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ABSTRACT: The synthesis of densely grafted monolayers of polymers carrying a wide spectrum of functional
groups is described. To this surface-attached chains with active ester groups were generated through surface
initiated polymerization oN-methacryloylg-alanineN'-oxysuccinimide ester (MAEAE) using a self-assembled
monolayer of an azo initiator on the surfaces of silicon oxide substrates. The layer thickness of the polymer
monolayers can be easily controlled through the adjustment of the monomer concentration during polymerization.
The aminolysis of the active ester groups within the brush with vaniealkylamines (G—Cyg) was studied by

infrared and surface plasmon spectroscopy. It is also shown that amines that carry additional functional groups
such as amino acids, sugars, dyes, crown ethers, and aminoterminated polymers such as poly(ethylene glycol)
derivatives can be used to incorporate many different functional moieties into the polymers.

Introduction surface of the substrate. Using this approach we were able to
synthesize polymer brushes in a well controlled way from
monomers like styrene or methyl methacrylate with a thickness
f up to 2200 nm and graft densities that correspond to averaged
nchor distances down to 2 nif.
In order to create functionalized polymer brushes on a surface
following this approach one can of course use monomers that
arry the desired groups and grow the layer directly using these
onomers. However, in order to generate thick brushes at a
Siven graft density, a high molecular weight of the surface-
attached chains is needed. The molecular weight of the generated
chains scales linearly with the monomer concentration used in
the polymerization reaction. Thus, in typical experimental
procedures, even for small substrates, milligram to gram
amounts of the monomer are needed. Such requirements would
render the process prohibitively expensive, in particular, if
complicated biomolecules are used, as such large amounts of
monomer will not be available for all systems at a reasonable
price. Additionally, each variation of the functional monomer
. ! . .~ requires that the entire polymerization behavior of this monomer
forward. Simple measurements of an increase of the mass Oftoleratle the presence of all pos&blg functionalities that might
) be of interest. As in any other chain growth process, groups

:22 s;:;;felaﬁeé dusytos'gg)rﬁ’gr??tgﬂ O(Si?f(ijcdjltogqaallimst?g?l Jlrv%m which act as Ferminating or strong transfer agents prevent the
reasons: (a,) tHe”mass incr,ease of the monolayer is rather IOWformqthn of high-molecular vyelght surface-atta_ched_chalns_ and
and (b) ﬁonspecific adsorption/binding of competing molecules thqs limit thg number of functional groups gonta!ned in the film.
from the analyte might contribute significantly to the measured ThIOI-Or- amine groups, for e_xample, contame_d n the- monomer
signal? To circumvent this problem one needs either to introduce will limit the molecular weight of the growing chains very
Iabeliﬁg techniques, which improve the sensitivity, or to establish strongly and _render only unaccep.tably thin films. .

-3 > ! ) On the basis of these considerations, we choose an alternative
fabrication techniques that increase the density of the probe

] n th of One promising strat is 1o follow route and used a monomer with a reactive group which is
9 oups on the su acej‘. € promising strategy 1s fo follow a sufficiently stable under polymerization conditions and can then
skyscraper approach” and to incorporate these groups into a

. . be transformed into the desired function after the preparation
polymer matrix on top of the sensor chip.

_ of the polymer monolayer (Figure 1a).
In recent years, we have developed a technique to grow dense

monolayers of terminally grafted polymer chains on various EXperimental Section
solid substrates using surface-initiated polymerizatichiThis ~ Materials. Methacryloyl chloride -alanine,N-hydroxysuccin-
technigque makes use of self-assembled azo-initiator monolayerdmide, n-alkylamines (G~Cyg), O-(2-aminoethyl)o'-methyl-

for the direct polymerization of suitable monomers on the Poly(ethylene glycol) (monoaminoPEG) 5000, 2000, and 750,
2-aminomethyl-15-crown-5, allyl alcohol and 4akobis(4-cyano-

pentanoic acid) were purchased from Fluk&Glucosamine
* To whom correspondence should be addressed. E-mail: ruehe@imtek.de.hydrochloride,L-alanine methylester hydrochloride, and amino-

The decoration of surfaces with specific functional groups is
of interest in many fields of research, especially in the life
sciences. For example, systems are currently being develope
for biomedical implants where short sequences of cell recogni-
tion proteins are immobilized on surfaces to enhance cell
adhesiort. In other systems, antibodies are attached to particle
surfaces and then used for bioanalytical purposes. Functionalize
(self-assembled) monolayers are also the basis for sensors wher:
probe molecules are attached to the surface of a chip, which
create specific binding sites for biomolecules such as DNA or
proteins contained in an analyte (“biochipg”yhese and other
applications have led to a vast effort on the generation of self-
assembled monolayers carrying functional groups. Although,
the self-assembly strategy is from a principal point of view
simple and straight forward, one drawback of the monolayer
approaches is the inherently small number of probe molecules
provided through this approach. The low probe surface density
frequently leads to sensitivity problems of the thus obtained
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methylpyrene hydrochloride were purchased from Aldrich. The
substrates for suface plasmon spectroscopy (SPS) were prepared
by evaporating Ag (50 nm) and then SIL < x < 2, 30 nm)
layers onto glass slides (BK7 and LaSFN9). The substrates for
transmission FTIR spectroscopy were silicon wafers polished on
both sides (Aurel) with a natural Si@kyer of approximately 2.5
nm. N,N-Dimethylformamide (DMF) was distilled from activated
molecular sieves (4 A, 308C for 16 h) after drying with calcium
hydride. Toluene was distilled from molten sodium using ben-
zophenone as an indicator. Triethylamine was distilled from calcium
hydride. All drying procedures were performed in an atmosphere
of dry argon and the resulting dry chemicals and solvents were
also stored under such an atmosphere.

Characterization. *H and*3C NMR spectra were recorded on a
Bruker DPX 250 spectrometer in CDLIRoutine FT-IR spectra
were obtained with a Perkin-Elmer Paragon 1000. Transmission
FT-IR spectra of the attached polymer layers were recorded using
a Nicolet 730 FTIR spectrometer. Melting points (mp) were
measured on a Laboratory Devices Mel-Temp Il. The layer
thickness of the grafted polymers were obtained by°3R&g a
set up in Kretschmann configuratinwith a He—Ne laser { =
632.8 nm), 90 prism (BK7,np = 1.5151, Spindler & Hoyer, and
LaSFON,np = 1.8449, Berliner Glas) and index match liquith (
= 1.5160 and 1.700, Cargill). The refractive index of the polymer
brushes on the substrates were assumed to€l.50.

Synthesis of the Monomer.N-Methacryloyl-g-alanine. To a
solution of s-alanine (8.9 g, 100 mmol) and sodium hydrogen
carbonate (18.5 g, 220 mmol) in,&8 (100 mL) and 1,4-dioxane
(50 mL) was added 10.3 mL of methacryloyl chloride (105 mmol)
in 1,4-dioxane (50 mL) slowly at 0C, and the resulting mixture
was stirred at room temperature overnight. The mixture was washed
twice with ethyl acetate (100 mL) after adding® (100 mL). The
water layer was acidified wit6 M HCI to pH 2 at 0°C and then
extracted five times with ethyl acetate (100 mL). The organic layers
were dried over anhydrous MggJiltered, and the solvent was
evaporated. The resulting residue was purified by recrystallization
from ethyl acetat@-hexane (1/9, v/v); yield 12.3 g (78%), mp-74
76 °C (lit.1* 7073 °C). 'H NMR (250 MHz, CDC}): 6 2.08 (s,

3 H, CH; (allyl)), 2.77 (t, 2 H,J = 5.96 Hz, NHCHCH,CO), 3.74

(t, 3= 5.96 Hz, NHCHCH,CO), 5.49 (s, 1 H, CH (olefin)), 5.86
(s, 1 H, CH (olefin)), 6.81 (broad s, 1 H, amide), 10.39 (broad s,
1 H, carboxylic acid). IR (KBr): 3354, 2957, 2598, 1715, 1651,
1601, 1546, 1453, 1223, 1196, 1095, 1041, 875, and 80G.cm

N-Methacryloyl-f-alanine Succinimide Ester (MAGAE). To
a solution of N-methacryloylg-alanine (8 g, 51 mmol) and
N-hydroxysuccinimide (5.9 g, 51 mmol) in dichloromethane (100
mL) was added dicyclohexylcarbodiimide (DCC, 10.5 g, 51 mmol)
at 0 °C, and the resulting mixture was kept in a refrigerator
overnight. The precipitated urea was filtered off and the filtrate
was concentrated to 30 mL, causing the separation of the product.
The material was purified by recrystallization from 2-propanol (150
mL): yield 9 g (70%), mp 143144 °C (lit.}* 125-126 °C). 'H
NMR (250 MHz, CDC}): 6 1.82 (s, 3 H, CH(allyl)), 2.72-2.76
(m, 6 H, CH (succinimide) and NHCKCH,CO), 3.54-3.61 (t, 2
H, J = 5.96 Hz NHCHCH,CO), 5.21 (s, 1 H, olefin), 5.61 (s, 1
H, olefin), 6.51 (broad s, 1 H, NH (amideffC NMR (62.5 MHz,
CDCly): ¢ 18.9 (CH2=C(CHg)), 26.0 (COCHCH,CO in succin-
imide), 32.3 (NHCHCH,CO), 35.7 (NHCHCH,CO), 120.7 (CH=
C), 139.8 (CH=C), 167.9, 168.9, and 169.6 £0O), IR (KBr):
3411 and 3322 (NH), 2996 and 2931 (€H), 1809, 1781, and
1725 (G=0 (succinimide ester)), 1657 €0 (amide)), 1619 (&

C), 1540 (N-H), 1226, 1210, 1196, 1081, 1064, 879, and 649%m

Synthesis of the Azo Initiator 4,4-Azobis(4-cyanopentanoic
acid-(3-chlorodimethylsilyl)propyl ester) (ADS). The initiator

Figure 1. (A) Schematic illustration for the two-step process used for ADS was obtained by esterification of the acid chloride of 4,4
the generation of functional polymer brushes. First, a brush containing azobis(4-cyanopentanoic acid) with allyl alcohol followed by

reactive sites is generated through surface initiated copolymerization : : P . ) :
which is then transformed to the desired functional brush following a HYdrosilylation with dimethylchlorosilane. Details of the synthesis

polymer analogous reaction. (B) The reactive brushes are generatec®! this and related compounds have been repdrtetf.
from a monolayer of an azo initiator using a active ester bearing ~ Immobilization of ADS on SiO, Substrates.Substrates for SPS

methacrylate as reactive monomer. These reactive sites are therand FTIR mesurements were dried in vacuo. Then, toluene (20 mL),
aminolyzed using appropriate functional amines. triethylamine (1 mL), and 2 mL of ADS solution (ADS 200 mg/
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toluene 20 mL) were added under a dry argon flow and kept in the A, Biomolecules B, Dyes
dark at room temperature overnight. The modified substrates were HOGHy _O_ _OH NH,
then rinsed with toluene, methanol, and acetone. NHZJﬁ(OC U

Polymerizations. Initiator modified substrates were placed in a o oH Y ™ NH, @
Schlenk tube and covered with monomer and DMF in the desired | . methyl ester OH @@
ratio. The monomer solutions were degassed by five frepaenp— b-glucosamine
thaw cycles and then heated to 80 for 16 h. The samples were @

then extracted with DMF for at lea$ h toremove free polymer
from the layer and finally rinsed with acetone to remove DMF.
The samples were dried in vacuo prior to SPS and FTIR measure-C, Complexing Agents

ments.
Aminolysis of the Active Ester of the Polymer BrushesTo NHZ/\(\O/E

aminomethylpyrene

X k ) o}
the substrates carrying active ester polymer brushes in DMF (3 C Oj NH,(CH,CH,0),CH,
mL), the desired amine (50 mg or Q) and triethylamine (50 O\) 0O-(2-aminoethyl)-O'-methyl
uL) were added and the reactor was kept at’@0for 16 h. The polyethyleneglycol
substrates were then rinsed with DMF and acetone and finally dried 2-aminomethyl-15-crown-5
In vacuum. Figure 2. Chemical structures of the amines used for the generation

) ) of functional polymer brushes from active ester brushes.
Results and Discussions

General Descripition of the System.The system used in
this study is depicted in Figure 1b. Many molecules that are
interesting for sensor applications contain amino groups and
for this reason we decided to first use a monomer that carries
a group that reacts specifically with aminéshydroxysuccin-
imide esters are suitable candidates for this purpose as they are
well-established reagents for the attachment of amino group
containing molecules under mild conditions with excellent
yields11:13-20 0.00

It has been shown previously that such succinimide groups 10.004
can be incorporated into polymers and copolymers via free
radical polymerization, resulting in well-defined polymét&7-2°

In this paper, we describe the synthesis of “active ester 10.002
polymer brushes” on planar substrates udiigethacryloyl-
fp-alanineN'-oxysuccinimide ester (MAGAE) as a monomer co9
and monolayers of 4'4zobis(4-cyanopentanoic acid-hlo- | 0.000
rodimethylsilyl)propyl ester) (ADS) to start the surface-initiated 0.015
polymerizations. We have chosen this specific monomer as it
has a short ethylene spacer between the polymer backbone and
the active ester unit which should avoid possible steric problems
during reaction of the amine with the succinimide ester moiety. 0.005 |

We have first studied the aminolysis reaction of the active c18 ’A}‘\u
ester polymer brushes with simptlealkylamines as model
compounds. Second, functional amines were used to explore 0.000
the versatility of the approach:-alanine methylester and : .
D-glucosamine as examples for biomolecules; aminometh- 4000 3000 2000
ylpyrene as a simple dye molecule; 2-aminomethyl-15-crown-5 Wavenumber (cm)
as an example for a moiety with complexation properti2$2- Figure 3. Transmission FTIR spectra of polymer brushes on,SiO
aminoethyl)©'-methylpoly(ethylene glycol) (monoaminoPEG) substrates: (AE) active ester polymer brushes; (C9) brush reacted with
as a typical compound for the improvement of the biocompat- 1-nonylamine; (C18) brush reacted with 1-octadecylamine.
ibility.

The latter polymeric amines are also interesting model
compounds for the investigation of the incorporation of larger

molecules into brush monolayers. The structures of all com- | 4 ]
pounds used in this study are shown in Figure 2. ester polymer brushes were rinsed and extensively extracted with

Preparation of Active Ester Brushes on the Substrates. ~PMF for at leas 6 h toremove nonattached polymer chains.
The first step in the preparation of polymer brushes via radical ~As quite thick brushes were obtained, it was possible to
“grafting from” polymerization is the self-assembly of the characterize the structures of the active ester polymer brushes
initiator species on the surface of the substrates. In this study,directly by transmission FTIR spectroscopy, as shown in Figure
we have used an azo-initiator that carries two dimethylchlo- 3 (for AE). Apart from absorption bands around 3400
rosilane end groups that can both potentially react with silanol and 3000 cm® which can be attributed to €H stretching
groups on SiQsurfaces and result in either mono- or bidentate vibrations, typical signals from th&l-oxysuccinimide ester
attachment-812while it is generally more straight forward to  groups are found at 1815, 1785, and 1737 tmAbsorptions
use an initiator species that can only react with one reactive at 1661 and 1520 cm can be assigned to the amide | and Il
site, it has been shown befofethat the compound ADS is  bands, respectively. The area below ca. 1200'dsidominated
very easily synthesized and gives well reproducible initiator by absorption bands caused by solid-state vibrations of the
layers if appropriate dry conditions are chosen. silicon oxide layer.

0.04

0.03

0.02

0.01

Absorbance

AE

9oueqIOSqQy

0.010

Absorbance

The surface initiated polymerizations using MAXE as an
active ester monomer were carried out at“@for 16 h in
DMF. After completion of the polymerization reaction the active
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Angle 6 (deg) Figure 5. SPR reflectivity curves of polymer brushes before and after
reaction withn-alkylamines in DMF at 40C for 16 h. Key: (a) blank
(SiOy; 50 nm, Ag; 50 nm, and BK7); (b) active ester polymer brush
(B) before reaction with amine (30 nm); (c) sample reacted with 1-propyl
80 (18 nm), (d) 1-dodecyl (39 nm), or (e) 1-octadecylamine (52 nm). Solid
lines represent results of Fresnel calculations.
T 60 used to introduce functional groups via aminolysis. This reaction
£ of N-oxysuccinimide esters in solution has been well-stufied.
o However, the constrained geometry inside a brush might
2 40 influence the accessibility of the active ester groups which in
_§ ° turn might lower the degree of functionalization obtained in
£ this reaction. To study this, we first investigated the polymer
5 20 analo i i ith si
5 gous reaction of the active ester brushes with simple alkyl
3?‘ amines of variable molecular weight {€C;g).
0 The reactions were carried out at 40 for 16 h in DMF as

a solvent. After completion of the aminolysis reaction, the
substrates were extracted with DMF and acetone. For solubility
reasons all samples where 1-octadecylamine was employed were
extracted with chloroform. All substrates were dried in vacuum
prior to characterization.

The chemical structures of the polymer brushes obtained after
aminolysis with G and Gz amines were at first studied
qualitatively by transmission FTIR spectroscopy. The spectra
obtained after aminolysis of the active ester brushes wigh C
and Ggamines are shown in Figure 3. All spectra of the amine
modified brushes are dominated by absorption bands of the
C—H stretching vibration originating from the alkyl groups of

For quantitative analysis, the thicknesses of the grafted activethe amines. Furthermore, in the region of the@ stretching
ester polymer brushes were determined by surface plasmonvibration the bands due to tidoxysuccinimide moiety of the
resonance (SPR). The reflectivity curves obtained from these active ester brushes between 1815, 1785, and 173% ane
samples (see Figure 4a) were compared to those obtained byio longer visible. This is a first evidence that the aminolysis of
Fresnel model calculations (results shown as solid lines in Figurethe active ester groups within the polymer brushes proceeds
4a)%10 To obtain the thickness values of the samples a simple with high yield.
box model was employed and a refractive indexnof 1.50 All samples obtained after reaction with the various alkyl-
for the polymer monolayers was assumed. In Figure 4a the amines were further investigated by SPR. In Figure 5, the SPR
reflectivity curves of a blank substrate (a) and of samples with reflectivity curves of (a) a blank substrate, (b) of an active ester
surface-attached polymer monolayers obtained from polymer- polymer brush prior to aminolysis, and-e) of various polymer
izations at different monomer concentrations-) are shown.  prushes after reaction with selected amines (1-propylamine,
It can be easily seen that the resonance angles are stronglyl-dodecylamine, and 1-octadecylamine) are shown. The reso-
shifted to higher values for samples obtained at higher monomernpance angle of the sample reacted to 1-propylamine is shifted
concentrations. The thickness values derived from the Fresnelig a lower value compared to that of the active ester polymer
analysis of these curves are plotted in Figure 4b as a functionbrush prior to reaction, while the resonance angles of the samples
of the monomer concentration. The layer thicknesses obtainedafter reaction with 1-dodecyl and 1-octadecylamine are shifted
under the given reaction conditions range from 12 nm (0.18 to significantly higher values.
mol/L) to 67 nm (1.0 mol/L). As expected for a free radical  For further analysis, the SPR curves were used to obtain layer
polymerization process, a linear increase of the sample thicknesshicknesses of the polymer brushes after reaction with the alkyl-
with increasing monomer concentration was found, which shows amines. Again, a refractive index nf= 1.50 was assumed for
that the chosen parameters and reaction conditions offer goody|| polymer monolayers. In all cases an active ester brush with

00 02 04 06 08 1.0 1.2
Monomer Concentration (mol /L)

Figure 4. (A) SPR reflectivity curves of active ester polymer brushes
obtained on the surface of Si@g-glass substrates by surface-initiated
polymerization in DMF at 60°C for 16 h. Key: (a) blank (SiQ 30

nm, Ag; 50 nm, and BK7); (b) monomer concentration [M]0.18
mol/L (12 nm), (c) [M]= 0.51 mol/L (31 nm), (d) [M]= 0.68 mol/L

(44 nm), or (e) [M]= 1.00 mol/L (67 nm). Solid lines represent results
of Fresnel calculations, respectively. (B) Layer thickness of active ester
polymer brushes as a function of the monomer concentration used
during “grafting from” polymerization with SAIMs in DMF at 60C

for 16 h.

control over the brush growth.

Reaction of the Active Ester Polymer Brushes with
n-Alkylamines. The active ester groups in the brushes can be

an identical thickness of approximately 30 nm was used as
starting material. Upon aminolysis, the thickness of the layer
changes depending on the chain length of the alkylamine used.
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If, for example, 1-propylamine is used, a reduction of the layer (A)
thickness to 18 nm is obtained, whereas reaction with dodecyl-
and octadecyl amine leads to an increase of the layer thickness
to 39 and 52 nm, respectively.

In order to understand this behavior, we have to consider
that the aminolysis reaction changes the molecular mass of the
attached polymer molecules and, therefore, the total mass of
the monolayer. This translates directly to changes in the
thickness of the layer before and after aminolysis.

The thickness. of a polymer monolayer is given by

L'Cn / L'AE

I'M,
L= (1) 0.5 PR S S S T SN TR T
p 2 46 81012141618
In this equation" is the graft density of the brush amd, the C,
number-average molecular weight of the attached polymer (B)
chains.p is the materials density of the monolayer. Now, the 25 25
ratio (Lo/L;) of the layer thickness before (1) and after (2) :
reaction with an amine can be expressed as
_ 20} /u/- 20 &
N
L,  TyMypy ?) w
_————— w
L, T'y;*Mp, £ 15} 15 =
~ w
< <
If itis assumed, that (a) the chain length of the surface-attached = 1.0} 1.0 =
molecules does not change during the reaction, (b) the ami- s
nolysis proceeds quantitatively, and (c) the graft density of the 05l los
layers is unaffected by the reaction (no chains lost during the ’ ’
reaction,I'y = I'y), we can rewrite eq 2 as follows: 0.0 0.0
L. M "0 2 46 8101214161820
2 201 c
i 3) n
Ly Mo,

Figure 6. (A) Layer thickness ratiol(ci/Lag; O) and repeat unit mass

. ratio Mc/Mag; O) as well as (B) layer thickness ratibdy/Lag; O)
HereM; andM are the molar masses of the repeat units before ang density corrected mass ratio of polymer brushes as a function of

(1) and after aminolysis (2). As a first approximation a constant the molecular mass of the alkylamines used for transformation of active
material density of the brushes;(= p,) can be assumed. Then, ester brushes. The subscript Cn denotes the situation after aminolysis;
Lo/L; should be equal to the ratio of the molar masses of the the subscript AE denotes the active ester brush prior to aminolysis.

repeat units before and after the reactitbh/(M,): ) i
ratios according to eq 3, a good agreement between theory and

L, M, experiment is observed (Figure 6b).
|—_1 - M_1 (4) Preparation of Functional Polymer Brushes.On the basis
of the above-mentioned findings, we wanted to explore the

Reactions with short alkylamines & 8) reduce the molar mass ~ SPectrum of functionalities that might be introduced following
of the repeat units because the mass of the corresponding alkykhis approach. For that, we picked a number of functionalized
chain is smaller than that of t-hydroxy succinimide leaving ~ @mines and reacted them with the active ester brushes. The
group. Hence, a lower film thickness of the brush after Structures of these molecules are given in Figure 2. The reaction
aminolysis is expected and also observed experimentally. Forconditions were rather similar to those described above for alkyl
the longer alkyl amines we also find the expected increase in @mines (triethylamineT = 40 °C; t = 16 h; DMF). After the
film thickness after aminolysis. reactions the samples were extracted in DMF and acetone, and
In Figure 6a, the two ratiod;/M, (open square) anth/L, dried in vacuum. Water was used in the cases-gfucosamine
(open circles) are shown as a function of the chain length of and the monoamino PEGs.
the amines. The data confirm the expected behavior fairly well. ~ The transmission FTIR spectra of the obtained functional
The slight difference between the slopes of the regression curvebrushes are given in Figure 7. These spectra show that the
of the experimental data and the values calculated according toaminolysis proceeds with high yields as the adsorption bands
eq 4, can be attributed to the different material densities of the of the N-oxysuccinimide ester moiety are completely missing
respective layers. This is indeed expected as the density of alkylin all product spectra. In addition, the spectra of the various
chains is smaller than that of the backbone polymer and the functionalized brushes clearly show adsorption bands that are
relative contribution of the alkyl substituents to the total mass indicative for the incorporated moieties. The details of the
of the polymer increases with increasing chain length of the absorption spectra are summarized in Table 1.
alkyl groups. Although the exact materials densities of the  The layer thicknesses of the polymer brushes after reaction
polymers before and after aminolysis are unknown, a rough with L-alanine methyl ester ob-glucosamine were almost
estimation of these values can be made if the density incrementsdentical to that of active ester polymer brushes. This behavior
based on van der Waals radii of suitable molecular fragmentsis due to the fact that the groups attached to brush have roughly
in the amorphous state are ugéé Details on these calculations  the same molar mass as the leaving grbieipydroxysuccimide.
are available in the Supporting Information. If the obtained Figures 8 and 9 show SPS curves of the polymer brushes before
density values are used to refine the calculation ofltfie; (b) and after reaction with aminomethylpyrene (c, Figure 8) and
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0.010 1.0
0.005
A 2
0.000 2
805
0.010 s
14
0.005
B
0.000 0.
0.006 40 50 60 70 80 90
Angle 6 (deg)
0.003 Figure 8. SPR reflectivity curves of polymer brushes before and after
c reaction with aminomethylpyrene in DMF 4C for 16 h. Key: (a)
0.000 blank (SiQ; 50 nm, Ag; 50 nm, and BK7); (b) active ester polymer
brushes before reaction (24 nm); (c) sample after reaction with
0.010 aminomethylpyrene (38 nm). Solid lines represent results of Fresnel
calculations.
0.005
2 0.000
) .
o 1.0 gow
© 00,
2 0.010 > 00%%
° - —
2 0.005 2
< E g 0.5
0.000 s
4000 3000 2000 ©
Wavenumber (cm) c
Figure 7. Transmission FTIR spectra of aminolyzed active ester 0.0 4b 5b 6.0
polymer brushes on SiGsubstrate. Key: (A) reacted withalanine Angle 0 (deg)
methyl ester, (B)p-glucosamine, (C) aminomethylpyrene, (D) ami- ] o
nomethyl-15crown-5, or (E) monoaminoPE@{= 750). Figure 9. SPR reflectivity curves of polymer brushes before and after
reaction with 2-aminomethyl-15-crown-5 in DMF 4@ for 16 h.
Table 1. IR Absorption Bands of “Functional” Polymer Brushes Key: (a) blank (Si@ 30 nm, Ag; 50 nm, and BK7); (b) active ester
- K polymer brushes before reaction (18 nm); (c) sample after reaction with
. absorption pea aminomethyl-15-crown-5 (23 nm). Solid lines represent results of
run aminé em™) assignment Fresnel calculations.
A L-alanine methyl ester 3353 -\H; amide
2936 CH of polymer molecules from the environment into a densely
1740 C=0; ester s pice . .
1640 =0 amide grafted, swollen brush is difficult and that not all reactive (active
1541 N-H: amide ester) moieties may find an appropriate reaction partner from
B p-glucosamine 3356 ©H; hydroxy, solution. Obtaining high degrees of conversion might be difficult
2033 o ’\l‘;Hi amide both for kinetic and thermodynamic reasons.
1636 C;O' amide On the one hand, the polymer molecules have to diffuse
1518 N-H: amide against the steep concentration gradient built up by the segment
C  aminomethylpyrene 3313 AH; amide density profile of the surface-attached polymer chains in order
3044 G-H; pyrene ring to react with active ester moieties in the inner parts of the brush.
iggg g;g, amide The diffusion barrier will slow down the diffusion into the brush
1512 N-H: amide very strongly and will push the time required for complete
D  aminomethyl-15-crown-5 3328 AH: amide conversion beyond experimentally accessible time frames. With
2927 C-H _ increasing conversion, the barrier created by such an “uphill”
iggg gjgo; crown s diffusion process will become even higher and higher. The
1522 NeH- gﬂ;dg argument here is very similar to that used in the case for the
E  monoaminoPEyg 3351 N-H: amide chemisorption of polymer chains onto a solid substrate (“grafting
2870 GCH to” process for the formation of polymer monolayers) which
1653 G=0; amide also shows such a self-limiting behavgr2s
1522 N-H; amide

On the other hand the polymepolymer interactions will not

with aminomethyl-15-crown-5 (c, Figure 9). For both amines just lead to chain stretching and a corresponding reduction of
the SPS resonance angles are shifted to higher values aftethe entropy in the polymer backbone. The same is true for the
reaction. This suggests that the layer thickness is increased du¢’EGs that enter the brush. This loss of entropy of all participat-
to the increasing molar mass of the monomer unit after reaction ing polymer chains is compensated only by the formation of
with the amines. one single chemical bond, which renders very high conversions

Grafting of Polymers onto Polymer Brushes.Interesting also for thermodynamic reasons unfavorable.

questions arise if instead of low molecular weight reagents Amino-terminated PEGs were chosen as a model polymers
oligomers or polymers are to be attached to the brushes. Infor this study for availability reasons and because monolayers
particular, in the latter case, it is expected that the penetrationof PEG are known to prevent protein adsorption to the coated
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Figure 10. SPR reflectivity curves of polymer brushes before and after
reaction with PEGs in DMF at 40C for 16 h. Key: (a) blank (SiQ

30 nm, Ag; 50 nm, and LaSFN9); (b) active ester polymer brushes
before reaction (24 nm); sample (c) reacted with monoaminoR&G,

= 750 (78 nm), (dM, = 2000 (147 nm), or (eM, = 5000 (181 nm).
Solid lines represent the results of the Fresnel calculations.

surface€® The SPS curves obtained from samples before and
after reaction with monoamino PEGs of different molecular
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polymer can be covalently attached to the brush. In one example,
a 5000 g/mol molecular weight poly(ethylene glycol) was
attached to every third repeat unit of the surface-attached chains.
It will be interesting to study the influence of the graft density
of the polymer and the molecular weight of the attaching
polymer upon the conversion of the reactive sites. Such studies
are currently underway.

We expect that functional polymer monolayers such as the
ones described here will prove to be useful for a wide range of
different applications. We see a strong potential especially in
the field of biosensors because they offer the unique opportunity
to provide a high number of sensor units per surface area which
in turn allows the simplification of the read-out techniques
needed to quantify the sensor signals (label-free detection).
Experiments along these lines are currently performed in our
laboratories.
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Supporting Information Available: Text describing the esti-

weights (\7|n = 750, 2000, and 5000) are shown in Figure 10. mqtion of polymer densities'before and after aminolysis and tables
The resonance angles after the reactions shift to significantly 9iving data for the calculation of molar volumes and the molar.
higher values corresponding to film thickness of 78, 147, and Mass, molar volume, and density values and denisty corrected ratio

181 nm. This indicates an increase of the thickness by a factor

of 4 (PEG 500), 8 (PEG 750), and 10 (PEG 5000), respectively.
To determine the degree of conversibaf the active ester

of the molar masses of the polymer brush repeat units before and
after aminolysis. This material is available free of charge via the
Internet at http://pubs.acs.org.

groups, we again assume that the brush’s material densitygeferences and Notes

remains unaltered by the aminolysis reaction. Equation 3 can
then be rewritten as

LPEG= MPEGf + MAE(l - f)
MAE

®)

I-AE

According to this equation the conversion of the reaction with
the monoamino PEGs can be roughly estimated to 9%
750), 65% M, = 2000), and 34%Nl, = 5000). In agreement

(1) Lin, H. B.; Leach-Scampavia, D.; Ratner, B.; Cooper, Sl Biomater.
Sci. Polym. Ed1993 4, 183.

(2) Ekin, R.; Chu, F. WTrends Biotechnol1999 17, 217.

(3) DeRisi, J. L.; lyer, V. R.; Brown, P. Csciencel997, 278 680.

(4) Prucker, O.; Rbe, J.Macromoleculesl998 31, 592.

(5) Prucker, O.; Rbe, J.Macromolecules998 31, 602.

(6) Prucker, O.; Rbe, J.Langmuir1998 14, 6893.

(7) Rthe J.; Knoll, W. Functional Polymer Brushes. Supramolecular
Polymers Ciferri, A., Ed.; M. Dekker: New York, 2000.

(8) Polymer BrushesAdvincula, C. R., Brittain, W. J., Caster, K. C.,
Ruhe, J., Eds.; Wiley-VCH: Weinheim, Germany, 2004.

with the theoretical considerations described above the degree (9) knoll, w. MRS Bull.1991, 16, 29.
of conversion decreases once the side chains start to contributg10) Kretschmann, EOpt. Commun1972 6, 185.

significantly to the mass of the brush chains for higher molecular
weight amines. However, it is interesting to note that even for
a brush with a high grafting density a polymer with roughly

(11) Ferruti, P.; Betteli, A.; FéreA. Polymer1972 13, 462.

(12) Prucker, O. Ph.D. Thesis, University of Bayreuth 1995.

(13) Anderson, G. W.; Zimmerman, J. E.; Callahan, F.JMAm. Chem.
Soc.1963 85, 3039.

125 repeat units can be attached to every third repeat unit of(14) Anderson, G. W.; Zimmerman, J. E.; Callahan, F.]MAm. Chem.

the brush. The resulting polymeric layer then consists of roughly
of 90 wt % of poly(ethylene oxide) chains, and only 10% of
the total film weight is due to the contribution of the brush
backbone.

Conclusions

In this paper, the synthesis of polymer brushes containing al

variety of low and high molecular weight functional groups was

described. These surface architectures were built through growth

of polymer chains containing succinimide ester groups in a
surface-initiated polymerization reaction. Succinimide moieties

Soc.1964 86, 1839.

(15) Konig, W.; Geiger, RChem. Ber197Q 103 2028.

(16) Altmann, K. -H.; Mutter, M.Chem. Unserer Zeit993 27, 274.

(17) Batz, H.-G.; Franzmann, G.; Ringsdorf, Angew. Chem1972 84,
1189.

(18) Batz, H.-G.; Franzmann, G.; Ringsdorf, Makromol. Chem1973
172 27.

(19) Batz, H.-G.; Koldehoff, IMakromol. Chem1976 177, 683.

20) Arisumi, K.; Feng, F.; Miyashita, TLangmuir1998 14, 5555.

(21) van Krevelen, D. WProperties of Polymers: Their Estimation and

Correlation with Chemical Structurerd ed.; Elsevier: Amsterdam,

1997; Chapter 4.

Brauer, G. M.; Horowitz, E. IrAnalytical Chemistry of Polymers,

Part Ill; Kline, G. M., Eds.; Interscience, John Wiley & Sons: New

York, 1962; p 34.

(22)

embedded into the surface-attached monolayers were used fo(23) Zajac, R.; Chakrabati, Ahys. Re. 1995 52, 6536.

the attachment of various functional compounds containing alkyl
amino groups. We find that the aminolysis with low molecular
weight amines proceeds quantitatively. If polymeric reagents

(24) Kopf, A.; Baschnagel, J.; Wittmer, J.; Binder, Klacromolecules
1996 29, 1433.

(25) Lehmann, T.; Rioe, J. InMacromolecular Symposiumdler, H. P.
J., Kuckling, D., Jung, J. C., Eds.; 1999; Vol. 142.

are used, the conversion decreases with the molecular weight26) Sofia, S. J.; Premnath, V.; Merrill, E. Wlacromoleculed.998 31,

of the chains that are attached. However, under the conditions

described in this contribution still a very significant amount of

5059.
MA0624550



