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Abstract: This Concept article surveys methods for at-
taching single polymer molecules on solid substrates. A
general approach to single polymer immobilization
based on the photochemistry of perfluorophenylazides
is elaborated.
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Introduction

Materials based on synthetic polymers have gained increas-
ing popularity since the last century, serving as structural
frameworks and providing mechanical functions. With the
rapid development of nano-, bio-, and information technolo-
gies, the demand for new materials with novel properties
and functionalities has reached an unprecedented level.
These include materials that are multifunctional and materi-
als that possess tuneable properties in response to external
stimuli. Polymers as soft materials are intrinsically dynamic
making them the ideal choice in many of these applica-
tions."?! Polymers are molecules prepared by linking many
small repeat units. Through the control over the chemical
nature, the number of repeat units, and the manner that
these repeat units are linked together, polymers with diverse
structures, chemical functionalities, and molecular architec-
tures can be obtained. This has been further enhanced by
the recent development of new and powerful synthetic
methodologies that allow the preparation of polymers with
well-defined structures as well as dimensions.”*) Because
the structure directly affects the final properties of the mate-
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rial, a significant outcome of the structural diversity of poly-
mers is the wide range of associated properties that are
tuneable and can be tailored by rational design.

Extensive theoretical work and experimental data accu-
mulated over the past several decades have greatly im-
proved the understanding of the relationship between mo-
lecular level structures of polymers and their ultimate prop-
erties. One issue associated with synthetic polymers is that
they are inherently heterogeneous. Even the most well-con-
trolled polymerization techniques yield polymers of various
molecular weights or contour lengths. The conventional en-
semble experiments thus average over the entire population
of polymers. The length-dependent deviation is concealed
and details of each individual polymer molecules are
hidden.

With the rapid development of single-molecule imaging
and characterization techniques, polymer structures, confor-
mation, and dynamics can now be studied at an unprece-
dented level of detail.’”) Among these techniques are single
molecule fluorescence microscopy, scanning force microsco-
py, laser scanning confocal microscopy (LSCM), scanning
near-field optical microscopy (NSOM), and optical tweezers.
Atomic force microscopy (AFM) in particular is highly ver-
satile for imaging, manipulating, and stretching single poly-
mer molecules in a non-invasive manner and under mild
conditions. These powerful tools reveal the configuration of
single polymer molecules, measure intra- and intermolecular
interactions, and uncover a series of single molecule proper-
ties of conformation,!'”' bond strength,'” end-to-end dis-
tance and contour length,™'¥ radius of gyration, elastic
modulus and friction.™ Such information provides the fun-
damental understanding of molecular phenomena enabling
the evaluation of polymer properties at the molecular length
scale. These studies are furthermore essential for the design
of single polymer reactions, and in the development of
single polymer-based advanced nanomaterials and nanodevi-
Ces’[lf’klg]

Many of the single molecule studies require samples pre-
pared on a suitable substrate. Single polymers tethered on a
solid substrate have unique properties that differ from
either the bulk polymers or single polymer molecules in so-
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lution. Polymer single molecules in a dilute solution move
rapidly and measured properties give averaged values. Spa-
tially-separated polymer chains tethered on a surface, on the
other hand, are individual entities free from intermolecular
interactions. The measurements can therefore reflect the
true properties of a single polymer molecule.

Important to single polymer research is developing sur-
face chemistry and immobilization methods that allow the
attachment of polymer single molecules in a well-defined
manner and on the desired substrate. Methods that are
simple, reproducible and versatile are especially valuable.
This Concept article discusses surface immobilization chem-
istries for tethering single polymer molecules on solid sub-
strates. A general approach based on the photochemistry of
perfluorophenylazides for the covalent immobilization of
single polymers will be elaborated.

Immobilization of Polymers

Polymers can be anchored to surfaces by physisorption or
chemisorption. Physisorbed polymers can be prepared by a
simple solution casting procedure. In this case, a polymer so-
lution is placed on a substrate by dipping, spraying, or spin
coating. After the solvent is evaporated, polymer molecules
are left on the substrate. Because the molecules are held on
the substrate surface by weak van der Waals forces, they can
be easily removed by rinsing with the solvent. Chemisorbed
molecules are firmly bound to the surface and are therefore
more robust towards environmental and processing condi-
tions. Chemisorption can be generally accomplished by
either a graft-to or a graft-from approach. The graft-to ap-
proach employs polymers that possess substrate-specific
functional groups. The reaction between the functional
group and the substrate drives the chemisorption of the po-
lymer to the substrate (Figure 1a). Frequently the polymers
are end-functionalized and are attached to the substrate via
a coupling reaction of, for example, thiols/disulfides to met-
allic surfaces such as gold or silver, or silanes to oxides. In
the graft-from approach, the polymer is generated in situ by
chain growth polymerization. A common practice is to cova-
lently immobilize a polymerization initiator on the substrate
and subsequently grow polymer chains from the substrate
by the addition of monomers (Figure 1b). Polymers pre-
pared by the graft-from technique have a higher packing
density, the driving force being the covalent bond formation
that compensates for the entropy loss resulting from the
chain extension away from the surface.

a) b)
D .ﬁ il =™ ..QQ_
Figure 1. Chemisorbed polymers prepared by a) graft-to, or b) graft-from

approach.
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Immobilization of Single Polymer Molecules

Single polymer molecules can be tethered to a substrate fol-
lowing similar approaches for the immobilization of poly-
mers. Directly casting a polymer solution deposits the poly-
mer on a substrate by physisorption. Single polymer mole-
cules are frequently obtained simply by using a very dilution
polymer solution. Below the critical chain overlap concen-
tration, the intermolecular overlapping is minimized and iso-
lated individual polymer molecules can be obtained. Be-
cause the adsorption force between the polymer and the
substrate is the weak van der Waals interactions, the poly-
mer molecules are found to have high in-plane lateral mobi-
lity." When the rate of the polymer chain movement ex-
ceeds the scanning speed of the instrument, visualization of
the molecules is difficult and the imaging resolution may
suffer. Also problematic is the in situ experiment under flu-
idic conditions where the solvent may easily remove the
weakly attached molecules from the substrate. Studies with
physisorbed single polymers are therefore mostly conducted
under ambient conditions. By varying the environment pa-
rameters such as temperature,’” humidity,® and solvent
vapour,?"! the corresponding changes in polymer chain con-
formation, swelling, segment movement can be directly vi-
sualized. The work by Kumaki and co-workers is a fine ex-
ample where the lateral chain diffusion force, the interfacial
interactions, and the AFM tip effect were fine-tuned to cap-
ture the molecular movement of single polymer molecules.
The authors were able to observe that when isotactic poly-
(methyl methacrylate) was exposed to humid air, the poly-
mer travelled on the mica surface in a caterpillar-like mo-
tions along the direction of the chain axis.’?

Chemisorbed single polymers are often prepared by the
graft-to approach that involves coupling a functionalized po-
lymer to the substrate. By covalently attaching the molecule
to the substrate, the chain mobility is restricted and so is the
chain movement through lateral diffusion. However, seg-
ment mobility is still present and the molecules retain their
conformational freedom. Because the chains are covalently
tethered to the substrate, it is possible to manipulate the
molecules both in the dry state and under fluidic conditions.
A special situation is polyelectrolytes that are adsorbed to
charged substrates by way of electrostatic interactions. In
this case, the substrate can be mica, which is negatively
charged at neutral pH or in water, and therefore attracts
positively charged polymers. Other substrates can also be
used when chemically modified to introduce charged groups
on the surface. The conformation of the adsorbed polyelec-
trolytes varies depending on the charge density of the sub-
strate. At a higher surface charge density, adsorbed poly-
mers adopt a relatively flat pancake conformation,? !
whereas more extended wormlike chains are obtained on
substrates of lower charge densities.”” An interesting obser-
vation is that these polyelectrolyte molecules could no
longer be re-conformed after deposition most likely due to
the multiple charge interactions leading to reduced lateral
chain mobility.
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The chain mobility can be further reduced by covalently
tethering polymers on the substrate surface. Frequently the
polymer is attached at its end thus giving the precise loca-
tion of the attachment point on the polymer. Conventional
coupling chemistries can be adopted to immobilize single
polymers, for example, the immobilization of carboxyl-con-
taining polysaccharides on amine-functionalized glass slides
through amide formation," poly(vinyl amine) on epoxy-
functionalized surfaces giving M-hydroxyalkylamine,?
chloro-terminated poly(dimethylsiloxane) on silicon oxide
surface by way of a base-catalyzed nucleophilic substitution
reaction.!® The reactions of silanes with oxides or thiols/di-
sulfides with gold or silver (Figure 2a) are also frequently

a) b)

S

Figure 2. Immobilization of a) monothiol- and b) dithiol-functionalized
polymer on gold.

used to prepare covalently immobilized single polymers on
these popular substrates. Thiol-functionalized polymers can
be synthesized by the photoiniferter-mediated living poly-
merization with thiocarbamate as the initiator.””) The thio-
carbamate group resides at the chain end and can be subse-
quently hydrolyzed to -SH by a base [Eq. (1)].%¥l When a di-
thiocarbamate is used as the polymerization initiator, after
hydrolysis, the resulting polymer will possess -SH at both
ends of the chain [Eq. (2)]; an example of which is SH-func-
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tionalized poly(methacrylic acid) prepared by Garnier and
co-workers.””) In their studies, the polymer was tethered to a
gold-coated AFM tip at one end; the density of which was
controlled by the addition of mercapto-1-dodecanol during
the adsorption of the polymer. Upon exposure to water, the
polymer swelled and thus exposed the second -SH group
that was then coupled to the gold substrate (Figure 2b). This
configuration, with the polymer tethered in between the
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AFM tip and the substrate, allowed the authors to stretch
and rapture the polymer chain and measured the single po-
lymer entropic elasticity and the single bond force profile.?’]

Other grafting methods employ more elaborated chemical
derivatization procedures; an example of which is the cou-
pling of polysilanes to silicon oxide surface studied by Furu-
kawa and co-workers.” In the process shown in Scheme 1,

R'-Si—R?
3 R-5i-R?
T
Nl s {git-si- N
OH Br{/\};D/S"CI 7 o |'Q2 "é? /Slb
_— = -

Scheme 1. Covalent immobilization of polysilanes on silicon oxide.

silanol-activated silicon oxide was first treated with w-bro-
modimethylchlorosilane to introduce bromo groups on the
substrate. A polysilane anion, obtained by either anionic
polymerization or an alkyllithium-initiated scission reaction
of a higher molecular weight polysilane, is then attached to
the substrate via a nucleophilic substitution reaction. To
obtain single polymers, the density of the surface bromo
groups was reduced with an alkyldimethylchlorosilane
during the silanization reaction. The researchers synthesized
a number of polysilanes varying the length and rigidity of
the side chains R', R% Short alkyl groups yielded flexible
polysilanes that collapsed into the pancake conformation
showing in the AFM images as “dots”. With bulky branched
alkyl groups or phenyl groups, however, “rope”-like struc-
tures were observed reflecting the increased rigidity of the
resulting polysilanes.

To obtain single polymers by chemisorption, the polymer
solution is often diluted with a small organic molecule. The
small molecules serve as spacers separating polymer chains
and producing isolated polymer molecules for single mole-
cule studies. Both examples shown in Figure2b and
Scheme 1 adopted such a strategy. Other deposition meth-
ods include using AFM tips to deliver single polymer mole-
cules to the substrate. In the work of Vancso et al.,’!! polya-
midoamine dendrimers were first adsorbed on an AFM tip.
The molecules were then transferred to a substrate that had
been functionalized with N-hydroxysuccinimidyl (NHS)
ester groups. Amide formation between amino groups on
the dendrimer and the surface NHS groups drove the depo-
sition of the dendrimer molecules onto the substrate.

We have developed a photochemical method to generate
covalently tethered single poly-
mers. The immobilization
chemistry is based on fluorinat-
ed phenylazides that act as
coupling agents to attach poly-
mer molecules to the substrate
surface. The photochemistry of
phenylazide is complex. When
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irradiated, phenylazide decomposes to give the singlet phe-
nylnitrene. This highly reactive intermediate quickly rear-
ranges to the corresponding seven-membered ketenimine
which can react with amines to give azepinamines, or produ-
ces mainly polymer tars in the absence of a nucleophile
(Scheme 2).*>3 The singlet phenylnitrene can also relax via
intersystem crossing (ISC) to the corresponding triplet phe-
nylnitrene, a process preferred at low temperatures or cata-
lyzed by alcohols. The lower energy triplet state undergoes
H-abstraction reactions forming primarily aniline-type prod-
ucts, or biomolecular reactions yielding the corresponding
azo compound (Scheme 2). The singlet phenylnitrene is the
key intermediate in the photo-
chemistry of phenylazides, dic-
tating whether useful adducts ‘
can be formed by the inser- F
tion/addition reactions rather o}
than the ring expansion reac-
tion. The F substituents, either
perfluorinated or ortho to the
azido group, raise the energy
barrier of the ring-expansion
reaction and greatly increases
the lifetime of the corresponding fluorinated singlet phenyl-
nitrenes.?**! The pathway for the adduct formation is there-
fore favored and insertion reaction yields are greatly en-
hanced.®**! Fluorinated phenylazides have gained increas-
ing popularity in photoaffinity labeling, a technique in
which a natural ligand modified with a photosensitive
moiety is used to probe the binding site structure of the bio-
logical receptor.””*! We began applying perfluorophenyla-
zides (PFPAs) in surface modifications and have since dem-
onstrated that these compounds are highly efficient for the
covalent immobilization of a variety of polymers.*'*

The photochemical immobilization process is illustrated in
Figure 3 where a silane-functionalized perfluorophenylazide
(PFPA-silane, Figure 4) is used to covalently attach poly-
mers onto silicon oxide surfaces. PFPA-silane is first chemi-
sorbed on silicon oxide, introducing the perfluorophenylazi-
do groups to the substrate. The polymer is then coated and
illuminated with UV light. Irradiation generates singlet per-
fluorophenylnitrenes which undergo C-H or N-H insertion

Si(OCHg)3
PFPA-silane

Figure 4.

)15

Si{OCH3)3
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N3 NH
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Figure 3. Immobilization of polymer on PFPA-silane-functionalized sili-
con oxide surface.

reactions with the polymer to form covalent adducts. Be-
cause the reactions occur at the interface of the substrate
surface and the neighboring molecules, only a monolayer of
polymer is immobilized after the un-attached polymer is re-
moved with a solvent.

Perfluorophenylazides have shown high efficiencies in the
covalent adduct formation with a wide range of polymers.
We have demonstrated that the surface immobilization pro-
cess is highly reproducible and defect-tolerant. Consistent
results were obtained from surfaces treated with PFPA-
silane at concentrations of a few um, or when more than 100
times of a non-photoactive silane were added.”! This is be-
cause in principle only one attachment point is necessary to
tether the polymer to the substrate. We therefore hypothe-
sized that as the density of the surface azido groups decreas-
es, the immobilized polymer would evolve from a uniform
film to eventually isolated single molecules. Indeed, by re-
ducing the density of the azido groups on the substrate, co-
valently immobilized polymer single molecules were ob-

tained.*"!
N, TR PN x xS The immobilized polymer
X X X X usc X X >>:<< I'NQR molecules appear as “dots” in
_— e —_— R N .
X x Ny X X X X X Fhe AFM images, corr.espond-
R R R x X ing to the pancake-like col-
X=H,F ‘ lapsed conformation that is
commonly observed with iso-
X N\\ { c-H ‘ >N—H \ >:< lated flexible polymers grafted
XQX ! on a surface. Results shown in
R X HN'\C< HN’N/\ M Figure 5 were obtained by
l X X X X N treating silicon wafers with a
X X . .

mixture of PFPA-silane and

tar X X X X X X octadecyltrimethoxysilane

R R R

Scheme 2. Simplified description of phenylazide photochemistry.
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silane, decreases the concentration of the surface azido
groups. When the concentration was sufficiently low, isolat-
ed single molecules resulted. The higher the molar ratio of
ODTMS to PFPA-silane, the lower the azide density, the
fewer polymer molecules were immobilized (Figure 5). The

Figure 5. Polystyrene single molecules immobilized on silicon wafer treat-
ed with a solution of ODTMS/PFPA-silane at the molar ratio of a) 500:1,
b) 2000:1, and c) 5000:1. Monodisperse polystyrene was used; M,
223200. The scan area was 1 um x 1 pm for all images.

density of the surface azido groups can also be controlled by
the concentration of the PFPA-silane solution. Using this
approach, covalently immobilized polystyrene molecules of
various molecular weights were obtained by treating silicon
wafers with PFPA-silane at very low concentrations.*! We
found that the higher the molecular weight of the polymer,
the lower the concentration of PFPA-silane needed to ach-
ieve single molecule immobilization (see caption in
Figure 6). This is consistent with the immobilization chemis-
try. As the molecular weight and thus size of the polymer in-
creases, less surface azido groups are needed to attach the
polymer. The concentration of PFPA-silane was therefore
reduced in order to observe isolated single molecules.
Interestingly, we observed a preferential immobilization
of larger sized molecules as indicated by the higher molecu-
lar volumes obtained from AFM measurements than the
theoretical values calculated from the average molecular
weight of the polymer. This effect was more pronounced
with polydisperse samples where the molecular weight of
the polymer is more heterogeneous than its monodisperse
counterpart. A likely explanation is that on surfaces possess-
ing limited amount of azido groups, larger molecules, that is,
polymer of higher molecule weight, would have higher stat-
istical probabilities than smaller molecules to be attached.
Because the immobilization chemistry is based on the in-
sertion/addition reactions of the reactive singlet perfluoro-

a) b) c)

Figure 6. Polystyrene molecules immobilized on silicon wafers. M,, of the monodisperse sample was a) 223200,
b) 570000, and c) 1877000. The wafers were treated with PFPA-silane in toluene at the concentration of a) 5x
10 mgmL™, b) 1x10°> mgmL™", and ¢) 5x10~* mgmL™". The scan area is 1 pumx 1 um for all images. Adopt-

ed from reference [46].
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phenylnitrenes, no functional groups are required on the
polymers to be immobilized so long as they possess C—H,
N—H, or C=C bonds. The technique is therefore inherently
versatile and is applicable to polymers of various structures,
architecture, and physical properties. Especially beneficial
are polymers that are difficult to immobilize by the conven-
tional graft-to or graft-from approach due to the lack of
functional groups or inability to surface polymerize in situ.
Once the PFPA-functionalized substrate is prepared, it
could be used as a universal surface to covalently immobi-
lize polymers by a simple and fast irradiation procedure.
Using this approach, we have already successfully immobi-
lized single molecules of poly(2-ethyloxazoline) (PEOX)! !
and poly(4-vinylpyridine)."”

In comparison with other covalent immobilization meth-
ods, this approach uses a photochemically initiated process
to facilitate the attachment of single polymers. Light offers a
highly chemoselective means to activate the photosensitive
moieties without affecting other molecular and structural
entities. The photosensitive groups can be specifically ad-
dressed at mild conditions in the solid state in high yields.
By simply tuning the intensity of the light, the immobiliza-
tion yield and density can be conveniently controlled. Fur-
thermore, the reactions can be locally initiated by focusing
the light in the areas of interest thus providing spatial con-
trol and resolution.”®*! Finally, the photochemistry of phe-
nylazides is among the fastest of common photocrosslinkers;
the photoimmobilization is often accomplished in a few mi-
nutes using a conventional photochemical setup.

This technique can be considered as a graft-to approach
although it differs from the conventional protocol that the
polymer is attached to the substrate by insertion reactions
which would unlikely occur at the chain ends because of the
low statistical probability. A more likely scenario is the at-
tachment via the train segments of the polymer chain. Since
the nitrene insertion reaction is non-selective, the point of
attachment as well as the number of attachment points is
difficult to predict or determine experimentally. The ob-
tained structure is therefore less defined as compared to the
end-grafted polymer where the chain extends from the sur-
face from one end of the molecule.

Besides the ability to attach a wide range of polymers, the
technique can be further applied to different substrates by
derivatizing PFPA with the
functional group appropriate
for the specific substrate. The
PFPA structure can be readily
modified to introduce various
functional groups as well as
further structural variations
such as spacers for conforma-
tion and topography control.
We have synthesized the disul-
fide derivative of PFPA
(Figure 4) that has been ap-
plied to modify gold surfa-
ces,” and are in the process of
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preparing new functionalized PFPA derivatives suitable for
additional types of substrates. Substrates functionalized with
perfluorophenylazido groups can be considered as universal
functional surfaces facilitating the attachment of large varie-
ty of polymers.

Conclusion

The preparation of immobilized single polymers follow the
general approaches to the immobilization of polymers,
namely physisorption and chemisorption. Physisorbed poly-
mers are generated by a simple casting procedure and are
highly mobile. Covalently tethered single polymers are often
prepared by the graft-to approach, resulting in structures
that are robust and suitable for experiments under fluidic
conditions. The photochemical grafting technique developed
in our laboratory aims at creating universal functionalized
surfaces that can be used to attach a wide range of polymers
regardless of their structures, architecture, and properties. In
addition, this new approach adds an external light-induced
control to the process that is fast, tuneable, and efficient.

The need to understand molecular level structures of
polymers and correlate them with micro- and macroscopic
properties demands the availability of a diverse number of
materials in chemical composition, molecular structure, ar-
chitecture, functional groups, and conformation. Beyond the
fundamental studies of single polymer properties is develop-
ing single polymer-based advanced nanomaterials and nano-
devices. Especially difficult in these applications are the pre-
cise control in the orientation and conformation of the
single polymers, and the ability to generate ordered arrays
with tuneable properties. These challenges will continue to
drive the development of new and improved surface attach-
ment chemistries.
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