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Abstract
One particular class of stimulus-responsive polymers; pH-sensitive thiol-terminated poly(methacrylic acid-g-ethylene glycol) (HS-Poly(MAA-g-EG)) with varying molecular weights, PEG graft densities, and a PEG molecular weight = 1,100 g/mol, have been synthesized via atomic transfer radical polymerization. Well-defined polymer brushes were then prepared on Au substrates via a “grafting to” chemisorption technique. Advancing contact angle (a) measurements using deionized water as a function of chemisorption time showed that an equilibrium density was achieved after 72 hours with a final a=19.33±3.77(. Atomic Force Microscopy imaging with Au-coated tips functionalized with 11-mecapto-1-undecanol, HS(CH2)11OH, on microcontact  printed patterns of  poly(MAA-g-EG) as a function of pH showed the polymer brush height drop sharply from 14.9 nm (pH=9.0) to nearly 0 nm (pH=4.0) compared to the HS(CH2)11OH  layer height.  The dramatic change was explained to arise from the conformational transition from a negatively charged, hydrophilic, expanded state to neutral, hydrophobic, and collapsed state in the pH range of 5.0~6.0, due to the H-bonding and hydrophobic complexation interactions between MAA segments on the main chain and the PEG side chains as the MAA groups become protonated. 

.1. Introduction 


Surfaces with reversible stimulus-responsive interfacial properties have great promise in a variety of applications including, for example; drug delivery, transport, separation, and detection of biomolecules, directed cellular function, controlled adhesion, friction, and lubrication in microfluidics, and force generation in micro- and nanoscale devices.  Surface bound stimulus responsive polymers (sometimes called environmentally responsive or "smart" polymers) are ideal candidates for many of these applications given that they may be conformationally sensitive to a wide variety of parameters (e.g. solvent quality, pH, ionic strength, type of salt, light, temperature, and electrical potentials) and the fact that this sensitivity can be tailored by chemical structure, molecular weight, composition, and architecture.1-4  Systems which undergo highly nonlinear changes in molecular conformation over a narrow range of critical stimuli values are of particular interest since they yield sudden and dramatic phase transitions, thus acting as "molecular switches."

In this paper, we have synthesized pH-sensitive comb-type graft copolymers of poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG) in mono(thiol)end-functionalized form and then used chemical end-grafting to prepare surface bound polymer monolayers (Figure 1).  The synthesis and stimulus responsive nature of poly(MAA-g-EG) (without end-functionalization) has been reported previously in an elegant set of experiments5-7; high molecular weight systems (~ 700-800K) show a dramatic conformational transition in aqueous solution going from a collapsed hydrophobic intrapolymer complex at low pH to an expanded hydrophilic coil at high pH that is essentially completed for pH > 5.8 and is much amplified compared to the PMAA homopolymer.7  Since many of the potential applications described previously necessitate polymers bound to surfaces, the methodology presented here for end-functionalization and chemical end-grafting of poly(MAA-g-EG) provides a technologically important well-defined model system with a stable and strong end group linkage that then can be used for studies of the nanoscale conformational behavior.  We are particularly interested in employing these end-grafted poly(MAA-g-EG) layers for precise control of normal and lateral nanomechanical surface properties, both of which will be reported in a separate publication.8 Such experiments also have the potential to provide important information on the molecular origins of the unique macroscopic stimulus-responsive equilibrium swelling behavior of crosslinked hydrogels based on the graft copolymer.9-13
Two mono(thiol)functionalized forms of poly(MAA-g-EG) were synthesized (number average molecular weights of 25K and 35K) and with differing side chain graft densities (1.9% of the total backbone monomers or EG/MMA molar ratio below stoichiometry = 0.4 and 8.4% of the total backbone monomers or EG/MMA molar ratio above stoichiometry = 1.9, respectively) via the technique of atom transfer radical polymerization (ATRP) in conjunction with protecting group chemistry.14 Characterization was achieved by gel permeation chromatography (GPC), 1H nuclear magnetic resonance (NMR), and Fourier transform infrared spectroscopy (FTIR).  The polymers were chemically end-grafted to planar Au-coated substrates using a "grafting to" chemisorption technique and then characterized by contact angle measurements to monitor the kinetics of chemisorption and assess wettability.  A novel methodology was then employed to study the nanoscale conformation and stimulus-responsiveness of the end-grafted polymer layers. Samples were prepared via the technique of micro-contact printing15,16 where patterned surfaces with micrometer-sized areas of the end-grafted polymers were surrounded by areas of a neutral hydroxyl-terminated self-assembled monolayer (SAM). The graft copolymer layer height was then measured as a function of pH using these patterned samples by contact mode atomic force microscopy (AFM) imaging,17 thus providing direct information on the nature of the pH-dependent conformational transition. Differences observed between two polymers provide insights into the effect of grafting density on the stimulus responsiveness.
2. Materials and Methods

Materials. 2,4-dinnitrofluorobenzene (99%), 2-mercaptoethanol (98%), 2-bromoisobutyryl bromide (98%), tert-butyl methacrylate (BMA) (98%), poly(ethylene glycol) methyl ether methacrylate (MW~1100, 25 EG monomers long), triethylamine (99.5%), chloroform (99.8% A.C.S. Reagent), toluene (99.8%, HPLC grade), 2,2’-dipyridyl (99%), copper(I) bromide (99.999%), chloroform-d (100.0%), methanol-d4(99.8%), Tris (hydroxymethyl) aminomethane, acrylic? and formic acid were all purchased from Sigma-Aldrich. All water used for solutions, rinsing, and storage was deionized (DI) (18MΩ·cm resistance).  N-type Silicon wafers with 100 orientation were purchased from Crystaltek. Chromium was purchased from R.D. Mathis and gold (99%) was purchased from J & J Materials.  All the other chemicals were used as received from commercial suppliers.

Synthesis of HS-poly(tert-BMA-g-EG). The synthesis of the thiol-protecting initiator: 2-(2,4-dinitophenylthio)ethyl 2-bromo-2-methyl propionate (DEBPM) was performed as described previously.14  In a typical polymerization (Figure 2), a 250 ml three-neck round bottom flask was equipped with a condenser, argon inlet and paddle stirrer. 0.079 g of 2,2’-dipyridyl and 0.039 g of CuBr were added into the mixture of 14.2 g of tert-butyl methacrylate, 2.20 g of poly(ethylene glycol) methyl ether methacrylate (MW~1100) and 12.0 g of  methanol.  Then, 0.079 g of 2-(2,4-dinitophenylthio) ethyl 2-bromo-2-methylpopionate was added into the solution.  The solution was purged with Argon to remove oxygen.  The ratio of catalyst/initiator/ligand was 1/1/2.5.  The molar ratio of tert-butyl methacrylate and poly(ethylene glycol) methyl ether methacrylate was 50:1. The solution was heated to 35(C and maintained at the temperature with stirring under argon for 17 hrs.  The crude thiol-protected polymer was obtained in solid form and purified by dissolving in hot methanol, cooling, and precipitating in DI water.  The polymer was then filtered and dried in a vacuum oven at 50(C overnight.  Then, the thiol-protected polymer was rinsed again with DI water, petroleum ether, cyclohexane, and filtered and dried in a vacuum oven at 50(C overnight. In a 20 mL borosilicate glass scintillation vial, 1.00 g of thiol-protected polymer, 5.2 g of mercaptoethanol, 0.1 g of triethylamine and 0.8 g of DI water were added and stirred by a magnetic stirrer at room temperature for 17 h.  The polymer was then precipitated by adding DI water, filtered, and dried in a vacuum oven at 50(C overnight.  For further purification, the HS-poly(tert-BMA-g-EG)  was dissolved in methanol and fractioned by adding water or petroleum ether.  The polymer was filtered and dried at 50(C in a vacuum oven overnight to yield HS-poly(tert-BMA-g-EG).
Conversion of HS-poly(tert-BMA-g-EG) to HS-poly(MMA-g-EG). The hydrolysis of HS-poly(tert-BMA-g-EG) was made in the HCl/dioxane system. In a 50 mL single-neck round bottom flask 0.6 g of HS-poly(tert-BMA-g-EG), 3 mL of HCl (37%) and 20 mL of dioxane were added and stirred by a magnetic stirrer at 80(C for 5 h. Then most of the solvent was evaporated, the polymer was precipitated and rinsed with cyclohexane, then dried at 50 (C in a vacuum oven overnight to yield HS-poly(MAA-g-EG). 
Polymer Characterization. GPC was taken using DAWN from Wyatt Technology, a Waters 510 HPLC pump and Waters 410 Differential Refractometer to measure the weight average molecular weight, Mw, and the molecular weight distribution.  The calibration curves for polystyrene and poly(methyl methacrylate) were determined in THF.  The polymers were prepared in a 5 mg/mL solution of THF.  1H NMR spectra were obtained on Varian Unity-300 and Varian Mercury-300 in chloroform-d or methanol-d4.  The chemical shifts (δ) of hydrogen atoms of chloroform-d or methanol-d4 were used for reference.  From the integral area of peaks corresponding to protons of the protecting end-group and the characteristic chemical groups of the PEG and PMAA, the number average molecular weight, Mn and grafting density of the copolymer were calculated, as described previously.14,18  FTIR spectra were obtained on Nicolet Magna 860 Fourier Transform Infrared Spectrometer in air. The polymers were mixed with KBr and compressed into pellets as scanned by FTIR.  Both the copolymer and KBr were dried in vacuum oven at 50 ºC overnight to remove the moisture before running FTIR. Qualitative (visual) solubility assessment was performed after taking 0.005g of the polymers into ~10 ml of buffer solutions and stirring for ~ 1 hr.
End-Grafting of HS-poly(MAA-g-EG) to Planar Surfaces.  Au-coated silicon substrates were prepared as previously described19 and cleaned using a piranha solution (98% H2SO4/ 30%H2O2, volume ratio 3:1) for 10 min followed by copious rinsing with water, acetone, and methanol. Any terminal disulfide bonds formed by the –SH end groups of HS-poly(MAA-g-EG) were reduced to a thiol group by diluting polymer to 200 g/mL of methanol solution in 0.1 mM threo-1,4-dimercapto-2,3-butanediol (DTT) and incubating under continuous stirring for 1h.   After removal of the excess reactants using centrifugal filters (Centricon, Millipore, 3000 MW cutoff), the Au substrates were immersed in 0.4 mg/mL of the polymer solution in methanol for times ranging between 3 and 72 hrs.  The end-grafted poly(MAA-g-EG) surfaces were rinsed with acetone, methanol, and water thoroughly before experimentation.

 Characterization of End-Grafted poly(MAA-g-EG). Advancing contact angles for the end-grafted poly(MAA-g-EG) layers were measured using droplets of ~0.5 ml DI H20 (pH5.6) and a VCA2000 Video Contact Angle system. 
Samples were also prepared via the technique of micro-contact printing15,16 where patterned surfaces with micrometer-sized areas of the end-grafted poly(MAA-g-EG) were surrounded by areas of a neutral hydroxyl-terminated self-assembled monolayer (OH-SAM).17 A polydimethylsiloxane stamp with parallel lines 1.5 μm in width was compressed onto piranha (98%H2SO4/30%H2O2, volume ratio 3:1)-cleaned Au substrates using 1mM ethanol solution of  11-mercaptoundecanol, HS(CH2)11OH, to fill the areas outside of the lines. Then the patterned substrate was immersed into DTT-treated poly(MAA-g-EG) solution of  0.4 mg/mL for 72 h to allow the polymer to chemisorb to the inner areas of the lines. Height maps were taken as a function of pH using these samples by contact mode atomic force microscopy (AFM) imaging in 0.005M ionic strength (IS) buffered aqueous solution as a function of pH. A Multimode Nanoscope III AFM (Digital Instruments) was used at the lowest normal imaging force possible ~200 pN (scan size=10 μm, scan rate=1 Hz, image line=256, and scan angle=0º) with an OH-SAM functionalized cantilever probe tip (end radius ~50 nm, nominal cantilever spring constant, k ~ 0.06 N/m).   The polymer heights reported are the relative height between the OH-SAM surface areas outside the patterned lines (negligible thickness ~1-2nm) and the polymer surface areas within the patterned lines. 
3. Results and Discussion 

3.A. Synthesis : Initiator and Polymer Characterization

1H NMR, GPC, and Solubility. The structure of the initiator, 2-(2,4-dinitophenylthio)ethyl 2-bromo-2-methyl propionate, was verified by 1H NMR (chloroform-d, δ): 9.11-9.10 (d, 1H), 8.48-8.44 (dd, 1H), 7.84-7.81 (d, 1H), 4.50-4.45 (t, 2H), 3.43-3.38 (t, 2H), and 1.96 (s, 6H) (spectrum not shown).  Figure 3a shows the 1H NMR spectrum of the thiol-protected poly(tert-BMA-g-EG) in methanol-d4. The three peaks at δ 9.08, 8.50 and 8.02 were attributed to the protons at positions 1, 2 and 3 from the 2,4–dinitrophenyl protecting group as shown in the chemical structure inset of Figure 3a. The integrated areas of the peaks corresponding to positions 1, 2, and 3 were found to be approximately equivalent.  The peaks at δ 4.87 and 3.31 corresponded to methanol-d4.  The peak at δ 3.61 was attributed to the protons at positions 5 and 6 from the PEG graft side chains. The peak at δ 1.44 was attributed to the protons at position 4 from the methyl groups of tert-butyl methacrylate segments,20 and the peaks at around δ 1.9 and 1.0 were attributed to the protons from the methyl and methylene groups on the backbone. Table 1 shows the results of calculations to determine the macromolecular architectural parameters from the  NMR data (performed as described previously14,18) compared with GPC data. From NMR, the poly(tert-BMA-g-EG)25K had a number average molecular weight, Mn, of ~25,300 g/mol (denoted in the subscript of the previous chemical formula where K is an abbreviation for 1000) with 1.9% of the total main chain backbone monomers being PEG (i.e. ~3 PEG side chains per graft copolymer, mole ratio EG/tertBMA=0.4) and the poly(tert-BMA-g-EG)35K had a Mn of ~35,100 g/mol with 8.4% of the total backbone monomers being PEG (i.e. ~12.6 PEG side chains per graft copolymer, mole ratio EG/tertBMA=1.9).  The estimated contour lengths of the main chain backbone for both polymers was ~ 40 nm and for the PEG side chains ~ 7 nm. A schematic illustration of the two copolymers is given in Figure 4.
After the removal of protecting group, the characteristic end group peaks at positions 1, 2 and 3 vanished as shown in Figure 3b, while the peaks corresponding to PEG graft side chains and tert-butyl methacrylate segments still remained.  When the tert-butyl methacrylate groups were replaced with carboxylic groups after the hydrolysis, the characteristic peak of tert-butyl methacrylate segments at δ 1.44 vanished, while the peak of PEG graft side chains at δ 3.61 still remained (Figure 3c). These results verified the success of the hydrolysis reaction.

FTIR. The FTIR spectra of HS-poly(tert-BMA-g-EG)35K and HS-poly(MAA-g-EG)35K (before and after hydrolysis) were obtained to additionally confirm the success of hydrolysis. As shown in Figure 5, after hydrolysis a broad peak is observed at 3000~3500 cm-1 which is due to the formation of hydrogen bonding,21,22 which is not possible for the HS-poly(tert-BMA-g-EG).  2978 cm-1 was attributed to the asymmetric stretching of –CH3; 1724 cm-1 was the stretching of C=O in the carbonyl group; 1394 cm-1 and 1368 cm-1 was due to the bending of –CH3 group, which are the characteristic absorptions of tert-butyl group,23 1276 cm-1 and 1251 cm-1 were the stretching of –C-C-O and 1140 cm-1 was attributed to the stretching of C-O.

After the hydrolysis, the tert-butyl methacrylate groups were removed to form carboxylic acid groups. Besides considerable absorption due to the –OH stretching of hydrogen bonding at 3000~3500 cm-1, the C=O absorption peak split into two peaks: 1731 cm-1 and 1698 cm-1, which has been obrserved previously.24,25 From FTIR studies on PMAA, 1731 cm-1 can be attributed to the hydrogen bonding formed by PMAA and PEG side chains, and 1698 cm-1 may be from the hydrogen bonding formed by two carboxylic groups of PMAA on the backbone.  The FTIR spectrum of HS-poly(MAA-g-EG) also shows there was still absorptions in the region of 1394 cm-1 ~1368 cm-1, though the peak positions shifted slightly.  Since there were –CH3 groups remaining on the backbone after the hydrolysis, 1390 cm-1 and 1353 cm-1 were attributed to symmetric bending vibrations of –CH3 groups under the influence of acid dimmer or formation of hydrogen bonding.
Solubility. The polymers were observed to dissolve completely in pH 6, 7.1, 8 and 9 while they swelled in pH 4 and 5.

3.B. Contact Angle Measurements on End-Grafted Poly(MAA-g-EG) 

Figure 6 shows a dramatic drop in advancing DI water contact angles relative to the hydrophobic bare gold substrate (70±2o) with chemisorption incubation time for end-grafted poly(MAA-g-EG)35K.  Only advancing contact angle measurements could be made since all of the surfaces became extremely hydrophilic with a receding contact angle of essentially 0o. The instantaneous advancing contact angles equilibriated after ~48 h of incubation time stabilizing at 32±0.6o for the poly(MAA-g-EG)35K and 47±2.6o for the poly(MAA-g-EG)25K. To achieve the highest surface grafting density further samples were prepared with an incubation time of 72 h.  
3.C. Conformation of End-Grafted Poly(MAA-g-EG) 
Figure 7 shows contact mode AFM height images of micro-contact printed poly(MAA-g-EG)35K (72 h chemisorption incubation time) / OH-SAM surfaces taken under the minimum possible normal forces in a series of buffer solutions with pH 4-9 (ionic strength = 0.005M). These images allow for direct visualization of variations in the polymer conformation, which is quantified in the subsequent polymer height versus pH plot of Figure 8.  At high pH the carboxylic acid groups of PMAA are ionized (negatively charged) and unbound to the PEG chains which are free to participate in hydrogen bonding with water.  Both intramolecular electrostatic repulsion and the extreme hydrophilicity of PEG can contribute to a significant coil expansion. At pH9, the polymer height was found to be 8 ± 0.8 nm (0.2Lcontour) for poly(MAA-g-EG)25K with EG/tert-BMA=0.4 and 15 ± 0.5 nm (0.38Lcontour) for poly(MAA-g-EG)35K with EG/tert-BMA=1.9. Since a small tare force of up to ~200 pN is necessary to attain stable feedback for AFM imaging, some compression of the polymer layer may result and these AFM measured height values may be somewhat less than the true equilibrium polymer heights (depending on the nanoscale compliance of the polymer layer).  However, the significant height difference between the two polymers at high pH values (7-9) is clear. Since both polymers have similar main chain MMA contour lengths, this suggests that the higher PEG side chain graft density leads to an  enhanced expansion of the graft copolymer. This takes place even though the number of charge groups is slightly reduced and is likely a result of the additional volume required for the extremely hydrophilic PEG chains and associated water.26 This observation is consistent with previous results that show an increase in hydrodynamic diameter for poly(MAA-g-EG) copolymers in dilute solution at high pH values with EG/MMA content,7 increased swelling of macroscopic crosslinked poly(MAA-g-EG) hydrogels at high pH values with EG/MMA content,11 and increased water solubility of poly(HEMA-g-EG) with EG/HEMA content.18  
As the pH is reduced, the -COOH groups of the PMAA become protonated and intrapolymer main-chain side-chain complexation can takes place via hydrogen bonding with the PEG -O- groups and is thought to be further stabilized by hydrophobic interactions between the –CH3 groups of PMAA and the hydrophobic segments of PEG.  This leads to a hydrophobic collapsed globular conformation. As the pH is decreased, the AFM-measured height (Figure 8)  is observed to decrease gradually until reaching a minimal value of ~ 1 nm for pH 4-5, indicating that the polymer layer was in a completely flattened state during imaging.  Hence, the expanded to collapsed conformational transition appears to be completed between pH4-5 which is consistent with solubility results, reports on high MW (~700-800K) poly(MAA-g-EG) in dilute aqueous solution,7 and equilibrium swelling of macroscopic crosslinked poly(MAA-g-EG) hydrogels.11 The pKa of high MW poly(MAA-g-EG) has been reported between 5.8-6.7 and interestingly light scattering data on these high MW polymers show minimal expansion above pH 6.0, even though further ionization takes place.7 In our experiment, we do not observe formation of a plateau by pH9, only continued expansion, similar to the macroscopic equilibrium swelling behavior of crosslinked poly(MAA-g-EG) gels.11 This behavior may be indicative of intermediate conformations which  been suggested previously.27,28 While a quantitative comparison with these two studies is not possible due to differences in copolymer and PEG MW, solution ionic strength, and experimental configuration (i.e. free, end-grafted, and crosslinked copolymers) it is interesting to note that many qualitatively similar trends emerge.  Lastly, it is noted that the surfaces are still extremely hydrophilic at pH5.6 (as indicated by contact angle measurements taken with DI water) when the polymer layers have already collapsed by 70-85% of its expanded height at pH9, suggesting that wettability should have a much more discrete stimulus-responsive nature.
4. Conclusions
Two HS-poly(MAA-g-EG) were synthesized (number average molecular weights of 25K and 35K) and with differing side chain graft densities (1.9% of the total backbone monomers or EG/MMA molar ratio below stoichiometry = 0.4 and 8.4% of the total backbone monomers or EG/MMA molar ratio above stoichiometry = 1.9, respectively) via the technique of atom transfer radical polymerization (ATRP) in conjunction with protecting group chemistry.  The polymers were chemically end-grafted to planar Au-coated substrates using a "grafting to" chemisorption technique and shown to reach an equilibrium surface grafting density by 48 hours via contact angle measurements with DI water.  The instantaneous contact angles were 32±0.6o for the poly(MAA-g-EG)35K and 47±2.6o for the poly(MAA-g-EG)25K and receding contact angles were essentially 0o.  Polymer heights measured by AFM on microcontact printed samples yielded values at pH9 of 8 ± 0.8 nm (0.2Lcontour) for poly(MAA-g-EG)25K with EG/tert-BMA=0.4 and 15 ± 0.5 nm (0.38Lcontour) for poly(MAA-g-EG)35K with EG/tert-BMA=1.9, suggests that the higher PEG side chain graft density leads to an enhanced expansion of the graft copolymer. Both polymers exhibited a decrease in height with decreasing pH indicative of a conformational transition from a expanded hydrophilic coil to a collapsed hydrophobic globular conformation.
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Figure 1. Schematic of a conformational transition of a chemically end-grafted stimulus-responsive side-chain graft copolymer (insets show molecular interactions for poly(MMA-g-EG)). 5-7 
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Figure 2. Atom transfer radical polymerization chemical reaction scheme for synthesis of mono(thiol)-terminated poly(methacrylic acid-g-ethylene glycol) or HS-poly(MAA-g-EG). 
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Figure 3. a) Side view schematic of height measurement using atomic force microscope contact mode imaging on micro contact printed surface of graft copolymer and hydroxyl-terminated self-assembled monolayer (OH-SAM) where Rtip is the probe tip end radius, and b) schematic of top view of microcontact printed surface (adapted from17).
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Figure 4. 1H nuclear magnetic resonance (NMR) spectra in methanol-d4 of (a) protected mono(thiol)-terminated poly(tert-butyl methacrylate-g-ethylene glycol) or poly(tert-BMA-g-EG)25K, (b) mono(thiol)-terminated HS-poly(tert-BMA-g-EG)25K, and (c) mono(thiol)-terminated poly(methacrylic acid-g-ethylene glycol) or HS-poly(MAA-g-EG)25K.  The numerical subscript in the abbreviated polymer name labels refer to the number average molecular weight, Mn, of the graft copolymer in g/mol (as measured by 1H NMR) and “K” is an abbreviation for 1000.  The peak numbers labeled in each NMR spectrum correspond to the protons labeled in the chemical structure insets at the top of each NMR spectrum.
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Figure 5. Schematics of mono(thiol)-terminated poly(methacrylic acid-g-ethylene glycol) or HS-poly(MAA-g-EG) graft copolymers synthesized in this study with contour length dimensions for PMAA (poly(methacrylic acid)) backbone, PEG (poly (ethylene glycol)) side chains, and PEG side chain density drawn approximately to scale. The schematics are not meant to indicate the actual spatial distribution of PEG side chains along the MAA backbone or the conformation of the polymer chains. The numerical subscript in the abbreviated polymer name labels refer to the number average molecular weight, Mn, of the graft copolymer in g/mol (as measured by 1H nuclear magnetic resonance) and “K” is an abbreviation for 1000.
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Figure 6. Fourier transform infrared (FTIR) spectra of (a) mono(thiol)-terminated poly(tert butyl methacrylate-g-ethylene glycol) or HS-poly(tert-BMA-g-EG)35K and (b) mono(thiol)-terminated poly(methacrylic acid-g-ethylene glycol) or HS-poly(MAA-g-EG)35K. The numerical subscript in the abbreviated polymer name labels refer to the number average molecular weight, Mn, of the graft copolymer in g/mol (as measured by 1H nuclear magnetic resonance) and “K” is an abbreviation for 1000.  
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Figure 7. Advancing contact angles of gold (zero hours) and chemically end-grafted poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG)35K polymer layers as a function of chemisorption incubation time. The numerical subscript in the abbreviated polymer name labels refer to the number average molecular weight, Mn, of the graft copolymer in g/mol as measured by 1H nuclear magnetic resonance and “K” is an abbreviation for 1000. Hi-lo bars represent one standard deviation 

[image: image9]
[image: image10.jpg]


[image: image11.jpg]


[image: image12.jpg]




  a. pH 4


 b. pH 5 
                   c. pH 6
[image: image13.jpg]11 LM
St WL ;

.




[image: image14.jpg]


[image: image15.jpg]


  
[image: image16]
              c. pH 7.1


 d. pH 8 

         e. pH 9 

Figure 8. AFM contact mode height images of micro-contact printed samples of end-grafted poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG)25K layers (inside the line patterns) and a hydroxy-terminated self-assembling monolayer (OH-SAM, outside the line patterns) and as a function of pH (ionic strength = 0.001M) taken with an OH-SAM functionalized probe tip. The minimum possible normal imaging force was employed. The numerical subscript in the abbreviated polymer name labels refer to the number average molecular weight, Mn, of the graft copolymer in g/mol as measured by 1H nuclear magnetic resonance and “K” is an abbreviation for 1000. 
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Figure 9. Heights of end-grafted poly(methacrylic acid-g-ethylene glycol) or poly(MAA-g-EG)  polymer layers measured by contact mode atomic force microscopy at the lowest possible imaging force (corresponding to the images in Figure 7) as a function of pH in 0.005M buffered aqueous solution. Hi-lo bars represent one standard deviation (number of measurements taken, n=?).
Table 1. Parameters describing the macromolecular architecture of the thiol-protected poly(tert butyl methacrylate-g-ethylene glycol) or poly(tert-BMA-g-EG) graft copolymers as determined by 1H nuclear magnetic resonance (NMR) in methanol-d4 and gel permeation chromatography (GPC) in tetrahydrofuran (THF).  The numerical subscript in the abbreviated polymer name labels refer to the number-average molecular weight, Mn, of the graft copolymer in g/mol and “K” is an abbreviation for 1000, MWPEG is the known molecular weight of each PEG chain, The PEG graft density (%) is defined as NPEG/DPn,(tert-BMA, NPEG is the average number of PEG chains per PHEMA chain, DPn is the number-average degree of polymerization, and, Lcontour is the average contour length calculated from the known molecular weights.  
	
	Thiol-Protected 

poly(tert-BMA-g-EG)25K
	Thiol-Protected 

poly(tert-BMA-g-EG)35K

	1H NMR (methanol-d4)
	
	

	  Mn
	25300
	35100

	   EG/tert-BMA (mole ratio)
	0.4
	1.9

	   PEG graft density (%)
	1.9
	8.4

	   Mn (tBMA)
	22000
	21300

	   DPn (tertBMA)
	155
	150

	   Mn (EG)
	3300
	13800

	   DPn (EG)
	67
	286

	   MWPEG (each side chain)
	~1100
	~1100

	   NPEG
	2.9
	12.6

	   Lcontour, main chain (nm)
	39.7
	40.9

	   Lcontour, each PEG side chain (nm)
	7
	7

	GPC (THF)
	
	

	    Mw
	12700
	16800

	    Mw/Mn
	1.187
	1.178
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