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Abstract: A self-assembled monolayer on a planar gold substrate has been used to initiate the living cationic
ring-opening polymerization of 2-ethyl-2-oxazoline. The polymer chain end was functionalized with an alkyl
moiety by means of the termination reaction in order to form an amphiphilic brush-type layer. The resulting
layer d ~ 10 nm) of linear polyl-propionylethylenimine) (PPEI) is of uniform thickness and was found to

be very stable.

Introduction

The preparation of polymer “brush-type” layers on solid
surfaces is of specific interest due to their potential applications
in a variety of technological fields. Their intriguing properties
are based on the fact that all polymer chains are confined into
a small volume near an interface, and sterical restrictions force
them to stretch away from the grafting point to the polymer
layer edge. The theoretical descriptions of polymer brushes
developed by Alexandérand de Gennésbest described the
difference between a free polymer chain system (e.g., dilute
solution) and a chain in a grafted brush.

Due to their confinement, polymer brushes responding to an
environmental stimulus such as solvent quality, ion strength,

temperature, pressure, etc. in a collective, and hence uniform,

way, along with a change of the surface properties. This
behavior can be used to construct functional devices on a
nanometer scafe8
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To obtain a homogeneous polymer brush, first the surface
grafting density has to be uniform as well as high with respect
to the radius of gyration, second the polydispersity inddy/(

Mp) should be near to $and finally all chains should be linear
and only terminally grafted onto the surface. The latter
requirements can easily be met by preparing end-functionalized
polymers by, e.g., living anionic polymerization techniques.
However, the preparation of polymer brushes with high grafting
densities remains an experimental challehge.

Beside the commonly employed technique to form a stable
irreversible grafted polymer layer, which is to chemically graft
a preformed functionalized polymer onto a solid substfaie
the selective adsorption of diblock copolymétshey can be
prepared via a direct surface initiation of the polymerization
reaction. This approach is expected to result in considerably
higher final grafting densities. Here, the grafting densities are
not limited by a sterical barrier imposed by the already bonded
chains, since the smaller monomer can readily access the
initiator site or the propagating chain end. Taking full advantage
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of a living polymerization reaction mechanism, chain ends will of the polycrystalline g_old a_nd decrease the roughness of the crystals.
propagate at the same rate over the entire surface, resulting inSubstrates prepared in this manner feature large Au(111) crystals
a uniform, steady increase in layer thickness. (approximately 0.%:m?) with typical roughness values of 6:B.1 nm

Surface initiated polymerization techniques have been em- (rms). )
ployed for a variety of monomers and different polymerization Monolayer Formation. Self-assembled monolayers of 11-hydroxy-

. . - - L undecanethiolate (HUT) were prepared by immersing clean gold
types, including radical polymerizatishand cationic living substrates (freshly prepared and subjected to Argon plasma treatment

p0|yme_r'zat'o'%3 as well as anionic pOIVme.”.Z_at'on of ;tyrgHg. for 30 s) into a 1QuM solution of HUT in dry THF for 16 h under a

In this paper, we present the surface initiated cationic ring- nitrogen atmosphere. The final thickness (145 nm ¢-0.2)) as well
opening polymerization of a 2-substituted 2-oxazoline resulting as recorded ER FTIR spectra were in full agreement with previous
in poly(N-acylethylenimine). This type of monomer is of results and correspond to the formation of a complete HUT monotayer.
particular interest due to the broad variety of polymerizable  Preparation of Grafted Amphiphilic Poly( N-propionylethylen-
2-oxazolines® The resulting linear polymers are of narrow imine). Freshly prepared HUT monolayers on gold substrates (ap-
polydispersity and can be tailored with respect to their hydro- proximately 1x 2.5 cm) were rinsed with THF, dried, and transferred
phobicity! and crystallinity!” The highly living character of into a reaction flask equipped with a condenser and a three-way
the ring-opening polymerization allows an easy way to prepare stopcock. The air was exchanged with dry nitrogen gas by repetitive
block-copolymers by means of consecutive addition of different evacuation and purging with nitrogen. The substrates were exposed

2_substituted 8 and t inal functi lti b to a constant stream of trifluoromethanesulfonic anhydride vapor for
-Substituted monomers,and terminal functionalities can b€ 1,4t 1 b The conversion of the HUT hydroxyl groups to the triflate

easnylntroc_iuced by the termination reaction using nucleophiles ¢,nctional group was allowed to complete overnight in the sealed
such as primary or secondary amid&sTo demonstrate the  reaction vessel. The reactor was again purged with nitrogen and, using
versatility of our approach, we focus on the polymerization of airtight syringes and septa, 40 mL of dry chloroform and 2 mL of
2-ethyl-2-oxazoline, initiated at self-assembled monolayers freshly distilled 2-ethyl-2-oxazoline were added &@ The reaction

(SAM) on gold. mixture was heated and allowed to react for 7 days under reflux. The
polymerization was terminated by adding a solution of 0.2 §\o¥-
Experimental Section dioctadecylamine in 2 mL of dry chloroform at€. After stirring

for 1 day at room temperature, the substrates were taken out and
Materials. Dry THF (EM Science) was deoxygenated by nitrogen. immediately washed with 5 portions of 50 mL acetone.
Chloroform was obtained from EM Science, freshly distilled in a Preparation of PPEIl;,—OH. Hydroxyl terminated poly{-propio-
nitrogen atmosphere, and stored over molecular sieve (4A). Trifluo- nylethylenimine) PPE}—OH was synthesized by means of living
romethanesulfonic anhydride (Aldrich) and,N-dioctadecylamine polymerization of 2-ethyl-2-oxazoline in dry GAN using methyl
(Fluka) were used as received. 2-Ethyl-2-oxazoline (Aldrich) was tosylate as initiator and aqueous workup to introduce a terminal
purified by refluxing (2 h) over KOH and a subsequent distillation under - hydroxyl function?? The polymerization degree was controlled by the

an atmosphere of dry nitrogéh. initial monomer/initiator ratio of 10/2 Characterization of the final
Preparation of Gold Substrates. Gold substrates were prepared product by matrix assisted laser desorption ionization time-of-flight
by thermal evaporation of gold onto microscope glass slidesX25 mass spectrometry (MALDI-TOF MS) ati-NMR spectroscopy gave

cm, Fischer). The glass slides were cleaned with ethanol in an n= 13, My/M, = 1.141024

ultrasonic bath for 15 min, dried, further cleaned for 15 min by argon Ellipsometry. Ellipsometric data were obtained on an AutoEL
plasma treatment (PLASMOD, March Instruments Inc.), and transferred Rydolf Research ellipsometer with a HNe laser { = 632.8 nm)

into a UHV evaporation setup (Key Vacuum, Inc.). Ata base pressure and a fixed angle of incidence of 7@Null-ellipsometry). For the

of no more than 10 Torr the substrates were baked at 3@for 16 calculation of the layer thickness, a refractive indexnet 1.462 for

h using an UV-halogen lamp. This promotes the adhesion of the gold the HUT monolayer anah = 1.591 for the polymer layer was used.
directly onto the gIaSS slides and an adhesive |ayer of chromium or The in situ e”ipsometry measurement (swe”ing experiment) was
titanium is no longer necessary. A layer of 100 nm gold (99.99%) performed as follows: The sample substrate was placed on the
was evaporated onto the bare glass at the same temperature with @|lipsometer stage, and two stripes of filter paper were plackdhm
constant rate between 0.15 and 0.2 nm/s. The deposited gold film wasapart to allow the laser beam to reflect from the surface. The filter
further annealed at 30T for another 16 h to increase the crystal size  papers were covered with glass slides to minimize the evaporation rate
as well as temperature fluctuations during the experiment and then
soaked with the solvent. Ellipsometric data were collected throughout

(11) (a) Hadziioannou, G.; Patel, S.; Granick, S.; TirrelLIMAm. Chem.
So0c.1986 108 2869. (b) Dan, N.; Tirrell, MMacromolecules993 26,

4310. (c) Belder, G. F. ten Brinke, G.; Hadziioannou,L@ngmuir 1997 the experiment. The time resolution of collected data points was
13, 4102 and references therein. typically 40 s. Given values are averaged from consecutive measure-
(12) See, for example: (a) Carlier, E.; Guyot, A.; Revillon, React. ments showing a stable reading for a minimum time interval of 15

Polym.1991, 16, 115. (b) Boven, G.; Oosterling, M. L. C. M,; Challa, G.;  min. Although a “swelling kinetic” can be recorded in this manner,
Schouten, A. JPolymer199Q 31, 2377. (c) Tsubokawa, N.; Maruyama,  repeated experiments showed that the time dependency of the swelling

K.;(fg)ngb;(r.];gghgw.og?%?ﬁ hép'ogcgﬁﬁqlls%i?afnlr’nlll\s"Winkelmann H.: step was not reproducible due to a strong influence of the homemade

J. Macromol. Sci. Cheml992 A29 (11) 997. setup (solvent diffusion rates through the filter paper).
(14) Jordan, R.; Ulman, A.; Kang, J. F.; Lee, J. H.; Balsara, N.; A control sample of a deuterated poly(styrdsieek-4-vinylpyridine)
Rafailovich, M. H.; Sokolov, J. Manuscript in preparation. (n=220), anchored to a silicon substrfitiey the poly(4-vinylpyridine)

(15) Seeliger, W.; Aufderhaar, E.; Diepers, W.; Feinauer, R.; Nehringer,

R.. Their, W.: HellmannH. Angew. Chem1966 20, 913. (b) Witte, H.. block (h = 20) was tested using this method. The swelling of the

Seeliger, WLiebigs Ann. Cheml974 996. layer from 1Q.4 nm in air as a poor solvent to 25.4 nm _in toluene_ as
(16) (a) Guinot, P.; Bryant, L.; Chow, T. W.; Saegusa,Macromol. measured with this setup is in excellent agreement with the height

Chem. Phys1996 197, 1. (b) Kobayashi, S.; Igarashi, T.; Mariushi, Y.;

Saegusa, TMacromolecules986 19, 535. (21) Ulman A.; Evans, S. D.; Shnidman, Y.; Sharma, R.; Eilers, J. E.;
(17) (a) Bassiri, T. G.; Levy, A.; Litt, MJ. Polym. Sci1967,B 43 Chang, J. CJ. Am. Chem. S0d.991, 113 1499.

871. (b) Seitz, M.; Plesnivy, T.; Schimossek, K.; Edelman, M.; Ringsdorf, (22) Kobayashi, S.; Masuda, E.; Shoda, Bacromoleculesl 989 22,

H.; Fischer, H.; Uyama, H.; Kobayashi, Macromolecule4996 29, 6560. 2878.
(18) See: Kobayashi; S. Ethylenimine PolymersPtogress in Polymer (23) Jordan, R. Ph.D. Thesis, Mainz, 1996.

Science;1990; Vol. 15, p 752 and references therein. (24) Results obtained in the frame of another work on the preparation
(19) Kobayashi, S.; Uyama, H.; Higushi, N.; SaegusaMacromolecules of multifunctional amphiphilc poly(2-oxazolines). Jordan, R.; Martin, K.;

199Q 23, 54. Rader, H. J.; Unger, K. K. Manuscript in preparation.

(20) Seeliger, W.; Aufderhaar, E.; Dieper, W.; Feinauer, R.; Nehringer, (25) Silicon wafer with a natural oxidized SiQayer of approximately
R.; Their, W.; Hellmann, HAngew. Chem1966 20, 913. 1.5 nm was cleaned by the RCA method prior to use.



Downloaded by BBWS CONSORTIA GERMANY on July 22, 2009
Published on January 21, 1998 on http://pubs.acs.org | doi: 10.1021/ja973392r

Surface Initiated Polymerization of 2-Oxazolines

OH OH OHOH

J. Am. Chem. Soc., Vol. 120, No. 2, 2998

.
CoHs—i®
SO,CF3 N 2 " :I
+ Au 0(80,—CF3); J oTf"
— R _
EtOH:rt;16 h 1day; 0° C—» reflux
c= 10 pmol/i vapor phase
R R
HUT Au
) —
: g
0 <L j terminal
CoHs CZHS_."‘-@ ANY functionality
OTf™ N /—ALKYL OTf~ NH
n N)\O HN —
L1 oM NALKYL G = polymer
—_—
» —_—
T O n-1 o} n SAM
7 days; 1day; Au
CHCly; reflux CHCI;; rt.
R R

Figure 1. Reaction scheme for the preparation of PPEI films by means of surface initiated cationic ring-opening polymerization of 2-ethyl-2-
oxazoline.

measured by AFM and neutron reflection in toluene liquid-@# nm?2® Saegusa et &P Our recent experimental resyftg* demon-

The accuracy of all thickness values are typically withie-@.2 nm strated the usefulness of the “fast initiation technique”, resulting

error. in end functionalized PPEIs obtained in high yields, narrow
Contact Angle Measurements. Water contact angles were deter- molecular weight distribution, and absence of side products.

mined by using a RafrBlart goniometer equipped with a CAD camera  Most of the reported polymerizations of 2-oxazolines were

and computer aided image analysis. For static contact angles, the angleberformed using acetonitrile as a polar solvent, which favors

at both sides of the free-standing droplet was measured at four dn‘ferentthe propagating ion pair structure. We used chloroform, because

spots of the same substrate. Given results are average values of al he terminating agent\,N-dioctadecylamine, is insoluble in
measurements. As outlined in the Discussion section, the static contact ™ y ’

angles of the amphiphilic polymer layer are strongly affected by a fast a(r:](_-:'tonltrlle but r(]:an be dissolved in chlor?f%rm even o h
respond of the layer, resulting in quick change of the initial contact | IS €nsures a homogeneous exposure of the terminator to the

angle and therefore subject to a relatively large error. Advancing and llVing polymer chain ends throughout the entire substrate

receding angle measurements were found to be most accurate andurface.

reproducible if the tilting plate method were used. Figure 1 outlines the reaction pathway for the preparation of
FTIR Spectroscopy. ER FTIR spectra were recorded using a Magna Poly(N-propionylethylenimine) (PPEI) brush-type layers.

760 IR spectrometer equipped with a grazing angle setup (fixed angle ~ The layer thickness as measured directly after the last washing

of 80°, FT-80, SpectraTech), a polarizer (p-polarization) and a MCT-A step at different spots across the entire substrate was 9.1 nm.

detector cooled with liquid nitrogen. 2000 scans were accumulated at The scattering of the thickness values of oml).3 nm is

a spectral resolution of 2 cmh for the ER FTIR spectra. The bulk  presumably due to a homogeneous initiation, polymerization,
spectrum of PPEI (500 scans) was recorded with a Nicolet 5 SXB g1d termination reactiot.

equipped with a SpectraTech IRplane microscope setup at a spectral

resolution of 4 crmL Figure 2 displays the external reflection (ER) FTIR spectra

of the thin film along with a typical bulk spectrum of an
analogous PPE{—OH.

The similarity of both FTIR spectra confirms a successful
reaction as outlined in Figure 1. In particular, the pronounced
amide | band at 1650 cm is characteristic for the presence of
atertiary amide groug', which is created upon the ring-opening
polymerization of 2-oxazolines. In the fingerprint region,
several bands appear at the same or only slightly shifted
positions. Differences in the positions and relative intensities
for, e.g., the CRdeformation bandsd(CHy), and in the Ck
stretching ¢ CHy) region are to be expected due to the presence
of the underlying SAM and the differently functionalized
polymer chain ends in the spectrum of the grafted PPEI.

Results and Discussion

To induce a homogeneous growth of polymer chains on a
planar surface by means of living cationic polymerization, the
starting reaction has to be fa&infiation > Koropagatiop and highly
efficient. It is well-known that the polymerization mechanism
of 2-oxazolines strongly depends on the reaction conditions,
solvent polarity, initiator/gegenion characteristics, and the kind
of substitution at the 2-position of the monomer. Especially,
the choice of the initiator determines if the propagating end is
mainly a covalent species or an ion pair. Reviewing the
literature!®27.28and from our own experience, triflate groups
attached ta-alkyl chains are ideal candidates for our purpose.  (29) Kobayashi, S.; lijima, Igarashi, T.; Saegusa,Macromolecules

i i i i i i 1987, 20, 1729.
The highly living character of the resulting onium/rifiate ion (30) Note, that the lateral resolution of the given ellipsometric data is in

pair as the active propagating species was demonstrated the range of several millimeters and thickness values are averaged over an
area of approximately 1 minDetailed investigations on the topography as
(26) Overney, R. M.; Leta, D. P.; Pictroski, C. F.; Rafailovich, M. H.;  well as the mechanical properties in the presents of different solvents at a
Liu, Y.; Quinn, J.; Sokolov, J.; Eisenberg, A.; Overney,Rbys. Re. Lett. nanometer scale by means of scanning probe microscopy techniques are
1996 76, 1272. currently ongoing in our laboratories.
(27) Dworak, A.; Schulz, R. CMakromol. Chem1991, 192, 437. (31) Bellamy, L. J. InThe infrared spectra of complex molecules
(28) Liu, Q.; Konas, M.; Riffle, J. SMacromoleculed993 26, 5572. Chapman and Hall: London, 1973.
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Figure 2. Comparison of FTIR spectra for identification: (a) ER FTIR spectrum of grafted PPEI and (b) bulk spectrum (transmission) of PPEI
recorded as a casted film on a KBr crystal.
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Figure 3. Analysis of the CH-stretching region (306@800 cm?) and the amide | band around 1650 ¢m(a) ER FTIR spectrum of PPEI as
grown on the triflate functionalized HUT SAM. (b) ER FTIR spectrum of HUT SAM. (c) Subtraction result e{l¢&) (d) Bulk spectrum of PPEI.

A direct comparison of the ER FTIR spectrum of the HUT data gave a resulting total thickness of 3.25 nmd}c-PPEby—
monolayer with the grafted PPEI indicate an almost quantitative Si) composed of a polymer sublayer thickness of 1.75 nm and
conversion of the primary alcohol function of the HUT to the a polymer supported alkyl superficial layer of 1.5 nm. These
triflate and its subsequent reaction leading to the grafted values were obtained from water-swollen layers with induced
polymer. Considering the sterical requirements of a grafted spontaneous organization in terms of a phase separation of the
polymer chain at its final length, it is unlikely that all functional amphiphilic ligands into a hydrophilic polymer layer and a layer
sites successfully initiate a polymerization reaction. The fate of the tethered alkyl moieties. Although an optimized silaniza-
of the unused initiator could not be determined by FTIR, due tion reaction was employed to ensure maximum grafting
to the complexity of the resulting PPEI spectrum. However, densities, the integral adsorption for the amide | band of the
the characteristic bands for the HUT monolayer around 3570 corresponding ATR FTIR spectra is significantly lower than in
cm 1 (v OH, broad) and 1258 cm (i, OH, strong) could not the ER FTIR spectrum presented here (Figures 2 and 3).
be identified in the polymer spectrum (Figure 2a); therefore, = To compare thickness values of both systems, we performed
hydrolysis of unreacted triflate may be ruled out. similar swelling experiments with the PPEI system on gold. The

We emphasize that the total amount of grafted PPEI appearssubstrate was stored in water for 24 h, dried with a jet of
to be considerably higher, if compared to the “grafting onto” nitrogen, and mounted onto the ellipsometer stage. The layer
approach, using a similar amphiphilic PP&F2 There, we end- thickness increased from 9.1 nm (as-synthesized) to 11.3 nm.
grafted an amphiphilic silane functionalized PPEHK 10 and This increase in thickness can be explained by the stretching
20) onto planar silica substrates. Analysis of X-ray reflection of the polymer chains to increase polymer solvent interactions.
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After rinsing the substrate several times with ether as a poor can be observetf. This can be explained by a different
solvent, the thickness decreased to 8.4 nm at the same spotconformational freedom and/or intra- and intermolecular interac-
The whole experiment was cycled several times, and almosttions between polymer chains in the grafted PPEI when

identical values were obtained.

Assuming a similar supramolecular arrangement for the
swollen amphiphilic PPEI on gold, we can estimate the
approximate thickness of the PPEI layer. Allowind.3 nm
for the SAM and~1.5 nm for a loosely organized superficial
layer of the terminal alkyl moiety leaves us with 8.5 nm for the
polymer interlayer. A completely stretched PPEI chairn
10) is approximately 3:63.2 nm long?? that means that it would
take 26-28 monomer units to span this distance. This crude

compared to the bulk phase.

It is well-known that SAMs of shorten-alkyl thiols suffer
from stability problems at elevated temperatdtes in boiling
solvents. Especially, HUT and similar-functionalized mono-
layers tend to reorganize in order to reduce the surface free
energy® or partly desorb when subjected to more drastic
conditions. To test the stability of the grafted PPEI layer and
to ultimately verify that the probed amount of the polymer is
indeed irreversibly chemisorbed, one part of the substrate was

estimation has to be considered as the lowest possible numbewashed by means of Soxhlet extraction with chloroform for 1

for the polymerization degree. If we assume a similar grafting
density of this system as obtained with;§G—PPEbo—Si on
silica, the polymerization degree calculates~+4390 as the
“upper limit”. Considering the change in layer thickness upon
swelling by a factor of only 1.35 the grafting density has to be
much higher and therefore the polymerization degree lower.
To estimate the efficiency of the termination reaction, the
CHy-stretching area of both spectra was analyzed (Figure 3).
Subtraction of the HUT monolayer spectrum (Figure 3b) from

the grafted PPEI spectrum (Figure 3a) reveals an overall higher

integral adsorption for the complete Ghtretching area (Figure
3c). The characteristic bands for the g€€&H,—stretching
modes of the propionyl side group, appearing at 2978, 2940,
and 2880 cm%” could be unambiguously identified by
comparison with the PPEI bulk spectrum (Figure 3d). Further-
more, stronger adsorption at 2926 and 2854 tindicate the
presence of additional long-alkyl chains. This suggests a
successful termination reaction of the polymerization byNi
dioctadecylamine (Figure 1). Even though no final conclusions

day. However, no significant differences in thickness values,
wetting behavior, or in the FTIR spectrum could be detected.
The synthesized monolayer/PPEI layer is surprisingly stable
under extreme conditions such as a continuous extraction
procedure with a hot good solvent.

In conclusion, we demonstrated a novel and efficient approach
to immobilize polymers of 2-ethyl-2-oxazolines via surface
induced polymerization using SAMs as surface bonded initiation
sites.

The presented reaction can be readily applied to the broad
variety of 2-oxazoline monomers to form corresponding ho-
mopolymers, as well as block-copolymers of pdlygcyleth-
ylenimines) of different hydrophilic lipophilic balance and
supramolecular structures. Stable, surface bonded polymer
layers can therefore be prepared for different applications
demanding a precise tailoring of their properties with respect
to their adsorption behavior. In this context, PPEI modified
surfaces are of great interest due to the low toxicity and
denaturing potential toward numerous protéinas well as

can be drawn regarding the stochiometry of this reaction step, significant reduction of protein adsorption on PPEI modified
water contact angle measurements indicate the presence ofurfaces® Related studies are currently ongoing in our

bonded alkyl moieties on the surface of grafted PPEI chains. If

the substrate was immersed in water and then air-dried, an initial

contact angle (sessile drop) of 885° was measured. This
value decreased rapidly to a stable value of 62°. Advancing
and receding angles (tilting plate) showed a pronounced
hysteresis of approximately 30 This has been observed earlier
with similar amphiphilic PPEI modified surfac€g3and appears
to be characteristic for polymer supported alkyl monolayeérs.
A straightforward explanation is a dynamic rearrangement
process of the interface, in which the tethered but not laterally
immobilized alkyl moieties are exposed to the layer-air interface
in order to minimize the surface free energy. However, the
alkyl chains are probably buried in the layer, if contacted with
water to increase polymer water interactions.

In the second spectrum section in Figure 3, a significant shift
to higher wavenumbers and decrease of the half width of the
amide | band in the ER FTIR spectrum of the grafted PPEI (a)

(32) Jordan, R.; Cysewski, P.; Unger; K. K. Unpublished results.
(33) Erdelen, Chr.; Hassling, L.; Naumann, R.; Ringsdorf, H.; Wolf,
H.; Yang, J.; Liley, M.; Spinke, J.; Knoll, WLangmuir 1994 10, 1246.

laboratories.
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