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METHODS OF MODIFYING SURFACES

[0001] This application claims the benefit of provisional application U.S. Serial No.
60/530,809, filed December 18, 2003, which is hereby incorporated by reference into the
subject application in its entirety.

[0002] The government may have certain rights in the present invention pursuant to a
grant from the U.S. Army Research Laboratory and the U.S. Army Research Office, Grant
No. DAAD19-00-10104, and a grant from the Materials Research Science and Engineering
Centers program of the National Science Foundation, Award No. DMR-0213574.

[0003] Throughout this application, various pubiications are referenced. The
disclosures of these publications in their entireties are hereby incorporated by reference into
this application in order to more fully describe the state of the art as known to those skilled
therein as of the date of the invention described and claimed herein.

[0004] The disclosure of this patent document contains material which is subject to
copyright protection. The copyright owner has no objection to the facsimile reproduction by
anyone of the patent document or the patent disclosure, as it appears in the Patent and
Trademark Office patent file or records, but otherwise reserves all copyright rights

whatsoever.

BACKGROUND OF THE INVENTION

[0005] It is often highly desirable to design and control the structure and properties of
surfaces and interfaces without affecting a material’s bulk properties. Surface properties of
interest include wettability, adhesion, tack, friction and wear, hardness, and gloss. The ability
to modify and control chemical functionality on surfaces in a precise manner is desirable
because a change in surface chemistry inevitably changes the surface free energy and other
material properties of interest, such as adhesion and wettability, which are important in
coatings and paints. It also allows the possibility of further surface derivatization of external
ligands, for example, by selectively attaching molecules of interest to polymer surfaces,
which is an important way to build molecular assemblies with confined positions for complex
nanoscale and biomolecular devices. The task of modifying surfaces and interfaces to control

such properties is daunting because many surface characteristics are related to the nature and
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physical structure on the molecular level. Ideally, surface modification strategies involve few
or no reagents, require only ambient conditions in normal atmosphere, are universal for a
variety of substrate materials, and do not necessitate elaborate external processing operations.
Most current surface modification strategies do not meet these conditions.

[0006] A variety of surface modification techniques are known. Few current
techniques for surface modification, however, allow for specific chemical and structural
control at molecular dimensions. In addition, many methods under development for surface
modification are not readily suited to industrial application and scale up.

[0007] One common way to achieve modification of polymer surfaces is by plasma,
X-ray, UV, laser, ion beam and e-beam etching, or corona discharge, which involves
bombarding the surface with highly excited atomic, molecular, ionic, electronic, or free
radical species to form reactive groups on an inert surface. Oxidative treatments, such as
corona discharge, oxygen plasma, or UV/ozone are indiscriminate and kinetic in nature,
rendering the control of modification depth of surface chemistry difficult. These treatments
are often unstable, and involve reorganization at the surface shortly after processing.
Chemical treatment methods for surface modification often require harsh and hazardous
reagents, and the depth of modification can usually be confined to the surface only by
regulating the exposure time. Further, these techniques usually require expensive equipment
and sophisticated process controls. These techniques also involve safety hazards including
electric shock, UV exposure, and laser exposure. Further, these surface modification
techniques result in non-homogenous surfaces that have multiple surface functional groups,
which reduces their selectivity for subsequent derivatization. These techniques are
increasingly unacceptable from an environmental and safety perspective. These techniques
also have difficulties in modifying the surface uniformly and reproducibly.

[0008] Some emerging materials applications require molecular level control of the
spatial distribution of chemical functionalities comprising the surface. Several patterning
techniques have been demonstrated, including nanografting, microstamping, and
photolithography. However, several limitations are associated with each of these methods.
Nanografting requires the use of atomic force and scanning tunneling microscopes and is a
slow technique requiring physical contact with each spatial location in the pattern.

Microstamping requires fabrication of both a positive and negative mold and involves

2-
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subsequent alignment of the stamps and a mechanical step to transfer physisorbed monolayers
to the surface of the substrate. Photolithography involves the use of a patterned photo-mask
containing opaque and translucent regions to choreograph regiospecific photochemical
changes within a photoresist. The resolution of the patterned area is limited only by the
wavelength of the light, but existing techniques suffer from the usual requirement of a
development step to create the pattern.

[0009] Accordingly, there is a great need for inexpensive, convenient, and accessible
methods of selectively modifying surfaces. There is also a need for molecular-based methods
and processes that can be used to design and control the chemical and physical nature of
surfaces and interfaces. It is desirable to modify functional groups in a homogenous way. It

is also desirable to control the spatial distributions of surface functional groups.

SUMMARY OF THE INVENTION

[0010] The present invention is directed to methods for modifying a substrate having
a surface comprising coating a macromolecular surfactant comprising a modifiable functional
group onto the surface of the substrate, wherein the modifiable functional group assembles to
the air-coating interface, thereby modifying the surface of the substrate; wherein if the
substrate comprises a first polymer and the macromolecular surfactant comprises a second
polymer having a modifiable functional group, then the group is not modifiable by an acid to
functionally modify the surface of the substrate.

[0011] The invention is also directed to methods for modifying a substrate having a
surface comprising coating a macromolecular surfactant comprising a modifiable functional
group onto the surface of the substrate from a supercritical fluid, wherein the macromolecular
surfactant is soluble in the supercritical fluid, wherein the modifiable functional group
assembles to the air-coating interface, thereby modifying the surface of the substrate.

[0012] The present invention is further directed to methods for modifying a surface,
comprising coating the surface with a copolymer comprising at least two units, each unit
having a different surface tension than the other, wherein at least one unit has a surface
tension lower than that of the surface, wherein the unit of the copolymer having the lowest
surface tension assembles to the air-coating interface and comprises a photoactive functional
group; and exposing the coating to radiation, thereby modifying the surface, wherein the

-3-
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surface comprises metal, metalloid, polymer, organic material, ceramic, metal oxide,
metalloid oxide, or a combination thereof, provided that the surface does not comprise glass.
[0013] The invention is also directed to methods for modifying a surface of a
monolayer, comprising coating a monolayer on a substrate; wherein the monolayer is formed
by self-assembly of end-functionalized surfactant molecules, thereby positioning a
photoactive functional group at the air-monolayer interface; and exposing the monolayer to
radiation, thereby modifying the surface of the monolayer, provided that if the monolayer is a
self-assembled monolayer of organic groups, then each organic group contains a first
functionality that is not capable of being converted to a second functionality by exposure to
an acid to functionally modify the surface.

[0014] The invention is also directed to devices having a surface modified by the
methods of the present invention.

[0015] The invention is directed to macromolecular surfactants comprising at least
two units each having a different surface tension, wherein the unit having the lowest sufface
tension comprises a modifiable functional group, and wherein the modifiable functional
group comprises a protected functional group, that is not an acid-reactive functional group; a
photoactive functional group; a base-reactive functional group; an electrochemically reactive

functional group; a functional group that is reactive with electricity; or a combination thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Figure 1 depicts the creation of a release surface on a polystyrene substrate
with a poly(styrene-b-dimethylsiloxane) block copolymer.

[0017] Figure 2 depicts a poly(S-b-DMS-X) copolymer used to deliver functional
group X to a surface.

[0018] Figure 3 depicts a surface modified with a block copolymer of polystyrene and
a second block containing protected function groups.

[0019] Figure 4 shows the surface of Figure 3 after photodeprotection by UV light in
the presence of a photoacid generator.

[0020] Figure 5 depicts the polystyrene-poly(t-butyl)acrylate adsorption isotherm on PS
fibers.
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[0021] Figure 6A and Figure 6B are scanning electron micrograph images of original

PS fibers and PS fibers after being coated with block copolymer.

[0022] Figure 7 shows surface coverage of PS-PtBA versus adsorption time.
[0023] Figure 8 illustrates contact angle measurements of modified PS films.
[0024] Figure 9 is an x-ray photoelectron spectroscopy output showing concentration

of carbonyl carbon coating a polystyrene surface.

[0025] Figure 10 depicts adsorption of copolymer onto silicon wafer.

[0026] Figure 11 shows the deprotection of compound 1 by photochemical or
chemical means to form compound 2. |

[0027] Figure 12 shows the self-assembly of t-butyl-substituted azobenzene
alkanethiol derivatives followed by UV exposure.

[0028] Figure 13A and Figure 13B are XPS spectra for t-butyl-substituted and acid-
substituted azobenzene alkanethiol self-assembled monolayers.

[0029] Figure 14 is a schematic of photochemical modification of a SAM surface.
[0030] Figure 15 compares images of the hydrophobic SAM 1 surface, the

hydrophilic SAM 2 surface, and the patterned SAM surface visualized by exposure to water

vapor.
[0031] Figure 16 is an optical microscope image showing selective adsorption of PS-
NH; colloidal particles.

[0032] Figure 17 is a fluorescent confocal microscope image of a PS-fluorescent

patterned surface.
[0033] Figure 18 is a plot of R(0) vs. 1/sinf which gives the angle dependent XPS
estimated thickness of a PtBA layer.

[0034] Figure 19 shows the estimated PtBA layer thickness as a function of polymer
concentration of diblock copolymer for annealed and unannealed films.

[0035] Figure 20 is an optical micrograph of patterned polymer brushes of poly(t-
butyl)methacrylate-b-PS/PS.

[0036] Figure 21A and Figure 21B are high resolution Cls XPS (Figure 21A) and
O1s XPS (Figure 21B) of unannealed PtBA-b-PS/PS.

[0037] Figure 22 shows the depth profile of PtBA-b-PS/PS brush.
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[0038] Figure 23 is a high resolution XPS Cls spectra before and after photoacid
deprotection of PtBA.

[0039] Figure 24A and Figure 24B show the preferential adsorption and fluorescence
intensity line profile of Bodipy-ester on a photomask-protected surface.

[0040] Figure 25 shows the preferential adsorption of Bodipy-NH; on a photomask-
protected surface.

[0041] Figure 26A and Figure 26B show the preferential adsorption and fluorescence
intensity line profile of BSA-FITC on a photomask-protected surface.

[0042] Figure 27A and Figure 27B show the preferential adsorption and fluorescence
intensity line profile of Biotin-NH,/Alexa488-Streptavidin on a photomask-protected surface.
[0043] Figure 28 shows XPS survey spectra of derivatized polymer surface.

[0044] Figure 29A and Figure 29B are a thickness estimate of all trans SAM-azo-

COOH (Figure 29A) and Cls band assignment of SAM-azo-COOH and SAM-azo-tBu
(Figure 29B).

[0045] Figure 30 shows ADXPS results of SAM-azo-tBu.

[0046] Figure 31A and Figure 31B are optical micrographs of water condensation
images of patterned SAM-azo-tBU/SAM-azo-COOH using 5x (Figure 31A) and 20x (Figure
31B) objective.

[0047] Figure 32 shows compounds useful for the photochemical attachment of
polymer films.

[0048] Figure 33 demonstrates the preparation of a benzophenone SAM.

[0049] Figure 34 shows the preparation of a phthalimide SAM.

[0050] Figure 35 is an exemplary procedure for grafting polymers onto the surface of
a SAM.

[0051] Figure 36 demonstrates features of a PECH-tethered benzophenone SAM.
[0052] Figure 37 shows features of a PV A-tethered phthalimide SAM.

[0053] Figure 38 shows the infrared spectrometry of a PVA-grafted phthalimide
SAM.

[0054] Figure 39 shows features of a PS-tethered phthalimide surface.

[0055] Figure 40 demonstrates the results of dewetting thin films under various
conditions.
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[0056] Figure 41 shows the results of dewetting tests on PS polymer film on either a
phthalimide or benzophenone SAM.
[0057] Figures 42-43 show the results of a competition study comparing the time

dependent dewetting data for PS coated on various surfaces.

[0058] Figure 44 shows exemplary carbohydrate microarrays.

[0059] Figure 45 demonstrates the increased hydrophilicity of various surfaces.
[0060] Figure 46 shows a mechanism for modifying nitrocellulose.

[0061] Figure 47 shows features of nitrocellulose and nitrocellulose-benzophenone
surfaces.

[0062] Figure 48 demonstrates the benzophenone modification of a carbohydrate.
[0063] Figure 49 shows compounds applicable to the SAM and surface modification

techniques of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0064] The present invention is directed to methods for coating monolayer films of
surface-active polymers onto substrates of arbitrary shape. The present invention also
provides molecular-based methods and processes that can be used to control the chemical and
physical nature of surfaces and interfaces. The present invention is directed to methods for
modifying functional groups in a homogenous way and controlling the spatial distributions of
surface functional groups.

[0065] The present invention is directed to methods for modifying a substrate having
a surface comprising coating a macromolecular surfactant comprising a modifiable functional
group onto the surface of the substrate, wherein the modifiable functional group assembles to
the air-coating interface, thereby modifying the surface of the substrate, wherein if the
substrate comprises a first polymer and the macromolecular surfactant comprises a second
polymer having a modifiable functional group, then the group is not modifiable by an acid to
functionally modify the surface of the substrate. In another embodiment, the method further
comprises modifying the functional group. In one embodiment, the macromolecular
surfactant comprises a polymer, a copolymer, a block copolymer, a graft copolymer, a
statistical copolymer, a hydrogel, a self-assembled monolayer, or a combination thereof. In

another embodiment, the macromolecular surfactant comprises a polymer.
-7-
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[0066] In one embodiment, the modifiable functional group comprises a protected
functional group, a photoactive functional group, a base-reactive functional group, an
electrochemically reactive functional group, a functional group that is reactive with
electricity, or a combination thereof.

[0067] In one embgdiment, the substrate surface is modified at a specific location. In
another embodiment, the modifying produces a surface pattern. In one embodiment, the
modifying comprises exposing the surface to radiation. In another embodiment, the exposing
is performed in the presence of a photomask. In another embodiment, the radiation comprises
a pattern of scanning lines.

[0068] In one embodiment, the method further comprises imaging the surface pattern.
In another embodiment, the imaging comprises fluorescence imaging, water condensation
imaging, scanning electron microscopy imaging, x-ray photoelectron spectroscopy imaging,
or a combination thereof.

[0069] In one embodiment, the method further comprises reacting the modified
functional group with a ligand. In another embodiment, the ligand comprises a biological
molecule, a peptide, a protein, a carbohydrate, DNA, an enzyme, an aptamer, a third polymer,
a colloidal particle, a nanoparticle, or a combination thereof.

[0070] In one embodiment, the concentration of polymer is sufficient to provide a
saturated monolayer coating. In another embodiment, the concentration of polymer is
sufficient to provide a sub-monolayer coating.

[0071] In one embodiment, the polymer is a copolymer. In another embodiment, the
copolymer comprises at least two units each having a different surface tension than the other,
wherein the unit of the copolymer having the lowest surface tension assembles to the air-
coating interface and comprises the modifiable functional group. In another embodiment, the
unit of the copolymer having the highest surface tension has favorable interaction energy with
the substrate. In another embodiment, the heat of mixing between the substrate and
copolymer is negligible or negative.

[0072] In one embodiment, the copolymer comprises a photoactive block copolymer.
In another embodiment, the photoactive block copolymer comprises polystyrene. In another

embodiment, the photoactive block copolymer comprises poly(t-butyl acrylate). In another
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embodiment, the photoactive block copolymer comprises polystyrene and poly(t-butyl
acrylate).

[0073] In one embodiment, the coating comprises a monolayer. In another
embodiment, the monolayer is surface active. In one embodiment, the coating comprises a
sub-monolayer.

[0074] In one embodiment, the coating comprises self-assembly, spin-coating,
adsorption, coating from a supercritical fluid, or a combination thereof.

[0075] The present invention is also directed to methods for modifying a substrate
having a surface comprising coating a macromolecular surfactant comprising a modifiable
functional group onto the surface of the substrate from a supercritical fluid, wherein the
macromolecular surfactant is soluble in the supercritical fluid, and wherein the modifiable
functional group assembles to the air-coating interface, thereby modifying the surface of the
substrate.

[0076] In another embodiment, the macromolecular surfactant comprising the
modified functional group is not soluble in the supercritical fluid. In one embodiment, the
macromolecular surfactant comprises a polymer. In another embodiment, the supercritical
fluid comprises carbon dioxide.

[0077] In one embodiment, the coating occurs in a chamber under pressure. In
another embodiment, the coating occurs without using a volatile organic compound. In
another embodiment, the chamber is under pressure above about 8 MPa. In another
embodiment, the chamber is under pressure in the range from about 8 MPa to about 16 MPa.
In one embodiment, the chamber is under pressure above about 25 MPa. In another
embodiment, the chamber is under pressure in the range from about 25 MPa to about 46 MPa.
In another embodiment, the pressure is maintained at about a constant pressure. In one
embodiment, the pressure is maintained at about a constant pressure for at least about thirty
minutes.

[0078] In one embodiment, the temperature of the chamber is in the range of about
room temperature to about 50 °C. In another embodiment, the temperature of the chamber is
maint;clined at about a constant temperature.

[0079] In one embodiment, the substrate comprises glass, metal, polymer, a self-

assembled monolayer, or a combination thereof. In another embodiment, the surface of the
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substrate is not flat. In another embodiment, the surface of the substrate comprises a pore. In
one embodiment, the surface of the substrate comprises an internal pore. In another
embodiment, the substrate comprises a tube having an inner surface.

[0080] The invention is directed to a device formed by modifying a substrate having a
surface comprising coating a macromolecular surfactant comprising a modifiable functional
group onto the surface of the substrate, wherein the modifiable functional group assembles to
the air-coating interface, thereby modifying the surface of the substrate, wherein if the
substrate comprises a first polymer and the macromolecular surfactant comprises a second
polymer having a modifiable functional group, then the group is not modifiable by an acid to
functionally modify the surface of the substrate. In another embodiment, the device
comprises a coverslip, a glass slide, a semiconductor chip, a plate, a microarray sensor, a
biomedical device, a catheter, a blood bag, a dialysis machine, an artificial heart, a biological
sensor, a circuit, a substrate for electroplating, an implant, a nanoparticle, or a combination
thereof.

[0081] The invention is also directed to a device formed by modifying a substrate
having a surface comprising coating a macromolecular surfactant comprising a modifiable
functional group onto the surface of the substrate with a supercritical fluid, wherein the
macromolecular surfactant is soluble in the supercritical fluid, and wherein the modifiable
functional group assembles to the air-coating interface, thereby modifying the surface of the
substrate. In another embodiment, the device comprises a coverslip, a glass slide, a
semiconductor chip, a plate, a microarray sensor, a biomedical device, a catheter, a blood bag,
a dialysis machine, an artificial heart, a biological sensor, a circuit, a substrate for
electroplating, an implant, a nanoparticle, or a combination thereof.

[0082] The invention is also directed to methods for modifying a surface, comprising
coating the surface with a copolymer comprising at least two units each having a different
surface tension than the other, wherein at least one unit has a surface tension lower than that
of the surface, wherein the unit of the copolymer having the lowest surface tension assembles
to the air-coating interface and comprises a photoactive functional group, and exposing the
coating to radiation, thereby modifying the surface, wherein the surface comprises metal,
metalloid, polymer, organic material, ceramic, metal oxide, metalloid oxide, or a combination

thereof, provided that the surface does not comprise glass.

-10-
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[0083] In one embodiment, the coating step comprises annealing.

[0084] In one embodiment, the exposing comprises photodeprotection. In another
embodiment, modifying the surface produces a surface pattern. In one embodiment, the .
exposing is carried out in the presence of a photomask. In another embodiment, the radiation
comprises a pattern of scanning lines.

[0085] In one embodiment, the method further comprises imaging the surface pattern.
In another embodiment, the imaging comprises fluorescence imaging, water condensation
imaging, scanning electron microscopy imaging, x-ray photoelectron spectroscopy imaging,
or a combination thereof.

[0086] In one embodiment, the photoactive functional group comprises an ester
group. In another embodiment, the ester group comprises a t-butyl ester group.

[0087] In one embodiment, the copolymer comprises a block copolymer. In another
embodiment, the copolymer comprises a photoactive block copolymer. In another

embodiment, the copolymer comprises poly(t-butyl acrylate).

[0088] In one embodiment, the copolymer comprises a diblock copolymer. In another
embodiment, the diblock copolymer comprises poly(t-butyl acrylate) and polystyrene.

[0089] In one embodiment, the metal comprises silicon, gold or a combination
thereof.

[0090] In one embodiment, the radiation comprises ultraviolet radiation. In another

embodiment, the radiation comprises deep ultraviolet radiation.
[0091] In one embodiment, the coating further comprises a photoacid generator of

formula I, formula II, or a combination thereof:
X X
X Y N =
L Y
_ S = I AN
+

S+
y | 'O3S'(CF2)H'CF3 'O3S'(CF2)n'CF3
N
Z

I and I
wherein X is selected from the group consisting of -H, -O(CH,);CHz, -tButyl,
-OCHjs, -CF3, and thienyl;
Y is selected from the group consisting of —H, -tButyl, -OCHj3, 1-naphthyl,
2-naphthyl, and thienyl;
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WO 2005/060668 PCT/US2004/042363

Z is selected from the group consisting of —H, -tButyl, -OCH3, 1-naphthyl, and

2-naphthyl; and

n is 0-10.

[0092] In one embodiment, the method further comprises immobilizing on the
copolymer coating a biomolecule. In another embodiment, the biomolecule comprises a
protein. In another embodiment, the protein comprises biotin, biotin ethylenediamine, bovine
serum albumin, and fluorescein-5 isothiocyanate tagged bovine serum albumin, or a
combination thereof.

[0093] In another embodiment is provided a device formed by modifying a surface,
comprising coating the surface with a copolymer comprising at least two units each having a
different surface tension than the other, wherein at least one unit has a surface tension lower
than that of the surface, wherein the unit of the copolymer having the lowest surface tension
assembles to the air-coating interface and comprises a photoactive functional group, and
exposing the coating to radiation, thereby modifying the surface, wherein the surface
comprises metal, metalloid, polymer, organic material, ceramic, metal oxide, metalloid oxide,
or a combination thereof, provided that the surface does not comprise glass. In another
embodiment, the device comprises a coverslip, a semiconductor chip, a plate, a microarray
sensor, a biomedical device, a catheter, a blood bag, a dialysis machine, an artificial heart, a
biological sensor, circuit, a substrate for electroplating, an implant, a nanoparticle, or a
combination thereof.

[0094] The present invention is further directed to methods for modifying a surface of
a monolayer, comprising coating a monolayer on a substrate, wherein the monolayer is
formed by self-assembly of end-functionalized surfactant molecules, thereby positioning a
photoactive finctional group at the air-monolayer interface, and exposing the monolayer to
radiation, thereby modifying the surface of the monolayer, provided that if the monolayer is a
self-assembled monolayer of organic groups, then each organic group contains a first
functionality that is not capable of being converted to a second functionality by exposure to
an acid to functionally modify the surface.

[0095] In one embodiment, the self-assembled monolayer comprises a benzophenone
moiety, a phthalimide moiety, a benzoin moiety, a photogenerated aldehyde moiety, or a

combination thereof.

-12-
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[0096] In one embodiment, the exposing comprises photodeprotection. In another
embodiment, the exposing produces a surface pattern. In one embodiment, the exposing is
performed in the presence of a photomask. In another embodiment, the radiation comprises a
pattern of scanning lines. In one embodiment, the radiation comprises ultraviolet radiation.
In another embodiment, the radiation comprises deep ultraviolet radiation.

[0097] In one embodiment, the method further comprises imaging the surface pattern.
In another embodiment, the imaging comprises fluorescence imaging, water condensation
imaging, scanning electron microscopy imaging, x-ray photoelectron spectroscopy imaging,
or a combination thereof.

[0098] In one embodiment, the method further comprises coating on the monolayer a
macromolecular surfactant. In another embodiment, the macromolecular surfactant is a
polymer. In one embodiment, the macromolecular surfactant is a hydrophilic polymer. In
another embodiment, the macromolecular surfactant is a hydrophobic polymer.

[0099] In another embodiment, the self-assembled monolayer comprises a coating on
a substrate surface. In another embodiment, the substrate surface comprises glass, metal,
metalloid, ceramic or a combination thereof. In one embodiment, the substrate surface
comprises silicon, gold or a combination thereof,

[0100] In one embodiment, the method further comprises immobilizing on the self-
assembled monolayer surface a carbohydrate, a peptide, a protein, DNA, an enzyme, an
aptamer, a colloidal particle, nanoparticle, metal oxide, or a combination thereof. In another
embodiment, the colloidal particle comprises a polystyrene colloidal particle.

[0101] In one embodiment, the method further comprises oxidizing the monolayer.
[0102] In another embodiment is provided a device formed by modifying a surface of
a monolayer, comprising coating a monolayer on a substrate, wherein the monolayer is
formed by self-assembly of end-functionalized surfactant molecules, thereby positioning a
photoactive functional group at the air-monolayer interface, and exposing the monolayer to
radiation, thereby modifying the surface of the monolayer, provided that if the monolayer is a
self-assembled monolayer of organic groups, then each organic group contains a first
functionality that is not capable of being converted to a second functionality by exposure to
an acid to functionally modify the surface. In another embodiment, the device comprises a

coverslip, a glass slide, a semiconductor chip, a plate, a microarray sensor, a biomedical
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device, a catheter, a blood bag, a dialysis machine, an artificial heart, a biological sensor, a
circuit, a substrate for electroplating, an implant, a nanoparticle or a combination thereof.
[0103] The present invention is directed to macromolecular surfactants comprising at
least two units each having a different surface tension, wherein the unit having the lowest
surface tension comprises a modifiable functional group, and wherein the modifiable
functional group comprises a protected functional group, that is not an acid-reactive
functional group; a photoactive functional group; a base-reactive functional group; an
electrochemically reactive functional group; a functional group that is reactive with
electricity; or a combination thereof.

[0104] In another embodiment, the present invention is directed to macromolecular
surfactants comprising at least two units each having a different surface tension, wherein the
unit having the lowest surface tension comprises a modifiable functional group, and wherein
the modifiable functional group comprises a protected functional group, that is not t-butyl and
that is not an acid-reactive functional group; a photoactive functional group; a base-reactive
functional group; an electrochemically reactive functional group; a functional group that is
reactive with electricity; or a combination thereof.

[0105] In one embodiment, the modifiable functional group comprises a functional
group protected with a low surface tension moiety. In another embodiment, the modifiable
functional group comprises a methyl group, a C;-Cg alkyl group, a fluoro group, or a
combination thereof.

[0106] In another embodiment, the macromolecular surfactant comprises a

polyhydroxyethylacrylate, polyhydroxyethylmethacrylate, or a combination thereof.

[0107] The term “PS” is used herein to mean polystyrene.

[0108] The term “PDMS” is used herein to mean poly(dimethyl)siloxane.
[0109] The term “PMMA” is used herein to mean poly(methyl)methyacrylate.
[0110] The term “MMA” is used herein to mean methylmethacrylate.

[0111] The term “PtBA” is used herein to mean poly(t-butyl)acrylate.

[0112] The term “tBA” is used herein to mean t-butylacrylate.

[0113] The term “PtBMA” is used herein to mean poly(t-butyl)methacrylate.
[0114] The term “SAM” is used herein to mean self-assembled monolayer.
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[0115] The term “monolayer” is used herein to mean a saturated layer one molecule
thick.
[0116] The term “sub-monolayer” is used herein to mean a layer one molecule thick

that is not completely saturated.

[0117] The term “PAG” is used herein to mean photoacid generator.

[0118] The term “XPS” is used herein to mean x-ray photoelectron spectroscopy.
[0119] The term “ADXPS” is used herein to mean angle dependent x-ray
photoelectron spectroscopy.

[0120] The term “PGMEA” is used herein to mean propylene glycol methyl ether
acetate.

[0121] The term “SEM” is used herein to mean scanning electron microscopy.
[0122] The term “unit” as used herein means a set of repeating monomers.

[0123] The term “T,” is used herein to mean glass transition temperature.

[0124] The term “SDV” is used herein to mean Surface Delivery Vehicle.

[0125] The term “about” is used herein to mean approximately, roughly, around, or in

the region of. When the term “about” is used in conjunction with a numerical range, it
modifies that range by extending the boundaries above and below the numerical values set
forth. In general, the term “about” is used herein to modify a numerical value above and
below the stated value by a variance of 20 percent up or down (higher or lower).

[0126] As used herein, the word “or” means any one member of a particular list and
also includes any combination of members of that list.

Surface Modification

[0127] The invention is directed to molecular level methods to modify the structure
and properties of material surfaces, especially polymeric surfaces. There are generally two
goals involved: modifying the surface of some materials to impart release properties so that
nothing sticks (e.g. a Teflon-like surface) and placing specific functional groups in well-
controlled density at the surface (e.g. reactive sites to attach proteins).

[0128] Surface modification of usually low surface-energy polymers has attracted
attention in order to improve their adhesion, wettability, printability, and biocompatibility
with affecting their desirable bulk properties. The ability to modify and control chemical

functionality on polymer surfaces in a precise manner is highly desirable because a change of
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surface chemistry changes the surface free energy and other material properties of interest,
including adhesion and wettability, which are important in coatings and paints. It also allows
for further surface derivatization of external ligands, which is an important way to build
molecular assemblies with confined positions for more complex nanoscale and biomolecular
devices.

Release Surfaces

[0129] Thermodynamic considerations show that making a release surface is
straightforward. The lowest surface tension component is stable at the surface because it
minimizes the surface free energy. To make a release surface on polystyrene, for example, a
macromolecular surfactant that would be surface-active and lower the interfacial tension
when it adsorbs at the surface is added to the PS surface. An example is a block copolymer
comprising a polystyrene block and a poly(dimethyl)siloxane block. PDMS has a low surface
tension and will assemble to the air-surface interface. PS anchors the copolymer to the
surface because the PS block entangles with the PS substrate. This is depicted in Figure 1.
[0130] The end result is a nanometer thick monolayer of PDMS on the PS substrate
that causes the surface to act as if it were pure PDMS, which is a low surface tension release
material. The PS block is required to anchor the molecule to the surface, and without it the
PDMS surface layer could simply be wiped off the PS substrate.

[0131] The Cho thesis, Publication No. 3042898, ISBN 0-493-56739-9, demonstrated
that a PS-PDMS block copolymer was coated on PS using supercritical CO,. The PS
substrate was placed in a chamber along with the block copolymer PS-PDMS and charged
with supercritical CO,. The coating forms through the self-assembly of the polystyrene
portion of the block copolymer.

Functional Group Placement

[0132] One embodiment of this invention provides a method for creating a smart
surface by placing a functional group on a polymeric chain end as depicted in Figure 2. The
properties of this surface are “smart” meaning that if a material comes in contact with this
surface and has no interaction with the group X, the surface acts as a release surface, but if the
material does interact with group X at the surface, the material will adhere. Thus, a smart
surface responds to the material with which it is in contact and selectively adheres to the

material depending on interaction of the material with group X on the surface.
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[0133] The importance of this idea is that group X would not normally assemble at
the surface because it is a functional group having a high surface tension or surface energy.
Thermodynamically, the surface always wants to minimize its surface energy, so the high-
energy group X will not assemble there on its own. According to the present invention,
however, functional group X will assemble at the surface when attached to a macromolecular
surfactant, because it is dragged along when the macromolecular surfactant self-assembles at
the surface. Depending on the functional group X, the surface may also be further activated
and patterned, as described in more detail below.

[0134] As an example, block copolymers containing protected functional groups are
surface-active due to the nature of the protecting groups utilized, and they self-assemble at the
surface to form a bilayer structure that presents a molecular layer of a protected block
copolymer sequence to the surface. Through the molecular design of polymer architecture,
surface modification of the polymer can be achieved without changing the bulk material
properties. The molecular design can include self-assembly processes to create a modified
polymer surface. The basis of the molecular design is that block copolymers with one low
surface tension block are known to spontaneously self-assemble at the surface of a
homopolymer matrix of higher surface tension. Most schemes for protection of reactive
functional groups employ protecting groups that have intrinsically low surface tensions.
Common protecting groups including trimethylsilane and t-butyl carbamate (BOC), impart
low surface tension when used to protect a functional polymer because they contain three low
energy methyl groups. As such, protecting groups such as trimethylsilane and BOC are
examples of low surface tension moieties.

Functional Group Modification and Surface Patterning

[0135] In one embodiment, the invention provides a method for modifying a
functional group at a surface. This includes, for example, deprotecting or activating a
functional group at a surface. The invention also provides a method for spatially patterning
precisely where these functional groups are activated. In one embodiment, this is
accomplished with light by placing photoactivatable functional groups on a surface.

[0136] In one embodiment, self-assembling monolayers that specifically assemble on
metallic and inorganic substrates are used. The self-assembling monolayer methodology is

generally applicable to modify the chemistry of surfaces. The self-assembling molecule has
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one end group that associates with the metal causing the molecule to stand up. When the self-
assembling molecule stands up at the surface, the other chain end, functionalized with a
photoactive group, such as a t-butyl ester group, is located at the surface. Standard
photoresist chemistry is used to convert this t-butyl ester group to a carboxylic acid group
using a photoacid generator exposed to UV light. Because light is involved, surface
functionality may be spatially patterned by exposure to UV light through an appropriate mask.
Normally, carboxylic acid groups would not assemble at a surface because of their high
energy. The methods of the invention, however, create a stable functional surface that can
then be spatially patterned. Groups such as carboxylic acids provide convenient sites for
further modification, including bioconjugation of peptides, proteins, and growth factors.
[0137] In another embodiment, polymers that specifically assemble on substrates are
used. The polymer is, for example, a block copolymer. Depending on the concentration of
copolymer used, the coating formed is either a monolayer or sub-monolayer. Block
copolymers are designed to interact with polymeric substrates, or with metallic substrates, or
with inorganic substrates, or a combination thereof. These block copolymers are also used for
the photoactive surface modification strategy wherein functional groups are protected by
chemistry that can be reversed upon exposure to light. One example of this chemistry is the t-
butyl ester group, which can be photo-deprotected using UV light in the presence of a PAG,
as shown in Figure 3.

[0138] When the surface is as shown in Figure 3, it is usually a release surface
because the protecting group P has a low surface energy and ties up the functional group A.
When photodeprotected by a photoactive functional group PA or other possible means, the
surface changes to give the surface shown in Figure 4. ‘

[0139] As an example, the protected group PA is a t-butyl ester. Accordingly, Pisat-
butyl ester and A is a carboxylic acid. There are numerous possibilities. The group PA is any
protected functional group with the following properties: the group imparts low enough
surface tension that it makes the PA copolymer block surface active in the matrix (i.e.,
substrate), and the group forms a functional group upon exposure to UV light. The group PA
could be a photo-deprotected moiety or a chemical structure that transforms into a useful

functional group upon exposure to UV light.
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[0140] Using standard photoresist technology, light causes a chemical transformation
in the photoresist polymer that makes it soluble in the development solvent. Regions that are
exposed to UV light are completely removed, leaving a topological feature, which is
essentially a hole of proscribed shape. Ink can then be applied for photoresist stamping
processes and will only adhere to the holes to produce the desired pattern.

[0141] In the invention herein, however, the same basic photoactive functional group
chemistry is applied, but no surface material is removed. The photoactive functional group
assembles at the surface by means of being incorporated into a macromolecular surfactant
structure, and after transformation, it remains at the surface, allowing a change directly in the
chemical makeup of the surface.

[0142] The surface modifications of the present invention allow latent surface
treatment. In one embodiment, the protected surface shown in Figure 3 is stable under
standard storage conditions and can be activated (e.g., by photodeprotection) at a later time.
This preserves the nature of the surface, and gives the experimenter greater flexibility in
completing the desired surface modification.

[0143] In addition to controlling surface chemical functionalities in a homogenous
way, the present invention provides methods for control the spatial distributions of the surface
chemical functionalities, i.e. patterning polymer surfaces into heterogeneous surfaces with
different chemical functionalities or hydrophobicity at well-defined regimes with micron or
submicron feature size.

Photolithographic Patterning of End-Functionalized Self-Assembled
Monolayers of Azobenzene on Gold

[0144] There is an increasing need for the rapid development of molecular
technologies and the miniaturization of new generation devices to fabricate highly ordered
solid surfaces. Self-assembled monolayers have received attention as a building block for
surface fabrication. SAMs have been used in the design of various interfaces for chemical
sensors, optical switches, nonlinear optical materials, and high-density memory devices.
[0145] Highly ordered SAM surfaces on solid materials can also serve as templates
for nanoparticles. Nanoparticles are ideal candidates for new generation devices. These
devices require attaching a nanoparticle onto a solid surface by precisely controlling its size

and position at the molecular level.

-19-



WO 2005/060668 PCT/US2004/042363

[0146] Azobenzene-based alkanethiol SAMs are capable of reversible
photoisomerizatibn. Azobenzene chromophores exhibit rapid and reversible trans-cis
photoisomerization upon irradiation with UV or visible light. The large structural and dipole
moment change associated with this isomerization also causes significant optical and surface
property changes. The azobenzene chromophore is also electrochemically active. Thiol
based SAMs also show this switchable behavior. The surface is patterned using this
switching property. One way to show patterning on surface is by monitoring change in
wettability of surface before and after irradiation.

[0147] Applicants’ research investigates the chemical and optical properties of several
different end-functionalized azobenzene moieties that form SAMs on flat and crust gold
surfaces. In one embodiment, the invention is directed to patterning a functionalized
azobenzene surface using chemical (by photolithographic techniques) and physical patterning
(optical switching properties). A patterned azobenzene surface is generated using
conventional photolithographic techniques. Self-assembled monolayers of t-Bu terminated
azobeﬁzene on gold substrate are prepared and characterized using contact angle
measurement and XPS. Self-assembled monolayers of hydrophobic-group-terminated
azobenzenes on gold are patterned with light and a photomask to generate a hydrophilic
surface. The hydrophobic and hydrophilic groups show very different wetting behavior and
the patterned surface is visualized by optical microscopy after condensation of water. The
hydrophobic and hydrophilic patterned azobenzene surface can also be imaged with amine
terminated polystyrene particles and fluorescence labeled PS nanoparticles. Photochemically
patterned surfaces therefore serve as a means for templating two-dimensional geometric
patterns of a variety of objects and molecules.

[0148] In one embodiment, the invention is directed to a photolithographic technique
for direct photochemical modification and chemical patterning of surfaces. In one
embddiment, the technique involves self-assembly of t-butyl ester end-functional alkanethiols
onto gold substrates. XPS confirms that self-assembly causes terminal t-butyl ester groups to
locate at the air-monolayer interface, and the t-butyl ester groups are subsequently converted
to carboxylic acid groups when exposed to UV radiation in the presence of a photoacid
generator. The photochemical change from hydrophobic t-butyl ester groups to hydrophilic

groups has a profound effect on surface wettability. Surface chemistry is patterned with this
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process on a microscale by exposure to UV light through a patterned photo-mask. Unexposed
regions retain the properties associated with hydrophobic t-butyl ester end-groups, while
exposed regions are converted to carboxylic acid surface chemical functionality.

[0149] In another embodiment, the photomasking technique is an effective and simple
means for templating two-dimensional surface deposition of a variety of molecules and
objects. The resultant hydrophobic and hydrophilic surface regions are used to spatially
pattern: fluid wetting (i.e., water), the adsorption of amine-terminated polystyrene colloidal
particles, and the deposition of amine-terminated, fluorescence-labeled polystyrene
nanoparticles. The surface patterning technique retains the full resolution of deep UV
photolithography, requires only light and a photoacid generator as reagents, and can be
performed with conventional deep UV photomasking systems.

Polymer Design

[0150] The copolymer exemplified herein is a diblock copolymer. Many alternative
polymer architectures are also applicable. A pure homopolymer with PA units is useful, so
long as the homopolymer will readily associate with the substrate polymer. For example, a
PS substrate may be modified with PtBA homopolymer. Other applicable polymers include
triblock copolymers, graft copolymers, star copolymers, random copolymers and multiblock
copolymers, including segmented copolymers. In these examples, the only requirement is
that one block is an anchor block that associates strongly with the substrate polymer and the
other block is surface-active and contains the photoactive PA moiety. The structure depicted
in Figure 2 is also useful where group X is replaced by the protected photoactive group PA.
In this case the surface active block copolymer is an end functional block copolymer in which
the surface active block is anything with a low enough surface tension to cause the copolymer
to self-assemble at the substrate surface. Exemplary copolymer components include
silicones, fluoroacrylates, methacrylates, acrylates, and fluorocarbons.

[0151] Example 1 below describes a polystyrene substrate, but the invention is
applicable to all substrates that are wettable by poly(t-butyl acrylate) or, more generally, are
wettable by the block containing a protected PA functionality. The anchor block of the block
copolymer is either the same as the substrate polymer, or interacts favorably with the

substrate polymer. For example, the anchor block could be poly(methyl) methacrylate for a
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PMMA substrate, allowing a PMMA substrate to be modified with a poly(MMA-b-tBA)
copolymer.

[0152] In designing a polymer to interact with a substrate, certain parameters are
considered. The sequences or blocks of the polymer are selected based on the substrate to be
coated. The polymer comprises an anchor block that favorably interacts with the substrate.
This favorable interaction can be measured, for example, by an exothermic interaction
between the substrate and the polymer. The substrate and the polymer are held together by
entropic and energetic forces.

[0153] The anchor block is the same as (e.g., a homopolymer), or different than (e.g.,
a copolymer), the block comprising the functional group that assembles to the air-coating
interface of surface. The anchor block is selected based on its ability to associate with the
substrate. Depending on the nature of the substrate, this association is by physisorption,
chemisorption, or molecular interpenetration of the polymer onto the substrate. For example,
when the substrate also comprises a polymer, the substrate polymer may mix with the anchor
block polymer. Suitable mixing polymers are known to those of skill in the art. The anchor
block polymer may also be miscible in the substrate polymer. As another example, when the
substrate is inorganic, the anchor block may chemically bond or chemisorb to the inorganic
substrate. The chemical bonding or chemisorption could occur through the interaction of a
single functional group or a block of functional groups.

Design of Surface Delivery Vehicles

Polymeric Substrates

[0154] Surface delivery vehicles for polymeric surfaces can be prepared from a
variety of copolymer architectures: random, diblock and triblock, graft, star and multiblock.
Each SDV has at least two and usually three monomer units that comprise the polymer
molecules. One of the units interacts with the substrate with sufficient strength to make it
difficult to remove the SDV from the substrate surface. This monomer is referred to as the
anchor block because it anchors the SDV to the substrate. Several mechanisms for anchoring
are possible. For example, the anchor block may penetrate into and entangle with the
substrate due to miscibility. If the substrate is polystyrene, the anchor block is polystyrene or
any other polymer that is miscible with polystyrene, e.g., poly(vinyl methyl ether).
Alternatively, the anchor block may simply chemisorb or physisorb to the substrate.
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[0155] The second monomer unit has a lower surface tension than that of the anchor
block to cause the SDV to segregate to the surface. It also has a sufficiently unfavorable
interaction (i.e., large enough Flory interaction parameter, ) with the anchor block and
sufficient length to cause the SDV to self-assemble into a bilayer-like structure with the
outermost air-interface layer comprising the low surface tension block and the inner layer
comprising the anchor block.
[0156] SDVs also contain a functional moiety or moieties that can be activated using
light or other external stimuli, including electrical or magnetic fields. The functional moieties
are either incorporated into the low surface tension block or are end groups of the low surface
tension block. The functional moiety can be a protected functional group that can be
deprotected by light, e.g., a t-butyl ester that yields a carboxylic acid upon photolytic
deprotection, or can be a group that can be transformed or derivatized by a known
photoreaction, e.g., a benzophenone group that can graft surface molecules by radical
abstraction when exposed to light. The functional moiety may also be a group that can be
transformed into an active species by an electrochemical reaction applied with a scanning
tunneling microscope or atomic force microscope. These latter techniques are useful for
nanometer scale patterning of functional groups at surfaces.
[0157] In general, the low surface tension block causes the SDV to segregate to the
polymer surface. In doing so, it delivers attached functional groups to the surface. The
anchor block provides energy of interaction or interpenetration that makes the SDV stick to
the substrate surface and provides a repulsive energy with respect to the low surface tension
that promotes self-assembly of the SDV as a bilayer at the substrate surface. The outermost
layer of the surface bilayer obtained comprises the low surface tension block and any
functional moieties that are attached as side chains or end groups, while the innermost layer is
the anchor block adhering the SDV to the substrate.

Non-polymeric Solid Substrates

[0158] SDVs for non-polymeric solid substrates are based on the designs discussed
above for polymeric substrates. However, the anchor block cannot penetrate the substrate and
physisorbs or chemisorbs with sufficient adhesive force to anchor it to the substrate. For
copolymer SDVs, the anchor block is functionalized with specific groups that interact
strongly with the solid substrate. Examples of functional groups are ethoxy, choloro or
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silanes for glass, quartz and silicon wafer substrates; thiols or sulfides for coinage metal
substrates including gold and copper; and carboxylic acids for aluminum. ‘

[0159] Self-assembled monolayers can also be used as SDVs. These SAMs have a
three-component design. The first component is a functional group at the first end of the
molecule that reacts with or interacts strongly with the substrate. Examples again include
ethoxy, choloro or silanes for glass, quartz and silicon wafer substrates; thiols or sulfides for
coinage metal substrates including gold and copper; and carboxylic acids for aluminum
substrates. The second component is the self-assembling molecule, which comprises
moieties that self-associate strongly. A hydrocarbon chain comprising more than about seven
methylene units is typically used for this purpose. The third component is a functional group
at the second end of the molecule. This group is initially a low surface tension group that is
activated upon exposure to light or other stimuli to form the surface functional group of
interest.

[0160] In general, the first end groups on the anchor block interact strongly with the
substrate so that the self-association energy between the molecular backbones causes an
orientational transition that positions the first end attached to the substrate, orients the
molecule more or less perpendicular to the substrate, and positions the second end group at
the surface and. In this fashion, the SAM-based SDV design delivers the functional moiety of
interest to the air-substrate interface.

Coating Techniques

[0161] General methods of coating a substrate with a polymer or macromolecular
surfactant are known to those of skill in the art. These methods include, without limitation,
self-assembly methods, spin coating and adsorption.

[0162] In one embodiment, the invention provides methods of coating a substrate with
a nanometer thickness of a polymer. In one embodiment, the coating thickness provided by
these methods is uniform. The coating thickness obtained is, for example, a sub-monolayer, a
saturated monolayer, or two layers. Changing the initial polymer concentration will cause a
change in the coating thickness. This is also a simple and straightforward method for coating
polymeric or other substrates with a sub-monolayer to monolayer coating of a

macromolecular surfactant, as depicted in Figures 2 and 3.

24-



WO 2005/060668 PCT/US2004/042363

[0163] The ability of the polymer to coat the substrate depends on the architecture and
size of the sequences or blocks of the polymer. For example, in order to form a fully
saturated monolayer on a substrate, the concentration of polymer will be such that adjacent
polymer subunits are closely packed but not overlapping. Because the polymer sequences
comprise coiled atomic chains, there is a relationship between the length of a sequence chain
and the width of substrate that it covers. The polymer coating is visualized with XPS to
measure the thickness of the coating versus concentration of polymer used. A break in the
XPS curve gives the concentration of polymer corresponding to an exact monolayer coating.

Supercritical Fluids

[0164] In another embodiment of this invention, the polymer is coated on a substrate
using supercritical CO,. The use of supercritical CO, provides several advantages. For
example, supercritical CO; is useful to coat a polymer monolayer onto a substrate of arbitrary
shape, and can be used to coat the internal pores of porous objects or to coat inside tubes. It
also does not require the use large amounts of volatile organic compounds. Supercritical CO;
is an environmentally friendly solvent.

[0165] In one embodiment, the polymer is soluble in the supercritical CO,, and the
presence of a functional group on the polymer does not cause the polymer to become
insoluble in supercritical CO,. Examples 1 and 2 below describe the use of poly(S-b-tBA),
which is a photoactive, surface active copolymer and polystyrene as the substrate. The
photoactive functional groups and copolymer structures described are applicable as long as
the macromolecular surfactant is both surface-active and soluble in the supercritical fluid. In
one embodiment, the surface-active functional group is protected to prevent reaction of the
supercritical CO, with the functional group.

[0166] The supercritical fluid used in these examples is CO,, but also includes, for
example, CO, containing small amounts of organic solvents such as methanol and ethanol to
enhance the solubility of the copolymer in the supercritical fluid.

[0167] Criteria for selecting pressure and temperature parameters are known to those
of skill in the art. When using a supercritical fluid, the lowest possible pressure that dissolves
a sufficient amount of the polymer is used. The temperature is low enough so that it causes

degradation of the polymer. In some embodiments, room temperature is used. The use of

25-



WO 2005/060668 PCT/US2004/042363

trace organic solvents in the supercritical fluid will also influence the selection of pressure
and temperature parameters.

Exemplary Uses of Modified Surfaces

[0168] The methods of the present invention are useful for patterning surfaces.
Surface patterning refers to creating two-dimensional spatially heterogeneous surfaces with
different chemical functionality, hydrophobicity, or morphology as well-defined regimes with
micron or submicron feature sizes [Pan et al., Polymer Preprints 2003, 44(1), 500].

[0169] The present invention has applications in thin film device fabrication,
particularly in microelectronics, information storage, optics, and sensors [Blaaderen, A.V. et
al., Nature 1997, 385, 321].

[0170] For example, a polymer surface applied to a surface acoustic wave sensor can
serve as an artificial nose or sniffer system. Thin polymer films are coated onto quartz, and
an aldehyde group on the surface reacts in the presence of light. Adsorption causes a change
in the wave sensor. The polymer coating is used to create a stable surface that normally
would not be stable.

[0171] As another example, the patterned surfaces produced by the methods of the
present invention are useful as universal templates to assist self-assembly and selective
deposition of an object of interest, including polymers and inorganic colloidal particles,
nanoparticles, photonic crystals, and biomolecules [Yin, Y. et al., J. Am. Chem. Soc. 2001,
123, 8718]. The immobilization and patterning of biomolecules on solid surfaces is
important to the development of biologically integrated devices such as biosensors, genomic
diagnostics, modulation of cell-substrate interaction, controlled drug release, and tissue
engineering.

[0172] It is also desirable to pattern biomolecules on polymer substrates instead of on
conventional silicon or glass inorganic substrates because polymers are more versatile and
meet the requirements of processibility, physical strength, gas permeability, and
biocompatibility. Polymer substrates also have the advantage of being low cost, disposable,
and environmentally friendly. The biomolecular patterning approach of the present invention
also has the advantage of easy implantability from mature microelectronic technology.

Pattern feature resolution can be extended to the resolution of current commercial microchips.
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Further, the examples shown herein are amenable to patterning biomolecules because the
materials and reagents used are biocompatible.

[0173] The methods of the present invention are also applicable to nanopatterning.
[0174] The devices of the present invention have latent functionality and are
amenable to storage and later activation.

[0175] The invention will be further described with reference to the following examples;
however, it is to be understood that the invention is not limited to such examples. Rather, in
view of the present disclosure that describes the current best mode for practicing the
invention, many modifications and variations would present themselves to those of skill in the
art without departing from the scope and spirit of this invention. All changes, modifications,
and variations coming within the meaning and range of equivalency of the claims are to be
considered within their scope.

Example 1

[0176] 4 mg of polystyrene-b-poly(t-butyl acrylate) (6.4K-7K, Polymer Source) was
inserted into a high-pressure cell in every experiment regardless of carbon dioxide pressure.
The corresponding concentration was 0.1 mg/cm’. PS fibers were placed inside a
microcentrifuge tube located inside the high-pressure cell. The cell was charged with CO; to
desired pressure using an ISCO pump (260D). The temperature of the cell was controlled at
40 °C. PS fibers were characterized with XPS and SEM.

[0177] The block copolymer, PS-b-PiBA, starts to adsorb onto PS fibers when the
pressure of CO; is above 25 MPa. Figure 5 shows that the surface coverage of PS-b-PtBA
increases with the pressure of CO,. At 46 MPa, PS-b-PtBA totally covers the surface.
Figure 6 gives the SEM images of PS fibers before and after covering with block copolymer.
The original PS fibers have small pores at the surface. After coating, the pores disappeared
and very smooth surfaces were obtained.

[0178] The adsorption kinetics of PS-5-PtBA from supercritical CO, was
investigated. XPS cannot detect any block copolymer at surface until the resident time
reaches 30 seconds. Increasing the resident time increases the surface coverage of PS-b-

PtBA. PS-b-PtBA totally covers the surface after about 2 minutes, as depicted in Figure 7.
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Example 2

[0179] 1 mg of polystyrene-b-poly(i-butyl acrylate) (6.4K-7K, Polymer Source) was
inserted into a high-pressure cell in every experiment regardless of carbon dioxide pressure.
The corresponding concentration was 1.32 mg/em’. A piece of silicon wafer was first spin
coated with a layer of PS (152K, Pressure Chemical) with a thickness of about 50 nm, then
placed inside a high-pressure cell. The cell was charged with CO; to desired pressure using
an ISCO pump (260D). The temperature of the cell was controlled at 46 °C. The cell was
maintained at the pressure for half an hour before releasing CO,. The modified samples were
characterized with the contact angle measurement and XPS.

[0180] Contact angles of water on PS and PtBA films were measured and compared
with those on the modified PS films (Figure 8). The ratio of carbonyl carbon to total carbon
can be obtained from XPS, because PtBA is the only source of carbonyl carbon. The XPS
results are shown in Figure 9. When CO, pressure is below 8 MPa, no significant adsorption
of block copolymer was observed. When the pressure between 8 and 16 MPa, the
concentration of PtBA at the surface increases with pressure. As a result, the contact angle
decreases and the concentration of carbonyl carbon at the surface increases with pressure.
Above 16 MPa, a plateau is reached and the surface concentration of PtBA does not change
with pressure.

[0181] Bare Si wafers were also applied as substrates to study the adsorption of block
copolymer. Unlike adsorption on PS films, visible defects can be observed after adsorption
of copolymer onto the Si wafer (Figure 10). The thickness of copolymer layer is about 5 nm,
which is close to the radii of gyration of the block copolymer. This suggests that the
copolymer forms a single molecular layer on top of the substrate.

Example 3: Self-Assembled Monolayers

Svnthesis of 4-[4-(6-Mercapto-hexyloxy)-phenylazo]-benzoic acid t-butyl ester (Compound

1)
[0182] 4-[4-(6-Bromo-hexyloxy)-phenylazo]-benzoic acid t-butyl ester was

synthesized following a reported procedure [Macromolecule, 1993, 26, 7103-05; J. Fluorine
Chem., 1995, 74]. 4-Amino-benzoic acid t-butyl ester (Fluka, 4.81 g, 25 mmol) was

dissolved in 55 mL of dilute hydrochloric acid aqueous solution. After cooling in an ice bath,
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the acid mixture was diazotized by adding drop-wise a solution of 1.73 g of NaNQO, in 5 mL
of water at 0 °C to the acid mixture. The solution mixture turned a strong yellow. The
solution was diluted with 100 mL of chilled methanol and coupling was carried out by slowly
adding the diazotized solution to a chilled solution of phenol (2.34 g, 24 mmol), KOH (2.69g,
48 mmol), and 25 mL of MeOH at 0 °C to form an orange-yellow precipitate. The solution
was stirred for 2 hours in an ice water bath. The precipitate was filtered off, dried and
recrystallized from n-hexane to obtain an orange-yellow solid (6.41 g, 87 %). A mixture of
3.4 mmol of 4-(4-hydroxy-phenylazo)-benzoic acid t-butyl ester, 33.6 mmole of 1,6-
dibromohexane, 16.8 mmol of dry potassium carbonate and a catalytic amount of potassium
iodide in 25 mL of dry acetone was stirred under reflux overnight. Reaction completion was
confirmed by thin layer chromatography analysis. After cooling, the precipitated salt was
filtered off and the filtrate was concentrated in vacuo. The crude product was purified by
recrystallization from hexane/ethyl acetate (70:30) to obtain a shiny orange powder (yield 91
%, 1.41 g).

[0183] 4-[4-(6-Mercapto-hexyloxy)-phenylazo]-benzoic acid t-butyl ester was
synthesized by modifying a literature procedure [Material Science and Engineering, 1999, 8-
9, 385-389; J. Phys. Chem., 1995, 99, 7102]. 0.41 g (0.9 mmol) of 4-[4-(6-bromo-hexyloxy)-
phenyazo]-benzoic acid t-butyl ester and 0.25 mg (1.1 mmol) of sodium thiosulfate
pentahydrate in 5 mL of water was dissolved in 18 mL of ethanol and refluxed for 3 hours.
The mixture was stirred at room temperature for an additional hour. After cooling, the
precipitate was filtered off using a fritted funnel. A fine orange solid (bunte salt) was
obtained and was used without purification. 10 ml of chloroform and 10 mL of 1M HCI were
added to the bunte salt. The reaction mixture was refluxed for 2 hours at 70 °C after which
the orange organic phase was extracted from the colorless aqueous layer. The organic layers
were further extracted with 10 mL of chloroform (3 times) and combined, washed with
saturated NaHCOj solution, distilled water, and then dried over MgSQOs4. The solvent was
removed by roto-evaporation and the product (compound 1, Figure 11) was further purified
by recrystallization from an ethanol-water mixture. Drying under vacuum produced a fine
orange powder (0.22 g, 60% yield) with the following characteristics: 'H NMR (CDCls) &
8.11 (d, J=9 Hz, 2H), 7.91 (dd, J=9 Hz, 4H), 7.14 (d, J=9 Hz, 2H), 4.08 (t, J=6 Hz, 2H), 2.48

29.



WO 2005/060668 PCT/US2004/042363

(m, 2H), 1.85-1.41 (m, 17H), 1.32 (t, 1H). High-resolution mass spectroscopy (HR-MS)
yielded a mass of 414.1988 compared to the value 414.1628 calculated for Cy3H3003N2S.

Synthesis of 4-[4-(6-Mercapto-hexyloxy)-phenylazo]-benzoic acid (Compound 2)

[0184] An excess of trifluoroacetic acid (99%, Acros) was added to 0.2 g of 4-[4-(6-
mercapto-hexyloxy)-phenylazo]-benzoic acid t-butyl ester. The mixture was stirred for 5
minutes to dissolve. Excess trifluoroacetic acid was flushed from the vessel using a stream of
argon. Acetone was added to the crude mixture to remove unreacted starting materials. The
deprotected product acid was solidified by acetone and filtered out. The solid product
(compound 2, Figure 11) was further purified by washing with several portions of acetone.
The yield was 90-95%, and product characteristics were: 'H NMR (DMSO-dg)

6 13.08 (broad, 1H), 8.10 (d, J=9 Hz, 2H) 7.89 (dd, J=9 Hz, 4H), 7.11 (d, J=9 Hz, 2H), 4.06
(t, J=6 Hz, 2H), 2.7 (m, 2H), 1.78-1.25 (m, 9H). HR-MS (M+1) gave a mass of 359.1441
compared to the theoretical value of 359.1429 for C;9H»303N,S.

Preparation of Azobenzene Alkanethiol Self-Assembled Monolayers (SAMs)

[0185] SAMS of azobenzene derivatives were prepared on Au(111)/Cr/Si wafer.
SAMs of the azobenzene alkanethiols were prepared by immersing gold substrates for 12-24
hours in 1.0 - 0.1 mM ethanolic or THF solution of the azobenzene alkanethiol derivatives,
followed by rinsing thoroughly with the corresponding solvent, and drying in a stream of
nitrogen prior to the characterization. To confer free volume to the azobenzene moiety and
facilitate photoisomerization in the closely packed monolayer, azobenzene thiol solutions
were irradiated under UV before and during deposition to deposit as the cis conformation.
Gold substrates were prepared by evaporating 10 nm chromium, followed by 100 nm gold
(99.99%), onto 3” N (100) prime grade silicon wafers (Wafer World, Inc.). Silicon wafers
were cleaned by piranha etching before and after gold deposition, rinsed with copious

amounts of de-ionized water, acetone and methanol, and dried in a stream of nitrogen.
Photochemical Modification and Chemical Patterning

[0186] A sacrificial layer (>1um) of polystyrene (MW = 250K, 99%, Acros)
containing the PAG triphenylsulphonium triflate (donated by IBM) (7.9 % w/w PAG/PS) was
spin coated on top of self assembled monolayers from a (7.2% w/w) solution of PS/PAG in

PGMEA (Aldrich). The sample was then exposed to a mercury lamp (254 nm, 760 pw/cm?)

-30-



WO 2005/060668 PCT/US2004/042363

for 10-30 seconds in the presence of a photo-mask. The UV exposed sample was post-baked
at 100 °C from 30 seconds to 1 minute to facilitate the diffusion of the photogenerated acid
molecules. Excess PAG and PS were removed by washing with toluene and samples were
dried under Na.

Sample Characterization

[0187] UV-Vis spectra were obtained using a Shimadzu, UV-2401PC UV-Vis
recording spectrophotometer.

[0188] Contact angle measurements were performed with a Rame-Hart 100-00
contact angle goniometer using Millipore Mili-Q water. A drop of 1 pL volume was formed
from a micropipet and placed directly onto the sample. At least three droplets were measured
on each sample. The sample variation for a given SAM type was less than 2°.

[0189] X-ray Photoelectron Spectroscopy (XPS) spectra were recorded with PHI 5500
model Spectrometer equipped with an Al Ko monochromator X-ray source run at 15kV and
23.3mA, a hemispherical electron energy analyzer and a multichannel detector. The test
chamber pressure wés maintained below 2 x 10 torr during spectral acquisition. A low
energy electron flood gun was used to neutralize the possible surface charge. The XPS
binding energy was internally referenced to the aliphatic C1s peak (BE = 284.6 eV). Survey
spectra were acquired using an analyzer pass energy of 93.9 eV and BE resolution of 0.8 eV,
and high resolution spectra was acquired with a pass energy of 23.5 eV and BE resolution of
0.05 eV. The take-off angle is defined as the angle between the surface normal and detector.
ADXPS was performed by using a motor to rotate the sample holder to the desired take-off
angle. High resolution spectra were resolved by fitting each peak with Guassian-Lorentz
functions after subtracting the background using the PHI data processing software package
under the constraint of setting a reasonable BE shift and characteristic full width at half
maximum range. Atomic concentrations were calculated by normalizing peak areas to
elemental sensitivity factor data provided by the PHI database.

[0190] Fluorescence imaging of surfaces was performed using an Olympus IX70 laser
scanning confocal microscope equipped with an Ar laser as an excitation source. The sample
was excited at 488 nm and the corresponding emission was collected above 510 nm.
Fluorescence intensity was monitored as a function of X-Y position as the sample was

focused above the laser beam through a 20x or 10x objective. Fluorescence images (512 x
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512 pixels) were typically acquired at a PMT voltage of 900 V and a scan speed of 16 scans
per second.

[0191] Light micrographs were recorded using a Nikon OPTIPHOT metallurgical
dark field microscope equipped with a Kodak MDS digital camera in the reflection mode.
The image was typically acquired using a 20x and 5x objective.

Visualization of Chemically Patterned Surface

[0192] Chemical surface patterns were visualized by condensing water onto the
patterned surface [Science 1993, 260, 647; Science 1994, 263(5143), 60], by acid-base
interaction mediated adsorption of amine-functional PS colloidal particles (diameter 3 pm,
2.6 % solid latex suspension) (PolyScience, Inc.), and by decoration with fluorescently tagged
PS nanoparticles. A suspension of 0.1 % w/w PS-NH, colloidal particles in aqueous solution
was prepared and applied on the patterned surface. The sample was then slightly heated at 50
°C for 1-3 hours to evaporate the water.

[0193] As illustrated in Figure 11, the t-butyl ester functionality provides a site for a
photochemical change from a hydrophobic butyl group to a reactive hydrophilic carboxylic
acid group. This same photochemical change forms the basis of chemical amplification
photoresist technology [Langmuir 2002, 18(23) 8720]. When exposed to UV light, the
photoacid generator produces a proton that catalyzes deprotection of the t-butyl ester
(compound 1, SAM-tBu) to form a carboxylic acid (compound 2, SAM-COOH) and butylene
gas. Photo-deprotection of the hydrophobic t-butyl ester to form a carboxylic acid offers a
photo-chemical alternative to more traditional chemical deprotection methods, such as
hydrolysis with trifluoroacetic acid, also depicted in Figure 11. Both of these deprotection
schemes occur readily in solution to produce an acid-terminated azobenzene alkanethiol
compound.

[0194] The photochemical transformation reaction of Figure 11 is useful to modify
surface properties when confined to a surface. For this purpose, the azo compound is
functionalized at its other terminus with an alkane thiol group in order to promote self-
assembly at the surface of coinage metals such as gold. Self-assembly of SAM-tBu causes
the t-butyl ester group to locate at the SAM-air interface as depicted in Figure 12. A layer of
photoacid generator is then applied onto the SAM-coated gold substrate by spin coating
(using polystyrene as a carrier). Exposure to UV light and subsequent stripping of the surface
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PAG-containing overlayer converts the initially hydrophobic surface covered with t-butyl
groups to an hydrophilic surface covered with reactive carboxylic acid groups.
[0195] The SAMs represented in Figure 12 were characterized by water contact angle
measurements and XPS. The measured water contact angles were 98+2° for SAM 1 and
2842° for SAM 2, cc;nﬁrming the expected change in hydrophilicity from hydrophobic zerz-
butyl end groups to hydrophilic carboxylic acid end groups.
[0196] The XPS spectra shown in Figure 13 provide quantitative confirmation of the
photochemical surface modification reaction depicted in Figure 12. The high-resolution Cls
spectra for both the tert-butyl ester and photo-deprotected carboxylic acid surfaces show
evidence of four different types of carbon. The signal at 284.6 eV is associated with aliphatic
and aromatic carbons that are not bonded to oxygen, the 285.7 eV signal is associated with
carbons in ether linkages, the 286.8 eV signal is associated with the ester carbon in the tert-
butyl ‘group and the 288.7 eV signal is associated with the carbonyl ester carbon. The large
loss of the signal at 286.8 eV (see Figure 13A) confirms almost complete removal of the tert-
butyl group after photo-deprotection.
[0197] XPS is also employed to confirm that the functional monolayers are oriented
normal to the surface as picture in Figure 12 through analysis of the integrated peak
intensities associated with each carbon type. The Cls peaks at 288.7 eV, 286.8 €V, 285.7 eV
and 284.6 eV have an intensity ratio of 1:1:3:14 for SAM 1(a) and 1:2:3:17 for SAM 2(b).
These values cannot however be interpreted directly because XPS is an integral technique.
The signal for a particular spectral peak is related to the integral of the composition depth
profile of the associated carbon atom weighted by the probability of escape for the
corresponding ejected photoelectron. This relationship is given by [Andrade J.D., in Surface
and Interfacial Aspects of Biomedical Polymers CH. 5, Plenum Press, New York, 1985}

I,(9)=K, xjN,. (x)e'%si“" dx (1)

0

where 0 is the photoelectron takeoff angle, K; is a constant for carbon type i, A is the
photoelectron mean free path and Nj(x) is the composition depth profile of carbon type i.
Knowledge of the composition depth profile, Nj(x), is therefore necessary in order to correctly
calculate the ratios of different carbon signals. The atomic distribution functions, Nj(x), were

estimated by applying to model the SAMs in an all-trans extended conformation oriented
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perpendicular to the substrate. Once the positions of each atom were calculated, equation (1)
was applied to calculate the XPS signals of each individual carbon in the SAMs. The total
carbon, nitrogen and oxygen signals calculated in this fashion and summed over all atoms are
reported in Table 1, where they are compared to experimentally determined atomic
percentages. The nitrogen signals do not compare well, however these are weak signals due
to the low intrinsic photoelectron yield for nitrogen and are subject to large errors. The
carbon and oxygen signals predicted by the molecular model assuming normal orientation
agree well with the experimental values, supporting the hypothesis that molecules within the
SAM:s are oriented normal to the substrate.

[0198] Monolayer thickness is estimated through ADXPS by systematically varying
the photoelectron takeoff angle. SAM thickness was evaluated by measuring the ratio of
signals originating in the overlayer (C1s) and the substrate (Au4fy;) as a function of take-off
angle and regressing these data to the uniform overlayer model. The XPS-estimated
thicknesses values agree well with values for similar azobenzene SAMs measured by X-ray
reflectivity and ellipsometry and are comparable to the theoretical thickness, (see Table 1),
2.16+0.30 nm, obtained by modeling the molecular structure from known bond lengths. The
thickness data indicate that the azobenzene SAMs possess a molecular orientation that is
essentially normal to the substrate, consistent with the high packing density, molecular order,
and stability provided by 7 interactions of the azobenzene unit. An orientation slightly
tilted from the normal orientation was previously found for other aromatic thiol monolayers
on Au(111). In this case, the molecular orientation was deduced from a comparison of
experimental and theoretical thickness data.

Table 1.: XPS determination of elemental composition at a 45° take-off angle and ADXPS
estimated thicknesses (t) of SAM 1 and SAM 2

C (%) 0 (%) N (%) t (nm)
SAM1 | Theory® 81.9 11.5 6.64 2.13
Experiment” | 82.8 12.6 2.2
SAM2 | Theory® 77.0 14.7 8.31 2.10
Experiment” | 79.3 15.7 3.6
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% The theoretical value of the elemental composition is calculated from the molecular structure
® The uncertainty of the abundant elements C and O is + 5%
° The uncertainty of the trace element N is + 15%

[0199] The XPS and contact angle analyses confirm that t-butyl-terminated
azobenzene alkanethiols self-assemble onto gold substrates in a nearly normal orientation,
and that the surface of these SAMs can be converted from hydrophobic tert-butyl groups to
hydrophilic carboxylic acid groups by exposure to UV light in the presence of a photoacid
generator.

[0200] Photochemical surface modification can also be adapted to chemically pattern
SAM surfaces. Figure 14 shows how the surface of SAM 1 photochemically modified to
create a heterogeneous pattern of hydrophobic and hydrophilic regions [Langmuir 1994, 10,
626]. End-functional azobenzene alkanethiols are self-assembled onto a gold substrate and
then coated with a layer of PAG supported in polystyrene by spin coating. The surface is
subsequently covered with a patternecvi' photo-mask and irradiated with UV light. Unmasked
regions on the surface are photodeprotected to form carboxylic acid terminated regions, while
unexposed regions retain t-butyl functionality. The resulting heterogeneous surface serves as
a template for the subsequent deposition of a variety of objects and ligands into patterns with
microscale resolution.

[0201] Surface patterns generated by the photochemical surface modification
technique can not usually be observed by eye, since the modifications involved generally do
not produce large changes in thickness or refractive index, but they can be observed using a
variety of visualization techniques. Figure 15 compares images of the hydrophobic SAM 1
surface (a), the hydrophilic SAM 2 surface (b), and the patterned SAM surface (c) visualized
by exposure to water vapor. In (a), macrosopic water droplets condense and bead up on the
hydrophobic tert-butyl-ester terminated monolayer surface (shown previously to have a water
contact angle of 98 degrees). In (b), the water droplets are again macrosopic, but partially wet
the substrate (with a contact angle of 28 degrees). In (c), a well-ordered microscale array of
water droplets is observed as water vapor preferentially condenses onto the more hydrophilic

carboxylic acid functional sites produced by exposure through the mask. The masked tert-
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butyl-ester terminated regions act as hydrophobic dams that restrict water to spread only onto
the photodeprotected carboxylic acid regions.

[0202] Photochemically patterned surfaces are also visualized by using them to
template the adsorption of a variety of ligands. Ligands are templated through either
hydrophilic interactions with tert-butyl functionality or hydrophobic interactions with the
carboxylic acid functionality. A suspension of amine functionalized polystyrene (PS-NH>)
colloidal particles (3 pm diameter) in an aqueous solution was prepared and deposited on a
surface patterned with a 100 pm TEM grid. The optical microscope image shown in Figure
16 demonstrates that the PS-NHj colloidal particles selectively adsorb onto UV-exposed
regions patterned with surface carboxylic acid groups by nature of acid-base interactions.
[0203] PS-fluorescent labeled nanoparticles (56 nm) were ligated to the
photochemically patterned surface. Figure 17 shows a fluorescent confocal microscope
image of the decorated surface, confirming that the nanoparticles deposited selectively on
carboxylic acid regions on the surface.

Example 4: Surface Micropatterning of Biomolecules Through
Photolithography on Block Copolymer Polymer Brushes

[0001] PS-b-PtBA was coated on PS as described in Pan et al., Polymer Preprints 2003,
44(1), 500.

[0204] ADXPS was used to quantitatively estimate the top PtBA layer thickness
assuming a bilayer model of polymer brush system due to a layering effect caused by

microphase separation of two incompatible blocks in PS-b-PtBA block copolymer. To

calculate,
I jNexp(/l;ze)dx
I(C_shifted) _ %:fe"p(n;ﬁ 5
e Nlj“"%;ﬁe) * NZ}XP%;Q
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1_,/I(C_shifted)
I(C _total) _ —d
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= R(8) = (In(

[0205]  where k is the instrumental factor, A is photoelectron attenuation length, 0 is the
ADXPS take-off angle, and N is the elemental number density.

[0206] Based on a plot of R(0) vs. 1/sinf as in Figure 18, the ADXPS estimated
thickness of the top PtBA layer of unannealed PtBA-b-PS/PS brush is A x 0.47 =3.55 nm x
0.47 = 1.67 nm, where A is taken from J. Phys. Chem., 1989, 93, 1670. The thickness so

measured provides a rough estimate of the top layer thickness.

[0207] The thickness of film obtained by spin coating is controlled by varying the
concentration of polymer solution. The film of the polymer brush is not in equilibrium
immediately after spin coating, which means that the PtBA layer does not completely phase
segregate from the diblock copolymer. The annealing process brings this system closer to
equilibrium faster. An annealing temperature of 110 °C is used, which is slightly above T,
for both PS (T ~ 100 °C) and PtBA (T ~ 45 °C). The PtBA layer thickness was again
calculated based on a bilayer model. Figure 19 presents the estimated thickness of the PtBA
layer as a function of polymer concentration of diblock copolymers for annealed and
unannealed films. The thickness of PtBA layer of annealed brushes increases with the
diblock copolymer concentration from 0.1% weight to 0.4% weight in a neat linear fashion.
When the concentration is above 0.4% weight, the PtBA layer thickness drops and remains
constant at around 2.2 nm. When annealed, low surface tension PtBA blocks segregate to the
polymer/air interface on top of the polymer. At polymer concentrations below 0.4% weight,
there is not enough material of PtBA to form a stable polymer monolayer. At the same time,
the surface tension of PtBA is much less than that of PS, and there is a strong tendency for
PtBA to spread completely on top of PS even to provide submonolayer coverage. The top
PtBA layer thickness is determined solely by the amount of available PtBA, which is
proportional to polymer concentration. When the polymer concentration is above 0.4%
weight, there is more PtBA to form a saturated monolayer and may break into multilayer
structure upon annealing. The radius of gyration of PtBA blocks is roughly 4.0 nm from the
0.4% weight inflection point based on this assumption. For unannealed polymer brushes, the

PtBA blocks do not have the mobility to phase separate to the top of the film and remain
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kinetically frozen within PS blocks. This agrees with the experimental observation that the
thickness of unannealed PtBA brushes remains roughly constant regardless of polymer
concentration.

[0208] Patterned polymer surfaces are observed by optical microscope. Figure 20
shows an optical micrograph of patterned polymer brushes of PtBMA-b-PS/PS. The contrast
results from the combined effect of thickness and mass density change between PtBMA and
PMAA regions.

Example 5: Surface Micropatterning on Thin Film of Polymer Brushes and Self-
- Assembled Monolayers of Azobenzene Alkanethiolate on Gold via Photolithograpy

[0209] Surface patterning on solid substrates is of growing importance in surface
engineering. Surface patterning refers to creating 2D spatially heterogeneous surfaces with
different chemical functionality, hydrophobicity or morphology at well-defined regimes with
micron or submicron feature sizes. It has application in thin film device fabrication for
modern technology, particularly in microelectronics, information storage, optics and sensors."
Surface patterning also provides an excellent model surface system for theoretical study of
surface-induced phase separation of thin film polymer blends and block copolymers™?',
intermolecular surface forces between heterogeneous surfaces’, object 2D self-assembly
process®, nucleation and crystallization®, excess interfacial free energy®. Patterned surfaces
can be used as universal templates to assist self-assembly and selective deposition of any

object of interest including polymer and inorganic colloidal particles™’, nanoparticles’*%,

photonic crystals® and biomolecules (DNA'®, protein'!, peptide and cell’?

) etc. There have
been numerous demonstrations of surface patterning on different solid substrate
(homopolymer”, polymer brushes'®, hydrogel'®, self-assembled monolayers (SAMs)'®, LB
films'7) by different strategies (photolithography'®'*!'%°, ucp®, laser ablation®"**?°, X-ray

11c,22

irradiation?', ion and e-beam direct writing' -, mechanical® and other photochemical

techniques''*?%).

[0210] Two novel approaches to pattern surfaces are shown. Surfaces of polymer
brushes of PS-b-PtBA diblock copolymer physically grafted into a PS homopolymer melt
matrix (termed as PtBA-b-PS/PS brush) and surfaces of tert-butyl terminated azobenzene

alkanethiolate SAMs are patterned with different chemical functionality and wetting property
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(-COOH/CH3) based on photolithography and used as a template to immobilize biomolecules
at precise locations.

[0211] The approach to pattern polymer brushes and azobenzene SAMs of the present
invention has a number of advantages. First, it is adaptable from mature microelectronic
technology. Pattern feature resolution can be extended to the resolution of current
commercial chips. Chemical amplification resist lithography techniques® improve the
photolysis efficiency greatly and UV exposure time can be shortened to 10 seconds instead of
the usual extreme long exposure times (4-12 hours) used in other photopatterning
approaches26. Second, poly(tert-butyl acrylate) (PtBA) is known as a biocompatible
photoresist27; water or ethanol is used as solvent in every step for biomolecules
immobilization, which is completely tolerable by biomolecules; UV exposure and residue
photoresist removal are both carried out before biomolecules immobilization. These features
minimize the risk of reducing biological reactivity and make the technique desirable for
patterning biomolecules. Well-defined and reliable photochemistry28 opens more opportunity
of selective physisorption and covalent bonding of external ligands. In contrast, existing
surface modification of polymer and SAMs achieved either by UV, X-ray, laser, plasma, ion
and e-beam irradiation or strong chemical oxidation brings inhomogeneous, multiple
functional groups (-OH, -C=0-H,

-COOH, etc) to the surface®?! reducing the selectivity for subsequent derivatization. Finally,
the technique has wide applicability due to its easiness and universality. This polymer brush
pattern strategy, when used to pattern biomolecules, also overcomes the limitation of low
surface density of immobilized biomolecules of reactive pCP on patterning biomolecules on
polymersm, and also removes the limitation of susceptibility to UV light for photochemical
approaches based on molecules with photolabile groups' .

[0212] Two patterning approaches to introduce surface functional groups (tert- butyl
ester groups) are used for photo-hydrolysis. Surface tert- butyl ester groups are either from
surface segregation of surface-active PtBA block in PS-b-PtBA block copolymer in polymer
brush or from terminal group of an azobenzene in SAMs. Surface patterns of polymer brush
are confined to the topmost monolayer by controlling the top PtBA layer of polymer brushes

within monolayer thickness.
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[0213] XPS is used to monitor the change of surface chemistry and water contact
angle measurement is used to monitor change of surface wetting property. Angle dependent
XPS is used to measure the thickness of top PtBA layer in polymer brushes and azobenzene
SAMs.

[0214] DUV Photolithography technique is used to pattern the surface. Briefly, the
photogenerated acid is formed upon DUV exposure and cleaves the tert-butyl groups at well-
defined regimes to form —COOH/-CHj surface pattern. Fluorescence imaging and water
condensation imaging are used to image the surface pattern in this proposal. SEM and XPS
imaging are also useful as imaging techniques.

[0215] A patterned surface is also useful as a template to assist selective deposition of
other external ligands for industry applications and for fundamental theoretical surface
studies.

Materials

[0216] All materials and chemicals were used as received unless stated otherwise.
Carboxylic acid and tert- butyl terminated azobenzene ‘self-assembled monolayers, HS-
(CH,)s-0-CsH;-N=N-CsH4-COOH (SAM-azo-COOH) and HS-(CH;)s-O-CsHy-N=N-CgHs-
COO-C(CH3); (SAM-azo-tBu) were synthesized in our lab, as above. PS (MW = 250K) was
purchased from Acros Organics Inc. PS(200K)-b-PtBA(200K) was purchased from Polymer
Source Inc. Triethoxy- terminated PS (MW = 200K) was purchased from Scientific Polymer
Inc. Coupling agents, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS) were purchased from Aldrich. Triarylsulfonium triflate,
one kind of photogenerated acid (PAG) is a generous gift from IBM. Solvents including
toluene (99.5% purity) and propylene glycol methyl ether acetate (PGMEA, 99% purity) were
purchased from Aldrich. Ethanol (200 proof, absolute) was purchased from Pharmco
Products. Inc. Organic dyes and fluorescent-tagged biomolecules were purchased from
Molecular Probes Inc., including 4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a, 4a-diaza-s-
indacene-8-propionic acid, succinimidyl ester (BODIPY® 493/503, SE, referred to herein as
Bodipy-ester), 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza- s-indacene-3-propionyl
ethylenediamine, hydrochloride (BODIPY® FL EDA, referred to herein as Bodipy-NH>), N-!
(2-aminoethyl)biotinamide, hydrobromide (biotin ethylenediamine, referred to herein as

Biotin-NH,), Alexa488 tagged Streptavidin (Alexa488-Sreeptavidin). Fluorescein-5
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isothiocyanate tagged Bovine serum albumin (FITC-BSA) is a generous gift from Professor
Robert Prud’homme in Princeton University.

Contact Angle Measurement

[0217] Sessile drop water contact angle measurement was carried out at room
temperature with a model 100-00 contact angle goniometer (Rame-ﬂart, Inc.). The contact
angles were recorded immediately after dispensing 1pL water droplets with a pipette onto the
surface. The reported values were average values of measurements of more than 3 different
samples at more than 3 different spots for each sample. Contact angle titration** was carried
out by measuring contact angles of 1L droplet with known pH ranging from 2-13. The pH of
aqueous solution for titration was adjusted by adding NaOH or HCl till the desired pH value
is reached.

X-ray Photoelectron Spectroscopy (XPS)

[0218] XPS spectra were recorded with PHI 5500 model Spectrometer equipped with
a Al Ko. monochromator X-ray source run at 15kV and 23.3mA, a hemispherical electron
energy analyzer, a multichannel detector. The test chamber pressure was maintained below 2
x 10 torr during the spectra acquisition. Low energy electron flood gun was used to
neutralize the possible surface charge. The XPS Binding energy (BE) was internally
referenced to referenced to aliphatic main Cls peak (BE = 284.6 eV). Survey spectra was
acquired at an analyzer pass energy 93.9 eV and BE resolution 0.8 eV, while high resolution
spectra was acquired with a pass energy of 23.5 eV and BE resolution 0.05 eV.

[0219] The take-off angle is defined as the angle between the surface normal and
detector. Angle dependent XPS (ADXPS) was performed by rotating the sample holder to
the desired take-off angle by a motor. Spectra curve was fitted by a Gaussian-Lorentz
function after subtracting a striped background using the PHI data processing software
package under the constraint of setting reasonable BE shift and characteristic full width at
high maximum range. Atomic concentration was calculated by normalization of the peak
area to the elemental sensitivity factor data provided by PHI database.

Fluorescence Microscope

[0220] Fluorescence imaging of surfaces was carried out using Olympus IX70 laser

scanning confocal microscope equipped with Ar laser as excitation source. Fluorescence was
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excited at 488nm and emission intensity was collected above 510nm after passing through a
510nm bandgap filter. Fluorescence intensity was monitored as a function of X-Y position as
the sample was focused above laser beam through 20x or 10x objective. Fluorescence image
(512x512 pixels) was typically acquired at PMT voltage 900v and a scan speed of 16 second
per scan.

Reflection Mode Optical Microscope

[0221] Light micrograph was recorded from Nikon OPTIPHOT metallurgical
darkfield microscope equipped with a Kodak MDS digital camera in the reflection mode.

The image was acquired using 20x and 5x objective.
Water Condensation imaging

[0222] Ordered array of water droplets were condensed at the hydrophilic surface
—COOH sites either by quickly giving a breath from mouth onto the cold sample surface, or
by placing the sample (patterned surface upside down) above a few drops of DI water which
are slightly heated at 50 °C to help evaporating the water upward and then condense into
droplets once encountering the top cold sample surface.

Polymer brush surface pattern formation and pattern imaging

Polymer brush substrate preparation

[0223] Glass substrates (coverslip or slides) were cleaned by etching a layer off from
NaOH/H,0O/Ethanol mixture (1:1:8 w/w) in 10 minutes rending very hydrophilic surface®
(water contact angle < 5°). A layer of PS (MW = 250K) or triethoxy- terminated PS (MW =
200K) was spin coat (2000 rpm, 1 minute) from a solution of 0.77% w/w PS in toluene onto
cleaned glass substrate. A layer of PS(200K)-b-PtBA(200K) block copolymer was spun coat
(2000 rpm, 1 minute) from a solution of 0.46% w/w polymer in toluene on top of PS/Glass

substrate.
Photopatterning via photolithography
[0224] A layer of PAG was spun coat (1000 rpm, 1minute) on top of PtBA-b-

PS/PS/Glass from a solution of PAG in ethanol (1.5% w/w). PAG/PS-b-PtBA/PS/Glass
sample was placed under a hand held UV lamp and exposed to DUV (shortwavelength
254nm, 760pw/cm?) for 5 minutes with photomask in contact with the sample on the top. If

necessary, sometimes the UV exposed sample was postbaked at 100 °C from 30 seconds to a
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few minutes to facilitate the diffusion of photogenerated acid molecules and increase the tert-
butyl group deprotection rate. The excessive PAG was washed away by ethanol and dried
with N, flux.

Fluorescence imaging patterned surface of polymer brushes

[0225] Sample with patterned surface was immersed into 10uM solution of Bodipy-
NH, or Bodipy-Ester in ethanol for overnight and then N, dried after taken out of solution.

Biomolecules surface immobilization

[0226] Immobilization of BSA-FITC was achieved by immersing surface-patterned
polymer brush substrate into an ethanol solution of BSA-FITC (10uM) for overnight, then
dried in N, ﬂﬁx after taken out of the solution.

[0227] Biotin/Strepavidin-Alex488 pattern through amide covalent linkage is a multi-
step derivatization procedure. First the carboxylic acid sites of the surface-patterned polymer
brush substrate were activated by immersion into a DI water (Resistance = 18.2 MQ) solution
of EDAC (0.1M) and NHS (0.2M) for an hour. Then the biotin-NH} ligand was covalently
bound to the activated surface COOH sites through an amide linkage by immersion the
COOH-activated surface-patterned polymer brush substrate into an ethanol solution of Biotin-
NH; (10mM) for an hour. The samples were washed with DI water and ethanol. In the end the
molecular recognition step between surface bound Biotin and Alexa488 labeled streptavidin
was achieved by immersion of Biotin-bound samples into an solution of 10pM Alexa483-
streptavidin in HEPES buffer (pH = 7.4) which also contains 0.1% (w/w) BSA and 0.02%
(v/v) Tween 20 detergent for 4 hours, then dried in N flux after taken out of the solution and
washed with HEPES buffer.

Azobenzene SAM surface pattern formation and pattern imaging

SAM substrate preparation

[0228] Au substrates were prepared by evaporation of 100nm of Au at high vacuum
(P<10 torr) onto polished Si single crystal wafers or glass slides which have been primed
with 10nm Cr or Ti layer to improve the adhesion of the Au films in Edwards Auto 306
thermal evaporator. SAMs were formed by immersing fresh Au samples into ImM solutions
of SAM-azo-tBu in ethanol or THF for overnight in a cleanroom (Class 100). The SAM

samples were stored in the cleanroom before use.
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Photopatterning via photolithography

[0229] A thick layer of PS containing PAG (7.9% w/w PAG w.r.t. PS) was spun coat
(2500 rpm, 2 minutes) on top of SAM-azo-tBu from a solution of PS/PAG in PGMEA (7.2%
w/w). This sacrificial PS/PAG layer is estimated more than 1pum thick.

[0230] PS(PAG)/SAM-azo-tBuw/Au sample was placed under a hand held UV lamp
and exposed to DUV (shortwavelength 254nm, 760pw/cm?) for 10-30 seconds with
photomask in contact with the sample on the top.

[0231] UV exposed SAMs sample was postbaked at 100 °C from 30 seconds to 1
minute to facilitate the photogenerated acid molecules diffusion and increase the tert-butyl
group deprotection rate.

[0232] The sacrificial layer of PS with excessive PAG was washed away by
immersing into toluene for 30 minutes and then dried with N, flux after taken out of solution.

Characterization of polymer brush surface

[0233] Surface segregation of low surface energy, surface active block in diblock
copolymer to free standing polymer/air interface in order to minimize the free energy is a
well-known surface phenomena®!. In diblock copolymer PS-b-PtBA, PtBA is the surface
active block with low surface energy compared to PS block. Polymer brush of diblock
copolymer tethering in the polymer melt chemically identical to one of the block in the
copolymer has been extensively studied both theoretically and experimentally in the past'®?,
Chain architecture, grafting density, whole chain length, relative chain length and interaction
energy between different blocks are all critical to the polymer brush structure and stability.
Thin films of symmetric diblock copolymer self-organized into lamella microdomain with
orientation parallel to the plane of the film®®>. The molecular weight of PS matrix melt (250K)
and PS block (200K) in PS-b-PtBA block copolymer are larger than the critical entanglement
MW (10.6K)* to improve the anchoring strength. The symmetric PS(200K)-b-P{BA(200K)
diblock copolymer favors lamella morphology formation™.

[0234] The polymer brush patterning procedure of Husemann et al. is followed'*.
The spun coat polymer films self-assembly into bilayered or multilayered polymer brush and
ADXPS is used to confirm the surface segregation of surface active PtBA block and estimate

the top PtBA layer thickness based on a bilayer model. XPS Survey spectra of PS-b-PtBA/PS

brush sample shows only C and O peak, as expected. The elemental composition of C and O
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is listed in Table 2 at various take-off angles. Since the O signal comes only from PtBA, the
surface molar composition of PtBA and PS within the XPS sampling depth from O/C ratio is

calculated according to:

O/C = 2*41(PtBA)/(9*¢1(PtBA)+8*(1-¢1(PBA))) ----------- (1)
¢1(PtBA) is the surface molar composition of PtBA calculated from O/C.

Table 2. ADXPS results on elemental composition (C and O) and composition of each C
component with different chemical shift/environment.

Take-off Angle o1 42

c 0 C*00 | COO-C* | C*COO | C*avg.) | (PiBA) | (PiBA)
10° 76.85 | 23.15 | 12.93 12.07 16.38 13.79 | 1.047 | 0.970
15° 78.09 | 21.91 | 11.35 12.28 15.9 13.18 | 0.984 | 0.931
30° 79.79 | 20.21 | 11.62 12.38 10.37 11.46 | 0.899 | 0.822
45° 81.50 | 1850 | 9.62 11.03 12.54. | 11.06 | 0.815 | 0.797
75° 81.87 | 18.13 7.92 8.96 10.89 9.26 0.797 | 0.678

Note:

1) All the number in the table is percentage (%). C and O refers to % elemental composition, C*OO(BE = 288.8
eV), COO-C*BE =286.4 V) and C*-COO(BE = 285.4 ¢V) refers to each C band % composition in total C.

2) C*(avg.) is the average value of 3 types of BE shifted C % composition in total C.

3) ¢1(PtBA) is the surface molar composition of PtBA component calculated from C, O elemental composition.
$2(PtBA) is the surface molar composition of PtBA component calculated from BE shifted C*(avg.)
composition in total C.

[0235] Figure 21A shows the high-resolution C1s spectra with deconvoluted C
subpeaks corresponding to C with different chemical environments. The peak centered
around 288.8 eV (BE shift = 4.0~4.2¢V) arises from carbonyl C (C*0O0-), 286.3 eV (BE
shift=1.6~1.8eV) arises from ester C (COO-C¥*), 285.4 ¢V (BE shift = 0.7~0.8eV) arises from
the neighboring C to the carbonyl group (C*-COO). The peak positions and BE shifts all
agree excellently with literature®® and with C1s peak positions of spun-coat pure P{BA film.
Chemical shift C is tabulated in Table 2. These are very close to 1:1:1 ratio as predicted from
molecular structure of PtBA. Surface molar composition of PtBA is calculated from each
type of BE shifted C(C*OO0, C*-COO, COO-C¥) composition of the total C. To reduce the
uncertainty brought by curve fitting, the average C composition value of 3 types of BE shifted
C to obtain surface molar composition of PtBA was used:

C(avg. of BE shifted C)/C_total = ¢,(PtBA)/(7+¢,(PtBAY+8*(1-po(PtBA))) —--- (2)

¢2(PtBA) is the surface molar composition of PtBA calculated from C(avg.)/C_total
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[0236] $1(PtBA) and ¢o(PtBA) is compared in Figure 22. ¢;(PtBA) is consistently
larger than ¢,(PtBA) by 2~12% at all take-off angles. Taking into account possible surface
contaminants which usually have more O content, ¢,(PtBA) should be more accurate than
¢1(PtBA). Both ¢;(PtBA) and ¢,(PtBA) show angle/depth dependent profile (Figure 22),
indicating the surface segregation of surface active PtBA block. High-resolution spectra of
Ols (Figure 21B) splits into two subpeaks with peak area ratio close to 1:1. The peak
centered on 533.2 eV arises from carbonyl O (C=0*-O) while the other subpeak centers on
531.9 eV corresponds to ester O (C=0-O%*). Peak position and 1-1.5 eV BE shift between
them also agrees excellently with literature’ 334 The ADXPS estimated thickness is
determined as in Figure 18 above.

[0237] After photogenerated acid deprotects the tert-butyl ester group of PtBA, the
original hydrophobic surface (6s = 90°c) becomes much hydrophilic (6s = 35°c) due to the
exposed surface -COOH groups. After deprotection, the polymer surface is no longer smooth
from optical microscope observation, due to the volume shrinkage of polymer brushes after
PtBA brush is converted to PAA brush after deprotection.**® XPS Cls spectra (Figure 23)
also shows the disappearance of the intermediate ester C (COO-C*, BE ~ 286.6eV), which
confirms the deprotection reaction.

Imaging of patterned polymer brush surface

[0238] Fluorescence imaging is a simple method for imaging surface patterns. The
organic dyes selectively physisorb or chemisorb to specific surface region thus creating
fluorescence patterning which is identical to the original surface pattern. Fluorescence
contrast arises from mechanisms including hydrophobic interaction, electrostatic attraction,
covalent bonding, and H bonding. Organic dyes with different terminal group were used to
image complementary surface pattern through hydrophobic interaction and electrostatic
attraction.

[0239] Figure 24A shows the surface pattern imaging by Bodipy-ester. The
hydrophobic dye preferentially adsorbs to the original PtBA photomask region that is
protected by photomask from UV exposure. Figure 24B shows the fluorescence intensity
profile of the line labeled in Figure 24A. The fluorescence intensity spatial periodicity is 100

um, the same as the photomask spacing. Figure 25 shows the surface pattern imaging by
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Bodipy-NH,. The dye was attracted to the UV exposed PAA region by electrostatic attraction
between NH;/COO' pair which is formed after one proton from the surface -COOH group
transferred to the terminal NH, group in the Bodipy dye.

[0240] Figure 26A shows the surface pattern imaging by BSA-FITC. The BSA-FITC
protein preferentially adsorbs to the original PtBA photomask region from UV exposure.
Figure 26B shows the fluorescence intensity profile of the line labeled in Figure 26A.

Characterization of immobilized biomolecules on polymer brush surface

[0241] Chilkoti et al.’s procedure was followed to pattern biotin and streptavidin'> £
Figure 27A and Figure 27B show fluorescent imaging of the pattern of Biotin-
NH,/Alexa488-streptavidin bound to surface —COOH, using 100 um spacing line photomask
(Figure 27A) or 250 pm x 250 pm square photomask (Figure 27B) for patterning. Each step
of polymer brush surface derivatization was monitored by XPS (Figure 28) and contact angle
measurement (Table 3). The XPS results of elemental composition and reaction yield
calculated from N/C ratio was also summarized in Table 3. The reaction yield was calculated
for each stage of derivatization by comparison of experimental N/C ratio to theoretical N/C
ratio assuming all reactive groups has been derivatized. For convenience the derivatized
polymer surface are termed as surfaces of PtBA, PAA, PAA-NHS and PAA-Biotin at each
stage. Activation of COOH sites of PAA by NHS-EDC mediation introduced a unique
nitrogen peak from NHS in survey spectra. The nitrogen peak is also present in survey
spectra after coupling to Biotin-NH; to the NHS/EDC activated PAA surface, but the N1s
peak position shifted from 402.2 eV to 401.1 eV. The N signals centered at 402.2 eV agrees
with the more electron-withdrawing nature N in NHS, and the lower BE (401.1 eV) Nls is
also in accordance with the N present in Biotin. The contact angle change (Table 3) of
derivatized polymer surface also confirms the success of reaction at each step. The N/C ratio
was used instead of N/O or O/C to estimate the reaction yield because N is only present after
the activation and amidation reaction and surface contaminants are of high O content, which
will overestimate the O atomic composition. The theoretical yield of EDC/NHS activation
step was calculated to be 0.143 assuming all surface -COOH groups are linked to NHS after
activation. Experimental N/C ratio was obtained from XPS multiplex scan taken at take-off
angle 45° was 0.035, and the reaction yield of this activation step was estimated 0.035/0.143

= 24.5%. A theoretical maximum N/C ratio of 0.222 is obtained similarly by assuming each
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PAA unit was linked with one Biotin molecule after amidation reaction. Taking into account
that only ~24.5% of PAA groups are EDC/NHS activated and available for Biotin linkage, the
theoretical maximum N/C ratio was reduced to 0.222x24.5% = 0.054, very close to
experimental N/O ratio of 0.063 after the amidation reaction. This suggests that the
amidation reaction linking Biotin to PAA-NHS proceeded close to completion. The yield of
13e

both activation and amidation steps are in good agreement with Chilkoti’s results.

Table 3. XPS and Water contact angle measurement results on derivatized polymer surfaces
at each stage.

Surfaces C% 0% N% N/C Yield | Sessile drop water
contact angle 0s (°)

PtBA 81.50 18.50 0 0 N/A 90

PAA 74.04 | 25.96 0 0 N/A 35

PAA-NHS 69.76 27.8 2.44 0.035 | 24.5% 42

PAA-Biotin 67.22 | 28.54 4.25 0.063 | ~100% 57

Note:

1) Sessile drop water contact angles of several reference surfaces measured from spun coat thin film are: 8s(PS)
= 85°, 0s(PtBMA) = 90°, 0s(PAA) = 15°.

2) The uncertainty of contact angle values is + 2° obtained from multiple measurements.

3) All the elemental compositions are obtained from XPS multiplex high resolution scan at a take-off angle of
45°.

Characterization of azobenzene SAMs

[0242] Table 4 summarizes the water contact angle measurement results on
azobenzene SAMs. As expected, sessile drop water contact angle of SAM-azo-tBu is 92°,
typical of a hydrophobic surface, while that of SAM-azo-COOH is 34°, typical of a
hydrophilic surface. The deprotected SAM-azo-tBu by cleavage of photogenerated acid
shows a dramatic change of water contact angle from 92° to 32°, which is exactly the contact
angle of SAM-azo-COOH surfaces. That confirms the success of the photochemistry of
photoacid generation and its role to cleave and deprotect tert-butyl group of SAM-azo-tBu. A
control experiment was run with SAM-azo-tBu spun coated with a layer of PS but without
PAG, exposed to UV and postbaked, the contact angle does not change in this case. Two
other experiments were performed to confirm the acid nature of this hydrophilic surface of
deprotected SAM-azo-tBu. Contact angle titration of unbuffered aqueous solution showed a

typical pH titration curve of surface of deprotected SAM-azo-tBu (results not shown), the

48-



WO 2005/060668 PCT/US2004/042363

break-point of pH titration curve is roughly estimated as pH=10.2 in agreement with that of
other surface -COOH groups*®. The deprotected SAM-azo-tBu and undeprotected SAM-
azo-tBu sample was soaked in a 1M NaOH solution in water for overnight. XPS showed that
deprotected SAM-azo-tBu adsorbs more than 10 times amount of NaOH than undeprotected
SAM-azo-tBu.

[0243] Table 4 also summarizes the elemental composition of C, N, O and S of
azobenzene SAMs. The elemental composition of major element (C, O) agrees with
theoretical prediction. The BE peak position of N agrees with N of azobenzene nature (BE ~
399.7 V)™, the sulfur peak (two split peak at 162.0 eV and 163.2 eV, area ratio is 1:2,
spectra not shown) also agrees with literature values of Au bound sulfur atoms™®. There is no

oxidized sulfur (RSO5", XPS S(2p) BE~168¢V) observed either before and after UV exposure
24a,b,44

which eliminates any possibility of photo-induced sulfur oxidation under these
experimental conditions.
[0244] The XPS measured thickness of SAM-azo-COOH and SAM-azo-tBu is

tabulated in Table 4. Both are close to theoretically predicted value of 2.16:0.30nm from
modeling of all trans molecular structure (Figure 29A) from known bond lengths and angles"‘9
indicating that azobenzene SAMs possess molecular orientation with a small tilting angle.
This is in accordance with increasing packing density, molecular order, and stability due to
additional 7t-r interaction of azobenzene unit. Progressing upright molecular orientation was
also found previously for other thioaromatic monolayers on Au(11 1)*°. The XPS measured
thickness also agrees with thickness of other azobenzene SAMs with similar molecular
structure measured by other techniques including X-ray reflectivity and ellipsometry5 L

Table 4. XPS results of elemental composition at 45° take-off angle, sessile drop water
contact angle and ADXPS estimated thickness of SAM-azo-COOH and SAM-azo-tBu.

C% 0% S% N% | 6s(°%) |d(um)

SAM-azo- | Theory 79.31 10.34 3.44 6.9 99 2.13
tBu Experiment | 79.34 15.66 1.41 3.59
SAM-azo- | Theory 76 12 4 8 32 2.10

COOH Experiment | 82.83 12.59 2.12 2.17

Note: The theoretical value of elemental composition is calculated from the molecular structure.
1) The uncertainty of abundant element (C and O) is 5 %, the uncertainty of trace element (S and N) is 15%.

2) The uncertainty of contact angle values is + 2° obtained from multiple measurements.
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[0245] High resolution C1s and O1s spectra results are summarized in Table 5 and
reveal more information about details of molecular structure of azobenzene SAMs. For both
SAM-azo-COOH and SAM-azo-tBu, O1s high resolution spectra splits info 3 peaks (BE at
532.7eV, 532.1 eV and 531.7 eV, spectra not shown here) with area ratio close to 1:1:1. Ols
peaks are ascribed to O (C=0%*-0), ether O next to benzene ring (CH2-0’1‘~(1))34a’45 and ester O
(C=0-0%*) respectively from high BE to low BE. The main aliphatic C(C*H,) composition is
calculated to be 73.7% for SAM-azo-COOH (14 C atoms out of 19 total C atoms) and 73.9%
for SAM-azo-tBu (17 C atoms out of 23 total C atoms) and is very close to the experimentally
measured main aliphatic C composition in Table 4. The C with BE 286.8eV (BE shift =
2.2eV) originates from C next to ether O (HS-(CH,)s-C*-0O-¢), while the C (C in the benzene
ring)45 next to ether C and azobenzene N=N shifts about 1.1eV (BE = 285.7¢V). In summary,
peak assignments are C4(288.7¢V), C3(286.8¢V), C2(285.7¢V) and C1(284.6eV) with area
ratio 1:1:3:14 for SAM-azo-COOH and area ratio 1:2:3:17 for SAM-azo-tBu as shown in
Figure 29B. Experimental results are in good agreement with this assignment of C1s bands.
[0246] Angle-dependent XPS (ADXPS) is a popular technique to measure the
physical thickness of ultrathin organic and inorganic and investigate the molecular orientation
in SAMs.*” To evaluate the thickness of the SAMs, the photoelectron intensity ratio between
overlayer (C1s) and substrate (Au4f;;) is monitored as a function of take-off angle. For a flat
and uniform layer, the uniform overlayer model predicts the following relation under the
assumption that the mean free paths of photoelectron from both substrate and overlayer are

close enough®**: I(overlayer)/I(substrate) = K* (ed/()»*sine)_l).

[0247] K is an instrumental constant encompassing all the factors including the
atomic concentration, photoelectron mean free path, intensity from an infinite thick sample
and d is the physical overlayer thickness and A is the photoelectron mean free path or
attenuation length defined as the distance normal to the surface at which the probability of an
electron escaping without significant energy loss due to inelastic scattering processes drop to
1/e of its original value. A is a function of kinetic energy and material electron density and
often measured experimentally. Thus, In(I(C_overlayer)/I(Au_substrate) + K’) =
(d/N)*(1/sinB).

[0248] Plotting In(I(C_overlayer)/I(Au_substrate) + K’) vs. 1/sin6, the slope of the

curve should be d/A and the overlayer thickness d can be obtained. K’ here is determined by C
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overlayer to Au substrate intensity ratio of thickness standard sample (sample of known
thickness, in this case we use SAM of dodecanthiol (HS-C;,H,3) which has a nominal
thickness of 1.7nm>>*"). Figure 30 gives an example of such plot. The value of A = 3.88nm
here is the average value of AM(Au)=4.2nm and A(C)=3.55nm from literature®’.

Table 5. XPS results of high resolution C1s and O1s deconvolution at 45° take-off angle of
SAM-azo-COOH and SAM-azo-tBu

Types of | Peak Chemical | FWHM C% C%
Cls and Position | shifts (eV) (theory) (experiment)
Ols (eV)
C*H, 284.6 0 1.16 73.68 75.08
0=C*-O | 288.6 4.0 1.33 5.26 3.82
SAM-azo- | C*H,-O 286.5 1.9 1.55 5.26 8.91
COOH Other C* | 2854 0.8 1.40 15.79 12.2
C=0*-OH | 533.0 1.6 1.53 33.33 33.64
CH,-O*-¢ | 532.7 1.3 1.38 33.33 31.60
C=0-O*H | 531.4 0 1.41 33.33 34.76
C*H, 284.6 0 0.98 73.91 74.66
O=C*-O | 288.6 4.0 0.85 4.35 3.81
C*H,-O 285.4 0.8 0.81 8.70 8.13
SAM-azo- | Other C* | 286.6 1.8 1.48 13.04 13.4
tBu CH,-O*-¢ |533.0 1.6 1.24 33.33 33.33
C=0*-OH | 532.7 1.3 1.18 33.33 33.28
C=0-O*H | 531.4 0 1.23 33.33 33.39
[0249] Water condensation imaging of surface pattern with different wetting property

is a valuable nondestructive technique.”* Water vapor from breath or from heated water
condense into liquids on a cold surface selectively at hydrophilic surface regions to form a
ordered array of droplets. Thus the pattern of droplets of water delineates the underlying
surface pattern with spatially different wetting property. The images of water condensation
are taken immediately after pattern formation. Figure 31 shows two images of water
condensation with different magnification. The spatial periodicity here is 500pum.

[0250] Surface modification of usually low surface-energy polymers has attracted
much research attention in order to improve their adhesion, wettability, printability, and
biocompatibility without affecting the desirable their bulk properties. The ability to modify
and control chemical functionality on polymer surfaces in a precise manner is highly desirable

because a change of surface chemistry changes the surface free energy and other material
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properties of interest and also allows further surface derivaization of external ligands, which
is an important way to build molecular assemblies with confined positions for more complex
nanoscale and biomolecular devices.

[0251] Besides controlling surface chemical functionalities in a homogeneous way, it
is also desirable to be able to control the spatial distributions of the surface chemical
functionalities, i.e. patterning polymer surfaces into heterogeneous surfaces with different
chemical functionalities or hydrophobicity at well-defined regimes with usually micron or
submicron pattern feature size. This has tremendous potential application in thin film device
fabrication for modern technology, particularly in microelectronics, information storage,
optics and sensors. Patterned surfaces are also useful as universal templates to assist self-
assembly and selective deposition of an object of interest.

[0252] Methods of modifying the surface functionality and pattern surfaces of two
systems by photoactive diblock copolymer polymer brushes and end-functional azobenzene
self-assembled monolayers based on the chemical amplification deep UV photolithography
are provided. One embodiment of chemical amplified resist technology is the use of the
photoacid generator, which produces a strong acid upon exposure to deep UV radiation.
When coupled with thermolysis, the photogenerated strong acid catalyzes the chemical
reactions that fragments the polymers with acid-labile pendant groups in the resists, and
changes the solubility of resists for further developing steps. As a consequence of this
chemical amplification concept, the DUV photoresist is more sensitive and thus shortens
drastically the exposure time from several hours to a few minutes or even seconds. The
chemical amplification concept is also applicable to change the chemical functionality at the
surfaces of polymers and self-assembled monolayers. PAG generates a small amount of
strong acid and deprotects the initial tert butyl groups to form carboxylic acid groups at
polymer brush surfaces. When such surface modification is done in a patternwise fashion
using photomasks during the DUV exposure step, surface patterns with alternate hydrophobic
tert butyl groups and hydrophilic carboxylic acid groups are generated.

[0253] This technique is a unique way to introduce chemical functionality to the
surface through surface segregation of the surface-active block of a diblock copolymer. This
approach of surface modification and micropatterning exhibits advantages compared to other

approaches: 1) it allows molecular level control of the top surface layer containing the surface
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functionality by controlling the annealing time, temperature and the amount of spin-casted
diblock copolymer. 2) It has wide applicability due to its easiness and universality. The
surface tension of PtBA and PtBMA is smaller than most common polymers, so the surface
segregation should still happen and thus it is a universal and generic way to modify the
surface on other polymers. 3) It is implantable from mature microelectronic technology.
Pattern feature resolution can be extended to the resolution of current commercial chips. 4)
The process is amenable to patterning biomolecules. PtBA is a biocompatible photoresist;
water or ethanol is used as solvent in every step for biomolecules immobilization, and UV
exposure and residue photoresist removal are carried out prior to biomolecule
immobilization. These features minimize the risk of reducing biological reactivity. 5) Well-
defined and reliable DUV photochemistry allows the selective physisorption and covalent

bonding of external ligands.

Surface micropatterning to regulate cell functions

[0254] Micropatterning is amenable to various types of biomolecules, including cell
adhesion or growth factors. The peptide RGD (Arg-Gly-Asp) is a well-documented cell
adhesion promoter and is covalently conjugated to an active surface functionality such as4a
carboxylic acid groups. Cell growth is then regulated with two dimensional micron size
resolution. The ability to control the cell interaction and modulation provides tools for

understanding the mechanism of modulate cellular activities.
Micropatterning of metal nanoparticles.

[0255] Due to their small size, metal nanoparticles often have properties that are
different from those of bulk metals. These novel properties find applications in areas such as
photoelectronics, catalysis, magnetism and sensing. Metal nanoparticles are selectively
deposited in defined areas of the surface patterns described herein through metal-substrate
complex interactions, including the interaction between zinc oxide nanoparticles and surface
carboxylic groups.

Micropatterning of multilayered polyelectrolyte films

[0256] The layer-by-layer (LBL) self-assembly of polyelectrolytes is a general and
powerful method to build tailored ultrathin films of defined thickness, composition and
structure. The LBL approach has been used extensively to prepare thin films for a variety of

applications including biosensing, catalysis, separations and optics. In conventional LBL,
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substrates are alternately dipped in solutions containing anionic and cationic species, usually
polyelectrolytes with opposite electrostatic charges. The polyelectrolytes self-assemble into
alternating films on top of the solid support primarily via electrostatic interactions. This film
deposition method allows good control of thickness at molecular level. Nanoparticles can
also be incorporated into the multilayered polyelectrolytes through metal-polymer complex
systems. Patterned polymer substrates with coexisting hydrophilic, carboxylic and
hydrophobic, tert-butyl ester groups as described herein are amenable to LBL processes for
patterning multilayered polyelectrolytes, including nanoparticles embedded in the film or

deposited on the top of the film.

Photophysical patterning

[0257] Azobenzene cis-trans photoisomerization property is useful for photophysical
patterning in addition to the chemical patterning strategy described above. Photophysical
patterning is useful for photoswitching devices, and for demonstrating the directionality of

hydrogen bonding.
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Example 6: Self-Assembled Monolayers

[0258] In one embodiment, the invention provides a method for modifying a surface
comprising coating a monolayer on a substrate; wherein the monolayer is formed by self-
assembly of end-functionalized surfactant molecules, thereby positioning a photoactive
functional group at the air-monolayer interface; and exposing the monolayer to radiation,
thereby modifying the surface of the monolayer, provided that if the monolayer is a self-
assembled monolayer of organic groups, then each organic group contains a first functionality
that is not capable of being converted to a second functionality by exposure to an acid to
functionally modify the surface.

[0259] Photochemical techniques can be used to attach polymers to surfaces. These
techniques can stabilize thin films against dewetting by photochemically immobilizing on the
surface. For example, antigens can be immobilized on a glass surface. These techniques can
also allow control of polymer deposition, for example, by using a photomask to selectively
pattern the surface. In one embodiment, the SAM can be patterned using standard
photolithographic techniques that are known in the art. For example, SAMs can be patterned
with light in the presence of a photomask. Photochemically patterned surfaces can serve as a
means for templating two-dimensional geometric patterns of a variety of objects and
molecules.

[0260] For example, carbonyl-containing compounds such as benzophenone and
phthalimide are useful for the photochemical attachment of polymer films. As shown in
Figure 32, the carbonyl group of benzophenone can be exposed to radiation at 350 nm and in
the presence of an activated carbon, denoted as “C-X” to form the corresponding alcohol.
Similarly, Figure 32 demonstrates that a carbonyl group of phthalimide can be exposed to
radiation at 254 nm in the presence of an activated carbon to form the corresponding alcohol.
[0261] A benzophenone self-assembled monolayer can be synthesized as outlined in
Figure 33. For example, hydroxyl-substituted benzophenone can be reacted with allyl
bromide in the presence of K;COjs in acetone, and the resulting alkene can be reacted with
chlorodimethylsilane in the presence of Pt/C to form a silyl-tethered benzophenone. Silyl-
tethered benzophenone monomers can assemble on a hydroxyl-containing surface in the

presence of anhydrous toluene and triethylamine to provide a benzophenone SAM.
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[0262] A phthalimide SAM can be synthesized as outlined in Figure 34. Reaction of
phthalimide with the desired alkyl silane bromide in DMF produces a silyl-tethered
phthalimide. Silyl-tethered phthalimide monomers can assemble on a hydroxyl-containing
surface in the presence of anhydrous toluene to provide a phthalimide SAM.

[0263] The SAM can also be coated with a macromolecular surfactant such as a
polymer. In one embodiment, as set forth in Figure 35, this is accomplished by grafting the
polymer onto the SAM surface, for example by spin-coating a polymer solution to produce a
thin film. The thin film can be irradiated and washed to provide a polymer that is covalently
linked to the SAM surface. In each case, the resulting polymer coating can be examined by
XPS or other techniques known in the art.

[0264] For example, a solution of poly(epichlorohydrin) (PECH) can be coated onto a
benzophenone SAM. Various features of a PECH tethered benzophenone SAM are set forth
in Figure 36. Polymers including poly(vinylalcohol) (PVA) or poly(styrene) can be coated
onto a phthalimide SAM. Features of a PVA tethered phthalimide SAM and a PVA grafied
phthalimide SAM are set forth in Figure 37 and Figure 38, respectively. Various features of
a PS tethered phthalimide SAM are demonstrated in Figure 39. For comparison,
benzophenone SAM has a radius of gyration of 2 and a thickness of 1.5 nm. (J. Am. Chem.
Soc., 1999, 121, 8766).

[0265] For both hydrophilic and hydrophobic polymers, irradiated phthalimide and
benzophenone SAM:s retain a thicker layer of polymer after rinse than do their non-irradiated
counterparts. Contact angles of the surfaces formed change according to the polymer coated
on the SAM surface. In some cases, PS is more difficult to remove following irradiation,
which is likely due to cross-linking that occurs upon radiation at 254 nm. The film thickness
can be correlated to the molecular weight of the starting polymer.

[0266] Thin films can be dewetted as shown in Figure 40. This can be accomplished
by heating above the glass transition temperature of the polymer, which results in the
formation of holes, followed by the formation of droplets, and can also result in spinodal
decomposition of the polymer. (see also Phys. Rev. Lett. 1992, 68, 75). Figure 41 shows the
results of dewetting tests on PS polymer film on either a phthalimide or benzophenone SAM.
Figure 42 and Figure 43 show the results of a competition study comparing the time

dependent dewetting data for phthalimide SAM, benzophenone SAM, and underivatized
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silicon wafers. Figure 42 shows bare silicon wafer followed by exposure for the indicated
times. Figure 43 shows PS films after 24 hours of exposure, as compared to bare silicon
wafers at the indicated wavelengths. In each case, the polymer is PS of MW 30K, the
substrate is silicon wafer, thé film thickness is 11 nm. Phthalimide SAM can slow down de-
wetting, and in some cases can completely prevent dewetting.

[0267] These experiments show that photochemical techniques such as exposure to
irradiation at 254 nm can stabilize thin polymer film, regardless of the SAM used. The
molecular weight of the polymer may also play a role in this stabilization. Benzophenone
SAM can slow down droplet formation in dewetting experiments, or at a minimum can
produce a change in droplet shape formed.

[0268] The present invention is also applicable to carbohydrate microarrays.
Exemplary carbohydrate microarrays are presented in Figure 44. (D. Wang, Nature
Biotechnology, 2002 20, 275).

[0269] The hydrophilicity of a surface is a function of surface composition, e.g.,
benzophenone SAM as compared to nitrocellulose, and can also be affected by treatment with
light and/or by washing, as shown in Figure 45.

[0270] Nitrocellulose surfaces can be modified, for example by exposure to light at
300-450 nm, as in Figure 46. In one embodiment of the invention, benzophenone monomer
can be coated onto a nitrocellulose surface to provide a site for additional modification,
including grafting carbohydrates, which is also shown in Figure 46. Features of exemplary
surfaces containing nitrocellulose and benzophenone-nitrocellulose blends are shown in
Figure 47. These surfaces can then exposed to carbohydrates to modify the benzophenone
moieties at the carbonyl carbon. In some experiments, however, cross-linking between the
benzophenone moiety and the nitrocellulose moiety occurred, which may have prevented
attachment of additional carbohydrates.

[0271] In another example, benzophenone monomer can be coated onto a
carbohydrate surface in the presence of acid, as in Figure 48. These surfaces can then be
exposed to carbohydrates to modify the benzophenone moieties at the carbonyl carbon.
[0272] Figure 49 shows compounds that are applicable to the SAM and surface

modification techniques of the present invention.
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[0273] While the invention has been described in detail with reference to certain
embodiments thereof, it will be understood that the invention is not limited to these

embodiments. Indeed, modifications and variations are within the spirit and scope of that

which is described and claimed.
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‘What is claimed is:

1. A method for modifying a substrate having a surface comprising
coating a macromolecular surfactant comprising a modifiable functional group onto
the surface of the substrate,
wherein the modifiable functional group assembles to the air-coating interface,
thereby modifying the surface of the substrate;
wherein if the substrate comprises a first polymer and the macromolecular surfactant
comprises a second polymer having a modifiable functional group, then the group is not

modifiable by an acid to functionally modify the surface of the substrate.

2. The method of claim 1, further comprising modifying the functional group.

3. The method of claim 1, wherein the macromolecular surfactant comprises a polymer, a
copolymer, a block copolymer, a graft copolymer, a statistical copolymer, a hydrogel, or a

combination thereof.

4. The method of claim 3, wherein the macromolecular surfactant comprises a polymer.

5. The method of claim 1, wherein the modifiable functional group comprises a protected
functional group, a photoactive functional group, a base-reactive functional group, an
electrochemically reactive functional group, a functional group that is reactive with

electricity, or a combination thereof.

6. The method of claim 2, wherein the substrate surface is modified at a specific location.

7. The method of claim 2, wherein the modifying produces a surface pattern.
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8. The method of claim 2, wherein the modifying comprises exposing the surface to

radiation.

9. The method of claim 8, wherein the exposing is performed in the presence of a

photomask.

10. The method of claim 8, wherein the radiation comprises a pattern of scanning lines.

11. The method of claim 2, further comprising reacting the modified functional group with a

ligand.

12. The method of claim 11, wherein the ligand comprises a biological molecule, a peptide, a
protein, a carbohydrate, DNA, an enzyme, an aptamer, a third polymer, a colloidal

particle, a nanoparticle, or a combination thereof.

13. The method of claim 4, wherein the polymer forms a monolayer coating.

14. The method of claim 4, wherein the polymer forms a sub-monolayer coating.

15. The method of claim 4, wherein the polymer comprises a copolymer.

16. The method of claim 15, wherein the copolymer comprises at least two units each having
a different surface tension than the other,
wherein the unit of the copolymer having the lowest surface tension assembles to the

air-coating interface and comprises the modifiable functional group.

17. The method of claim 16, wherein the unit of the copolymer having the highest surface

tension has favorable interaction energy with the substrate.
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The method of claim 16, wherein the substrate and copolymer exhibit a negligible or

negative heat of mixing.

The method of claim 15, wherein the copolymer comprises a photoactive block

copolymer.

J

The method of claim 19, wherein the photoactive block copolymer comprises polystyrene.

The method of claim 19, wherein the photoactive block copolymer comprises poly(t-butyl

acrylate).

The method of claim 19, wherein the photoactive block copolymer comprises polystyrene

and poly(t-butyl acrylate).

The method of claim 1, wherein the coating comprises a monolayer.

The method of claim 23, wherein the monolayer is surface active.

The method of claim 1, wherein the coating forms a sub-monolayer.

The method of claim 1, wherein the coating is formed by self-assembly, spin-coating,

adsorption, coating from a supercritical fluid, or a combination thereof.

A method for modifying a substrate having a surface comprising

coating a macromolecular surfactant comprising a modifiable functional group onto the
surface of the substrate from a supercritical fluid, wherein the macromolecular surfactant
is soluble in the supercritical fluid,

wherein the modifiable functional group assembles to the air-coating interface,

thereby modifying the surface of the substrate.
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28. The method of claim 27, wherein the macromolecular surfactant comprising the modified

functional group is not soluble in the supercritical fluid.
29. The method of claim 27, wherein the macromolecular surfactant comprises a polymer.
30. The method of claim 27, wherein the supercritical fluid comprises carbon dioxide.
31. The method of claim 27, wherein the coating occurs in a chamber under pressure.

32. The method of claim 27, wherein the coating occurs in the absence of a volatile organic

compound.
33. The method of claim 31, wherein the chamber is under pressure above about 8 MPa.

34. The method of claim 33, wherein the chamber is under pressure in the range from about 8

MPa to about 16 MPa.
35. The method of claim 33, wherein the chamber is under pressure above about 25 MPa.

36. The method of claim 35, wherein the chamber is under pressure'in the range from about

25 MPa to about 46 MPa.
37. The method of claim 31, wherein the pressure is maintained at about a constant pressure.

38. The method of claim 37, wherein the pressure is maintained at about a constant pressure

for at least about thirty minutes.

39. The method of claim 31, wherein the chamber has a temperature in a range from about

room temperature to about 50 °C.
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The method of claim 31, wherein the temperature is maintained at about a constant

temperature.

The method of claim 1 or claim 27, wherein the substrate comprises glass, metal, a

polymer, a self-assembled monolayer, or a combination thereof.

The method of claim 1 or claim 27, wherein the surface of the substrate is not flat.

The method of claim 1 or claim 27, wherein the surface of the substrate comprises a pore.
The method of claim 43, wherein the surface of the substrate comprises an internal pore.

The method of claim 1 or claim 27, wherein the substrate comprises a tube having an

inner surface.
A device comprising a substrate having a surface modified by the method of claim 1.

The device of claim 46, wherein the device comprises a coverslip, a glass slide, a
semiconductor chip, a plate, a microarray sensor, a biomedical device, a catheter, a blood
bag, a dialysis machine, an artificial heart, a biological sensor, a circuit, a substrate for

electroplating, an implant, a nanoparticle, or a combination thereof.
A device comprising a substrate having a surface modified by the method of claim 27.

The device of claim 48, wherein the device comprises a coverslip, a glass slide, a
semiconductor chip, a plate, a microarray sensor, a biomedical device, a catheter, a blood
bag, a dialysis machine, an artificial heart, a biological sensor, a circuit, a substrate for

electroplating, an implant, a nanoparticle, or a combination thereof.
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A method for modifying a surface, comprising

a) coating the surface with a copolymer comprising at least two units, each unit
having a different surface tension than the other,

wherein at least one unit has a surface tension lower than that of the surface,

wherein the unit of the copolymer having the lowest surface tension assembles to the
air-coating interface and comprises a photoactive functional group; and

b) exposing the coating to radiation, thereby modifying the surface
wherein the surface comprises metal, metalloid, polymer, organic material, ceramic, metal
oxide, metalloid oxide, or a combination thereof, provided that the surface does not

comprise glass.

The method of claim 50, wherein the surface comprises silicon, gold, or a combination

thereof.

The method of claim 50, wherein the radiation comprises deep ultraviolet radiation.

A device having a surface modified by the method of claim 50.

The device of claim 53, wherein the device comprises a coverslip, a semiconductor chip, a
plate, a microarray sensor, a biomedical device, a catheter, a blood bag, a dialysis
machine, a artificial heart, a biological sensor, a circuit, a substrate for electroplating, an

implant, a nanoparticle, or a combination thereof.

A method for modifying a surface of a monolayer, comprising:
a) coating a monolayer on a substrate; wherein the monolayer is formed by self-
assembly of end-functionalized surfactant molecules, thereby positioning a photoactive

functional group at the air-monolayer interface; and
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. A method for modifying a surface, comprising

a) coating the surface with a copolymer comprising at least two units, each unit
having a different surface tension than the other,

wherein at least one unit has a surface tension lower than that of the surface,

wherein the unit of the copolymer having the lowest surface tension assembles to the
air-coating interface and comprises a photoactive functional group; and

b) exposing the coating to radiation, thereby modifying the surface
wherein the surface comprises metal, metalloid, polymer, organic material, ceramic, metal
oxide, metalloid oxide, or a combination thereof, provided that the surface does not

comprise glass.

The method of claim 50, wherein the surface comprises silicon, gold, or a combination

thereof.

The method of claim 50, wherein the radiation comprises deep ultraviolet radiation.

. A device having a surface modified by the method of claim 50.

The device of claim 53, wherein the device comprises a coverslip, a semiconductor chip, a
plate, a microarray sensor, a biomedical device, a catheter, a blood bag, a dialysis
machine, a artificial heart, a biological sensor, a circuit, a substrate for electroplating, an

implant, a nanoparticle, or a combination thereof.

A method for modifying a surface of a monolayer, comprising:
a) coating a monolayer on a substrate; wherein the monolayer is formed by self-
assembly of end-functionalized surfactant molecules, thereby positioning a photoactive

functional group at the air-monolayer interface; and
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b) exposing the monolayer to radiation, thereby modifying the surface of the
monolayer,
provided that if the monolayer is a self-assembled monolayer of organic groups, then each
organic group contains a first functionality that is not capable of being converted to a

second functionality by exposure to an acid to functionally modify the surface.

. The method of claim 55, further comprising photodeprotection of the photoactive

functional group.

The method of claim 55, wherein the self-assembled monolayer comprises a
benzophenone moiety, a phthalimide moiety, a benzoin moiety, a photogenerated

aldehyde moiety, or a combination thereof.

The method of claim 55, wherein the self-assembled monolayer surface comprises a

coating on a substrate surface.

The method of claim 58, wherein the substrate surface comprises glass, metal, metalloid,

ceramic, or a combination thereof.

The method of claim 58, wherein the substrate surface comprises silicon, gold, or a

combination thereof.

The method of claim 55, wherein the radiation comprises ultraviolet radiation.

The method of claim 55, wherein the radiation comprises deep ultraviolet radiation.

The method of claim 55, further comprising coating on the monolayer a macromolecular

surfactant,
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The method of claim 63, wherein the macromolecular surfactant is a polymer.
The method of claim 63, wherein the macromolecular surfactant is a hydrophilic polymer.

The method of claim 63, wherein the macromolecular surfactant is a hydrophobic

polymer.

The method of claim 63, further comprising immobilizing on the monolayer a compound
selected from the group consisting of a carbohydrate, a peptide, a protein, DNA, an
enzyme, an aptamer, a colloidal particle, a nanoparticle, a metal oxide, or a combination

thereof.
A device having a surface modified by the method of claim 55.

The device of claim 68, wherein the device comprises a coverslip, a glass slide, a
semiconductor chip, a plate, a microarray sensor, a biomedical device, a catheter, a blood
bag, a dialysis machine, an artificial heart, a biological sensor, a circuit, a substrate for

electroplating, an implant, a nanoparticle, or a combination thereof,

A macromolecular surfactant comprising at least two units each having a different surface
tension, wherein the unit having the lowest surface tension comprises a modifiable
functional group,

and wherein the modifiable functional group comprises a protected functional group, that
is not an acid-reactive functional group; a photoactive functional group; a base-reactive
functional group; an electrochemically reactive functional group; a functional group that

is reactive with electricity; or a combination thereof,
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71. The macromolecular surfactant of claim 70, wherein the modifiable functional group

comprises a functional group protected with a low surface tension moiety.

72. The macromolecular surfactant of claim 70, wherein the modifiable functional group

comprises a C;-Cs alkyl group, a fluoro group, methyl group, trimethylsilyl group or a

combination thereof.

73. The macromolecular surfactant of claim 70, comprising a polyhydroxyethylacrylate,

polyhydroxyethylmethacrylate, or a combination thereof.
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Figure 6A. and Figure 6B.
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Figure 31A. and Figure 31B.
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