF

or acetone for PSSNa–N3 or PMETAC–N3, respectively. Once

purified, the polymers were characterized by gel permeation

chromatography to elucidate their molecular weight. Table 1

summarizes the results obtained from both polyelectrolytes.

Polymerization times between 20 min and 2 hours enabled the

facile synthesis of azide-terminated polyelectrolytes with number
Scheme 1 Synthesis of the azid
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average molecular weights ranging from a few kDa to �20 kDa.

Moreover, it can be seen that polydispersities are within the

expected values for cRP initiated from typical free radical initi-

ators. This indicates that the chemical modifications introduced

in the 2,20azobis(4-cyanovaleric acid) and leading to the synthesis

of the azide-terminated initiator, do not have detrimental effects

on its free radical initiation characteristics.

The azide-terminated polyelectrolytes were also characterized

by FTIR (fig. 3). The spectra depict the typical IR frequencies

encountered in PMETAC and PSSNa polymers plus the band

associated to the antisymmetric stretching of the azide group.

Hence, this typical fingerprint, corresponding to the –N3,

corroborates the end functionalization of the polyelectrolyte

chains.
e-terminated azo initiator.
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Fig. 2 FT-IR spectrum of the azide-terminated azo initiator 5. The

different labels correspond to: (A and B) 3257 and 3079 cm�1 (N–H)

stretching vibration, (C) 2987–2865 cm�1(C–H) stretching vibration, (D)

2097 cm�1 (–N3) antisymmetric stretching vibration, (E) 1631 cm�1

(CaO) stretching vibration – amide I, (F) 1564 cm�1 (N–H) bending

vibration, amide II, (G) 1447 cm�1 (C–H) bending vibration.

Fig. 3 FTIR spectra corresponding to: (a) azide-terminated sodium

polystyrene sulfonate (PSSNa–N3) and (b) azide-terminated poly-

(2-methacryloyloxyethyl-trimethylammonium chloride) (PMETAC–N3).

The different labels of the infrared spectra are: (A) 1640 cm�1 (C–C)

stretching vibration of aromatic skeleton, (B) 1175 cm�1 SO3
� group

symmetric vibration, (C) 1127 cm�1 in-plane skeleton vibration of phenyl

ring, (D) 1036 cm�1 SO3
� group antisymmetric vibration, (E) 1008 cm�1

in-plane bending vibration of phenyl ring, (F) 1719 cm�1 (CaO)

stretching vibration, (G) 1655 cm�1 asymmetric bending vibration of the

quaternary amine cation (QA+), (H) 1477 cm�1 (C–H) in-plane

bending vibration of QA+, (I) 1232 cm�1 (C–N) stretching vibration, (J)

(OaC–O–) stretching vibration. The gray frame indicates the region

corresponding to the antisymmetric stretching vibration of the –N3

groups (�2100 cm�1).
3.4 ‘‘Clicking’’ polyelectrolyte chains on planar Si surfaces

Solid substrates modified with polyelectrolyte chains have

encountered a wide variety of applications in different techno-

logical fields like lubrication or colloidal stabilization.1,2 In this

regard, anchoring polymer chains to surfaces using a ‘‘grafting-

to’’ approach has proven to be an effective strategy for creating

highly functional interfaces. As previously described, the ‘‘click’’

reaction involves two reactants, the azide- and the alkyne-

modified building blocks. The polyelectrolytes were functional-

ized with terminal azide groups, so we modified the substrates

with alkyne functionalities (Fig. 4). This was readily accom-

plished by derivatization of the Si substrates with alkyne-termi-

nated self-assembled monolayers (SAMs). The procedure for

assembling the alkyne functionalities was based on the conden-

sation of ethynyldimethylchlorosilane with silanols from the

surface of plasma-treated silicon wafers. The use of mono-

chlorosilane enables attaining SAMs with better homogeneity
Scheme 2 Scheme describing the polymerization of (a) azide-terminated so

(2-methacryloyloxyethyl-trimethylammonium chloride) (PMETAC–N3).
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and improves the stability of the self-assembling solution, which

in our case was in toluene. As is well-known, trichlorosilanes are

prone to hydrolysis and crosslinking in the presence of traces of
dium polystyrene sulfonate (PSSNa–N3) and (b) azide-terminated poly-
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Fig. 4 Scheme describing the functionalization of the silicon surface

with alkyne groups followed by the ‘‘clicking’’ of the polyelectrolyte

chains.

Fig. 6 XPS analysis corresponding to: (a) PSSNa-modified silicon,

broad spectrum, (b) PSSNa-modified silicon, 1Cs region, (c) PMETAC-

modified silicon, broad spectrum, (d) PMETAC-modified silicon, C1s

region.
water, leading to the formation of aggregates in solution that are

deposited on the substrates.39

After an 18 h assembly period, the substrates were rinsed with

toluene, and the wettability was examined. A water contact angle

of �90� corroborated the effectiveness of the surface function-

alization with the alkyne-functionalized SAM (Fig. 5). The

macromolecular building blocks were then ‘‘clicked’’ on the

alkyne functionalized Si surface. The alkyne-terminated surfaces

were immersed in a water solution containing the azide-termi-

nated polymer, CuSO4$5H2O, and sodium ascorbate and left

overnight at RT (Fig. 4). The modified silicon wafers were rinsed

thoroughly with water and dried under a stream of N2.

Once the polyelectrolytes were ‘‘clicked’’ on the surfaces, the

wetting characteristics were studied (Fig. 5). Both PSSNa- and

PMETAC-modified silicon surfaces showed a marked increase in

hydrophilicity when compared to the alkyne-terminated plat-

forms. The contact angles corresponding to the PSSNa- and

PMETAC-modified substrates were 42� and 49�, respectively.
Fig. 5 Atomic force imaging and contact angle measurements corre-

sponding to: (a) alkyne-functionalized Si surface, (b) PSSNa–N3-modi-

fied Si surface and (c) PMETAC–N3-modified Si surface.
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This change in wettability indicated that the grafting of the

polyelectrolyte chains had a noticeable impact on the macro-

scopic properties of the substrate. To further corroborate the

successful surface functionalization of the substrates we per-

formed X-ray photoelectron spectroscopy (XPS) analysis of the

‘‘clicked’’ samples. XPS data indicated the presence of the

elements constituting the macromolecular building blocks

(Fig. 6). In addition, detailed XPS analysis of the C1s signal

revealed the presence of different chemical environments for

carbon, which is in close agreement with that expected for PSSNa

and PMETAC macromolecules.

In a similar fashion, AFM imaging revealed significant topo-

graphic changes after grafting the polyelectrolyte changes as

a consequence of the appearance of nodular-like aggregates

evenly distributed on the surface (Fig. 5). On average, grafting

polyelectrolyte chains of �15 kDa led to �2 nm thick films (dry

thickness). Considering the grafting density as given by eqn 1:

s ¼ (hrNA)/Mn (1)

where s is the grafting density, h is the films thickness, r is the

density of the polymer film, NA is the Avogadro number and Mn

is the molecular weight of the polymer chains, we estimated that

the ‘‘clicking’’ of the azide-terminated polyelectrolyte chains on

the alkyne-modified substrates resulted in a grafting density of

0.06–0.08 chains/nm2. This grafting density estimation is in

agreement with typical values obtained in ‘‘grafting-to’’

approaches in which the polymer chains are dissolved in

a ‘‘good’’ solvent and the grafting proceeds in the absence of

segmental adsorption.40
3.5 Functionalization of single conical polymer nanochannels

via a ‘‘click’’ chemistry approach

There is a growing interest in developing nanodevices based on

synthetic nanopores because they are considered to be promising
Polym. Chem., 2010, 1, 183–192 | 189



Fig. 8 Current–voltage curves corresponding to nanochannels in 0.1 M

KCl modified with: (a) PSSNa–N3 having tip diameter d ¼ 8 nm and (b)

PMETAC–N3 having tip diameter d ¼ 5 nm. The different colours

indicate: (black) carboxylated nanochannel, (white) alkyne-modified

nanochannel and (gray) polyelectrolyte-modified nanochannel.
candidates for a wide variety of applications, including separa-

tion techniques and chemical sensing. Tailoring the chemical

characteristics of nanopore surfaces is of great interest as it

means that the surface composition is no longer fixed by the

choice of the substrate material. Within this framework, Siwy

et al.41 demonstrated that a polymeric membrane containing

a single conical channel can act as an ion rectifier, and this

rectifying behaviour depended on the nature of the fixed charges

of the nanochannel wall.

This experimental evidence clearly indicates that developing

strategies to manipulate the surface charges of nanochannels is of

paramount importance in order to control and regulate the

transport of ions and molecules through nanopores.42 To

monitor the ‘‘clicking’’ of the polyelectrolytes on the nano-

channels, we carried out all the surface modification steps with

the single channel membrane mounted in the electrochemical

cell. This enabled us to track the changes occurring at the

nanochannel surface due to consecutive chemical modifications

(Fig. 7). We first modified the PET surface with alkyne groups.

This was accomplished by first activating the carboxyl groups on

the etched surface with EDC and PFP for one hour at room

temperature (Fig. 7a,b). Afterwards, the alkyne groups were

introduced on the surface by coupling between the activated

esters and propargylamine. This step required an overnight

reaction time to achieve a successful coupling of the alkyne

moieties on the pore PET surface. This chemical modification

was evidenced by a change from a rectifying to a non-rectifying

behaviour (Fig. 8). This was due to the fact that the –COO�

groups imparting negative surface charges were reacted with

propargylamine, which neutralized the pore surface. Subse-

quently, the alkyne-modified membrane was subjected to ‘‘click’’

chemistry by immersing the membrane in a solution containing

azide-terminated polyelectrolytes and the corresponding catalyst

system i.e. CuSO4$5H2O and sodium ascorbate (Fig. 7c). After

washing the ‘‘clicked’’ membranes several times with water the

corresponding I–V curves were measured (Fig. 8). As expected,

clicking the polyelectrolyte chains on the nanochannel surface
Fig. 7 A scheme showing the surface chemical modification of the COOH-fun

by the ‘‘clicking’’ of the polyelectrolyte chains (c).
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promoted drastic changes of their rectifying characteristics. It is

clearly observed that incorporating the charged building blocks

into the PET nanochannels enables a straightforward manipu-

lation of their permselective properties. Nanochannels modified
ctionalized PET conical nanochannels (a) with alkyne groups (b) followed
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with PSSNa–N3 described a rectifying behaviour (i.e. rectifica-

tion characteristic of the channel was recovered) similar to that

displayed by PET nanochannels with surface –COO� groups, but

achieving lower rectified currents at similar voltages (Fig. 8a).

This observation can be attributed to the fact that grafting the

polyelectrolyte chains do not solely change the surface charge but

also alter the effective cross-section of the nanochannels. It is well

known that these two contributions have an impact on the

magnitude and characteristics of the rectified currents.42 In

a similar fashion, PMETAC–N3-modified nanochannels dis-

played a well-defined rectifying behaviour in which anions were

permselectively transported across the positively charged chan-

nels. This leads to the inversion of rectification as expected for

a positively charged surface (Fig. 8b). Applying a positive

transmembrane potential (2 V) revealed very low ionic transport

through the pore, while at �2 V the ionic transport suffered

significant changes and currents of nearly �1.46 nA were

detected. This experimental evidence strongly supports the idea

that ‘‘clicking’’ polyelectrolytes on the nanochannel can be an

avenue for the facile creation of permselective macromolecular

gates.
4. Conclusions

In summary, in this work we described a new route for the facile

one-step preparation of azide-terminated polymers. The strategy

is based on the use of conventional radical polymerization in

combination with a novel azide-terminated azo initiator which

permitted the straightforward synthesis of different polymers

end-functionalized with azide groups. The facile synthesis of the

functionalized macromolecular building blocks enabled us to

merge the versatility of ‘‘click’’ chemistry with the robustness and

ease of cRP to pave the way to a wide variety of ‘‘clickable’’

architectures. This was demonstrated by the ‘‘clicking’’ of azide-

terminated polyelectrolytes on alkyne-terminated surface via

a ‘‘grafting-to’’ approach. In particular, we exploited these

‘‘clickable’’ macromolecular building blocks to tailor the chem-

ical characteristics of planar silicon surfaces; and to tune the

surface charge of conical PET nanochannels in order to control

their permselectivity. We envision that these results will not only

appeal to organic and polymer chemists but also to materials

scientists willing to explore the use ‘‘click’’ chemistry in different

colloidal and surface science applications. As such, we consider

that this approach will have strong implications for the molec-

ular design of interfaces using macromolecular architectures.
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