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Polymer brushes are polymer chains tethered to a surface at sufficient coverage so that
the resulting steric repulsion forces them to stretch outward. This 2D stretching of the
polymer brushes gives them unique physical properties different from traditional
polymer melts. Tuning of the brush configuration, especially at the nanoscale could
make polymer brushes a useful functional coating in the fields like anti-fouling and
lubrication which counted on their behavior at highly confined regime. Upon removal
of lateral confinement through patterning, they would have quite rich response in
terms of mechanical, physical properties that are distinct to their non-patterned form
for the reduction of the lateral pressure. In short, the foundation of this materials then
depends on the ability to harness such transition between 2D to 3D stretching which is
the key for the development of advanced materials and devices for biotechnology and
electronic/optical applications.

In this work, we look forward to increasing the understanding in patterned polymer
brushes and it started from the neutral polymer brushes. Brush nanopatterning was
conducted using orthogonal process following either top-down or bottom-up
approaches with patterned lines as small as 200 nm. The pattern morphology depends
not only on the wetting properties of the areas adjacent to the pattern, but also on

process history to which the sample has been exposed, especially related to solvent



quality. Furthermore, we demonstrated the method to control crosslinking on the edges
of the pattern and this leads to the non-ordinary stimuli-responsive behavior.
Subsequently, the stability of non-patterned and nanostructured strong polyelectrolyte
brushes is studied as a function of both brush character and the properties of a
contacting liquid. Nanopatterned polymer brushes proved its value in showing that the
chain dynamic is also a dominant factor in brush degrafting and it should also be
considered besides the reaction kinetics.

The finding inspired us to design polymer brushes with more complex configuration.
To characterize them, we fabricated optical grating which have polymer brushes
anchoring only on the sidewall. Such platform when working with neutral scattering
should allow the reconstitution of the 3D brush profile provide more insight to
complicated behavior.

The knowledge obtained was also expanded horizontally to the two different fields.
For liquid crystal elastomer patterning, it managed to create micro-objects with
controlled actuation motion by simply changing the direction of the patterns. On the
other hand, polyelectrolyte brushes found its application in the field of biophysics
where it could act as a cushion to facilitate the spontaneous formation of supported

lipid bilayer with high transmembrane protein mobility.
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CHAPTER 1

Fundamental Structure of Polymer Brushes and their Resulting Properties

Abstract

Polymer brushes are materials made of densely tethered polymer chains with one
end attached to a surface or interface. This arrangement imparts them invaluable
properties in a range of application fields such as lubrication, anti-fouling and
biomimetic. As more and more applications rely on polymer brushes, the importance
of a fundamental understanding of brush structure becomes higher as well. This
chapter starts with a survey of fundamental properties of the polymer brushes and
focuses on the change of the swelling properties of the polymer brushes as a function
of the surrounding and intrinsic parameters.
As a member of the polymeric material family, tuning brush morphologies may be
achieved through changing molecular weight, solvent quality as well as brush grafting
density which is a unique handle only for brushes. More tuning flexibility can be
obtained when charges are present on polymer chains, which makes them
polyelectrolyte brushes. Different behaviors of these polymer brushes are shown in
Figure 1.1 with corresponding equation for the scaling behavior of t. In the end, the
change of brush structure under patterning conditions will be addressed and which acts

as a novel tool to tailor their properties by allowing lateral stretching.

*Portions are excerpted from W-L. Chen, R. Cordero, H. Tran and C. K. Ober. 50"
Anniversary Perspective: Polymer Brushes: Novel Surfaces for Future Materials.
Macromolecules, 2017, 50 (11), pp 4089—4113. Copyright © 2017 American

Chemical Society.
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Figure 1.1 Scheme of scaling laws of polymer brushes under different conditions. a)
Neutral brushes with general scaling law /4 ~ No¥ with variation of v for different
conditions. b) Scaling laws for charged brushes under different conditions. c) symbols

for the scheme.

1.1 Neutral brushes

1.1.1 Theoretical Understanding
A fundamental understanding of brush structure was first derived in the work of

Alexander.! Compared to uniformly absorbed polymers, which have a film thickness /4
smaller than the free polymer radius of gyration R;,* Alexander noticed that the
thickness of end-absorbed polymers could have the distinct behavior at increased
grafting density where the chain-chain interaction dominates. The distance between
tethering points is smaller than the polymer stretching distance and it reflects the start
of the interaction between grafted chains. Following the “Flory argument”, Alexander

derived the brush conformation by a balance between elastic energy of entropic spring,

2



Feo and excluded volume repulsion between segments, Fi, (internal energy of the
system). Polymer chains are considered as ideal and elastic energy approximated as a
quadratic end-to-end distance, which is represented by a brush film thickness. The
excluded volume originates from uniformly distributed monomer segments and is
proportional to its volume fraction. The total free energy of a single polymer chain in

the brush ' = F.; + Fix:then could be written as:

32 .\ vN2g (1)
2Na? h

F = kBT[

Here a is the monomer diameter, v is the excluded volume and o is the grafting
density (number of chains per area). By minimization of total free energy, the

thickness of a polymer brush could be obtained:

h ~ N(ov)'/3 2)

A similar relationship was obtained by de Gennes through simple scaling analysis
where polymers in the brush were considered as a series of tension blobs and their
steric interaction determines the conformation of the brushes.? This leads the
correlation length of polymer chains in the brush to be the distance between grafting

1/2 and is the same in the work of Alexander.! This

points, which equals to o~
description is then referred to as Alexander — de Gennes brush and it is the most

fundamental model of the brush. One important difference of the polymer brushes is



that the brush dimension is proportional to N instead of N'/? in its free form. For the
chains in the brush, their length could be much larger than R, due to steric
deformation and this leads to properties distinct from free polymers. Also, it could be
noticed that the dependence on the excluded volume is also stronger compared to free
polymer (1/5) since now polymer chains ‘feel’ more strongly the presence of the other
chains. This leads to a higher sensitivity to the surrounding stimuli and is a
fundamental reason why polymer brushes could be a better stimuli-responsive
material.

Through similar ideas, the thickness scaling law for polymer brushes in theta
solvents and poor solvents have also been derived.** The power law exponent of the
grafting density on thickness increases from 1/3 to 1/2 to 1 as the solvent quality
decreases from good to ® to poor. In contrast, the dependence on the molecular weight
remains constant at N. Similar increases on this dependence could be obtained when
the grafting density is further increased from moderate grafting density to high
grafting density. At high surface coverage, the excluded-volume effect between
segments are fully screened out like concentrated polymer solutions and higher order
interactions become important. The thickness scaling relationship of the brush could
have higher power law exponent dependence than 1/3 and it could be even up to 1.5

The Alexander — de Gennes brush model also provides a picture of the brush
segment density along the vertical distance from the surface @(z). Segment density of
the model could be described as follows: (All properties have been normalized to the

monomer size, a)’



{ o(z/a)*?  a <z < g2
*) { g?3 o Y2<z <h ©)

Above brush thickness / the brush segment density drops quickly to zero. The

/2 and equals the density of the

segment density reaches a plateau when z > o~
tension blob. However, this result is later found to be inaccurate due to the
oversimplification of the brush structures. In the model, polymer chains are assumed
to stretch out uniformly and their free-ends located at the most outer edge. In fact, the
optimum state of a brush allows polymer chain ends to be buried inside without
penalty in free energy. Heath and Scheutjens et al.” first showed that the polymer
brush segment density is a parabola and the chain ends distribute over the entire height
of the polymer brush rather than focus on the top. This phenomenon is later explained
thoroughly by Milner et al.''?, Skvortsov et al,'3 and Zhulina et al.'* independently
in different works and later referred as a “Parabolic Brush”. The paragraph below is a
brief description based on the self-consistent field (SCF) method of Milner.

The expression of the brush total free energy can be treated in a similar way to

before, but now the excluded volume is considered as the sum of effects of segment

density.

“4)

In this system, each grafted chain i is represented as a set of N monomer coordinates

7;(n), withn=0, 1, ....., N. and K is the total number of chains. The free energy for



addition of a single chain in the system could then be expressed by Eq. 5 by setting

potential energy as U(7#) = —vo (7).

1(d7\’ ]
AF; = f dn [§<%> ]— f dn U(?) ®)

The mean field potential energy approximation is valid based on the fact that each
chain should “feel” the existence of the other chains before itself due to the dense
tethering. Eq. (5) is similar to the path integral for one particle motion in quantum
mechanics by treating 7#(n) as the position of particle at time n. Subsequently,
condition ;(N) = 0 is set for the end grated chains which applies no limitation on the
positions of free ends.

In the particle system, these conditions together mean that no matter where the
particle starts its motion, in the end they would have to reach the surface at the same
time N. To fit the conditions, the potential energy U(#) would then have the form
U(#) o z? which equals to the potential of harmonic oscillator.

Since U(#) = —v¢@(7), the segment density profile is a parabola which could be
found out to be
9(z) =v Y(A(h) — Bz?),z =0

(6)

here B — mw? A(h)_Ncrv+Bh3
WREEE FeN Y T T T3



The coefficient B was derived from the fact that each particle should arrive at the

surface at the same time N, while A(h) was derived from the mass balance, No =

1} Oh @(z)dz.

The last piece of the brush structure left in the model is the chain free-end distribution.
Derivation of the chains’ free-end distribution €(z) should start from the fact that the
local segments density ¢(z) is contributed from the polymer chains whose free-end
lies above z. Here dz(n; z) /dn is the function refers to the velocity at z of a particle

which began at p.

h dn
_ 7
0(2) = fz 7t <P 0

Based on the result of Semenov et al.'*> which was used for chain free-end distribution
of the block copolymer in a melted micelle, the condition used in Eq. A3 in their work
has to be changed to Eq. 7 here due to the varying segmental density. A similar
solution could be derived if free energy, F shown in Eq. 4 is minimized with the

conditions of Eq. 7 and Eq. 8 through indefinite Lagrange multipliers:'®!7

P dn
= 8
fodz(z;p)dz N ®



It then could be shown that the function dz(z; p)/dn has the form of [G(p) —

G (2)]*/? with G an unknown function. Eq. 8 could now be written in the following

form by assuming a new function f(G) = Z—CZ; .
G(p)
f P f(G) _dG(z) =N 9)
60 [G(p) - G(2)]2

This equation is a classic Abel integral equation with solvable f(G),'® which leads

z(z; p)/dn to be the following form:

2(z;p)/dn = n(p? — z2)/2N (10)

By setting two additional parameters, t = (p/h)?,u = (z/h)? and inserting Eq. 10

into Eq. 7, another solvable generalized Abel integral equation could be obtained:'’

fi g(O)dt _ (M) — Bz?) an

(t—w? v

Ne(p)
mp d-2’

where g(t) = the coefficient d is dependent on the power of z on the right-

hand side. This could lead to the final form of chain free-end distribution:!°



(@2B)2

e(p) = 7[22(}12 - zz)% + (g — h?)(h? - Zz)—%] (12)

As could be seen in the equation, when the brushes are under no external force, h =
A/B and only first term contributes to the distribution of the chain free-end. A
comparison between two different brushes is shown in Figure 1.2. Compared to an
Alexander — de Gennes brush where segment density is constant, brushes with
parabolic segment density profile would have more excluded volume repulsion in the

deeper layers. The equilibrium chain conformation is determined by the trade-off
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Free ends
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Figure 1.2 Chain segmental density ¢(z) and free-end distribution €(z)

functions, x-axis is normalized to the height of parabolic brush while y-axis is
normalized to the segmental density of Alexander — de Gennes brush. Dashed
line: ¢ (z) for Alexander — de Gennes brush. Solid line: ¢(z) for Parabolic Brush.
Dotted line: €(z) for Parabolic Brush without external force. Reprinted from ref.

20 with permission from American Association for the Advancement of Science.



between excluded repulsion (maximum at low z) and chain entropic stretching
(maximum at high z). More detailed comparisons between the step-like brush and
parabolic brush have been discussed in other literature?® and will not be addressed

here.

1.1.2 Experimental Study

In theory, the transition from a low grafting density “mushroom” state to a “brush”
state happens when the reduced grafting density, X' = GTlTRé is greater than one.
However different experimental studies showed different conclusions in terms of the
starting of the strong stretching and the breadth of the transition zone between the two
states. In the study of Kent et al?!, diblock copolymer polystyrene-b-
poly(dimethylsiloxane) (PS-b-PDMS) was chosen to form brushes on the interface of a
Langmuir trough. It was shown that even at a value of ' = 12 the strong stretching
limit was not achieved and the dependence of the exponential order of N, ¢ on h was
less than the one in Eq. 2. On the other hand, Wu et al. studied the transition of the brush
thickness with poly(acrylamide) (PAAm) brushes grown on the grafting density
gradient.’? PAAm brushes showed a sharp transition at the £ ~6 where the thickness

1/3

scaling changed from o to o/~ (Figure 1.3). Interestingly, water contact angle was

measured on the same brushes and it showed a broader crossover region between two
states which fits better to theoretical prediction.? Another study of Zheng et al.
conducted experiments with crystalline-amorphous diblock copolymers which used a
PS block as brush and a crystalline block as solid base.?* The brushes showed a

transition starting from X ~ 3.7 to 14.3. It was then concluded that X > 5 is a general
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standard to define the brush state.>> Nevertheless, this guideline is not accurate for the
semi-flexible brushes which have been predicted to be quite different from the general
rule of flexible brushes. It has been observed on semi-flexible polymer brushes with

threshold of mushroom to brush transition at ¥ < 1.26

CMPE:PO ratio
| 1:1(SD)

SiCls 0 e 12(82) " 139
A 155(S5) o
OIS .'
| H~o" ‘JB 125
, . % ‘} brush
I L i |
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CMPE ial. é {15
2z 9285 é%
e P e
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Grafting density (chains/nm-2)
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“CH,CI

Figure 1.3 Mushroom to brush transition of PAAm brushes at different grafting
densities. 1-trichlorosilyl-2-(m/p-chloromethylphenyl) ethane (CMPE)/paraftin
Oi1l(PO) mixture was used to tune brush grafting density through vapor deposition.

Reproduced from ref. 22 with permission from American Chemistry Society.

The swelling properties of polymer brush, h ~ N, was first reported by Hadziioannou

l 27,28

and Tirrell et a with a surface-adsorbed PS brush. Thickness dependence on the

grafting density for a good solvent, h ~ 6'/3 was later observed through different

1

techniques including ellipsometry?®3°, neutron reflectivity’!, surface force apparatus
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(SFA)3? and atomic force microscopy (AFM).2>3 Early studies generally used brushes
made of “grafting to” techniques which places limitation on brush grafting density. With
the advance of polymerization techniques, polymer brushes with high grafting density
are synthesized and they were proven to be different from its low grafting density analog.
In the work of Yamamoto et al. it was found that the power law exponent of thickness
scaling h ~ o of polymethyl methacrylate (PMMA) brush changed gently from 1/3 to
2/5 from low to high grafting density (o > 0.4 nm~2).3>3* The increase of power law

1?2 and then explored

exponent v to 2/5 was also observed in the study of Wu ef a
systematically in the study of Moh et al (Figure 1.4).3° In their study, PMMA brushes
with at most 6 = 0.8 nm™2 have been synthesized and also showed an increase of v
starting at 0 = 0.4 nm™2. It was concluded that 0.8 < v < 1.3 for 6 > 0.7 nm~2 which
is consistent with theoretical scaling of v =1 at high grafting density.”8 PMMA brushes
were also tested in different solvent conditions changing from good to © to poor by
varying the composition of an acetone/methanol mixture. At medium grafting density
(o < 0.4 nm™2), the exponential dependence increased as the solvent quality decreased
but collapsed to a single dependence with v = 0.8 at high grafting density which is the
same dependence as the one in pure methanol. The reason why v = (.8 at poor solvent
brush and high o brush was the “self-solvent” effect since a polymer is a © solvent for
itself and this became obvious at high polymer concentration. However, this scaling
relationship is different from the one shown earlier in the study of Auroy et al.3! where
v = 1 under poor solvent conditions. This could be possibly due to the difference in the

grafting techniques and substrates used for the experiments. Nonetheless, it could be

observed that the scaling exponent of the brush thickness v increases as either increasing

12



grafting density or decreased the solvent quality. Such similar trends could be explained
by the fact that they both change with the extent of chain overlap in a similar way which

determines the scaling behavior.
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Figure 1.4. Transition of PMMA brushes from semi-dilute brush region to
concentrated brush state as ¢ > 0.4 nm when good solvent, acetone was applied. Such
transition was not observed in methanol immersion where scaling remained constant

as 6*°. Reproduced from ref. 30 with permission from American Chemistry Society.

The detailed structure of polymer brushes determines their fundamental behavior
and is the key for their engineering. Neutron reflectivity(NR) is one of the major tools
for this purpose since it allows characterization of the specific deuterated part.
Although initial studies used brushes made by “grafting from” techniques which did
not reach the strongly stretched region, a parabolic-like profile of the brush segmental
density was observed where T < 12.213537 The profile of the strongly stretched

polymer brush was not observed until the study of Levicky et al. where X,,,,,, = 28 for
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polystyrene-b-poly(2-vinylpyridine) (PS-b-P2VP) adsorbed brushes.?® One of the most

interesting observation was that polymer segment density became flatter as X
increased in the strongly stretched region, which could be explained by the fact the at
larger Z the increased entropy penalty caused chains to be redistributed to the bulk.
Such a penalty was not observed at the transition region where the higher X could only
increase segmental density rather than flattening.3” Furthermore, it was observed that
the segment density more closely resembled the step-like profile at higher X, which
was predicted for the Alexander-de Gennes brush. On the other hand, with a change of
solvent quality the brush shrank and the average segmental density increased due to
the magnified chain overlap. Surprisingly the profile was the flattest at good solvent
quality and the roundest at medium solvent quality which showed the importance of
solvent quality as a handle to control brush behavior. Another handle that provides the
unique segmental density for brushes is dispersity. Riihe ef al. showed that polymer
brushes with high dispersity synthesized by free-radical polymerization (FRP) have
exponential decay segmental density profiles.?’ By the application of a special
setting®®, ellipsometry probed the segmental density profile of the poly(4-
vinylpyridine), (PVP), brushes directly without deuterium and the result fits the
theoretical prediction of Milner ef al.'> Since such a profile was not observed in the PS
brushes synthesized by the same method but with lower molecular weight*?, high
molecular weight is another condition for the appearance of an exponential decay
segmental density profile.

A few more complicated properties of polymer brushes which required more complex

NR setups have been probed in recent years. First, for parabolic brushes, free chain
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ends are distributed within the brushes rather than all on the top layer. It was
investigated by Spiliopoulos et al.*! by diblock copolymer of deuterated PS and virgin
PS (dPS-b-PS) which was non-deuterated only at last 16 % of the free end. The free,
non-deuterated chain ends could then be distinguished in a sea of deuterated
substrates. The result derived from low grafting density polymer brushes with £ = 6,
fit well to theoretical predications of parabolic brushes as shown in Figure 1.1.
However, by using a different model the NR data could also generate another set of
better fitted profiles with more free chain-ends on the top layer (Figure 1.5). This
could possibly be caused by a transition state between brush and mushroom where the
sample was situated that made both profile fitting possible. Further measurement on
brushes with higher grafting density should help to solve the dilemma. Second, in
another study of Abbott ef al.*?, the segmental density profile was studied with
mechanical pressure present. The pressure needed to change the segmental density
profile(from parabolic profile in swollen state to step-like profile in collapsed state)
predicted by the SCF theory was more than one order of magnitude greater than
experiment result. Experimentally only ~1 bar was needed to change the shape from
parabolic to step-like and this magnitude was also observed in other studies.*3*** The
result suggested that the osmotic pressure does not act the same as the mechanical
pressure in the brush structure and it’s still unclear how those two parameters interact.
Third, post-polymerization efficiency of the polymer brushes was also probed by
Schiiwer ef al. who used deuterated amino acid with different sizes to react with pre-
activated poly(2-hydroxyethyl methacrylate)(PHEMA) polymer brushes at different

grafting densities and the reaction efficiency was monitored by increased neutron

15



density.® It was shown that only the top 25% of the brush was reacted at the highest
grafting density for the larger amino acid. Even though this result suggests that post-
polymerization modification is not a good strategy to create homogeneously modified
dense brushes, the possibility of direct site-specific modification on the other hand

could be valuable for other purposes.

0 10 260 300 40 560 60 : 700
z (A)

Figure 1.5 Free chain-end distribution profiles as determined by different fits of the

experimental neutron reflectivity curves: A: SCF theory z(1 — z)%® ; B: Modified

SCF theory, ¢ + z™(1 — 2)*%; C: ¢ + z"e~%**. Weighted squared differences: A:

0.936, B: 0.802, C:0.824. Here a, ¢, n, x are modeling fitting parameters. Reproduced

from ref. 41 with permission from American Chemistry Society.

1.1.3 Entanglement in Polymer Brushes
As a polymeric material, polymer brushes are expected to have entanglements just like

the others.*¢ Ruths ef al. conducted SFA studies of PS brushes grafted on the both side
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of a gap®’ Surprisingly, brush stretching became less/ lower when the brushes were left
at the largest compression for an hour. Since the disentanglement time estimated based
on the brush parameters was up to hours, it was concluded that stretching was hindered
by the entangled conformation. In addition, even with molecular weight ~10°, the
number of entanglements in the brushes was approximated to be only 3-5 per polymer
chain. This behavior could be the reason why such effects were not observed in other
SFA studies with shorter polymer chains. Kenji et al. also showed the intramolecular
entanglements within the PMMA brushes. It was shown that the compressibility of the
PMMA brushes was smaller than that of spin-coated PMMA films. By comparing the
brushes to the polymeric network with similar extents of stretching, the number of
entanglements was calculated to be 2/3 of the PMMA melt, due to low chain overlap in
the brush conformation. Although both experiments showed the resulting effects of
brush entanglement, the relationship between grating density, molecular weight and the
number of entanglements is still ambiguous to people in the field. Robert ef al. later
with molecular simulation showed the scaling law for the number of entanglements((2)
per unit area in the brushes versus grafting density to be 2 o ¢'® for good solvent and
0 x ¢' for 0-solvent (Figure 1.6).*® Although such scaling fits well with the thickness
scaling law (¢!, 6'/?) when @?h was used to evaluate 2, further experimental work is
still needed to prove the validity of the law. Similarly, the effect of entanglement on

chain dynamics has also been studied by simulation and the disentanglement time has
) N3 N .
been evaluated in the work of Lang et al. to be T « (5) exp(N—) where N, is the

degree of entanglement of polymerization in the brush and g is the size of the tension
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blob which is proportional to o~'/??a=*/? (v = 0.588 in good solvent and 0.5 for 0-
solvent). Compared to the general polymer melt disentanglement time (t « (N/N,)3
for Rouse model), the dependence on chain length is stronger. Similar exponential
proportionality has been also shown in other brush penetration experiments.*>>° Such
phenomena originate from the restricted arm retraction dynamics, which means the
center of mass could not move until the polymer chain retracts back from the top. This
behavior is similar to the relaxation of branched polymers which was developed the

earliest by De Gennes and later used on the explanation of brush dynamic.3-?
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Figure 1.6 Brush entanglement areal density as function of normalized grafting
density. Blue star: 0-solvent. Red square: good solvent. Reproduced from ref. 48 with

permission from American Chemistry Society.

1.2 Charged Brushes
Charged brushes (referred as polyelectrolyte brush, PEB) have distinct properties

compared to their neutral compartments. In short, additional interactions due to charges
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on the chain would have to be considered and this increases the complexity of a PEB
structure. Additionally, interactions are greatly different when the surroundings of the
PEB is changed. One of the most studied conditions is the addition of electrolyte since
it can not only alter the osmotic pressure but also interaction between ions. If the charges
on the brush are not permanently associated with certain chemical groups, pH value/salt
concentration of its surroundings control the charge ratio and determine their behavior.
Such PEBs are referred to as “weak” polyelectrolyte brushes and they have more tunable
properties compared to “strong” polyelectrolyte brushes whose charges are associated
with strong acid/base groups. Theoretical understanding has been flourishing since the
pioneering work of Pincus* but many theories failed when compared to experimental
results. For that aspect, this section will focus mainly on the experimental observations
of PEBs and the following paragraph is only a brief description of PEB theory. More
detailed reviews on PEBs’ theory can be found in other recently published

reviews.!0:55:56

1.2.1 Theory of Charged Brushes
Figure 1.7 shows the phase diagram of PEB swelling developed by Zhulina ef al. which
managed to describe most observed cases.>’ A schematic description may be found in

Figure 1.1. For the electrolyte-free case (middle diagram), at low dissociation level f,

the grafted polymer changes from grafted individual neutral coils (NC) into neutral
brushes (NB) as the grafting density increases. For charged polymer brushes, since both
inter- and intra-chain repulsive forces increase as f rises, it also makes the state of loose
grafted polyelectrolyte transit from NC to Isolated Stick(IS) and then to Oriented Stick
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Figure 1.7 PEB phase diagram under different conditions. Black: PEB with no salt
added. Green: strong PEB with moderate salt added. Red: weak PEB with moderate

salt added. Reproduced ref. 57 with permission from American Chemistry Society.

(OrS) in the progress. Furthermore, the critical grafting density of the mushroom-brush
transition also becomes lower. Once inter-chain repulsive force is strong enough, the
grafted chains would transit into the brush state called “Pincus Brushes” (PB). PB
features the low electrostatic potential which is not strong enough to confine all
counterions within the brush and leaves a charged internal state as shown in Figure 1.1.
The resulting electrostatic repulsion makes chains stretch more than those in neutral

conditions. For PB, the characteristic distribution length of the counterions, the Guoy-
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Chapman length (4; = Z;’ZZ) is therefore larger than the PB brush thickness which

could be expressed as follows:

h~N3ogf? (13)

The strength of the electrostatic field increases as the increase of grafting density and
extent of dissociation, leading to a decrease of A;. When the electrostatic force is
strong enough, all counterions are retained in the brush structure and the brush is
virtually electroneutral. The increased osmotic pressure within the brush induces
strong stretching of the chains and such PEBs are called ‘Osmotic Brushes’(OsB).>*

The equation for OsB is expressed as:

h~Nf1/? (14)

The addition of electrolytes to the PEBs turns them into so called “Salted Brushes”

(SB) where the charges are screened. Theory suggests that the transformation happens
when the outer electrolyte concentration equals that inside the PEB layer where the
osmotic pressure is decreased by penetration of electrolytes.* The scaling of SB is

expressed by Eq. 15 and is the same for both strong and weak PEBs.

-1/3
h ~ Na'/3C, / (15)
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Here C is the concentration of added salt and the threshold of the transition is derived
to be at C; = @f . For strong PEBs, the transition between SB and OsB is clearly
defined since the extent of dissociation is irrelevant to the salt concentration. For weak
PEBs the added salt could increase the extent of dissociation by replacing the
associated counterions on the polyelectrolyte chains, which would decrease the
concentration of counterions in the brush and thus drive the equilibrium to the right
hand side and facilitate dissociation. Theoretical scaling of dissociation is

f ~ (Cs/0)?/3. Therefore, before the concentration of the salt is enough to penetrate
into the PEB and screen the electrostatic interaction, the increased C could actually
increase the stretching level of the PEB rather than decrease it due to the enhanced
electrostatic repulsion between dissociated charges on the chains. The brushes in such
state are referred as “OSB” to distinguish it from OsB of strong PEBs and the

thickness scaling is the following:

—1/3,1/3
h~Nao 1/3CS/ (16)

One final remark from the diagram is that the PEBs become NB again as the grafting
density increases and the transition happens earlier when salt is added. This is because
the excluded volume repulsion becomes dominating at high o values and the balance
based again on the steric repulsion and the chain spring recovering force which could
be written as Eq. 1.5 Naturally, the transition happens earlier for weak PEBs since the

electrostatic force is weaker.

1.2.2 Experimental study on Swelling Properties
Swelling properties of the strong PEBs are quite unique among all the other types of

brushes. Results from different groups have confirmed that the wet thickness of strong
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PEBs, (e.g. PMeVP synthesized by free-radical polymerization) is independent of the
grafting density and only proportional to the molecular weight and the square root of
the fraction of changed monomers, f.2°%¢0 Such brushes could be referred to OsB as
described in Eq. (14).

Weak PEBs behave in a rather complicated manner since now the charges could be
altered in different environments. Riihe et al.®'3° showed that pH could affect the
swelling of a poly(methacrylic acid) (PMAA) brush by affecting its degree of
dissociation. The swelling thickness could increase up to 100 times compared to the dry
state at pH 10 (20 nm to 2 um). Later, Wu et al.%? conducted experiments on weak PEBs
made of poly(acrylic acid) (PAA) and it was found out that the wet thickness versus
grafting density behaved similar to neutral brush with power law exponent dependence

which was opposite to the prediction of mean field theory (O$B, Eq. 16).°” As shown in
Figure 1.8, wet thickness of the PAA brushes in both O$B and SB regimes have similar

grafting density power exponents dependence of 1/3. Similar behavior was observed by
Lego et al.® and it was suggested that it might originate from low dissociation level for
polymers in the brush state as observed in other studies.®*%¢ The same mechanism was
not only predicted by theory®”%® but also contributes to the inhomogeneous ionization

along the brush. Such behavior is similar to what has been found by Dong et al. who
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showed that PMAA & PAA brushes have a higher dissociation constant at the surface

by comparing pH changes derived from titration and FTIR studies.®®

1.2.3 Interaction with monovalent electrolytes
Experimental demonstrations have been provided by studies regarding scaling of

brush thickness of strong PEBs in solvents of different ion strengths.
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Figure 1.8 Wet thickness at pH = 5.8 for PAA brushes (Mn = 48000 g/mol) as a
function of the grafting density and ionic strength of the aqueous solution in the (a)
osmotic brush (OsB) regime and (b) the salted brush (SB) regime. The symbols

represent different ionic strength values. Reproduced from ref. 63 with permission

from American Chemistry Society.

Poly(styrenesulfonate, sodium salt) (PSS) brushes were tested at different electrolyte
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concentrations and their thickness scaling power exponent was determined to be -0.27
by NR measurement’® and -1/3 for SFA measurement®®. Such deviation could originate
from the difference in the measurement technique since brushes were in contact with
each other at the time of measurement. Furthermore, a SFA measured force profile fit
the theory except for the high compression region where ion concentration inside the
brushes was not predicted precisely. The -1/3 power exponent was also obtained by
Biesalski et al. with cationic poly(N-methyl-4-vinylpyridinium iodide) (PMeVP)
brushes and halogen ions.® Interestingly, when the ions were changed from chloride to
bromide to iodide, deviation from scaling prediction occurred and even reswelled at
high concentrations of iodide. (Figure 1.9¢) It was explained as the result of special
complex formation between the brush and highly polarizable iodide ions which changed
from the neutral state to dissoluble, negatively charged state at higher iodide
concentration. Such results were not observed with either chloride or bromide ions as
shown in Figure 1.9.

Weak PEBs behaved the same as strong PEBs in the Salted Brush regime. Eq. 15 has
been proven in the experimental studies of PAA%> and PMAA®"7? brushes. Also, weak
PEBs behaved as predicted in Eq. 16 at low electrolyte concentration and the sensitivity
of the swelling change decreased as either pH values increased or grafting density

decreased.®!6270 Similarly, as can be seen in Figure 1.8b, Wu et al. showed the slope of

the PAA brushes increase at higher salt concentration and the wet thickness decreases.5?
These could both be explained by the fact that electrolyte gets into the brushes easily at

lower grafting density. As electrolyte concentration increases, charge screening starts to
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Figure 1.9 Swollen thickness of PMeVP brush as a function of different salt
concentration. a) NaCl was used, dry thickness 62 nm. b) KBr was used, dry
thickness 21 nm. The solid lines qualitatively represent the scaling law as predicted
by mean-field theory, Eq. 15. ¢) KI was used. Dashed line represents dry thickness
20 nm. Reproduced from ref. 69 with permission from American Institute of
Physics.

dominate at Cg 4, Where weak PEBs reach their maximum thickness. This maximum

value, Cg may is proportional to the grafting density (Csmax ~ 0) as predicted®® but its

value could be lower due to counter-ion condensation.®® An interesting aspect of Eq. 14

is that the thickness is a decreasing function of grafting density’>7* b

ut it has not yet
been observed experimentally. At low salt concentration, the thickness of PAA brushes
is proportional to the grafting density but with completely different scaling exponent of
1/3.92

Lego et al. showed that PAA brushes have a unique thickness scaling at pH 9. The
power exponent for grafting density increased from 0.87 to 0.96 rather than 1/3 as the
salt concentration increased from 0 to 1 x 103 M. In addition, in the Salted Brush regime,

1.09c—0.21
N

it has been shown that h~ ¢ and such scaling is different from previous

studies.” This was close to the scaling of the Pincus Brush as expressed in Eq. 13.3
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Although the Pincus Brush has long been developed, very few studies use it due to its
narrow regime and complexity. It remains unclear why their brushes behaved like

Pincus Brushes rather than those reported in other studies.

1.2.4 Interaction with multivalent electrolytes

Multivalent electrolytes induce completely different structural changes in PEBs
depending on their own specific ionic properties. Due to their ability to form complex
crosslinks, nature uses them when additional stability is needed.””-”® Konradi and Riihe
on the other hand have conducted a series of studies on weak PEBs, PMAA interacting
with multivalent ions.”>’® Using FTIR, the relationship between grafting density,
complexation and dissociation was quantitatively studied. As the grafting density
increased, the degree of complexation decreased as did the level of dissociation. Two
geometries of complexation (chelated bidentate/bridging bidentate, Figure 1.10a&b)
were observed in PMAA brushes and the amount of complexation showed different
dependence on the grafting density. Different ions had different coordination
preferences and thus swelling properties. Through comparison with FTIR spectra, it was
shown that Cu®* bridging bidentate links could collapse at very low ion concentration
of 10°°M and AP** could induce even stronger collapse at the same concentration. Only
alkaline-earth metal ions could reswell the network at high ion concentration similar to
the case of PMeVP brushes with iodide ion.®® Such trends also followed the reverse
order of the ion radius, where Sr>* > Ca?" > Mg?" as shown in Figure 1.10c and is the
result of charge inversion. Unexpectedly, the collapse of brushes with Cu®* or AI** was

weaker than the collapse with alkaline-earth metals due to the higher hydrophilicity of
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Figure 1.10 a), b) Structure of two complexes between di-valent ions and PMAA

brushes. c) Swelling properties of PMAA brushes at different metal ion

Me(NO)s concentrations. d) Simulated swelling properties of PEBs with

different grafting densities in trivalent ion added medium. Wet thickness,

grafting density and salt concentration are expressed in normalized values. C; =

1 is the concentration of ion in the PEB system. Reproduced from ref. 73, 75, 76

with permission from American Chemistry Society and Elseiver.
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result observed by Tirrell ef al. with the same metal ions.” With a proper model, Guptha
et al. managed to show the similar reswelling for trivalent ions added to a PEB by
Langevin dynamics simulation (Figure 1.10d).7® Furthermore, it showed that reswelling
is stronger at higher grafting density due to the stronger electrostatic repulsion but
further experimental proof is still needed.

Tirrell and coworkers conducted studies with PSS brushes soaked in metal ions with
different charges at fixed ionic strength.””# Compared to the situation with only
monovalent ions, di- or trivalent ions can induce stronger collapse in the SB regime as
a result of lower osmotic pressure, and the process happens at lower ion concentration.
These multivalent ions may be released only at high monovalent ion concentration.
Since the amount of complexation of Ru(NH3)s*" in PEBs could be quantified by cyclic
voltametry (CV), it was confirmed that additional collapse of the brushes was induced
by the complexation of Ru(NH3)¢*" and the mechanism of complexation was different
at different total ionic strength. At high total ionic strength (SB regime), high
concentrations of monovalent ions competed with the trivalent ion and the complexation
thus built on the kinetic equilibrium between ions. In contrast, at low total ionic strength,
trivalent ions diffused easily into brushes without much competition and achieved
saturation. The maximum uptake of the trivalent ion was seen to decrease with an
increase in total ionic strength.

Another interesting finding is the appearance of attractive forces between brushes in
SFA experiments with brushes on both sides of a gap. CV experiments confirmed ion
complexation and brush attraction. Such results were solely observed for multivalent

ions (Ru(NH3)s** /La*"/AI**/Ca?") but not for monovalent ions. The attractive force
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induced by La*" could be so strong that the force-distance curve “jump-in” occurred at
a shorter distance without increase of compressive force during a compression
experiment. By comparing the attractive forces between trivalent ions, it was concluded
that La*" > AI** > Ru(NH3)6>". This trend followed the reverse order of their hydration
radius. They pointed out the importance of hydration and charge density in
complexation attraction. In addition, such interactions were not observed for brushes at
high grafting density with Y3* due to the reduction of chain interpenetration.

The complexation induced structural change was characterized by Yu et al.(Figure
1.112).3% A segmental density profile transition was observed on PSS brushes to evolve
from a parabolic form to a Gaussian form when certain multivalent ions were
used(Ca*>/Ba’*/Y?"), in contrast to the general condition of monovalent ions and
Mg?* 8485 The Gaussian-like form was believed to be caused by crosslinking of PSS
segments by the multivalent ions which not only give rise to geometric constraints to
the chain segments but also effectively decreases the solvent quality and caused the
formation of micelle-like structure as described theoretically by Zulina et al.3°
Simulations using Molecular Dynamics(MD) and Density Functional Theory(DFT)
have already predicted similar transitions when multivalent ions are added.”637-%
Nevertheless, the physical meaning of the double peak segment density profiles in Ba**
loaded sample was not explained clearly by the authors, although this self-organizing
behavior has also been shown in the simulation results at either low temperature®” or
high grafting density.”® Only Jiang et al. claimed that the origin of layer-by-layer like
structure is due to the energy minimization of complexes. As shown in Figure 1.11b,

the complexes formed by polymer chains and trivalent ions have net local charge and
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the interaction energy between these complexes force them to separate to reach a
minimized energy. This behavior was shown to be more obvious when the size of the
ions increases, which fits the experimental result where only the largest ion, Ba®*

showed layered structure.”®

a b
7 .
—
: 0.006{ -~ po000 1
, , )
A °-m-7ﬁkﬁ_4
< 5 { om v T v T L 4
=7 0.2 po=0012 [
2 | - -0
5 0.1 =8
’ —— 3mMNa’ 0.0+ L S 1
3 ‘ 1 mM Ca® 0.50+ po=00125
f 33 mM Ca” 0254 - = -0
| 333 mM Ca® ©[ 4
1000 mM Ca® 0.00+ ——— 4
0 1000 2000 3000
z(A)

SLD x 10° (A?)

——3mMNa’
1 mM Ba”’
2 0.004
33 mM Ba
0 1000 2000 3000 0 5 10 15 2
ZA) Zo

Figure 1.11 Segmental density profile of PEB with multivalent ions added. a) NR
scattering length density(SLD) profile of PSS brush with dry thickness 28 nm. SLD is
proportional to the local segmental density of polymer. b) Simulation segmental
density profiles of counterions (black), polymers (red) in left Y axis, and mean
electrostatic potential (blue) in right Y axis in PEBs at different grafting densities.
Trivalent cation was used as added ion in model. p,: grafting density, p: segment

density.o: unit length in model, W: electrostatic potential. Reproduced from ref. 83, 90
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with permission from American Chemistry Society and American Institue of Physics.
Quartz Crystal Microbalance with dissipation(QCM-D) studies have also been applied
as a useful way to explore the dynamics of PEB complexation. Liu and coworkers
characterized the conformations of PSS brushes under complexation by monitoring
brush changes.’'¥> Charge inversion was also observed when Cs*, Ca?* and La** were
used as added ions and the reswelling induced by La’" was stronger. Inhomogeneous
structures were formed only when multivalent ions were added, and it could be due to
incomplete complexation. The study also showed that the hydration level of PEB
increases even with dilute salt solution (<10 M) and leads to a thickness increase for
strong PEBs, which is different from the mechanism of weak PEBs. Meanwhile, Che
et al. proposed that it is caused by the breaking of dipole-dipole interactions with
penetration of the ions. In the end it makes a strong PEB thicker, less dense and softer
at low salt concentration by breaking physical crosslinks.”®> Together with other
studies the big picture of brush complexation has been understood much in past years.
It could be anticipated that in the future, studies with combination of QCM-D, FTIR,
SFA results will continue to offer a better picture of the complete mechanism and

structure of PEB complexation.

1.3 Stability of Polymer Brushes

The swelling of polymer brushes depends in very subtle ways on the nature of both
the medium and the brush structure as discussed in previous sections. Such
morphological variability of the polymer brushes is one of the most important

advantages of polymer brushes compared to the other materials. Besides, the linkage
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between polymer chains and the interface is generally made of covalent bonds which
are quite stable in most of the conditions of human living. However, in 2008 Tugulu et
al. showed that the poly(oligo(ethylene glycol) methacrylate)(PPEGMAs26, suffix for
monomer molecular weight in g/mol) brushes could delaminate from covalently bonded
SiOx substrate when immersed in cell culture medium. The brush film started to peel
off like crosslinked polymeric film buckling under compressive stress®* as time passes
and full detachment could happen within a day.?® Since the crosslinking of the PPEGMA
brushes could happen naturally through auto-oxidation during synthesis, this is possible.
Interestingly, it was found that crosslinking of the brushes(with oligo(ethylene glycol)
dimethacrylate as monomer) did not prevent detachment and the brushes did not detach
in water. This observation led to the conclusion that the complexation between
poly(ethylene glycol) and metal ions in the cell culture medium was a major reason for
enhanced swelling and subsequent degrafting. Since lowering grafting density could
effectively increase brush stability, it was claimed that the degrafting mechanism should
be similar to the one reported by Sheiko et al. that the bottle brushes structure
concentrated the force on the backbone and led to C-C bond scission.’® Further study
by Paripovic and Klok demonstrated that increasing hydrophobicity at the linkage is an
effective strategy to increase the stability of the brushes against degrafting.®’ This could
be achieved by either adding additional hydrophobic block at the bottom or increasing
the length of the carbon spacer in the initiator, which could survive at least 3 days in
aqueous solution with pH = 12. The most recent study from the same group confirmed
that both siloxane groups and ester/amide linkages contribute to the drgrafting process

of polymer brushes by using initiators with only a single group present at a time.”®
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Similar peel-off degrafting phenomena have also been observed by Zhang et al. with
carboxylated poly(OEGMAs26--HEMA) brushes grafted on a QCM-D substrate. When
the brushes were transferred from water to phosphate buffered saline(PBS), the brush
film peeled off from the QCM surface only when the dry thickness of the brushes was
more than 75 nm.”® The critical thickness of the degrafting could be varied based on the
metals which the thiol bonded to, and it increased with the increase of binding energy.
It was subsequently defined to be ~250 nm in terms of wet thickness and the brush
degrafting could be achieved by tuning either pH, ion concentration and grafting density
irrelevant of chemical composition or structure.!?%!%! In conclusion, the degrafting
mechanism depends purely on the mechanochemistry of the Au-S bond but it remains
unknown if an ester linkage also contributes.

Nevertheless, Simancus in 2011 in her thesis first reported that the PMeVP brushes
could lose most of the brush material even with only water immersion at room
temperature.'”? This phenomenon was quite interesting since the greatest tension
experienced in a polymer chain of the brushes should be no more than 10 pN based on
the theory'® and experiment.33* Unlike tension experienced in bottle brushes(nN
level)®193 this level is much less than the force needed to facilitate the breaking of the
covalent bond which is 500 pN.!% On the other hand, the free energy of a polymer chain

in swollen polymer brushes, for example a chain extended to 0.7 of its contour length,
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Table 1.1 Summary of studies of degrafting phenomena in polymer brushes.
PEHMA: poly(2-ethylhexyl methacrylate), POEGMEMA: poly[oligo(ethylene
glycol) methyl ether methacrylate].
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per bond and is considerably less than the bond energies which are generally more than
300 kJ/mol. Bond homolysis is not possible in the context and other mechanism must
be considered.

In subsequent years, more literature came to point to the same conclusion that the
polymer brushes are not as stable as expected before. Galvin et al. studied the addition
of monovalent cations to a PMAA in an aqueous environment which leads initially to
stronger swelling as the salt concentration increases. Nonetheless, the authors only
proved that the linkage(ester/amide) determines the stability of the PMAA brushes
based on the hydrolysis stability, namely, the brushes with amide-linked initiator is more
stable than the one with ester-linked initiator!% This is different from what’s observed
by Ataman et al. where they showed not much difference in degrafting of bottle
brushes.’® The addition of more salt then leads to a maximum in swelling after which it
decreases. These results can be explained by an initially increasing dissociation of the
acid groups and a later dominating shielding of the charges, which renders the brush
less charged. Melzak et al. have studied poly(N,N-dimethylacrylamide)(PDMA)
brushes under basic conditions and showed an accelerated degrafting rate at either

higher molecular weight or grafting density.'%’

This result is surprising since the
accelerating effect of the molecular weight was more prominent than grafting density.
In another study, Borozenko monitored the effect of pH and temperature on the
degrafting behavior of polyacrylic acid using fluorescence methods.!'%® Only with added
NaCl and a pH > 9.5 was brush scission observed. Furthermore, there are two other

works which reported the degrafting of the strong PEB!® and the zwitterionic

brushes.!'? It was revealed that the degrafting of poly[(2-(methacryloyloxy)ethyl)
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trimethylammonium iodide] (PMETAI) and poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA) brushes are due to the hydrolysis of an ester linkage in the initiator only
and siloxane is not involved. The study on zwitterionic brushes — poly(cysteine
methacrylate)(PCSMA) brushes did not focus on the degrafting phenomena therefore
no further detail could be solicited. Table 1 summarizes current studies on the degrafting
phenomena in polymer brushes. It could be seen that most studies focus on neutral or

weakly charged polymer brushes.

1.4 Patterned Polymer Brushes

1.4.1 Fabrication of Patterned Polymer Brushes.

Patterned brushes are useful in many applications when the specific dimension is needed
to create specific functions. Patterned brushes due to their surface-attached properties
could have unique responsive properties compared to other patterned polymers.
Generally patterned brushes are created by either “bottom-up” or “top-down” and they
have their own distinct advantages.

The “bottom-up” patterning process creates patterned moieties first and then polymer
is grown upon them. Since polymer growth is the last step, contamination is reduced to
a minimum. UV photolithography was used by Dong et al. to create patterned
photoresist as the templates for initiator back-filling at the sub-um level!!!'2, The
patterned brushes showed good biocompatibility and promising results as a platform for
either immobilization of protein or directed growth of neural cells. Similar patterning
processes have later been applied using e-beam lithography(EBL) and the pattern size

was further reduced to 200 nm by Chen et al..''3> EBL was also used by Jonas ef al. to
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Figure 1.12 Schematic Description and AFM scanning results of the Fabrication of

Nanopatterned PMEO>MA Brushes. A: pattern sizes. ho: Non-patterned brush

height. OEO: oligo(ethylene oxide) Reproduced from ref. 114, 115 with permission

from American Chemistry Society.

create patterned poly(2-(2-methoxyethoxy)ethyl methacrylate)(PMEO2MA) down to 20

nm by back-filling vapor initiator. (Figure 1.12)!'*!15 Another study by Zauscher et al.
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deposited a thin gold film to create chemical contrast as sites for the growth of patterned
brushes.!'® However, the presence of an additional gold layer could not trouble for the
fundamental study of latter process integration. Even without photoresist, direct initiator

removal could be done with UV interferometric lithography!!” and EBL!'® to reach
nano-scale pattern dimensions. But patterns made by UV interferometric lithography

would have a grafting density gradient in the pattern due to the nature of technique. In
addition, pre-filled small molecules could also be patterned as a template for following
pattern formation. With the lithography process, those small molecules could be either
removed to expose reaction sites with an AFM tip!''%!?0 or directly reacted to form
chemical groups for grafting/chain growth.'?'"123 Jordan et al. fabricated patterned
templates on a surface with EBL which created thin layers of hydrocarbon (<2 nm) for
the later initiator grafting.'?*!2> This process has the advantage that no prior preparation
is needed. Control of the initiator grafting density is possible through the change of the
lithographic parameters.!'!*120:124 On the other hand, initiators could be directly grafted
by microcontact printing to create patterned initiators at the um level with low cost!?®.
Another unique patterning process uses light-meditated polymerization which permits
reaction only in the light-exposed area and permits chances to more complex

patterning.'?’12% It has been proven that this could be used to form patterned di-block

copolymer brushes with the poly(2-(methylthio)ethyl methacrylate) as a first block
grown on the entire surface and poly(2,2,2-trifluoroethyl methacrylate) as a second

block grown on selected areas.'?® Furthermore, with the control of light energy, a

polymer brush gradient was also shown to be possible.!?8
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“Top-down™ patterning processes in contrast created patterns on pre-synthesized
polymer brushes directly. Rastogi et al. firstly noticed that the possibility of using EBL
to directly pattern certain methacrylate brushes. It has been shown that the solvent used
to remove degraded brushes were quite important since poor choice of solvent could
dissolve polymer too much and deteriorate the pattern profile'3? In further study, by the
application of supercritical carbon dioxide, a broadening of the line was reduced from
88% to 56% compared to the tetrahydrofuran(THF) development.'*! Furthermore, it has
been proven that EBL could create nanochannel PS-b-PMMA diblock copolymer
brushes due to specific degradation of PMMA blocks.!3? A few more general methods
were developed by design of brush initiators. Two different UV-cleavable initiators were
developed and the brushes grown on them were successfully patterned to give patterns
with pm scale features.!33!3* With the same idea, cleavable groups could be combined
into a functional group and used to create chemical contrast after UV exposure.'3
Although no further attempt was made, patterns of sub-um level should be possible with
an appropriate photolithography tool. With high enough energy(75W lamp for 300 sec),
poly(N-isopropylacrylamide (PNIPAM) brushes have been directly removed with UV
lithography.'3¢ However, this technique is very chemistry dependent and no nanopattern
can be achieved with such strong exposures. Other than those lithography-based
methods, AFM was adapted by Chi et al. to create patterned brushes by direct scratching
and lines with 100 nm resolution were obtained.!’” Traditional ideas of the
semiconductor industry which transfers lithographic patterns through oxygen plasma
has also been applied to create patterned brushes by Chen et al.!3® With designed

grafting patterns, patterned brushes showed colorimetric signals due to changes of the
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Figure 1.13. I) Fabrication process for top-down patterned brushes for the detection
of vapor organic compounds(VOC). A): Coat hexamethyldisilazane(HMDS) and
then EBL pattern. B) Oxygen plasma treatment to remove exposed HMDS. C)
surface-initiated polymerization to grow PMMA brushes. D) Solvent treatment to
remove photoresist. The behavior of the patterns under different solvent treatments
(solvent quality decreased from top to bottom) are shown in II) AFM scan and III)
Photographic images. Reproduced from ref. 142 with permission from American

Institute of Physics.

brush morphologies and this idea gave rise to a series of different sensors based on
pattered brushes. As for now, patterned brushes have been used for thermal sensors with
PNIPAM brushes'®, pH sensors with poly(2-dimethylaminoethyl methacrylate)

(PDMAEMA) brushes 34140 copper sensors with polyacrylonitrile(PAN) brushes'#! and
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organic solvent sensors with PMMA brushes(Figure 1.13).'4> All these sensors could
conduct reversible morphological changes under differently designed conditions and
they all benefited from the fact that the morphological change of polymer brushes is
more sensitive to environmental stimuli. Since all processes could be modified to work
with standard semiconductor fabrication technologies, these top-down patterned

polymer brushes could be easily put into mass production.

1.4.2 Fundamental understanding of patterned polymer brushes

The 2D stretching nature of the polymer brushes is due to the presence of neighboring
polymer chains. When these chains are removed, the polymer chains are no longer
forced to stretch upward, and they could freely explore the free space nearby.

In the end the patterned brushes will become an already stretched, lens-like shape and
the their thickness decreases from the center of the patterns.'>!% Patra et al. are the
first to try explaining the theoretical behavior of line patterned brushes with an MD
model.'* It was found that the scaling law for the center thickness of patterned brushes
still follows the one for non-patterned brushes(Eq. 2). After normalization with non-
patterned brush thickness, the decrease of the center thickness could all be described

with one uniform function of the pattern size A and size of the chain(contour length,

proportional to N), fl(%). As shown in Figure 1.14, the beginning of the center thickness

decrease, happens at % ~ 4 and marks the transition from 2D stretching to 3D stretching,

where the center steric repulsion is not strong enough to hold it as before. On the other

hand, the extra width of the pattern w., (amount of brush extends over the edge of the
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width for polymer brushes with different molecular weights and grafting densities.
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size. Reprinted from ref. 143 with permission from American Chemistry Societry.

1/2

stripe on each side) is proportional to the No*/“ instead and follow another uniform

function, W(%). The authors claimed that the additional increase of the we, with ¢ is due

to the inclination of the chains since polymer chains are pushed farther at higher grafting
density. The scaling law was later partly proven experimentally by Lee et al. by
measuring the dry morphology of patterned PNIPAM brushes with AFM. !4 However,
due to the difference of the environment (dry vs. wet) and the lack of precise
measurement on grafting density, only qualitative agreement could be achieved under
certain assumptions. The dry morphology of patterned brushes was then studied further
by Huck et al.''> Tt was showed that since a larger fraction of the brushes interact with
free, hydrophilic space nearby as A shrinks, PMEO:MA, PNIPAM brush thickness
decreases more than the model which counts only entropy effects. For PS brushes the
thickness was higher due to the unfavorable hydrophilic/hydrophobic interaction.!'#’

Quantitative agreement between the model and experimental data could be achieved.
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Also, the thermoresponsive behavior of PNIPAM brushes was studied later in patterned
form. It was surprising to see that the responsiveness, defined by the center thickness
ratio in the wet state over dry state, was the largest for the smallest patterns. Also, the
transition at low critical solution temperature(LCST) became broader as a decrease of
pattern size. This could be understood with the reference to the fact that the LCST of
the PNIPAM brushes decreases with the lowered grafting density and the responsiveness
is the highest for the medium grafting density.'*6!47 Smaller patterns are composed of
less stretched polymer chains with different tension from center to the edge. Because of
it, those less stretched chains could respond further to stimuli at lower LCST while the
more stretched chains would do the opposite. As mentioned previously, the change from
free polymer to the polymer brush form amplifies the morphology change due to dense
grafting. However, since the ‘real’ entropy spring resistance force increases faster than
linear proportionality(which is the ideal condition in Eq. 1)!%, overstretched chains in
brushes of higher grafting density would have only limited response to stimuli. Solvent
induced morphological change on patterned brushes was also studied in both
simulation'*® and experiments.'!314%-130 However, the morphological change result was
completely opposite between them and needs further investigation. Interestingly, until
now there is only work discussing the behavior of patterned PEB. The patterned random
copolymer PEB, PNIPAM-r-PMAA. Since patterned PEB had 40 nm gold on the
bottom layer, only wet thickness comparison was done under different pH and salt
conditions. The PEB showed a larger thickness at larger patterns when using pH and
monovalent salt as stimuli.'>! In the swollen state, pH = 9.0 and 0 — 0.02 M potassium

chloride (KCIl), the larger patterns have higher thickness. On the contrary, at both pH =
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4.0 and 0.2 M KCI solutions, the thickness of all patterns was the same due to the
collapse of PEB. This is interesting since the scaling of the thickness along patterns of
different sizes should still exist at either SB(when using salt as stimuli) or neutral brush
in poor solvent(when using pH as stimuli). This could be due to the decrease of the
threshold for 2D to 3D stretching

to even smaller pattern sizes than what’s reported in the literature.

1.5 Summary

Following the understanding of polymer brushes, increasing numbers of novel
applications make use of their novel stimuli-responsive properties and their special
mechanical behaviors due to steric repulsion. The transition of stretching of polymer
brushes in small patterns showed promising tunable behavior as complex nanomaterials
especially suitable for the micro/nano-electromechanical systems(MEMS/NEMS).
However, in order to fully utilize those properties, two issues have to be solved
beforehand. First, the understanding on the behavior of the patterned brushes are still
quite poor. Most of the studies provide only qualitative comparison and focus on the
morphology of neutral brushes and many of the results are contradictory. In addition,
there are only few reports that have studied patterned PEBs which have a better response
due to the presence of the charges. Second, the stability issue, even though it has been
solved to some extent, has not yet been well explained, especially considering the origin
of chain scission. For bottle brushes it is easily understood that the tension focused on
the origin could trigger the bond scission, but the situation gets more complex in the

normal brush form. Also, some other aspects of polymers such as entanglement and
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chain dynamic have not been considered yet in the degrafting phenomena. If the
degrafting is absolutely caused by physical chain swelling, those physical factors should
also be included in the discussion.

To tackle those issues mentioned above, a series of investigations were conducted.
Chapter 2 describes the development of different patterning processes based on
fluorinated materials in order to achieve process orthogonality. Two application-
orientated prototypes biosensors and liquid crystal actuators are then fabricated based
on this technique. Chapter 3 describes the investigation of morphological behavior of
the patterned neutral brushes. Through solvent treatment and surface modification, the
morphology of the patterned brushes is studied in detail and this could be the foundation
of future device design. The stability issue of the polyelectrolyte brushes is discussed in
Chapter 4 and 5 with two different polymer brushes. In chapter 4, short chain, high
grafting density poly[(2-(methacryloyloxy)ethyl) trimethylammonium chloride]
(PMETAC) brushes were synthesized and test in patterned form. It was found that as
the pattern size shrinks the stability increases as a result of the enhanced free stretching
on the edge of the pattern. However, for brushes with long chains, low grafting density
PMeVP brushes showed completely opposite trends during the degrafting test. In
subsequent investigations shown in Chapter 5, with our collaborators we proved that the
stability of the brushes is also determined by physical factors such as crosslinking,
entanglement and chain dynamics. A model combining all these parameters could
predict the degrafting trend of the brushes successfully.

Chapter 6 on the other hand focuses on the fabrication of silicon grafting that would

allow the polymer brushes to grow on the sidewall only. This special design could allow
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simultaneous neutron and laser scattering characterizations possible and provide
precious information in both macroscopy and nanoscopy. Finally, Chapter 7 discusses
the future of polymer brushes as a next-generation material and a specific example

which produces a biomimetic surface coating will be presented.
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CHAPTER 2

Patterning Process Development for Polymer Brushes

Abstract

This chapter describes the development of selected patterning processes with the
goal of producing patterned polymer brushes with neither damage nor contaminant with
dimensions smaller than 200 nm. Direct Electron-beam (E-beam) writing and
fluorinated photoresists were tested but they showed limitations in the fabrication of
damage free patterns. On the other hand, an orthogonal patterning process was also
tested. Such processing may be beneficial since any contaminant could either lower the
performance of the device or add difficulties to multilayer integration. To make a
general orthogonal process suitable for all organic materials, a few material
combinations were screened and the final process was made with CYTOP due to its low
thermal expansion and permeability which leads to mechanical compatibility. CYTOP
allows brush patterning through both bottom-up and top-down methods with the same
process condition. Furthermore, it also makes the inclusion of hard mask materials
possible which can break the limitation of pattern thickness. In all, the developed
orthogonal processes with DUV photolithography proved its versatility and robustness

for the patterning of the polymer brushes and other organic materials.

2.1 Introduction

Patterning of the organic materials has been a great interest following the
development of the organic electronics including, but not limited to, light-emitting
diodes (LED), thin field-effect transistors (TFT), sensors, photovoltaics and memory.!~
4 Compared to traditional hard material based electronics, the advantage of organic

materials in electronics is the freedom to tailor their properties based on the knowledge
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built by organic chemists in hundreds of years.’ However, the processing of these
organic materials with conventional photolithography often adversely affects the quality
in each step including the use of solvents (i.e. spin coating/ development/lift-off).® Since
the foundation of the hard materials processing in the semiconductor industry lays on
the insolubility of the hard materials, finding specific solvent/organic material
combination with orthogonality means minimal modification in an existing process and
therefore most favored for the least cost.” The basic orthogonal solvent could be a
hydrophilic solvent in processing a hydrophobic film and vice versa. Although a
strategy based on hydrophobic/hydrophilic immiscibility has been demonstrated in
multilayer light-emitting diodes® and patterned devices®?, the strategy needs to consider
the polarity for the processed materials which adds additional limitation to the process.

A more general orthogonal patterning process has been developed in our group since
2008 based on fluorinated photoresist and hydrofluoroether(HFE).!® Fluorinated
materials are naturally suitable for or due to the low adhesion and immiscibility
regardless the polarity of the patterned subject. The only interactions that could exist
between fluorinated materials and others are polar and dispersive forces based on the
significant dipole moment of the C-F bond. However, the special helical configuration
of a perfluorinated hydrocarbon segment makes the C-F dipoles cancel out each other
and prevent the central carbon from nucleophilic attack, which in turn reduces the polar
interaction.!! Furthermore, dispersive interaction is also low for the small electronic
cloud of the fluorine leading to significant reduced polarizability. The sufficiently
different intermolecular interactions also make fluorinated solvent an separate phase in
either aqueous or organic solvents.!'? Utilizing these properties, our group fabricated a
series of contaminant free organic electronic devices based on perfluorinated
materials.!%!3!%  Furthermore, it allows the lateral integration through repeated

photolithography/material deposition/lift-off cycles.!> These demonstrated results led to
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the foundation of Orthogonal Inc. which focuses on the production of various
commercial orthogonal photoresists. One of its products, OSCoR4000 has proven its
ability in fabrication of flexible organic electrochemical transistors and organic
LEDs.!6:17

Besides a fluorinated photoresist, other perfluorinated materials could be used as
sacrificial layer (SL) between a top photoresist and a bottom subject to reach the same
orthogonality as a fluorinated photoresist. A commercially available fluorinated
polymer, CYTOP, has been used to fabricate both um level patterns with UV
photolithography'® and nm level patterns with E-beam lithography!® with the
commercial resist on top. For its excellent electrical and coating properties, it has been
used as part of organic electronics design including TFT, LED and invertor?®-22
Likewise, our group also demonstrated the excellence of poly(1H,1H,2H,2H-
heptadecafluorodecyl methacrylate) (PDFMA) as SL to enable both subtractive and
additive patterning on organic materials with UV photolithography.?* In addition,
orthogonal patterning on biomolecules has also been demonstrated using PDFMA as
nanoimprint resist to avoid damage from UV exposure and solvent treatment.?*

Polymer brushes as organic materials could be patterned through either similar top-
down processes as mentioned above or bottom-up processes which synthesizes the
polymer brushes on a pre-patterned template. Bottom-up processing could easily
fabricate patterned polymer brushes down to nm level since the pre-patterning is
conducted on hard material.>>?” However, as mentioned in chapter 1 the bottom-up
patterned brushes form already relaxed profile rather than the perpendicular one in
photolithography.?® Such profiles could be detrimental to device integration especially
with hard materials. Patterned brushes with perpendicular profiles have been fabricated
through direct E-beam patterning in our group taking advantage of the chain-scission

reaction of the methacrylate polymer under E-beam exposure.?’ Nonetheless, the
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reaction mechanism is determined by chemical structure of the polymer and patterning
is only possible for polymers with dominating chain scission reaction under E-beam
exposure.

In this chapter, our goal is to develop an undamaged, contaminant-free
patterning process for the both charged and non-charged polymer brushes in order to
better probe their properties under reduced confinement. The presence of the
neighboring polymer chains is the reason why polymer brushes stretch away from the
surface and experience tension. Once those neighboring chains are removed, polymer
brushes should relax from their high tension state to relaxed state as what’s observed in
HF lift-off experiment.>® A perpendicular profile is therefore required for the patterns
since it could preserve the tension accumulation during the polymerization and allow us
to observe the stress relaxation process during the solvent treatment. For that, a variety
of different patterning processes were evaluated and a process based on CYTOP as SL
and DUV photolithography was chosen in the end. This process, although it still induces
minor structural modification on the sidewall of the patterns, leads to the least damages
compared to the others. A bottom-up patterning process based on CYTOP is also
demonstrated which will be used as a complementary process in later chapters for the

study of patterned polymer brushes.

2.2 Experimental Section

Materials. Allylamine, anhydrous toluene, (3-aminopropyl)triethoxysilane, a-bromo-
isobutyryl bromide (BIBB), chlorodimethylsilane, dimethyl sulfoxide (DMSO),
hydrazine, hydrochloric acid, inhibitor remover (for removing hydroquinone and
monomethyl ether hydroquinone), magnesium sulfate, [2-
methacryloyloxy)ethyl]trimethylammonium chloride (80% in water) (MAETAC),

methyl methacrylate (MMA), Pt on activated carbon (10 wt %), triethylamine,
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N,N,N',N',N"-pentamethyldiethylenetriamine (PMDETA), potassium hydroxide,
pyridine, sodium chloride, sodium phosphate dibasic heptahydrate, sodium phosphate
monobasic monohydrate, anhydrous triethylamine (TEA), PVP (Mw=65000), PSS
(Mw = 70000), (1H,1H,2H,2H-perfluorooctyl)trichlorosilane (FOTS),
trimethylchlorosilane were purchased from Sigma Aldrich and used without further
purification unless stated otherwise. Monomers were passed through inhibitor remover
to remove the inhibitor before use. CYTOP fluoropolymer was purchased from
BELLEX International Corporation. Deionized water (DI water) with a resistivity of
18.2 M() * cm at 25°C was obtained from Millipore’s Milli-Q Synthesis A10 system.
Copper tape (882-L copper) with 88.9 ¢ m copper film was from Lamart Co. XR-
1541-002 resist (hydrogen silsesquioxane, HSQ 2 mol% solution) was purchased from

Dow Corning. All the other solvents were purchased from Fisher Scientific.

Mono-functional silane initiator synthesis and liquid phase immobilization. First,
2-bromo-2-methyl-N-allylpropanamide and chlorodimethylsilane were synthesized by
published procedures and used subsequently as reactants.! Hydrosilylation was carried
out using another literature procedure to obtain mono-functional ATRP initiator, 2-
bromo-2-methyl-N-{3-[chloro(dimethyl)silyl]-propyl} propanamide.3'3> Wafer pieces
were cleaned repetitively with dichloromethane (DCM) and DI water rinse and then
dried with nitrogen. Wafers were then oxidized using a Harrick Plasma Cleaner for ten
minutes. Moisture was further removed by 10 minutes 110 “C oven baking. In a glove
box, the wafer pieces were immersed in a toluene solution of the initiator (10 mM) and
pyridine (0.5 mM) for a given time at room temperature. The substrates were then
removed from the solution and washed with DI water, and DCM sequentially and
sonicated for ten minutes in DCM. Wafers were given a final rinse of dichloromethane

and blown dry under nitrogen gas.
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Multi-functional silane initiator synthesis and vapor phase immobilization. Wafer
cleaning and oxidation processes remained the same as in the previous procedure.
Clean, oxidized, moisture free wafer pieces were then exposed to 3-aminopropyl
triethoxysilane vapor under reduced pressure in a glass chamber containing liquid (3-
aminopropyl)triethoxysilane pumped down to a desired pressure and then sealed.
Pressure was kept at 1 Torr for 2 h and then annealed for a further 30 minutes at 110 °
C. The pieces were then put into a Schlenk flask and purged with three vacuum
evacuating/argon back-filling cycles. Anhydrous DCM (30mL), anhydrous TEA
(0.6mL), BIBB (0.6 mL) were added in this order and left to stand overnight. The
pieces were then taken out of the flask, washed with acetone, ethanol, and DI water

sequentially and blown dry under nitrogen gas.

Polymer brush synthesis. Polymerization was conducted by first preparing the set-up
as shown in the literature®3. A glass slide was cut into pieces with a size corresponding
to the initiator-deposited piece. The glass piece was then coated with copper tape to be
the metal catalyst source. This taped glass piece was then clamped face-to-face
together with initiator-deposited wafer pieces by the copper clamp. The distance
between the pieces was separated by a PTFE spacer with d = 0.5 mm. The set-up was
then put into containers with different reaction conditions to produce the different

brushes.

PDMAEMA polymerization A solution of 1 mL DMAEMA, 1 mL H>O, 18.4 uL
PMDETA in combination was used and the polymerization was conducted at room
temperature for a predetermined time. Afterwards the wafer pieces were taken out,

rinsed with ethanol before being blown dry with nitrogen.

PMMA polymerization. Solution of 2 mL MMA, 1 mL DMSO, 36 uL PMDETA,
1.5mL hydrazine combination was used and the polymerization was conducted at

room temperature for a given time. Afterwards the wafer pieces were removed, rinsed
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with DCM and sonicated in DCM for 10 minutes before being blown dry with

nitrogen.

PMETAC polymerization. A solution of 2 mL MAETAC, 2 mL DI water, 1 mL
methanol, 36 pL PMDETA, 2.5mL hydrazine were combined and the polymerization
was conducted at 60 °C for a given time. Afterwards the wafer pieces were taken out

and rinsed with ice cold DI water before being blown dry with nitrogen.

PVP polymerization. A solution of 2 ml VP, 3 ml DMSO, 36 ul N,N,N',N',N"-
pentamethyldiethylenetriamine, and 2.5 ml hydrazine were heated at 80 °C for a given
time. Afterwards the wafer pieces were taken out and rinsed with ethanol before being

blown dry with nitrogen.

Reactive ion etching (RIE) conditions. RIE was conducted on a Oxford Plasmal.ab
80+ RIE system with the following parameters: O> flow rate, 50 sccm at a RF power
of 75 W. Pressure started at 50 mTorr then decreased to 20 mTorr in 6 sec and stayed
at 20 mTorr; DC bias minimum was 5V.

For the SiO, the following conditions were used: CF4 30 sccm, Forward power 150
w, DC bias 73V
E-beam lithography E-beam lithography was conducted with JEOL-9500 under the
conditions: 100 kV, 500 pA, aperture 60. Doses were varied as described in the text.
Direct E-beam lithography patterning Filtered PSS solution in water and PVP
solution in ethanol were used to cast films by spin coating. A PSS film was subject to a
post-application bake (PAB) step at 90 °C for 5 minutes while PVP was PAB at 90 "C
for 1 min. After E-beam exposure, the PSS film was developed in water for 2 sec
while the PVP film was developed in DMF for 15 sec. N> flow was then used to dry
the film.
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For PDMAEMA brushes, it was developed in isopropanol (IPA) for 90 sec before

being dried in N> flow.

For direct patterning on \initiator, a film covered with ATRP initiator made of a
multifunctional silane initiator was subjected to E-beam lithography and the PMMA

polymerization was conducted to derive the patterned PMMA brushes.
Fluorinated resist patterning

Free polymer films were prepared with PMMA in anisole, poly(t-butyl
methacrylate)(PtBuMA) in chloroform and poly(ethyl p-vinylbenzene sulfonate)
(PESS) in cyclohexane by spin-coating. PESS was synthesized based on published
procedures.’* PAB conditions: PMMA, 170 °C for 1 min, PtBuMA, 90 °C for 2

minutes, PESS, 90 °C for 2 minutes.

Diluted OSCoR4000 was spin coated and PAB at 90 °C for 1 min with enough
thickness to protect an underlayer polymer film. After exposure, it was then subjected
to a post-exposure bake (PEB) step at 90 °C for 1 min and developed with
developer103 for 1 min before spin drying. RIE was used to the transfer pattern down
to the polymer film. The OSCoR4000 was stripped with stripper700 for 2 minutes
before spinning dry. E-beam lithography patterned samples were processed with the
same conditions.

A random copolymer fluorinated photoresist composed of 2-nitrobenzyl
methacrylate (N monomer) and 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
heptadecafluorodecyl meth-acrylate (F monomer) was synthesized based on a
published procedure.'> "H-NMR was conducted with 1:1(v/v) CDCl; + CFCls to
check the resulting monomer ratio in the polymer. 3 photoresists with ratios(F/N) were

derived and developed for different times as shown below. HFE-7600 was used as a
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photoresist solvent and HFE-7200 was used as developer. PAB: 110 °C for 1 min,
PEB: 110 °C for 1 min.

Ratio of monomer in 2.295 2.75 3.455
polymer(F/N)
Development time 7 minutes 50 seconds 50 seconds

For OSCoR5001, it was spin coated on a PMMA brush and PAB at 90 °C for 1 min.
After exposure, it was then PEB at 90 °C for 1 min and developed with developer100

for 80 sec before spinning dry.
Multilayer patterning process
The following are standard conditions unless mentioned otherwise in the text.

Deposition of the SiO; was conducted on CVC SC4500 E-gun Evaporation system
with deposition rate ~ 0.1 nm/sec probed by QCM. Temperature of the substrate was

monitored, and it was always below 25 “C during the process.

Pattern transfer through SiO, was achieved by RIE with CF4 gas while other pattern

transfer was all made using oxygen gas.

The BARC used was DUV-252 anti-reflective coating (Brewer Science) with PAB at

90 °C for 30 seconds and then 185 °C for 1 min.
Hydrogen silsesquioxane (HSQ): PAB at 150 °C for 2 minutes.

UV210 (Shipley): PAB at 135 °C for 1 minute, PEB at 135 °C for 1 minute.
Developed in MIF-726 (AZ Electronic Materials) for 1 min.

ZEP520: PAB at 120 °C for 2 minutes. Development: Either in hexyl acetate for 2 min
or in n-amyl acetate for 45 seconds, then methyl isobutyl ketone (MIBK):IPA(1:3) for

30 seconds and finally in IPA for 30 seconds.
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CYTOP Top-down patterning process. Top-down patterning processing started
with spin-coating three layers on the polymer brush with individual post-application
baking conditions. CYTOP was coated first and PAB treated at 110 °C, 5 minutes,
ramped to 150 °C in 5 minutes, held at 150 C for 5 minutes, ramped to 185 C in 5
minutes, and held at 185 C for 6 minutes. Following the first CYTOP coating, it was
subject to RIE etching for 5 seconds in order to create a hydrophilic surface for

subsequent material deposition.

For E-beam lithography patterning, ZEP520 resist was then coated using the same
conditions previously mentioned and developed in hexyl acetate for 1 min at 0 °C then
blow dry with N». Pattern transfer was done using RIE. The pieces were then soaked
in stirring hydrofluoroether NOVEC 7300 (3M) at 50 C overnight and rinsed with
NOVEC 7300 repetitively. Afterwards, pieces were blown dry with nitrogen gas. A
stability test was conducted by soaking patterned samples in acetone for 4 hours and
then drying in nitrogen.

For DUV top-down patterning process, the 2" layer was a DUV-252 anti-reflective
coating layer (Brewer Science) with PAB at 90 °C for 30 seconds and 185 °C for 1 min.
The 3 layer was UV210 DUV photoresist with PAB at 135C for 1 min. DUV
photolithography patterning was then conducted on an ASML 300 DUV stepper. The
sample was then subjected to PAB at 135 C for 1min and development with MIF-726
developer for 1 min and spun to dry. 50 to 0.2 um line patterns were created on the
photoresist. Pattern transfer was conducted by RIE and the lift-off was conducted the

same as for E-beam lithography patterning.

CYTOP Bottom-up patterning process. The bottom-up process was similar to the
TD process. The Si wafer was cleaned with SC-2 process (soaked in solution made of
HCI1:H,O,:water = 2:2:1, volume ratio) for 2 h, then rinsed with DI water and dried

with nitrogen gas. The patterned CYTOP polymer film on the cleaned wafer was

75



treated in the same way as the TD process. The initiator was deposited by the same
methods (no further wafer oxidation needed) as before and the CYTOP was removed
afterward to obtain a wafer with initiator pattern. Bottom-up patterned brushes were

then fabricated by subsequent polymerization on the wafer with the initiator pattern.

Deposition of surface fillers. For 2-
[methoxy(polyethylenoxy)propyl]trichlorosilane (PEGf), Deposition of fillers on the
surface was done by using MVD 100 molecular vapor deposition tool (SPTS
technology). Briefly, a silicon wafer (cleaned as before) was cleaned with RF plasma
for 60 seconds in the MVD 100. PEGf vapor was injected and vented for 4 cycles and
followed by water vapor condensation. This big cycle was then conducted again and a

wait of 15 min to finish deposition.

For FOTS and TMC, solution deposition was used on a cleaned silicon wafer. After
RF plasma cleaning for 7 min, the wafer was then left in toluene solution overnight
with 10 mM filler compound and 5mM TEA in a glovebox. After deposition it was

rinsed with toluene and methanol before being blown dry in nitrogen.

After that, the static water contact angle was measured for 3 times at different
places to confirm the success deposition. The value of averaged water contact angles
of filler deposited surfaces are: FOTS: 109.98 + 3.96% PEGT: 53.45 +2.67°/ TMC:
90.68 +2.75°.

Characterization. Patterns were characterized using a Zeiss Supra/Ultra SEM and
Veeco Icon AFM. Thicknesses of the non-patterned polymer brushes were measured
using an imaging ellipsometer - a Nanofilm Ep3 with a 532 nm laser at 50-60" angle
of incidence. A Cauchy model (Cauchy layer/silicon substrate) was used to fit the data,
in which the Cauchy layer was representative of the polymer brush. AppNANO

ACCESS-NC tapping mode silicon cantilever were used to acquire topographic
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images in air at room temperature. An Olympus MX50 optical microscope was used to

take images at larger scales.

Hydrogen nuclear magnetic resonance spectroscopy (NMR) spectra were recorded

on Varian Gemini 400 MHz spectrometer.

2.3 Results and Discussion
2.3.1 Direct electron beam lithography patterning

Electron beam lithography, due to its ability to create a pattern with the highest
resolution, was chosen first to create patterned brushes for subsequent testing. Two
preliminary tests were conducted on free PVP and PSS which were subsequently
developed by corresponding good solvent, DMF and water. Unsurprisingly they both
showed crosslinking after exposure to E-beam which eliminates their possibility to
form undamaged patterned brushes. In addition, they both suffer from the adhesion
issue and became patchy during development. Figure 2.1a showed the best patterning
result of two polymers and it suggested that the test should be conducted with polymer
brushes rather than free polymer. The pattern is designed to have lines ranging from
15 nm to several pm in order to test the limit of the resolution. Since our group has
already shown the direct E-beam patterning of a series of methacrylate-based polymer
brushes, subsequently PDMAEMA brushes were selected due to their methacrylate
structure and the ease of forming polyelectrolyte through quaternization reaction.

E-beam doses ranging from 50 - 1200 uC/cm? were used to induce chain-scission
reaction in the exposed area because the highest dose reported to pattern brushes was
1060.8 uC/cm? with the same patterning tool, JEOL 9500.3> A PMDAEMA brush
whose initial thickness = 120 nm was synthesized on a silicon wafer by modified
Cu(0)-meditated controlled radical polymerization(CuCRP) with copper tape and

hydrazine as reducing agent.’* After E-beam exposure, the patterned PDMAEMA
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Figure 2.1 E-beam direct patterning results. a) SEM images of 1 - 0.15 um line

patterns of free PVP/PSS. b) AFM images of patterned 150 nm PDMAEMA brush

lines.

brushes were developed in IPA for 90 sec and dried with nitrogen flow. The dry

patterns were then measured with an AFM and compared.



The patterning results are shown in Figure 2.1b. It was expected that the optimal
dose should appear in the range chosen and the pattern starts to appear under an
optical microscope when the dose is 350 uC/cm?. Unfortunately, even at the maximum
dose of 1200 pC/cm? there is only a 13.9 nm gap as characterized by AFM. Although
it is possible to remove the material completely with prolonged E-beam exposure,
such low E-beam sensitivity makes massive production of the samples expensive and
unrealistic. It has already taken 30 minutes for a single pattern with 1200 uC/cm? and
it could take at least 5 times longer for complete patterning. On the other hand, since
there are no obvious differences in patterning between high and low doses, it is also
possible that E-beam exposure would actually induce crosslinking in the PDMAEMA
brushes as happens with PS brushes.® Together, these results mean that there is only a
limited set of conditions under which E-beam lithography is a good choice to directly

pattern polymer brushes.
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Figure 2.2 Results of E-beam lithography patterning on initiator. E-beam doses
ranged from 200 — 1000 uC/cm?. a) AFM scan on trenches made of PMMA
brushes grown on patterned initiator. b) Relative thickness of the PMMA brush in

the trench as a function of the exposure dose.
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OSCoR4000 on Si P(tBuMA)

PMMA PESS

Figure 2.3 Patterns of the OSCoR4000 and 3 different polymer films with their
chemical structures shown. After photolithography, OSCoR4000 patterns were

transfer through RIE and stripped away in the end. White scale bar is 20 pum.

In addition to direct patterning, E-beam lithography has also been proven to cleave
reactive bromide groups from a self-assembled monolayer (SAM) surface to create
patterned initiator and subsequently patterned polymer brushes. In the work of Maeng
et al. the substrates were exposed at 1.0 KeV by scanning electron microscopy (SEM)
for 1h to create finely defined patterns.3”-3® Although the reaction mechanism could be
different due to the difference in the accelerating voltage between SEM and an E-
beam lithography tool, it should take a shorter time for E-beam lithography to provide
the same exposure dose on the substrate to define the pattern (~100 times faster for E-

beam lithography tool). Doses ranging from 200 - 1000 pC/cm? were selected for tests
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to keep the process efficiency on the initiator film made of APTES and BIBB. The
exposed substrate was then used as a base and 73.4 nm thick PMMA brush was
synthesized on it through CuCRP. To show the cleavage efficiency, 3 um trench
patterns were measured with AFM and the relative thickness in the exposed region is
presented in Figure 2.2a. Obviously, as the dose increases the trench becomes deeper,
which indicates that a larger fraction of the reactive bromine group is cleaved from the
surface. Nevertheless, the dose needed to completely remove the initiator is more than
3000 uC/cm? based on the trend shown in Figure 2.2b. The long exposure time is still
a problem even if cleavage is only needed for monolayer on the surface.
2.3.2 Fluorinated resist patterning

E-beam direct patterning methods have the advantage of simplified process
which leads to reduced contamination and defects. However, the reaction upon E-
beam exposure depends on the chemistry of the molecules used in the polymer brushes
and this make it an inherently poor choice for general patterning processes.
Fluorinated photoresist on the other hand is a good choice to reach process
orthogonality since the adhesion between fluorinated materials and others are always
low due to the inert nature of fluorine-containing compounds. The first testing
photoresist focused on a commercial fluorinated photoresist, OSCoR4000 which
showed good performance in patterning acid polymers, poly(3,4-
ethylenedioxythiophene): poly(styrene sulfonate)(PEDOT:PSS).!®

To check if the performance changes on the polymer, three different free
polymer films were chosen for pattern testing: PMMA, PrBuMA and PESS. PMMA is
one of the most fundamental polymers in the brush field while the other two polymers
could be converted to polyelectrolyte brushes, PMAA and PSS, through deprotection
of terminal aliphatic groups.*** After forming the patterns through photolithography,

patterns were then transferred to the polymer films through oxygen plasma reactive
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Figure 2.4 SEM images of E-beam lithography patterning of OSCoR 4000 on

different substrate. For PESS and P(fBuMA) images shown are after photoresist

lift-off.

ion etching. In the end the residual OSCoR4000 was stripped with the fluorinated
solvent. Since polymer have different etch rates, the film thicknesses and exposure
doses were chosen separately so that the covered area is completely protected. The
patterning results are shown in Figure 2.3. With the ABM contact aligner, the best
resolution of the OSCoR4000 on silicon wafer is ~ 1 um for 1:1 line:space pattern and
the resolution does not change when using different polymers as an underlayer.
Furthermore, profilometer measurements confirmed that the thickness of the polymer
patterns remained the same as the initial film thickness. To improve resolution, E-
beam lithography was then chosen to pattern the OSCoR4000 and the pattern results
are shown in Figure 2.4. The optimal E-beam dose for OSCoR4000 on a silicon wafer
is 700 uC/cm? and the best resolution is 100 nm line. With smaller patterns it could be
observed that they start to have snake-like wrinkled shape which wiggles normal to the

direction of the line patterns. The reason for the appearance of this shape is because
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photoresist overswells during the development step and accumulates residual
compressive stress in the patterns which could only be subsequently relaxed by
wiggling since patterns are constrained to the substrate.**#! This problem could be

solved by reduce film swelling through changing developer or photoresist composition

Resist 1 2 3
Monomer 2.295 2.75 3.455
ratio(F/N)

365 nm i-line

stepper

Table 2.1 Photolithographic evaluation results and corresponding parameters for

synthesized fluoropolymer photoresist. Scale bar: 20 pm.

but 100 nm is enough for current requirement.

When the OSCoR4000 was used to pattern polymers, the best resolution
decreased to 200 nm for PESS sample, even though from previous experiment we know
that the PESS could crosslink under the exposure of the E-beam, it is very insensitive
and dose below 1500 uC/cm?is not high enough to induce any observable crosslinking.
At 600 pC/cm? it could form well defined 200 nm line patterns as shown in the SEM
scan. However, it was found that the thickness of the patterns increases by ~20 nm as
the dose of E-beam raises to 800 pC/cm?. It suggests that the photoresist forms
undefined chemical bonds with the PESS due to the E-beam exposure since it was not
observed in photolithography patterned samples. Similarly, for P(rfBuMA) polymer
films, the lift-off of the photoresist apparently failed as the residue of the photoresist is

still observable. Since the minimum dose required to form good patterns is 600 pC/cm?
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and still the residue remained, E-beam patterning with OSCoR4000 photoresist was not
selected for later processing.

In our group, sub 100 nm E-beam lithography patterns have been made with
two different fluorinated photoresists based on either polymethacrylate! or
resorcinarene.'* Through further optimization it would be possible to have fluorinated
photoresist with better performance. Since the resorcinarene-based fluorinated
photoresist has its patterning mechanism based on acid catalysis(chemically amplified
resist), its lithographic performance could be adversely affected by the presence of the
acid underlayer.*> Although successful acid polymer film patterning has been shown
under proper conditions'?, it could increase the difficulty for process optimization. For
that, random copolymer fluorinated resist composed of 2-nitrobenzyl methacrylate(/V
monomer) and 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl
methacrylate(F monomer) was synthesized based on a published procedure.!? Three
different monomer ratios were chosen to synthesize photoresist and the best patterning
results on a silicon substrate with ABM contact aligner and i-line stepper are shown in
Table 2.1.!° The ABM contact aligner was used first with a 254 nm filter for testing.
The sensitivity of the photoresist increases following a decrease of the F/N ratio while
all patterns have the best resolution at ~ 1.1 pm. Though the performance could
possibly be further improved, the patterns all showed wrinkled lines in the um level
patterns which behaved worse than OSCoR4000. This could also mean that the
wrinkle effect could happen at larger pattern size under E-beam exposure for the
synthesized photoresist. For that, we decided to seek other solutions.

At this stage, both E-beam lithography negative tone photoresist and self-
synthesized fluorine photoresists have proved to be inadequate for patterning organic
materials. Although positive tone fluorinated E-beam resist has been shown by our

group before, it is not an optimized product and may still have other potential issues.?
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Photolithography is then naturally a preferred choice. Compared to UV
photolithography, DUV photolithography at 248 nm could achieve better resolution
which might suit our needs. With the kind help from Orthogonal Inc. the newly
developed orthogonal photoresist suitable for DUV exposure, OSCoR5001 was
selected to test. In Figure 2.4a. we could see the dose test on a silicon wafer has quite
good results with 238 nm resolution achieved at 19 mJ/cm?. However, in the following
test when the patterns were formed on PMMA polymer brushes, the profile became
more rounded rather than ideal rectangular profile (Figure 2.4b). It may be that the
photoresist adheres stronger on PMMA than on a silicon wafer which prevents the
complete dissolution of the edge materials. Furthermore, the bubble-like shapes
observed after the development suggests that the heating process was too harsh for the
materials and it did have enough time for vapor to diffuse out. Changing doses does
not improve the photoresist profile as shown in Figure 2.4c¢ that the profile replicates
itself along different doses.

In short, the fluorinated photoresist has advantages in terms of low adhesion
force. Nonetheless, the only available DUV fluorinated photoresist still has
performance complications associated with interfacial interactions and even a PMMA
surface could produce deteriorated resolution. To overcome this issue, it’s better to
have one uniform underlayer for the patterning material which guarantees the
performing consistency is independent of the patterned substrate. This leads us to

explore multilayer processing as the patterning strategy.

2.3.3 Multilayer patterning process
Multilayer patterning has been one of the successful industrial fabrication strategies
when a single material layer could not meet the requirement for a given process. For

example, a Bottom Anti-Reflective Coating (BARC) is generally coated right
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underneath a photoresist to prevent light scattering from the substrate in
photolithography.** A conductive layer lies under the E-beam resist and prevents
charging and proximity effects on a surface in E-beam lithography which reduces
deflection of E-beam.**** In addition, a ‘hard mask’ layer is often used when the
patterned resist alone could not stand up to the etching chemistry. Chromium is a
common choice for silicon etching since a common etchant for silicon — fluorine vapor
- is not reactive with chromium at all.*¢ The same idea can be applied for using silicon
dioxide as hard mask on organic materials.*’” Sometimes due to the nature of the resist,
an additional underlayer such as PMMA is coated underneath a resist as a sacrificial

layer to enhance lift-off.4#84°

Fa F
SL  OSCoR4000 PDFMA J“Ij f cYTOP I/“\E-Eﬁﬁ%
o =g D\C,CFZ
F2
Top film (CFa)rCFs
Photoresist Film dissolved Cracked during development v
SiO2 \ Photoresist ~ SiO2 buckled at high SiO:z buckled at high N/A
temperature. temperature.

HSQ \ Photoresist ~ HSQ cracked HSQ cracked v

Table 2.2 Summary of multilayer patterning process testing results. Photoresists were
always used with BARC underneath it. Chemical structures of the sacrificial layers are
presents except for OSCoR4000 for commercial reason. SiO; was deposited through

E-beam evaporation. HSQ: hydrogen silsesquioxane.
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2.3.3.1 Preliminary experiments

In our group, parylene-C and PDFMA have been used as sacrificial layers to reach
orthogonal patterning on the organic materials.?3**° Since lift-off in the Parylene-C
process relies on the mechanical peel-off it is sometimes problematic and not
preferred. Instead, fluorinated materials which could be dissolved by
hydrofluoroethers (HFE) showed no intermixing on polymer films are therefore
favored.’! Other than PDFMA, CYTOP is another widely-applied fluorinated
polymeric SL which has been used to fabricate several OLEDs and was therefore
chosen.!®2! The multilayer combinations and their corresponding test results are
briefly described in Table 2.2 and will be discussed in below.

To begin with, direct photoresist coating on a film of OSCoR4000 failed since it
dissolved during the coating process. The non-fluorinated component in the
OSCoR4000 made it soluble in normal organic solvent used for photoresist coating. A
spin-on glass material — hydrogen silsesquioxane (HSQ) was explored then as an
interfacial material between photoresist and substrate since it has been shown to form
good layers on PMMA.*® In addition it could effectively reduce the thickness of the
photoresist needed for its high etch resistance in oxygen plasma and lead to better
resolution. Although the results showed that the HSQ could form thin films on the
OSCoR4000 when the spinning started right after the addition of the tiny fluid, the
high solubility of the OSCoR4000 in the solvent used for HSQ - MIBK, leads to the
intermixing of the film during a post-application bake (PAB) step. The resulting film
has the properties of both silicon dioxide and fluorinated polymer which could not be
dissolved again through HFE. The solubility issue was then solved by utilization of E-
beam evaporation for its dry nature. With only 20 nm of evaporated SiO,, the film
quality is good enough to both adhere on the fluorinated film and allow BARC to stay

on.
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Nevertheless, a dilemma appeared when trying to process the SiOz included process.

a) PMMA\OSCoR4000\SiO,\BARC\photoresist
OSCoR4000 55 nm OSCoR4000 150 nm OSCoR4000 259 nm

b) PMMA\OSCoR4000\SiO,
After SiO, deposition PAB 185 °'C PAB 135°C

|
100 pm
c) PMMA\PDFMA\Top layers
HSQ E-beam resist

100 pm

Figure 2.5 Multilayer film quality evaluation der optical microscope after PAB

with the film combinations shown. SiO; was kept as 20 nm in all process. a)
Images were taken after the coating of the photoresist(UV210). Baking condition:
OSCoR4000: 185°C 1 min\ BARC: 90°C, 30 sec then 185 °C, 1min\ UV210:
135°C Imin. b) Images taken after deposition of SiO; and the following thermal
treatment. Thickness of OSCoR4000 was 150 nm with the same baking condition.
c) PDFMA SL testing results with different top layers. Baking condition: HSQ:

170C, 4 min\ Photoresist: 120 °C, 1min\E-beam resist: 120 °C, 5min.
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It was found out that after the deposition of the SiO», the surface became frosted in the
subsequent baking process for drying of the BARC and photoresist. A series of baking
conditions were then investigated to improve the quality of the film. Three multilayer
samples with different OSCoR4000 thicknesses varying between 55 - 259 nm were
made and tested with the PAB temperature 185 °C, the lowest temperature required for
BARC processing. In Figure 2.5a the optical microscope images showed that the SiO»
under the BARC and photoresist buckled seriously except for the sample with medium
SL thickness. The same phenomena could also be observed when other hard materials
like metal are deposited on a soft material.>>>* Generally the buckling originates from
the compressive residual stress accumulated in the cooling process after the deposition
due to the difference of the thermal contraction rate and is detrimental to subsequent
processing. However, the situation is a little different here because the buckling
happened during the heating process. The formation of buckling is triggered by the
softening of the polymeric film which then forms the compliant film morphology to
release the stress.

The reason for the different results observed maybe that the thin SL is not enough to
isolate thermal expansion/contraction from under a PMMA layer while thick SL on
the other hand has too strong thermal sensitivity. However, when focusing on the film
quality right after deposition of SiOy, it could be seen that the mini-buckling still
appears after baking solely at 185°C for 1 minute (Figure 2.5b). On the contrary, film
quality is better when baking was only 135°C for 1 minute which makes the E-beam
resist as the only choice.

Another candidate, PDFMA was also tested as a SL for the patterning process. Due
to its low adhesion nature, the spin-coating of the other material on PDFMA requires a
short oxygen plasma pre-treatment to increase the interfacial interaction between

PDFMA and the film above it. An HSQ coating was successful but the cracking is still
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Figure 2.6 E-beam lithography patterning result of the PMMA brush with
combination A. Results after development, stripping and acetone immersion are
displayed. a) 150 nm trench AFM scan top-down view and b) cross-sectional view.

¢) Optical microscope images taken in AFM.

observable after the PAB step. Since DUV photolithography would require higher
temperatures, HSQ is not a proper hard mask material on PDFMA. The formation of
cracks on the surface demonstrates that the adhesion between PDFMA and HSQ is
stronger and that leads to film cracking instead of buckling.’** For the SiO», again the
thermal expansion mismatch makes it crack much easier at even 120 °C. Since
PDFMA does not work well at high PAB temperature, E-beam resist ZEP520 was

chosen and the coated film showed good quality.
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For the next step, we tested the lithography performance of two multilayer
combinations: A: PMMA/OSCoR4000/Si02/ZEP520. B: PMMA/PDFMA/ZEP520.
The results for combination A are shown in Figure 2.6. After E-beam lithography, the
patterns look good on the largest dose applied — 50 pC/cm?. The pattern was
transferred successfully to the bottom PMMA brush layer through RIE process and the
top materials were lifted-off. The resulting pattern could preserve the profile of the
resist without solvent-induced relaxation. An acetone bath was then applied to test the
pattern integrity. After immersion overnight, an AFM scan showed that the pattern
degraded to 1/4 of its original volume and it could be caused by thermal degradation
during the deposition of SiO. It was also proven when comparing the optical image
before and after acetone wash, that the color of the non-patterned area changed from
blue (~100 nm) to light brown (<50 nm). This phenomenon tells us that, even though

the bulk substrate temperature never went above 21°C during the deposition process as

a) Amyl acetate/ MIBK:IPA/IPA b) Hexyl acetate

100 pm
—

SERTRRRET
= IV TRV

20
X [um] X[um]

¥ [nm]

Figure 2.7 E-beam lithography patterning result of the PMMA brush with
combination B. a) and b) were developed with two different developers. 300 nm

1:1 line:space pattern AFM scans and optical microscope images are displayed.
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measured by the thermocouple in the instrument, in the nano-scale the SL surface still
experienced high temperature caused by the evaporated material. The melting
temperature of silicon oxide, at the evaporation deposition pressure 10 Torr, is above
750 °C36>7. This is well above the thermal degradation temperature for polymers
which makes them into chain fragments and ultimately becomes soluble.

Similar E-beam lithography testing was also conducted for combination B and the
cracking of the film could be observed using optical microscopy as shown in Figure
2.7. Further AFM scans proved that it was caused by the dissolution of the PDFMA
SL because the trench depth greater than the initial thickness of the E-beam resist
(ZEP520, 150 nm). The reason for this is because PDFMA undergoes chain scission

during exposure by the E-beam at doses below 500 pC/cm? which was proven before

a) Development Stripping Acetone

R

Miz[m il

£l % | : |

[ ="
b)

y [hm]

— 450 uC/em?
—— 350 uClem?
—— 250 uClem?

IR [um]{s n 5w

Figure 2.8 E-beam lithographic evaluation of the combination: PMMA polymer
brush/ CYTOP/ ZEP520. a) optical microscopic images of the process after
different steps. b) AFM scans on the big trenches exposed with different E-beam

doses. Scale bar: 100 um.
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in our group.?} In addition, since the resulting chain fragments are still highly
fluorinated, there is not much difference between the patterns after different
developing processes with different polarity because solubility of fluorinated material
remains nearly the same in all solvents. Based on the same mechanism, the formation
of cracking should be due to the penetration of the solvent through the patterned area

which leads to the delamination of PDFMA.

2.3.3.2 CYTOP top-down patterning process

Both OSCoR4000 and PDFMA based processes suffer significantly from thermal
mismatch which is due to the flexible nature of the methacrylate backbone. To ensure
better process compatibility, a fluorinated material with a coefficient of thermal
expansion like that of hard material is more preferred. In such a context, another
commercially available fluorinated polymer CYTOP was chosen for its low thermal
expansion and good chemical resistance.

E-beam lithography was selected first to fabricate nm patterns with a CYTOP layer
as a SL which has been proven by Jungho et al.!® The results after each step are shown
in Figure 2.8a. With ZEP520 as E-beam resist, the pattern was fabricated successfully
on the PMMA/CYTOP/ZEP520 combinations without any film cracking observed.
Next RIE processing also managed to transfer pattern to the PMMA polymer brush
layer and the lift-off was performed well. However, in the integrity test (acetone
immersion for 4 hours), a serious problem showed up that not only the patterned area,
but also the area nearby all had decreased thickness as a cloud surrounding the pattern
could be observed after acetone wash. Since PMMA could have chain scission
reaction upon exposure to the E-beam, this could be possible. But surprisingly even
though the dose used for PMMA as E-beam resist is above 800 uC/cm?, it still lost >

50% of the materials at the edge of the patterns (original thickness is 85 nm) under
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250 uC/cm? used for the ZEP520 resist as shown in Figure 2.8b and the loss increased
with the increase of the used dose. AFM characterization also showed that such
thickness decrease effects could go until at least 30 pum away from the patterned area.
A DUV lithography process was also conducted with CYTOP as SL. With
their better thermal expansion property, HSQ and BARC films performed well on
PMMA/CYTOP combinations and later the DUV photolithography process came out
well also. Figure 2.9 showed that at the smallest 225 nm patterned PMMA brushes
could be formed. After acetone immersion, the non-patterned area could still retain its

original thickness while there was still ~50% materials lost on the patterns. Since

a)PMMA b)PMETAC after stnpplng
Stripping

nm 1l
Acetone

Flgure 2.9 Patterns fabricated with top-layers: CYTOP/BARC/UV210 a): AFM
scan on PMMA polymer brush 225 nm line pattern. After stripping, sample was
soaked into acetone wash to test the integrity of the patterns. b): Optical

microscope image on patterned PMETAC brushes after lift-off.

PMMA is insensitive to DUV, the degradation of the PMMA during the acetone
immersion must be caused by the RIE which created detached, soluble fragments in
the process. These phenomena have been investigated in more detail and will be
reported in later chapters. The advantage of the CYTOP process is proven by
patterning highly swollen polyelectrolyte brushes of PMETAC. Figure 2.9b showed

that successful patterning could be done without any damage on the surface. A HSQ
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based CYTOP top-down process was later used to pattern thick liquid crystal

elastomer films and will be discussed in later chapters.

2.3.3.3 CYTOP Bottom-up patterning process

Since the top-down process could produce unavoidable modification of the
patterned polymer brushes, focus was then shifted to the development of the bottom-
up patterning process. The bottom-up patterning process has polymer synthesis as a
final step and it could therefore avoid contamination in the process. Our group has
already fabricated bottom-up patterned polymer brushes to the pm level by patterning
of the initiators.”® With a similar approach, bottom-up patterned brushes were
fabricated by first patterning the filler-deposited surface with CYTOP/photoresist
assembly to expose fresh reactive sites for initiator and then depositing initiator. The
process flow and the patterning results are shown in Figure 2.10. Pre-filling the
reactive hydroxyl regions on the silicon should effectively prevent the deposition of
initiator which were diffused through CYTOP. Compared to the sample without any
filler, patterned PMMA polymer brushes made on the substrate with filler, 2-
[methoxy(polyethylenoxy)propyl|trichlorosilane(PEGf), not only fail prevent
deposition (still some brushes grown on the filled area), but it also had more brushes
grown on the area away from the pattern than close to the pattern. The protection of
silicon from initiator deposition is stronger when using trimethylchloride (TMC) and
strongest when using (1H,1H,2H,2H-Perfluorooctyl)trichlorosilane (FOTS) as filler.
This could be due to the fact that the thickness of the FOTS filler, 8.27 nm is higher
than the other two fillers (PEGf: 1.81 nm, TMC: 0.33 nm). Obviously, thickness is not
the only reason determining the blocking effect since TMC has better blocking effect
than PEGf. The presence of multi-chloride groups in PEGf indicates that they might

still be present on the surface in the form of reactive hydroxy groups which could be
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a) Process flow

1) Pattern SAM by CTYOP 2) Deposit initiator
Included photolithogrphy

3) lift-off CYTOP and photoresist 4) Surface-initiated polymerization
b) Patterned PMMA brushes with different fillers

[}

cl
\Sll o
a” =
69

ss flow and b)
fillers. PMMA is used as polymer for the growth of the brushes. Scale bar: 100 pm.

Figure 2.10 Bottom-up patterning a) proce the results with different

The chemical structures of the fillers are shown above the optical microscopy

images. Thickness of the fillers: PEGf: 1.81 nm/ TMC: 0.33 nm/ FOTS: 8.27 nm.

the anchor for the initiators. In the end this decreases the blocking efficiency of PEGf
while the TMC simply could not fill the surface completely. The presence of the
fluorinated group could also be helpful in blocking due to its immiscibility in both
hydrophobic/hydrophilic phases.

Another method was also applied and we managed to fabricate bottom-up
patterned polymer brushes. Since the diffusion of the initiator is detrimental to the
pattern definition, deposition of the initiator was conducted at different time to tell the
diffusion rate of the initiators. Figure 2.11 showed the optical microscope images of a
1 um line made of PMeVP brushes grown on the samples with different initiator
deposition times of 0.5/1/3/5 hours. The fabrication process is the same as Figure
2.10a but no filler was used. It can be seen that even with 0.5 hour deposition time, the

effect of initiator diffusion is still observable as the line width expands beyond 1 pm.
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Furthermore, it has thinner brushes grown on the center of the pattern compared to its
surrounding based on the color of the patterns. It was found out that this is due to loss
of activity in the center, as shown in another study that the surface energy of the
plasma activated silicon surface decreased upon longer exposure to the air.’>® The
CYTOP covered area, on the other hand is less exposed and therefore more reactive
and leads to more initiator deposition and then polymer brushes grown on. A gentle
plasma cleaning process was then applied to re-activate the exposed area before
initiator deposition and the result showed that with 0.5 hour initiator deposition time it
has the best pattern without line width expansion.

However, decreased deposition time also leads to reduced grafting density as
proven in the work of Lego et al.®° Compared to the overnight initiator deposited
polymer brush, the grafting density reduced to ~0.5 of the grafting density by
comparing the thickness of the polymer brushes. For that, we also tried to deposit
initiator through 2-step reaction by first evaporating (3-aminopropyl)trimethoxysilane
(APTES) on the silicon surface and then reacting it with a-bromoisobutyryl bromide
(BIBB). The density of the gas is a lot less compared to the liquid, as is its diffusion
coefficient. Taking advantage of it, patterned polymer brushes with grafting densities
the same as the non-patterned area are obtained. By using DUV photolithography,
bottom-up patterned polymer brushes could achieve line resolution smaller than 200

nm (initiator deposition area).
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1 hour 3 hours 5 hours

0.5 hour Plasma cleaned, 0.5 hour Plasma cleaned, 1 hour

Figure 2.11 Patterned PMeVP brushes made of substrates with different initiator
deposition time. Two of which were subject to plasma cleaning process before the

deposition.

The free growth condition of the bottom-up patterned brushes makes its resulting
morphology an already relaxed one which is different from the perpendicular profile
in the top-down patterned polymer brushes. The difference in morphology makes the
direct comparison to top-down patterned brushes challenging and the relaxed profile is
not preferred for integration in electronic devices. We have tried to fabricate bottom-
up patterned, unrelaxed polymer brushes by growing the polymer brushes before the
lift-off of CYTOP. Nonetheless, a major problem showed-up that the polymer chains
of the brushes penetrated into the CYTOP during the polymerization process and
made lift-off impossible. For the future, a patterned template made of fluorinated
materials that could have an on-demand degradation reaction which is non-destructive
to the polymer brushes could be ideal because small molecules would not entangled

with polymer brushes.
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Bottom-up patterning process

1) Form pattern through DUV 2) Deposit initiator and use HFE to 3) Surface-initiated Polymerizatior
photolithography on CYTOP lift-off
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Top-down patterning process

1) Form pattern through DUV 2) RIE pattern transfer 3) Use HFE to lift-off
photolithography
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Scheme 2.1 Finalized processes for fabrication of patterned polymer brushes

2.4 Conclusion

In the chapter, we fabricated patterned polymer brushes made by different
methods and their properties are compared. Our target was to make sub 200 nm
patterns without any damage to the structures of the polymer. Although E-beam
lithography is one of the most widely used processes to fabricate sub-100 nm feature
in academia, the vulnerable property of polymers under E-beam exposure together
with wide-ranging back-scattering makes it unfavorable in the context here. DUV
photolithography combined with an orthogonal photoresist is another powerful
combination using the low adhesion/immiscibility of fluorinated materials and
provides a basis for clean patterns together with the low sensitivity of polymer to
DUV radiation reduces the chance of brush damage. However, the varying interaction
between surfaces and the photoresist could be detrimental and increases the difficulty
for process optimization. A more general way to pattern organic materials is then
developed based on multilayer processing with a fluorinated sacrificial layer. With the
continuous underlayer beneath the photoresist layer, the performance of

photolithography could be guaranteed. CYTOP, with a lower thermal expansion and
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low permeability, was chosen as sacrificial layer. Both top-down and bottom-up

patterning processing is available and will be used as fundamental processes in

subsequent chapters (Scheme 2.1).
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CHAPTER 3

Morphology of Nanostructured Polymer Brushes

Dependent on Production and Treatment

Abstract

The morphology of top-down and bottom-up nanostructured neutral brushes is
studied as a function of the production process and the quality of solvent to which the
brushes have been exposed. Neutral brushes of poly(zerz-butyl methacrylate) (PtBuMA)
were grafted from the substrate by surface initiated radical-chain polymerization (SI-
RCP). Brush patterning was conducted using deep ultraviolet (DUV) photolithography
following either top-down (TD) or bottom-up (BU) approaches with patterned lines as
small as 200 nm. The resulting brushes were immersed in toluene or methanol and the
change of morphology of the dried brushes was monitored using tapping mode atomic
force microscopy (AFM). TD nanostructured polymer brushes (NPBs) exhibit a box-like
and BU generated brushes a lens-like shape directly after the production process. We
show that the pattern width for the BU brushed depends not only on the wetting properties
of the areas adjacent to the pattern, but also on the process history to which the sample has
been exposed, especially the solvent quality. Furthermore we show that TD NPBs are
crosslinked on the edges of the pattern because of the high energy process conditions

during brush patterning and study the behavior of the thus obtained structures.

*Reproduced with permission from Chen, W.-L.; Menzel, M.; Prucker, O.; Wang
E.; Ober, C. K.; Riihe, J. Morphology of Nanostructured Polymer Brushes
Dependent on Production and Treatment. Macromolecules 2017, 50, 4715—4724.

Copyright 2017 American Chemical Society
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Introduction

Polymer brushes are polymer chains tethered by one end to the surface of a solid
with a high grafting density so that the polymer chains stretch away from the surface.!~
3 They can be used to introduce tailor-made surface characteristics including anti-
fouling behavior,*? transport-enhancement®’ or stimuli-responsive properties®°.
Besides the unique properties of the different polymer brushes, it has become more
and more important to locally control those properties by patterning of the brushes. '
In particular, nanostructured polymer brushes (NPBs) have proven to show
extraordinary characteristics. The NPBs have pattern sizes comparable to molecular
size or rather the contour length of the surface attached chains!!»'2. NPBs show unique
properties at the nanoscale'? and are the key for the development of advanced
materials and devices for biotechnology'# and electronic/optical applications.!>!6
When moving from microstructured brushes (where the pattern size is small but still
large compared to molecular dimensions) to their nanostructured peers, important
changes occur in the physics of the system. To understand these differences it is
necessary to look at the edges of the pattern. For both micro- and nanostructured
brushes chains tethered to the surface such an edge can fan out into areas where no
surface-bound molecules are present. This way the brush molecules can relax some of
the stress causing them to stretch. However, they cannot reach too far out into the free
area nearby as they are still bound to the surface with one end. For microstructured
brushes such edge effects affect only a small portion of all chains, namely those close
to the edge of the pattern. However, upon decreasing the dimension of the patterns the

relative proportion of such chains compared to the total number of chains contained in
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the structure increases and when the pattern sizes reach the contour length of the
surface-bound polymer chains a transition occurs from a 2D system which can swell
only in one dimension to a 3D system which can practically swell in all three
dimensions. This gives rise to a scaling behavior, where the brush height (in solution)
is directly correlated with the pattern size.

Patra et al.'>!” were one of the first, who studied theoretically the scaling behavior
of NPBs in good solvent as a function of the pattern size, molecular weight and graft
density of the brushes. They have shown that the brush height increases very strongly
with pattern size until it reaches the dimension of the contour length. Beyond this size,
the brush height no longer varies with pattern size. They have complemented these
theoretical studies with bottom up generated poly(N-isopropylacrylamide) (PNIPAM)
brushes attached to small gold islands. They showed that the height of brushes
synthesized under identical reaction conditions is significantly larger on nanopatterns
with larger feature sizes compared to their smaller peers demonstrating a good
correlation between theory and experiment.

Koutsioubas and Vanakaras have simulated the behavior of NPBs in solvents of
varying solvent quality.'® They have found that under poor solvent conditions, the
brush shrinks to a ball-like structure, which is distinctively different from the lenslike
structure observed in a good solvent.

Jonas et al. investigated the influence of wetting energy of a substrate on the
morphology of bottom up generated poly(2-(2-methoxyethoxy)ethyl methacrylate)
(PMEO2MA) polymer brush nanodroplets on silicon wafers.!*! A model based on a

‘Flory argument’ was developed to calculate the theoretical morphology of NPBs,
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where each polymer brush chain is treated as a vector with one end grafted on the
surface and the other end stretched out and every vector has the same volume. The
model successfully predicted the experimental results of PMEO2MA brushes on
substrates with different surface energies and showed the wetting of the substrate leads
to a decrease of the brush height in the nanostructured regime.

In a study by Chen et al. the shape of dry NPBs after solvent immersion was
reported.?’2* They showed that for poly(methyl methacrylate) (PMMA) and poly(2-
hydroxyethyl methacrylate) (PHEMA) the aspect ratio of the dry brush after
immersion in a good solvent is higher than after immersion in a poor solvent.
However, these results are a little difficult to compare to the work of Patras'®!7 and
Jonas?’, because Chen e al. exposed their brushes to quite strong ultrasound, which
might lead to degrafting of some of the chains.?® To explain the pattern size
dependence they proposed that a change from brush to mushroom like regime occurs.
Looking into the NPB generation, many investigations have been reported within the
last decade to improve the manufacturing process of such systems.!!"'15 They can be
categorized into two different lines: On the one hand there is the indirect or bottom-up
(BU) approach in which the surface bound initiators are patterned and serve as a
template to graft polymer chains from the surface during surface initiated
polymerization (SIP).!321:2627 On the other hand there is the direct patterning or top-
down (TD) approach in which the pattern is directly written on the surface of the pre-
synthesized polymer brush. Materials are either removed mechanically?® or degrafted

by high energy irradiation?®. Although the direct writing step in TD process might
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induce certain irreversible chemical/physical modification on the pre-synthesized
polymer brushes?®73°_ it grants a flexible choice for application integration.

While for both top down and bottom up processes exemplary systems have been
studied, a complete picture of the relationship between morphology and
nanostructuring process is still lacking, because for the implementation of the different
brush nanostructuring methods in the publications so far different polymers and
different substrate materials have been used and it is difficult to compare systems
generated with one process with a chemically different system by another process.
Thus it might prove difficult to understand what is inherent to the processing and what
is inherent to the physicochemistry of the brushes.

Motivated by such a situation, the present experimental work investigates the
different morphologies of BU and TD patterned high molecular weight PtBuMA
brushes with feature sizes in the range of the brush's contour length as a function of
their production and development process. The growth by surface initiated radical-
chain polymerization (SI-RCP) of high molecular weight polymer brushes on silicon is
performed as reported previously,®! as was the nanopatterning by deep ultraviolet
(DUV) photolithography to get BU and TD NPBs.3? Such specific TD process was
chosen for its high compatibility with industrial nanofabrication process which is
generally available nowadays. The morphology of the thus obtained dry NPBs is
studied by tapping mode AFM directly after manufacturing and immersion in solvents
of different quality. The investigation enables a closer look on the impact of the

production method on the NPBs morphology and properties.
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Experimental Section

Materials. Silicon wafers (Si-Mat Silicon Materials) 600 + 15 pm thick, 125 + 0.2
mm diameter and <100> = 0.5° orientation with a native silicon oxide layer of = 2 nm.
tert-Butyl methacrylate (tBuMA) and 4-vinylpyridine (VP) were chromatographically
purified over ALOX B, distilled in vacuum from copper(I) chloride and stored under
nitrogen at -21 °C. Toluene was distilled under a nitrogen atmosphere from a sodium
alloy using benzophenone as an indicator. CYTOP fluoropolymer was purchased from
BELLEX international incorporation. PtBuMA free polymer was purchased from
Scientific Polymer Products, Inc.(Mn = 1.26*10° g*mol"!, PDI = 1.75). PVP free
polymer was purchased from Sigma-Aldrich® (Mn = 2.78*10* g*mol"!, PDI = 1.86).
All other solvents and chemicals were used as received from Sigma-Aldrich®.
Characterization. NMR spectra were recorded on a Bruker Avance 250 MHz
spectrometer using CDCI3 as the solvent. The molar masses were determined by GPC
on an Agilent 1100 Series from PSS using THF as the eluent. The equipment was
calibrated with narrow molecular weight PMMA standards. The AFM was equipped
with a NanoWizard® head and controller from JPK. All AFM images were collected
in the tapping mode (AC mode) using a SPM ACL-W probe from AppNano with a
spring constant of 49 Nm-1 and a resonance frequency of 200 kHz. SEM images were
taken on LEO 1550 field emission scanning electron microscope system. FT-IR
spectra were measured at ATR-mode using Thermo Scientific Nicolet iZ10 FTIR with
4 cm-1 resolution and 128 scans. X-ray photoelectron spectroscopy (XPS)
measurements were performed with a Surface Science SSX- 100 spectrometer using a

monochromatic Al Ka source (1486.6 eV). Non-linear least squares curve fitting was
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applied to high resolution spectra, using CasaXPS software. For the TD patterned film,
XPS data are shown after removal of the CYTOP signals. The removal was based on
the elemental ratio of CYTOP and the corrected ratio of the film materials could then
be derived.

Top-Down Patterning Process. TD patterning process started with spin-coating three
layers on the polymer brush with individual post-application baking (PAB) condition.
CYTOP was coated first and PAB at 110 °C 5 min, ramped to 150 °C in 5 min, stayed
at 150 °C for 5 min, ramped to 185 °C in 5 min, stay at 185 °C for 6 min. Following
the first CYTOP coating, it was subject to RIE with Oxford PlasmaLab 80+ RIE
system for 5 sec in order to create hydrophilic surface for subsequent material
deposition. 2nd layer was XHRiC-16 anti-reflective coating layer (Brewer Science)
with PAB at 175 °C for 1 min. 3rd layer was OiR-620 photoresist (FUJIFILM) with
PAB at 90°C for 1 min. Photolithography patterning was then conducted on GCA
Autostep 200 DSW i-line Wafer Stepper. The sample was then subject to post
exposure bake (PEB) at 115 °C for 1 min before developing with MIF-726 (AZ
Electronic Materials) developer for 1 min and spun to dry. 50 to 0.4 pm line patterns
were created on the photoresist. Pattern was transferred by RIE process. The thickness
of the layers were designed so that the residual materials contained on CYTOP and its
thickness was > 700 nm. The design ensured the successful removal of the residual
materials since the residual CYTOP had enough fraction of material intact. The pieces
were then soaked in stirring hydrofluoroether, NovecTM-7300 at 50 °C overnight and
rinsed with NovecTM-7300 repetitively. Afterward, pieces were blown dry with

nitrogen gas.
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Bottom-Up Patterning Process. BU process was similar to the TD process and
modified based on previous published procedure.?’3? Wafer was cleaned with SC-2
process (soaked in solution made of HCI/H202/water (2/2/1 v/v/v)) for 2 h, then
rinsed with DI water and dried with nitrogen gas. The patterned CYTOP polymer film
on the cleaned wafer was conducted in the same way as the TD process but with
different lithographic materials. On CYTOP, first layer was a spin-coated DUV-252
anti-reflective coating layer (Brewer Science) with PAB at 90 °C for 30 sec and 185
°C for 1 min. 2nd layer was a spin-coated UV 210 DUV photoresist (Shipley) with
PAB at 135 °C for 1 min. Deep-UV photolithography patterning was then conducted
on ASML 300 DUV stepper. The sample was then subject to PEB at 135°C for 1 min
before developing with MIF-726 (AZ Electronic Materials) developer for 1 min and
spun to dry. 50 um to 0.2 um line patterns were created on the photoresist. The pattern
transfer was done with RIE process. The initiator was deposited in the same method
(no wafer oxidation needed) as before and the CYTOP was removed afterward to
obtain wafer with initiator pattern. BU patterned brushes were then fabricated by
subsequent polymerization on the wafer with initiator pattern.

Immobilization of the Initiator on the Si Surface. The bottom-up template was cut
in (2 x 6) cm? pieces and then flushed with nitrogen to remove all debris of silicon
from the surface. For the top-down approach two sides polished silicon wafers were
cut in (2 x 6) cm? pieces, flushed with nitrogen to remove all debris, soaked in
H>O/HCI conc./H20> (2/2/1 v/v/v) for 4 h and then rinsed with methanol and toluene.
Substrates were placed in a Schlenk tube and left on vacuum overnight to remove all

oxygen.
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Immobilization of the initiator was done according to Riihe ef al.?® Substrates were
placed in a Schlenk tube and fully covered with dried toluene and 3 ml of the initiator
solution. 2-3 drops of dried trimethylamine were also added as a catalyst for the
reaction. The Schlenk tube was placed in a dark place and the reaction mixture was
stirred at room temperature for 24 h (top-down approach) or 1 h (bottom-up
approach). Prior to polymerization, each substrate was carefully washed with toluene
and methanol to remove physiosorbed initiator and trimethylamine. The bottom-up
template was additionally stirred in hydrofluoroether (NovecTM-7300) overnight.
Substrates were then placed in flat Schlenk tubes and dried in vacuum overnight
before polymerization.

Surface Initiated Radical-Chain Polymerization.

PtBuMA Brush. Distilled tBuMA and dry toluene were poured under nitrogen into
flat Schlenk tubes containing the cleaned and dried substrate. The flasks were
hermetically closed and the content was degassed by repeated freeze-thaw cycles.
Flasks were filled with nitrogen and placed in a thermostat at 60.0 £ 0.1 °C for a
specific time. After polymerization, wafers were rinsed and extracted overnight in
toluene to remove all physiosorbed polymer. Not attached polymer in solution was
precipitated in methanol, filtered and dried under reduced pressure for
characterization.

PVP Brush. Distilled VP and DMF were poured under nitrogen into flat Schlenk
tubes containing the cleaned and dried substrate. The flasks were hermetically closed
and the content was degassed by repeated freeze-thaw cycles. Flasks were filled with

nitrogen and placed in a thermostat at 60.0 + 0.1 °C for a specific time. After
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polymerization, wafers were rinsed and extracted overnight in methanol to remove all
physisorbed polymer. Not attached polymer in solution was precipitated in toluene,
filtered and dried under reduced pressure for characterization.

Immersion Procedure. Samples of patterned brush or spincoated polymer with a
dimension of (0.7 x 0.7) cm2 was placed in a Schlenk tube and dried under reduced
pressure for 2 h. 5 ml of solvent was poured under nitrogen into the Schlenk tube.
After 2 h the brush was rinsed with solvent and dried under reduced pressure for
characterization.

Patterning of a Spin-coated Free Polymer Layer and Dissolving.

PtBuMA. Solutions of free PtBuMA in chloroform were used for spin coating on
silicon wafer and subject to PAB at 135 °C for 1 min, and then 185° C for 5 min. After
coating, the PtBuMA film was subject to TD process to create patterns. To remove the
unmodified polymer, patterned film was put into 50 °C THF stirring bath for 2 h. The
film was then dried in vacuum overnight.

PVP. Solutions of free PVP in dimethyl formamide (DMF) were used for spin coating
on silicon wafer and subject to PAB at 90 °C for 2 min, and then 185 °C for 5 min.
After coating, the PVP film was subject to TD process to create patterns. To remove
the unmodified polymer, the patterned film was placed into 50 °C DMF stirring bath
for 3 h. The film was then dried in vacuum overnight.

Results and Discussion

Patterning Process. The key idea of this study was to fabricate indirectly (BU) and
directly (TD) patterned polymer brushes prepared from the same monomer and

initiator having nearly identical chain length and graft density to allow a consistent
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comparison. The patterning processes used are the same as in scheme 2.1 and the
chemical structure of the polymer brushes are shown in Figure 3.1. For both
approaches the first main step was the coating of CYTOP, a fluoropolymer, onto either
a silicon wafer (BU) or a homogenous polymer brush (TD). The use of a
fluoropolymer avoids any swelling of the surface-attached layers or any intermixing.>?
After that, a series of photolithographic materials was coated and the patterns were
created by DUV photolithography. In case of the TD approach the patterns on the
resist were transferred to the CYTOP layer and the polymer brush layer by the RIE
process where the high energy species (ions, radicals) in the plasma lead to chain

fragmentation of the polymer.
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Figure 3.1. radical-chain polymerization and the monomers used for synthesis of

the polymer brushes.
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Bottom-Up Patterned Nanobrush. To prepare the BU patterned polymer brushes,
we first patterned a CYTOP™ film functioning as a template by DUV
photolithography. The pattern transfer was done by reactive ion etching (RIE) to form
an array of trenches ranging from 0.2 pm to 50 um in width. The silicon substrate was
then functionalized with the azo initiator silane in toluene. A reaction time of only 1 h
was chosen to prevent creeping of the initiator under the CYTOP film. In a next step
the CYTOP layer was lifted off while stirred in hydrofluoroether overnight. The
PtBuMA brush was then grown from the azo initiator-covered regions in toluene by
radical-chain polymerization (RCP) similar to the work of Prucker and Riihe3!. When
the CYTOPTM film was not removed before brush growth, it was observed that the
fluoropolymer could not be completely removed in the end, presumably through chain
transfer and follow up reaction across the brush- fluoropolymer interface. The reason
why we have decided to use RCP brushes for our study is that this method generally
allows the generation of very high molecular weight brush molecules in many cases of
more than 106 g*mol-1. Therefore the contour length is in the range of several
microns, so that in all of the samples with the smaller pattern sizes the size is equal or
smaller than the contour length. The supernatant solution was poured into excess of
methanol to precipitate the nonattached polymer. The molecular weight of the non-
bonded polymer was determined by GPC and taken as representative of the molecular
weight of the polymer brush.?? The silicon wafer was then further extracted in toluene
using a soxhlet extractor equipment. Each wafer supports the complete range of line
sizes to ensure that there are no differences in polymerization conditions and the

distances between the lines were chosen large enough to avoid an overlap of patterns.
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Figure 3.2. AFM height profiles of dry nanostructured PtBuMA brushes measured
perpendicular to the brush line direction showing the transition from a quasi-two to
a quasi-three dimensional system and the lens-like morphology. In profile a) are
the characteristic dimensions illustrated. The pattern sizes are a) 5, b) 2 and ¢)

0.4 um. Inset figures are the AFM top-down views of the brushes with scale bar

for 1 pm.

The dry patterned PtBuMA brushes were analyzed using tapping mode atomic force
microscopy (AFM) in air. Figure 3.2 shows the height profiles of the polymer brush
lines with pattern sizes of 5, 2 and 0.4 pm measured perpendicular to the line
direction. The characteristic dimensions are the maximum height himax, maximum
width wmax and the integral A of the patterned brush line cross section as well as the
pattern size A, which describes the width of the initiator-covered, respectively,
polymer grafted region. All these parameters are illustrated in Figure 3.2a.

On the one hand the profiles illustrate that hmax, Wmax and A are decreasing with
decreasing pattern size and on the other hand they show the transition from a quasi-

two dimensional to a three dimensional system. The quasi two dimensional system is
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present where the line profile shows a plateau at the center of the pattern. In this
system hmax reaches the dimension of a homogenous brush layer and the edge area or
rather excess width is small compared to A (Figure 3.2a). We will call such systems
microstructured polymer brushes (MPBs) or rather microbrushes. A quasi-three-
dimensional system is obtained where hmax decreases in comparison to the
homogeneous brush and the height profile shows a lens-like shape (Figure 3.2b and
2¢). The lenslike shape results from several causes. The first is that the excess width
reaches the dimension of A and the polymer chains at the periphery of the line become
more important to the overall behavior of the NPB. At the edge of the pattern the
chains have more space available and can stretch horizontally into the polymer-free
areas along the surface. As the chains at the edge fan out the chains at the center can
also relax. If the pattern size is small enough compared to the chain length this results
in a decreasing of the brush height and a lens-like morphology. When the drying
process is fast and no further rearrangement of the polymer chains occurs, this will
also result in a lenslike morphology in the dry state. We will call those nanopatterned
polymer brushes (NPBs) or rather nanobrushes.

In the experiments shown in Figure 3.3 the maximum height hmax of the brush
lines decreased from 255 to 65 nm with decreasing pattern size A from 50 to 0.2 pm.
The plot shows that the transition point from the quasi-two to the quasi-three
dimensional system is at around A = 3 um. This value is slightly less than the contour
length of the polymer chains which is for the high molecular weight material (DP =
13000) approximately 3.2 um. Accordingly, the transition from the micro- to

nanobrush regime occurs when pattern size and contour length are close to each other.
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and the cross section integral A (c) as a function of the pattern size A of dry
bottom-up PtBuMA nanobrushes grown in a single experiment after immersion in
toluene (w) and in methanol (o). The data were obtained by tapping mode AFM.
The dotted lines are guidelines for the eye. Theoretical lines based on the
corresponding conditions are also presented in (a) and (b) as a comparison. The
entropy line was obtained without including surface wetting effect while the other
two were obtained by combination of the wetting energies measured

experimentally.

At these pattern sizes the slope of the height/size relationship changes. At very small
pattern sizes the maximum height increases strongly with pattern size (i.e. between 0.2
and 1 um pattern size the height increases from almost 0 to about 180 nm) , while for
larger structures it remains almost constant (between 1 and 50 um it increases only
from about 190 to 220 nm). The plot of the height integral A as a function of A is
shown in Figure 3.3c. This cross-sectional integral was calculated by integration of the

height profile, which was measured using AFM perpendicular to the brush line
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direction. The integral scales as expected linearly with the pattern size (AxA). This
relation can be derived from

I*A= I*1*A*My*p! (3.1)
where | is the length and A is the cross sectional area of the brush line. I' is the
grafting density and A the width of the initiator covered region. Mn and p are the
molecular weight and the density of the polymer, respectively. That the integral of the
profile is proportional to the pattern width indicates that the SI-RCP process is not
affected by the pattern size. The result is in agreement with the work of Jonas ef al.?°,
who have observed the same scaling behavior for atom-transfer radical polymerization
grown poly-2-(2-methoxyethoxy) ethyl methacrylate) (PMEO>MA) NPB.
However, upon closer inspection of the data it is observed that the solvent from which
the NPB is dried has a strong influence on the morphology scaling, at least for small
pattern sizes. We found that the shape of the height profile or rather the brush’s
morphology was affected by whether it had been immersed in a good (toluene) or a
non-solvent (methanol) before drying and analysis. When the brush is dried from
toluene solution the lens-shape is much flatter (i.e. wider and less high) than when the
same brush dried from methanol solution.
Figure 3.4 displays the morphology of a PtBuMA nanobrush line pattern as a function
of solvent exposure. After the PtBuMA brush synthesis the wafer was extracted in
toluene to remove all unattached polymer chains and dried under vacuum. The dry
nanobrush profile was measured using tapping mode AFM and showed a smooth
lenslike morphology. However, when the nanostructured PtBuMA brush was

immersed in methanol, dried and again analyzed by AFM the morphology of the brush
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Figure 3.4. AFM height profiles of the 0.4 um A line showing an example of the
change of the dry PtBuMA NPBs morphology after immersing it in methanol. Profile
a) displays the dried brush after extraction with toluene and b) displays the dried brush
after immersion in methanol. Inset figures are the AFM top-down views of the brush
with scale bar for 1 pm.

line had changed (Figure 3.4b). The same effect could also be observed with SEM
(Figure 3.S1). The width of the brush lines decreased and the height increased (but the
volume stayed the same). This effect was most obviously observable for the smaller
pattern sizes where the patterned brush or rather NPB shows a quasi-three dimensional
behavior, but it had no influence on the basic hmax as a function of A behavior as
shown in Figure 3.3.

The morphological change can be explained, when first the situation of the brush in
solvent is viewed. When the brush is exposed to a good solvent, the chains at the edge
of the pattern fan out quite strongly into the polymer free solution next to the pattern.

Upon drying they collapse and form a dry film with a morphology with a lenslike
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shape. When a bad solvent is used, this fanning out is strongly reduced and the
spreading of the polymer outside of the pattern becomes much weaker. Accordingly,
in the good solvent case the pattern height is much lower than in the bad solvent case.
Although Wmax and hmax change A stays the same as shown in Figure 3.3c, which
indicates that there is no degrafting or chemical reaction happening.

The observed scaling behavior of NPBs as a function of solvent quality has been
simulated by Koutsioubas and Vanakaras for brushes in contact with solvent.18
Although in contrast to this work we monitor the NPB’s dry state morphology, the
comparison might be useful. It was found that in agreement with our findings the
lateral expansion of the brush decreases with decreasing solvent quality and in contrast
to our findings the vertical expansion of the brush decreases with decreasing solvent
quality as well.'® Such difference could originate from the model used in the
simulations and its limited accuracy for poor solvent conditions where the brush
chains are “crystallizing” instead of remaining in the amorphous state 343>
Additionally, the simulations do not take wetting effects into consideration which are

quite important for dry nanobrushes. Still, the simulations illustrate quite nicely how

important the solvent-polymer interaction is for the shape of NPBs.

127



— _ 200 /
- g — 2 »
;:CE 200+ ; 100 \q@% D/u{.//./
U | O e
2, 150- 110 100 . /
.0 1 *}a-1
® 1001 A%hg s
“8 ’K'éﬁu\gx / /
Q. 50‘ Q\ﬁ—ﬁ-a =
@ | H\‘\---»!k_..F.f-/-/' —a—si
—o0—PFOTS
1 10
A [pm]

Figure 3.5. Aspect ratios of the patterned PrBuMA brush lines as a function of A
respectively A/hg for the inset graph. m are the data of brushes grown on Si substrate

and O are the data of brushes grown on FOTS modified substrate

In general, the experiments described here are in good agreement with those published
by Jonas et al. who describe how chain entropy and wetting energy control the
morphology of dry NPBs.2%2! They observed that if the bare surface next to the pattern
is readily wetted by the polymer constituting the brush, the pattern becomes wider and
hmax smaller in the nanobrush regime and that non-wetting surfaces cause narrower
and higher features. To elucidate the influence of the surface energy of the substrate
on the NPB we modified the substrate's surface absent brushes with perfluorooctyl-
trichlorosilane (FOTS) and compared the aspect ratios (Wmax/hmax) of both brushes
with each other. This is the inverse situation as the work of Jonas et al. who grew
different polymer brushes on the same surface. In Figure 3.5 the aspect ratio is shown

as a function of A and the inset graph shows the aspect ratio as a function of the
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normalized A (A/ho with hy = nonpatterned brush height).!32° The data shows that the
morphology of the patterned brushes are changed with decreasing A, because of the
transition from the micro- to nanobrush regime and the changes in the wetting energy.
In the microbrush regime (A/ho > 10) the aspect ratio is dominated by Wmax as hmax 1s
reaching its maximum value and essentially scales linearly with A. In this regime the
morphology is independent of the pattern size and wetting. At smaller A (10 > A/ho)
the patterned brushes are in the nanobrush regime. Here the brushes assume a wetting
dominated lens-shaped morphology and hmax of the lens is directly correlated with A
which leads to an increasing of the aspect ratio in which this effect gets more obvious
for even smaller A. The situation is in general for both the silicon and the fluorinated
surfaces similar. But as there is less interaction between the fluorinated surface and the
polymer brush chains they can more easily expand along the surface, which leads to an
overall higher aspect ratio of the polymer brushes compared to those grown on regular
silicon surface.

However, according to our findings, for a quantitative description not only pattern size
and wetting situation must be considered, but also the solvent quality of the solvent to
which the brush has been exposed. A good solvent (e.g. toluene in this case) will
induce a stronger expansion of the brush along the surface, than a bad solvent (in this
case methanol). Accordingly the pattern size will be larger in the first case. To
elucidate the influence of the surface wetting, theoretical curves were calculated for a
situation where next to the brush the silicon substrate was unmodified. As input to
these calculations the surface tension of a non-patterned polymer brush prepared under

the same conditions as the patterned samples was measured after solvent
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immersion.>3 The interfacial interaction was calculated based on this data and the
results of these simulations are shown in Figure 3.3 where it becomes obvious that
hmax decreases as the pattern size A shrinks due to increased surface wetting. In
addition, due to the stronger surface wetting, hmax is after toluene immersion smaller
than the one after methanol immersion.

Nevertheless, it becomes also obvious that only a qualitative fit was achieved when
the theoretical values were compared to the experimental data, especially in the
nanobrush regime where hmax is smaller and wmax larger than expected. One possible
explanation for this is that the drying of the swollen brush is too fast for the chains to
reorganize from their conformation in solvents and arrange themselves completely
according to the wetting thermodynamics. In the end they are frozen in a non-
equilibrium state and cover the surface to a larger extent than they would do at
equilibrium. This assumption is supported by the fact that especially shows a strong
deviation between theory and experiment which could be attributed to a faster drying
at the edge of the brushes.

Similar tests have been done with the FOTS modified substrate next a polymer brush

pattern, which exhibited a quantitatively related behavior (see supporting information).
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Figure 3.6. Plots of the maximum height hiax (a) and the maximum width wmax (b) as
a function of the pattern size A of dry BU P(tBuMA-co-MABP) nanobrushes from a
single experiment after immersion in toluene (m) and in methanol (o). The data were
collected by tapping mode AFM.

The fact that the width and height of the pattern changes depending on the
environment to which the sample has been exposed, could have detrimental effects in
applications where such surfaces are exposed to strongly changing environments. Such
undesired changes in the morphology can be completely prevented by chemical
crosslinking of the polymer chains forming the brush. To demonstrate this we have
grown BU patterned poly(tert-butyl methacrylate-co-4-methacryloyl-oxy-benzo-
phenone) (P[tBuMA-co-MABP]) copolymer brushes in the same way as the PtBuMA
brushes described above. The benzophenone units built into the forming copolymer
can be photoactivated during UV exposure to crosslink the polymer structures in the

dry, glassy state. The crosslinking leads to an immobilization of the chains and a
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conservation of the brush line shape upon solvent exposure regardless of the solvent
quality (Figure 3.6).

Top-Down Patterned Nanobrush. TD patterning of brush layer was conducted on both
neutral and charged polymer brushes with a modified orthogonal process.’” To this, a
CYTOP film was spin-coated on the pre-synthesized non-patterned PtBuMA brushes
(Mn = 2.0*10° g*mol!) as a protective layer which isolate the brushes in the
following process. Subsequent short oxygen-plasma etching was used to modify the
CYTOP surface in order to allow the following coating of the photoresist material.
The pattern formation on the brush followed the steps in BU process and the residual

materials were removed by hydrofluoroether wash. In contrast to patterns derived
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Figure 3.7. AFM height profiles of dry TD PtBuMA brush. a) after manufacturing
process, b) after immersion in toluene and c¢) after immersion in methanol. The
profiles show the morphology change from box-like to lens-like shape and back as a
function of solvent quality. Inset figures are the AFM top-down views of the brushes

with scale bar for 1 um.
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from the BU process consisting of solvent swollen, i.e. relaxed brushes, the orthogonal
process created patterned brushes with a box-like shape as shown in Figure 3.7a.
Figure 3.8a shows the maximum height versus pattern size of the TD patterned
brushes. It can be seen that after the process the thickness did not change as the pattern
size decreased, thus proving successful orthogonal patterning.

Similar solvent immersion tests as for the BU patterned brushes were conducted on the
TD patterned brushes in order to study how morphological changes are affected by the
way the brushes are generated. Figure 3.8 shows the pattern dimensions maximum
height (hmax), maximum width (Wmax) and AFM cross sectional area (A) as a function
of the pattern size (A). The decrease of the value of A of the patterns after immersion
in toluene indicates some loss of material (Figure 3.8c). The material loss could be

attributed to the extraction of the untethered polymer fragments left in the film after
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Figure 3.8. Plots of the maximum height himax (a), the maximum width wmax (b) and
the cross section integral A (c) as a function of the pattern size A of dry top-down
patterned PtBuMA nanobrushes in a single experiment after patterning (m), immersion
in toluene (m) and in methanol (m). The data were received by tapping mode AFM.

The dash lines are guidelines for the eye.
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the RIE process. The height hmax as a function of pattern width A showed a trend
similar to the BU patterned PtBuMA nanobrushes, i.e. lens-shaped structures with a
width higher than the original pattern were observed. Interestingly, after soaking in
methanol and drying, it was observed that the shape of patterns returned back to the
box-like profile similar to the morphology directly obtained after the patterning
process.

This behavior was independent of the size of the pattern. Because such phenomena
were not observable for BU patterned brushes it must be caused by the TD patterning
process. A possible explanation for this behavior is that the plasma process induces
crosslinking of the polymer at the edges of the pattern through formation of additional
covalent bonds.***!' Such crosslinked fraction of the pattern show a rubberlike
behavior, i.e. when they are deformed and the forces which cause them to deform are
removed, they will return to their original shape. Thus strong swelling of the system
will cause the system to deform and this deformation is ‘frozen in’ by drying.
However, if the system is given a chance to relax it will attain again the original shape.
The reason why the shape-memory effect is only observed for bad solvents must be
that a good solvent penetrates into the structure and swells it completely while a non-
solvent interacts only with the surface of the pattern and allows the subchains of the
network in the crosslinked edges to return to their original conformation.

To prove this assumption, TD patterned poly(4-vinylpyridine) (PVP) brushes (Mn =
4.6*10° g*mol™") were fabricated. The resulting neutral PVP brushes were then

converted to strong polyelectrolyte brushes (PEBs) through quarternization of the
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pyridinium ring using methyl iodide to yield poly(4-methyl-vinylpyridinium iodide)

(PMeVP).
a) b)
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Figure 3.9. Dry brush morphology of TD patterned PMeVP brushes. a) Evolution of
dry morphology of 1 pm patterned PVP brush after patterning, quaternization and
degrafting in the water. Inset figure is the AFM top-down view of the brush after
degrafting with scale bar for 1 um. b) Degrafted brush cross-sectional morphology at
different pattern sizes. ¢) Suggested mechanism for brush degrafting in water. The
crosslinking on the sidewall not only limited the vertical stretching of the quaternized

brush but also stabilized the material.

Such brushes become less stable against chain fragmentation and degrafting (‘entropic
death®).*> If the brush would be crosslinked at the edge of the patterns and exposed
to water, which causes some loss of the brush chains by degrafting, there should be
more material remaining from the edge of the pattern than from the middle section as
the crosslinking enhances the stability. In Figure 3.9a and 3.9b, the results of such
experiments on patterned PVP brushes and their subsequent morphologies are shown.
During quaternization the mass of the PVP increases by more than a factor of 2 as the

molecular weight of the vinylpyridine repeat unit (Mvp = 106 g*mol!) increased due
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to the uptake of the methyliodide (Mmevp = 242 g*mol!). Accordingly, the aspect ratio
of the film increased quite strongly (Figure 3.9a). For wide pattern sizes (A > 1 um)
after degrafting in water at room temperature, only the edge materials of the patterns
were left. (Figure 3.9a and 3.9b) The smaller the pattern sizes became, the closer the
two rims got and for pattern sizes smaller than 0.5 um they merged together forming
only one single structure. Additionally, it should be noted, that the material remaining
on the surface after degrafting independent of the pattern size and thus independent of
the initial mass of the brush. All these findings are a strong evidence of crosslinking at
the pattern edges in the TD process, which hinders the lateral expansion and made

material present at these edges more stable (Figure 3.9¢).

polymer film C (atom-%) O (atom-%) N (atom-%) C/O
P/BuMA 80.69 19.31 0.00 4.18
Patterned PrBuMA 75.99 24.01 0.00 3.17
PVP 89.36 0.00 10.64 -

Patterned PVP 77.66 13.25 9.09 5.86

Table 3.1. XPS elemental analysis data of TD patterned PtBuMA and PVP films
showing the increase of carbon/oxygen ratio after RIE process caused by crosslinking

reaction.

Due to the strong osmotic pressure in the brush and the extremely strong stretching of
the polymer chains the PEBs were easy to degraft and the material left over on the

pattern edges could be characterized by XPS. They showed a considerable amount of
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oxygen to be present in the film due to oxidation after the RIE. Such an analysis could
not be done on the more stable, neutral PtBuMA brushes. To conduct experiments on
neutral polymers patterned by a top-down approach, spin-coated samples of free
PtBuMA were fabricated and subject to the same TD process conditions and
subsequently carefully extracted. It was shown, that also in this case some material
could not be washed away and a similar morphology as in the patterned PEBs, was
obtained. These crosslinked materials were also subjected to detailed chemical
characterization. Table 3.1 shows the XPS elemental analysis results of material
stemming from the pattern edges. Compared to the original PtBuMA, the patterned
TD PtBuMA showed a significant increase of the oxygen content of the material
indicating the formation of additional oxygen-containing functional groups at the
edge. In the ATR-FTIR spectrum (Figure 3.S7) of the leftover edge material the
formation of the ketone and ester groups and C-C bonds could be observed together
with disappearance of tert-butyl and original carbonyl groups. Formation of new
oxygen containing groups must be more than the loss of the old one based on an
increase of the C/O ratio derived from XPS study. It is then concluded that the
crosslinking is composed of C-C or C-O-C bonds formed during the RIE process.
Similar effects could be observed on TD patterned free PVP film (see supporting
information) and its elemental analysis is included in Table 3.1.

Conclusion

The morphologies of dry nanopatterned polymer brushes, generated by bottom-up or
top-down approaches depend quite strongly on how the nanoscale pattern have been

generated. Even when the two processes use the same monomer and the same initiator
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and one would assume at first sight that that the chemistry and physics of the systems
are identical, the obtained nanostructures will have strongly differing morphologies.
In the TD approach the polymer brush layer is directly patterned by degradation of the
polymer chains in the illuminated part of the sample. During this etching process the
high energy imparted into the film causes scission of carbon-carbon bonds and the
generation of highly reactive species which induce a local crosslinking of the polymer
brush chains at the edge of the pattern. This crosslinking of the polymer at the
sidewalls of the pattern determines the dry brush morphology after immersion into a
solvent and they exhibit a box-like shape. Even after solvent exposure the pattern
edges remain sharp and steep. Treatment with a good solvent and drying leads to an
expansion of the structures to a more lens-like shape while a short treatment with a
poor or non-solvent leads to the recovery of the box-like morphology. This
crosslinking at the pattern edges has also consequences on the stability of the system.
When some of the chains are degrafted this occurs preferentially in the center of the
nanostructure and the crosslinked sidewalls remain more or less unchanged. As a
consequence of this, when the pattern is large enough, after degrafting polymer
remains only at both former edges of the pattern. In contrast to this, when the pattern
are small, the whole polymer material in the pattern becomes crosslinked and only one
narrow and high structure is observed and less degrafting occurs. Thus in TD
nanopatterned brushes the morphology is to a significant extent determined by the
RIE-induced crosslinking. As a consequence, nanobrushes obtained by this technique

are actually nanobrush networks, in microbrushes the edges of the pattern obtained by
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this technique are always rather sharp while the polymer chains in the center of such
structure have still brushlike properties.

In contrast to this, when the initiator layer is patterned, complete chains grow during
the brush formation process. The polymer chains at the edge of the pattern can expand
into the polymer free space and upon drying wet the surface of the substrate next to
the polymer grafted areas. The extent of this wetting process depends on the surface
tension of the surface next to the pattern, which can be controlled by modification with
a self-assembled monolayer of a silane. When the polymer in the nano-pattern is dried
several possible morphologies can be obtained depending on surface tension, the
solvent quality and the wetting properties of the substrate. Immersing the polymer
brush in good solvent leads to the relaxation of the brush chains at the periphery of the
pattern while exposure to a bad or non-solvent allows this only to a much lesser
extent. When a brush exposed to good solvent is dried the expansion causes
(depending on the surface chemistry adjacent to the pattern) a relatively strong wetting
of the substrate and the typical lens-shaped morphologies commonly observed for
nanostructured brushes is obtained. In contrast to this the treatment with non-solvent
leads to much lower wetting, increased height of the dry brush and much sharper
pattern.

In summary, the question which morphology will be observed when a nanoscale
patterned brush is generated is quite complex and depends strongly on the sample
history and the finer details of sample generation. The resulting knowledge for
controlling the nano-morphology of patterned polymer brushes might help in future to

improve the design of more sophisticated brush based materials.
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CHAPTER 4

Reduced lateral confinement and its effect on stability in patterned strong
polyelectrolyte brushes®

Abstract

The stability of strong polyelectrolyte brushes was studied in the bulk and in
patterned structures. Thick polyelectrolyte brushes of poly([(2-
methacryloyloxy)ethyl]trimethylammonium chloride) (PMETAC) with thicknesses >
100 nm were synthesized by Cu(0)-meditated controlled radical polymerization
(CuCRP). Brush patterning was conducted using deep-UV photolithography by means
of either a top-down (TD) or bottom-up (BU) method with features as small as 200
nm. Brushes were soaked in water with a range of pH or temperature conditions and
the hydrolysis was monitored through dry state ellipsometry and AFM measurements.
BU patterns showed reduced degrafting for smaller patterns, which was attributed to
increased stress relaxation at such dimensions. In contrast to the already relaxed BU
patterned brush, a TD patterned brush possesses perpendicular structures, which result
from the use of orthogonal lithography. It was found that the TD process induces
crosslinking on the sidewall, which subsequently fortifies the sidewall materials. This
modification of the polymer brushes hindered the stress relaxation of the patterns and

the degrafting trends became irrelevant to the pattern sizes. With proper tuning, the

*Reproduced with permission from Chen, W.-L.; Menzel, M.; Watanabe, T.;
Prucker, O.; Riihe, J.; Ober, C. K. Reduced Lateral Confinement and Its Effect
on Stability in Patterned Strong Polyelectrolyte Brushes. Langmuir 2017, 33

(13), 3296-3303. Copyright 2017 American Chemical Society

147



crosslinking on the sidewall could be minimized and the degrafting trends were again

relaxation—dependent

Introduction

The polymer brushes reported in this study are materials composed of polymers
with one end tethered to a surface with a high graft density. By using different polymer
compositions, they can be used as anti-fouling', transport-enhancing?, or stimuli-
responsive®* materials, for example. While there are many possible applications,
stability of the high grafting density polymer brush is critical. A growing number of
reports>~'4 show that polymer brushes may be unstable under relatively mild
conditions even with surface attachment. For example, poly(methacrylic acid) brushes
may degraft from a surface in 37 °C water and only 20% of the material is left after 48
h8®. Recently it has been concluded that the degrafting of the polymer brush is due to
mechano-facilitated hydrolysis, which means degradation of molecules upon
application of the mechanical force.'> Compared to a normal polymeric melt film,
polymer brushes experience stronger tension on the tethering unit due to the close
proximity of the polymer chains to the grafting sites.'® It has been experimentally
proven that increasing grafting density can directly enhance the degrafting of a
polymer brush.!? Polyelectrolyte brushes (PEB) can be subjected to strong stretching

in aqueous solvent which can induce aggressive degrafting.'3

Although some research has been done, only a few studies have investigated the
stability of strong PEBs, which are subject to very strong stretching of the polymer
chains.!”!° Strong PEBs tested previously were either too thin or on a spherical
substrate which does not induce such strong stretching.? This means the time scale for
the survival of strong, thick polyelectrolyte brushes has not yet been fully explored. In

addition, further questions were raised about how to alleviate degrafting. Considering

148



\_/\_/ e

\_/

=

o1 N -
b) Solvent QLS oy | l\%, o "
. - ~—
Swellng | — NI
% ARG TSP WA\
A Al Y N
PRI (. LY f Y
[ T —
OH g
[ on o
S oK
HO?SiOR—> HO-Si” "N
~ 0/ OR nol
_____
___________________ ."“:Dﬁn ..'~
C) Final S 7  ~ g o AL

Figure 4.1. Schematic description of brush relaxation under different conditions.
Patterned brushes should have more room for stress relaxation than non-patterned
brushes. As a result, the extent of degrafting of the patterned brushes should be

less.

the origin of the degrafting process, exploring degrafting in nanopatterned brushes
might be helpful. A nanopatterned brush (brush confined within separate well defined
regions with no brush) having a lateral dimension similar to brush thickness could
provide for significant lateral stress relaxation.?! Since reduction of tension also means
reduction of the brush thickness, the brushes should be more stable when patterned as
shown in Figure 4.1. Furthermore, the grafting density and molecular weight have

been proven to have important effects on degrafting due to the increase of the lateral
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pressure.!? The exact relationship between lateral pressure and degrafting kinetics are
still unclear. The results of patterned PEB stability experiments should provide more

understanding of such phenomena and help in the derivation of theory.

For those reasons, here we report the synthesis of thick poly([(2-
methacryloyloxy)ethyl]trimethylammonium chloride) (PMETAC) brushes and an
experimental study of brush stability. PMETAC brushes are strong PEBs where the
charge density on the chains does not depend on the environment. We demonstrate that
degrafting of a strong PEB could be distinctly different from either a neutral polymer
brush or weak PEB. To prove our hypothesis, a patterned brush with lateral
dimensions down to the sub um level was fabricated with both top-down (TD) and
bottom-up (BU) methods. First, patterned neutral poly(methyl methacrylate) brushes
were fabricated to provide a better understanding of the process and then the
PMETAC brushes were grown as shown in Figure 4.2a. We proved that both TD and
BU patterned brushes have less degrafting at smaller pattern sizes and this is a first

proof of increasing brush stability by controlling lateral confinement.

Experimental section

Materials. Allylamine, anhydrous toluene, (3-aminopropyl)triethoxysilane, a-
bromoisobutyryl bromide (BIBB), chlorodimethylsilane, dimethyl sulfoxide (DMSO),
hydrazine, hydrochloric acid, inhibitor remover (for removing hydroquinone and
monomethyl ether hydroquinone), magnesium sulfate, [2-
methacryloyloxy)ethyl]trimethylammonium chloride(80% in water) (MAETAC),
methyl methacrylate(MMA), Pt on activated carbon (10 wt %), triethylamine,

N,N,N',N',N"-pentamethyldiethylenetriamine (PMDETA), potassium hydroxide,
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pyridine, sodium chloride, sodium phosphate dibasic heptahydrate, sodium phosphate
monobasic monohydrate, anhydrous triethylamine(TEA), were purchased from Sigma
Aldrich and used without purification unless stated otherwise. MAETAC and MMA
were passed through inhibitor remover to remove the inhibitor before use. CYTOP
fluoropolymer was purchased from BELLEX international incorporation. Deionized
water (DI water) with a resistivity of 18.2 M) «cm at 25°C was obtained from
Millipore’ s Milli-Q Synthesis A10 system. Copper tape (882-L COPPER) with 88.9
« m copper film was from Lamart Co. All the other solvents were purchased from

Fisher Scientific.

Mono-functional silane initiator synthesis and immobilization. First, 2-bromo-2-
methyl-N-allylpropanamide and chlorodimethylsilane was synthesized by published
procedure and used as subsequent reactant.! Following hydrosilylation was carried out
using another literature procedure to obtain mono-functional ATRP initiator, 2-bromo-
2-methyl-N-{3-[chloro(dimethyl)silyl]-propyl} propanamide.?>>* Wafer pieces were
cleaned with repetitively dichloromethane(DCM) and DI water rinsing and then dried
with nitrogen. Wafers were then oxidized using a Harrick Plasma Cleaner for ten
minutes. Moisture was further removed by 10 min 110 °C oven baking. In a glove
box, the wafer pieces were immersed in a toluene solution of the initiator (10 mM) and
pyridine (0.5 mM) overnight at room temperature. The substrates were then removed
from the solution and washed with DI water, and DCM sequentially and sonicated for
ten minutes in DCM. Wafers were given a final rinse of dichloromethane and blown

dry under nitrogen gas.

Multi-functional silane initiator synthesis and immobilization. Wafer cleaning
and oxidation processes remained the same as in the previous section. Clean, oxidized,
moisture free wafer pieces were then exposed to 3-aminopropyl triethoxysilane vapor

under reduced pressure (in a glass chamber containing liquid (3-
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aminopropyl)triethoxysilane pumped down desired pressure and then sealed. Pressure
was 1 Torr for 1.8 nm APTES layer and 0.3 Torr for 14 nm APTES layer) for 2 h and
then annealed for a further 30 min at 110°C. The pieces were then put into a Schlenk
flask and purged with three vacuum evacuating / argon back-filling cycles. Anhydrous
DCM (30mL), anhydrous TEA (0.6mL), BIBB(0.6 mL) were add in order and left to
stand for overnight. The pieces were then taken out of flask, washed with acetone,

ethanol, DI water sequentially and blown dry under nitrogen gas.

Polymer brush synthesis. Polymerization was conducted by first preparing the set-
up as shown in the literature?*. Glass slide was cut into piece with the size
corresponding to the initiator-deposited piece. Glass piece was then coated with
copper tape to be the catalyst source. This taped glass piece was then clamped face-to-
face together with initiator-deposited wafer pieces by copper clamp. The distance
between the pieces was separated by Teflon spacer with d = 0.5 mm. The set-up was

then put into different conditions for the different brushes.

PMMA polymerization. Solution of 2 mL MMA, 1 mL DMSO, 36 uL PMDETA,
1.5mL hydrazine combination was used and the polymerization was conducted at
room temperature for 2 h. Afterward the wafer pieces were taken out, rinsed with

DCM and sonicated in DCM for 10 min before nitrogen blown dry.

PMETAC polymerization. Solution of 2 mL MAETAC, 2 mL DI water, 1 mL
methanol, 36 pL PMDETA, 2.5mL hydrazine combination was used and the
polymerization was conducted at 60 “C for 3 h. Afterward the wafer pieces were taken
out and rinsed with iced DI water before nitrogen blown dry. To collect the monomer /
polymer mixture for later NMR characterization, the reacted solution was collected
and passed through aluminum oxide column to remove any Cu containing complex.
Solvent was removed by evaporation at 50 °C and the remaining materials were

subject to NMR characterization.
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Reactive ion etching (RIE) condition. RIE was conducted by Oxford Plasmalab
80+ RIE system. Two setting (referred as strong reactive ion etching (SRIE) and weak
reactive ion etching (SRIE) hereafter) were used in this study and the setting details
are listed below. Generally SRIE has faster etching rate and stronger lateral damage,
which may damage the profile of the pattern. On the other hand the WRIE provide
slower and gentle process with more anisotropic etching. However, WRIE created

more crosslinking on the edge materials.
SRIE: O flow rate 50 sccm at a RF power of 150 W and a pressure of 60 mTorr.

WRIE: O; flow rate 50 sccm at a RF power of 75 W. Pressure started at 50 mTorr
then decreased to 20 mTorr in 6 sec and stayed at 20 mTorr, DC bias minimum was

SV.

Top-down patterning process. Top-down (TD) patterning process started with
spin-coating three layers on the polymer brush with individual post-application baking
(PAB) condition. CYTOP was coated first and PAB at 110 °C 5 min, ramped to 150
OC in 5 min, stayed at 150 °C for 5 min, ramped to 185 °C in 5 min, stay at 185 °C for
6 min. Following the first CYTOP coating, it was subject to SRIE for 5 sec in order to
create hydrophilic surface for subsequent material deposition. 2™ layer was DUV-252
anti-reflective coating layer (Brewer Science) with PAB at 90 °C for 30 sec and 185°C
for 1 min. 3" layer was UV 210 DUV photoresist (Shipley) with PAB at 135°C for 1
min. Deep-UV photolithography patterning was then conducted on ASML 300 DUV
stepper. The sample was then subject to post-application bake at 135 °C for 1min and
developed with MIF-726 (AZ Electronic Materials) developer for 1 min and spun to
dry. 50 to 0.2 ¢ m line patterns were created on the photoresist. Pattern transfer was
conducted by either SRIE or WRIE based on the process. For the TD patterning on
PMETAC and PMMA brushes, WRIE were used, while SRIE was used for modified

top-down process on PMETAC brushes in order to reduce crosslinking on the edge
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materials. The pieces were then soaked in stirring hydrofluoroether NOVEC 7300
(3M) at 50 °C overnight and rinsed with NOVEC 7300 repetitively. Afterward, pieces

were blown dry with nitrogen gas.

Bottom-up patterning process. Bottom-up(BU) process was similar to the TD
process. Wafer was cleaned with SC-2 process (soaked in solution made of
HCI:H,0Oz:water = 2:2:1, volume ratio) for 2 h, then rinsed with DI water and dried
with nitrogen gas. The patterned CYTOP polymer film on the cleaned wafer was
conducted in the same way as the TD process. The initiator was deposited in the same
method (no wafer oxidation needed) as before and the CYTOP was removed afterward
to obtain wafer with initiator pattern. BU patterned brushes were then fabricated by

subsequent polymerization on the wafer with initiator pattern.

Solvent immersion degrafting experiment. Buffer solutions with strengths of 10
mM were prepared using sodium phosphate salts and adjusted to pH 4 and 9 using
minute quantities of HCI and KOH. The pH of each buffer was measured using a
VWR symphony SB70P pH meter. The parent polymer brush samples were segmented
into different pieces specimens and placed individually into glass vials containing
selected solution. The vials were then sealed and maintained at controlled temperature
in oil bath for the duration of the degradation. After a certain incubation time the
samples were removed, rinsed briefly with water, dried in vacuum for more than 2 h
and then subjected to further characterization. For PMMA brushes, after selected
solvent bath, it was rinsed with the selected solvent again and then dried in

vacuuun.
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Results and Discussion
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Figure 4.2. a) FTIR spectra of PMETAC brushes at different stages (original / after
water bath 24 h / after pH 4 bath 24 h / after pH 9 bath 24 h. Insert figures show the
detailed look at alkyl region. b) PMETAC brushes degrafting kinetics in water with
different initiator layer thicknesses at 35 °C ¢) PMETAC brushes with 1.8 nm
initiator thickness degrafting kinetics in water at different temperatures (RT = room
termperature) and d) with different pH buffers. Thicknesses were all measured in

dry state by ellipsometer and normalized to thicknesses before degrafting.

The synthesis of PMETAC brushes were conducted with the recently developed

CuCRP, using Cu-tape as the catalyst source, because of its ability to create PMETAC
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brushes with dry thicknesses > 100 nm measured by ellipsometer.?*2?* Direct synthesis

of strong polyelectrolyte brushes has been reported in many publications, but only

26-28

limited thicknesses of ~ 70 nm have been achieved to date. Thicker brushes make

it easier to characterize the morphology and provide better processability. The FTIR
spectrum in Figure 4.2a of the resulting brush showed characteristic peaks as reported
in the literature and hence proved its successful synthesis.?*? The broad peak at 3400
cm’! corresponds to the strong hydration of the PMETAC brush. The peaks at

1477 cm!, 1635 ¢cm™ and 3017 cm! correspond to the C-H in-plane vibration, amine
asymmetric bending vibration, and asymmetric methyl stretching on the quaternary

ammonium group, respectively.

First question is whether the effect of stress enhances hydrolysis of both the amide
and siloxane bond or if only the siloxane bond is hydrolyzed.3! To test this,
experiments were conducted on initiators with mono- functional siloxane links and
multiple siloxane attachment sites to the surface since initiators with multiple
attachment sites have been proved to increase the stability of the brushes.'* The
siloxane layer thickness was controlled by the pressure used in the vapor deposition
process of (3-aminopropyl)triethoxysilane (APTES). Thicknesses of the films were
measured by ellipsometer under dry conditions. For consistency between samples,
brushes were cut into pieces and individually subjected to degrafting conditions for a
set time. The measured data were normalized by original thicknesses and shown in
Figure 4.2. Figure 4.2b shows that with 14 nm APTES as the base the brush does not
degraft, indicating the amide bond was not hydrolyzed in a 35 °C water bath after 24
h. Additionally, the aspect of multifunctionality and crosslinking of the siloxane bonds

in APTES hindered their hydrolysis. This result was also observed by Ataman et al.
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where no degrafting occured for thick poly(poly(ethylene glycol)methyl ether
methacrylate) brushes within 24 h with amide bond only initiators.'* Since the mono-
functional initiator yielded such an unstable brush, APTES with 1.8 nm thickness was

chosen for the initiator deposition process for subsequent investigation.

The stability of the PMETAC brush was then tested in water at different
temperatures and pH. The results are shown in Figure 4.2¢ and 4.2d. The PMETAC
brush at higher temperatures has faster degrafting kinetics and the resulting dry
thickness is thinner. It is known that brushes have higher stretching forces acting on
them at higher temperatures.>?* This tension effect combined with thermodynamic
enhancement of the hydrolysis reaction leads to removal of most of the brush at 50 °C.
Compared to a brush on a curved surface, which has been shown to retain more than
50% of the brush after 100 h in an 85 °C bath, the degrafting rate here is more
aggressive.?? Disappearance of peaks at 3400 cm™! and 1635 cm! suggests a decreased
hydration of the brush. This phenomenon could be explained by the loss of material
due to degrafting and partial counter-ion exchange between OH™ and Cl- which leads

to less dissociation.

pH has been shown to affect the degrafting of a polymer brush.®%!3 Buffered water
(pH 4 and 9) was then used to soak the brushes in order to investigate pH effects. The
brushes showed no evident difference between acidic or basic conditions as shown in
Figure 4.2¢. This is similar to the results of Genzer et al.3*, who showed that strong
PEBs lacking hydrolysis vulnerable groups such as ester functions, degrafted in equal
measure at different pHs. Interestingly, brush thickness increased after 2 h of soaking
in buffered water. This initial increase could be explained by counter-ion exchange
between the buffering ions (phosphate) and the chloride ions. PEBs have been known
to change their wetting energy with different counter-ions present. Riihe ef al. were

among the first who reported that there is a counter ion exchange between the PEB
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layer and its surrounding solution.*>#° In the work of Huck et al. it was shown that
fast counter-ion exchange could occur when a PMETAC brush was soaked in a salt
solution.’® The dry thickness could increase since the volume occupied by phosphate
is larger than other smaller anions. This was also the reason that the resulting dry
thickness is larger than the initial dry thickness. Furthermore, it could also be due to an
increased stability of the structures resulting from the complexation step. In this case,
a phosphate—ammonium complex formation could fortify the stability of the brush

through an “ionic” pairing interaction such as sulfate-ammonium ion pairing.3’

The binding of the phosphates to the brushes after soaking in buffered solution for
24 h was confirmed by the FTIR spectra in Figure 4.2a. Compared to the original
brushes, the brushes soaked in the buffered water showed an additional peak at 2850
cm’!, which originated from the ammonium dibasic phosphate complex.*!
Individually, the monobasic salt with peaks at 1099 cm™, 1334 ¢m™! and 1651 cm™!
was observed on the brushes soaked at pH 4 and the dibasic phosphate salt with peaks
at 1590 cm! was observed for pH 9 water-soaked brushes. Although the peaks
corresponding to the different binding states could be observed under different
conditions, the similarity of peaks in the 2800-3000 cm’! region suggested that effect
of binding to the polymer conformation did not change at different pH values. Peak at
2918 cm! which corresponding to the ethylene stretching of polymers showed
stronger signal at acidic condition. Consider the binding state of phosphate, it could be
expected that there were more phosphate binding in the brush at acidic condition and

those binding leaded to increased dry thickness.

To test whether the brush would be more stable if it could relax enough laterally to
reduce coulombic stress, we created line and space patterns on polymer brushes with
selected lateral dimensions. All patterns were measured by AFM only in the dry state

to minimize uncertainties caused by polymer compression during AFM contact.*>*
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Recent reports showed that the critical size for such an effect is < 1 ym and the
smallest resolution of 200 nm in this study is well within this range.?'**> Both TD and
BU patterning methods created high-resolution structures; however, each process has
their own benefits and drawbacks for this study. The TD method, with advanced
lithography techniques, can create patterns with a perpendicular profile. In contrast,

the BU method gives a brush with a curved profile, which is already relaxed.?!*> The
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Figure 4.3 AFM scan cross-section images of top-down patterned PMMA brush.
Patterns with three different sizes [a) 225, b) 600, ¢) 1000 nm] are shown. Brushes

were relaxed in acetone and toluene to show modification done by process.

TD brush with a perpendicular profile*** preserves the properties of the bulk brush
before solvent immersion and the degrafting result should capture more dynamic
information. However, the TD patterning method might create irreversible
modifications on the brush structure like chain scission or crosslinking. Also the
required patterning materials such as a photoresist might interact with the brushes.
Therefore, we chose to investigate both methods together to compare our results. The

process scheme is the same as shown in Scheme 2-1.

TD patterned brushes were created by a modified process based on the work of

Henning et al.*® A fluorinated polymer, CYTOP™ (Asahi Glass co.), was chosen to
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act as a sacrificial layer to pattern the polymer brushes due to the ease of its removal
from the organic materials. The process scheme is shown in Scehme. First, the process
materials were coated in sequence on the polymer brush. Subsequent photolithography
created the pattern on the photoresist and the following reactive ion etching transferred
the pattern to the brush layer. Finally, hydrofluoroether, HFE-7300(3M™) was used to
remove all the residual CYTOP™ from the brush. To test the effects caused by the

process, neutral, non-degrafting PMMA brushes were patterned at first.

Figure 4.3 shows the AFM scans of both the patterned dry PMMA brush after
CYTOP™ lift-off and after subsequent relaxation in acetone or toluene. First, it was
observed that the pattern resolution could go down to 225 nm forming a perpendicular
structure after removal of the process materials. This could not be achieved with
normal photolithography processes due to the relaxation of the polymer in organic
solvent. Further soaking in acetone/toluene was meant to test its stability since reactive
ion etching (RIE) may still cause chemical changes on sidewall of patterns even
though it is an anisotropic etching.*’*® We believe that such changes are the reason
that the 225 nm pattern showed incomplete relaxation after acetone immersion. After
solvent immersion, the brushes relaxed laterally and became lens-like shape as other
bottom-up patterned brushes.?** The formation of lens-like shapes was due to the
interaction between surface wetting and chain entropy, which reached the balance in
dry state after relaxation in the solvent.?! In addition, all the patterns showed shrinking
of the cross-sectional area after toluene immersion, which must be caused by the loss
of edge materials. In Figure 4.4a we calculated the cross-sectional area for different

patterns before and after solvent immersion and it showed the same difference
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between different patterns. Such result confirmed that the RIE is the reason for
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Figure 4.4 Comparison of AFM measured morphologies between TD and BU patterned

PMMA brushes. a) Cross-sectional area of the patterns before and after toluene immersion.

The area differences remain constant along different pattern sizes. Hence the correction

process in 4d could be used to exclude process effect. The corrected A are then used for TD

data in b), c¢). b) Normalized maximum height and ¢) width (aspect ratio) comparison

between relaxed TD and BU patterned brushes for different pattern sizes. d) Schematic

explanation for brush morphological evolution. Left: Etch modification on the brush.

Middle: Brush morphology after process. Right: Relaxed brush morphology, the cross-

sectional area was used to derive corrected A (Ac). It is considered that relaxed brushes

were evolved from smaller patterns and material loss did not occur during relaxation.
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material loss on TD patterned brushes.

A BU patterned PMMA brush was also created to compare the results (process as
Scheme 2-1). Due to the material loss of the TD patterned brush, correction of the
pattern size must be done to present meaningful comparison. The correction guideline
is shown in Figure 4.4d. We considered that the relaxed brushes were evolved from the
patterns with the same thickness but narrower pattern size. Such correction is based on
the fact that PMMA brushes do not lose materials during the relaxation process. Based
on the argument, the corrected pattern size was calculated by dividing the resulting
area by the original thickness. The average decrease of 130 nm (65 nm on both sides)
was used in all pattern corrections. Furthermore, since the PMMA brush was heated at
185 °C during the process (which is above it glass transition temperature) the decrease
of the maximum thickness could be caused by the rearrangement of the polymer
chains. A controlled experiment was done by first heating a PMMA brush at 185 °C on
a hot plate and then soaking it in acetone. A 7 nm decrease of the PMMA brush
thickness was observed (data not shown) before and after solvent immersion. Figure
4.4b and 4.4c compares TD and BU brushes with the normalized thickness and the
width (aspect ratio) versus the pattern size. Direct dry brush morphologies comparison
is possible because the normalized dry morphology is independent of the polymer
dependent parameters. Factors like molecular weight, grafting density are all cancelled
with each other and the normalized relation between pattern size and morphology is
unique.?! Also by using the corrected pattern size for the TD patterned brushes the RIE
effect was partly removed. The thickness of both patterned brushes were similar, but
the widths at the same pattern size were different by about 300 nm. One reason why
the TD brushes stretched less laterally is because of the damage done by the RIE to the
chains at the very edge of the pattern. Another possibility is the crosslinking between

polymer chains, which could also happen due to RIE treatment.’*? Crosslinking
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could also explain why the 225 nm pattern relaxed incompletely in acetone. Although
crosslinking was not obvious for PMMA brushes, it would later be more obvious for

the patterned PMETAC brushes.

With the removal of the adjacent regions, it is expected that remaining polymer
brushes are subjected to less pressure at the edges and any degrafting should be less.
To investigate, how pattern size affects the stability of the PMETAC brush, TD and
BU patterned brushes were degrafted in water for 24 h at different temperatures and
the cross-sectional area ratio of the brushes. Cross-sectional area before/after
degrafting were captured by AFM in the dry state to evaluate degrafting. In Figure 4.5,
it can be seen that the degrafting trend of the BU brush fits the prediction but the TD
patterned brush does not fit even with the corrected pattern size. Another difference
observed was that the TD patterned brushes behaved inconsistently in their degrafting
trend. Obvious difference was seen when comparing the AFM cross-sectional image
of the 1 um wide patterns, as shown in Figure 4.6. TD patterned PMETAC brushes
after degrafting had a ridge like structure at the edge. Since this did not appear in the
corresponding BU pattern, it can be assumed to be a result of the TD process. As
pattern size shrank, the ridge structures became closer together and started to merge at

around 500 nm (Figure 4.S3),

which implied that the modification of the brush structure caused by the plasma
etching is greater than that of the patterned PMMA brush. At higher temperatures,
those small patterns had no ridges could come to have ridges on the edge due to the
increased instability of the polymer brush (Figure 4.S3, 35 °C 400 nm pattern). The
increased stability of the brush suggested crosslinking also occurred. More
comprehensive characterization on such sidewall crosslinking has been conducted and

the result has been reported in chapter 3.
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Figure 4.5 Characterization of degrafting condition of PMETAC brushes by
comparing dry cross-sectional area ratio versus the pattern sizes for a) TD b)
modified TD c) BU patterned brush after degrafting in water for 24 h. Area ratio

was calculated by the cross-sectional area after degrafting/ cross-sectional area
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Figure 4.6 AFM dry cross-sectional image of the 1um PMETAC brush pattern
before and after degrafting at RT in water for different processes. a) TD b)

Modified TD with different etching recipe ¢) BU patterned brush.

The unusual trend in TD patterned brush degrafting could be explained by
considering possible results originating from the existence of sidewall crosslinking.

First, water diffusion in the brushes and subsequent dissolution of the chains are
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necessary for removal of the degrafted chains. With the sidewall crosslinking these
two processes could be hindered since chains could have additional linking between
each other, which results in increased stability. On the other hand, the stress relaxation
which is the major reason for increased stability at narrower patterns is prevented by
crosslinking. For those reasons, the stability between different patterns could be more
similar to each other and thus the degrafting kinetics were similar between different

pattern sizes.

To reduce the crosslinking of the brush at the edges, the RIE condition was tuned to
make the effects of etching dominate any crosslinking. By increasing the etching
pressure, the mean free path of the etchant gas is reduced correspondingly and
enhance lateral etching.>? It was expected that the degradation at the sidewall of the
pattern would overwhelm the crosslinking. The results are shown in Figure 4.5 and
3.6. Not only did degrafting of the modified TD (M.TD) patterned brush show no
ridge structures as observed in the bottom-up brush, but also the degrafting trend
behaved similar to what was expected. Both of those phenomena suggested the
reduction or absence of crosslinking at the edge. However, it could be noticed that at
35 °C the M.TD patterned brushes were more stable compared to BU patterned
brushes for pattern sizes 2 1 pm. It suggested that there was still partial crosslinking
on the sidewall similar to those in the TD patterned brushes and it could still affect the
stability of the brushes. At patterns with size < 1 um, since reduced crosslinking
allowed only partial stress relaxation and limited stability enhancement, the M.TD

patterned brushes was less stable than BU patterned brushes at RT.

165



Bottom-up Top-down

Solvent
Swell

Increased stability at reduced confinement
Figure 4.7 Scheme for the polymer brush relaxation under reduced lateral

confinement.

Conclusions

We investigated the stability of thick, strong polyelectrolyte brushes under different
conditions, which provide a new strategy to increase the stability of polymer brushes
when the pattern size is reduced to nanoscale dimensions. Degrafting of the strong
polyelectrolyte brushes could be enhanced by increasing immersion temperature, but it
remained relatively stable under mild acidic and basic conditions compared to water.
This was caused by binding of the phosphate counter-ions contained in the buffer
through formation of complexation and ion pairing interaction. Etching during the TD
patterning process caused crosslinking on the edge materials, which fortified the edge
of PMETAC brushes. The crosslinking effect could be controlled by tuning the RIE
process and the resulting brush has the same degradation trend as the bottom-up brush.
Both BU patterned brushes and M.TD patterned brushes showed improved stability at
smaller pattern sizes caused by enabled stress relaxation. We expect that both
patterning processes could be applied to fulfill different requirements. The BU process

is better for fundamental studies while the TD process provides enhanced stability and
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is more convenient for industrial fabrication. The behavior of the patterned PMETAC
under reduced lateral confinement is shown in Figure 4.7. The trends of degrafting on
different pattern sizes should provide additional data for developing a theory to
explain the degrafting phenomena and the force distribution within the patterned
brush. Further studies that combine the effects of the grafting density, molecular

weight, and pattern size brush behavior will be presented in chapter 5.
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Supporting information
S1. Characterization of the polymer brushes

Polymer brushes were characterized by ellipsometry and atomic force microscopy
(AFM). Thicknesses of the non-patterned polymer brushes were measured using a

imaging ellipsometer — Nanofilm Ep3 with a 532 nm laser at 50-60° angle of
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incidence. A Cauchy model (Cauchy layer/silicon substrate) was used to fit the data, in
which the Cauchy layer was representative of the polymer brush. Surface topography
was analyzed and using a Veeco Icon atomic force microscope. AppNANO ACCESS-
NC tapping mode silicon cantilever were used to acquire topographic images in air at
room temperature. Each lines were scanned for 2 times and the two cross-sectional
images were taken in each scanning result to get in total 4 sets of data. Cross-sectional
areas of each data were averaged and shown together with the statistical error in the
figures. IR spectra were measured at ATR-mode using Thermo Scientific Nicolet iZ10
FTIR. Hydrogen nuclear magnetic resonance spectroscopy (NMR) spectra were
recorded on Varian Gemini 400 MHz spectrometer with deuterium oxide, chemical

shifts (3) were reported in parts per million (ppm) relative to tetramethyl silane (TMS).

S2. Reaction condition selection of the PMETAC brushes

The polymerization of the brushes were conducted at different reducing agent
concentration, the kinetics showed the similar trend as the PMETAC brush due to the
similar reducing agent effect provided by the amino functional group.>* However, we
noticed that the inhomogeneity extent of the brush increased as we reduced the
reducing agent concentration. Additional hydrazine has been proven to increase the
polymerization rate of free polymer in CuCRP process’>. Because reaction was
conducted with self-reducing monomer, there is already certain reducing ability
existing and hence the reaction rate has achieved the maximum, further increase of
reducing agent would only soil equilibrium and reduce the reaction rate. Such high
reaction rate and poor mixing in the heterogeneous reaction should be the reason for
increase of inhomogeneity. To ensure the quality of the brush, we pick medium
hydrazine concentration as our reaction condition for the following experiment. In the

literature it was reported that the by using methanol/ water mixture as atom transfer
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radical polymerization (ATRP) medium for PMETAC would make resulting polymer
losing 70% of the functional group. Based on the NMR spectrum shown in Figure
4.S1, the esterification was ~37% (calculated by the ratio of methyl groups on nitrogen
atom) and this was similar to isopropyl alcohol /water mixture reported.>® Less
tranesterification should be caused by limited amount of Cu catalyst present in the
reaction medium. We hence still chose methanol as our reaction medium for its better

solubility.
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Figure 4.S1. NMR spectrum of the reaction solution of PMETAC brush (after

polymerization and Copper purified).

S3. Size correction for the top-down / modified top-down patterned brushes

For top-down(TD) patterned polymer brushes, the cross-sectional areas of the

patterns were used to correct the pattern sizes. In poly(methyl methacrylate) (PMMA),

the pattern sizes were shrunk down both 130 nm for all the patterns. In terms of

PMETAC brushes, due to the degrafting, it’s hard to isolate process damage from

cross-sectional area data and derive the correction size. Hence, we assumed that the
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lateral penetration depths where reactive ion etching (RIE) induces structural
modification are similar in PMMA and PMETAC. The shrinking size which was used
to compensate the material loss in RIE process was approximated to be 130 nm for TD
and modified TD patterned brushes. Considering the fact that etching rate of PMETAC
1s almost twice as fast as the etching rate of PMMA (in both SRIE/WRIE processes),
the lateral penetration depth should have been deeper. However, with 130 nm as
shrinking size the TD patterned brushes would have area ratio >1 after degrafting
which is not reasonable. Thus, 100 nm was used for the correction of TD patterned
PMETAC brushes and 130 nm was used for modified top-down (M. TD) patterned

PMETAC brushes. The unmodified data are shown in Figure 4.S2.
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Figure 4.S2. Uncorrected degrfting trend for the TD and the M. TD patterned brushes.
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Figure 4.S3. Dry AFM cross-sectional images of the top-down patterned PMETAC

brushes degrafting in water at a) room temperature (RT)b) 35 °C for 24h.
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CHAPTER 5

Entropic Death of Non-patterned and Nanostructured Polyelectrolyte Brushes*

ABSTRACT: The stability of non-patterned and nanostructured strong
polyelectrolyte brushes (PEBs) is studied as a function of both brush character and the
properties of a contacting liquid. High molecular weight PEBs of poly(4-methyl
vinylpyridinium iodide) (PMeVP) are synthesized using surface-initiated radical-chain
polymerization (SI-RCP). Nanopatterned brushes (NPBs) with pattern sizes ranging
from 50 um down to 200 nm are generated by patterning the initiator layer using deep-
ultraviolet (DUV) photolithography followed by brush growth initiated from the
patterned layer. Homogeneous PEBs with different degrees of charging and grafting
densities are exposed to water and salt solutions with different temperatures for
different periods of time. The degradation is monitored through dry-state ellipsometry
and atomic force microscopy (AFM) measurements. Enhanced degrafting for more
strongly swollen polymer brushes can be observed in agreement with an ‘entropic
spring’ model. Based on the results of the non-patterned brushes the nanobrushes are
exposed to water at different temperatures and external salt content for varying periods
of time. Counterintuitively, the NPBs show increased degrafting for smaller patterns,
which is attributed to different polymer chain dynamics for nano- and microbrushes.
We investigate the influence of thermodynamic and kinetic parameters on the stability
of (nanopatterned) PEBs and discuss the role of entanglements and formation of

complexes in such films.
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*This work was done in collaboration with Matthias Menzel, Dr. Kimberly Simancas,
Dr. Oswald Prucker and Prof. Jiirgen Riihe at University of Freiburg and Dr. Hong Xu
at Cornell University

Introduction

Polyelectrolyte brushes are densely end-tethered linear polymer chains with
charged subunits grafted on flat solid substrates.'?3* Because of the excluded volume
and electrostatic repulsion between charged segments of the same type the chains must
stretch away from the surface. By using different polymer compositions from charge
neutral to charged polyelectrolyte (PEL), they can be used as antifouling®® coatings
and transport-enhancing’, or stimuli-responsive®” materials. Polyelectrolytes are
polymer chains that carry electrolyte groups on their repeat units, which dissociate in
polar and/or protic solvents leaving charges on the polymer chain and releasing
counterions into solution.'® A complete dissociation at all pH values is characteristic of
strong PEBs, while the dissociation of weak PEBs is pH dependent.

The additional strong electrostatic interactions due to the charges are a reason for
the unusual and versatile behavior of polyelectrolyte brushes (PEBs) compared to their
neutral peers.'! Thus if polymer brushes with similar structures are compared, while
neutral polymer brushes can already stretch by up to 40% of their contour length,
polyelectrolytes can stretch even more and stretched values of more than 65% of the
contour length have been observed.'? Such strong stretching leads to a significant loss
of entropy and completely changes the properties of the layers, rendering PEBs as an
attractive molecular architecture. They are often used for applications in the field of
biochemistry as most organic molecules synthesized by living organisms carry

electrolyte groups themselves. Thus PEBs have been used for the analysis and study of
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proteins'3, DNA', vitamins'® and in gene' and drug!® delivery. In addition they are
also perfect candidates for applications in antifouling medical devices!’, biosensing'8,
antibacterial coatings®, cell culture substrates'®, stem cell expansion?® and implant
material®! because of their chemical versatility, which allows tuning of interfacial
properties like hydrophilicity and surface energy.

Although there are many possible applications, stability of the PEBs is critical.
Within the last decade there has been an increasing number of reports about
degradation of polymer brushes.?223:24.25:26,27.28.29.30.31.32 A firgt report of Tugulu et al.
in 2008 described the delamination process of poly(polyethylene glycol) methacrylate

(PPEGMA) brushes upon exposure to a cell culture medium.?? In another report by

Borozenko ef al.,*° degrafting was described for poly(acrylic acid) brushes using total
internal reflection fluorescence microscopy. They showed that the cleavage process
starts at pH > 9.5 with an increased ionic strength of the buffer solution (10 mM
NaCl). The majority of experimental reports agree that the chain failure and the
chemical mechanism behind the loss of covalently tethered chains from the surface is
facilitated by the solvent-induced stretching.??2>-2633:34 However, very few studies
have investigated the scaling behavior3>*%37 and stability*? (‘entropic death’) of strong
PEBs that are subjected to very strong stretching of the polymer chains. The stretching
reduces the possible conformations the chain can adopt.**® This means the polymer
chain loses entropy and thus the overall free energy is increased according to Gibbs-
Helmholtz theory.?® Thus polymer brushes are inherently metastable where the supply
of additional energy such as a mechanical activation can lead to chain fracture and

degrafting.30-40
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The grafting density plays an important factor in the brush stability. An increasing
number of chains per surface area leads to a larger excluded volume and therefore a
larger tensile stress on chains. Both effects of grafting density and molecular weight
have been investigated by Melzak et al.?° They synthesized poly(N,N-
dimethylacrylamide) (PDMA) brushes and monitored a faster degradation rate for
both higher grafting densities and molecular weights. Also, the tensile stress on the
polymer chains can be controlled by the lateral confinement of polymer brushes, e.g.
by generating nanopatterns. The chains at the edge of the pattern can fan out and reach
into the free space next to the grafted polymer area, which provides more space for the
polymer chains close to the edge of the pattern and thus decrease the excluded volume
and increase the brush’s stability. In the case of nanopatterned polymer brushes
(NPBs) with feature sizes close to that of the chain’s contour length*'#243 this edge
effect ranges up to the center parts of the pattern. Such behavior leads to a unique
scaling response in the micrometer scale and should provide significant lateral stress
relaxation for all chains of an NPB. Chen et al.3* gave proof for this assumption. They
fabricated strong polyelectrolyte nanostructured poly([(2-methacryloyloxy)ethyl]
trimethylammonium chloride) (PMATEC) brushes using Cu(0)-mediated controlled
radical polymerization (CuCRP) and monitored the stability of the brushes as a
function of the pattern size. The results showed an increased brush stability with
decreasing pattern size corresponding to less lateral confinement. Similarly, by giving
more space to spherical polymer brushes through a decrease in the size of a substrate
nanoparticle, Ataman ef al.*' have shown that the stability of

poly((polyethylene glycol methyl ether) methacrylate) brushes grafted on
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nanoparticles can be increased. The results are interesting considering that the chain
stretching level of strong PEBs in the osmotic brush regime is irrelevant to the grafting
density.'? Nevertheless, the exact relationship between grafting density and brush
stability remains not well understood.

In addition, it is still not clear how degrafting takes place or where the polymer
chains break. There are some theoretical reports on mechanical activation of tethered

macromolecules by Sheiko and Rubinstein et al.**

and Panyukov and

Rubinstein ef al.*, who addressed the build-up of tensile stress within tethered
macromolecules. They came to the conclusion that an end-grafted macromolecule will
experience the largest tension in the surface linker that binds the polymer chain to the
solid surface. This shows that PEBs are mechanically activated systems and drives
interest in understanding the mechanisms of polymer brush degradation. However, it is
an extremely complex phenomenon with regard to understanding its
mechanochemistry and mechanical activation owing to the large number of
contributing factors, such as ionic strength, charging of the backbone, screening of
charges, solvent quality and temperature, hydrophilicity of the brush and, of course,
the grafting density and molecular weight. Also it is noticed that are only few works
discussed the effect of the chain dynamic and only the kinetics part of the brush
degrafting was studied. Although it has been reported that the relaxation time of
polymer brushes are strongly affected by their structural parameters*S, it has not shown
much effect on the stability of polymer brushes in previous studies.

Motivated by this situation, the present experimental work investigates the

thermodynamic stability and its kinetic aspects of high molecular weight PMeVP
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brushes as a function of different extrinsic and intrinsic parameters. The growth by SI-
RCP of high molecular weight polymer brushes on silicon is performed as reported
previously*’#3, as was the nanopatterning by DUV photolithography to achieve
bottom-up (BU) nanostructured PEBs.*>*° The brush layer thickness or rather the
cross section integral is studied by ellipsometry and tapping mode AFM. The
investigation enables a closer look on the impact of the chemical nature, the
confinement, the environment and the polymer chain dynamics on the PEBs

thermodynamic stability, which is important for the preservation of their function.

Results and Discussion
5.1. Homogeneous Polyelectrolyte Brush Layers

Synthesis of Polyelectrolyte Brushes. The PEBs were generated according to
Biesalski and Riihe** as shown in Figure 5.1. The first step is the immobilization of an
azo-initiator with a dimethylchlorosilane headgroup on a flat silicon surface. In the
next step a PVP brush was grown by thermal activation of the attached initiator via
surface-initiated radical chain polymerization (SI-RCP) in bulk or DMF. SI-RCP
enables the fabrication of densely grafted polymer brushes with a molecular weight of
more than 10° g*mol! as termination by recombination or disproportion reactions are
strongly prevented due to the fact that the growing polymer radicals cannot move in
respect to each other.’? Accordingly, under many polymerization conditions the main
termination mechanism of the chain growth reaction is transfer to monomer or solvent.
Such a process leads to growth of polymer in solution, which is lost during extraction,

but stops the growth of the surface-attached chain. At the same time polymer brush
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parameters like molecular weight or grafting density can be easily controlled by
changing the reaction time or monomer concentration similar to normal RCP.3? The
supernatant solution was poured into excess of toluene to precipitate the non-attached
polymer. The molecular weight of the non-bonded polymer could be determined by

GPC or calculated from the dry brush thickness h through:

M, x I’
h=—"2 , 5.1
p

where T’ is the grafting density, M, the molecular weight and p the density of the
polymer brush or rather the polymer. Both methods, determination of M, by GPC and
calculation of I" or determination of I" by using the graft density of the initiator and the
reaction time and calculating M, using Equation 5.1, lead to comparable results.>?
Thus the molecular weight of the non-bonded polymer is taken as representative of
that of the polymer brush. Subsequently the neutral PVP brush was quaternized using

methyl iodide gaining the PEB PMeVP. The complete conversion of pyridine into

OH OH | oN |
| N = 0 S‘/\/N
— _ = o =9l
D OH + C|*S‘|/\/NMN/N ‘ S n
0 CN
OH
OH AMCS-A
4-vinylpyridine, o Mel, o
toluene |+|:l§}§t cr DMF 60°C nitromethane 45°C
- 3
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Figure 5.1: Synthesis of a cationic polyelectrolyte brush (poly[4-vinyl-N-
methylpyridinium] iodide) by quaternization of the neutral poly(4-vinylpyridine)

brush with methyl iodide in nitromethane.
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pyridinium groups was monitored using FT-IR spectroscopy (see supporting
information).

Thermodynamic stability of non-patterned PMeVP brushes. Strong PEBs are
metastable systems. To study their stability in detail the influence of different brush
parameters such as degree of charging, grafting density, solvent temperature or lateral
confinement on the thermodynamic stability of the brushes must be monitored. One
PEB was cut into several pieces and each piece was degraded for a certain period of
time. Each piece yielded one data point. To determine the rate of degradation, the
brush dry thickness was measured by ellipsometry for non-patterned polymer brushes
before and after exposure to good solvents. From the observed values, the relative
brush layer height hre| was calculated as:

h;
hyer (%) = 100 * h—l 5.2
0

where ho is the initial dry brush layer height and h; the dry brush height after the
exposure procedure. In the following, the reported results for the different exposure
times correspond to individual samples cut from a single brush.

First of all, the influence of the degree of charging of the PEBs on the brush’s
thermodynamic stability is to be analyzed. This cannot not be done by analyzing the
stability of PMeVP brushes with varying degrees of completion of the quaternization
reaction since pure PVP brush does not swell completely in water like the
polyelectrolyte (see supporting information). Thus, a water soluble copolymer based
on poly(N,N-dimethylacrylamide) (PDMA) and PMeVP was used, as PDMA brushes

show complete swelling in water and can thus form a suitable matrix component for
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the copolymers.>* For this, three PDMA-co-PMeVP brushes with different PMeVP
content (f= 0%; 73%; and 100%) were synthesized (see supporting information) and
exposed to water at 22 °C. The results are shown in Figure 5.2a. The results suggest
that as the degree of charging in the brush increases, the stability of the layer is

decreased. Similar to our finding, Galvin et al.>°

observed an increasing degradation
rate depending on the degree of charging. They immersed weak polyacid brushes in

buffer solutions with different pH. The degree of deprotonation and thus charging of
the polymer increased with increasing pH. It was concluded that a faster degradation
rate is obtained at higher pH.

The degrafting behavior can be understood, when looking at the swelling behavior
of PEBs. For PEBs in the osmotic brush regime!!:>, the balance between the osmotic
pressure and restoring force of stretched polymer chains determines the extent of
brush swelling. Therefore, as the number of charged groups in the polymer chain
increases, the brush thickness increases correspondingly to counteract the osmotic
pressure. Due to the stronger osmotic pressure induced by the charged groups, PEBs
stretch much more in water than neutral polymer brushes and, as a consequence, chain
entropy decreases further. Thinking in terms of the Gibbs-Helmholtz Equation.® an
entropy decrease leads to an increase in the energetic state of the polymer brush
system which decreased the required energy to start the degrafting reaction. Therefore,
the rate of the degrafting reaction increases as well as the speed of material loss with
the degree of charging.

In addition to the degree of charging, the stretching of the PEB chains in solution

can also be influenced by the external salt concentration.>® To understand the effect of
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Figure 5.2: Degrafting behavior of PMeVP brushes at different degrees of charging and

external salt concentrations. a) Relative dry thickness of three copolymer brushes based on
PDMA and PMeVP of increasing degree of charging after exposure to water at 22 °C for
different periods of time: m (f=0%; I' = 0.070 umol*m?; M, = 480*10° g*mol';

PDI = 1.84); e (f=73%; I' = 0.135 pmol*m™; M, = 330*10° g*mol™); and ¥ (f=100%;
I'=0.219 pmol*m?; M, = 210%¥10° g*mol™'; PDI = 1.59) b) Upper graph: Degrafting
behavior monitored with the help of the relative dry thickness of PMeVP brushes

(' = 0.320 pmol*m™%; M, = 330.000 g*mol™) as a function of external salt concentration.
The PEBs have been exposed to water with different KI salt concentrations at 24 °C for
24 h: m (c = 0.1 mol*1™"), e (c =0.01 mol*I™"), ¥ (c=0.1 mol*I"") and A (c = 6.0 mol*I™).
Lower graph: Swollen brush layer thickness hs, of a 20-nm-thick PMeVP brush on a
LaSFNO prism as a function of the KI salt concentration. [Reprint from ref. 56 with

permission, Copyright 2004, American Institute of Physics]
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potassium iodide solutions at 24 °C for 24 h. Potassium iodide was used to make sure
that there is no exchange of the counter ions during the immersion procedure. The
results shown in the upper graph of Figure 5.2b. It shows that brushes at low and
highly concentrated salt solution degrade much faster than in medium salt solution
which is in good agreement with the stretching level of PEBs. Biesalski ef al.,*® have
investigated the electrolyte-induced structure change of PMeVP brushes and it was
found that the swelling behavior strongly depends on the presence of external salt (see
lower graph Figure 5.2b). Within a narrow concentration range between 0.01 and

0.08 mol*1! they monitored a collapse of the brush to almost the dry thickness which
corresponds to the increased stability shown here. It was also suggested that the strong
dependence cannot be caused by electrostatic screening alone, but should also be
attributed to the formation of charge-transfer complexes between the iodide ions and
the pyridinium moieties of the PMeVP brush chains.?’*%° These additional
intermolecular interactions could also have a strong influence on the thermodynamic
stabilities of the brushes as they significantly reduce the electrostatic repulsion within
the brush layer. Furthermore, at higher salt concentration, the complex will be further
charged and even assume the opposite charge sign in the presence of a sufficient
excess of iodide ions which makes the brushes re-swell into the solution. Therefore,
the stretching of the PEBs increases again at high salt concentrations, accompanied by
a corresponding decrease of stability. The apparent slightly smaller dry brush thickness
after immersion in 6 mol*1"! KI solution, washing and drying might be attributed to the
uptake of iodide ions into the brush layer which leads to reduced dissolution of the

brush and less swelling by the contacting humid air.>° Such phenomena were
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confirmed by the increase of the iodine content as evidenced in the XPS spectra.
Detailed information are presented in the supporting information.

For strong PEBs the force inducing swelling mainly depends on the ion osmotic
pressure.!! This means that the wet thickness of strong PEBs can be assumed to be
more or less independent of temperature since the ion dissociation level of strong
PEBs is not sensitive to temperature. This permits evaluation of the thermodynamics
of the degrafting process with near constant chain stretching. To this, a PMeVP brush
with grafting density of 0.08 umol*m was exposed to water at different temperatures
(ranging from 2 to 50 °C) for different periods of time. Figure 5.3 illustrates the dry
brush layer thickness as a function of exposure time in water at different temperatures.
These results show, for example, that at 50 °C the brush has lost 90% of its mass in
only 10 min, while at 2 °C the loss of mass only amounts to 10% even after five hours
of exposure. Similar behavior was reported by Chen et al.3? with poly(2-
(methacryloyloxy)ethyl ammonium chloride) (PMETAC) brushes immersed in water
at different temperatures. They also reported that at higher temperature the brushes
became less stable.

To analyze the bond scission kinetics, a first order reaction kinetics was used to fit
the data since neutral polymer brush degradation was found out to follow pseudo-first
order kinetics.?’ The reaction rate was determined for every solvent temperature by the
slope of the initial reaction rate obtained from the data in Figure 5.3a. The reaction rate

coefficients for these temperatures are shown in Table 5.1.
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T [°C] 2 14 24 30 50

k[s']  1.46¥10° 5.87%10° 4.48%10% 1.14¥103 8.51%107

Table 5.1: Reaction rates of bond scission in 0.08 mol*mol? PMeVP brushes in water

at different temperatures.

Subsequently, its dependence of the reaction rate on the temperature was then plotted
(see Figure 5.3b) and fit using the Arrhenius Equation:®°

E
k =A*exp(—#), 5.3

where A is the pre-exponential factor, E, is the reaction activation energy and R is the
gas constant. E, was then determined by the plotting of In(k) as a function of -1/T and
the slope gives Ea = 102 kJ*mol!. This value shows that the activation energy for
degrafting, i.e. the breaking of a bond of the brush connecting it to the surface, is
significantly lower than that of a conventional C-C bond. A similar value for the
activation energy has been shown for chain hydrolysis in the work of

Bershtein et al.®!, who found that a mechanically activated hydrolyzed amide bond has
an E, = 84-104 kJ*mol! and a siloxane bond has E, = 79-96 kJ*mol™! in the presence

of the moisture. Such correspondence suggests that the Si-O and/or C-N bonds are the
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Figure 5.3: Degrafting behavior of PMeVP brushes at different solvent temperatures.

a) Relative dry layer thickness of PMeVP brushes (ho = 78 +6 nm;

' = 0.08 umol*mol?; M, = 550*10° g*mol!; PDI = 2.50) as a function of the

exposure time in water at different temperatures: m (T =2 °C); o (T = 14 °C);
(T=24°C); A (T=30°C); and ¢ (T =50 °C). The straight lines represent

exponential fits of the data. b) Corresponding Arrhenius plot of the reaction rate of the

thickness decrease in PMeVP brushes as a function of the temperature. The straight

lines represent a linear fit of the data.

origins for the degrafting which are in agreement with the literatures that the presence
of nucleophiles enhances the degrafting process of polymer brushes.3?:4-62

It was reported that a tethered macromolecule experiences the largest tension in the
surface linker that binds the polymer chain to the rigid surface*** which enhances the
degrafting?’. Since the tension on the polymer brushes is directly related to the
grafting density, a series of PMeVP brushes with graft densities ranging from 0.0069

to 0.1693 pmol*m were exposed to water at 22 °C for different periods of time to

determine the effect of grafting density on the stability of strong PEBs,. The results are
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Figure 5.4: Degrafting behavior of strong polyelectrolyte PMeVP brushes

(M = 650*10° g*mol!; PDI = 1.67) with different grafting densities:

m (I'=0.0069 umol*m=); @ (I' = 0.0259 umol*m2); ¥V (I' = 0.0389 pmol*m™2);

A (I'=0.0755 pmol*m™2); and ¢ (I' = 0.1693 umol*m™). a) PEBs have been to water

at 22 °C for different periods of time. The left graph is an enlarged cut-out of the right

diagram.
shown in Figure 5.4. Since each brush had a different initial thickness, the absolute
brush layer height is given instead of the relative one. In addition, note that in this
graph the final thicknesses after each exposure time is given. The results indicate that
for all grafting densities there is a strong dependence of the film thickness on exposure
time. All brushes seemed to show the same degrafting behavior with a significant
decrease of the brush height at the beginning and a slower degradation rate or even no
degradation once a significant number of chains have been removed. Similar
degrafting behavior could be observed by Malzak ef al.?° for PDMA brushes, who

report that the rate of cleavage of polymer chains during a given experiment changed
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by up to one order of magnitude to a lower rate as the reaction progressed.
Additionally, independent of the initial grafting density all our samples exhibited a
similar stable polymer film layer thickness, where no further degrafting could be
observed. We assume that the last remaining end-tethered polymer chains benefit from
the gained free space and additional stabilizing interactions with the substrates surface
(dipolar forces or hydrogen bonds) could play a role here.5?
22 °C for different periods of time. The left graph is an enlarged cut-out of the right
diagram.
5.2. Nanopatterned Polyelectrolyte Brushes

Thermodynamic stability of nanostructured PMeVP. To investigate the
influence of the lateral pressure on the degrafting in more detail, nanopatterned PEBs
were generated and exposed to solvents. The nanopatterned polymer brushes (NPBs)
were fabricated by a bottom-up process as reported before.>? The widths of the
polymer chain grafted areas varied over a range from 0.2 to 50 um to ensure to cover
the point of transition from a nanobrush, where the whole pattern is affected by stress
relaxation due to edge effects, to a microbrush, where only the chains at the edge of
the pattern experience stress relaxation (see Figure 5.8a).4%#14> To monitor the rate of
degradation the cross section integrals A of all brush patterns were measured in the dry
state using tapping mode AFM before and after exposure to solvents. An example is
depicted in Figure 5.5a. The widening of the brush line after exposure to water is
caused by relaxation of the brush chains at the periphery of the pattern and wetting of

the substrate, which has been described in detail in a previous work.*’ From the

196



observed values, the relative cross section integrals Arel of the brush patterns were

calculated as

a b
150 —
before degrafting
— after degrafting 100 ] ‘ 0°C
100 75 "th _J-H-T—{-L{
.g = 14 °C
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Figure 5.5: Degrafting behavior of nanostructured PMeVP brushes monitored using
the relative dry cross section integral as a function of the pattern size. a) AFM height
profiles illustrating the cross-sectional area of the PMeVP brush pattern line A =1 pm
before and after exposure to water at 14 °C for 3 h. b) Diagram showing the area ratio
of the PMeVP nanobrushes (I' = 0.293 umol*m; M, = 340.000 g*mol™') which were
exposed to a good solvent (water) at different temperatures for different periods of

time: m (t=3 h); m (t=3 h); and = (t= 0.5 h). The dashed lines are guides to the eye.

A:
Aper (%) = 100 + —, 5.4
Ao

where Ao is the initial dry brush cross section integral and A; the dry brush integral after
the exposure procedure. Thus the value represents essentially the fraction of mass of the
brush still left after degrafting, when it is assumed that the materials density of the brush

remains unaffected by the degrafting process.
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To investigate the influence of the pattern size on the thermodynamic stability of
PMeVP brushes, the NPBs were exposed to water at different temperatures. The
results shown in Figure 5.5b imply that smaller patterns are less stable and lose
relatively more material under the given conditions. Additionally, it is obvious that this
effect decreases with decreasing temperature. At low temperature both the degrafting
rate is low and the dependence of the degrafting rate with the size of the pattern is also
low. These results are in contrast to simple assumptions, where one would expect that
a smaller pattern size allows a stronger stress relaxation due to the stronger influence
of edge effects and thus an increased stability. The fact that the solvent temperature
seems to have also a strong influence on the pattern size-stability relation indicates
that both thermodynamic and kinetics (and chain dynamics) aspects need to be
considered. To probe the interplay between thermodynamics and kinetics, additional

experiments were conducted.

Since the solvent temperature has a strong impact on the degrafting-pattern size
relation as the additional thermal energy influences the energy level of the chains,
other factors like solvent quality or molecular weight may show similar results by
tuning the chain stretching level. Therefore, we changed the solvent properties by
adding potassium iodide. Based on the results with non-patterned PMeVP brushes
mentioned before, we have chosen salt concentrations of 0.1 and 0.01 mol*I'! of
potassium iodide to see how the brush stability as a function of pattern sizes reacts to
the stretching level. The brushes were immersed in the different salt solutions for 24 h
at 24 °C and the results are depicted in Figure 5.6a. They were in good agreement with
the degrafting behavior at different temperatures shown in Figure 5.5b. Again, the
same trend could be observed that the smaller patterns are less stable, whereas this

effect decreases with decreasing degradation rate and stretching level. The match of
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Figure 5.6: Degrafting behavior of nanostructured PMeVP brushes

(T =0.239 pmol*m™2; M, = 820.000 g*mol) monitored using the relative dry cross

section integral as a function of the pattern size. a) The NPBs have been exposed to

water with different KI salt concentrations at 24 °C for 24 h: @ (¢ = 0.01 mol*I'!"); and
(¢ =0.1 mol*I'"). The dashed lines are guides to the eye. b) The NPBs have been

exposed to water in different ways for overall 3 h at 0 °C: m (1*3 h); and e (6*0.5 h).

The dashed lines are guides to the eye.

the results between temperature and salt tests suggest that degrafting rate plays an

important role in the trend of brush degrafting at different pattern sizes.

To explore how the kinetics of the degrafting plays a role in the degradation
behavior, PMeVP nanobrushes were exposed to water at 0 °C in two different ways.
The first sample was immersed continuously for 3 h and the second sample was also
exposed for a total amount of 3 h, but after every 0.5 h step it was taken out and dried
before re-immersion into water. As shown in Figure 5.6b, both NPBs showed a
degrafting behavior dependent on the pattern size. Interestingly, for the PMeVP brush

which was immersed in water continuously experienced weaker degradation, while the
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sample exposed for the same time, but submitted to 6 immersion and reimmersion
cycles showed not only an overall stronger degrafting behavior, but also a stronger
size dependence. Similar to the experiments before, the difference in degrafting got

stronger with smaller pattern sizes when the degrafting rate was higher.

Discussion

The experiments shown here demonstrate that polymer brushes are metastable
systems composed of polymer chains in an entropically unfavorable stretched state
(“entropic spring’ model). The stretching of these entropic springs consisting of PEBs
is strongly influenced by intrinsic parameters (molecular weight, degree of charging
and grafting density of the polymer chains and pattern size = lateral confinement) and
also extrinsic parameters (temperature, solvent quality, external salt concentration). As
additional energy is supplied to the system, for example by exposure to a good
solvent, this addition leads to breaking of chemical bonds and a loss of material for the
surface-attached layer is observed. When the brush is swollen in a good solvent (i.e.
water in the case of the PEB studied here) the chains become even more stretched and
less chain conformations are available. The loss of entropy leads to a higher energetic
state of the system, which can lead to degrafting of the chains. This phenomenon is
also known as ‘entropic death’ of the chains constituting the brush. As more and more
chains are cleaved off the elastic energy stored in the brush drops and the degrafting
process is slowed until a point of equilibrium is reached, whereupon there is no further

degrafting.

200



The tendency to degrafting can be mitigated or exacerbated by extrinsic parameters:
By varying the degree of charging of the PEB chains the stability of the brush can be
influenced. Charging of the polymer brush chain leads to a strong swelling of the
brush layers (‘osmotic pull’) when immersed into a good solvent (water in the case of
the PEB brushes studied here). Polymer brushes with a higher degree of charging
show an overall stronger degrafting than those with a lower concentration of charged
repeat units. Accordingly, any parameter which influences the charging will thus have
a strong influence on the stability of the layers. Thus it is not surprising, that the
swelling behavior also strongly depends on the external salt concentration, as high
concentrations of salt leads to electrostatic screening.>® The screening of the charges

reduces the osmotic pull on the chain and thus improves the brush stability.

Another important extrinsic parameter is the temperature to which the brush is
exposed. By heating the brushes, the more thermal energy is imparted into them, and
the more readily the energy required for breaking the entropic spring can be reached.
By determination of the degrafting rates at different temperatures the activation energy
for bond scission can be calculated for PMeVP brushes (= 100 kJ*mol™"). Although the
exact value of this activation energy will depend quite strongly on the details of the
parameters of the brush, this illustrates nicely under how much tension the polymer
chains (or ‘entropic springs’) are.

However, the fact that the stability of the brush depends not only on such
parameters, but also on how exactly it is treated, i.e. the contact time with solvent is of
less importance than how many times the brush has been immersed, demonstrates
clearly that thermodynamic parameters are not the only parameters which must be
considered. In fact, polymer chain dynamic also plays a major role. When the brushes
are immersed in water, then the rapid swelling process would apply tension on

polymer chains even before their relaxation and disentanglement. Such process which
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leads to a strong non-equilibrium situation on a short time scale and the tension could
be amplified through entanglement points. It leads to a peak force which subsequently
accelerates the degrafting procedure before the systems reaches a state of equilibrium.
This phenomenon is illustrated in Figure 5.7a and we will it in the following sections
‘osmotic shock’. We assume that during this period, aspects like chain flexibility or
entanglements would have a strong influence on force distribution and affect

degrafting kinetic significantly.

When the brushes are patterned the polymer chains at the edge of the pattern can
expand into the polymer free space next to the polymer grafted areas. Thus if the
pattern size is in the length scale of the polymer chain contour length and below
(NPBs) this affects the whole pattern and leads to reduced lateral confinement of all
brush chains. In the end this situation is similar to reducing the grafting density and
should decrease the lateral pressure and lead to an improved stability of the brushes
from a thermodynamic point of view. However, the observed behavior of confined
PMeVP brushes is surprisingly exactly opposite of these expectations. If the pattern
size is reduced, under most conditions the stability of PMeVP brushes is not enhanced,
but instead significantly reduced. It is observed that the faster the degrafting, the more
pronounced is the difference of the degrafting rate between samples having larger or
smaller pattern sizes. To understand this, we need to take a closer look at the dynamics
of polymer chains. When PMeVP brushes are immersed in deionized water, water
diffuses into the brush layer. This happens on a rather short time scale and leaves the
PEB in a strong non-equilibrium state, which increases the lateral pressure on the
polymer chains. This highly non-equilibrated state induces high pulling forces for a
short time (chains are overstretched), accelerates the degrafting procedure so that
steric effects can be neglected in first approximation. Since larger pattern sizes have a

smaller surface/volume ratio, the amount of water flowing into the brush during
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swelling is smaller in relation to the volume of the brush, which should have a strong
effect on the ‘osmotic shock’. In addition, the time scale for swelling is shorter than
the time scales of disentangling of entangled polymer brushes. As the PMeVP brushes
have a very high molecular weight, they are highly entangled*®, which due to the
surface-attachment show only rather slow disentanglement. While the chains are still
entangled those physical crosslinks could lead to a distribution of the tensile stress
from one chain on multiple chains as depicted in Figure 5.7b and thus slow down the
degrafting process. When patterned brushes are viewed, as the pattern size decreases,
the fraction of chains at the edge of the pattern which can fan out easily to the free
spaces without any hindrance increases. This leads to a decreasing number of
stabilizing entanglements per unit area.** So that even though the steric constrains are

released, the degrafting becomes faster.

We cannot exclude a priori that no chemical bonds are generated between individual
polymer molecules during growth of the chains through a chain transfer reaction to
polymer. The probability of such a transfer reaction would strongly depend on the
polymer concentration in the film which is higher with increasing grafting density
and/or pattern size and is lowered if the tethered polymer chains are given a chance to
‘fan out’.%> However, from the fact that eventually degrafting does occur, it can be
concluded that the extent of such reactions will be limited. An anchoring of polymer
chains leading to the generation of a (small) network connected through several
anchor points at the surface would slow down a degrafting reaction to such an extent

that the process would no longer be observed, which is not the case.

A second effect which leads to a stabilization of the brushes are interchain
interactions. The stabilization effect between pyridinium moieties and iodide has been
monitored in form of a reduced enthalpy during a mixing experiment®, where iodide

is the only halide ion which has a negative mixing enthalpy with PMeVP. Furthermore
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the formation of charge-transfer complexes between iodide ions and pyridinium
moieties suggest the possible existence of such interactions between the chains.*® Even
though polyelectrolyte chains with effective charges have interpolymer repulsion, this
is not the case for strong PEBs where counterions are retained in the structure for
electroneutrality.!! To confirm our hypothesis, simulation based on Density-Functional
Tight-Binding method (DFTB) was conducted to check the interaction between
different components (see supporting information). Reduction of total energy by
1465.2 kJ*mol-!' was observed for a mole of complex composed of three chains (each
chain with 30 monomer units) when compared to the sum energy of three individual
chains. The value, which equals to 4.2 times the C-C bond energy approximately,
means that the system is more stable when more chains are present in the system. The
result is highly suggestive of the existence of inter/intra-polymer interactions, which
should be responsible for the hinderance of stress relaxation. The effect on the
intermolecular interactions is illustrated in Figure 5.7¢c. The complex formation leads
to reduced distances between the different polymer chains®’ and the formation of a
weakly cross-linked supramolecular polymer, which hinders the stress-relaxation

effects by nanopatterning.

To prove the developed model we conducted additional experiments with neutral,
high molecular weight and charged, low molecular weight nanobrushes. Thus
patterned, neutral PVP brushes with high molecular weight (= entangled) were
generated. The PVP brushes were immersed in anhydrous DMF at 100 °C for 24 h.
The results are shown in Figure 5.8. Because of the missing charges compared to
PMeVP brushes a high temperature (T = 100 °C) was needed to induce visible
degradation in case of the PVP brushes. Because of the slow degradation rate the
chains have enough time for disentanglement. Thus the degrafting is dominated by

thermodynamic aspects and the PVP brush sample showed an increased stability at
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Figure 5.7: a) Sketch illustration the influence of the osmotic shock. b) Illustration

depicting the number of entanglements as a function of the pattern size. No

implication is made about the actual distribution of the entanglements in the film. The

entanglements can distribute the pulling force on multiple polymer chains and entrap

degrafted polymer chains within the brush. c) Depiction of the influence of the

pyridinium-iodide interactions on the intermolecular structure of the PEB chains.

smaller pattern sizes as predicted by the ‘entropic spring’ model (less lateral

confinement = lower energy = more stable). Similar experiment with a second

polymer brush (PfBuMA brush) shown in the supporting information exhibited the

same behavior (i.e. smaller patterns are more stable).
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Figure 5.8: Degrafting behavior of high molecular weight, neutral PVP (RCP;

' =0.239 umol*m2; and M, = 560,000 g*mol!) and low molecular weight,
polyelectrolyte PMeVP (CuCRP; monofunctional silane initiator, expected I' =

1.27 pmol*m2; and M, = 73,132 g*mol™'") nanobrushes monitored using the relative
dry cross section integral as a function of the pattern size. The NPBs have been
exposed to good solvents at different temperatures for different periods of time:

m (PMeVP; water; T =23 °C; and t =3 h); e (PVP; dry DMF; T =100 °C; and

t =48 h). The dashed lines are guides to the eye.

In a second set of experiments, low molecular weight (= not/less entangled),
polyelectrolyte PMeVP brushes were synthesized. As shown in Figure 5.8, the sample
showed uniform degrafting trends along the different pattern sizes. The observed
increased stability at smaller pattern sizes contrasts strongly to the degrafting behavior
of high molecular weight PMeVP brushes (see Figure 5.5b) and demonstrates the

importance of molecular weight of the tethered chains on the stability. Similar
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experiments with a second low molecular weight PMeVP sample shown in the
supporting information exhibits the same behavior (i.e. smaller patterns are more

stable).

Conclusion

The degrafting behavior of strong (nanopatterned) polyelectrolyte PMeVP brushes
is due to a complex interaction of kinetic and thermodynamic effects. From a
thermodynamic point of view the stability of polymer brushes depends strongly on
intrinsic polymer brush properties such as the degree of charging, molecular weight,
grafting density and pattern size. Additionally, extrinsic properties, i.e. parameters due
to the properties of brush environment, like solvent quality and temperature strongly
influence the stability. All of these parameters work in concert to increase or decrease
the extension of the polymer chains and associated tension or release the ‘entropic
springs’. This guides also the way for stabilization of PEL brushes. When the charges
are screened e.g. at solution with higher salt concentration the stability of the brushes

can be improved by orders of magnitude and degrafting is no longer an issue.

However, not only thermodynamic, but also kinetic effects such as how the brushes
are immersed into the solvent (‘osmotic shock’) and intermolecular interactions such
as entanglements can play a big role. These parameters influence the way that stress is
imparted into the chains and how it is concentrated in certain chain segments or
distributed among them. This can lead to the counterintuitive behavior observed in
nanobrushes, where tethered chains in such small structures, which are prone to less
stress from a thermodynamic point of view, degraft even faster than their microbrush
peers. The complexity of the combination of kinetic and thermodynamic effects make

a quantitative prediction of the degrafting behavior challenging and only qualitative

207



statements can be made so far. The recovered knowledge for controlling the polymer
brush’s stability broadens the range of possibilities for brush applications as it will
help in finding the optimal brush properties and experimental conditions for a desired

grafting density.
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CHAPTER 6

Toward a platform for comprehensive polymer brush

characterization with neutron and laser scattering

Abstract

For further characterization of polymer brushes by neutron and laser scattering, two
specific platforms were fabricated with both silicon and silicon dioxide. The platforms
allow the anchoring of the polymer brushes on the sidewall of the trenches only which
makes the scattering signals responsive to the change of the polymer brush
morphologies. Such methods could increase the sensitivity of the characterization and
make probing of more complicated structures possible. Poly(2-(dimethylamino)ethyl
methacrylate) brushes were synthesized by atom transfer radical polymerization on the
grating and the grafting densities were measured by cleaving them off directly from
the surface. The polymer brushes grown on the sidewall have gradient profiles with a
maximum thickness at the bottom of the grating which is due to the lack of
confinement on the top. These platforms lay down the foundation for the future

characterization.

Introduction
Polymer brushes have already demonstrated their application in many fields and

their structures have been studied widely in different conditions as described in
Chapter 1. However, studies focusing on the more complicated structures of polymer
brushes are still in need. There have been already several examples in nature with
complex brush structures. The local functionality of surface-attached biomolecules is

determined by their morphologies. For example, proteoglycan is a brush composed of
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a protein backbone with multiple polysaccharide sidechains. Its presence on the
cellular surface plays an important role in cell migration, synaptogenesis, and
structural plasticity.! Another example has been shown in the work of Paszek et al.
that cell matrix-attached glycoproteins would influence transmembrane receptor
spatial organization and function.? The mechanical deformation will promote local
kinetic trap of integrin at the free area between glycoproteins. The local functionality
of these surface-attached biomolecules is determined by their morphologies. One of
the common characteristics in these examples are that the polymers are equipped with
long and functional side chains and such polymer brushes are called molecular brushes
(Bottle Brushes).

Molecular brushes can provide additional functional control over the original
polymer brush architecture by the addition of the graft chains. By proper design, they
could have more sophisticated 3-dimensional ordered structures which is especially
important in material design nowadays. The structures of the brushes are determined
by both the backbone and sidechain and this adds versatility to brush structures.
Because of that, free molecular brushes have already been used by researchers in
different fields. For instance, Wooley et al. synthesized the molecular brushes with
dense side chains as E-beam resists. With the help of fluorinated end chains and
solvent annealing, molecular brushes could have ~75% vertical stretching and shown
well-defined 30 nm isolated line patterns.’=> Other studies of self-assembly of the free
molecular brushes also revealed various self-assembled morphologies®. Surface-

grafted molecular brushes have also found their application in anti-fouling’-1°,

3,12,13

lubrication'! and photolithography, since the orientation of the chains in
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molecular brushes are confined both vertically and horizontally due to their
neighboring chains. We believe that with the proper control molecular brushes could
be a material with sophisticated 3D order that there with more potential applications to
be discovered. Because there are few studies that focus on the fundamental properties
of surface-tethered brushes,'* it is important for us to first develop a better way to
characterize these surface-attached molecular brushes before further studies.

It is critical to characterize the polymer brushes in wet state since the tension
applied on them is amplified and thus forms more ordered structures. As shown by
Ryan et al., laser scattering can provide important information for the change of the
polymer morphology at the macroscopic scale and they could be used simultaneously
with x-ray scattering to obtain nanoscopic information.!> Considering that the swelling
degree of PEL brushes could be > 300 nm (similar to visible wavelengths), laser
scattering could be a valuable technique for non-destructive, liquid phase
characterization. On the other hand, neutron scattering is another technique that’s
useful for the characterization of nanostructures due to its non-damaging manner and
small wavelength comparable with interatomic spacings.'® Recently it has been shown
by Zhernenkov et al. that by using silicon diffraction gratings as substrates, the spin-
coated poly(N-isopropylacrylamide) (PNIPAM) demonstrated effective alignment for
the cultured fibroblast cells and such alignment could be controlled by changing the
temperature.!” The characterization of the PNIPAM on the grating with neutron
scattering reveal the potential of this method to reconstruct 3D profiles of the
measured materials by combination of the data from specular and off-specular

scattering. This inspired us to develop a platform, which has polymer brushes
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anchored on the sidewall of the grating only. When having such platforms in the wet
medium, the morphological change of the polymer brushes then controls the opening
of the grating which could subsequently be captured by laser and neutron scattering.
By using the grating, the response of the polymer brushes would be amplified and

allow us to reveal more details in polymer brush structures.

Experimental Section

Materials 0.5 mm thick 100 mm both side polished quartz wafers (silicon dioxide)
were purchased from Mark Optics Inc. 0.7 mm thick, 100 mm both side polished
(100) silicon wafers were purchased from El-Cat Inc. Allylamine, anhydrous toluene,
a-bromo-isobutyryl bromide (BIBB), chlorodimethylsilane, copper bromide(CuBr),
dimethyl sulfoxide (DMSO), inhibitor remover (for removing hydroquinone and
monomethyl ether hydroquinone), magnesium sulfate, (2-dimethylamino)ethyl
methacrylate (DMAEMA), Pt on activated carbon (10 wt %), triethylamine,
bipyridine, 2,2"-bipyridine, pyridine, sodium chloride, sodium phosphate monobasic
monohydrate, were purchased from Sigma Aldrich and used without further
purification unless stated otherwise. All the other solvents, chemicals were purchased

from Fisher Scientific.

Synthesis of the PDMAEMA brushes.

The initiator synthesis and the deposition process on the silicon wafer were the same
as described in chapter 3 (mono-functional silane initiator). Glass fibers were first
cleaned in SC-1 solution (H20: NH4OH 30% by weight: H20230% = 5:1:1 (v/v)) at 70
°C for 15 min. After cleaning fibers were washed with copious water, acetone,
isopropanol and then baked in oven at 110 °C for 2 hour to dehydrate. Subsequently,

fibers were subject to plasma cleaning for 7 min and put into the same initiator
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deposition solution in the Erlenmeyer flask as used for wafer in the glovebox for
overnight. Fibers were then taken out from the Erlenmeyer flask and washed with
toluene and methanol before nitrogen blow dry.

PDMAEMA monomer solution was first passed through inhibitor remover column to
remove monomethyl ether hydroquinone. Then monomer (10mL, 68.2 mmol) was
mixed with DMSO (10mL, 116 mmol) and injected in closed Schlenk flask with
Argon bubbling for more than 30 minutes. CuBr (93 mg, 0.65 mmol), 2,2'-bipyridine
(207 mg, 1.33 mmol) were taken in another 25 mL Schlenk flask equipped with a
magnetic stir bar. Another Schlenk flask was equipped with initiator deposited
substrates. The air in the both flask was evacuated and replaced with argon three
times. The solvent mixture was then cannulated into the flask containing the ligand
and copper salts. The reaction mixture was stirred at room temperature more than 30
minutes to ensure the dissolution of the monomer and the copper-ligand complex in
the solvent. This solution was then transferred into the Schlenk flask containing the
initiator-deposited substrates. Polymerization was carried out for a set reaction time at
60 °C. After polymerization, the substrates were removed from the flask and washed

with ethanol and dried under a stream of nitrogen.

Measurement of the grafting density of the PDMAEMA brushes
The TBAF degrafting process is modified from published procedure.'® Wafer

pieces/fibers with PDMAEMA brushes were put in Teflon dish containing solution of
0.04 M TBAF in THF. The dishes were then heated at 55 °C using a hot plate for 4
days. The solution was then filtered through 0.2 um polytetrafluoroethylene (PTFE)
filters and rotary evaporated to dry. It was then re-dissolved in dimethyl formamide

(DMF) as a gel permeation chromatography (GPC) sample.
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For HF degrafting, the PDMAEMA brushes were etched by THF diluted HF (25
%). After 8 h of immersion the wafers were removed from the HF bath which was
then left in a fume hood to dry by evaporation. Free PDMAEMA was collected with
ethanol and re-dissolved in DMF as GPC sample after vacuum drying.

The collected PDMAEMA was then subjected to DMF-solvent GPC analysis for
molecular weight analysis and the resulting information was used to calculate the

grafting density for the PDMAEMA brushes.

Fabrication of the transmissive platform

Silicon dioxide wafer was cleaned with hot piranha before deposition of each layers.
Three thin films: Cr 5 nm/Si02 250 nm/Cr 5 nm were deposited on it in the way
described below:
Cr deposition was conducted in AJA Flagship system at 3 mTorr with 150 W DC
source power and the substrate was biased with 30 W RF plasma and 0 reflected
power. Deposition rate was 4 nm /min.
Plasma-enhanced chemical vapor deposition of SiO; was conducted in Oxford
Plasmalab system 100 at 350 °C and 1800 mTorr. SiH4=20 sccm, N2O=2500 sccm,
High frequency power=140 W. Resulting stress: - 162 Mpa compressive.

Bottom anti-reflective coating (BARC), DUV 42-P was then spin-coated and subject
to post-application bake (PAB) at 205 °C for 1 min. UV210 was then also spin-coated
and PAB at 135 “C for 1 min. Photolithography was conducted with ASML 300C
DUV stepper to form pattern. Reactive ion etching (RIE) was then conducted with
Oxford Plasmalab 80+ RIE System to transfer pattern into BARC. Subsequently, Cr
etch was conducted in Trion Minilock III etcher to remove top Cr in the exposed

trenches. Patterns were then transferred into SiO2 by RIE in Oxford Plasmalab system
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100 etcher. The residual photolithographic materials were then removed in Gasonics

Aura 1000 to have the final platform.

Fabrication of the reflective platform

A silicon wafer was cleaned with hot piranha and the photolithography was
conducted as used for the fabrication of the transmissive platform. RIE was then
conducted on Unaxis SLR 770 to transfer pattern into the silicon. Residual
photolithographic materials were then removed by RIE in Oxford PlasmalLab 80+ RIE
System. SiO> was then conformally deposited with Oxford ALD FlexAL at 110 "C, 80
mTorr with the help of plasma to have a required sacrificial layer (used
trisdimethylaminosilane, rate = 0.827 nm/cycle). SiO> on top and bottom of the
trenches were then removed by RIE with CHF3/O2 gas mixture in Oxford PlasmalLab
80+ RIE System and the substrates were then cleaned with Oz RIE in the same system.
Deposition of the Cr was conducted on CVC SC4500 E-gun Evaporation system with
deposition rate ~ 0.5 nm/sec probed by QCM. Temperature of the substrate was
monitored, and it was always below 25 “C during the process at 3x10° torr. Lift-off
was conducted by immersing samples in the HF or the buffered oxide etch for a given
time. The samples were then washed with copious of water to remove residual etchant.
After drying in 110 °C oven for 10 minutes, samples were then subject to plasma clean
in a Harrick Plasma Cleaner for 7 minutes before being put into the solution for
initiator deposition. The following cleaning and polymer brushes synthesis procedures

were the same as previously described.

Etching conditions:

Oxford Plasmal.ab 80+:

For etch of BARC: Ar=42.5 sccm, O2=7.5 sccm, 40 W, 15 mTorr.
For etch of Si02: CHF3= 50 sccm, O>=2 sccm, 240 W, 40 mTorr.
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For cleaning: O,=50 sccm, 150 W, 60 mTorr.

Oxford Plasmalab system 100: CH>F>=20 sccm, He=80 sccm, Inductively coupled

plasma power(ICP): 3000 W, RIE power=60 W, 40 mTorr, 10 “C.
Unaxis SLR 770:

Plasma lighting: C4Fs=2 sccm, SFs=2 sccm, Ar=40 sccm, O>=10 sccm, ICP=700 W,
RIE power=35 W, 8 mTorr, 5 sec.
Etch: C4Fs=56 sccm, SF¢=24 sccm, Ar=40 sccm, O>=10 sccm, ICP=700 W, RIE

power=12 W, 8 mTorr.

Trion Minilock IIT: Ar=3 sccm, Cl,=21 sccm, O2=9 sccm. ICP=300 W, RIE power=50
W, 20 °C, 30 mTorr.

Characterization:

Scanning electron microscope (SEM) pictures were taken at ZEISS ultra/supra SEM.
Thickness of the PDMAEMA brushes were measure with Woollam VASE
spectroscopic ellipsometer with Cauchy model. Gel permeation chromatography was
conducted in water GPC with Waters 410 differential refractive index detector while

DMF was used as eluent.

Results and discussion
Synthesis and grafting density determination of PDMAEMA brushes

Our first subject polymer is poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA) whose morphology could be tuned by changing the pH value in the
medium and addition of different counterions.!*2?° To have a systematic comparison,
the PDMAEMA brushes must have controlled thickness and grafting density. Atom
transfer radical polymerization (ATRP) is applied to synthesize the PDMAEMA

brushes. With the control of the polymerization time, PDMAEMA brushes up to ~120
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Figure 6.1. PDMAEMA brushes dry thickness as function of polymerization

time.

nm could be grown on the silicon wafer. As shown in Figure 6.1, the polymerization
reaction reached its end at ~ 2-3 hours. Further polymerization time cannot increase
the thickness of the polymer brushes. The grafting density of PDMAEMA brushes
were measured by first growing brushes on wafer and glass fiber?! in order to have
enough of polymer for the GPC analysis. Since it has already been proven in theory
that the kinetics of the polymerization are different between the bulk and surface-
initiated conditions, measurement of the polymer directly cleaved from the polymer
brushes is necessary to measure its molecular weight and grafting density.?> Here we
would like to first test if the glass fiber with large diameter (13 um), which has been
proven to have similar dry polymer brush thickness to the one grown on the wafer,
would also have the same grafting density.?!

In the first few trials, tetrabutylammonium fluoride (TBAF) was used to degraft the
PDMAEMA brushes for it is a safer compound to handle compared to HF.'3
Following the published recipe, PDMAEMA brushes were put in 0.05 M TBAF
solution in THF at 55°C.22 However, even after 4 days there was still residual brush

present on the silicon wafer as confirmed by the naked eye. In the following
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concentrating step, the THF was removed from the solution through use of a rotavap
down to 1 ml to have enough polymer mass. Nevertheless, the solution became too
viscous and the GPC measurement did not show any signal. It is possible that the
viscous solution containing PDMAEMA/TBAF had already been filtered out in the
filter of GPC before passing through the column or they aggregated somewhere in the
column. One or the other, it showed that TBAF is not a proper compound for
PDMAEMA lift-off. PDMAEMA brushes were then cleaved by HF immersion and
the polymers were successfully collected by ethanol after HF evaporation. The GPC
measurement showed clear signal of the polymer in IR detector. The grafting density
is calculated with equation 5.1 by assuming that the polymer brushes have the same
density as in the melt state. Two sets of samples polymerized with different times (2/3
hours) were made. Their thickness, grafting density and dispersity are presented in
table 6.1. The grafting density, thickness and Mw/Mn all increased with increasing
polymerization time. However, the grafting density and Mw/Mn are quite different
between the polymers grown on fiber and wafer. The dispersities are greater on
polymers from the wafer than from fiber, which tells that even though the fiber has a
larger diameter compared to the thickness of the brushes (103 times), they could still
feel the additional free space and better achieve equilibrium on fibers compared to on
wafer.?? It proved the necessity to use exactly the same substrate and HF to measure

the grafting density of the PDMAEMA brushes.

Polymerization time | Dry Thickness Fiber Wafer
2 hours 94.563 nm 0.920734/1.02 0.693064/1.08
3 hours 122.518 nm 1.356491/1.043 1.422949/1.22

Table 6.1. Measured parameters of two different samples with PDMAEMA brushes.

Values reported are grating density (chains/ nm?) / PDIL.
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Fabrication of transmission platform

To fabricate the platform which allows the laser to penetrate and result in
transmissive scattering, the substrate we chose was fused silica wafer. The fabrication
process is shown in Figure 6.2. The desired pattern sizes are 300-400 nm 1:1
line:space with depth 250 - 600 nm. With the presence of the thin chromium film on
top and bottom of the grating, the chemical orthogonality is created between sidewall

and flat area which has no available functional group for ATRP silane initiator
1. Deposit materials on wafer 4. RIE pattern transfer to SiO,
2. Photolithography patterns 5. Deposit initiator

S VR

3. RIE pattern transfer to Cr 6. Sl-polymerization

Bl o PR
Sio,
- Initiator / Polymer

Figure 6.2. fabrication process of the transmission platform.

anchoring. The Cr film thickness is chosen to be 5 nm to keep it transparent. There
were 3 important problems that had been solved before successful fabrication of the
desired platform with photolithography.
1) Particles/contamination on the surface
2) Thin film stress
3) Stitch lines

Due to the high pattern density of the design, the problem 1) could cause light

projection out of focus plane even if the particles are of nm level. Problem 2) leads to
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the bending of the substrate and also makes proper focusing difficult. To solve these
two problems, we first reduced the numerical aperture in the photolithography tool
(ASML 300C DUV stepper) which then increased the tolerance of proper focusing.
Second, between each film deposition process the substrate is cleaned thoroughly with
hot piranha and the backside is cleaned also before the photolithography process. Thin
film stress on the final layer combination is balanced by proper control of the
chromium residual stress with plasma bias during the sputtering deposition which in
the end makes substrate flat. Problem 3) on the other hand is part of the nature of the
projection photolithography and it is eliminated by exposing patterns 4 times with
constant offset between each other. By doing so the stich line becomes distributed
within the pattern and cannot be observed again with bare eyes (also not observed
under AFM/ EM). Pictures of different defected platforms and final improved one are
shown in Figure 6.3. The diffraction grating-induced color change on the surface is
clearly observed. A green laser pen (wavelength, A ~ 532 nm) was then used to test if
the presence of the chromium interrupts the pattern of the diffraction. The optical
setting and diffraction result are shown in Figure 6.4. The aperture was set so the light

focused on single spot. In theory, the diffraction grating has the following equation:

228



Figure 6.3. Pictures of the platforms. a) platform with substrate bending, only part
of the wafer was exposure properly. b) platform with particles and stitch line. c)

platform with all improving process conducted.

nA = dsinf (6.1)

Here n is the integral number (1,2.....) which defines the order of diffracted light. d is
the distance between the slit on the grafting. 8, angle of emergence is the angle
between transmissive light and diffracted light. For the grating used here (d = 600
nm), the first order diffracted lights have 6 = 62.46° and the higher order lights could
not be resolved. This is observed that after passing through the platform, the laser was
diffracted into only 3 beams on the blocking paper. This showed that a thin,
transparent Cr layer on the surface does not interrupt the formation of the clear
diffraction pattern and this platform could be used for subsequent polymer brush

characterization.

Fabrication of reflective platform.
Neutron scattering provides a way to characterize the materials in a non-destructive
manner and different rules are needed to be followed to have better characterization

results. Since the characterization will be conducted in liquid, the scattering from the
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Figure 6.4. Optal characterization setup and the resulting diffraction signals.

back of the platform is preferred since it can reduce the interruption from liquid to a
minimum by both reducing the number of interfaces and incoherent scattering. The
substrate chosen for the platform is therefore of the utmost importance since it
occupies a big fraction in the path of the neutron beam. Silicon is then chosen since it
has a single crystalline structure in commercially available wafers and good scattering
interactions with neutrons. These properties make it a good substrate for detection
because it is almost transparent to neutron beams. The values of the neutron scattering
related parameters of the substrates are shown in table 6.2. Silicon dioxide has higher
noise from both higher incoherent scattering cross-section and grain boundaries in
polycrystalline and therefore is not an ideal material for neutron scattering. When
mixing the pure and deuterated water, the SLD could be tuned to any value between
7.66 to -0.561. When SLD of the medium is tuned to the value of silicon (so called
‘contrast match’), it could highlight the material with different SLD in the neutron

measurement and provide more detail information in molecular level.?? It is expected
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that the structure of the different components of the polymer brushes could be

highlighted by using proper SLD with medium.

Density SLD Incoherent scattering cross section
(g/em?) (10%/2) (1/cm)

Si 2.33 2.072 0.00019

SiO, 2.2 3.475 0.005

Cr 7.19 3.027 0.152

H;O 1 -0.561 5.621

DO 1.33 7.66 0.166

PDMAEMA 1.318 1.3637 5.4571

Table 6.2. Values for neutron scattering-related parameters of the substrates. SLD:

scattering length density.

To have single crystalline Si grating, Si could not be post-deposited on the wafer
surface like the process in Figure 6.2. A top-down process had to be developed to
fabricate the platform. On the other hand, since there is no method to perfectly deposit
thin films on top and bottom of the trenches, a sacrificial layer based on silicon
dioxide is needed on the sidewall of the trenches to make sure the sidewalls are free of
any residual chromium. The developed process is shown in figure 6.5. Atomic layer
deposition(ALD) technique is selected for its layer-by-layer depositing mechanism
allowing it to create precise, conformal layer on the grating.?* After deposition of thin
silicon dioxide on the grating, the reactive ion etching process (RIE) is selected to
remove only the top and bottom materials to achieve selectivity between sidewall and

flat surface on the grating. After depositing thin chromium layers, the lift-off process
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1. Pattern Si wafer 4.Deposit Cr with evaporation

s L.

2. Deposit SiO, with ALD 5. Lift-off SiO,
3. RIE 6. Grow polymer brushes
Si SiO, Il Cr Initiator/polymer brushes |l

Figure 6.5. fabrication process of reflective platform on silicon. ALD: atomic

layer deposition. RIE: reactive ion etching.

with hydrofluoric acid could remove undesired chromium on the sidewall and the
required grating is obtained for the growth of sidewall-only polymer brushes.

The ALD formed silicon dioxide is tuned to have low density which facilitates the
lift-off. The target chromium film thickness is still 5 nm for preservation of the grating
original dimension. Etch rate was measured by etching ALD SiO; on bare Si wafer to
be 0.827 nm/sec. Different SiO: thicknesses (5/15 nm) were used for the first test and

etching with corresponding time to remove SiO2. PDMAEMA polymer brushes were
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15 nm SiO, /Polymer brushes 5 nm SiO, /Polymer brushes No SiO, /Polymer brushes
Figure 6.6 SEM pictures of the platform during the fabrication process.

Top row: Grating with 15 nm ALD SiO» layer / after RIE treatment/ after Cr
deposition.

Bottom row: Polymer brushes grown grating with from 15 nm SiO; sacrificial
layer/ 5 nm SiO; sacrificial layer/ no sacrificial layer.

Scale bar: 100 nm.

then synthesized on the grating after lift-off with 10 min HF immersion. The cross-
sectional scanning electron microscope (SEM) images are shown in Figure 6.6

ALD successfully deposited SiO, conformally on the grating and subsequently
both the top and bottom SiO; layers were removed by anisotropic RIE treatment. It
was found out that few dirt-like materials aggregated to the top of the grating are
residues of the lithographic materials. Those residues could be removed with longer
RIE treatment. Unexpected results showed after synthesis of PDMAEMA brushes that

the polymer brushes were grown on all surfaces of the grating. Nevertheless, the
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control sample fabricated with only grating with Cr deposition showed no brushes on
the top and bottom surfaces and shorter brushes on the sidewall compared to the ones
with sacrificial layer. This result means that 1) the Cr on the sidewall is detrimental to
the polymer brush synthesis as expected, 2) 5 nm of the Cr is enough to prevent the
formation of the polymer brushes. The only problem left was, why were there brushes
grown on the samples with the sacrificial layer?

Through more detailed inspection, we noticed that the residual photolithographic
materials disappeared in the samples with sacrificial layers. We then suspected that the
HF lift-off process also took away 5 nm Cr by penetrating through its porous structure

and reached native SiO». This is confirmed by SEM inspection which showed that no

WO = 40mm Oum  Width = 780 9 nm ns 0
gt CNF ||

Mag = 43800K

Figure 6.7. SEM images of the grating (10 nm SiO2/ 5 nm Cr) after etching with

BOE 30:1. The etch time is displayed within the figure. Scale bar: 300 nm.
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photolithographic residual was on the initiator deposited grating (initiator deposited
sample after HF lift-off). To solve this problem, we then use buffered oxide etch
(BOE) 30:1 solution which has slower oxide etch rate compared to HF. Since the
etchant needs enough time to diffuse through Cr and make etching happen, site-
specific etching is possible by controlling the etch time. We then fabricated the sample
with the same process but with 10 nm SiOz and 5 nm Cr. The SEM pictures of this
grating after etching with BOE for different times are shown in Figure 6.7. Clearly,
after 180 sec BOE etch, the top layer is peeled off of the grating due to the removal of
the native oxide. On the other hand, the samples with 30/ 60 sec etch time preserved
the photolithographic residues on the surface, which means that the etchant had not
penetrated through the top Cr and into the bottom native oxide. In addition, a Cr
thickness was confirmed to be 5 nm for 30 sec etched sample. Even though the Cr
layer seems to recede a bit on the 60 sec etched sample, both 30 sec and 60 sec etched
gratings were used to synthesize PDMAEMA brushes with the same condition and the
results are shown in Figure 6.8. Both gratings showed that the PDMAEMA only
anchored on the sidewall of the grating and have the maximum thickness at the bottom

of the grating. This is reasonable for the fact that the confinement is no longer existing

1000 WO= 5Omm  Abenso S26=3000um  Wiah=1207ym SnalA = L ons
CNF Mop= 2832TKX EHT= 150KV Pussaetm9m  soasesez ONE

Figure 6.8. SEM images of the grating with PDMAEMA brushes grown on the

gratings in Figure 6.7. Scale bar: 200 nm.

235



on the top of the polymer brushes which makes them like the patterned polymer
brushes as studied in chapter 3. Without the lateral confinement (on the top of the
grating in this case) the polymer chains feel no steric repulsion and therefore the
stretching level of the polymer chains decreases from the bottom to top of the grating
so as the thickness of the polymer brushes.

Further improvement had been tried by using thicker Cr (> 10 nm) which should
completely prevent the penetration of the BOE into the native oxide. The result with
the grating made of the same process but with 10 nm SiO; and 15 nm Cr is shown in
Figure 6.9. Even though thicker did prevent the penetration of the BOE, it sacrifices
the structure integrity by leaving the SiO; ‘hat’ on the top of the grating which is bad
for the later scattering experiments. It was then determined that 10 nm SiO2 and 5 nm

Cr should still be used for the fabrication of the grating.

100 nm™ WD = 4.7 mm Aperture Size =3000 M width = 755.3 nm Signal A = InLens CNF

Mag = 45279 KX EHT = 1.00 kY Pixel Size = 737 6 pm Signal B=SE2

Figure 6.9. SEM images of the PDMAEMA brushes grown on grating made of

10 nm SiOz and 15 nm Cr
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Conclusion

In conclusion, here we demonstrated the successful fabrication of both
transmission and reflective grating with polymer brushes anchored on the sidewall
only. These gratings would make it possible for the neutron/laser scattering
characterization responding to the change of the brush in a liquid environment and
reveal further details in the structure/dynamic of polymer brushes. It is then expected
that not only cationic, but also anionic/zwitterionic polymer brush characterization
will soon become available after the preliminary characterization which is still
required finalize the setup of the experiment instruments. The synthesis of the polymer
brushes with ATRP and characterization of the grafting density has been also explored
and this will help fabrication of the well characterized samples. In the future, this will
be used to reveal the structure grafted molecular brushes which has more delicate 3D

structures.
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CHAPTER 7

Summary and Outlook

7.1 Patterned polymer brushes

Patterned polymer brushes have been described thoroughly in Chapters 3/4/5 in
terms of their morphologies and their stability in patterned form. The studies on
neutral polymer brushes demonstrate that the surface energy and solvent treatment
could be used as a knob to control the brush morphology while the morphology of the
polyelectrolyte brushes are determined in large part by their stability. With the
combination of these new knobs, a new morphology fitting a particular requirement
could then be designed and reveal more potential features of polymer brushes as an
engineering material for functional platforms. Nevertheless, there are still other types
of polymer brushes which have not been investigated in a patterned form yet. For
example, weak polyelectrolyte brushes have their dissociation level affected by the
condition of the medium which subsequently determines the stretching level of the
chains. Zwitterionic polymer brushes have interesting swelling behavior. Due to the
presence of the ion pair interactions, they swell more strongly in a salted solvent and
shrink in a salt free aqueous solution which is completely different from the behavior
of polyelectrolytes with a single charge. These polymer brushes could provide more
complicated functionality due to the presence of these side chains. Together with the
platform developed in the Chapter 6, the 3D structure of these complicated polymer
brushes could be resolved, and it could provide complementary information on the
lateral structure other than patterned polymer brushes. Since it is still unknown to
people if the change of lateral confinement could lead to modification of the internal

*The work in 7.2 on liquid crystal elastomer was done in collaboration with David
Ditter, prof. Rudolf Zentel at Johannes Gutenberg-University Mainz.
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properties of these polymer brushes, further fundamental studies would be useful and

help people to design more polymer brushes with complex functionality.
7.2 Extended application of CYTOP patterning process

In chapter 2, CYTOP-based orthogonal patterning processing has proven its
versatility in both top-down and bottom-up approaches. This process features the use
of a fluorinated polymer, CYTOP, as sacrificial layer which allows the commercial
lithographic material above to preserve its performance and to be lifted-off through
use of an orthogonal solvent, hydrofluoroether. By collaborating with other research
groups, we have extended our patterning capabilities to enable two different
applications: liquid crystal patterning as a microelectromechanical system (MEMS)
and patterning of an immunobiosensor.

Liquid crystal elastomer (LCE) has been studied for years due to the unique
properties benefitting from a combination of the elastomer and liquid crystals. By
controlling the phase transition between a pre-aligned anisotropic (nematic/semectic)
phase and an isotropic phase through designed stimuli, the shape of the LCE based
object could be tuned to produce reversible actuation.! However, integration of the
LCE into devices is still a challenge for the difficulty in preserving alignment until the
end of the process, in other words, the patterning process has to maintaing structural
integrity.? Direct patterning by crosslinking an LCE locally with light exposure results
in poor pattern formationthe since LCE does not have the same finely-tuned
interfacial properties as photoresists.> Although intact LCE patterns could be
fabricated with direct imprint methods*, such methods require additional instruments/

process time and material design. Patterning LCE with the orthogonal process, on the
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other hand has advantages that it can both prevent damage and provide large scale
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Figure 7.1 LCE formulation used as patterning subject.

The patterning target was a LCE (structure shown in Figure 7.1a) on a
photoalignment layer and a hydrophilic poly(acrylic acid) (PAA) as a sacrificial layer.
This specific LCE formulation was optimized by our collaborator at the University of
Mainz with up to 70 % actuation reported.> All materials could be spin-coated on the
silicon substrate which is a standard process for its manufacture. When soaking the
films into the water, PAA sacrificial layer is dissolved and LCE is then released as free
film. This free film then could conduct actuation movement under thermal stimulation
since the pre-aligned LCE would have a phase transition from liquid crystal to the

isotropic state. The LCE has its glass transition temperature at 40 °C and a liquid

crystal phase exists between 70 “C to 120 “C.
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Figure 7.2 Fabrication process and result for the patterned LCE free films. RIE:

reactive ion etching. (First CF4 for HSQ and O; for LCE + PAA). Reproduced

from ref. with permission from Royal Society of Chemistry.

Since the film contains both organic material and a water-soluble sacrificial layer,

normal photoresists based on organic solvent deposition and water developer could not

properly pattern the film without damage to the polymers. Fluorinated photoresists

have orthogonal solubility to the film but it has limited maximum thickness (~ 1.3 pum)

and poor etch resistance. Those disadvantages make it unable to pattern thick organic

materials. Previously during the development of the patterning process, it has been
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found that hydrogen silsesquioxane (HSQ) could form a continuous film with only
limited cracking on the CYTOP. Such a finding then allowed us to use a
photoresist/HSQ/CYTOP/patterning subject multilayer combination to pattern a thick
organic film > 10 um. The fabrication process is shown in Figure 7.2 and details could
be found in our published paper.® The patterns still preserve the alignment as observed
under a polarized light microscope that the image changes from bright to dark while

rotating the sample by 45°.

Since the alignment direction defined in the photoalignment step is preserved until
the end of the process, this patterning process could easily produce patterns with
various actuations through simply changing the direction of the pattern relative to the
alignment. As shown in Figure 7.3, upon heating, the phase transition would induce
residual stress in the direction of the aligned phase (director) and the direction of the
bending could be controlled. The most interesting results could be observed when the

director is 45 to the direction of the pattern that the tilted bending motion leads to the

formation of the helix. These programmed actuations are fully reversible and made
completely with industrial nanofabrication techniques, which showed the potential of
large-scale integration of LCE in MEMS devices. One can imagine more LCE based
application like artificial iris’, muscle* and cilia® could be integrated together with
other functional parts to reach more comprehensive functions. Although the best
resolution obtained was 1.5 um line on 3500 nm thick film with the contact aligner,
with further optimization, it should be able to pattern even thicker film down to at
least 500 nm line using projection photolithography. This work has been published in

Journal of Matrerials Chemistry C.
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Figure 7.3 Thermal actuation motion of patterned LCE (100 x 500 pum? stripe)
with different director alignments. Top: head-tail bending. Middle: side bending.
Bottom: helix twisting. Reproduced with permission from Royal Society of

Chemistry.

On the other hand, Welch et al. in 2014 have developed a immunobiosensor based
on patterned polymer brushes on gold which demonstrated extremely high sensitivity
(2pM) for the specific antibody.’ This design benefited from the excellent properties of
poly(oligo(ethylene glycol) methacrylate) (POEGMA) polymer brushes in terms of
both preventing non-specific adsorption and anchoring functional hapten groups.'?
With that in mind, we would like to improve this senor by using colorimetric detection
because the electrochemical signal in original design is not as intuitive and require

electric set-up for the reading. To enable economic calorimetric design, we chose Rose
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Figure 7.4. Detection mechanism for the proposed immunosensor. Under UV light
exposure, singlet oxygen is formed under catalyzation of Rose Bengal. Singlet
oxygen then form hydrogen peroxide through ACWOP. Hydrogen peroxide
subsequently oxides TMB to its oxidized state which has blue color for
colorimetric readout. TMB: 3,3',5,5' tetramethylbenzidine.
Bengal rather than Ru(4-vinyl-4'-methyl-2,2"-bipyridine)3]*? as photosensitizer for its
high quantum yield (0.75)!!, low price and ease of anchoring. The detection
mechanism is based on antibody catalyzed water oxidation pathway (ACWOP)!?
which is the same as previous work in our group as shown in Figure 7.4.

The dimension requirement for the sensor is well above the micron level (150 um
line pattern) which could be easily achieved with 365 nm UV photolithography.

Unlike previous work, the orthogonal resists should be suitable for such dimensions.
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To have the desired patterned functional surface, it needs to have two components
separately deposited on the assigned areas. The bottom-up patterning process suits this
application better for the resulting structural integrity. Since we already know that the
monolayer made of silane compounds is unable to completely block all the reactive
sites on the silicon substrates, deposition of the second chemical species must be
conducted while patterning material (like the photoresist) is still present on the surface
or the mixed chemical species will show up in the pre-defined area. A diffusion
problem could be prevented by either vapor deposition or liquid deposition with
limited time as proven in Chapter 2. However, the test results are still discouraging for
the OSCoR4000 and OSCoR5001 fluorinated photoresists. For the OSCoR4000, the
solubility changes from hydrophobic to hydrophilic upon UV light exposure and it
makes poor pattern formation on the hydrophilic surface due to strong adhesion. If
starting with a hydrophobic surface, then the following plasma cleaning process for
creating the reactive site then makes the resist layer reactive to the silane coupling
agent and creates initiator deposited resist residue which could not be removed.
OSCoR5001 also has similar problems, which could also be found in other
commercial photoresists.

The CYTOP bottom-up patterning process like what’s previously described in
Chapter 2 was then applied to fabricate the functional surface. The fabrication process
and results are shown in Figure 7.5. The 3-aminopropyldimethylethoxysilane
(APDMES) must be deposited before polymerization since it could also react with the
hydroxy group on the POEGMA polymer brushes. However, it turned out that the

Rose Bengal could still adsorb on the surface with POEGMA polymer brushes even
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though the amount is limited. This happened because an esterification reaction used

for anchoring Rose Bengal on an amine could also anchor it on a hydroxy group.

Br . _O N
Br Br o
POEGMA brush L
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Figure 7.5. Process flow for the fabrication of the biosensor platform and the
picture of the platform taken with fluorescent microscope.

To create more defined patterns, in the future other chemically orthogonal reactions
should be selected to anchor the compounds on the surface. For example, 3-
mercaptopropyltrimethoxysilane could be used instead of the APDMES to be the
anchoring group, which could be reacted by a thiol-ene click reaction. Another
problem showed up that the Rose Bengal monolayer on the surface is not enough to
trigger enough signal. Such problems may be further solved by using polymer brushes
on the surface to provide more surface area for the anchoring of the Rose Bengal. If
the thickness of the polymer brushes is high enough, the amount of the Rose Bengal

could be increased to more 100 times to the amount grafted on the surface and this
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should be enough to create detectable signal. With the orthogonal anchoring chemistry
for the functional groups and polymer brushes for Rose Bengal anchoring, this
platform could be more applicable for fabrication and provide easy detection by
colorimetric methods. In conclusion, a CYTOP patterning process could be easily

extended to other fields and enable better complex platform fabrication.

7.3 Polyelectrolyte Cushions for Supported Biologically Complex Planar Cell
Plasma Membranes

In this study!'® we have demonstrated that by using a strong PEB, PMETAC, the
formation of a supported lipid bilayer (SLB) could happen naturally due to the
electrostatic interaction.'* However, the formed lipid bilayer had a fraction of
membrane protein to be immobile on it. On the one hand, the cytosolic portion of the
protein may be dragged/entangled by the chains of the PEB which then prevents its
movement. If that’s the case, there should be an optimal brush configuration that
would allow SLB and protein lying on it to have the best mobility/functionality. As
described in the literatures, roughness, hydrophilicity, grafting density and chain
length all affect the properties of the SLB in different ways.'*"1¢ It will be interesting
to figure out the optimal configuration for the strong PEB before moving forward to
more complicated studies.

On the other hand, it is also possible that the negative charged part of the protein
was attracted on the SLB and made protein immobile. If so, the best strategy is to
remove/reduce the positive charge on the PEB which could reduce the electrostatic

attraction. However, since a strong positive charge is necessary for the spontaneous

vesicle rupture this is not available. To solve the dilemma, we could fabricate photo-

251



Rupture of vesicle High electrostatic attraction Low electrostatic attraction
Upon electrostatic attraction Low SLB mobility High SLB mobility

Figure 7.6. Proposed design for the photo-cleavable polymer brushes as SLB
cushion. Top: chemical structures of the polymer brushes before and after
photoreaction. Bottom: Schematic expression for the evolution of SLB on polymer
brush cushion. With proper control of the UV exposure the resulting zwitterionic
polymer brushes could be a base for high mobile SLB and membrane protein.
switchable PEBs with structures similar to previous publications in our group.!” The
structure of such a PEB is shown in Figure 7.6. This special PEB with o-nitrobenzyl-
containing photo-cleaving cationic unit part could transform into an anionic PEB
under UV exposure. By controlling the amount of UV exposure, the ratio of the
cationic/anionic groups could be properly controlled at will, which leads to the
formation of zwitterionic polymer brushes. It is expected that after the spontaneous
rupture induced by electrostatic attraction, subsequent UV exposure could reduce the

amount of net charge in the PEB and thus decrease the dragging attraction. This effect
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is significant even though the extent of hydration in the zwitterionic brushes is less
than cationic/anionic PEB due to the presence of inter/intra-polymer complexes'®. The
diffusivity of the SLB could be at the level of 1 pm? s”! when zwitterionic polymer
brushes are used as cushion'>! which is at the same level of the freely diffusing lipid
bilayer.?? If necessary, the UV light could also be cast from the backside with
incidence above the critical angle. In such way light propagation will be in the form of
an evanescent wave which is surface limited. With finely tuned control of the layer
structure is also possible by forming diblock copolymer brushes with different charges
on top and bottom. This platform could help to form a damage free, highly mobile

lipid bilayer which is of utmost importance for the study of membrane activity.
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