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ABSTRACT: The design, preparation and properties of planar multilayer structures composed 

of various combinations of sequentially deposited polyelectrolyte (PE) chains and self-assembled 

layers of individual block copolymer aggregates (vesicles, micelles or large compound micelles 

(LCMs)) are described. The aggregates contain negatively or positively charged corona chains 

while the PE multilayers contain alternating polyanionic or polycationic chains deposited on 

silicon wafers. The final structures consist of combinations of layers of various charged species: 

multilayers of alternating PEs of poly(allyl hydrochloride) (PAH) and poly(acrylic acid) (PAA), 
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 2

as well as vesicles, micelles or large compound micelles of ionized poly(styrene)-b-poly(4-vinyl 

pyridine) (PS-b-P4VP) or of poly(styrene)-b-poly(acrylic acid) (PS-b-PAA). Two types of layer-

by-layer (LbL) multilayer structures were studied: individual aggregate layers sandwiched 

between PE multilayers, and layers of individual aggregates of various morphologies and of 

different corona chain charges, deposited on top of each other without intermediate multilayers 

or individual layers of PEs. The strong interactions between the successive layers are achieved 

mainly by electrostatic attraction between the oppositely charged layers. The planar LbL 

multilayers containing block-copolymer aggregates could, potentially, be used as carriers for 

multiple functional components; each aggregate layer could be loaded with hydrophobic (in the 

core of the micelles, LCMs or vesicle walls) or hydrophilic functional molecules (in the vesicular 

cavities). The overall thickness of such planar LbL multilayers can be controlled precisely and 

can vary from tens of nm to several µm depending on the number of layers, the sizes of the 

aggregates and the complexity of the structure. 

1. Introduction 

    The LbL self-assembly method of preparing multilayer thin films has proven, over the last 

twenty years, to be a very useful and versatile technique in surface modification.
1-19

 Positively 

and negatively charged polymers are sequentially adsorbed from dilute solution onto a charged 

substrate, most commonly by electrostatic interactions, or alternately by hydrogen 
5, 13-14 

or 

covalent
6
 bonding; this is the basic principle behind the preparation of thin films by the LbL 

technique.
1-26

 The charge overcompensation after the deposition of each layer is the main 

mechanism by which the buildup of material is achieved.
1-3

  

    The simplicity, ease and low cost of preparation, coupled with the remarkable nanoscale 

control of thickness,
9,17

 the versatility,  environmental friendliness and good biocompatibility of 

Page 2 of 30

ACS Paragon Plus Environment

Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 3

the LbL assembly technique opens a broad range of applications,
10-23

 which vary from biological 

and therapeutic materials to energy and electrochemical devices. The techniques involved in 

fabrication of LbL multilayer systems include dip, spray and spin coating, as well as flow based 

techniques.
1-3,6-7,9,21

 The overall range of benefits of the film fabrication method has led to this 

approach being used in the preparation of LbL systems incorporating, in addition to the simple 

polyelectrolytes,
7-9

 also various other materials, such as small molecule dyes, colloidal particles, 

enzymes, carbon nanotubes, liposomes and self-assembled aggregates onto planar surfaces.
12-

13,16-18,20,22-23 

       
Independently, self-assembled block copolymer aggregates, such as micelles, rods, vesicles or 

LCMs, have received considerable attention over past few decades.
27-35

 These aggregates usually 

have a hydrophobic core (micelles, LCMs) or wall (vesicles) and a hydrophilic corona, which 

makes them stable in aqueous solutions.
27-38

  A number of potential applications of self-

assembled block copolymer aggregates have been explored. Drug delivery applications 
34-35,37-38

 

are of special interest because of the unique properties of these aggregates. For example, in drug 

delivery applications, the core of the micelle is capable of incorporating hydrophobic bio-

medically active ingredients, which can be delivered to a biological environment because of the 

stability of the structures by virtue of their hydrophilic coronas. Vesicles can contain hydrophilic 

species in the hollow centre and possibly also hydrophobic species in the wall in a possible dual 

delivery system.  

    Since the hydrophilic corona chains of block copolymer micelles and vesicles can be 

prepared from PE chains with positive or negative charges and since electrostatic interactions are 

an inherent aspect of LbL films, it is reasonable to attempt to incorporate charged self-assembled 

block copolymer aggregates into LbL multilayers. Surprisingly, the literature in this combined 
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 4

area is scant,
11-16

 and only a few of studies have been published dealing with block copolymer 

aggregates incorporated into PE LbL mulitilayers. For example, Caruso et al.
16

 prepared self-

assembled nanoporous multilayered films using star-like block copolymer micelles of PS-b-PAA 

and PS-b-P4VP as building blocks. The growth of these nanoporous films is governed by 

electrostatic and hydrogen-bonding interactions between the opposite block copolymer 

micelles;
16

 these films could potentially be used as reservoirs of various hydrophobic or 

hydrophilic materials. Zhang et al.
10

 fabricated LbL multilayer films by alternating deposition of 

the poly(styrene-b-poly acrylic acid) (PS-b-PAA) and poly(diallyl-dimethylammonium chloride) 

loaded with hydrophobic dyes. Hammond et al.
13 

studied LbL films composed of self-assembled 

biodegradable polymeric micelles, which had been loaded with antibacterial material; the 

antibacterial biodegradable polymeric LbL films were shown to be efficient in bacteria 

deactivation.
13

  

    The present paper explores a small part of the enormous range of possibilities of combining 

polyelectrolyte (PE) multilayers (polyanionic - PAA and polycationic - PAH chains) with 

charged crew-cut block copolymer aggregates, such as vesicles, micelles and LCMs with anionic 

or cationic corona chains composed of PS-b-PAA or PS-b-P4VP, deposited on a silicon wafer. 

Two different structural approaches are utilized, in one of which aggregates are separated by 

multiple PE layers, while in the other the aggregates of different charge are in direct contact. 

This publication deals only with structural aspects; filling and release of ingredients will be a 

subject of a future publication. The morphological and compositional parameter space is 

extremely large and offers excellent opportunities for optimization, depending on the intended 

application. 

2. Experimental Section 
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 5

    Experimental details are given in the Supporting Information. 

3. Results and Discussions 

3.1. Aggregate Types  

    An overview of the individual aggregates used in preparation of the planar LbL multilayer 

structures, including the preparative conditions, TEM images and sizes of the aggregates, is 

given in detail in the SI in section 1.5. The aggregates include vesicles of PS-b-PAA (as prepared 

from various solvents - Type I and Type II), and as well as vesicles, micelles and LCMs of PS-b-

P4VP. 

3.2. Nomenclature 

    This study deals with planar LbL structures, composed of layers containing various species, 

i.e. PE multilayers, vesicles and micelles. In addition, these species carry one of two different 

charges; therefore the parameter space is large. It is of interest to systematize various structural 

possibilities of these multilayers by first defining the successive layer possibilities. Figure 1 

shows the various possibilities for two layer systems, and is referred to as a structural branch 

point diagram in this work. A layer which consists of micelles with a positive corona is denoted 

as M+; similarly a micelle layer with the negative corona are denoted M-. Vesicle layers are 

labeled as V+ or V-. Polyelectrolyte (PE) multilayers are designated by the letter L and the 

charge of the top layer, i.e. L+ or L-, depending on whether the charge on the top layer is 

positive or negative. If necessary, the number of PE layers comprising this multilayer can be 

denoted by a subscript. 

    As an example, a layer consisting of negatively charged micelles (M-) can be covered by 

either a layer of positively charged vesicles (V+) or layer of positively charged micelles (M+) or 

by a PE multilayer the top layer of which can be either positive or negative (L+ or L-). The six 
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 6

different possibilities are summarized in the branch point diagram in Figure 1. These are not 

physical branch points, but branch points on a “tree” of potential multilayer structures, which are 

schematically shown in the branch point diagram. These branch points can be combined to give 

“a tree”, the components of which are indicated in the diagram below. Two examples of the 

planar LbL structure, such as WL5
+
V

-
V

+
L6

+
 V

-
V

+
 and WL4

-
M

+
V

-
L6

-
V

+
L5

-
V

+
M

-
 are given in the 

SI in Figure 1 and in section 1.6. In section 1.6., the detailed explanation is provided of the order 

of the layers including the rules involved in preparation of the planar LbL multilayer structures. 

 

Figure 1. Branch point diagram. M = micelle layer, V = vesicle layer and L = polymer 

multilayer. The sign on L indicates the charge of the top layer (+ or –). The present branch point 

diagram utilizes only three species of positive or negative charges. 

3.3. LbL Planar Multilayers Composed of Both Polyelectrolytes and Aggregates  

     The experimental results of structures, prepared in this study, are given below in order of 

increasing complexity. First, a description of the preparation of the base structure, composed of 

the PS-b-PAA vesicles deposited on the polyelectrolyte multilayer is discussed. The description 

of the LbL structure composed of four layers of vesicles of the PS-b-PAA sandwiched between 

polyelectrolyte multilayers is given next, followed by the description of the LbL structure 

containing layers of both types of vesicles, i.e. positive (from PS-b-P4VP) and negative (from 
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 7

PS-b-PAA), deposited between polyelectrolyte multilayers. Two different LbL structures 

representing different morphologies, i.e. micelles and large compound micelles (LCMs) of PS-b-

P4VP, in addition to the PS-b-PAA vesicles deposited between polyelectrolyte multilayers, are 

described in the SI in sections 1.8. and 1.9. The final structure contains alternating PS-b-PAA 

(negatively charged) and PS-b-P4VP (positively charged) vesicle layers deposited directly on 

each other without intermediate polyelectrolyte multilayers. The only PE multilayer in this 

structure lies between the silicon wafer and the first vesicles layer.  

3.3.1. LbL Planar Structure Composed of Polyelectrolyte Multilayers (WL11+).  

     The first element of the LbL multilayer structure deposited on the silicon wafer is always 

the PE multilayer. The structure containing only the PE multilayer (shown schematically in 

Figure 2 in the SI) is the simplest planar LbL structure, discussed in the present study.  

3.3.2. LbL Planar Structure Composed of a Vesicle Layer Deposited on a Polyelectrolyte 

Multilayer (WL11+V- Base Structure). 

     Figure 2 shows the base LbL planar structure from which all further planar LbL structures 

of the present study are derived. The base WL11+V- LbL planar structure is shown 

schematically in Figure 2 A. In analogy to the previous structure, the present structure is 

composed of eleven alternating negatively charged poly(acrylic acid) (PAA) and positively 

charged poly(allyl hydrochloride) (PAH)  polymer layers, deposited on a silicon wafer. In 

addition, negatively charged PS190-b-PAA34 vesicles are deposited as the top layer. An AFM 

image of the top view of the WL11+V- LbL planar structure is shown in Figure 2 B. The size of 

the vesicles ranges from 100 to 200 nm. Some of the vesicles are collapsed due to pressure 

differences between the interior and exterior of the vesicles during their preparation.
40

 As can be 

seen from the AFM image of the top vesicle layer, generally the vesicles show a rather high 
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 8

coverage and are randomly distributed over the surface, which indicates that the charge density 

across the underlying surface is rather high and that the charge distribution on the underlying 

surface is relatively uniform after modification with the PAH/PAA multilayer. It should be noted 

that when the positively charged vesicles of PS-b-P4VP were deposited directly on the 

unmodified silicon wafer, the vesicle coverage was very low (results not shown). 

As shown in Figure 2 B, most vesicles are isolated with relatively few contact pairs. The 

absence of frequent contacts may be an indication of a presence of slightly repulsive interaction 

between the vesicles arising from the de-protonation of the acrylic acid in milli-Q water as well 

as the relatively low concentration of vesicles in solution. 

 

Figure 2. Schematic representation of the side view A), and AFM image of the top view B) of 

WL11
+
V

-
 LbL planar structure. B) contains an enlarged (2.5 x) view of a small surface segment.  

    In all figures, the letters in the squares indicate the figure number, while the letters in the 

circles indicate the layer corresponding to the figure of the same letter, when it is provided. The 

letter in the square indicates the schematic of the system under discussion. 

    Table 1 gives an overview of the symbols used in the diagrams describing the multiple 

layers structures composition. 
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 9

 

Table 1. An overview of the symbols used in the composition of multiple layer structures. 

3.3.3. LbL Planar Structure Containing Vesicle Layers Deposited Between Polyelectrolyte 

Multilayers (WL11
+
V

-
 L17

+
V

-
 L17

+
V

-
 L17

+
V

- 
). 

3.3.3.1. Surface Topography 

   Figure 3 represents the WL11
+
V

-
 L17

+
V

-
 L17

+
V

-
 L17

+
V

-
 planar LbL structure. This system 

consists of four negatively charged layers of PS-b-PAA vesicles deposited between or on top of 

PE multilayers. The first (bottom) polyelectrolyte multilayer is composed of 11 alternating layers 

of PAH or PAA, while each additional polyelectrolyte multilayer consists of 17 alternating layers 

of PAH/PAA, as represented schematically in Figure 3 A; the sequence L11
+
V

-
 is deposited first 

on the silicon wafer, followed by a threefold deposition of the L17
+
V

-
 sequence. Figures 3 B – E 

show the AFM images of the top view of each individual vesicle layer. The diameter of the 

vesicles corresponds to 75 ± 15 nm. 

     As can be seen from the AFM images, the highest surface density of vesicles is found in the 

top view AFM images of Figures 3 C and D. The sizes of the vesicles shown in images B and E 

are smaller than those in C and D. In all cases, it is evident from the AFM images (3 B – D) that 

the vesicles are randomly distributed over the surface. Compared to the first PS-b-PAA vesicle 

layer (Figure 3B), the second and third vesicle layers show a somewhat more dense coverage 

(Figure 3C and 3D). The reason for the slight differences in vesicle surface density in the various 

layers is not evident. 
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 10

    The differences in the sizes seen in Figures 2 B and 3 B are related to differences in the 

preparation conditions for the vesicles used; the PS-b-PAA vesicles shown in Figure 2 B were 

prepared in dioxane while those shown in Figure 3 B were prepared in dioxane/THF mixtures 

(see sizes in Table 2 in the SI). As can be seen in images 2 B and 3 B, the surface coverage 

shown in Figure 2 B is higher than that in Figure 2 B. This phenomenon is caused by the 

difference in numerical vesicle concentration in the solution at the same weight concentration 

caused by the differences in the size of the vesicles in the two samples. The vesicles shown in the 

image 3 B were prepared in dioxane, and therefore are larger compared to those prepared in the 

dioxane/THF mixture; the aggregation number of those prepared from dioxane is 3.1 x 10
-20

 

moles of chains/vesicle. The aggregation number of vesicles prepared from dioxane/THF solvent 

is lower, i.e. 1.1 x 10
-20 

moles of chains/vesicle, therefore the numerical vesicle concentration in 

the two solutions is different, i.e. 7.3 x 10
11 

and 2.1 x 10
12

 vesicles/mL, respectively.  It should be 

stressed that the polymer concentration in both vesicle solutions is the same, 0.5 mg/mL. 

 

Figure 3. WL11
+
V

-
L17

+
V

-
L17

+
V

-
L17

+
V

-
 LbL planar structure; A) Schematic representation of the 

side view of the assembly. B – E) AFM images of the top view of the PS-b-PAA vesicle layers 1 

– 4 from bottom. The letters B – E on the schematic representation in A correspond to the AFM 

images B – E of those layers. B – E contain enlarged (2.5 x) views of small surface segments. 
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 11

3.3.3.2. Thickness by Ellipsometry 

   The thickness of the WL11
+
V

-
L17

+
V

-
L17

+
V

-
L17

+
V

-
 LbL planar structure was studied by 

ellipsometry at several stages of preparation. The results of the measurements are shown in 

Figure 4, where the thickness (nm) is plotted as a function of number of individual layers in the 

structure. As expected, the thickness increases with increasing number of layers, as shown in 

Figure 4. The thickness of 11 alternating PAH/PAA layers (L11
+
)
 
corresponds to roughly 50 nm. 

The addition of the first PS-b-PAA   vesicle layer (V
-
) increases the thickness of the structure by 

about 35 nm as measured by ellipsometry. This increase in thickness should be related to the 

average diameter of the vesicles of 75 nm obtained by TEM. However, the average thicknesses, 

measured by ellipsometry, are expected to be somewhat smaller than the average diameters 

measured by TEM, which represent a local maximum thickness, not an average. The thickness of 

the subsequent PAH/PAA multilayer, consisting of 17 alternating layers (L17
+
) corresponds to 

roughly 70 nm. The second vesicle layer is ~ 50 nm thick by ellipsometry. According to the 

results shown in Figure 4, as the additional L17
+
V

-
 layers are deposited, the thickness of the 

structure increases by ~ 120 nm; 70 nm of this corresponds to the thickness of 17 alternating 

PAH/PAA layers and 50 nm to the average thickness contributed by the vesicle layers. 

    The thickness of the entire WL11
+
V

-
 L17

+
V

-
 L17

+
V

-
 L17

+
V

-
 LbL planar structure is ~ 460 nm 

and is, thus below 500 nm (0.5 µm), for this 66 layers structure. In each PE multilayer, the 

average thickness of a single layer of PAH or PAA is ~4.5 nm.
9
 It means the polymer molecules 

were not deposited as thin layers with flat monolayer chain conformation but as thicker and 

rougher layers with a loopy conformation. 
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 12

 

Figure 4. Plot of thickness from ellipsometry vs. number of layers in the structure containing 

four individual layers of PS-b-PAA vesicles between multiple PE layers (schematically shown in 

Figure 3A). Each large jump in thickness corresponds to a layer of vesicles. 

Particle density for the present system, assuming monodisperse vesicles of 75 nm diameter and 

a distance between vesicle layers of 115 nm, e.g. analogous to the plot in Figure 4, was 

calculated to be 1.8 x 10
10

 vesicles/cm
2
 (square planar packing). Furthermore, with a vertical 

distance between vesicle layers of 115 nm, the number of layers/cm is 8.7 x 10
4
 and the number 

of vesicles/cm
3
 was calculated to be 1.6 x 10

15
 for structures which include the polyelectrolyte 

multilayers. 

3.3.4. LbL Planar Structure Composed of Negatively Charged PS-PAA and of Positively 

Charged PS-P4VP Vesicle Layers Deposited Between PE Multilayers (WL11
+
V

-
 L10

-
V

+
 L10

+
V

-
). 

    The WL11
+
V

-
L10

-
V

+
L10

+
V

-
 LbL planar structure, containing both positively and negatively 

charged vesicles, is shown in Figure 5. The structure consists of 11 PAH/PAA alternating PE 

layers (L11
+
) deposited on a silicon wafer, onto the top of which a layer of negatively charged 

vesicles is deposited. The subsequent multilayer in the present structure consists of 10 alternating 

layers of PAH/PAA (L10
-
). The layer of positively charged vesicles (V

+
) of PS473-b-P4VP36 is 
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 13

introduced next, followed by the deposition of another PE multilayer consisting of 10 alternating 

layers of PAH/PAA (L10
+
). The top layer of the structure consists, again, of a layer of negatively 

charged PS188-b-PAA34 vesicles (V
-
). The average diameter of PS188-b-PAA34 vesicles is 110 ± 

30 nm, while the average diameter of PS473-b-P4VP36 vesicles is 50 ± 18 nm. 

 

Figure 5. WL11
+
V

-
 L10

-
V

+
 L10

+
V

-
 LbL planar structure;  A) Schematic representation of the side 

view of the structure containing PS-b-PAA vesicle layers (B,D) deposited between the PE 

multilayers and PS-b-P4VP vesicle layer (C). B) D) AFM image of the top view of the PS-b-

PAA vesicle layer, C) AFM image of the surface top view of PS-b-P4VP vesicle layer, B – D 

contain enlarged (2.5 x) small surface segments. 

    The total number of layers employed in the present structure is 34, which includes three PE 

multilayers, two layers of negatively charged vesicles and one layer of positively charged 

vesicles, as shown in the schematic representation of the side view of the structure in Figure 5 A. 

AFM images of the top views of the PS-b-PAA vesicle layers (Figure 5 B, D) confirm the 
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random distribution of the vesicles on the surface; the AFM image of the top view of the PS-b-

P4VP vesicle layer (Figure 5 C) confirms a random distribution of the vesicles on the surface as 

well; however, it can also be seen from the image that the vesicles are smaller than those of the 

PS-b-PAA vesicles seen in Figures 5 A and 5 C. 

    It should be noted that the number of layers used to prepare the present LbL planar structure 

(L10) differs from that in the previously discussed structure (L17). In the previous system, 

discussed in section 3.3.3, a 17-fold PE multilayer (L17) was employed to sandwich between 

vesicle layers with the purpose of eliminating completely the topography of the vesicle layer.
39 

Moreover, in the previous case, small size PS-b-PAA vesicles (type II, 75±15 nm) (see table 2 

in the SI, section 1.5.) were used to build the vesicle layers with the maximum vesicle coverage. 

In the present system, however, it was shown that a 10-fold PE multilayer (L10) is sufficient to 

eliminate the surface influence while providing effective charge density and adhesion
39

 for a PS-

b-P4VP vesicle layer with a high surface coverage, as shown in Figure 5 C. The higher charge 

density of the P4VP corona because of the stronger interaction with the top layer of the 

multilayer film (higher degree of ionization) may explain the high coverage. The differences 

between the surface coverage shown in images 5 B - D are most likely caused by differences in 

the vesicle concentration. 

   As can be seen from Figure 5 D, the top PS-b-PAA vesicle layer in the present structure 

(Panel 5) shows a lower vesicle coverage compared to the third vesicle layer (3 D Panel 3). The 

concentration effect is probably the main reason for the surface coverage differences. In addition, 

it is highly likely that the 10-fold PE multilayer provides less adhesion and a lower charge 

density compared with the 17-fold PE multilayer.  
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3.3.5. LbL Planar Structure Composed of Negatively Charged PS-PAA Vesicle and of 

Positively Charged Micelle Layers Deposited Between PE Multilayers (WL11
+
V

-
L10

-
M

+
L10

+
V

-
). 

    Due to space limitations in the main text of the present publication, the WL11
+
V

-
L10

-

M
+
L10

+
V

-
 LbL planar structure, containing micelles in the assembly, is shown schematically in 

Figure 3 in section 1.8. of the SI.  

3.3.6. LbL Planar Structure Composed of a Negatively Charged PS-PAA Vesicle Layers and 

of Positively Charged Large Compound Micelle (LCM) Layer Deposited Between PE 

Multilayers (WL11
+
V

-
L10

-
M

+
L10

+
V

-
). 

     The WL11
+
V

-
L10

-
M

+
L10

+
V

-
 LbL planar structure described in section 1.8. of the SI is very 

similar to the WL11
+
V

-
L10

-
M

+
L10

+
V

-
 LbL planar structure, discussed in the present section, 

except that instead of simple micelles described in section 1.8., it contains large compound 

micelles (LCMs) of PS473-b-P4VP26 block-copolymer (M
+
). The results for the LbL structure 

containing LCMs are discussed in the Supporting information in section 1.9 in Figure 4. 

3.4. LbL Multilayers Composed of Aggregate Layers without an Intermediate PE Layer. 

3.4.1. LbL Planar Structure Composed of Alternating Negatively Charged PS-PAA Vesicles 

and of Positively Charged PS-b-P4VP Vesicles Deposited on Top of Each Other Without 

Intermediate PE Multilayers (WL11
+
V

-
V

+
V

-
V

+
V

-
). 

 3.4.1.1. Surface Topography 

    The WL11
+
V

-
V

+
V

-
V

+
V

- 
LbL planar structure, containing alternating layers of vesicles of 

positive and negative charge without employing intermediate PE multilayers between the vesicle 

layers, is shown schematically in Figure 6 A. The structure, deposited on a silicon wafer, consists 

of 11 alternating PAH/PAA PE layers (L11
+
), three layers of negatively charged PS188-b-PAA34 

vesicles (V
-
) (B, D and F) and two layers of positively charged vesicles of PS473-b-P4VP36 (V

+
) 
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(C and E). The diameters of PS190-b-PAA34 vesicles are ~ 110 ± 30 nm; the averages for the 

PS473-b-P4VP36 vesicles are ~ 50 ± 18 nm. The total number of layers in this structure is 16. 

 

Figure 6. A) Schematic representation of the side view of the structure containing PS-b-P4VP 

vesicle layers (C, E) deposited between PS-b-PAA vesicle layers (B, D, F) which are deposited 

on the PE multiple layer. AFM images of the top view of the B, D, F) PS-b-PAA vesicle layer, 

C, E) PS-b-P4VP vesicle layer. B – F contain enlargements (2.5 x) of small surface segments. 

Figures 6 B, D and  F show the AFM images of the top views of the PS-b-PAA vesicle layer 

surfaces in the structure. An analysis of the images shows that the vesicle sizes correspond to 

those obtained by TEM (~ 110 nm). It can be seen from the images that the aggregates are 

randomly distributed on the surfaces. Figures 6 C and 6 E show the AFM images of the top view 

of the PS-b-P4VP vesicle surfaces. These vesicles are, again, randomly distributed on the 

surface, but their average diameters are smaller than those of the PS-b-PAA vesicles shown in 

images 6 B, D and F.  

    To build the structure shown schematically in Figure 6 A, the vesicle layers were deposited 

directly on top of each other without any intermediate PE multilayers; as before, adjacent layers 

are held together by electrostatic interactions between oppositely charged vesicle coronas. From 
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Figure 6 C, one can see that the small (positively charged) PS-b-P4VP vesicles are mainly 

attached to the previously adsorbed (negatively charged) somewhat larger PS-b-PAA vesicles, 

with a relatively lower coverage compared with that shown in Figure 5 C; in that structure, the 

same PS-b-P4VP vesicles were deposited onto a rough and adhesive PE multilayer. As can be 

seen in Figure 6 C, there are a few small positively charged PS-b-P4VP vesicles sitting on the 

surface of the PE multilayer which contains a positively charged PAH as the top layer. 

    This unusual phenomenon (positively charged vesicles on a positive surface) indicates that 

in the PE multilayer, there are some negatively charged PAA molecules penetrating into the 

outermost PAH (positively charged) layer, which makes the PE multilayer surface non uniform 

and partially negatively charged in some areas. This possible penetration can also explain, in 

part, the fact that the PS-b-PAA vesicle layers on top of a PE multilayer in all these LBL 

structures do not show very high vesicle coverage. 

Compared with the vesicle layers located between PE multilayers in the LBL structures shown 

schematically in Panels 3, 5, 3 SI and 4 SI of Figure 8, the vesicle layers in the present structure 

(Panel 6) in general show a lower surface coverage. This lower coverage can be attributed to the 

lower contact area between oppositely charged vesicles (in the absence of PE multilayer), which 

are relatively rigid spheres in direct contact with each other in neighboring layers as compared to 

top contact area of spheres deposited on a soft flat PE multilayer.  

It should be noted that pictures such as those given in Figure 3, Figure 5 and Figure 6 suggest 

that, in most cases, the small scale topography does not change with number of layers, the only 

exception being Figure 5D, which shows a slight increase in surface roughness with increasing 

number of layers. The reason for this uncharacteristic behavior in this particular case is not clear. 
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As can be seen from AFM images in Figure 2 B, Figure 3, Figure 5 and Figure 6 in the inserts 

with more highly enlarged sections, the vesicles stay intact upon adsorption since there is no 

evidence of vesicle brake-up seen on these pictures. The indentations that are seen on some of 

the vesicles are characteristic of vesicles prepared by the methods we utilize and have been seen 

in most of vesicles we have prepared right from the beginning of the group investigations of 

vesicles.
31

 It should be recalled that the vesicles are deposited from water at room temperature 

and that the glass transition temperature of the vesicle wall material, i.e. polystyrene, is ca. 100 

O
C, i.e. 75 – 80 

O
C above the multilayer preparation temperature. Therefore, no morphological 

changes are anticipated, or have been observed. 

3.4.1.2. Thickness by Ellipsometry 

      The thickness of the WL11
+
V

-
V

+
V

-
V

+
V

- 
LbL planar structure was studied by ellipsometry. 

The results of the measurements are shown in Figure 7, where the thickness (nm) is plotted as a 

function of number of individual layers in the structure. As expected, the thickness increases 

with increasing number of layers. 11 alternating PAH/PAA layers (L11
+
)
 
correspond to a 

thickness of roughly 50 nm, which is similar to thickness of 11 alternating PAH/PAA PE layers 

in case of the WL11
+
V

-
 L17

+
V

-
 L17

+
V

-
 L17

+
V

-
 planar LbL structure discussed in section 3.3.3.2. 

The addition of the first PS-b-PAA vesicle layer (V
-
) increases the thickness of the structure by 

about 60 nm as measured by ellipsometry. This increase in thickness is much smaller than the 

average diameter of the vesicles of 110 ± 20 nm obtained by TEM (the data for type I PS-b-PAA 

vesicles are given in Table 2 in the Supporting Information). The average thicknesses, measured 

by ellipsometry, are expected to be smaller than the diameter measured by TEM, which 

represents a local maximum thickness, not an average. The thickness of the subsequent PS-b-
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P4VP vesicle layer is roughly 30 nm as measured by ellipsometry. By comparison, the size of the 

vesicles from TEM is 50 ± 18 nm.  

    When the third layer of PS-b-PAA vesicles is deposited, the thickness of the structure 

increases by ~ 60 nm; followed by an increase in thickness ~ 50 nm after the addition of the 

fourth vesicles layer containing PS-b-P4VP vesicles. The fifth vesicle layer of PS-b-PAA adds 

an additional 100 nm and the sixth layer, composed of PS-b-P4VP vesicles, adds ca. 50 nm. The 

total thickness of the WL11
+
V

-
V

+
V

-
V

+
V

- 
LbL planar structure corresponds to ~ 400 nm, for this 

17 layer structure, of which the top six layers are composed of alternating layers of positively 

and negatively charged vesicles. It should be mentioned that the thickness of each layer, as 

determined by ellipsometry at different stages of the deposition of the individual layers, and the 

numerical values of the thicknesses of the individual layers suggest that the structure is non-

porous and contains well defined individual layers. 

 

Figure 7. Plot of thickness vs. number of layers in the structure containing six alternating 

individual layers of PS-b-PAA vesicles and PS-b-P4VP vesicles deposited on PE multilayers 

(schematically shown in Figure 6A); thickness was obtained by ellipsometry. 

The thickness curve measured by ellipsometry shows a very similar increase in thickness for 

each kind of vesicle layer, i.e. PS-b-PAA vesicles or PS-b-P4VP vesicles (on average 90 nm for 
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PS-b-PAA vesicles and 40 nm for PS-b-P4VP).  However, there is a significant difference 

between the thickness of the first PS-b-PAA vesicle layer and the second PS-b-PAA vesicle 

layer. The difference suggests that the underlying surfaces of PE multilayer and PS-b-P4VP 

vesicle layer have different properties. These differences could be possibly related to the 

different surface topology (spherical structures vs. PE multilayer) or the nature of the PE (PAH 

vs. P4VP) or both. The final thicknesses of one layer of PS-b-PAA vesicles and one layer of PS-

b-P4VP vesicles indicate that rather high vesicle coverage are achieved after several layers of 

deposition, although full coverage is not achieved, which may be a result of the limited contact 

area between the relatively rigid vesicles. 

It is noteworthy that, as can be seen by comparing Figure 3 and Figure 6, the surface roughness 

increases with increasing number of vesicle layers in the absence of intermediate PE layers. By 

contrast, in the presence of intermediate PE layers, the surface roughness does not appear to 

change with an increase in number of vesicle layers. Earlier studies by Lvov et al.
41

 on 

multilayers of virus particles also showed that the roughness can be decreased in the presence of 

PE layers between the virus layers.
 

It should be noted that we have no way of calculating precisely the particle density for 

structures in the absence of PE multilayers because of the necessity for electro-neutrality and the 

uncertainties in the charge densities of the two types of vesicle under the deposition conditions. It 

seems reasonable to suggest that the number density should be somewhere between that of PS-

PAA vesicles of diameter 110 nm (ca. 8 x 10
14

 vesicles/cm
3
 assuming cubic lattice) and that of 

PS-b-P4VP vesicles of diameter 50 nm (ca. 8 x 10
15

 vesicles/cm
3
 assuming cubic lattice, 

schematically shown in Figure 6 A). Therefore, for the range of systems studied here, the particle 

density, according to these estimates, is roughly in the same range for structures containing PE 
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layers (1.6 x 10
15

 Figure 3) as for those without PE multilayers (Figure 6) and, as expected, is 

clearly related to the diameter of the vesicles, as was shown above. 

3.5. Overview of the Planar LbL Multilayer Structures Prepared in the Present Study 

    An overview of all the structures prepared in the present study is shown schematically in 

Figure 8. That figure not only describes the detailed structures of the different planar LbL 

multilayers, but also illustrates the structural relationship between them. To prepare the more 

complex LbL multilayer structures, one starts with the base structure, shown schematically in 

Panel 2 in Figure 8. The base consists of a PS-b-PAA vesicle layer deposited on the PAH/PAA 

alternating PE multilayer, which is placed directly on the silicon wafer. The same structure is 

used in the preparation of the more complicated LbL multilayers, which are labeled as panels 3,  

and continuing clockwise to panel 5, 3 SI. 4 SI and 6 in Figure 8. “SI” means the Figure can be 

found under the same number in the Supporting Information. 

The simplest of the complex structures is shown schematically in panel 3 of Figure 8. This 

structure consists of four PE multilayers alternating with PS-b-PAA vesicle layers. The structure, 

shown in panel 5 of Figure 8 contains layers of negatively charged PS-b-PAA and positively 

charged PS-b-P4VP vesicles, alternating with PE multilayers. The structure, labeled as panel 3 SI 

in Figure 8 contains PE multilayers alternating with two layers of negatively charged PS-b-PAA 

vesicles and a layer of positively charged PS-b-P4VP micelles. The structure, shown 

schematically as panel 4 SI in Figure 8, is very similar to the structure in panel 3 SI, except that 

the simple micelles are replaced by LCMs. The final structure is shown in panel 6 in Figure 8. 

The structure consists of negatively charged PS-b-PAA vesicle layers alternating with positively 

charged PS-b-P4VP vesicle layers. The structure is deposited on a PE multilayer on a silicon 

wafer without intermediate PE multilayers between the vesicle layers. 
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It is evident that for the planar LbL multilayer structures the parameter space is very large and 

many combinations of PE multilayers, positively and negatively charged vesicles, micelles, 

LCMs, LCVs, and even the inclusion of other morphologies in the LbL structures, is likely 

possible. The present study illustrates some of the simpler examples of complex multilayers that 

can be achieved using PEs in combination with charged self-assembled block copolymer 

aggregates. 

     

Figure 8. Summary schematic representation of all the structures prepared in the present work. 

No intermediate PE multilayers were deposited between the individual aggregate layers in case 

of structure highlighted in the circle. Symbol explanations are given in the Table 1. “SI” in the 

Panel description means that the images can be found in the Supporting Information, while Panel 

number without SI means the Figure is given in the main text. 

4. Conclusions 

This project was devoted to a study of a small part of the wide range of possibilities which 

arises when one combines sequentially deposited charged PE multilayers and charged aggregates 

(vesicles, micelles or LCMs). The planar LbL structures are composed of combinations of 

sequentially deposited layers of various species, such as those self-assembled from PS-b-PAA or 
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PS-b-P4VP block copolymers aggregates along with alternating poly(anionic) PAA and 

poly(cationic) PAH PE chains, all deposited on silicon wafers.  

Two types of planar LbL multilayer structures were studied:  Individual aggregate layers 

deposited between PE layers, and individual aggregate layers deposited on top of each other 

without intermediate PE multilayers. The attractive interactions between the successive layers 

are electrostatic because they occur between oppositely charged chains in the coronas of the 

aggregates or of PE chains.  

This study demonstrates that it is possible to prepare uniform and non-porous multilayer 

structures containing various combinations of PE multilayers along with distinct layers of 

charged self-assembled block-copolymer aggregates. It is useful to employ crew-cut block 

copolymer aggregates to maximize the mobility of aggregates during the deposition and thus 

assure reasonable layer uniformity. Clearly, given the number of species involved (negatively 

and positively charged PEs, negatively or positively charged vesicles, micelles or LCMs) the 

number of possible sequences is very large. Only a small range of the large parameter space was 

explored in this study and only from a structural point of view. 

In exploring the structure and properties of ionisable multilayers containing ionisable self-

assembled block copolymer aggregates such as micelles, vesicles or LCMs, it is worth recalling 

that the aggregates can be very stable or can be made intentionally unstable by the incorporation 

of appropriate chemical features. As is shown in the study, the coverage of the aggregates in the 

individual layer can be controlled, among others, by the concentration of aggregates in solution, 

with a high aggregate concentration leading generally to a high aggregate coverage. Since the 

aggregates consists of both hydrophobic (walls or cores) and hydrophilic (corona and vesicle 

cavity) regions, hydrophilic and/or hydrophobic molecules can be incorporated into the 
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aggregates and thus also into the composite structures. Depending on the specific systems, high 

loadings may be possible. If multiple ingredients are incorporated into the aggregates, 

simultaneous release is to be expected. The relative rates of release can be manipulated by the 

concentration of the ingredients, their interaction parameter with the host, or the nature and 

location of the species into which they are incorporated.  

Finally, this publication describes for the first time the construction of planar LbL structures 

which contain multiple layers of self-assembled crew cut block copolymer aggregates with or 

without the use of intervening PE layers yielding non-porous and coherent structures. 
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Supporting Information. The materials used in the preparation of the planar LbL structures are 

described in detail in section 1.1.; the preparation procedures for the individual aggregates such 

as vesicles, micelles and large compound micelles (LCMs), are given in section 1.2; the 

procedures used to prepare the PE multilayers, as well as the deposition of aggregates onto the 

PE multilayers in alternating fashion, or the deposition of aggregates directly onto other layers of 

aggregates are explained in section 1.3; the descriptions of the preparation of planar LbL 

structures include the assembly of these structures containing PE multilayers and layers of 

positively or negatively charged aggregates alternating with the PE multilayers or deposited on 

top of each other; the description of the characterization techniques used to evaluate the planar 

LbL multilayer structures can be found in section 1.4.This material is available free of charge via 

the Internet at http://pubs.acs.org.  
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SYNOPSIS TOC: The present publication deals with a layer by layer deposition on flat surfaces 

of charged polyelectrolyte chains and charged self-assembled block copolymer aggregates, 

which are used in the preparation of multiple layer structures.  
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