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ABSTRACT: Functional brushes have recently emerged as an extremely versatile way to modify surface properties in a robust and con-

trolled way. In this study, well-defined, high density oligo-N-isopropylacrylamide (oligoNIPAM) brushes with AOH and ACOOH

end-groups were fabricated through a reliable strategy by the combination of the self-assembly of bimolecular macroazoinitiator on

silicon surface and surface-initiated nitroxide mediated polymerization of N-isopropylacrylamide in the presence of chain transfer

agent (i.e., 2-mercaptoethanol or 3-mercaptopropionic acid). The living polymerization produced silicon substrate-coated with func-

tional oligoNIPAM with a target molecular weight and a grafting density as high as 8.14 chains nm�2. The functional oligoNIPAM

brushes can be employed for the adsorption of biomacromolecules such as DNA and proteins. VC 2012 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 129: 383–390, 2013
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INTRODUCTION

The functionalization of silicon wafer or gold nanoparticles by

grafting of polymer chains to the surface provides a powerful

and flexible route to improve the physical and chemical proper-

ties of substrates.1–3 The importance of the functional surfaces

is highlighted by the use of an increasing number of applica-

tions ranging from biosensors4 and the use of biomolecules

which control the self-assembly of nanodevices,5 to the fabrica-

tion of implants showing bioactivity for the regeneration of

damaged tissues.6–8

These applications commonly require the interaction between

biomolecules, cells or tissues and solid substrates by means of a

stable intermediate layer. The interlayer should provide adequate

functional groups that react with biomolecules. The most func-

tional groups are AOH, ACOOH, and ASH that interact read-

ily with biomolecules by covalent bonding. Because of its rele-

vance, the development of protein immobilization, nucleic acid

detection (RNA and DNA), biocatalysis, tissue engineering, etc.,

will rely on advances in the preparation of functional surfaces.

Using a ‘‘grafting from’’ method with living/controlled radical

polymerization enables preparation of solid substrates with

functional end-groups and high grafting density, controlled graft

structure/composition and applicability to different mono-

mers.9,11 The studies in this area have focused on surface modi-

fication of silicon wafer or gold nanoparticles by atom transfer

radical polymerization (ATRP)12–19 or reversible addition-frag-

mentation transfer (RAFT) polymerization.20–22 However, sur-

face-initiated NMP has the advantage of being a relatively

simple process, although it is not as versatile as ATRP or RAFT

in the range of monomers suitable for use. Although many

studies were reported on the surface-initiated NMP, only poly-

styrene or poly(2-(dimethylamino)ethyl acrylate) was grafted

onto the silicon wafer or gold nanoparticle surfaces.23–29 Graft-

ing of polymer chains with defined end-groups on silicon wafer

or gold nanoparticle surfaces by surface-initiated NMP can

bring about enhanced properties such as hydrophilicity, hydro-

phobicity, and even a smart response to environmental changes

(pH, temperature, solvent composition, etc.), enabling the prep-

aration of substrates with more widespread application.

Poly(N-isopropylacrylamide) [poly(NIPAM)], a temperature-re-

sponsive polymer, is well known to exhibit reversible hydration

and dehydration of its polymer chains in response to tempera-

ture changes across the lower critical solution temperature

(LCST) of 32�C.30,31 However, the kinetics are not very sensitive

to temperature for the lower molecular weight (1.3 � 104 g

mol�1) poly(NIPAM), in contrast to the higher molecular

weight (5 � 105 g mol�1) polymer.32 Yim et al. reported no

temperature-dependent conformational change with the lowest

molecular weight poly(NIPAM) (3.3 � 104 g mol�1), and only

a slight temperature dependent thickness change with the higher

molecular weight polymer (2.2 � 105 g mol�1).33 Despite the

VC 2012 Wiley Periodicals, Inc.
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poly(NIPAM) with lower molecular weight has no temperature-

dependent conformational change, it exhibits good protein re-

sistance at room temperature.34,35 Moreover, a highly homoge-

neous surface with a roughness less than the height of the

adsorbed protein molecules is also desired in most biosensing

applications.36 In this case, a thicker poly(NIPAM) or oligo-N-

isopropylacrylamide (oligoNIPAM) brush would be more ideally

suited for protein immobilization.

In this study, the synthesis of oligoNIPAM brushes with AOH

and ACOOH end-groups on silicon wafer was been conducted

via surface-initiated NMP based on ‘‘grafting from’’ method,

which provided a novel way to prepare densely packed and

chemically attached oligo-brushes by in situ grafting oligomer

chains from substrate surface. The surface-initiated NMP proce-

dure allows control over the thickness of oligomers grown from

a surface by varying reaction time. However, we chose to use

the chain transfer agent, which both acts functional end-group

forming agent during reaction and controls over film thickness

and architectural parameters (e.g., grafting density, r, chains

nm�2) of grafted chains. To the best of our knowledge, this is

first example of the formation of well-defined oligoNIPAM

brushes with functional end-group by surface-initiated NMP in

the presence of chain transfer agent. We also elucidate how the

type of chain transfer agent influence the molecular weight

characteristics, film thickness, grafting parameters, surface mor-

phology and wettability of the oligoNIPAM brushes with func-

tional end-group. Finally, functional oligoNIPAM brushes can

be employed to immobilize a range of antigens or ligands for

biosensing applications and to work cell–surface interactions.

MATERIALS AND METHODS

Materials

NIPAM (Aldrich, Steinheim, Germany, 99.1%) was purified by

recrystallization in a mixture of benzene/n-hexane. Ethanol

(Aldrich, 96%), dichloromethane (Aldrich, 99%), 2-mercaptoeth-

anol (ME, Aldrich, 99%), 3-mercaptopropionic acid (MPA,

Aldrich, 99%), 3-aminopropyltrimetoxysilane (APTS, Aldrich,

97%) 4,4’-azobis-4-cyanopentanoic acid (ACPA) (Fluka, Stein-

heim, Germany, 97%) were used as received. Triethylamine

(Aldrich, 99.5%) was distilled from calcium hydride under an ar-

gon atmosphere at reduced pressure. Tetrahydrofuran (THF,

Aldrich, 99%) was purified by distillation from calcium hydride

followed by distillation from sodium/benzophenone kethyl.

Synthesis of Bimolecular Macroazoinitiator

The 4,4’-azobis-4-cyanopentanoyl chloride (ACPC) was prepared

according to the literature procedure described by Smith.37

1H NMR (300 MHz, CDCl3, d, ppm): 1.67 (s, 3H, ACH3AC(CN)

A), 1.75 (s, 3H, ACH3AC(CN)A), � 2.30–2.79 (m, 4H,

ACH2ACOA), � 2.86–3.20 (m, 4H, ACH2AC(CN)CH3A) [Fig-

ure 1(A)].

Then 3.0 g of ACPC was dissolved in 100 mL of anhydrous

dichloromethane under nitrogen atmosphere and cooled to 0�C
in an ice bath. Nearly 1.7 mL of APTS and 1.4 mL of triethyl-

amine were added to the cold solution over 10 min, the solution

was stirred in a dark place. After 3 h, the solution was allowed to

come to room temperature and stirred with a mechanical stirring

overnight. The solution was then centrifuged for 1 h at 5000 rpm

and filtered through filter paper and the liquid part was stored at

4�C before use.

1H NMR (300 MHz, CDCl3, d, ppm): 5.28 (s, 1H, ANHACOA),

3.53 (m, 4H, ACH2ACOA), 3.05 (t, 18H, ASiAOCH3A), 2.56

(m, 4H, ACH2ANHA), 2.32 (m, 4H, ACH2AC(CN)CH3A),

1.58 (m, 4H, ACH2ACH2ASiA), 1.33 (t, 6H, ACH3AC(CN)A),

1.20 (t, 4H, ACH2ASiA) [Figure 1(B)].

Immobilization of Bimolecular Macroazoinitiator

Silicon wafers (n-type, with a thickness of 0.5 mm, a diameter of

125 mm and polished on one side, Shin-etsu, Handoutai, Japan)

were cut into 10 mm � 10 mm pieces, cleaned with acetone, and

treated with a mixture of NH4OH : H2O2 : H2O (1 : 1 : 5 v/v) in

an ultrasonic bath at 65�C for 30 min. They were then rinsed

copiously with deionized water and blown dry with nitrogen. The

polished sides of the wafers were also oxidized for 5 min in a

UV/O3 cleaner (Jelight Company; Irvine, CA: Model 42). Hydrox-

yls on the wafer surface were obtained by boiling the oxidized sili-

con wafers for 1 h in deionized water. The wafers treated this way

are rich in hydroxyls at the oxide surface and suitable for the sila-

nization process. The wafers were then dried well with nitrogen

gas and placed into a solution of bimolecular macroazoinitiator

(10 mL) in dry dichloromethane (10 mL). The flask was sealed

with a rubber septum and waited in the refrigerator for 2.5 h.

The wafers were removed from the solution and repeatedly

washed with ethanol and dichloromethane, and dried under a

stream of nitrogen. Bimolecular macroazoinitiator immobilization

was apparent from the appearance of a carbonyl peak at 1630

cm�1 in the GA-FTIR spectrum of this film [Figure 2(A)].

Figure 1. 1H NMR spectra of ACPC (A) and bimolecular macroazoinitia-

tor (B).
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Preparation of OligoNIPAM with AOH and ACOOH

End-Groups (Targeted Degree of Polymerization �10)

The surface-initiated NMP of NIPAM (1.0 g) was carried out in

dry dichloromethane (30 mL) in a glass reactor, which was

designed to hold three bimolecular macroazoinitiator-immobi-

lized silicon wafers oriented normal to the base of the reactor.

The chain transfer agent (changing amount of ME or MPA) was

added to the reactor. To ensure smooth stirring and prevent dam-

age to the surfaces of the substrates, we isolated the magnetic stir-

ring bar at the center of device from the slides by a 1-cm-high

glass O-ring. The solution was diluted to 30 mL volume with dry

dichloromethane and degassed by purging with nitrogen for 20

min. The polymerization reaction was stirred vigorously at 50�C
for 24 h. After polymerization, the substrates were removed from

the solution and washed for several times with dichloromethane

and then dried in a stream of nitrogen.

Instrumental Techniques

The grazing angle-Fourier transform infrared (GA-FTIR) spectra

of the oligomeric brushes on silicon wafer were collected utilizing

a Harrick Scientific GA-FTIR attachment coupled with a Thermo

Nicolet 6700 spectrometer, collecting 128 sample scans, and utiliz-

ing Nicolet’s OMNIC software. The X-ray photoelectron spectros-

copy (XPS) measurements were done by a SPECS XPS spectrome-

ter equipped with a Mg Ka X-ray source. After peak fitting of the

C 1s spectra, all the spectra were calibrated in reference to the ali-

phatic C 1s component at a binding energy of 285.0 eV. The

water contact-angle measurements were conducted at room tem-

perature using a goniometer (DSA 100, Krüss) equipped with a

microliter syringe. Deionized water (4 lL, 18 MX cm resistivity)

was used as the wetting liquid. The morphology of the surfaces

was recorded on an atomic force microscope (Park Systems XE70

SPM Controller LSF-100 HS). A triangular shaped Si3N4 cantile-

ver with integrated tips (Olympus) was used to acquire the

images in the noncontact mode. The normal spring constant of

the cantilever was 0.02 N m�1. The force between the tip and the

sample was 0.87 nN. Gel permeation chromatography (GPC)

analysis was performed with an Waters HPLC system consisting

of a binary pump, an autosampler, a temperature controlled col-

umn oven and differential refractometer. The analytical separation

was performed on Waters Styragel HR4 and HR6 columns (7.8 �
300 mm2) at 27�C with a flow rate of 1 mL min�1. THF was

used as the mobile phase and the system was calibrated with nar-

row-disperse polystyrene standards (Shodex).

The ellipsometric measurements were conducted in ambient con-

ditions using an ellipsometry (model DRE, EL X20C) equipped

with a He-Ne laser (k ¼ 632.8 nm) at a constant incident angle

of 75�. The average dry thickness of oligoNIPAM films with

defined end-groups on silicon wafer was determined by fitting the

data with a three-layer model (native silicon (refractive index, n

¼ 3.86) þ silicon oxide layer (n ¼ 1.46) þ oligoNIPAM (n ¼
1.47)).38

RESULTS AND DISCUSSION

Immobilization of Bimolecular Macroazoinitiator on Silicon

Wafer

Ability of three methoxy silane functionalized organic molecules

to form dense and ordered monolayers on a silicon substrate

was extensively described in the literature.28,39–41 In this study,

the covalent attachment of bimolecular macroazoinitiator with

three methoxy silane functional groups onto silicon surface was

achieved by a self-assembly process. The bimolecular macroazoi-

nitiator immobilization was confirmed with GA-FTIR [Figure

2(A)], XPS [Figure 3(A), Table I], ellipsometry, AFM [Figure

4(A)], and water contact-angle [Figure 4(A)] measurements.

The presence of bimolecular macroazoinitiator on silicon sur-

face was confirmed by the presence of bands at 1630, 2246, and

3393 cm�1, which are assigned to CAO stretching, CBN

stretching, and NAH stretching vibrations, respectively [Figure

2(A)]. XPS analysis of the bimolecular macroazoinitiator mono-

layer [Figure 3(A), Table I] verifies the presence of O 1s, N 1s,

and C 1s peaks curve fitted into the components with binding

energies at about 533.8 eV (CAO) and 532.2 eV (C¼¼O) for O

1s, 400.9 eV (NAH), and 400.2 eV (N¼¼N) for N 1s, and 288.5

eV (C¼¼O), 285.5 eV (CAN), 285.2 eV (CAO), and 285.0 eV

(CAC/CAH) for C 1s. The thickness of bimolecular

Figure 2. GA-FTIR spectra of bimolecular macroazoinitiator-immobilized silicon (A), oligoNIPAM (B), oligoNIPAM-COOH (C), and oligoNIPAM-

OH (D).
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macroazoinitiator layer was measured by ellipsometry at 2.8 6

0.5 nm, this value is consistent with theoretical value (� 1.5

nm) obtained by ab initio calculations. Surface morphology of

silicon substrate after the immobilization of bimolecular macro-

azoinitiator is shown in Figure 4(A). Analysis of bimolecular

macroazoinitiator monolayer indicated a root-mean-square

(rms) roughness of 0.35 nm. Finally, as illustrated by inset

images in Figure 4(A), the immobilization of bimolecular mac-

roazoinitiator induced a drastic change in surface wettability

characterized by a large decrease of static water contact-angle

from 5.0 6 0.3� (hydroxylated silicon) to 80.8� 6 0.2� (bimo-

lecular macroazoinitiator monolayer).

Figure 3. O 1s, N 1s C 1s, and S 2p core level XPS spectra recorded for bimolecular macroazoinitiator-immobilized silicon (A), oligoNIPAM (B), oligo-

NIPAM-COOH (C), and oligoNIPAM-OH (D). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table I. Atomic Concentrations and Binding Energies Given High-Resolution XPS for Initiator Immobilized Silicon Wafer and End-Functionalized

OligoNIPAM Brushes Synthesized in CTA Solutions

O1s N1s C1s

Samples CAO C¼¼O NAH N¼¼N NAC C¼¼O CAO CAS CAN CAC S2p

Initiator layer

Conc. (%) 23.9 14.7 61.4

Energy (eV) 533.8 532.2 400.9 400.2 288.5 285.2 285.5 285.0

oligoNIPAM

Conc. (%) 18.7 9.1 72.2

533.7 400.7 286.1 284.0 285.0

Energy (eV)

oligoNIPAM-OH

Conc. (%) 29.3 5.2 57.6 7.9

Energy (eV) 532.8 534.8 400.8 400.9 287.6 286.1 286.0 284.0 285.0 165.5

oligoNIPAM-COOH

Conc. (%) 30.5 4.8 58.1 6.6

Energy (eV) 534.0 533.5 400.8 401.3 286.9 288.5 286.0 285.2 285.0 165.5

Binding energies are calibrated to aliphatic carbon at 285 eV.
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Formation of OligoNIPAM Brushes with AOH and ACOOH

End-Groups on Silicon Wafer via Surface-Initiated NMP

As mentioned in the Introduction, the surface-initiated NMP of

NIPAM in the presence of chain transfer agent was carried out

with the bimolecular macroazoinitiator modified silicon wafer.

This method provided higher grafting densities compared with

coupling reactions performed via ‘‘grafting to’’ method in solu-

tion, as excluded volume interactions, which restrict surface

accessibility for oligomer chains, are screened out in the sur-

face-initiated NMP. The oligomeric brushes are referenced

according to functionalized end-groups, i.e., oligoNIPAMAOH

and oligoNIPAMACOOH, where the AOH is for oligoNIPAM

with hydroxyl end-group and ACOOH for oligoNIPAM with

carboxylic acid end-group. An illustration of immobilization of

bimolecular macroazoinitiator onto silicon substrate and subse-

quent surface-initiated NMP to form oligoNIPAMAOH and oli-

goNIPAMACOOH brushes is shown in Scheme 1.

It has been reported that the addition of chain transfer agent

into the reaction mixture provides a reliable route for the

synthesis of polymer with a low molecular weight and a low

polydispersity index (PDI).42 Meanwhile, the fragmentation of

Figure 4. The 3D (left) and 2D (right) AFM topography images (10 � 10 lm2, z scale is 10 nm) in ambient conditions and photographs of 4 lL water

droplets (top) on the bimolecular macroazoinitiator-immobilized silicon (A), oligoNIPAM (B), oligoNIPAM-COOH (C), and oligoNIPAM-OH (D).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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immobilized bimolecular macroazoinitiator also allows for the

formation of free oligomer in solution, the properties of which

have been shown to correlate with the oligomer attached to the

surface. As insufficient amount of oligomer degrafted from sili-

con surfaces for characterization, free oligomer can be analyzed

to provide an approximation of the molecular weight properties

of the immobilized chains. Because of possible entanglement of

the free oligomer with immobilized chains, all samples were

extracted in dichloromethane for 24 h to remove any untethered

oligomer chains from the surface. Therefore, it is assumed that

the molecular weights of the free and grafted oligomer chains

are similar in our study. The oligomer formed in solution was

isolated and characterized using GPC. In each case the GPC

traces of the free oligomers (Figure 5) were monomodal and

had narrow PDI values, which are characteristics of well-defined

oligomers via surface-initiated NMP. For all oligomers synthe-

sized, the PDIs are all below 1.19, indicating that in each case

the polymerization was controlled. Moreover, the molecular

weight of the oligomer in solution appears to relate well to

thickness of the oligomer attached to the silicon wafer. For

example, in the case of the oligoNIPAM-OH or oligoNIPAM-

COOH brushes, the number-average molar weight (Mn) of the

oligomers in solution were 800 and 1000 g mol�1, which corre-

sponded to oligomer brush thicknesses of 7.1 6 0.4 and 8.9 6

0.3 nm, respectively. In case of the oligoNIPAM, the Mn was

1600 g mol�1, which correspond to an oligomer brush thickness

of 15.1 6 0.2 nm.

The brush thickness (h, nm) is proportional to the Mn of the

free oligomer simultaneously produced in the solution

(h ¼ rMn=qNA10
�21 where r(chains nm�2) is the grafting den-

sity, q (1.35 g cm�3) is the density of oligomer and NA (6.02 �
1023 mol�1) is Avogadro’s number),43 suggesting uniform

growth of graft chains with a constant density. From the thick-

ness-versus-Mn curve, grafting density, r (chains nm�2), was

estimated to be about 8.14 chains nm�2. In this estimation,

average distance between grafting points, D (nm)

(D ¼ 4=prð Þ1=2),43 was found to be 0.39 nm. The radius of

gyration (Rg, nm) of the oligoNIPAM was estimated using the

equation: Rg ¼ bðDPn=6Þ1=2 where DPn is the degree of poly-

merization and b, is the segment length (assumed to be 0.3 nm

for oligoNIPAM).44 An indication of having oligomeric brush

surfaces can be when the interchain distance is less then the ra-

dius of gyration of the corresponding free oligomer chain.45

The radius of gyration of oligoNIPAM, oligoNIPAM-OH, and

oligoNIPAMACOOH was calculated as 0.46, 0.32, and 0.36 nm,

respectively. We have achieved high grafting densities for all

samples, and the overall interchain grafting distance in all cases

is less than the radius of gyration of these free oligoNIPAM

chains in solution, indicating that the chains are indeed in a

stretched brush-like conformation.

OligoNIPAM film morphology was studied by conducting AFM

measurements in ambient conditions [Figure 4(B–D)]. The

comparison with Figure 4(A) evidenced significant topography

change and surface roughness resulting from polymer forma-

tion. Indeed, oligoNIPAM brushes appear as needle-like struc-

tures homogeneously distributed over the entire substrate area.

Similar morphologies were observed for the oligoNIPAMAOH

and oligoNIPAMACOOH brushes, however, with random dis-

tributions of apparent needle-like structures. The rms roughness

of oligoNIPAM brushes was 1.46 nm, whereas those of oligoNI-

PAMAOH and oligoNIPAMACOOH brushes were 0.78 and

1.01 nm, respectively, indicated the decrease of surface rough-

ness in the presence of chain transfer agent. These results

Scheme 1. Surface-initiated NMP of NIPAM in the presence of chain transfer agent.

Figure 5. Evolution of GPC traces of oligoNIPAM, oligoNIPAM-COOH,

and oligoNIPAM-OH synthesized in solution.
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suggest that the functional oligoNIPAM coatings grown by sur-

face-initiated NMP in the presence of chain transfer agent from

bimolecular immobilized silicon surface are dense and highly

homogeneous brushes, as opposed to the coil or mushroom

configurations46 that are likely obtained upon grafting function-

alized polymers from solution.

The oligoNIPAM chains with functional end-group also lead to

characteristic changes in the polarity of the surfaces that are

directly reflected in wetting behavior. Therefore, we performed

water contact-angle measurements to quantify the correspond-

ing changes for each oligomer brushes with different end-group.

The static water contact-angle of oligoNIPAM was found to be

89.7� 6 0.4� [Figure 4(B)]. The incorporation of AOH and

ACOOH functional groups into the oligoNIPAM chains as end-

group caused to the increase of surface hydrophilicity. In this

case, the static water contact-angle of oligoNIPAMAOH and

oligoNIPAMACOOH decreased substantially to about 51.9� 6

1.8� and 33.2� 6 0.2�, respectively, consistent with the hydro-

philic nature of these surfaces [Figure 4(C,D)].

To further characterize oligoNIPAM brushes, samples were then

analyzed using GA-FTIR and XPS. GA-FTIR spectra of oligoNI-

PAMAOH and oligoNIPAMACOOH brushes are represented in

Figure 2(C,D). In all cases, we clearly observed the amide I

band (1647 cm�1, (C¼¼O stretching) and amide II band (1550

cm�1, NAH stretching). The presence of two bands at 1367 and

1388 cm�1 are associated with the deformation of two methyl

groups on isopropyl [Figure 2(B)].44 A carboxylic acid band at

3278 cm�1 in the GA-FTIR spectrum [Figure 2(C)] reflects the

formation of a oligoNIPAMACOOH, whereas a broad hydroxyl

band at 3500–3300 cm�1 [Figure 2(D)] indicates the formation

of a oligoNIPAMAOH.

Elementary composition and values of binding energies given

by XPS are summarized in Table I. Detailed O 1s, N 1s, C 1s,

and S 2p core level spectra recorded for oligoNIPAM brushes

with different end-groups are also displayed in Figure 3(B–D).

They show the typical fingerprint of oligoNIPAM backbone47

with binding energies recorded at 533.7 eV (C¼¼O) for O 1s,

400.7 eV (NAH) for N 1s, and 286.1 eV (C¼¼O), 284.0 eV

(CAN) and 285.0 eV (CAC/CAH) for C 1s. More specific sig-

nal was the small S 2p peak at about 165 eV (CAS), indicating

the formation of oligoNIPAM brushes with AOH and ACOOH

end-groups.

CONCLUSIONS

In conclusion, for the first time to our knowledge, surface-initi-

ated NMP in the presence of chain transfer agent has been uti-

lized by the bimolecular macroazoinitiator-anchored silicon wa-

fer to prepare oligoNIPAM brushes with different end-groups.

The fragmentation of immobilized bimolecular macroazoinitia-

tor resulted in the formation of free oligomer in solution, which

was characterized and confirmed the formation of well-defined

oligomers. In each cases, film thicknesses correlated well with

experimental molecular weights of free oligomer chains. The

possibility to tune the surface properties (e.g., film thickness,

grafting density, wettability, and surface morphology) by using

different chain transfer agents was also demonstrated. Unlike

other grafting process, surface-initiated NMP technique in the

presence of chain transfer agent can be advantageously applied

to the production of oligomer brushes with different end-

groups. Studies of the stimuli responsive behavior of oligoNI-

PAM brushes are currently under investigation in our laboratory

and will be the subject of an upcoming report.
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