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ABSTRACT: Poly(acrylic acid) (PAA) covalently immobilized on
glass substrates was made fluorescent by grafting a BODIPY
derivative (PMOH) via an ester linkage. Although only nano-
grams/square centimeter of polymer are understood to be im-
mobilized onto the SiO, substrate, the fluorophore-tagged polymer
was readily visible to the naked eye and its fluorescence was easily
detected. The characteristic BODIPY emission, centered at
550 nm, was used to follow the degrafting of PAA from the glass
substrates in aqueous solution in real-time using total internal
reflection fluorescence (TIRF) microscopy. The substrate —initiator
bond hydrolysis and the conditions at which the PAA degrafting
occurred were unequivocally confirmed in real-time by TIRF
microscopy. No cleavage of the polymer occurred between pH 6.5 and 10.5 in the absence of NaCl In contrast, polymer
degrafting from the substrate occurred at pH = 9.5 when 10 mM NaCl was added to the buffer solution.

B INTRODUCTION showed that PAA brushes built on mica by anchoring poly-
styrene-poly(acrylic acid)(PS-b-PAA) diblock copolymers in a
polystyrene monolayer covalently attached to OH-activated mica
surfaces resist to cleavage at pH 5.5 with added salt for several
days.”> However, there is still uncertainty regarding the robust-
ness of the substrate—polymer bond and whether it is resistant
to the extreme pH and ionic strengths that are required for
conformational analyses of polyelectrolyte brushes. It is unknown
whether these extreme conditions hydrolyze the Si—O—Si bond
and cleave the polymer from the substrate leading to undesired
decrease in polymer grafting density, similar to what was
reported for poly(methacrylic acid) brushes and PAA brushes
grafted from silica-based substrates.”* *°

Knowing the conditions under which undesired polymer
cleavage occurs is pivotal for accurate surface-property studies.
They are also important for controlling reversible polymer con-
formational changes, while preventing polymer degrafting.
Although we previously provided indirect evidence for golymer
cleavage from mica at high pH and salt concentrations,” deter-
mining the exact conditions under which PAA cleavage occurred
was not possible. Also, unequivocal evidence for polymer de-
grafting from silica substrates has not yet been demonstrated.

Polymer-bearing surfaces are of particular interest because of
their thermal and solvent response,"” their prospective use as
protein and cell adhesive platforms,> > or as self-biolubricating
substrates, among others.® Surface-tethered polymer chains
provide the means to tailor the surface properties by undergoing
externally stimulated conformational changes. This is particularly
true for polyelectrolyte polymers such as poly(acrylic acid)
(PAA) whose degree of ionization is highly influenced by pH,
ionic strength, and the presence of multivalent species.”® Various
polymer conformations including pancake and brushes are
possible with end-tethered polyelectrolytes by varying surface
density and the media.” The control of conformational properties
have allowed for advances in areas such as surface friction
modulation, switchable wettability, autophobicity,lo_12 antifoul-
ing"*~'¢ and lubricity,”'”*' to name but a few.

Surface-bound polymers of well-defined discrete degrees of
polymerization and high surface homogeneity are desired for
ensuring control of surface properties and reversible surface
response with external stimuli such as temperature, pH and ionic
strength. These polymers can be obtained by controlled polym-
erization with an ATRP initiator chemically linked to the
substrate. For silica substrates, the substrate—initiator linkage
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Figure 1. Flow-through chamber of a silicon elastomer mounted on the
glass coverslip bearing the PMOH—PAA.

Therefore, direct evidence for polymer degrafting and the condi-
tions under which it occurs on glass substrates is of importance
for accurate structure—property studies.

Motivated by the need to unequivocally confirm polymer
cleavage from silica substrates and to determine the exact pH and
ionic conditions at which the undesired cleavage occurs, we
explored a number of techniques to follow this process, including
AFM and ellipsometry. On one hand, AFM is a sensitive method
for accurate step-height measurements for micrometer-sized
areas, the low scan rate and limited sample area however pre-
clude the analyses of multiple samples for accurately assess-
ing the degrafting conditions in solution. It is also a static
analytical tool requiring the samples to be equilibrated in the
given solution prior to analyses. Therefore, detecting the real-
time degrafting in solution is not possible. On the other hand,
rapid surface analyses over larger areas are possible by ellipso-
metry. However, direct quantitative measurements in solution
under various conditions are problematic owing to local varia-
tions in refractive indices with changes in pH and salt con-
centration.

Total internal reflection fluorescence (TIRF) microscopy is an
ideal method for studying the degrafting of covalently linked
polymer brushes from silica surfaces and it is a suitable alternative
to AFM and ellipsometry. The evanescent field achieved in total
internal reflection enables selective excitation of the region in
close proximity (tens to hundreds of nanometers) to the surface
resulting in strong signals with low background emission.>**’
Labeling of the otherwise nonemissive PAA would make it
compatible with TIRF microscopy usage while providing the
sensitivity required for detecting the subng polymer quantities
grafted on the substrate. An additional advantage of TIRF
microscopy is that multiple samples of various medium condi-
tions can be tested on a single silica substrate, therefore mini-
mizing the variability in grafting density, surface roughness, and
other inherent inconsistencies between different substrates. By
far, the main advantage of this technique is that solutions of
desired pH and salt concentration can be flowed directly over the
substrate during the fluorescence measurements (Figure 1).
Therefore, the pH and ionic strengths required for polymer
degrafting can be directly obtained in real-time by monitoring the
fluorescence decrease as a function of the media being flowed
over the substrate.

Although TIRF microscopy is well-suited for studying the degraft-
ing of PAA from silica substrates in real-time and is advantageous
relative to other techniques, the polymer must be fluorescent. As a
result, we herein report the preparation of a fluorescently tagged PAA
and the use of TIRF microscopy for unequivocally confirming
polymer degrafting from glass substrates. The pH and salt condi-
tions required to promote polymer cleavage from the substrate are
presented.

B EXPERIMENTAL SECTION

Materials. Chemicals were used as received from Aldrich unless
otherwise stated. Copper bromide (CuBr) was purified as previously
reported.®® tert-Butyl acrylate (fBA) and styrene were purified by passing
through a column of basic alumina, followed by vacuum distillation
immediately prior to use. 8-Acetoxymethyl-2,6-diethyl-1,3,5,7-tetra-
methyl pyrromethenefluoroborate (PM 60S) was purchased from
Exciton, Inc. (Dayton, OH). Milli-Q water was taken from a Millipore
grade A 10 purification system. Silicon wafers were obtained from
University Wafer Co. All glassware was oven-dried at 120 °C overnight.
Glass coverslips (Fisherbrand No. 1) for TIRF microscopy experiments
were purchased from Fisher Scientific.

8-Hydroxymethyl-2,6-diethyl-1,3,5,7-tetramethylpyrro-
methene Fluoroborate (PMOH). PMOH was prepared from its
commercially available ester (PM 605) following previously reported
methods.” 3

Substrate Preparation and Initiator Immobilization. Glass
slides (22 x 22 mm?) were cut in half using a diamond pencil. The glass
substrates were treated with a Piranha solution (Caution!) (H,SO,/
H,0, 70:30 v/v) for 1S min for removing organic residues and for
silanol activation. The activated surfaces were then rinsed with water and
ethanol and dried under a gentle stream of nitrogen. The initiator,
3-(chlorodimethylsilyl)propyl-2-bromoisobutyrate synthesized accord-
ing to known means,”® was dissolved in anhydrous toluene (1 mM).*®
Functionalization of one side of the substrate was done by covering the
top side of the slide with a drop of the initiator solution. The solution was
allowed to react for 15 min at room temperature after which, the slides
were sequentially washed with toluene, absolute ethanol, and Milli-Q
water. They were dried with nitrogen and used immediately for surface-
initiated polymerization.

Silicon wafers were cut to 12 X 22 mm” pieces and treated with
Piranha solution for 15 min. The substrates were then washed thor-
oughly with Milli-Q water and absolute ethanol, dried under nitrogen
and placed in a compartmentalized reactor containing the initiator
(1 mM) that was dissolved in anhydrous toluene.*® After 17 h, the
substrates were removed from the reactor, rinsed with toluene, absolute
ethanol, Milli-Q water, and then dried under nitrogen. The substrates
were stored in a vacuum desiccator until used.

Surface-Initiated Polymerization of tert-Butyl Acrylate
(tBA) with Added Free Initiator. Polymerization of the tBA on
the initiator-functionalized glass substrates was carried out as previously
reported.>® Residual physisorbed polymers on the glass slides were
removed by Soxhlet extraction with THF for 8 h. The slides were stored
in a desiccator until used. The resulting polymerization solution was
diluted with acetone and passed through a column of neutral alumina for
removing the copper salts. The polymer solution was then concentrated
in vacuo and the molecular weight was determined by GPC with the
appropriate concentration in THF.

Surface-Initiated Polymerization of Styrene with Added
Free Initiator. Freshly distilled styrene and acetone were deoxyge-
nated under argon for 1 h. CuBr (30 mg, 2 x 10~ *mol) was placed into a
50 mL double-necked round bottomed flask. The flask was degassed
under vacuum at room temperature and backfilled with argon three
times. Deoxygenated styrene (9.2 mL, 8 x 10> mol), deoxygenated
acetone (4.6 mL), and hexamethyltriethylenetetramine (HMTETA)
(100 uL, 4 x 10~* mol) were added to CuBr, and the mixture was stirred
at room temperature under argon until a homogeneous green solution
was obtained. A clean initiator functionalized glass slide was placed in a
flame-dried Schlenk flask, which was deoxygenated under vacuum and
backfilled with argon three times. The above-described polymerization
solution was transferred into the reaction flask followed by injection of
ethyl-2-bromoisobutyrate as the free initiator (30 L, 2 x 10~ * mol).
The flask was heated at 65 °C for 48 h with stirring. The Schlenk flask
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was then placed in a cold bath and the solution was diluted with acetone.
The surface was removed and cleaned thoroughly with THEF, acetone,
and absolute ethanol and dried under stream of nitrogen. A Soxhlet
extraction in THF was used for 8 h for removing any physisorbed
polymer. The bulk reaction mixture was passed through a column of
neutral alumina to remove the catalyst. The solvent was then evaporated
and the polymer molecular weight was determined by GPC.

Hydrolysis of Surface-Grafted Poly(tert-butyl acrylate)
(PtBA) to PAA. tert-Butyl ester cleavage was done by treating the
PtBA—grafted glass slides with trifluoroacetic acid (dichloromethane/
TFA 10:1 v/v) at room temperature with stirring overnight. The glass
substrates were then washed repeatedly with absolute ethanol and Milli-
Q water, and then dried under a nitrogen stream.

Coupling of PMOH to PAA. PMOH (20 mg), 1-ethyl-3-(3-
(dimethylamino )propyl)carbodiimide hydrochloride (EDCI; 60 mg),
and 4-(dimethylamino)pyridine (DMAP; 60 mg) were dissolved in
anhydrous dichloromethane (20 mL) in a 100 mL double neck round-
bottom flask. PAA-functionalized glass substrates were placed in a
compartmentalized reactor equipped with stir bar. The above-prepared
solution was transferred to the reactor by cannula and the mixture was
then stirred at room temperature for 4 h under argon. The slides were
removed from the reaction mixture, washed sequentially with dichloro-
methane, acetone, absolute ethanol, Milli-Q water and then dried under
a nitrogen stream. The physisorbed PMOH was removed by Soxhlet
extraction with dichloromethane for 8 h. The fluorophore containing
slides were analyzed by UV —vis absorption and fluorescence.

Degrafting of PAA. Trizma base buffer solution (0.1 M) was
prepared with Milli-Q water and the pH was adjusted to 6.5, 7.5, 8.5, 9.5,
and 10.5 with different volumes of HCI (0.1 M). The pH was measured
with a Symphony SB20 pH meter with Ag/AgCl electrode. The ionic
strength was varied by adding NaCl (10 mM) to the Trizma buffer
solution. The buffer solution of the given pH was flowed over the
polymer—substrates during imaging.

B SURFACE CHARACTERIZATION

Contact Angle Measurements. Measurements were carried
out using an FTA200 dynamic contact angle analyzer (First Ten
Angstrom) in the equilibrium static mode, using Milli-Q water as
the probe liquid. Data analyses were performed using Fta32 Video
software and three separate measurements were done for each glass
substrate. The average contact angle value was determined within an
experimental precision of +3°. The empirical Cassie—Baxter
equation and modified related equations®*** were used to evaluate
the relative surface density (or surface coverage) of grafted mol-
ecules on the glass surface. These equations correlate the equilib-
rium contact angle (6,;,) of a chemically heterogeneous surface to
the surface coverage of the different molecules on the surface and
predict an increase in water contact angle with an increase in surface
coverage of small hydrophobic molecules:

1+ cos(@ahs)}2 =fll + cos(@l)]2 + A1+ cos(ﬁz)]2
h + fz =1 (1)

The water contact angle of a surface covered with a maximum
number of hydrophobic molecules, f; = 1, is presumed to be
0, = 90, and the water contact angle of uncovered glass surface,
f=1is0,=0.

AFM Measurements. The dry thickness of all samples was
measured before and after TIRF measurements at room tem-
perature (Figure S4, Supporting Information). The samples were
left in Milli-Q_water at least 2 h, rinsed with absolute ethanol,
dried with nitrogen and the step-height measured by AFM film.

The AFM was equipped with a NanoScopeV extended controller
and a MultiMode microscope (Digital Instruments, Santa Barbara,
CA). All AFM images were collected in the tapping mode using
an Arrow-NCR silicon probe with a spring constant of 42 N/m
and a resonance frequency of 300 kHz (Nanoworld). Data
analyses were performed using the NanoScope 7.30 software.
A scalpel was used to scratch and expose the bare slide and step-
height between the native glass and the PAA layer was measured
in the dry state by an AFM cross sectional height image. The
thickness of each sample was measured at three different regions.

Ellipsometry Measurements. Experiments were conducted
using an Ellipsometer M-2000 V from J.A. Woollam Co. in air at an
incident angle of 75° and a wavelength range of 370—1000 nm.
Four independent measurements at different areas were done for
each sample.

Ensemble Characterization. The absorption measurements
were done on a Cary-500 spectrometer and the fluorescence
studies were performed on an Edinburgh Instruments FLS-920
fluorimeter by exciting at 520 nm. Fluorescence experiments in
micelles were performed on a PTI Quantamaster 40 equipped
with a Quantum Northwest TC 425 temperature controller
(at 20°C) by exciting at S00 nm.

TIRF Microscopy. The PMOH-functionalized surface-grafted
polymers were imaged using a wide-field objective-based total
internal reflection (TIRF) microscopy setup consisting of an
inverted microscope (IX71, Olympus) equipped with a laser-based
TIRF illumination module (IX2-RFAEVA-2, Olympus).*>*® Laser
excitation was provided by a 25 mW, 532 nm output, diode-
pumped cw laser (CL532—025-S, CrystaLaser), attenuated with
metallic ND filters and providing 2—7 uW output at the objective.
The excitation beam was directed to the sample by reflection on a
dichroic beamsplitter (z532rdc) and focused on the back focal
plane of a high numerical aperture (N.A. = 1.45) oil-immersion
objective (Olympus PLAN APO 60X). Images were additionally
magnified 2-fold via an internal lens and a relay lens system and
then captured on a back illuminated electron multiplying charge-
coupled device (EMCCD) camera (Cascade II:512B, Roper
Scientific) using gains between 3700 and 4095 and frame exposure
times of 0.6 to 1.5 s. Laser and camera settings were adjusted for
each sample in order to obtain initial fluorescence intensities of ca.
120 A.U., while minimizing laser-induced photobleaching. The
original 66 X 66 um” TIRF images were cropped to half of the
size, corresponding to the reflected channel from a 640dcxr
dichroic mirror (<640 nm) in a two color emission setup. To
further minimize photobleaching in areas of interest (AOI), images
were focused on a subsection of the sample area (round dark
regions near middle of images) using an iris positioned in the
excitation laser beampath. Image acquisition was started with this
iris closed, which was then fully opened during the acquisition.
Each image was acquired after repositioning the sample in a new,
non illuminated region to minimize photobleaching of the AOL

TIRF Image Analyses. From the captured movies, the first
complete frame in which the iris is fully opened was selected from
the others and then further analyzed with the Image Pro S.1
software. The image analyses consisted of first selecting an AOI
to ignore the photobleached focus point as well as consistently
darker edges. A histogram of individual pixel intensities was
constructed for all of the pixels contained in the AOI (ca. 70 000
pixels, corresponding to a sample area of ca. 1200 #m?). The
histograms were then fitted to a Gaussian function in order to
extract the center of the fluorescence intensity distribution.
When multiple images were taken within S min of each other,
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Scheme 1. Schematic Representation of PMOH Coupling to
Immobilized PAA To Afford the Fluorescent Polymer,
PAA-PMOH
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only the averaged center of the distribution was reported and the
errors bars corresponding to the standard deviation were added.

TIRF Sample Chamber. Polymer-functionalized glass cover-
slips were typically washed with dichloromethane and ethanol
prior to use. Flow chambers were assembled by depositing a
homemade silicone gasket on the glass substrate. These gaskets
were designed to have a narrow chamber with an inlet and an outlet
holes for inserting the flow tubing. Chambers were fabricated using
SYLGARD 184 Silicone Elastomer Kit (Dow Corning Corpora-
tion). The undersized glass substrates (ca.12 mm X 22 mm) were
then affixed to flat metal plates, which served as the sample holder.
The chambers were closed by pressing a clean, blank coverslip on
top of the gasket. The sample chambers had internal volumes of
~50 uL. Solutions of known pH and NaCl concentration were
continuously flowed at a rate of 1 #L/min over the substrate using a
syringe pump system for periods of 2 h or more. One freshly
prepared PAA-PMOH covered glass slide for each buffer solution at
a given pH and ionic strength was analyzed.

B RESULTS AND DISCUSSION

Fluorescent Monomer Synthesis. PMOH (Scheme 1) was
prepared according to known means.®>’ This was the chosen
fluorophore because its spectroscopic properties are well-known
and its alcohol derivative could be coupled to the immobilized
PAA according to standard coupling protocols. This would afford
the required fluorescent polymer for TIFR measurements.>”**
The advantage of PMOH over other dyes is that it has a strong
absorption extinction coefficient, narrow fluorescence emission,
high emission quantum yield, and photochemical stability.*”**~*!
These properties make it possible to detect the subng quantities
of the polymer immobilized on the glass substrates (Figures S1
and S2, Supporting Information).

Fluorescent Polymer Synthesis. Immobilization of a uni-
form initiator layer was carried out on only one side of the
spectroscopically transparent silica surface, specifically the one in
contact with the aqueous solutions. This is necessary to avoid
background fluorescence from the layer not in contact with the
flow solution. Contact angle measurements were done for
confirming initiator grafting to the substrate. The measured
contact angle of 6,,,...= 72° (Table 1) is in agreement with our
previous results**** and confirms that the initiator is coupled to
the substrate in comparison to Piranha-solution treated native
glass slides whose contact angle is 0°. The equilibrium contact

angle of a chemically heterogeneous surface can be related to the
fraction of the initiator groups in terms of the phenomenological
modified Cassie—Baxter equation (eq 1). According to this
equation, a contact angle of 72° corresponds to a surface cover-
age value of 76% (Table 1). The surface density of end-grafted
polymers synthesized using the graft from method inherently
depends on the initiator grafting density.

Controlled surface polymerization was subsequently done
with the failsafe ATRP of tBA using ethyl-2-bromoisobutyrate
as free initiator. Following polymerization at 60 °C for 15 h, the
water contact angle measured was 83° (Table 1). Controlled
polymerization was confirmed by the linear increase in both
the polymer layer thickness and the average molecular weight of
free-polymer in solution. The trend provides indirect evidence
that polymer degrafting does not occur under the polymerization
conditions, otherwise both variable film thickness and variable
molecular weight of the free-polymer in solution would be
observed. The molecular weight of the free polymer, relative to
polystyrene standards, was determined by GPC. The grafting
density o of the PtBA layer was calculated from the dry polymer
thickness d (0 = dpN,/M,, where p is the density of PtBA (1.047
g cmfs)) , N is Avogadro’s number, and M,, is the number average
molecular weight of the grafted polymer chains which is assumed
to be similar to that of the free polymer in solution (60 326 g/mol).
We use this assumption because it was not possible to determine
the molecular weight of the very small amount of generated grafted
chains. It has been shown that the molecular weight of the grafted
polymer grown by ATRP can be similar to or slightly larger
than the molecular weight of free polymer in solution.**** High
grafting density of 0.41 chain/nm® was found (Table 1). The
distance between two adjacent grafted end-groups can be
estimated as s = 1/01/2 = 1.56 nm and compared to the
characteristic size of the chains in order to evaluate the con-
formation of the chains. As the polymer layer is in a dry state, we
assumed that the grafted chains adopt a collapsed state with a
characteristic dimension R = 1.95 nm (R &~ aN°*, where a is a
characteristic dimension of repeating unit, 0.25 nm)** and N is
the average number of repeating units of the PtBA chains which is
assumed to be the same as that of the free polymer chains in
solution, i.e., 471. Pancake and mushroom conformations are
specific to polymer chains tethered at low grafting density (or s > R)
while the brush conformation prevails at high grafting density
(ors <R).* Our results (s slightly smaller than R) suggest that the
grafted chains adopt a conformation at the frontier between the
brush and mushroom conformations. An underestimation of
molecular weight for the attached polymer chains would result in
a smaller polymer grafting density o for a given polymer layer
thickness d, or a larger distance between grafted chains s, and
therefore, the chains would adopt a mushroom conformation.
However, in a good solvent or when ionized, the collapsed
grafted chains are expected to stretch into a brush conformation
for a given grafting density and chain length.*>*®

Removal of the tert-butyl deprotecting group was carried out
by refluxing the polymer-immobilized glass substrates in trifluoro-
acetic acid/dichloromethane,’ resulting in a decrease in the
water contact angle to 0\, = 35°. PMOH was subsequently
coupled to PAA with EDCI to afford the fluorescent polymer, PAA—
PMOH (Schemel). Covalent coupling of PMOH to the immobi-
lized PAA was spectroscopically confirmed by the characteristic
absorbance and fluorescence of the PMOH ester, which peaked
at 550 and 564 nm, respectively (Figure 2). The surfaces were
then washed via Soxhlet extraction in dichloromethane for 8 h in
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Table 1. Surface Properties of Initiator-Functionalized and PAA-Functionalized Silica Substrates

polymer layer
initiator layer PtBA PAA
0,arer (£2°) fi 0 parer (£2°) dry thickness (2 nm)* M, (g-mol ") 0" (chain/nm?) 0 parer (£2°) dry thickness (4 nm)*
72 0.76 80 40 60 326 0.41 35 14

“ The thickness was measured by AFM step height method. ® 0= (dpN,)/M, where dis the dry layer thickness, o is the density of PtBA (1.047 gem ),
N, is the Avogadro’s number, and M, is the average molecular weight of the grafted polymer chains and it is similar to the M, of the free polymer.
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Figure 2. Normalized absorption (red O) and emission (blue ®)
spectra (Ae, = 520 nm) of immobilized PAA—PMOH on silica slides.

order to remove any potentially physisorbed PMOH. Neither the
absorbance nor fluorescence intensity changed after Soxhlet extrac-
tion, confirming covalent attachment of the PMOH to the polymer
and covalent attachment of the polymer to the silica substrate.

PMOH was grafted to the immobilized PAA layer in low
amounts in order to ensure fluorimetric visualization of the
polymer layer while minimizing polymer insensitivity toward
both variations in pH and salt concentration arising from
fluorophore tagging on every repeat unit. Also of note is the
direct polymerization of AA-PMOH by ATRP on initiator-
covered silica substrate that was attempted according to standard
methods.*® Unfortunately, no polymer could be detected either
in solution or on the surface. Subsequently, direct polymerization
of AA (acrylic acid) using modified ATRP protocols was pursued.
Although AA could be polymerized from the surface in water, the
control of film thickness is relatively difficult to obtain because of
fast polymerization kinetics* and hydrolytic side reactions
occurring in aqueous media.’* Indeed, the variable polymer
thickness (between 10 and 120 nm) despite consistent polym-
erization conditions, confirms that the surface polymerization of
AAis not controlled and that PAA is most likely cleaved from the
substrate under the ATRP polymerization conditions of high pH
(pH > 8) and salt concentration required for AA (vide infra).

TIRF Microscopy Degrafting Studies. Fluorescence from the
PMOH—-PAA immobilized on glass substrates was observed
when immersing the substrates in aqueous solutions of increasing
pH when excited with the TIRF system. The laser power
transmitted through the objective was attenuated to 2—7 uW
for minimizing any PMOH photobleaching during the experi-
ments. The top surface, to which was grafted the PMOH—PAA,
was adapted with a ca. 50 L volume flow chamber for both
exposing the polymer layer to a constant flow of desired solution
and washing away any degrafted polymer (Figure 1).

Figure 3 displays typical fluorescence images of a 66 x 33 um”
region obtained at close to neutral pH (pH = 6.5, top left panel A)
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Figure 3. Time-dependent PMOH—PAA fluorescence as a function of
pH with no added NaCl. (A and B) TIRF images of substrates after
flowing at low (A) and high pH (B) NaCl-free solutions for increasing
amounts of time. (C and D) Time evolution of Gaussian-fitted
individual pixel fluorescence intensity distributions when flowing at
low (C) and high pH (D) NaCl-free solutions. (E) Center of Gaussian-
fitted pixel fluorescence intensity distributions versus time for all the salt-
free solutions studied. The analyzed area is delimited by the square and
rectangle on the corresponding picture.

and high pH (pH =10.5, top right panel B). The images were
obtained shortly after initial exposure and following long exposure
to the NaCl-free buffer solution. Images with smooth intensity
profiles were observed, confirming the homogeneous distribution
of the PMOH—PAA layer across the slide. Intensity variations of
ca. 10% were observed for a given sample as a result of different
regions being monitored (see for example Figure 3E, pH 6.5 or
7.5) and variations in the laser power. The intensity of a subregion
(delimited by the rectangle and square in Figure 3, A and B) was
further analyzed to indirectly quantify surface density of the
immobilized polymer over time. The histogram of the intensity
per pixel was obtained for a given pH with increasing exposure
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times to the solution (Figure 3, parts C and D). New regions in the
same substrate were then imaged at each time delay for minimizing
PMOH photobleaching followed by plotting the intensity/pixel
value at the center of the Gaussian-fitted histogram vs time
(bottom panel E, Figure 3). It is obvious from the statistically
analyzed data graphically summarized in Figure 3E that no
polymer degrafting occurs regardless of pH at low ionic strength.

Polymer degrafting at a high ionic strength was next investigated
as a function of time and pH (Figure 4) with a NaCl concentration
of 10 mM. Although the monovalent salt was not expected to
directly promote polymer cleavage,***" it however can increase the
degree of dissociation of PAA leading to polymer backbone exten-
sion with increasing density of negative charges.”>* The expected

pH 6.5, 10 mM NaCl pH 10.5, 10 mM NaCl
t
A B ————— ——0min
— 15 min —_ -:) ;‘rlr:‘n
30 mil —— 15 mi
2x10° — Zg ::: 5x10° 30 min
3 60 min g‘ 45 min
75 ~ 60 min
§ o S 3x10° ——75min
g 1x10° —— 105 min g —— 90 min
- —— 120 min ™ ——— 95 min
w “liomn | % 2x10° 105 min
150 min ~——120 min
0 i Wy 180 min 0 —— 135 min
0 50 100 150 200 0 50 100 150 200
Intensity (a.u.) Intensity (a.u.)
150 [ 1w . .
I% .ll- L] T r
- L ]
- '* | . "t ",
stoo4 T M . 1 . ]
2z . fa
K]
5
£ 50- 1 1 1 { ™
u"n
0 = pH6.5 = pH75 = pH85 pH9.5 | = pH105
T T T T T
0 100 0 100 0 . 100 . 0 100 0 100
Time (min)

Figure 4. Time and pH dependence of PMOH—PAA degrafting at
10 mM NaCl. (A and B) Time evolution of Gaussian-fitted individual
pixel fluorescence intensity distributions when flowing at low (A) and
high pH (B) with 10 mM NaCl. (C) Center of Gaussian-fitted pixel
fluorescence-intensity distributions versus time for all solutions studied
at 10 mM NaClL

extended conformation in turn exposes the substrate—initiator
bond to hydroxyl ions, which potentially promotes degrafting. As
shown in Figure 4C, the fluorescence intensity of the grafted
PMOH—polymer is unchanged at pH values ranging from 6.5 to
8.5, but decreases only at pH 9.5 and 10.5. The results confirm
that the substrate —initiator bond is labile and can be hydrolyzed
resulting in cleavage of the immobilized polymer from the
substrate. However, the exact location (within the initiator)
where bond rupture occurs is unknown because the C—O,
Si—0O, Si—C bonds are all potentially labile and susceptible to
hydrolysis. Our results further suggest that the substrate—initia-
tor bond is protected against hydrolysis at low ionic strength
most probably because of the collapsed conformation of polymer
segments close to the surface. However, at extreme pH with
added salt, the end-grafted chains are ionized resulting in an
extended brush conformation that exposes the substrate —initiator
bond making it more susceptible to hydrolysis by hydroxyl ions.

AFM step-height cross-sectional measurements (Figures S
and S4 (Supporting Information)) were done before and after
the TIRF measurements to ensure that the disappearance of the
fluorescence signal was due to polymer cleavage and not from
either fluorophore cleavage from the polymer or fluorophore
quenching processes. The step-height analysis revealed a drastic
change in polymer film thickness for the substrates exposed to
10 mM NaCl at pH 10.5 (Figure S, C and D). This is in contrast
to the polymer thickness that remained unchanged before and
after exposing to pH 10.5 without added salt (Figure S, A and B).
The height difference between the bare substrate and the
polymer layer can quantitatively be determined from the AFM
step-height measurements. The degrafting ratio, defined as the ratio
between the polymer layer thickness after and before exposure to
buffer solution, is ca. 0.2 for the substrate exposed to pH 10.5 with
added salt. This suggests that about 80% of the polymer is cleaved
from the substrate. Similarly, 40% of the polymer is degrafted
from the substrate exposed to pH 9.5 with added salt (Figure 6).
Conversely, no polymer degrafting was observed by AFM for the
substrate exposed to pH 9.5 without salt. The AFM results
corroborate the TIRF measurements in that polymer degrafting
occurs only in the presence of salt at pH > 9.5.

Further confirmation that the observed change in fluorescence
intensity arises from polymer degrafting rather than hydrolysis of
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Figure S. AFM images (10 x 10 um) in the dry state showing the step-height difference between the bare glass and the polymer layer: (A) before and
(B) after exposing the substrate to buffer solution at pH 10.5 and (C) before and (D) after exposing the substrate to buffer solution at pH 10.5 with added
salt. The dashed rectangles (0.3 X S um) refer to the step-height analyzed areas.
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Figure 7. Fluorescence emission spectra of PM60S and PMOH in
sodium dodecyl sulfate (SDS, 10 mM) micelles and Trisma (0.1 M)
buffer solution. Left: Fluorescence intensity acquired at the emission
maximum of PM60S following various incubation periods in aerated
solutions at pH 6.5, at 0 and 10 mM NaCl (red, closed and open circles,
respectively), and pH 10.5 at 0 and 10 mM NaCl (blue, closed and open
triangles, respectively). Right: Normalized steady-state fluorescence
spectra at various pH and NaCl concentrations after incubation for
180 min. The spectra of PMOH, (which is blue-shifted with respect to
PM605), is shown for comparison illustrating that no ester hydrolysis
and formation of PMOH occurs during this time period. Excitation was
performed at 500 nm in all experiments.

the PMOH—PAA bond was obtained by studying the fluores-
cence of a PMOH—PAA model system, PM60S in SDS micelles.
The hydrolysis of PM60S to PMOH (inset top Figure 7) would
give rise to a hypsochromic shift in the fluorescence emission
(right panel Figure 7). >"%%%5* No change in either the
emission spectrum shape or intensity was observed upon in-
cubating PM60S5 for extended periods of time in solutions of pH
and ionic strength similar to those used for the TIRF microscopy
studies. Only a slight fluorescence increase was observed at
564 nm at the onset of the measurement because of PM60S
diffusing into the micelles. In contrast, hydrolysis of PM605
would result in a decrease in intensity at 564 nm. The steady-state
emission intensity vs time analyses of PM60S in SDS micelles
confirm that ester hydrolysis or bleaching of the dye do not
occur. The results further confirm that the fluorescence decrease
observed in TIRF microscopy is a result of PAA degrafting from
the substrate and not from PMOH hydrolysis.

The degrafting rate can be estimated from the time-dependent
fluorescence change in Figure 4C. The degrafting rate for pH
9.5 and 10.5 with added NaCl is approximately the same. The
lack of sensitivity of the degrafting rate to [OH ] and the sudden
onset of degrafting can be interpreted by a change in polymer
conformation when the pH is increased close to 9.5 at high ionic
strengths. Although, the [OH ] is expected to be sufficient to
induce polymer degrafting at pH < 9.5, the polymer conforma-
tion is tightly collapsed at low ionic strength and protects the
labile substrate—initiator bond. A combination of high pH and
high ionic strength are thus needed to induce the conformation
change of grafted PAA. These results are in good agreement with
our previous study showing conformation change of PAA
brushes with pH and salt.>*

In order to protect the labile substrate—initiator bond at the
polymer/substrate interface from undesired hydrolysis, a hydro-
phobic layer can be inserted between the substrate and the PAA
as similarly done with a PS-b-PAA copolymer grafted to mica.**
The presence of the innermost hydrophobic layer directly bond
to mica is expected to act as a protective layer against hydrolysis
of the substrate—initiator bond by preventing water and hydrated
ions from reaching the substrate. Therefore, we have grafted a
polystyrene layer directly from the glass substrate using the
immobilized ATRP initiator as in Figure 2. The thickness of the
grafted polystyrene layer measured by ellipsometry was 10 nm.
The substrate was then exposed to pH 10.5 solution for 2.5 h and
then cleaned. No change in the polymer film thickness was
observed by ellipsometry regardless of ionic strength, confirming
that the polystyrene layer can provide a robust layer or spacer
protecting the labile substrate —initiator bond against hydrolysis.
As the PS chains contain a terminal bromine, they allow for
subsequent polymerization of AA by ATRP block copolymeri-
zation. This is actively being pursued.

B CONCLUSION

Degrafting of covalently immobilized fluorescent PAA from
glass substrates was unequivocally confirmed in solution via
TIRF microscopy. The real-time fluorescence measurements
confirm that the substrate—initiator bond is labile and can be
cleaved. Cleavage of the covalently bound polymer only occurred
at pH = 9.5 in the presence of salt. The combination of high pH
and added salt most probably induces a conformational change of
the polymer layer, allowing hydrolysis of the substrate —initiator
bond at the polymer/glass interface. Although the exact salt and
pH induced conformation change is unknown, the hydroxyl ions
nonetheless penetrate through the PAA layer to the substrate and
hydrolyze the glass—initiator bond. The absence of polymer
degrafting with 10 mM NaCl at pH < 9.5 suggests that the
polymer adopts a compact conformation close to the surface and
protects the glass—initiator bond against hydrolysis. Regardless
of conformation, we provided unprecedented real-time evidence
for the degrafting of PAA from glass substrates. The stability of
the covalently attached hydrophobic—hydrophilic copolymer
layer is currently being investigated.

B ASSOCIATED CONTENT

© Supporting Information.  Pictures of PAA—PMOH cov-
ered glass slides under ambient and UV light, GPC, and AFMs.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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