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We report the unique layer-by-layer (LbL) assembly behavior of pH-sensitive star-shaped polyelectrolytes with both linear and
exponential growth modes controlled by star architecture and assembly conditions. Cationic poly[2-(dimethylamino)ethyl
methacrylate] and anionic poly(acrylic acid) stars were synthesized via “core-first” atom-transfer radical polymerization (ATRP)
based on multifunctional initiators, in addition to their linear analogues. We demonstrated the LbL growth behavior as a function of
deposition pH (ranging from S to 7), number of layers (up to 30 bilayers), and the method of assembly (dip- vs spin-assisted LbL).
The spin-assisted LbL assembly makes it possible to render smoother and thinner LbL films with parameters controlled by the shear
rate and pH conditions. In contrast, for dip-assisted LbL assembly, the pH-dependent exponential growth was observed for both
linear and star polyelectrolytes. In the case of linear/linear pair, the exponential buildup was accompanied with a notable surface
segregation which resulted in dramatic surface nonuniformity, “wormlike” heterogeneous morphology, and dramatic surface
roughening. In contrast, star/linear and star/star LbL films showed very uniform and smooth surface morphology (roughness below
2.0 nm on the scale of 10 4m X 10 #m) with much larger thickness reaching up to 1.0 44m for 30 bilayers and rich optical interference
effects. Star polyelectrolytes with partially screened charges and high mobility caused by compact branched architecture appear to
facilitate fast diffusion and exponential buildup of LbL films. We suggest that the fast buildup prevents long-range lateral diffusion of
polyelectrolyte star components, hinders large-scale microphase separation, and thus leads to unique thick, smooth, uniform,
transparent, and colorful LbL films from star polyelectrolytes in contrast to mostly heterogeneous films from traditional linear

counterparts.

B INTRODUCTION

Layer-by-Layer (LbL) multilayer assembly' ~* is an intriguing
subject of continuous interest because it can offer a variety of
functional organized nanomaterials for various applications.” '’
The LbL assembly consists of successively adsorbed macromo-
lecular or nanoparticulate layers bonded via electrostatic
interaction," hydrogen bonding,"® and hydrophobic interaction '’
by controlling various parameters such as pH, ionic strength,
temperature, and concentration, which affect the integrity and
strength of LbL films.””?**' Recently, much effort has been
made to design weakly bonded stimuli-responsive thin films
and microcapsules from LbL multilayer assemblies.”” " In
particular, the LbL multilayer assemblies based on weak poly-
electrolytes such as poly(acrylic acid) (p(AA)), poly(allylamine
hydrochloride) (p(AH)), or poly(methacrylic acid) (p(MAA))
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exhibit various pH-responsive behaviors, which can be tuned by
the adjustment of the ionic strength and charge density of the
polyelectrolytes, as well as environmental conditions such as
pH, salinity, and multivalent counterions.”®* ** Due to pH-
triggered volume phase transformations (i.e., “coil to globular”
chain conformational transition), weak polyelectrolytes have been
recognized as a promising building component for the effective
manipulation of the chemical and structural properties of LbL
assemblies.””>"** However, the LbL multilayer growth mechan-
ism in exponential mode has not been completely understood
yet, especially for complex polyelectrolyte architectures such as
star polyelectrolytes.
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Recent advancements in controlled/living polymerization meth-
ods, especially atom-transfer radical polymerization (ATRP),
allow for intense research on branched polymers with novel
architectures such as star-shaped block copolymers and poly-
electrolytes.”* 3 The architecture of such branched polymers
features compact, globular chain conformation and multiple
chain ends. This molecular structure leads to diverse physical
and chemical properties in bulk, in solution, and at interfaces due
to the reduced hydrodynamic volume compared to the linear
counterpart with an equivalent molecular weight. For instance, it
has been observed that amphiphilic branched block copolymers
exhibit peculiar surface morphologies of their thin films at the
interface.*””** In particular, pH-sensitive star-shaped polyelec-
trolytes and dendrimers are considered to be an intriguing
component for LbL films because of their unique chemical
properties such as hisgh charge density and multiple reactive sites
of terminal groups.*>~* Interestingly, the highly branched poly-
amidoamine (PAMAM) dendrimer was found to interdiffuse in
multilayers at lower critical degree of ionization (55%).*%* In
addition, weak star polyelectrolytes exhibit a distinct shift of pK,
value as compared to linear ones.’®>' This phenomenon is
caused by an ionic confinement effect due to the highly crowded
chain structure of star polymers because of the increased osmotic
pressure inside star polymers.>®

Apart from the properties of polyelectrolytes such as ionic
strength, charge density, and molecular weight and structure,
assembly techniques such as dip-,® spray-,* or spin-assisted®>>°
methods play a critical role in determining the mode of growth,
intermixing state, and final morphology and physical properties
of LbL films as controlled by the balance of adsorption, diffusion,
the presence of nanostructures, and the degree of hydration.>” %’
A recent comparative study of spray- and dip-assisted methods
has shown that a spray-assisted LbL allows thinner, less dense,
and rougher films than a dip-assisted method.%® Spin-assisted
LbL assembly rapidly provides highly mechanically robust and
stratified LbL films by controlling shear force and solvent
evaporation.”**®”° The shear effect can promote mass transfer
enhancing intermolecular interaction as well as prevent interlayer
mixing due to the limited diffusion by quick solvent removal.>***”*
To date, however, it is not clear how different LbL assembling
approaches can allow for growing much thicker (micrometers)
films by utilizing an exponential mode of LbL growth.

Indeed, since the first report of the exponential growth of
polylysine and polyalginate,””””* both regular (linear) and
exponential (nonlinear) growing modes were observed for LbL
films from a variety of linear polyelectrolytes. As is known, the
exponential growth of LbL films can be caused by the increasing
roughness of adsorbed polyelectrolytes with low charge density
which undergo surface-assisted microphase separation as well as
excessive adsorption of components facilitated by the “in-and-
out” diffusion of polymer chains. Specifically, weakly bonded free
polymer chains diffuse across the hydrated swollen film during
endothermic complexation in the course of the adsorption process.
Recently, a three-zone model was suggested and “exponential-to-
linear” transition in LbL assembly was experimentally demon-
strated and discussed.”**® Also, the interdiffusion and dynamic
exchange of weak polycations within LbL multilayers was found
to occur at a critical ionization of around 70% for different chain
topologies (linear, branched, and dendrimer).

Despite the intriguing architecture of star polyelectrolytes,
they have rarely been explored for building LbL assemblies
because of their complex interfacial behavior. Recently, Yang et al.

discussed composite thin films composed of a star-shaped poly-
(acrylic acid) (p(AA)) polymer brush having a poly(methyl-
silsesquioxane) (PSQ) core with poly(vinylpyrrolidone) (p(VPON)
via hydrogen bonding interactions.”” Thin films showing rever-
sible morphological transitions that were assembled from pH-
responsive star p(AA) and linear p(AH) were explored by
Connal et al.”® Distinct morphological changes under post-pH
treatment were also observed by Kim et al. in LbL films from star-
shaped and pH responsive poly[2-(dimethylamino)ethyl metha-
crylate] (p(DMAEMA)) and p(AA).” They proposed the unique
compact structure of the star polymer and a resulting limited
interpenetration of the polymers to be responsible for those
changes. A recent study by Guo et al. demonstrated that LbL
films of star p(DMAEMA)/poly(sodium 4-styrenesulfonate)
(p(SS)) showed exponential growth as a function of arm length
and number of arms.*° Still, no systematic study on the modes of
growth of star polyelectrolytes has been conducted to date. It is
unclear how the incorporation of star polyelectrolytes can
facilitate a fast exponential mode of LbL growth and provide for
responsive properties and if the mode of LbL growth can be
tuned with pH control during assembling process.

Here, we report pH-tunable LbL growth modes of pH-sensitive
stars; p(DMAEMA) with variable molecular weights and number
of arms, which are consecutively deposited with p(AA) stars; and
corresponding linear counterparts at varying pH conditions. To
understand the effect of ionic states on LbL assembly, both dip-
assisted and spin-assisted LbL assemblies were explored to build
LbL films with the number of bilayers reaching 30 at various pH
(from pH S to 7). Moreover, different pairs of combinations
including linear—star, star—linear, and star—star were also used
to understand the role of molecular architecture on the LbL
assembly. We suggest that in the exponential mode fast buildup
prevents long-range lateral diffusion of polyelectrolyte star
components which hinders microphase separation and leads to
thick, smooth, uniform, transparent, and colorful films from star
polyelectrolytes in contrast to traditional linear counterparts.

In this paper, we demonstrate the pH-tunable exponential/
linear growth behavior of star polyelectrolytes in the course of
LbL assembly. We found a distinct evolution of surface mor-
phology of star polyelectrolytes during LbL buildup which is
different from that known for linear counterparts. The fast expo-
nential growth observed at certain assembly conditions suggests
that the vertical diffusion of star polyelectrolytes within LbL films
occurs efficiently in spite of their large molecular weights. We
suggest that globular and compact molecular conformations play
a pivotal role in facilitating high mobility and interdiffusion
needed for exponential mode of growth. The LbL assembly
conditions are systematically explored for various combinations
such as linear/linear, linear/star, star/linear, and star/star poly-
electrolyte pairs. These efforts clearly reveal that both linear and
exponential growth modes result in LbL films with varying
thicknesses and morphologies. The growth modes can be finely
tuned with pH conditions which in turn affect the interplay of
various parameters such as charge density, degree of hydration,
and molecular diffusion, discussed as followso.

B EXPERIMENTAL SECTION

Materials. Linear p(AA,400) (My = 100 kDa), p(SSsg0) (M =
70kDa), and p(AHggo) (My = S6 kDa) (the index indicating the degree
of polymerization) were obtained from Aldrich and were used as-
received. 1.0 M Tris HCl was purchased from Rockland and was diluted
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Table 1. Molecular Characteristics of Polyelectrolyte Components for LbL films

entry formula initiator PDI*
1 p(AHg00) commercial
2 p(DMAEMAggo) EBIB 19
3 p(DMAEMA,50)s.6 saccharose™ 1.2
4 p(DMAEMA, 70) 15 silsesquioxane™ 1.4
S p(SS320) commercial
6 p(AAi400) commercial ~1.1
7 p(AA5)a (:yclodextrin23 1.1

M, gtar X 103 b(g/mol) My aem X 10 3¢ (g/mol) pK. d

56

139 6.2

146 27 6.0

490 27 5.8
70

100 6.2

190 9 6.7

“ Calculated from the NMR conversion data together with the initiator concentration. " Determined by GPC in THF (containing 0.25 wt % TBAB for
cationic polyelectrolytes) and polystyrene standards. © Calculated by dividing the total molecular weight of star by the number of arms. 4 Apparent value

measured as pH at degree of neutralization @ = 0.5, 1 g/L in pure water.*®

to 0.01 M in Nanopure water for use. Solutions of 0.1 M HCI (99.5%
purity) and 0.1 M NaOH (99.5%) were utilized to adjust the pH of
polyelectrolyte solutions.

Synthesis of the Star and Linear Polyelectrolytes. In short,
star-shaped p(DMAEMA) and p(AA) were synthesized by ATRP in a
core-first approach.®***° As multifunctional initiators either saccharose-,
cyclodextrin-, or silsesquioxane-based cores functionalized with 2-bro-
moisobutyryl groups were used. The detailed synthesis and characterization
of these initiator molecules is given in the above references. For the
linear polymers we used ethyl 2-bromoisobutyrate (EBIB) as the
initiator. The number of arms was determined by cleaving off the arms
from the core.>® The molecular characterization of the polymers is sum-
marized in Table 1, where the subscripts n and x of the formula
p(NAME,), denote the average degree of polymerization of each arm
and the number of arms, respectively.

Preparation of LbL Multilayer Assemblies. Polyelectrolytes
were dissolved in Nanopure water (18.2 MQ cm) or in 0.01 M Tris HCI
buffer solution. p(AH) and p(SS) amounts of 0.2 wt % (2.0 mg/mL)
were used for the precursor layer by the deposition of 2.5 bilayers of
(PAH/PSS), 5 to improve the initial adhesion and to obtain the same
initial condition prior to the assembly of the main p(AA) and p(DM-
AEMA) LbL multilayer film. Polyelectrolyte solutions of p(AA) and
p(DMAEMA) were prepared to 0.02 wt % (0.2 mg/mL) in concentra-
tion with 0.01 M Tris HCI buffer solution. The pH of all the solutions
was adjusted by the addition of 0.1 M HCI or 0.1 M NaOH aqueous
solution to control the charge density of polyelectrolytes.

Freshly cut silicon substrates with dimensions of 1 cm X 2 cm and the
[100] orientation (semiconductor processing) and a native silicon oxide
layer were cleaned with piranha solution (3:1 concentrated sulfuric acid
and hydrogen peroxide mixture. Caution strong oxidizer!) in accordance
with the usual procedure.*** Subsequently, it was abundantly rinsed
with Nanopure water and dried with a dry nitrogen stream. Pretreated
fresh wafers served as hydrophilic substrates for LbL film deposition.

Spin-assisted LbL films were prepared by using sequential spin-
casting at different revolutions per minute (rpm) for 20 s and rinsed
twice between depositions of polyelectrolyte solution under the same
condition in accordance with the usual procedure in our laboratory.****
Subsequently, LbL films were spun for 1 min to remove water under dry
nitrogen and further dried at room temperature for 48 h before experimental
measurements. The p(AA) and p(DMAEMA) layers were deposited
alternately up to 30 bilayers. The dip-assisted LbL process was per-
formed by alternate immersion of the substrates in polyelectrolyte
solutions for 10 min, followed by rinsing three times with the same
pH buffer solution.

Characterization of LbL Films. Measurement of the film thick-
nesses and refractive indices were carried out with a Woollam M2000U
(J. A- Woollam Co.,, Inc, Lincoln, NE) multiangle spectroscopic ellipso-
meter with a WVASE32 analysis software for three incident angles 65, 70,
and 75°. The W (polarized angle) and A (phase) values were measured

and used to construct a Cauchy model to determine the optical
constants n and k over wavelengths of 245—1000 nm (Figure S1).
These data were used to determine the thickness of the LbL films by
fitting the data to the Cauchy approximation using a multilayer structure
model composed of silicon, silicon oxide, and the LbL film of interest.
The thickness of silicon and silicon oxide (n = 1.46; native thickness,
2.0 nm) was determined prior to deposition of polyelectrolyte LbL film
from the well-known reflective index. The LbL film thickness data were
fit to the Cauchy model where the reflective index s given as n(4) = A, +
B,/A*+ C,/A*with A, = 1.45, B, = 0.01, and C, = 0.0 as a function of 1.
For sufficiently thick films, thickness was determined using fitted
Cauchy constants obtained from W and A of measured films. The
mean squared error (MSE) for data fitting was in the range of 5—25.
Thickness measurements were conducted on at least three different
homogeneous surfaces for each sample showing standard deviation
within +8% level.

Atomic force microscopy (AFM) images were obtained with a
Dimension-3000 in the “light” tapping mode with an amplitude ratio,
within 0.90—0.99 to avoid surface damage and film deformation.***’
The AFM cantilevers had spring constants in the range of 40—60 N/m.
Scanning rates were between 1.0 and 2.0 Hz, depending on the scan area
that ranged from 40 x 40 um” down to 1 x 1 um>" The large area
optical microscope images were collected by optical microscopy operat-
ing in the bright field mode (Leica DM4000M). UV—vis spectroscopy
was conducted on a Craic QDI 202 microscope spectrophotometer
attached to a Leica microscope with a 50X objective. Measurement of
contact angles were undertaken with a KSV CAM101 at three different
locations for each sample.

B RESULTS AND DISCUSSION

LbL Assembly from Star and Linear Polymers at Variable
pH. pH-sensitive p(DMAEMA) and p(AA) polymers are weak
polyelectrolytes which can be ionized depending on pH with
respect to the pK, of p(DMAEMA) and p(AA) (Table 1,
Scheme 1). The apparent value of pK, is defined as the pH when
50% neutralization of total ionic monomer units occurs in a
titration curve. The pK, shift of polyelectrolyte star compared to
the linear polymer has been known to be caused by the increased
confinement of counterions within the macroion.”*® This
results in a higher osmotic pressure within the star polymers
which constrains the neutralization. The shifts are dependent on
not only the degree of neutralization but also the number of arms
and arm length due to the variation of mean segment density
within the star.>>*° The pH-dependence of weak polyelectrolytes
has a significant influence on the molecular conformation in
solution and at the interface by undergoing the “coil-to-globule”
phase transitions.”® Cationic p(DMAEMA) stars having a
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Scheme 1. pH-Responsive Molecular Conformation of (a) Cationic p(DMAEMA,,), and (b) Anionic p(AA,,), Star Polyelec-
trolyte with the Chemical Structure of Monomer Unit of Star Polyelectrolyte”

()

p(DMAEMA,),

(n/x=170/5.6, 170/18)

(b)

P(AAu)x
(n/x=125/21)

“ 1 refers to the degree of polymerization of each arm, and x denotes the number of arms. It is not set to the real length-scale for all drawings.

Table 2. Polymer Pair and Notation of p(AA) and p(DMAEMA) for LbL Assemblies

polymer pair DP* of arm (n)/no. of arms (x)
molecular weight (x 10> g/mol)
p(AA)/p(DMAEMA) notation p(AA,), p(DMAEMA,), M p(an)/ Mo p(DMAEMA)
linear/linear LL 1400/1 880/1 100/139
linear/star LS 1400/1 170/5.6 100/146
star/linear SL 125/21 880/1 190/139
star/star SS 125/21 170/18 190/490

“ DP refers to the degree of polymerization.

different number of arms (5.6 and 18) with the same degree of
polymerization of each arm employed to evaluate the effect of the
number of arms (see characteristics of all components in
Table 1).

Then, we chose and compared different polymer pairs to
assemble LbL films based on star (S) or linear (L) p(DMAEMA)
and p(AA) polyelectrolytes (Table 2). Four different pairs were
selected for LbL assembly to represent components with differ-
ent numbers of arms and degrees of polymerization of each arm
(Scheme 1). For convenience, the same notation (LL, SL, LS,
and SS, see Table 2) referring to each LbL pair will be utilized
throughout this paper. A bilayer is defined as a polyelectrolyte
pair composed of one polyanionic p(AA) layer and one

polycationic p(DMAEMA) layer. Two and a half (2.5) bilayers
of (p(AH)/p(SS)).s with p(AH) as the topmost layer were
employed to improve the initial adhesion and provide the same
initial condition prior to assembling the main p(AA) and p-
(DMAEMA) LbL multilayer film.

Both spin-assisted and dip-assisted LbL methods were em-
ployed at various assembly pH conditions such as pH 5/5, 5/7,
6/S, 6/6, 7/S, and 7/7 to explore the pH-sensitive assembly
behavior of weak linear/star polyelectrolytes. In this pH notation
the first figure refers to the solution pH of the p(AA) component
and the second one is the pH of the p(DMAEMA) solution. The
region ranging from pH 5 to 7 is chosen here because it covers the
pK, of both p(DMAEMA) and p(AA) that are considered to give
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different interactions between polymer pairs (Table 1) and ensures
stable LbL growth. We also explored more acidic (down to pH 2)
and basic (up to pH 8) conditions. However, these conditions led
to extremely nonuniform and unstable films and thus were not
studied in detail further.

In the selected region ranging from pH S to 7, the variation of
the LbL film thickness shows a high dependency on the dipping
solution pH condition (Figure 1). A lower pH than S for p(AA)
and a higher pH than 7 for p(DMAEMA) appear to induce the
desorption of the LbL film during the spin-assisted LbL assembly
due to insufficient ionic charge density as will be discussed later.
Considering the pK, values of both components are within
5.8—6.7, the pH combinations represent pairs with the weakest
electrostatic interactions (pH $/5, 6/6, and 7/7) in contrast to
pairs with the strongest interactions of components at pH 7/5
and 7/6. Moreover, the expectation is that p(AA) is in a compact
shape and p(DMAEMA) is in an expanded state for lower pH
(S and 6) and vice versa for higher pH (7) although variation of
molecular dimensions of the star components is much less
pronounced than that for the linear counterparts.”®”*3

For the linear p(AA) and star p(DMAEMA) pair (LS, Table 2),
we examined the spin-assisted LbL growth at variable pH con-
ditions by measuring the thickness of LbL films with an increas-
ing number of bilayers (Figure 1a). The results revealed that the
LbL assembly behavior appears to be close to the linear buildup
profile in all cases.

It is clear that the growth of LbL films depends upon the
assembly pH conditions: at pH 7/5 and 5/7, the resulting
thickness observed was the lowest while at pH 5/5 and 6/6,
the thickest LbL films were shown (Figure 1, Supporting Informa-
tion Table S1). Thickness variations are similar for 6 and 18
bilayer films within 50—100% variation for thin films which
increases to 200—300% for thicker LbL films (18 bilayers) (Figure 1).

AFM topography images of these films, presented in Figure 2
(see Supporting Information Figures S2 and S3 for 6 bilayers),
show clear differences in surface morphologies at different pH at
both large and fine scales. A smooth morphology was observed
for all specimens except LbL films assembled at pH 5/7 condi-
tions. Indeed, surface roughness was within 0.2—1.7 nm at a
20 um X 20 um surface area with higher values for modestly
phase separated films at pH 6/6 and 7/6 (Table S1). Surface
roughness below 0.5 nm for 1 um X 1 um surface area is also
characteristic of uniform, molecularly smooth LbL films grown in
a linear regime (Figure lc, Table S1). The formation of poly-
electrolyte complexes in most of the cases would lead to a smooth
surface due to a “ladderlike” architecture with a stretched con-
formation, whereas partially ionized chains can adopt a “scrambled
salt conformation” composed of a high percentage of “loops” and
“tails” which results in odd surface morphology.

In the case of pH 5/5, the LbL film thickness is the highest, but
the surface appears to be very even showing a smooth morphology
as compared to that of pH 5/7 (Figure 2, Supporting Information
Figure S3). This result indicates that at lower pH conditions
more ionized arms of p(DMAEMA) should form a smooth
surface by adopting a stretched conformation.”””* In contrast,
AFM images of pH 5/7 LbL films show very uneven surface
morphology with surface corrugation at micrometer and sub-
micrometer scales and developed surface roughness as high as
4.7 nm at large surface areas (20 #4m X 20 ym) and 2.3 nm for
fine surface areas (1 #m X 1 um) (Figure lc).

This uneven surface morphology can be an indication that a
stable complexation cannot be successfully realized due to the
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Figure 1. (a) Buildup curve of linear/star (LS) film versus the number
of bilayers prepared using spin-assisted method (3000 rpm) at various
combinations of deposition pH conditions for p(AA)/p(DMAEMA)
pairs: pH 5/5,5/7,6/7,6/6,7/S,and 7/7. (b) Variations of thickness of
LS for 6 bilayers and for 18 bilayers versus different deposition pH pairs.
(c) Root mean square (RMS) roughness for LS at different scan areas
and number of bilayers: 20 um X 20 um of 6 bilayers (M), 1 um X 1 um
of 6 bilayers (A), and 1 um X 1 um of 18 bilayers (#) (the lines are a
guide to the eye).

weak electrostatic interactions at this pH condition.”"** Indeed,
both p(AA) and p(DMAEMA) components are weakly charged
under these conditions with the collapsed state of linear p(AA)
further promoting local phase separation. The overall trends in
thickness and roughness variation are similar for 6 and 18 bilayer
LbL films with more pronounced roughening visible for pH 5/5
LbL films (Figure 2).

Spin-Assisted vs Conventional LbL Assembly: Different
Modes of Growth. The different LbL assembly methods are
known to define the morphology of LbL films due to distinct
mass flow, drying rate, and diffusion characteristics.>*” To
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Figure 2. AFM topography images of linear/star LbL films (LS) with 18
bilayers assembled by using spin-assisted method at different pH pairs.
The scan area for all images is 1 #m X 1 um, and the Z scale is S nm.

investigate this aspect, we selected two different assembly pH
conditions which generated the highest adsorbed amount at pH
6/6 and the lowest growth rate at pH 7/S. Under these conditions,
the growth curve of linear- and star-based LbL multilayers was
examined for up to 30 deposited bilayers (60 deposition cycles;
Figure 3).

The linear growth of spin-assisted LbL films at pH 6/6 showed
a low increment of 3.8 nm/bilayer for the linear/linear pair and
an even lower, 2.8 nm, increment for the star/star pair (Table 3,
Figure 3). The thicknesses of 30 bilayers, 117 nm for linear/linear
film and 92 nm for star/star film, determined from ellipsometry
and from AFM scratch tests are virtually identical, indicating the
uniformity of the films. The same trend is observed for pH 7/S
deposition conditions with the growth increment further de-
creasing to 2.0 nm/bilayer for the linear/linear pair and to 2.4 nm
for the star/star pair (Figure 3).

For linear/linear pairs (pH 6/6 and 7/5) prepared by the dip-
assisted method, the increased surface roughness (roughness up
to 50 nm for 30 bilayers) of LbL film with increasing numbers of
bilayers was observed to reduce reflectivity of the film due to light
scattering. However, the intensity of reflected light was sufficiently
high for determining the film thickness (raw data of ¥ and A are
presented in Figure S1), indicating the LbL films remain optically
transparent and uniform despite increased surface roughness.

Since the ellipsometry measurement gives a relative thickness
value, AFM height analysis was used to confirm the thickness of
the LbL film. The thickness from ellipsometry was in agreement
with the thickness obtained from the height difference seen
between bare silicon and the top of the film during an AFM
scratch test.”>%°>** This result clearly showed that the increased
surface roughness (up to S0 nm) has no significant effect on the
accuracy of the thickness measurement by ellipsometry due to
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Figure 3. Buildup curve of the LbL multilayer assembly of varying
combinations of linear and star polyelectrolytes as a function of number
of bilayers (1—30 bilayers) at different pH conditions of (a) pH 6/6 and
(b) pH 7/5: LL (dip-assisted (M) and spin-assisted (A)) and SS (dip-
assisted (@) and spin-assisted (¥)) (the lines are a guide to the eye).

the fact that the total thickness of LbL films is much (around 10-
fold) higher than the surface inhomogeneities. However, the
error in thickness measurement tends to be increased with an
increase in thickness and surface roughness.

In contrast, the LbL films obtained by the dip-assisted method
grow at a much higher rate (Figure 3). At pH 6/6 the initial
exponential growth for a number of bilayers 3—12 is replaced
with a linear growth with a high increment of around 30 nm/
bilayer. A similar trend is observed for both linear/linear and
star/star pair LbL assemblies obtained with the dip-assisted
method. The overall LbL thickness approached 1 um for only
30 bilayers (Table 3).

Remarkably, under different assembly conditions, at pH 7/5
we observed exponential growth for both linear/linear and star/
star LbL assemblies with the number of bilayers above 9
(Figure 3). In this mode, the rate of growth is the highest at
the latest stage of growth, reaching 50 nm/bilayer for n =
20—30 and far exceeding the average increment of around
30 nm for dip-assisted pH 6/6 LbL films and around 3 nm for
spin-assisted LbL films (Figure 3). To further explore the
evolution of the surface morphology of LbL growth behavior,
AFM images were compared for the different number of
bilayers (9, 18, 30) for pH 6/6 and 7/5 (Figures 4 and $).
As presented in Figures 4B,C and SC, a distinct large surface
domain morphology (domain height reaching 150 nm) was
observed at both pH 6/6 and 7/5.
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Table 3. Thickness and Roughness of Spin- and Dip-Assisted LbL Films

thickness (nm) rms roughness? (nm)

pH method polymer pair n=9" n=18" n=30" n=30" n=30° n=9 n=18 n=30
6/6 dip LL 141.340.5 514.6 £15.0 959.1 +£39.7 1032.5+8.0 790 2.9 29.7 49.8
SS 152.6 £2.0 422.0+2.0 770.4 £ 10.9 797.6 £3.0 757 2.1 3 1.7
spin LL 3.6+ 1.5 70.0 £ 1.0 114.5+0.3 117.0 £ 4.0 0.5 0.6 0.7
SS 26.7+£1.0 56.0 £2.0 83.7+£3.0 92.0+£ 7.0 0.8 11 1.7
7/5 dip LL 9.7+ 1.0 221430 136.4+8.5 1449+ 6.0 0.6 0.9 46.0
SS 16.8 £2.0 79.6 1.0 302.5£ 5.0 307.5+2.0 - 1.7 3.4 6.7
spin LL 13.1£2.0 31.5£0.1 59.3£3.0 60.2+2.0 - 0.4 0.8 0.6
SS 11.8+0.7 32.1£06 724£2.0 80.5£4.0 - 0.5 0.8 1.7

“ Obtained by fitting the ellipsometry data to the Cauchy model. ’ Measured using a scratching method by AFM height analysis. “ Thickness values were

obtained from UV —vis interference fringe data by plottinﬁgdl/ 2vsn/A using the equation of 1/2 = 2d(n/1), where 1/2 is the interference order; d, the
9

thickness; n, the refractive index; and 4, the wavelength.

All rms roughness values were collected from the AFM image of 10 um X 10 xm.

18 bilayers 30 bilayers

(a).Dip-assisted

(b).Spin-assisted

Figure 4. AFM topography images of the LbL multilayer films com-
posed of different components with different numbers of bilayers (9, 18,
and 30 bilayers): LL (A—C, G—I) and SS (D—F, J—L) assembled at pH
6/6 using dip-assisted (a) (A—F) and spin-assisted (b) (G—L) methods.
The scale bar is 2 ym, and Z scale is 10 nm for all images.

The distinct surface corrugation appears to occur at micro-
scopic length scales throughout the samples. The surface rough-
ness on the scale of 10 um x 10 um increases with increasing
number of bilayers (Table 3). We note that at pH 6/6 and pH
7/5 linear/linear LbL films display a rougher surface than star/
star for the dip-assisted method in contrast to the results of the
spin-assisted LbL which showed the opposite trend (Figures 4
and §). Star/star spin-assisted LbL films show significant increase in
roughness on the scale of 10 4um X 10 m compared to linear/linear

9 bilayers

(a) Dip-assisted

(b) Spin-assisted

Figure 5. AFM topography images of the LbL multilayer films com-
posed of different components with different numbers of bilayers (9, 18,
and 30 bilayers): LL (A—C, G—I) and SS (D—F, J—L) assembled at pH
7/5 using dip-assisted (a) (A—F) and spin-assisted (b) (G—L) methods.
The scale bar is 2 ym, and Z scale is 10 nm for all images.

counterpart. Overall, spin-assisted LbL films show smoother
morphology and lower roughness on the 10 um X 10 um scale
than dip-assisted films for all combinations studied here.

This difference suggests that star polymers with large molec-
ular weight can be distributed unevenly and accumulate as larger
aggregates due to progressing phase separation with an increas-
ing number of bilayers deposited and time available for diffusion
and rearrangement (hours) although the shear force and short
processing times of the spin-assisted method make them
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transform into a smooth morphology with very fine roughness on
the 10 um X 10 pm scale. It appears that, for the linear/linear
pairs, the spin-assisted LbL method prevents intermixing within
the multilayers due to limited diffusion time induced by the quick
solvent removal. In contrast, for the case of the star/star pairs,
shearing is believed to allow transformation of spherical star
polyelectrolyte macromolecules into a flattened pancakelike
shape.”

Contact angle measurements were further performed to
monitor the change in surface wettability of LbL films with a
topmost layer of p(DMAEMA (Supporting Information Figure
S4). Overall, a contact angle within S0—70° indicated a modestly
hydrophobic surface which is within the range reported for
ultrathin surface layers of the p(DMAEMA) component (65°).”°
Some modest variation for different LbL films can be related to
variable surface roughness, drying conditions, and minor expo-
sure of the underlying, hydrophilic p(AA) component with an
effective contact angle below 10°.”"°* Thicker 30 bilayer films
demonstrate more uniform values of contact angles across all
LbL films with different compositions. For LbL films at pH 6/6
with 30 bilayers we observed a slightly lower contact angle of
57 =4 3° than 63 % 3° for pH 7/5 LbL films, which can be related
to a more collapsed topmost layer of p(DMAEMA) due to the
surface diffusion of the p(AA) layer (Figure S4).

Optical Properties of LbL Films. Optical microscopy images
of the 30 bilayer linear/linear dip-assisted LbL films show large-
scale nonuniform patterns of different intensity in contrast to
the uniform spin-assisted LbL films (Supporting Information Figure

SS). This surface inhomogeneity is indicative of the occurrence of
dramatic phase changes caused by phase separation during the
assembly process. A more notable rough surface was observed for
linear—linear pairs fabricated by the dip-assisted method confirming
the AFM data discussed above. Star/star pairing resulted in much
more uniform films on an optical scale (Figure SS).

As a result of the overall uniformity, linear and star LbL films
display sharp and rich color variation with an increase in thickness
due to interference phenomena for sub-micrometer films. For
pH 6/6 and pH 7/5 the reflective star/star LbL films obtained
with the dip-assisted method give a microscopically uneven surface
with multiple colors of green and violet. Linear/linear LbL films
look less reflective, which can be ascribed to their higher film
inhomogeneities in the optical range (Figure SS). Spin-assisted
LbL films with smaller thicknesses showed a relatively uniform
bluish color for both linear and star components. LbL films at pH
7/5 showed similar results for the different assembly methods
and pH conditions, but the overall color appearance is not well
developed due to the smaller thickness of the LbL films.

The UV—vis measurements, which were utilized to quantify
the rich color appearance, clearly display a broad peak or a series
of periodic peaks related to the light interference for thicker LbL
films of linear/linear and star/star LbL films fabricated by the
dip-assisted method at pH 6/6 (Figure 6). Multiple interference
peaks with several harmonics is a peculiar feature of these films
with thicknesses close to 1000 nm that suggests that the LbL
films remain optically clear and uniform at the micrometer scale
despite the high level of surface corrugation observed with optical
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Figure 6. UV—vis spectra in a reflective mode (a and b) and index of refraction (c and d) for LbL multilayer films with 30 bilayers prepared at different

deposition pH pairs: pH 6/6 (a and ¢) and pH 7/5 (b and d).
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and AFM microscopies (Table 3). Apparently, the thickness of
the LbL film has widespread local uniformity over large surface
areas with regions of uniform thicknesses of a few micrometers
across despite the surface corrugations. These large surface regions
act as coherent domains not causing excessive light scattering in
the visible range in contrast to most exponentially grown thick
films. In fact, such an optical uniformity is a rare observation for
exponentially grown LbL films, which usually become opaque
quickly with a growing number of layers due to the intense
microphase separation and increased roughness on a sub-micrometer
level. Remarkably, the estimation of the thickness of the LbL
films from analyzing different orders of interference gives thick-
nesses which are close to independent AFM and ellipsometry
measurements (Table 3).” This close correspondence confirms
the true nature of the rich colors produced as coming from large
microscopic domains with extremely uniform thickness over large
surface areas.

Finally, the ellipsometry measurements of LbL films show
refractive indices within a range of 1.52—1.63 for longer wave-
lengths (Figure 6). The significant decrease in the effective
refractive index for linear/linear LbL films from 1.63 at pH 6/6
to 1.45 at pH 7/5 is caused by the formation of laterally nonuniform
films due to microphase separation. However, all other LbL films
show virtually unchanged refractive indices indicating that pH-
triggered reorganizations do not result in significant changes in
material properties.

Exponential Growth for Different Star Architectures.
To examine the effect of polymer components with different
architectures on the exponential growth mode, linear/star pairs
were further investigated at pH 6/6 and pH 7/5 (Table 2,
Figure 7). Thicker LbL films display a linear buildup over a wide
range from 9 to 30 bilayers, which can be described as d = An + B,
where d is the thickness, 7 is the number of bilayers, A is the slope
corresponding to the thickness of one bilayer, and B is the
d-intercept (Figure 7a). The rate of growth in the linear mode is
similar for all LbL films with an around 100 nm/bilayer. Such
extremely large growth rates in a linear mode indicate a sig-
nificant dependence of component diffusion during polyelec-
trolyte deposition on the amount of material deposited during
a single step, which seems to have far exceeded the expected
value for single monolayers of polyelectrolytes in nondisturbed
conformations.

The exponential growth mode was analyzed by using the
known equation: d = Aoe"/ ¥, where d denotes thickness, A, is a
scaling parameter, n is the number of bilayers, and 7 corresponds
to the characteristic growth time (Table 4).°%°7%8 Such an
analysis shows that the growth mode for all polymer pairs is
described by the exponential model with R* ~ 0.98 (Figure 7b).
The linear/linear pairs show the highest growth rate while the
star/star pairs possess the slowest rate of exponential growth.
The linear/star combinatory pairs lie between the growth rates of
linear/linear and star/star pairs. The overall characteristic growth
parameter 7 for LbL films studied here is within 1.2—1.5 for pH
6/6 and 2.2—3.0 for pH 7/S (Table 4). These parameters
indicate that the rate of exponential growth for pH 7/5 condi-
tions is similar to those reported earlier for various LbL films
(usually within 2—3).°*"> In contrast, at pH 6/6 a much higher
(twice) rate of exponential growth (two times lower 7) is observed
for all component combinations studied here (Table 4).

In contrast to pH 6/6, at pH 7/S exponential growth occurs
for all linear and star pairs studied here after a period of slow
growth during the initial few depositions (Figure 7c).

(a) 1600

pH 6/6, dip-assisted
1400 d=An+B
®m LL(A=113.7, B =-300.0, R = 0.9981)
1200 © LS(A=121.7,B=-305.8, R = 0.9997)
A SL(A=127.9, B =-322.1, R = 0.9967) .
T 1000 ¥ SS (A=8261,B=-163.3 R =0.9960) , &
H S
2 800 | v
g
£ 600
g
£ 400
200 |
0o ® = ¥ ;
1 1 1 1 1 1 1 1 1 1 1
1 3 6 9 12 15 18 21 24 27 30
Number of bilayers (n)
(b) H 6/6, dip-assisted
500 | P10
d=Aexp (nl)
B LL(A,=4.43,1=1.22,R’ = 0.97475)
400~ o LS (A, =9.051=1.42, R*=0.96755)
- A SL(A,=7.87,1=1.34,R =0.97668) _
E 30 v ss (A,=8.76,t=1.47,R*=0.97709) $
= P
3 ;
£ 200
2
=
F 100}
0
1 1 1 1 1 1 1 1 1 1 1
1 3 6 9 12 15
Number of bilayers (n)
(C) 5004 pH 7/5, dip-assisted
d= A exp(ni)
B LL(A,=1.03, 1= 225 R"=0.99621)
4001 o LS (A, =1.50, = 2.44, R® = 0.99631) A
- A SL (A, =5.251=250,R"=0.98634)
E 300 v SS(A,=7.58,1=296,R*=0.98637) Ay
"
7]
2 200
=
L
L
F 100
04
T T T T 7 1

T T T L R LA B BN BN B T
1 3 6 9 12 15 18 21 24 27 30
Number of bilayer (n)

Figure 7. Buildup curve of the LbL multilayer films assembled with
varying chain topology as a function of the number of bilayers assembled
by the dip-assisting method at different pH conditions of pH 6/6 (a and b)
and pH 7/5 (c): LL (M), LS (®), SL (A), and SS (V¥). (a) The linear
growth curve is obtained by fitting data in the linear buildup region
(n = 9—30) into a function of d = An + B for pH 6/6. (b) The
exponential growth rate is obtained by fitting the data into a function of d =
Ap exp(n/t) (n=1-12) for pH 6/6 (b) and (n = 1—30) for pH 7/5 (c).

Exponential analysis shows excellent fit with R* = 0.99 through-
out the whole range of n from 1 to 30 bilayers (Figure 7c,
Table 4). Comparison of different assembling conditions reveals
an overall lower rate of growth at 7/ as compared to that at pH
6/6 (Table 4). Such a difference can be related to the stronger
intermolecular interactions at pH 7/S than pH 6/6. The
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increased degree of ionic cross-linking can lead to the sup-
pressed diffusion of polymer within LbL films. Also, the flat
and smooth surface morphology due to the further extended
conformation at pH 7/5 seems to contribute to the lower
exponential growth.

A summary of the morphological parameters (terminal thick-
ness for 30 bilayers and large-scale roughness on the scale of
10 um x 10 um) for all four polyelectrolyte pairs is presented in
Figure 8, and corresponding AFM images are displayed in
Figure 9. As apparent from these data, exponentially grown
linear/linear p(AA)/p(DMAEMA) LbL films possess the most
nonuniform morphology with large-scale microphase separation,
resulting in excessive roughness of about 50 nm on the scale

Table 4. Exponential Growth Rate Parameters for
Dip-Assisted LbL “

pH polymer pair T Ay

6/6 LL 122 4.43
LS 1.42 9.05
SL 1.34 7.87
SS 1.47 8.76

7/5 LL 2.25 1.03
LS 2.44 1.50
SL 2.50 5.25
SS 2.96 7.58

“ All results were obtained by fitting the thickness data versus the number
of bilayers into the exponential growth formula represented by d = Age""
(d denotes the thickness of the LbL film, and n is the number of
bilayers).

10 um X 10 um for both assembly conditions. Similar morpho-
logical features are observed for star/linear pairs with the high
surface roughness for these pairs reaching 40 nm on the scale of
10 um x 10 um (Figure 8). Such a difference for star-containing
LbL films suggests that the linear components contribute to the
exponential growth via surface roughening due to the faster diffusion
and higher mobility caused by weak ionic interactions of the
p(AA) or p(DMAEMA) chains.

In striking contrast, all star-containing LbL films show con-
sistent exponential growth with the formation of thick and
smooth films with surface roughnesses on the 10 #m X 10 #m
scale not exceeding 2.0 nm for pH 6/6, a small value for LbL films
(Figure 8). This value increases only modestly to S—15 nm at pH
7/5 deposition conditions.

Moreover, higher resolution AFM images show near uniform
morphology at a sub-micrometer scale with a modest aggregation
of components with the formation of network morphology with a
mesh size of 100—200 nm (Figure 9; note that the AFM images
for pH 7/5 are presented at two different Z-scales to show all
details of the rich surface morphology at different spatial scales).

These distinct and uniform morphologies, which do not occur
in rough and microphase-separated exponentially grown linear/
linear LbL films, might be attributed to the combination of high
interdiffusion of star polyelectrolytes through the swollen matrix
due to lower ionic cross-linking and a weak degree of ionization.

Shear Rates and Resulting Spin-Assisted LbL Morpholo-
gies. To probe the LbL assembly behavior under variable shear
force, we studied the surface morphology of linear/linear and
star/star pairs under selected conditions at increasing intervals of
the rotational velocity up to 8000 rpm during spin-assisted deposi-
tion. Figure 10 presents the thickness increase for these LbL films
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pH6/6

Figure 9. AFM topography images of the LbL multilayer films with
different polymer pairs assembled at pH 6/6 (A—]J, left) and pH 7/S
(B—K, middle and C—L, right) using the dip-assisted method: LL
(A—C),LS (D—F),SL (G—1I),and SS (J—L). The scale bar is 2 4m, and
the Z scale is 10 nm for all images; and the Z scale is 10 nm (A—]J, left and
B—K, middle) and 200 nm (C—L, right).

at 0 (dip-assisted), 1000, 3000, 6000, and 8000 rpm. For all spin-
assisted LbL films shown here, the growth profiles is near-linear
or slow exponential growth for both linear/linear and star/star
pairs in contrast to the fast exponential growth observed for dip-
assisted LbL films.

Overall, the resulting spin-assisted LbL films are 2—6 times
thinner than their dip-assisted counterparts. This behavior is in
sharp contrast to that observed for other LbL components such
as p(SS) and p(AH) with much thicker films built via spin-assisted
LbL assembly.** Such difference can be caused by the much
weaker interactions between p(AA) and p(DMAEAMA) com-
ponents under given pH conditions and the suppressed inter-
diffusion during spin-assisted LbL assembly.

It is also interesting that although dip-assisted LbL films from
star/star pairs are much (twice) thicker than that from linear/
linear pairs, the same star/star films prepared with spin-assisted
LbL assembly are much (up to 50%) thinner (Figure 10). Such a
dramatic thinning of the star/star LbL films under intense
shearing could be related to the fact that star polyelectrolytes
retain their more compact shape and higher mobility in fluidic
flow. Both contributions should result in a reduced amount of
material tethered to the substrate in the course of spin-casting.
This effect is confirmed by the strong role of the increasing shear
rates with the thinnest LbL films obtained at the highest rotational
velocities (Figure 10).
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Figure 10. Buildup curve of the LbL films fabricated with dip- and spin-
assisted methods for LL (a) and SS (b) polymer pairs at different
spinning speeds in the range of 0—8000 rpm at pH 7/5 (the lines are a
guide to the eye).

To elucidate the true nature of structural changes occurring
during spin-assisted assembly, AFM measurements were taken to
examine the surface morphology versus the shear rate for these
LbL films (Supporting Information Figure S6). As was discussed
above, the surface morphology of dip-assisted linear/linear LbL
films is nonuniform with microscopic irregular surface domains
and a wormlike morphology with high roughness reaching 45 nm
for the 10 um x 10 um surface area (Figure S6a). In contrast,
star/star LbL film show a more uniform morphology with some
larger-scale surface corrugations, occasional holes, and much
lower overall roughness of 7.0 nm on the scale of 10 um X
10 um. The presence of holes may be attributed to either
insufficient coverage or traces of draining solvent or air bubbles
trapped within the multilayer film, which were not removed
during the assembly process.

On the other hand, spin-casting of both linear and star
polyelectrolytes results in a much smoother surface morphology
with a dramatically reduced roughness below 2.0 nm and a
thickness down to 30—50 nm on the 10 um X 10 um (Figures
S6 and S7). Such thinning and smoothing can be related to the
removal of larger, weakly tethered aggregates clearly visible for
LbL films obtained by the dip-assisted method and a suppression
of lateral diffusion/microphase separation of components during fast
(a fraction of a second) removal of solvent. Moreover, a further
increase in the shear rate results in the progression of this reorganiza-
tion with a gradually decreased film thickness and increased
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Scheme 2. Model Structure of LbL Multilayer Films Displaying the Surface Structure and Expected Molecular Organization within the
LbL Assemblies: (a) Spin-Assisted LbL for Star and (b) Dip-Assisted LbL for Linear (Top) and Star (Bottom) Polymer at Different

pH Conditions of pH 6/6 (Left) and pH 7/5 (Right)”
pH 6/6

(a) Spin-assisted

pH 7/5

“ Gray-colored boxes represent the LbL films with different thicknesses and surface roughness, but their values are not set to the same length scale for all
drawings. The histograms on the right hand side of each drawing show the average thickness (black, left) and roughness (gray, right) with the left y-axis
(1000 nm) for thickness and right y-axis (50 nm) for roughness for 30 bilayer LbL films. The bar graphs are all on the same scale.

roughness on the scale of 10 4m X 10 ¢m and domain size for both
linear/linear and star/star polyelectrolytes (Figures S6 and S7).

B GENERAL DISCUSSION AND CONCLUSIONS

The assembly behavior, growth modes, and surface morphol-
ogies of LbL films composed of cationic p(DMAEMA) and
anionic p(AA) weak polyelectrolyte stars at different deposition
pH conditions close to the pK, of the star polyelectrolytes (pK,
~ 5.8 and 6.7 for respective components) were found to be
critically dependent on the interplay of intermolecular interac-
tions and conformational states, as will be discussed in this section.

First, we will discuss different modes of growth of the LbL
films assembled with spin-assisted and dip-assisted routines. As
we observed here, the spin-assisted method results in the stable
and linear growth of LbL films from any combination of star and
linear counterparts under all pH and shearing conditions tested
here. The characteristic feature of this growth mechanism is the
low rate of growth of 2—4 nm/bilayer. This growth rate is many
times smaller than the unperturbed dimensions of the polymer
chains exploited here (10—30 nm), indicating that both star and
linear polyelectrolyte components become highly flattened and
compacted with excessive material removal under strong shear-
ing forces and fast solvent removal.

The significant decrease in bilayer thicknesses observed here
for spin-assisted LbL films is in striking contrast to that reported
for conventional linear strong polyelectrolytes, which show much
thicker spin-assisted LbL films obtained as compared to dip-
assisted LbL films.***° In the case of the strong polyelectrolytes
studied earlier, the increased thickness was associated with a
higher grafting density caused by enhanced attractive interactions
between oppositely charged polymer chains and very limited
intermixing as was confirmed by neutron reflectivity of LbL films
with deuterated components.*® A similar phenomenon of the

thinning of spin-assisted LbL films observed for p(EO) and
p(AA) components was related to the suppression of the forma-
tion of a micellar morphology. The critical role of weak interac-
tions in significant thinning was also demonstrated for short-range
hydrogen-bonded spin-assisted LbL films.”” Accordingly, the
dramatic thinning of polyelectrolyte bilayers for weak polyelec-
trolytes studied in a pH range close to the isoelectric points of all
components can be caused by weak interfacial interactions result-
ing in easy displacement of the adsorbed macromolecules by the
fast removal of solvent and the strong shearing of polymer chains.

In fact, as has been suggested for branched, dendritic macro-
molecules, a full range of shapes from highly spread to pancake-
like, to near-globular can be observed depending upon the strength
of interfacial interactions and the type of surface assembly
(grafting, Langmuir monolayers, or LbL films).*”1%°71% Indeed,
star/star polymer pairs were demonstrated to show a decreased
extent of entanglement and limited molecular interdiffusion due to
the compact and globular structure of branched molecules.”
However, dendritic and hyperbranched macromolecules usually
possess uniform chemical composition and surface-bonded func-
tionalities. The occurrence of microphase separation of different
long-chain arms within multiarm star block copolymers and
uniform ion distribution across loosely packed star block copoly-
mers are the most critical factors affecting their assembly behavior.

Apparently, the attachment of polycationic and polyanionic
chains to a single, but relatively voluminous, core in star polymers
does not significantly affect the resulting morphology of spin-
assisted LbL films. Virtually identical thicknesses and surface
morphologies of LbL films for all linear/linear, linear/star, and
star/star polyelectrolyte pairs suggest that, under low grafting
density conditions, architectural confinement does not affect the
ability of relatively long, flexible, and weakly charged arms to
adapt a highly flattened, pancakelike conformation (Scheme 2).
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Histograms with actual film thicknesses and microroughnesses
which are placed next to the film schematics clearly quantify and
scale dramatic changes in the LbL film morphologies for different
compositions and different pH assembling conditions.

The overall morphology of spin-assisted LbL films remains
stable over a wide range of assembling conditions within a range
of pH 5—7, which can be related to the modest variation of
macromolecular dimensions and degree of ionization. This is
especially true for star polyelectrolytes in contrast to the dramatic
changes usually observed for linear polyelectrolytes within a
narrow pH range.Sl’106 Therefore, this growth behavior supports
the suggestion that the star structure limits the chain entangle-
ments due to steric hindrance and, as a result, suppresses the
ionic cross-linking and reduces adherence to the substrate.

In contrast to spin-assisted LbL films, the corresponding dip-
assisted LbL films fabricated from star and linear p(DMAEMA)
and anionic p(AA) show a rich pattern of different exponential
growth modes controlled by the preparation conditions and
molecular architecture (Scheme 2). Apparently, the dip-assisted
environment with a long time available for swelling and interaction
with solution is kinetically more favorable for extensive inter-
diffusion of components, large-scale molecular aggregation, and
lateral diffusion of aggregates.

The first and most crucial conclusion is that weak star poly-
electrolytes are capable of growing thick LbL films in an
exponential growth mode. This result is even more surprising
considering that star polyelectrolytes with high molecular weight
and a large number of arms have been observed to be capable of
growing only in the linear mode due to slow diffusion of star
polyelectrolytes that prevents the common diffusion mechanism
of fast exponential growth. Moreover, to date, only rough and
thin LbL films have been fabricated via a linear growth mode with
a small increment per bilayer (within 1—8 nm) with a few exceptions
discussed below.”®”? In contrast, the star/star and star/linear
LbL assemblies studied here demonstrate an exponential growth
mode with an increment per bilayer reaching 100 nm with
differences in significant roughening.

The analysis of the experimental data with a generalized
exponential function shows excellent correspondence of the
growth kinetics to an extended slow growth phase and an expo-
nential growth up to a very large number of bilayers (up to 30) in
the case of the pH 7/5 LbL assemblies (Figure 7, Table 4). At
milder pH 6/6 conditions, close to the pK, for both components,
the LbL growth becomes even more dramatic with a narrow slow
growth phase for the first few bilayers and then enters a fast
exponential growth regime for n = 5—15, followed by linear
growth for n = 15—30 (Figure 7). As a result, the LbL film
reached 1 ym thickness which is many times higher than that for
a dip-assisted LbL film fabricated earlier for star-based LbL films
with an even higher molecular weight of components (30—80 nm
forn = 10—16).”%"°

At the pH 6/6 assembly condition, the rates of growth of star/
star and linear/linear LbL films are similar although the total
effective “molecular weight” of a bilayer of a stoichiometric com-
position is much lower for the linear/linear pair (239000 vs
680000 g/mol) (Table 1). This effect suggests a more compact
shape of star polyelectrolytes (per unit of mass) and probably less
efficient uptake of star polyelectrolytes with much lower specific
charge density per unit of volume during the buildup of LbL
assemblies. On the other hand, the rate of growth at pH 7/5 is the
highest for star/star LbL films with twice higher thickness as
compared to that for linear/linear pairs (Figure 7). Such a

difference can be associated with the slightly increased ionic
interactions of the higher charged polycationic component with a
dominating molecular weight contribution.

The investigation of the exponential growth rate for different
component pairs such as linear/linear, linear/star, star/linear,
and star/star LbL assemblies reveals that the pH 6/6 condition
gives the highest growth rate with a resulting thicker film reflecting a
stronger tendency toward the diffusion of star polyelectrolyte
components during exposure to oppositely charged polyelec-
trolytes, but without excessive roughening due to molecular
aggregation caused by lateral microphase separation after the
completed deposition cycle (Scheme 2). It has been known that
the exponential rate depends on the molecular weight and the
mismatch in molecular size and ionic charge density.*>®" These
higher growth rates seem to be consistent with the lower ionic
cross-link density of star polyelectrolytes at pH 6/6, thereby
suggesting the weak ionic density is critical for the facilitation of
an exponential growth mode even for the high molecular weight
star polyelectrolytes employed in this study. That is, the larger
number of “loosely complexed” polymer chains at pH 6/6 could
effectively contribute to the complexation because of mis-
matched ionic charges.®””*> The retarded exponential buildup
at the initial stages at pH 7/5 can be explained by the higher ionic
density and lower molecular weight of linear/linear and linear/
star pairs than that for star/linear and star/star pairs. The
compact branched architecture of the star polymer would limit
the ionic complexation mainly in the outer shell, which might
lead to large mismatching in ionic pairing. Thus, effective ionic
charges that can contribute to ionic cross-linking may be lower
than that for the linear counterpart, which might allow for high
mobility within LbL films and facilitate the exponential growth of
all star LbL films, a unique finding of this study.

However, the lower ionic density and higher ionic state mis-
match between polyanionic and polycationic components at pH
6/6, particularly when incorporating the star component, lead to
thicker and more uniform LbL films. Notably, the resulting
morphology of exponentially grown star-containing LbL films
is different from similar linear/linear pairs. The linear/linear pairs
show well-developed “wormlike” surface morphology with large
surface roughness on the 10 #m X 10 ym. For star component
containing LbL films the isolated and partially interconnected
domain network appears to transform to a fully interconnected
large-scale wormlike morphology which is, however, under-
pinned with a thicker material film. We suggest that the increased
mass adsorption at pH 6/6 as well as the higher mobility of star
polymer chains due to lower ionic density could lead to both a
higher adsorption rate during the deposition step and, as a result,
a reduced lateral aggregation due to the slow diffusion of star
complexes.”*’* This appears due to a combination of fast
interdiffusion of components and their complexes followed by
lateral microphase separation of dissimilar components and their
complexes (Scheme 2).*°%*7%75 The dramatically increased
surface roughness enhances accelerated film buildup due to
increased specific interfacial area and a higher probability of
the interfacial adsorption during sequential exposure to solu-
tions.”®'%” This model seems validated for linear/linear pairs of
linear components, anionic p(AA) and cationic p(DMAEMA),
by all experimental data acquired here.

It is important to note that to date very few studies attempted
to exploit star polyelectrolyte for LbL assembly with a very
limited selection of linear and star components and for a limited
number of bilayers (below 10). In these studies, either the
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traditional linear growth mode was observed and associated with
slow diffusion of high molecular weight star polyelectrolyte” or
some evidence of the exponential growth has been noticed for a
few limited cases.”¥*® In contrast, in this study we introduced a
far more comprehensive combination of linear and star polylec-
trolyte components with a wide range of molecular architectures
and assembling conditions covering critical pH combinations
and an extended number of assembling cycles (up to 60). Such a
comprehensive analysis unexpectedly revealed a uniquely rich
LbL assembling behavior and morphologies of star polyelectro-
lytes with an extended combination of all linear, exponential, and
linear/exponential modes of growth to be controlled by pH
conditions and component nature.

In fact, we observed that the exponential growth of linear/
linear pairs results in a rough (>50 nm roughness on the 10 #m x
10 um) wormlike morphology caused by intense microphase
aggregation of components, whereas the star/star LbL films from
chemically identical polyelectrolyte components undergo very
different growth mechanism. For star/star polyelectrolyte pairs
thick, uniform, and molecularly smooth exponentially grown
LbL films have been revealed in this study. We suggest that star
polyelectrolytes with compact shape, partially screened charges,
and high diffusion mobility facilitate fast complexation and lead
to exponential buildup of the LbL films. This fast buildup is likely
to hinder efficient lateral diffusion of components and thus prevents
large-scale microphase separation, which results in smooth, locally
uniform, thick, and optically transparent LbL films with rich
interference properties, a unique combination for exponentially
grown LbL films from traditional linear polyelectrolytes.
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