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Growth Kinetics in Layer-by-Layer Assemblies of Organic
Nanoparticles and Polyelectrolytes

Maziar Mohammadi,” Ali Salehi,” Ryan J. Branch,® Lucas J. Cygan,® Cagri G. Begj
G. Larson*??!

Abstract r

We systematically measure the growth rate of layer-by-layer (LbL) assemblles of polyelectrolytes (PEs)

Ronald

with oppositely charged polystyrene (PS) nanoparticles (NPs) as a functlon of molecular weight (MW)
- S
of PEs, ionic strength of the media, and NP size and charge. To op‘timize the LbL growth, we assess
the effects of suspension concentration, pH of the media, and deposition time on the growth rate of
A W
multilayers. Both linear and exponential growth behaviors are observed, and under optimal conditions
films of up to around 1 um thickness can readily be assembled after 10 or so bilayers have been
' 'S
deposited. For many of the cases studied, an intermediate MVl of PE leads to the fastest film buildup,

for both cationic poly(ethyleneimine) deposited alteRgately with anionic PS NPs and for anionic

poly(acrylic acid) deposited alternately with catiopic PS N®s. The existence of an optimal MW suggests
that growth rate is determined by a balance of thermodyr@c factors including density of polymer
bridges between particles, and kinetic facto'rs, specifically the diffusivity of polymer in the film. The
optimal MW, however, is very sensitive ’gthe rrLateriaIs\used. Moreover, depending on the MW of the
PE, increasing salinity could increaseLor de%ase th;growth kinetics. Finally, we characterize the
surface morphology of the films with atomic force mﬁroscopy and scanning electron microscopy and

find that the roughness increases less than Iinearli with film thickness.

1. Introduction . )

Functional thin films have attracted significant attention recently,!” ? due to their versatility and ease
- s

of fabrication. One of the most flexible methods of assembling these films is by layer-by-layer (LbL)

deposition, which is the alternating deposition of

oppositely charged polyelectrolytes (PEs) or

oppositely charged PEs and nanoparticles (NPs).

LBL assembled thin films are easy to fabricate,

[b] inexpensive, and their properties can be finely

tuned.” ' Furthermore, the process of making
el Imology and Visual Sciences, these films does not need to be done under

iversity of Michigan, Ann iy
USA. 9 extreme conditions.®

o _ o _ Even though the major driving force for the LbL
Supporting information for this article is given via a

link at the end of the document. 1
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assembly is usually electrostatic interactions, other interactions including hydrogen bonding,
hydrophobic interactions, host-guest interactions, covalent bonding, etc., lead to the formation of such

assemblies.” ® In electrostatically driven PE/PE assembly, LbL growth ogcurs due to charge

overcompensation, i.e. each film ingredient deposited on the surface reverse urface charge,
making it ready to adsorb the next LbL layer. LbL assembly of PEs and Ps has
considerable applications in drug delivery, coating, creation of three al scaffolds, and
sensors to name but a few." '® However, little is known about the mec ir growth, and its
effective parameters. Thus, it is important to study PE/organic NP nderstand the
effects of different parameters on their assembly and growth.

A major parameter affecting the growth kinetics of LbL films is, th
MW affects the diffusion of the PE chains within the PE matrix

Moreover, MW influences the thermodynamic driving force for the sion and the overall integrity of

ht (MW) of the PE.

in the bulk solution.

the LbL film. For PE/PE films, several studies have show fect of MW on the thickness
(17201 Nestler et al. studied the effect of M
ethylam ium chloride) (PDADMAC hereafter)

ed thelr:‘ increase in the MW of the polyanion

ber at which the growth rate changes to the

and morphology. n the growth kinetics of

poly(styrenesulfonate) (PSS hereafter)/ poly(diallyldi

multilayer films.['") Below a certain MW, they demon$
(PSS) decreases both the film thickness and the layer
linear regime. However, they reported a compl
of the polycation (PDADMAC). Shen et al. studied the effec

growth kinetics of poly(L-lysine)/hyaluron

end in response to a variation of the MW

the polyanion (hyaluronan) MW on the

L films.['"® In contrast to Nestler et al.,"'”! they showed
that increasing the polyanion MW incre ness. This reveals the complex effect of MW
of the PE on LbL growth and suggest the specific system being studied.

avgf addressed the effect of MW of the PE on the
ms, and even for these, the MW was not the main
eneimine) (PEI) with two different MWs (1.3 and 750

Bl They measured LbL growth with UV-visible

In contrast to PE/PE films, very few

growth kinetics and surface morphology of PE

focus. Rahman and Taghavinia used poly(et
kg/mol) to grow PEI/TIO
spectrophotometry and conclud rowth is 25 % slower when PEI with the lower MW s

employed. In another st by the sameNgfoup, Rahman et al. showed greater deposition for PEI/TiO,

stru osites, Kniprath et al. illustrated that the surface characteristics of PSS/TiO, NP
or PDADMAC/TIO; s are independent of the MW of the PE."! They used MWs of 70 kg/mol and
1,000 kg/mol for PSS and < 100 kg/mol and 400 to 500 kg/mol for PDADMAC. In these studies, only a

couple of MWs were considered, so it is hard to reach a conclusive picture of the effect of MW. Thus,
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there is need for further study of MW on the growth kinetics and surface morphology of PE/NP
composite films.

In addition to the MW of the PE, the pH and salinity of the deposition soluti re decisive factors

affecting the buildup of the LbL films. The pH, for example, affects the charge dens eak PEs./?
Bieker and Schonhoff investigated the effect of the pH of the depositinggsolutio rowth of
poly(allyl amine hydrochloride) (PAH)/poly(acrylic acid) (PAA) LbL asse I They discovered
various growth regimes with different growth behavior (linear and expq ality (soft and
rigid) with simple variation of pH. They rationalized their observat hat at different pH
values, the degrees of ionization, electrostatic interactions, mobili sion of PE chains

vary. Peng et al. studied the effect of pH and salinity of deposi i e growth kinetics of
high pH PEI result in
PEI and SiO, solutions during

PEI/SiO, NP composites, showing that deposition of low pH
exponential film growth.”” They claimed that the pH differ
the LbL assembly alters the charge of PEI chains and thereby ir diffusion, so that during a

single nanoparticle deposition step, more nanoparticles are able to be deposited, leading to deposition

of multiple layers of SiO, NPs in a single deposition

Salt has two competing effects on the growth kinefgs of LbL films. First, simple ions screen the
electrostatic interactions and reduce the drivj or LbL assembly.” Second, salt-induced
weakening of electrostatic interactions incre of polymer chains and affects their
d salinity on the growth of PE/PE LbL

the_bulk complexation thermodynamics of the two PEs at

conformation. Recently, our group studied ghe effect of pH

films and how the growth rate correlates
the same pH and salinity.”” It was sho en thofh there is no one-to-one correlation between
different regimes of LbL growth (line ig#growth) and bulk complexation (precipitate and
coacervate formation), salinity influences th inetics in a more or less universal fashion. It was
shown that growth rate increases with salinity at ®w salt concentration, while it decreases as the salt
concentration approaches thegritical concentrg@on for dissolution of the bulk polymer-rich phase into a
single-phase. It was demon at depgfding on the PEs employed, variation of pH and salinity

could dramatically alter the growth bL films from linear to exponential and vice versa.

The effects of ionic of the depbsition media on the growth rate of PE/NP composites have

suspensions could lead to aggregation as electrostatic repulsion is
|. demonstrated that addition of salt to a PEI solution degraded the growth of
contrast, Ostendorf et al. reported that increasing the ionic strength of PAH
solutions up to 1 M increases the thickness of PAH/gold NP films somewhat, although it did not seem

3
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to affect the amount of NPs deposited in the film.”®! Kniprath et al., on the other hand, found that
increasing the ionic strength of the PE solution from 0 to 1 M did not affect the surface morphology of
the resulting PSS/TiO, NP or PDADMAC/TIO, NP films.®! All in all, it seems that the only clear

conclusion that can be drawn is that the effect of salinity on the growth and re of LbL films

strongly depends on the specific chemistry of the ingredients.

Despite the importance of the observations made in previous studies, t of our knowledge,
there is no systematic study of the effect of the MW of the PE on the gro f PE/organic NP
LbL films. We will therefore here elucidate how MW affects the way
and salinity of the media (both PE and PS solutions). We also invjti ce morphology of
the LbL films with different MWs using atomic force microsco
microscopy (SEM). As a model for organic NPs, we choose p eads of different size
and surface functionalization to study the growth kinetics of their L ssembly with two different PEs,
namely, PEI and PAA. Being weakly dissociating PEs, P elected so that their charge
density can be tuned with pH. Prior to studying the effect of MW, we €xamine the effect of the NP
concentration, the pH of the deposition solutions, a ition time to find the optimal growth

the de’s
gineering the structure of LbL films composed

conditions for each parameter. This study is aimed a

of organic NPs and PEs.

2. Results and discussion
2.1. PEI/PS- system
Initially a multilayer system composed i ed PEI as the polyelectrolyte and negatively
charged PS (PS- hereafter) NPs carr
effects of deposition time, NP concentra

show that variation of these parameters enable to tune the growth kinetics of PEI/PS- composites.

Results for the effect of deposition time on fil
S1) for brevity.

buildup are shown in the supporting information (Fig.

2.1.1. Effect of nanopartifle concentrati

Figure 1 indicat P concentration on the growth kinetics of a PEI/PS- composite.

LIS dlI LILIE IS prulteLileu Dy LUPYILIZEIIL ALL TIZIILW 1eSE1veu



WILEY-VCH

APEI(9.9), PS-(7)-100 nm-CP= 0.1 wt%
® PEI(9.9), PS-(7)-100 nm-CP= 1.5 wt%
8000 | ®PEI(9.9), PS<(7)-41 nm-CP= 0.1 wt% ) \

< 6000 ¢ o
=
— e ©° '
<
4000 . o
2000 ¢ o .
.. -..-.
A A A A

0 2 4 6 8 10 12 14 16
Number of layers

rowth &tics of a PEI/PS- thin film. PS- NPs are

750 kg/mol is used. In the legend, the numbers in

Figure 1. The effect of NP concentration and size on t

deposited during the even-numbered steps. PEI with a MW

the parentheses indicate the pH value of the solutiong. case, the diameter of the employed NPs is given

in nm in the figure legend. “CP” stands for concent this and all figures, the polymer monomer

concentration used in the solutions is 0.23 M.

particles was studied at the sam j umber density as that for 41 nm-sized ones. A dense
suspension of 100 nm- [ a concentration of 1.5 wt% (which has the same number

of 41-nm particles) was therefore used in combination with a PEI

layer of NP mber density, the larger 100 nm particle suspension produces an LbL film
with a frequen
Thus,

of

least five times greater than that of the smaller 41 nm-sized particles.
seem to be an obvious choice for a concentration basis at which composite films
yield the same growth rate. Consequently, for simplicity, the rest of the

experiments are carried out with PS NPs of 0.1 wt% concentration. It is also evident from Fig. 1 that for

5

LIS dlI LILIE IS prulteLileu Dy LUPYILIZEIIL ALL TIZIILW 1eSE1veu



the same NP size of 100 nm, increasing the suspension concentration boosts the growth kinetics of
PEI/PS- thin films.

Finally, the data of Fig. 1 indicates that PEI/PS- thin films grow through a cogperation between PEI
e PS- NPs are
> effect in
tion of the PEs to
all growth study

and PS- deposition steps. The more PEI that is deposited in an LbL step, th

deposited in the subsequent step. Also, the “stepped” appearance of the growth or |
this figure, with a relatively small mass added in the odd steps, shows t
the frequency shift was much less than that of the NPs. This trend was o

experiments. This phenomenon has already been reported in the lite

2.1.2. Effect of solution pH

Figure 2 depicts the influence of pH on the buildup o yers. PS- NPs are

functionalized with sulfate groups, so their surface charge is inde({@adent of pH and they are stable

over a wide range of pH. On the other hand, PEl is a w 24)) whose charge density is

dependent on pH. At pH = 9.9, PEI should be nearly 50 % charge ile decreasing the pH to 7

PS- s studied in this article.

renders PEI chains nearly fully charged. PS- NPs with a d ter of 41 nm were chosen, as their
diameter was an intermediate value among the grou&

6000
A PEI(9.9), PS-(9.9)

5000 | ®PE[(9.9), PS-(7)

| -
4000 | “PEID.PS-) +

3000

-Af (Hz)
i
—@—

>

ééAA -
2000 ) . N
éé‘ . |
1000 ¢ ¢, "
g g
0 Lg%
y 0O 2 4 6 8 10 12 14 16

Number of layers

on LbL grov%w of a PEI/PS- composite. PEI with a MW of 70 kg/mol and 41 nm-sized

Figure 2. The effect of
e concentration of PS- NPs is 0.1 wt%.

PS- particles

As shown in 2, the pH values of both the PEI solution and of the PS- suspension have
consj on the growth kinetics of the PEI/PS- composite. Furthermore, the growth rate
of the PEI/PS- film'l

The degree of ionization has a dramatic influence on the growth rate of a PEI/PS- composite. When

st when PEI and PS- solutions have pH values of 9.9 and 7, respectively.

PEI and negatively charged PS solutions are deposited at the same pH (= 7.0), PEI chains are
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expected to be fully charged. When PEI chains are deposited at pH = 9.9, however, their charge is less
than it is at pH = 7.0, and more chains need to deposit atop the underlying NPs to compensate the

opposite charge on the film. Based on the pK, of PEI in the bulk, the charge ity of PEIl at pH 7

embedded in the film. However, since the growth is markedly faster
with PS- NPs at pH 7, as compared to the other two conditions
depositing at pH 9.9 are likely far from being fully charged. T
more PEI chains at pH 9.9 than they do at pH 7 to achieve ch sation, leading to faster
growth.

The degrees of charge compensation for three different xperiments studied in this

section are presented in the supporting information (Fig. S2). From the QCM data shown in Fig. 2, we

understand that the frequency shift ratio (or equivale the s per unit area ratio) of deposited NPs
to that of PEs in each double layer is on the order of 1

to th

Wwhile the charge compensation factor (defined
as the ratio of charges associated with NP of PEs) for each double layer for these
experiments is on the order of only 0.01 (see orting information), indicating that the
charges on the NP’s deposited in a layer fgll far below that needed to compensate the charge on the

PE layer deposited in the layer just begfath it. (We must here add the important caveat that the

nsity of the chains decorating the surface. The higher charge density of the

PEI-covered surface requires more sulfate-functionalized PS NPs to compensate, as compared to the

7
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cases without the abrupt pH change. Consistently, PEI and PS- NPs deposited at the same pH, either
both at 7 or both at 9.9, yield thinner films than when the solutions are deposited at the two different pH
values considered (Fig. 2). Such a sudden charging of PEI chains is lacking when the solutions are

deposited at the same pH.

Moreover, the film growth benefits from the high diffusivity of PEI chains into the the PEI
deposition at pH = 9.9 due to lower charge density of PEI chains, which s to weaker binding
to PS- particles, and hence faster diffusion.” The higher diffusivity o at pH = 99 is

probably another reason for the faster growth kinetics of PEI/PS- co pH Compared to the

case where both solutions are deposited at a pH of 7, despite the atic interactions in
the latter case.

As discussed in the experimental section, the pH of the rinsi e PS NP suspension
drift during the deposition. The result is that when the PS particle d PE polymer are deposited at
different pH values, nominally pH = 7 for PS- and nomi r PEI, the actual pH values
differ less from each other as more layers are deposited. As shown in
PS- su

maintained at their initial values, the film growth wa provei. This observation further bolsters our

supporting information (Fig.

S3), when the pH values of the rinsing water and of t nsion were constantly monitored and

argument that larger difference between pH values of
faster LbL film buildup.
The effect of pH on the growth kinetics of PEI/PS- co

osition solutions and rinsing waters leads to

sites observed here is similar to that

2.1.3. Effect of molecular weight
Figures 3-5 indicate the role of PEI MW on th

sizes. The NP concentration is set to 0.1 wt%.

th kinetics of PEI/PS- composites for different NP
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1200
A PEI(9.9)-MW=750 kg/mol, PS-(7)
1000 | ®PEI(9.9)-MW=70 kg/mol, PS-(7) N
® PEI(9.9)-MW=25 kg/mol, PS~(7) A \
800 N o
A
_ 4 A
N
= 600 N A ¢ 4
o ¢ -
< A A ° .
[
400 N A ° u -
A Y o
[} -
m® =
200 2 e n
9 2 .
(N |
0 —&

0 2 4 6 8 10 12 14 16
Number of layers

, for P‘\lP size of 26 nm.

Figure 3. The role of MW of PEI on growth of PEI/PS- Lb

Conspicuous in Fig. 3 is the saw-tooth growth the films involving the 26 nm PS- particles.

It seems that some of the deposited PS- NP, f the film during the deposition of the
PEI (odd numbered steps). Some PEI m
continued growth of the film in the subs

particles, a higher MW of 750 kg/mol le,

ave been deposited during these steps to explain the
ueni steps. Moreover, Fig. 3 indicates that for 26-nm PS-

s to icker Hi¥FI/PS- composite.

6000
A PEI(9.9)-MW=750 kg/mol, PS-(7)

5000 | ®PEI(9.9)-MW=70 kg/mol, PS-(7)
® PEI(9.9)-MW=25 kg/mol, PS-(7) + +
3000 ; % %

2000 -
' S

1000 ¢ o ..ll
‘ L

0

h 0 2 4 6 8 10 12 14 16
Number of layers

Figure 4. The same as Fig. 3, except for a particle size of 41 nm.

4000

-Af (Hz)
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Figure 4 shows that for the 41 nm PS- particles, the PEI/PS- LbL buildup is maximum at an

intermediate PEI MW of 70 kg/mol. Also, unlike the growth kinetics of the 26 nm-gized PS- particles, for

41 nm-sized PS- particles, out-diffusion of ingredients from the film is not observe eover, all three
data sets depicted in Fig. 4 show accelerating, or “exponential” growth for the partic

with increasing numbers of layers. This is especially noticeable for the PEI of 70 kg/mol.

600
A PEI(9.9)-MW=750 kg/mol, PS-(7)
[ J - = -
500 PEI(9.9)-MW=70 kg/mol, PS-(7) , A
®PEI(9.9)-MW=25 kg/mol, PS-(7) a4 4
400 A A
A
—_~ A A A
= 300 c 0o o ® 0 0
j— A [ ) o}
St o ©
< A o
1 PY . .
200 E g " g " g
A : m N
° -
100 L
0o —=%

0 2 4 6 8 10 12 14 16
Number of layers

Figure 5. The same as Fig. 3, for particle

According to Fig. 5, for 100 nm-sized PS- pa , the PEI with the highest MW leads to the thickest

film.

2.2. PAA/PS+ system

In the next set of exp ents, anoth omposite system composed of negatively charged PAA as

the PE and posijvely PS (PS+ hereafter) NPs carrying amidine functional groups was

expect that s of charges on both components should not alter the trends. The LbL
experi /PS+(amidine) system will thus establish whether the trends observed for the
rowth of PEI/PS-(sulfate) multilayers discussed in the previous section are

general, i.e. chemisiry"mdependent. Similar to the PEI/PS- system, for the PAA/PS+ composite,

10
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increasing the PS+ concentration boosts the growth rate, as shown in the supporting information (Fig.
S4).

2.2.1. Effect of molecular weight
Figures 6-8 show the growth kinetics of PAA/PS+ LbL assemblies for

various NP sizes. Throughout this section, concentration of PS+ NPs was se wt%.
3500 4
A PAA(5)-MW=240 kg/mol, PS+(7)
]
3000 PAA(5)-MW=30 kg/mol, PS+(7)
[ | i -
2500 PAA(5)-MW=5 kg/mol, PS+(7) .
“PAA(5)-MW=2 kg/mol, PS+(7)
2000 - " 4
=)
S - A
< 1500 . .
A A 1
L E X
1000 ¥ ¥
A A I X
n @ ¥ X
500 mgmt?
_ K X
B =
0 —=
0 2 4 6 8 10 12 14 16

Number of layers

Unlike the PEI/PS- system rticles (Fig. 3), out-diffusion of the PS+ NPs of similar

size, 23 nm, is not observed ounterpart shown in Fig. 6.

11
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6000
A PAA(5)-MW=240 kg/mol, PS+(7)
-
5000 | © PAA(S)-MW=30 kg/mol, PS+(7)
-
B PAA(5)-MW=5 kg/mol, PSH(7) .
40001 . pA A(5)-MW=2 kg/mol, PS+(7) n " \
o)
Z 3000 w "
< : .
1 . - N A
2000 L
— X A
- x 3 -
X A
1000 I
'
0 —&

0 2 4 6 8 10 12 14 16
Number of layers

Figure 7. The same as Fig. 6, for 44 nm-sized PS+ partiges. Data' PAA with a MW of 30 kg/mol have error

bars, but these are too small to be visible.

According to Figs. 6 and 7, the MW has a nq, ect on the LbL buildup of PS+ particle of

sizes 23 and 44 nm. Decreasing the MW from 240 to 5 kg/mOgboosts the LbL growth rate, but a further

e. Evidently a further decrease in the MW to 2 kg/mol

decrease in MW leads to a slower growt
in the composite film. Therefore, there is an

ich is 5 kg/mol for both 23 and 44 nm-sized

lowers the capability of chains to immo
optimum MW for the growth of PAA/

PS+ particles.

12
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1400
A PAA(5)-MW=240 kg/mol, PS+(7)
1200 PAA(5)-MW=30 kg/mol, PS+(7)
B PAA(5)-MW=5 kg/mol, PS+(7)
10001 pA A(5)-MW=2 kg/mol, PS+(7) 5 \
< 800
=]
S i1 1
< 600 .
A
A A
400 A A
SEIOPRTEE
200 8 8 a4
A A
0o —=

0 2 4 6 8 10 12 14 16
Number of layers

4

f PAA and 100 nm-sized NP film is virtually

speculate that, similar to behavior of

Figure 8. The same as Fig. 6, for 100 nm-sized PS+ parti

Given the margin of error in Fig. 8, however,
insensitive to a further decrease of MW from
the PS+ NPs of sizes 23 and 44 nm, for
leads to the fastest growth of PAA/PS+ fi

NPs is less than or equal to 2 kg/mol.

-nm particles thHere should be an intermediate MW that

s, even though the optimal MW in the case of 100 nm-sized
ssible to use AA acid monomers as building
blocks in LbL assembly, one would i ere to be an optimum MW equal or less than 2
kg/mol for 100 nm-sized PS+ NPs.

Table 1 summarizes the optimum growth behawor for the different NP sizes and PE MWs studied.
For both PAA/PS+ compositegwith either 23 @44 nm-sized particles (Figs. 6 and 7) and for PEI/PS-
thin films with 41 nm-sized ere is an intermediate MW that leads to the fastest LbL
growth. However, the growth rate o - multilayers with 26-nm and 100-nm sized particles does

not show an optimal r the range’of MWs considered (Figs. 3 and 5). Consequently, one can

ile the amidine-charged particles (PS+) have nearly the same charge
s, and this may also play a role in the different behavior observed for
ther, as mentioned in the experimental section, PEls had greater polydispersity
PAAs. This could also contribute to the different growth kinetics seen for the
two systems studied. Even though it is beyond the scope of the current study, the polydispersity of the
13
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polymer solutions employed could have a considerable effect on the growth behavior and is worth

future investigation.

Table 1. Optimum LbL buildup for different PE/NP composites studied as a fu of NP size and

MW of PE.

PEI/PS- NPs multilayers PAA/PS+ NPs multilaye
NP size Optimum MW NP size
26 Large (750 kg/mol) 23
41 Intermediate (70 kg/mol) 44
100 Large (750 kg/mol) 100 )

Chain diffusion, particle and chain redissolution, specifi olved in the complexation of

opposite charges, surface overcompensation and interparticle bri some of the major factors
whose relative influence controls the overall LbL growth rate. MW, in particular, affects each of the

latter factors in different and even opposite ways r inst#¥ce, chain diffusion is enhanced while

interparticle bridging is adversely impacted as MW decr@gases. Our results demonstrate that flipping the
sign of the charges borne by PEs and NPs lea
MW.

For neutral polymers, the self-diffusivity

inct trends in dependence of LbL growth on

reases as the MW increases.”®"! Decreasing the MW of

the PE at otherwise identical conditions incregses the effective chain diffusivity, which tends

However, the reverse trend is two of the particle sizes employed in PEI/PS- system
(Table 1), where for 26 i appreciable redissolution appears to control the deposition

rate (Fig. 3). During eposition, the film surface charges arising from sulfate groups are

the surface charges, n of the surface charge. Longer chains have been shown to lead
32 Even though a better charge overcompensation for the PEI

lain the deviation from the observed trend for PAA/PS+ NP system,

flectometry to track the diffusion of polymer in the LbL film which could shed
light on the reason for different growth behaviors.®® Also, single-molecule force spectroscopy

experiments could be done wherein a polymer chain is detached from the film and the detachment

14
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force profile is measured. This has been proven to be a useful method to determine polymer chain
adhesion forces in films.*

For larger PS NPs, it is more difficult for PEs to create interparticle bridges LbL films become

unstable in this case. Interparticle bridging becomes even more difficult for short hains. This

might be the reason for larger error bars seen in Fig. 8.

2.2.2. Effect of salinity ’
A

Salt screens the electrostatic interactions between charged functional groups and also impacts the PE

diffusivity in the multilayer film. The effect of the salinity of the deposition solutions for PAA/PS+ films
composed of 44 nm-sized PS+ particles and PAA with MWs of 5 and 240 kg/mol are shown in Figs. 9
and 10, respectively. PS+ NPs with diameter of 44 nm were chosen, as this size was an intermediate
nanoparticle size among different PS+ nanoparticle sizes studied. According to Fig. 7, for this
nanoparticle size, PAA with MWs of 5 and 240 kg/mol showed the fastest and slowest growth rates,
respectively. We therefore chose these MWs to study the effect of salinity for both fast and slow
growing films. For the PS+ suspension, even 100 mM salt content did not compromise the suspension

stability as verified by dynamic light scattering.

It should be noted that pH of PE and PS solutj justed by the addition of KOH and HCI for
different cases studied. This introduced addftional K™ an lons to the solutions on top of those
term “salinity” refers to the K" and/or CI" added to the
ntaingd in the pH buffer, KOH or HCI. To enhance

clarity, the values of ionic strength o iti lutions (considering both ions introduced by

introduced by adding KCI. In this section,
solutions via KCI salt, not including an
addition of salt as well as pH buffers figure captions. For the case of PS+ NPs, the
concentration of ions added to the system fo adjustment was far lower than the amount of K"

and CI" ions added to the system to study salii
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Figure 9. The effect of KCI concentration on growth kinejkcs of PA,S+ multilayers, for PAA with a MW of 5

kg/mol, and 44 nm-sized PS+ particles. Concentration of was 0.

wt%. The concentrations of salt (CS) in the
ngth was 37, 93, and 147 mM for PAA solutions

S+ suspensions however, pH adjustment did

PAA and PS+ solutions are shown in the legend. The ionic
with salt concentrations of 0, 50, and 100 mM, res

not change the ionic strength of the suspensi strength values were the same as salt

concentration reported.

As shown in Fig. 9, the addition of tion of @AA with a MW of 5 kg/mol has a detrimental
effect on the buildup of the PAA/PS [ th the growth rate decreasing when 50 mM salt
is added to both PAA and PS+ solutions,
increased to 100 mM. Also, introducing KCI tp the PAA solution only leads to a weaker degradation
than when it is added to both

composite films still grow linéa

urther decrease when the salt concentration is

ig. 9 also demonstrates that with the addition of KCl,

The effect of salinity o the growth
PS+ NPs (44 nm in siz icated in Fig. 10.

multilayer films composed of PAA (Mw= 240 kg/mol) and
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A
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Number of layers

240 kg@@ol. The concentration of PS+ NPs was set
ontent of 0, 50, and 100 mM was 0, 50, and 100
alt concentrations of 0, 50, and 100 mM was 34,

Figure 10. The same as Fig. 9 except for PAA with a M
to 0.1 wt%. The ionic strength for PS+ suspensions with sa
mM, respectively. Also, the ionic strength for PE sol

92, 149 mM, respectively.

Based on Fig. 10, for PAA with a M f 240 kg/mol, the addition of KCI to both PAA and PS+
solutions or to PAA solution alone boo growiy kinetics. However, the LbL growth is slightly
degraded when KCl is only introduce

Figure 10 also illustrates that increasing centration from 50 mM to 100 mM decreases the

growth rate of the PAA/PS+ composite film, for with a MW of 240 kg/mol. Comparing Figs. 9 and

10, one can clearly observe
PAA/PS+ films for the small
MW of PAA investigated in this stu

their film gM®wth kinetics.

at salinity of th@ymedium has a stronger effect on frequency shifts of
than for MW of 240 kg/mol. 240 kg/mol was the largest

e for much higher MW values, the higher viscosity made it

practically impossible to,

Although in thegwork pr here the PEs interact with surface functionalized NPs rather than

ic driving force for complexation of PE and NP functional groups, and
enhances the chains inside the films, a competition that has been shown to affect
PE/PEgmultilayer

whe is enhanced or degraded by the addition of salt. The relative importance of

mation profoundly.”® Which of these two factors is dominant thus determines

these two factors in the present study is affected by the MW of the PE. The diffusivity of the PE with
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low MW is already so high that salt should have only a marginal effect on chain diffusivity.
Consequently, for low MW PEs, the reduction of the driving force is the dominant factor, which
progressively slows down the growth kinetics of low MW PAA/PS+ NP cqmposites as the salt

concentration increases (Fig. 9). Interestingly, adding salt only during PAA dep (while using a

salt free NP suspension) leads to an intermediate growth rate.
For the PE with a higher MW, the boost in diffusivity due to the addition

the reduced electrostatic attraction between the oppositely nents, for salt

arently outweighs
concentrations up to 50 mM KCI, leading to a boost to LbL growth Fig. M0. However, a
t reduction in the
. Unlike PEs, the

concentration in the

further increase of salt concentration from 50 to 100 mM and
electrostatic driving force degrade the growth kinetics of PAA
deposition of NPs in Fig. 10 is weakly affected by KCI whereas
PAA solution while holding that of the NP dispersion fixed appre y alters the growth kinetics. In
contrast with spherical NPs, PE chain conformation, ther diffusivity are all drastically
altered by the ionic strength of the media and LbL growth rate is thus

PAA solution than to that of the NP dispersion.

e sensitive to salinity of the

2.3. Film characterization
2.3.1. Atomic force microscopy study

To study the surface morphology, the PEI/PS- composi with 41 nm-sized PS- particles were

selected. These composites are similar toffiost of the cases studied in that the intermediate value of
MW led to the fastest growth rate (Fig.

extra salt ions were added to the eit

characteristics of composites with different P s. Instead of performing localized AFM on a very
small area, which is a common practice in thé\literature, a larger area (30 ymx=30 ym) was studied to
obtain a more representatiy he surface morphology. As mentioned previously, 8

different areas of each sample w ut a single image most typical in the range of roughness

obse, pology, and the variation in height can be assessed for each figure from the

corresponding colo bar.
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25 kg/mol 70 kg/mol 750 kg/mol
84.2 nm & 66.0 nm 129.3 nm
3dl
: 204.5 nm 236.0 nm 238.0 nm
6dl
3 264.6 nm 594.0 nm 412.0 nm
Height Sensol -3.0 um
8dl ' P
533.5 nm 947.9 nm 500.3 nm
6‘0 Mﬁ:m;e;:g“;:tw Sensor A 0.0 um'
Figure 11. AFM images of PEI 41 nm-sized PS- particles and different MWs of PEI for
different numbers of layers. Al btained once PS- NPs are deposited for 1%, 3", 6", and 8"

bilayers. The pH values for the NP an osition steps were 7, and 9.9, respectively. No salt ions were

added for the growth of t iims except foiMhe ions introduced to the system to adjust the pH. The scale bars

for the main imagegfare also The insets show the corresponding images rendered using a fixed 700 nm

scale bar to allow co rison of fil t uniformity on an absolute scale.

As can be seen in 11, surface roughness during the growth of LbL films increases dramatically.

s of PEl and PS- at pH values of 9.9 and 7, respectively, and contrasting these
results with those o by depositing the same number of layers of PEI and PS- solutions both at a

pH of 7. Root-mean-squared (RMS) roughness values of film surface were determined by examining19
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the results with Nanoscope Analysis software (Bruker Nano Inc.). AFM micrographs, in the supporting
information (Fig. S5), show that in the latter case (equal pH), the rms surface roughness is around 32
% smaller than in the former (unequal pH). However, since the two cases prodyced differing total film

thickness, and roughness generally increases with thickness (Fig. 11), rathe comparing the

surface roughness for a fixed number of layers, the roughness-to-thickness ratio i basis for
comparison, since normally one wants to achieve a layer of a given thi e to much slower
growth of PEI/PS- composite when both PEI and PS- solutions are deposj value of 7, in this
case the ratio of roughness to thickness is around 30 % higher th mpMtied deposition
condition. So, it seems that the amplification of LbL growth by usi alues for different
layers does not increase roughness, at least when roughness is no thickness. Another
possible reason for the high surface roughness could be an un of surface charge on
the crystal surface, despite the fact that we were careful to be con nt when treating the substrates
with piranha solution.

Figure 12 depicts the variation of both absolute roughness (shown
normalized by the film thickness for PEI/PS- thi

thicknesses of PEI/PS- films composed of PEI with

the inset) and roughness
films ! different PEI MWs. Average film

s of 2357 70, and 750 kg/mol were estimated to

be 330, 825, and 270 nm, respectively. These estimati
shift (data in Fig. 4) of the QCM measureme

(Eg. (1) shown in the experimental section).

s were obtained by converting the frequency

unit area using the Sauerbrey equation

Knowing the s per unit area and the density of film

ingredients, one can estimate average fil
NPs than of PE’s, the density of the

thickness. This way, the effect of t

ickness. Because of the much greater mass deposition of
%) is used to convert the mass of film into
ifference between the PS and the PE’s is
neglected. This makes calculations mu generates minimal error (~0.3% in the worst

case) in the final results.
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Figure 12. Ratio of roughness to thickness, extracted from images, for the PEI/PS- multilayers depicted in

Fig. 11. The inset shows the variation of absolute r ome data points, the error bar is too small to

be visible.

Figure 12 shows that regardless of th he PEKl, as more layers are deposited onto the films,
the ratio of roughness to thickness de solute roughness increases. Further, Fig. 12
shows that PEI with intermediate M ughness to thickness ratio, perhaps due to the
fast growth of its thickness. As can be seen inset to Fig. 12, LbL films composed of PEI with
MWs of 25 and 750 kg/mol have comparable rgughness values. Interestingly, these films had a similar

rate of multilayer buildup (Fig

2.3.2. Scanning electr copy study

For a magnification of 80,000, however, only three different parts of the samples

were image ent micrographs looked very similar to each other at this magnification.
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posed of 8 double layers of PEI and PS-, with the same
1, with PEI MWs of 25 kg/mol (a), 70 kg/mol (b), and 750 kg/mol
s have a magnification of 80,000. The scale bars

Figure 13. Surface morphology of LbL films

materials and the same conditions as for Fig
(c). The main figures have a magnification

represent a length of 100 ym in the main f insets indicate a length of 500 nm.

Figure 13 shows that the PEI/PS- multilayer fil

o the films f

omposed of PEI with MW of 70 kg/mol has a more

heterogeneous surface than the other two molecular weights studied, which is

consistent with the AFM res

2.3.2.2. Thick filmggrowth
PEI with a MW &70 kg/mol
different PEI/PS- comQsites studied in the previous sections. Thus, for this multilayer film, the LbL

growth was

41 nm sized PS- particles led to the thickest LbL film among

59 double layers of PEI/PS- NPs were deposited on the glass substrate.
Then, the su y and thickness of the film were studied. Figure 14 depicts the

chara h composite obtained by SEM.
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Figure 14. Characteristics of LbL film composed of 59 double layer ’s, with PEI MW of 70

kg/mol. PEI and PS- solutions were deposited at pH values of 9.9 and 7, ectively. No salt was used in either
of the film ingredients except for the addition of HCI or KOH f j t. (a) Surface of the film with a

of few microns is deposited on the kness was not uniform throughout the cross

section and could have drastic variations. 0 do SEM on the film cross section, the substrate
was broken. As can be seen in Fig. 14 (b), fillWf cross section is slightly scratched as a result of

breaking the glass slide.

3. Concluding remarks and futu
We studied the effec

nanoparticle size i on the growth kinetics of polyelectrolyte (PE)/organic nanoparticle

olecular wegght (MW) of polyelectrolytes (PEs), type and charge of PE,

(NP) multilayer filmSQFi hat we could not deposit oppositely charged NPs alternately on
manner that could survive rinsing steps, unless there are intervening
polyelectrol shows that the polyelectrolyte and its binding and bridging of NPs is an
essential film growth involving NPs. We showed that for both cationic
PEI) deposited alternately with anionic polystyrene (PS-) NPs and for anionic
deposited alternately with cationic PS (PS+) NPs, an intermediate value of MW

can (with some exceptions) lead to the fastest film buildup. This behavior can be explained as a trade-

23

LIS dlI LILIE IS prulteLieu Dy LUPYILIZEIIL ALl TIZLILW 1eSe1veu



off between faster diffusivity for smaller chains during the deposition step at the expense of weaker
adhesion and wash-off of particles during the deposition or rinse step when the MW becomes too low.
However, for films composed of PEI with 26 or 100 nm sized particles, the PEI wjth the highest MW led
to the thickest film.

The pH of PEI and PS- solutions had a dramatic influence on the LbL growth; i

the charge on the PEI by depositing it at higher pH caused greate n of PEl and of
subsequent layers of PEIl and NPs. Especially fast film growth was obtai
films differently depending on MW of the PE. For low MW PEsjincreasing tfjl salt concentration
decreased the film growth rate monotonically, while for larger PE salt first improved
and then degraded the multilayer buildup.

Some of these trends, especially the effects of pH and PE molec weight, and to some extent the
effect of salinity, can be understood qualitatively. But ev ends observed were defied
for some particle sizes, depending on the particular PE. Even when the €xpected trend was followed,
rate OIE molecular weight, the value of the

f

magnitude) from PEI to PAA, for no

for example the non-monotonic dependence of grow,

optimal molecular weight varied greatly (more than order

reason we could determine. Hence, while some qualitati\g trends are now evident and explicable, even
semi-quantitative predictions are not yet in sig olymer-specific exceptions to even the

qualitative trends.

Clearly, much progress is still need o develop an improved qualitative and quantitative

methods to drug delivery and other applications can be

pursued, based in part on the fil ization results and methods presented here.

Experimental se
Materials

PEI and PAA with\@§ifferent MWS were employed as the polycation and polyanion, respectively.
Branched f 750 (Polydispersity index (PDI): 12.5) and 25 kg/mol (PDI: 2.5) were
purchased fro (St. Louis, MO). Branched PEI with a MW of 70 kg/mol (PDI: 13) and
PAA wjth MWs o 5 and 30 kg/mol (PDI for these polymers: 2.4) were purchased from Polysciences
(War, with a MW of 240 kg/mol was obtained from Acros Organics (Belgium). The
PDIs were obtaine the manufacturers.®® Negatively charged PS (PS-) NPs bearing sulfate
functional groups with particle sizes (diameters) of 2613, 416, 100£8 nm as well as positively charged

PS (PS+) NPs with amidine functionalization and particle sizes of 23+5, 44+6, 1009 nm were
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purchased from Life Technologies (Eugene, OR). The sulfate-functionalized NPs (PS-) with sizes of
26, 41, and 100 nm had highly varying surface charge densities of 3.4, 0.6, and 0.2 pC/cm?

respectively. On the other hand, the NPs bearing amidine functionalization (P ith sizes of 23, 44,

and 100 nm had nearly the same surface charge densities of 3.0, 3.4, and 3.2 p
The surface charge densities and particle sizes were obtained from thg manu TKCl was
obtained from Sigma Aldrich to study the effect of salinity on the LbL growtn ther materials were

purchased from Sigma Aldrich. No additional purifications were perfor

Quartz crystal microbalance measurements

The growth of PE/NP multilayers deposited on quartz crystals
a quartz crystal microbalance (QCM-200, Stanford Resear Inc., Sunnyvale, CA).
Chrome/gold coated quartz crystals were obtained fro search Systems and had a
resonance frequency of around 5 MHz. Initially, crystals were piranha solution (a mixture
of sulfuric acid and 30 % hydrogen peroxide at 3 to 1 volumetric ratio) for 2.5 minutes. Note that
piranha solution is very reactive and dangerous and care should be taken when handling
it. Piranha treatment not only cleans the substrate, b¥ it also makes it negatively charged. Such a
negatively charged substrate is needed for the gubse PE deposition step. Next, the crystals were
ater (Fisher Scientific, Waltham, MA)

E solutions employed in this research all have the same

rinsed thoroughly with DI water and dried wi
was used for preparing PE or PS solutions
monomer concentration of 0.23 M. Also#PS suspensions were used at a concentration of 0.1 wt%
icated with a probe sonicator (Ultrasonic

3 seconds prior to use in order to avoid

experiments we relatively similar condition and time duration. For the PE solution, pH
drift w, be an issue, as the pH was stable over several days.

growth, the PE solution was poured onto the crystal surface and was left
there for 15 minutes unless specified otherwise. Subsequently, using DI water with the pH of the
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deposition solution, the crystal was rinsed to remove excess PE chains that are not attached to the
surface electrostatically. Next, the crystal was dried with a mild airflow. Afterwards, the variation in
vibration frequency was recorded using the QCM. Subsequently, the above-mentioned procedure was

repeated for the PS suspension to deposit a PS layer on top of the deposited P The deposition

of PE/PS layers was continued until 8 bilayers were grown on the quartz substrate.
As mentioned before, the resonance frequency shifts of the chrom tal oscillator were

recorded after each deposition step in each experiment. According to th ue

elated to‘a S

(1)

quation for rigid

films,?* %% 3" the deposited mass per unit area (or thickness) is linear, t in resonance
frequency as shown in Eq. (1).

Af = —£{Am)

\

\

Where A} is variation of vibration frequency of the QCM crystal,‘ﬂm represents the deposited mass

per unit area, and C is crystal’s sensitivity factor which is 56.6 HZ. for the chrome/gold-coated

quartz crystals as reported by the manufacturer.”’!

of Plﬂith a MW of 750 kg/mol and pH of 7

er layer. However, PEI/PS- multilayers were

Prior to the growth of a PAA/PS+ composite, a |
was deposited onto the substrate as the precursor, or
directly grown on the crystal without needing a er. All the experiments were performed at

room temperature of 22+3. It should be note s shown in the results and discussion

section, odd-numbered and even-numbere ps represent PE and PS depositions, respectively.
Growing thick multilayer films

To grow films of several LBL as ouble layers, an LbL robot (StratoSequence,
nanoStrata Inc., Tallahassee, Fl) was used.

(Fisher Scientific, Waltham, MA) into PE/P

were grown by dipping a microscope glass slide

sdlutions for 10 minutes. For QCM experiments, a

QCM and found that there is n izfon in film growth between 10 and 15 minutes deposition
times (results shown in i mation, Fig. S1). Thus, we chose a 10-minute deposition

time for growing very t with the robot to reduce LBL buildup time while ensuring maximum film

containing DI water the pH seWthe same as in the preceding deposition solution. Subsequent to

as blown dry with a flow of air for 3 minutes. The film buildup was continued

d each time considerable agglomeration of NPs was seen due to dipping of
the glass slide and possible complexation formation of free NPs with film ingredients. Fresh particle

suspensions used for thick multilayer growth looked clear. When the PS suspension seemed too
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cloudy and contaminated by multiple dipping steps, the entire suspension was changed to a fresh one.
For the PE solution, however, no noticeable change was observable in solution quality after the dipping

steps. Nevertheless, as a precaution, the PE solution was changed after ever. -bilayer buildup, or

so. Further, the rinsing waters were changed with fresh ones after every 4-double la

Atomic force microscopy studies

An atomic force microscope (Dimension Icon, Bruker Nano Inc., S as employed
to study the surface morphology of the films during LbL growth. AF I\ , Bruker Nano Inc.,
Santa Barbara, CA) with a nominal resonant frequency of 300 k
nominal tip radius of 7 nm were used. AFM measurements we,
and in tapping mode.

In each LbL experiment, a fresh quartz crystal was empl
the LbL films was composed of some rough and smooth regio layers were deposited onto

the surface, the proportion of rougher areas increased. A sample photo taken by the optical

microscope of AFM is shown in the supporting infofation (§#l. S6). The roughness of these areas
could reach as high as a couple of microns for films witRa8 PE/NP double layers, which was beyond the
AFM measurable range. Thus, we did AFM analysis o tively smooth areas only. For each sample,
8 different smooth areas were randomly sele and roughness values were averaged
to increase measurement accuracy. We not try to medsure precisely the fraction of “smooth”
surface present, but did notice that it decgfased with increasing numbers of layers, from perhaps 60%

“smooth” by the end of first double laygy growiifto arogd 20% “smooth” after deposition of 8 double

layers.

Scanning electron microscopy studies

The surface of LbL films wgs imaged with El XL30FEG scanning electron microscope, with an
ions of 400 and 80,000. A magnification of 8,000 was

aphs. As investigated LbL films were not conductive, prior

accelerating voltage of 10
chosen to obtain SEM cross section
to doing SEM, their su

ere coatedWwith a thin layer of gold.
Error analysis

The standard error f{Oeach parameter studied is calculated via Eq. (2). These parameters include
frequency sh | (Af), thickness () (determined using the Sauerbrey equation (Eqg. 1) and

converting the ea into thickness), and rms roughness values (R) obtained from AFM
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(2)

T (s — 7
8= TR
q N

Where 0 is standard error, x is each parameter mentioned above, ¥ represents a value of x,

and N is the number of replicate experiments done to assess the repro of the results. For
determining standard error in frequency shift or thickness, two or threg j ere performed
for a few of the experiments. Due to time-consuming nature of L , it ' was practically

impossible to repeat all the results reported in this article, and so error bars @en in some of the
figures can be taken to be representative. To determine the rou alues, ferent areas of film
were tested to ensure accuracy. The standard errors in our asurements based on
variation of frequency shift were typically below ~15 %, as determ by replicate runs. The errors
could be attributed mainly to small variations in properti s that are propagated and

amplified in subsequently deposited layers. When salt was added to the solutions, the standard error

could reach as high as 30 %. Increasing ionic strengdtth is kn'n to reduce the stability of multilayer

films®?! and that might have caused the relatively high&@error values in these cases.
The standard errors in determining thickness and rms\@urface roughness of LbL films were generally
less than 15 and 10%, respectively. Knowj ociated with thickness (f) and rms
roughness (R), one can determine the error of the ratio of rodhness to thickness using Eq. (3), which

is a standard formula for propagation of egrs. The calculated error was below 18 % for the worst case

studied.
[ or —
CROR s B V
*"-“H':?.I—EKMH—I el A ’h )

sition experiments involving no polyelectrolytes, but only

3)

We also carried out a number o

PS NPs, with opposite es in altern¥ing layers, the results of which were entirely irreproducible.

Insufficient conta rigid spherical PS NPs is presumably to blame for the low inter-

charged NP so -charged PE solution. PEs seem to act as a glue between the PS NPs,

stabiliz nt composites.
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