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ABSTRACT 

 

Thermal transitions in layer-by-layer (LbL) assemblies were investigated under 

dry and hydrated conditions. In the dry state, the effects of film thickness and the film 

deposition method on the glass transition temperature (Tg) were studied. In aqueous 

conditions, the thermal behavior of microtubes and ultrathin films were studied. 

The effect of film thickness on the Tg for poly(ethylene oxide)/poly(acrylic acid) 

(PEO/PAA) and PEO/poly(methacrylic acid) (PMAA) hydrogen-bonded LbL assemblies 

was investigated in the dry state. The Tg of PEO/PAA LbL films increased by 9 °C as 

the thickness decreased from 150 nm to 30 nm. In contrast, the Tg of thermally 

crosslinked PEO/PMAA LbL films was not influenced by film thickness 

The thermal properties of dry PEO/PAA and PEO/PMAA LbL assemblies 

prepared using dip- and spray-assisted methods were compared. For both LbL 

assemblies, Tg’s were similar regardless of deposition method. However, the breadth of 

glass transition was larger for the spray-assisted films. While PEO/PAA LbL assemblies 

showed smooth surface morphologies regardless of the deposition method, PEO/PMAA 

LbL assemblies showed different surface morphologies depending on the deposition 

method  

 The temperature-triggered transformation of LbL microtubes consisting of 

poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA) was studied in 

aqueous media. LbL microtubes were assembled from sacrificial porous membranes. 
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Released microtubes became spherical and ellipsoidal upon high temperature incubation. 

In comparison, unreleased microtubes exhibited periodic perforations.  

The thermal transition of LbL assemblies of poly(diallyldimethylammonium 

chloride) (PDAC) and poly(styrene sulfonate) (PSS) was probed using electrochemical 

impedance spectroscopy (EIS). Two thermal transition temperatures were obtained from 

the plot of film resistance (Ttr,Rf) and the charge transfer resistance (Ttr,Rct) as a function 

of temperature. Below 20 layers, PSS-capped LbL films showed higher Ttr,Rct values 

compared to PDAC-capped films. In contrast, Ttr,Rf was largely uninfluenced by 

assembly parameters. 

In conclusion, thermal transitions in dry LbL assemblies were influenced by the 

film thickness and film deposition method. Thermal behavior of LbL microtubes were 

linked to the thermal transitions in hydrated state. EIS study on thermal transitions 

provided unique information on the structure of LbL assemblies. 
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NOMENCLATURE 

 

LbL              Layer-by-layer 

PEO  Poly(ethylene oxide) 

PAA  Poly(acrylic acid) 

PMAA Poly(methacrylic acid) 

PDAC  Poly(diallyldimethylamonium chloride)  

PSS Poly(styrene sulfonate) 

PAH Poly(allylamine hydrochloride) 

DSC Differential scanning calorimetry 

QCM-D Quartz crystal microbalance with dissipation 

EIS Electrochemical impedance spectroscopy 

Rs Solution resistance 

Rf Film resistance 

Rct Charge transfer resistance 

CPE Constant phase element 

Cdl Double layer capacitance 

Zw Warburg impedance 

Tg Glass transition temperature 

Tm Melting temperature 

Ttr,Rf Thermal transition temperature obtained from Rf 

Ttr,Rct Thermal transition temperature obtained from Rct 
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CHAPTER I  

INTRODUCTION  

 

1.1 Introductory Remarks 

 The layer-by-layer (LbL) assembly technique is a simple technique to build 

polyelectrolyte multilayers. It is easy to control the thickness and adjust the properties of 

LbL assemblies using assembly conditions and film compositions. Film growth and 

internal structure of LbL assemblies have been extensively studied. LbL assemblies have 

found a variety of applications in the areas of energy, optics, and health.  

 This chapter serves to provide background on LbL assemblies to better 

understand this thesis. The first part covers the general introduction to LbL assemblies. 

In the second part, current studies on the thermal properties of LbL assemblies are 

presented. Finally, the outline and scope of this thesis are provided. 

 

1.2 General Introduction  

1.2.1 Layer-by-layer (LbL) Assembly Technique 

 The LbL assembly technique has attracted great attention since the first 

demonstration by Iler
1
 and later Decher.

2
 LbL assemblies are built up by the sequential 

deposition of oppositely charged polyelectrolytes. The main driving force for assembly 

is the increase of entropy due to the release of water and counter-ions upon the 

association of polycations and polyanions.
3
 Typically, a given substrate is alternately 

immersed into oppositely charged polyelectrolyte solutions with rinsing steps in between 



 

2 

 

to remove weakly bound polymers as shown in Figure 1.1.
2
 The LbL assembly technique 

has several advantages. Film thickness is easy to control by the number of deposition 

cycles. It allows the coating of almost any object of any shape. The structure and 

properties of LbL assemblies can be controlled using material chemistry and assembly 

conditions. LbL assemblies have been extensively explored for application in the areas 

of drug delivery, optics, energy, separation, etc.  

 

 

 

Figure 1.1 Schematic picture of layer-by-layer assembly. Reprinted with permission 

from ref 2. Copyright (1997) The American Association for the Advancement of Science. 

 

 

 

 Charge density of polyelectrolytes is an important parameter for the buildup of 

LbL assemblies. For LbL assemblies of weak polyelectrolytes, the charge density can be 

controlled by adjusting the assembly pH, and the architecture of LbL films can be 



 

3 

 

altered. At pH-values below pKa, negatively charged polyelectrolytes take a less 

extended chain conformation due to the low degree of ionization. Above the pKa, 

negatively charged polyelectrolytes exhibit a more extended chain conformation due to 

electrostatic repulsion driven by the high degree of ionization. Figure 1.2 shows the 

effect of assembly pH on the thickness of polyallylamine hydrochloride 

(PAH)/polyacrylic acid (PAA) multilayer.
4
 In region III, where both PAH and PAA are  

 

 

 

Figure 1.2 Growth behavior of PAH/PAA multilayer as a function of pH region (Region 

I : pH 3~4.5, II : pH 4.5~6, III : pH 6~8, IV : pH 8~10, V : pH 10~12). Reprinted with 

permission from ref 4. Copyright (2010) American Chemical Society.  

 

 

fully charged, the thickness of each layer is small. When there is charge mismatch 

(region I and V), clear asymmetry in the individual thickness is observed. In region I (or 

V), the thickness of PAA (or PAH) is relatively thicker than PAH (or PAA) due to low 

charge density, respectively. In region II, where PAH is fully charged and PAA is 



 

4 

 

partially charged, a thick multilayer is observed. A thick multilayer is also observed in 

region IV where PAA is fully charged and PAH is partially charged.  

 Ionic strength also influences the structure of LbL assemblies. The LbL film 

thickness generally increases as the salt concentration increases. Added salt screens the 

electrostatic charges on the polyelectrolyte chains, and polyelectrolytes take a more 

coiled conformation. As a results, the thickness of the LbL assemblies increases. At a 

higher salt concentration, a decrease in film thickness was observed in some systems.
5, 6

 

For instance, the thickness of poly(diallyldimethyl ammonium chloride (PDAC)/PAA 

LbL assemblies decreased above the NaCl concentration of 0.3M when the film was 

grown at pH 11.
6
 This is because added salt screens the attraction between the 

polyelectrolytes. Dissolution of preformed multilayers of PDAC/PAA was observed 

when the assembly salt concentration was above 0.6M.
6
 

 In addition to electrostatic interactions, hydrogen bonding has been used for LbL 

assemblies. Hydrogen bonding LbL assembly is based on hydrogen bonding between 

hydrogen bond acceptors and hydrogen bond donors. For example, oxygen atoms on the 

backbone of polyethylene oxide (PEO) act as acceptors, and the carboxylic acid groups 

of PAA act as donors. Hydrogen-bonding LbL assembly was first demonstrated by 

Stockton and Rubner.
7
 The studies explored LbL assembly of polyaniline with various 

water-soluble polymers such as such as poly(vinyl-pyrrolidone) (PVPON), poly(vinyl 

alcohol) (PVA), polyacryl-amide (PAAm), and PEO. Hydrogen-bonded LbL assemblies 

have been extensively studied as pH-sensitive release systems since the pioneering work 

by Granick and Sukhishvili.
8
 The authors demonstrated the disintegration of hydrogen -
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bonded multilayers above a critical pH. Neutral polymers such as PEO and PVPON 

were used as hydrogen bond acceptors. Polyacids such as PAA and poly(methacrylic 

acid) (PMAA) were used as hydrogen bond donors. Hydrogen bonds are stable when the 

ionization of polyacids is fully suppressed. However, above the critical pH, the 

ionization of the acid groups destabilizes the hydrogen bonding, and the multilayer 

disintegrates. The critical pH was 3.5 and 4.6 for PEO/PAA and PEO/PMAA LbL 

assemblies, respectively. Recently, Erel-Unel et al. demonstrated that the critical pH of 

hydrogen-bonded multilayers can be tuned from 3.5 to 9.5 using neutral polymers and 

polyacids of high and low pH stability.
9
 

1.2.2 Film Growth and Internal Structure of LbL Assemblies 

 Most multilayers grow linearly as the number of deposition cycle increases. In 

general, the thickness of linearly growing film is smaller than that of exponentially 

growing films. Linear growth is due to charge overcompensation. Castelnovo et al. 

explained the linear growth assuming that polyelectrolytes in the solution complexes 

only with the oppositely charged polyelectrolytes on the film surface.
10

 Shafir et al. 

emphasized the importance of the strong short range interactions between oppositely 

charge polyelectrolytes for the linear growth.
11

 In some cases, the initial growth can be 

not linear. The surface charge of the substrate is an important parameter that determines 

the properties of the first few layers.
2
 After several layers, a linear growth regime starts.  

 Exponential (or non-linear) growth was first observed in LbL assemblies of 

poly(L-lysine) (PLL) and sodium alginate.
12

 Picart et al. published seminal work on the 

exponential growth mechanism of PLL/hyaluronic acid (HA) multilayer.
13

 One single 
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PLL layer was fluorescein-labeled, and one or two HA layers were labeled with Texas 

red. These labeled layers were monitored using confocal laser scanning microscopy 

during the film growth. HA stayed in the same position as a well-defined layer, but PLL 

inter-diffused over the whole film.  Based on the observation, a theoretical model was 

proposed (Figure 1.3).
14

 In a given multilayer with a polyanion (HA) as the outermost 

layer (Figure 1.3a), polycations (PLL) diffuse through the film during adsorption. Some 

fraction of polycations (PLL) form a complex in the surface and other “free” chains 

distribute in the film (Figure 1.3b and c). When polyanion (HA) is adsorbed on the 

surface again, free polycation (PLL) diffuses up to surface to form a complex (Figure 

2.3d and e). Because the concentration of the free polycation (PLL) in the film is  

 

 

 

Figure 1.3 Molecular image of exponential growth mechanism. Reprinted with 

permission from ref  14. Copyright (2004) American Chemical Society. 
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constant, the absolute number of free chains is proportional to the film thickness. Thus, 

the number of complexes formed at the surface increases with the film thickness. As a 

result, the thickness increment increases with deposition cycle, and film growth becomes 

exponential.  

 In some multilayers, film growth evolves from exponential to linear.
15, 16

 Hoda et 

al. proposed a model based on the limited contact time. The number of complexes (i.e., 

thickness) that can be formed depends on the contact time with a solution of polyanion 

(HA).
17

 When the multilayer is thin, all the free polycations (PLL) will diffuse up to 

surface to form complexes. However, when the film becomes thick enough, only free 

polycations (PLL) that are within a distance from the surface can diffuse up to form 

complexes at a given time. Then, the number of complexes formed is constant regardless 

of the film thickness. As a result, a transition from exponential to linear growth takes 

place. However, Porcel et al. demonstrated that the transition from exponential to linear 

growth occurred at 10-12 deposition cycle regardless of contact time.
18

 The authors 

proposed that the diffusion of polyions is limited due to the restructuring of multilayer 

rather than the short contact time. The origin of the transition is still under debate. 

 The internal structure of LbL assemblies is not just a stack of individual 

polyelectrolyte layers with clear interfaces. Early studies of PAH/ poly(styrene sulfonate) 

(PSS) LbL assemblies using neutron reflectivity showed that individual layers overlap 

with adjacent layers. Decher et al. proposed a concentration profile of polyelectrolyte 

composed of 10 layers in the vertical direction (Figure 1.4). In this model, each 

polyelectrolyte layer overlaps with five adjacent layers.
2
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Figure 1.4 Schematic of a polyelectrolyte multilayer composed of 10 layers. The five 

blue layers and five red layers represent polyanion and polycation layers, respectively. 

Reprinted with permission from ref 2. Copyright (1997) The American Association for 

the Advancement of Science. 

 

 

 The structure of the film is related to the mode of film growth. Xu et al.
19

 studied 

the film growth and structure as a function of assembly pH using LbL assembly of 

poly(2-(dimethylamino)ethyl  methacrylate)/PMAA. Film growth changed from linear to 

exponential above pH 5.5. Neutron reflectometry results confirmed that the structure 

changed from a layered to highly intermixed structure as the growth mode changed from 

linear to exponential. Kharlampieva et al.
20

 demonstrated that the strength of 

intermolecular interaction plays a role in internal structure for hydrogen-bonded LbL 

assemblies. The strongly hydrogen-bonded LbL assemblies of PVPON/PMAA showed 

relatively higher internal roughness compared to electrostatic LbL assemblies near the 

substrate. Furthermore, hydrogen-bonded LbL assemblies became more diffuse and 

mixed farther from the substrate. For relatively weak hydrogen-bonded LbL assemblies 
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of PEO/PMAA, films were completely interdiffused and did not show any layered 

structure.  

 Interpenetration of LbL assemblies increased as the ionic strength and 

temperature increased during assembly. Lösche et al.
21

 reported that the internal 

roughness of PAH/PSS LbL assemblies increased with ionic strength. Gopinadhan et 

al.
22

 reported that internal roughness of PAH/PSS LbL assemblies increased by a factor 

of three while film thickness increased 75% when assembly temperature was increased 

from room temperature to 45°C.  

1.2.3 Advances in Assembly Technique 

 In contrast to the dip-assisted LbL assembly technique, other methods have been 

introduced to speed up the assembly process. Cho et al.
23, 24

 demonstrated the spin-

assisted LbL assembly of PAH and PSS. In this method, polymers were deposited on a 

substrate while spinning the substrate. The layer pair thickness of the spin-assisted film 

was six times larger than that of the film prepared by dipping. However, the thickness 

per layer is not necessarily higher compared to the conventional dipping method.
25, 26

 

Additionally, roughness was much lower for films prepared by the spinning process. The 

authors proposed that the elimination of water during spinning had two roles.
23

 First, 

removal of water increases the polymer concentration. Second, electrostatic interaction 

between polyelectrolytes is not impaired by the water molecules in between. As a result, 

more efficient polymer adsorption is realized. The authors also showed that shear force 

induced by spinning results in a more stratified internal structure. Jiang et al. 

demonstrated compliant and robust freestanding film utilizing the advantage of spin-
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assisted LbL assembly.
27

 Despite the advantages of rapid processing, the spin-assisted 

method has limitations to substrate size and planarity.
28

  

 Another method is spray-assisted LbL assembly. Schlenoff et al.
29

 demonstrated 

for the first time the buildup of LbL assemblies of PDAC/PSS using the spraying 

method. In this method, each polyelectrolyte solution is alternately sprayed on a vertical 

substrate for a short amount of time. Films prepared by both the conventional dipping 

and the spraying method showed similar chemical composition and ion transport 

properties. However, layer pair thickness was 50% less compared to films prepared by 

conventional dipping. Compared to the spin-assisted LbL process, the spray process can 

coat a larger surface area by moving either a spray gun or a substrate. Izquierdo et al.
28

 

explored the difference between spraying and dipping techniques using LbL assemblies 

of PAH/PSS. Spray-assisted deposition allowed for achieving regular multilayer growth 

and similar surface roughness in significantly shorter time.  The authors explained the 

faster process of spray-assisted LbL assembly using the concept of “depletion layer” 

When a rinsing solution is replaced by the oppositely charge polyelectrolyte solution, the 

layer with very low polyelectrolyte concentration (depletion zone) forms near the surface 

of substrate. Thus, this depletion layer possesses the polymer concentration gradient. 

Polymer chains must diffuse through this depletion layer to adsorb on the substrate. In 

conventional dipping, the rinsing solution cannot be replaced instantaneously by the 

polyelectrolyte solution up to the deposition surface, and the polyelectrolytes are 

gradually depleted by the adsorption. Thus, the depletion layer is relatively thick. On the 

contrary, in the spraying method, the excess solutions are continuously drained by 
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gravity and relatively thin liquid film is formed on the deposition surface. Furthermore, 

new sprayed droplets continuously hit the surface and merge with the thin liquid film on 

the substrate, allowing us to assume that the polymer concentration in the liquid film is 

identical to the polymer concentration in the spraying tank. Therefore, the depletion 

layer is thin and close to the substrate’s surface in spraying method. Due to this 

deposition mechanism, regular film growth is achieved in a short time. 

1.2.4 Template-Assisted Fabrication of LbL Microtubes 

 Nanostructured materials have attracted considerable interest because the 

properties of nanomaterials can change significantly compared to the materials in bulk. It 

is suggested that properties of material properties can change significantly when the 

dimensions become close to the specific length scale of certain properties.
30

 Since the 

discovery of carbon nanotubes, many researchers have focused on the development of 

one-dimensional nano- and microtubes. 

 LbL microtubes have attracted considerable interest because it is easy to control 

the thickness and composition can be controlled using various polymeric, inorganic, and 

metallic materials.
31, 32

 One of the most popular methods of preparing LbL microtubes 

employs cylindrical pores in a substrate (Figure 1.5). Porous membranes such as track 

etched polycarbonate (PC) membranes and anodic aluminum oxide (AAO) membranes 

are commonly used. Liang et al. reported LbL microtubes of PAH/PAA and 

polyelectrolyte/metallic nanoparticles using a track etched PC membrane with 

cylindrical pores of 400 nm in diameter and 10 µm in length.
33

 The PC membrane was 

selectively removed by using an organic solvent. Ai et al employed an AAO membrane 
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as a template to prepare LbL microtubes of PAH/PSS.
34

 The authors overcame the 

reported challenge
35

 of polyelectrolytes’ clogging the pore mouth using a pressure-filter-

template technique. The AAO membrane was placed between Millipore filters and 

polyelectrolyte solutions were squeezed through the membrane by applying pressure. 

PAH/PSS LbL microtubes of 60µm in length and 330 nm in diameter were 

demonstrated. Selection of materials for LbL microtubes is limited by the resistance to 

solvents, because different solvents are used to selectively remove PC and AAO 

membranes. Concentrated NaOH is used to dissolve AAO membrane and 

dichloromethane is used for track etched PC membranes.
34, 36

  

 

 

 

 

Figure 1.5 Schematic illustration of nano- and microtube tube production. I) adsorption 

of the first polyelectrolyte layer, II) adsorption of the second polyelectrolyte layer, III) 

adsorption of multiple layers, IV) removal of excess polyelectrolyte, V) membrane 

dissolution. Reprinted with permission from ref 33. Copyright (2003) Wiley-VCH 

Verlag GmbH & Co. KGaA, Weinheim. 
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 It is reasonable to speculate that the growth of LbL assemblies in cylindrical 

pores would be different from the growth on a flat surface due to diffusion limitations 

arising from the difference in size of polyelectrolyte and cylindrical pore. Lazzara et al. 

investigated the in-situ LbL assembly of dendrimers in cylindrical AAO pores using 

optical wave guide spectroscopy.
37

 It was shown that much higher salt concentration was 

required to achieve the same level of initial thickness in a pore as compared to a flat 

surface. It was also shown that regardless of initial pore diameter, when the diameter of 

pore opening became smaller than a critical value, the further film growth was inhibited. 

The critical pore opening diameter (26 nm) was much larger than the diameter of 

dendrimer (7 nm). The authors proposed that in addition to steric hindrance, electrostatic 

interaction is an important factor in the partitioning of polymer into pores. The transport 

limitations within pores were attributed to the difference in electric field within the pore 

and in the bulk, and to the electrostatic repulsion between polyelectrolytes deposited on 

the pore entrance and incoming polyelectrolytes.  

 Roy et al. studied the growth of PAH/PSS LbL assemblies on 100 - 500 nm track 

etched PC membrane by conventional dipping method focusing on the effect of molar 

mass and salt concentration.
38

 Gas-flow porosimetry was used to estimate pore diameter 

in-situ. When the films were grown in small pores in the absence of salt or in large pores 

in the presence of salt, two growth regimes were demonstrated. In the first regime, the 

growth was comparable to that on a flat surface. In the second regime, the film growth 

became much slower, which was attributed to the overlapping of polymer chains across 

the pores.    
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1.3 Thermal Transitions in LbL Assemblies 

 In recent years, the thermal properties and behavior of LbL assemblies have 

gained considerable interests. The knowledge of thermal properties, especially glass 

transition temperature (Tg), is essential for both fundamental understanding and  

practical applications. The Tg’s of LbL assemblies are categorized into Tg for “dry” and 

“hydrated” LbL systems.   

 The Tg of LbL films in the dry state was measured for the first time by 

Lutkenhaus et al.
39

 The free-standing hydrogen-bonded LbL films of poly(ethylene 

oxide) (PEO) and PAA were removed from the low surface energy substrates and 

analyzed using differential scanning calorimetry (DSC). LbL films exhibited a well-

defined, single Tg, suggestive of fully miscible blend. Furthermore, it was reported that 

the Tg increased as the assembly pH decreased.
40

 It was suggested that the Tg increased 

due to the higher composition of PAA in the films to compensate for the lack of free 

carboxylic acid groups that could hydrogen-bond with PEO. On the other hand, with 0.1 

M lithium triflate salt, the Tg remained constant regardless of assembly pH. The authors 

proposed that the ion-dipole interaction of lithium cations and PEO competes with PEO-

PAA hydrogen bonding, thus shielding the hydrogen bonding interaction even when the 

assembly pH is varied. Contrary to hydrogen-bonded LbL assemblies, a “dry Tg” of 

electrostatic LbL assemblies has not been reported. LbL assemblies of PAH and PAA 

did not show a “dry Tg” regardless of assembly pH. Instead, two endothermic reactions 

(anhydride formation and amidation) were observed.
41

 Jang et al. reported that the rate of 

amidation reaction was strongly influenced by the film thickness.
42

 The enhanced 
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reaction rate was attributed to the catalytic contribution of hydroxyl groups on the 

substrate.  

 Recent interest in Tg of hydrated LbL assemblies arose from the thermal behavior 

of LbL microcapsules. For example, PDAC/PSS LbL microcapsules in aqueous media 

either swell or shrink as the incubation temperature increases.
43, 44, 45

 PSS-capped 

microcapsules showed a pronounced shrinkage upon heating with the inflection 

temperature around 50-60 °C. In contrast, PDAC-capped microcapsules swelled 

significantly upon heating until they ruptured at 55°C.
43

 The authors proposed that 

whether the capsules swell or shrink is dictated by the competition of electrostatic and 

hydrophobic forces on the capsule. Hydrophobic forces that arise from the 

hydrophobicity of the polymer backbone favor shrinkage to reduce the interfacial area 

with water. Electrostatic repulsion forces that arise from electrostatic charges along the 

polymer chains favor swelling. The hydrophobic forces are dominant for PSS-terminated 

capsules, and the electrostatic repulsion forces are dominant for PDAC-terminated 

capsules. When the incubation temperature was increased above the Tg, the rate of 

polymer chain rearrangement increased rapidly, which leads to a more favorable 

configuration (i.e., via shrinking or swelling). 

 Thermal behavior of PAH/PSS LbL capsules and microtubes was also explained 

by the increased mobility of polymer chains at high temperature. PAH/PSS LbL capsules 

shrank at high temperature regardless of outermost layer.
45, 46

 It was suggested that 

heating facilitates the transient disruption of ion-pairs and subsequent polymer chain 

rearrangement. The transformation of PAH/PSS LbL microtubes to microcapsules at 
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high incubation temperatures was explained by Rayleigh instabilities.
47

 Thermal energy 

increases the mobility of polymer chains so that the transformation due to the Rayleigh 

instability can take place. However, no study on the thermal transition temperature of 

PAH/PSS has been reported.  

 Although thermal transitions seem to play an important role in the thermal 

behavior of LbL capsules and microtubes, the exact nature of the thermal transition of 

LbL assemblies in aqueous media is still uncertain. Mueller et al. measured the stiffness 

of PDAC/PSS LbL capsules terminated with PSS in the water as a function of 

temperature using atomic force microscopy (AFM) coupled with inverted fluorescence 

microscopy.
48

 The authors suggested that it is a “glass-melt transition” considering the 

drastic decrease of Young’s modulus from 100 MPa to order of MPa upon heating. 

Nazaran et al. showed that the lateral diffusion coefficient increased 1 – 2 orders of 

magnitude when the PDAC/PSS LbL films were heated to 65 °C, suggestive of a glass-

melt transition. The calorimetry studies give a different picture. Köhler et al. studied the 

thermal transition of PDAC/PSS LbL microcapsules terminated with PSS in aqueous 

media using micro DSC.
44

 In this study, the thermal transition manifests as a second-

order thermal phenomena, yielding a response much like a “glass” transition. Later, 

Vidyasagar et al. verified the second-order thermal transition for PDAC/PSS and 

PAH/PAA LbL freestanding films. 
49, 50

  For this reason the thermal transition observed 

for the hydrated PDAC/PSS LbL system has been called a “glass-melt” transition, or 

simply a “glass transition”, in prior literature. The true nature of this thermal transition is 

still under debate. 
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 The thermal transition of LbL assemblies was also studied using other techniques. 

Fortier-McGill et al. verified the higher mobility of PDAC-terminated capsules and 

through-film effect of PDAC by wide-line 
2
H NMR spectroscopy.

51
 The change in 

mobility for PDAC occurred around 25 °C and 35~45 °C for PDAC-terminated and 

PSS-terminated capsules, respectively. Recently, Vidyasagar et al. studied the glass-melt 

transition of electrostatic LbL assemblies using quartz crystal microbalance with 

dissipation (QCM-D).
49, 50

 PDAC/PSS LbL films showed the odd-and-even effect.
49

 For 

PDAC/PSS LbL films terminated with PDAC, dissipation showed a sudden increase at 

the glass-melt transition. In contrast, for PDAC/PSS LbL films terminated with PSS, 

dissipation decreased and frequency increased abruptly at the glass-melt transition. 

PDAC/PSS LbL assemblies showed glass-melt temperature when the salt concentration 

increased above the 0.25M NaCl.  

 The glass-melt transition of PAH/PAA LbL assemblies was also studied using 

QCM-D.
50

 A glass-melt transition of PAH/PAA LbL films was characterized as the 

sudden increase of dissipation, coupled with an influx of the water into the film. No 

dependence on outermost layer was observed. PAH/PAA LbL films showed glass-melt 

temperatures of 40 - 50 °C for most assembly pH’s investigated except for pH 7.0 where 

both polyelectrolytes were fully charged. In that case no transition was observed. 

 

1.4 Thesis Overview  

 LbL assemblies have witnessed a significant progression both in fundamental 

understanding and applications. Although the knowledge of thermal properties, 



 

18 

 

especially thermal transition, is important for fundamental understanding and 

sophisticated design of LbL film, there has been limited work on the thermal properties 

of LbL assemblies. The object of this thesis is to investigate the thermal transitions of 

LbL assemblies in “dry state” and “hydrated state”.  Chapters II and III deal with the 

thermal transitions of LbL assemblies in dry state, and Chapters IV and V treat thermal 

transitions in hydrated state.  

 Chapter II presents the effect of film thickness on thermal properties of 

hydrogen-bonded LbL assemblies. It is well known that the Tg of homopolymers shifts 

when the film thickness decreases below 100 nm.
52

 The growth of LbL assemblies is 

nonlinear in the early stage of growth.
53

 Thus, the thermal properties of LbL assemblies 

can change depending on the film thickness. In Chapter II, thermal properties of 

hydrogen-bonded LbL assemblies of PEO/PAA and PEO/poly(methacrylic acid) 

(PMAA) in the dry state was explored using modulated differential scanning calorimetry 

(DSC) and temperature-controlled ellipsometer for relatively thick films and submicron 

films, respectively.  

 Chapter III presents the comparison of thermal transitions of LbL assemblies that 

were prepared by spray- and dip-assisted deposition methods. The spray-assisted LbL 

deposition method reduces the process time significantly compared to the conventional 

dip-assisted method. The structure and properties of LbL assemblies prepared by dip- 

and spray-assisted deposition methods can be different
54, 55, 56

 because the polymer 

adsorption does not reach equilibrium due to the short contact time in spray-assisted 

deposition method.
28

 In Chapter III, thermal properties of hydrogen-bonded LbL 
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assemblies of PEO/PAA and PEO/PMAA fabricated using the spray-assisted and dip-

assisted LbL methods are compared.  

 Chapter IV examines the temperature-triggered shape-transformation of LbL 

microtubes in aqueous media. PDAC/PSS LbL microcapsules have exhibited swelling or 

shrinking upon heating.
43

 PAH/PSS LbL microtubes have transformed into 

microcapsules upon heating.
47

 It has been suggested that transformation upon heating is 

associated with the thermal properties of LbL assemblies. In Chapter IV, shape 

transformation of LbL microtubes consisting of a weak polyelectrolyte system, PAH and 

PAA, was studied as a function of incubation temperature. LbL microtubes were 

fabricated on the pores of polycarbonate (PC) membranes. Released (freely floating in 

the solution) LbL microtubes and unreleased (remaining within the membrane) were 

incubated as a function temperatures. An electron microscope and confocal laser 

scanning microscope were used to examine the shape change of LbL microtubes.  

 Chapter V presents the study on the thermal transition of LbL films in aqueous 

media using electrochemical impedance spectroscopy (EIS). EIS has been used to study 

the interfacial and transport properties of LbL films. EIS studies have shown that the 

charge transfer resistance depends on the surface charge of LbL films.
57

 The 

permeability and swelling of LbL films were successfully studied using EIS.
58

 Recently, 

temperature-controlled EIS was used to probe the Tg of polymer brush in the aqueous 

media.
59

 Thus, LbL films could show distinct variations in electrochemical behavior 

associated with a thermal transition via EIS. However, there is only one study that 

investigated EIS of PAH/PSS over very limited temperature range (15-45 °C).
60

 In 
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Chapter V, we study the structure of PDAC/PSS LbL assemblies in aqueous media as a 

function of temperature using EIS with a redox-active probe. The effect of assembly salt 

concentration, film thickness, and identity of the outermost layer on the thermal 

transition temperature is investigated. 

 Finally, Chapter VI summarizes the results and suggests possible future works. 
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CHAPTER II  

EFECT OF THICKNESS ON THE THERMAL PROPERTIES OF HYDROGEN-

BONDED LBL ASSEMBLIES
*
 

 

2.1 Introduction 

 Understanding thermal properties, especially the glass transition temperature 

(Tg), is essential in order to design a desired layer-by-layer (LbL) assembly and 

manipulate its properties. LbL assemblies have found a wide variety of applications such 

as in biomedical devices,
61

 fuel cells,
62

 batteries,
63

 antireflection coatings,
64

 and 

antimicrobial coatings
65

 since their introduction by Iler
1
 and later Decher.

2, 66
 The LbL 

technique is based upon the alternate exposure of a substrate to positively and negatively 

charged species or to hydrogen-bond donors and acceptors in solution (or dispersion). 

The type of adsorbing species is not limited to polymers but may also include inorganic 

fillers
67

 or biological molecules.
68

 Internal structure and properties of LbL assemblies 

are finely tuned by factors such as type of adsorbing species,
69

 assembly and post-

assembly treatment pH,
70, 71

 assembly temperature,
72, 73

 added salt type and 

concentration,
74

 and solvent.
75

 Although both the LbL film buildup mechanism and its 

internal structure have been rigorously studied using various methods ranging from 

confocal laser scanning microscopy
13

 to X-ray reflectivity
76

 and neutron scattering,
21

 

                                                 
*
 Reprinted with permission from “Effect of thickness on the thermal properties of 

hydrogen-bonded LbL assemblies” by Choonghyun Sung, Ajay Vidyasagar, Katelin 

Hearn, and Jodie L. Lutkenhaus, Langmuir 2012, 28, 8100−8109, Copyright (2012) 

American Chemical Society 



 

22 

 

thermal properties such as glass transitions, heat capacities, and coefficients of thermal 

expansion have not been sufficiently studied and are relatively unknown. 

 To date, glass transitions in LbL assemblies have been reported for a handful of 

systems, which may be categorized into Tg’s for “dry” or “hydrated” LbL systems. A Tg-

like transition for ion-pairing LbL systems, such as for poly(diallyldimethylammonium 

chloride)/poly(styrene sulfonate), has been observed in hydrated conditions using micro-

differential scanning calorimetry (micro-DSC),
44

 NMR spectroscopy,
51

 and 

shrinking/swelling of LbL capsules.
43

 The diffusion coefficient of ferricyanide probes 

within these same hydrated films significantly increased with increasing temperature.
77

 It 

is generally thought that the “hydrated Tg” arises from the dissociation/association of ion 

pairs and chain relaxation. We have yet to observe a Tg for analogously dry ion-pairing 

LbL films. For example, our group investigated the thermochemical properties of dry 

poly(allylamine hydrochloride)/poly(acrylic acid) (PAH/PAA) LbL assemblies using 

modulated DSC
41

 by isolating free-standing films from a low energy surface.
39

 No Tg 

was observed for the dry film; instead, the film underwent thermal crosslinking via 

amidation.  

 In contrast to ion-pairing LbL assemblies, hydrogen-bonded LbL assemblies in 

the dry state can possess a distinct Tg, similar to that of miscible hydrogen-bonded 

complexes.
39, 40, 78

 Hydrogen-bonded LbL assemblies of poly(ethylene oxide) (PEO) and 

PAA or poly(methacrylic acid) (PMAA) have been explored as solid polymer 

electrolytes and pH-responsive microcapsules.
40, 79, 80, 81

 Assembly pH, which controls 

the ionization of polyacids, is considered an important parameter for hydrogen-bonded 
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LbL assembly. DeLongchamp and Hammond
79

 explored PEO/PAA and PEO/PMAA 

LbL assemblies as solid polymer electrolytes and showed that LbL film assembly occurs 

below a critical pH (3.5 for PEO/PAA and 4.5 for PEO/PMAA systems). Sukhishvili 

and Granick
8
 demonstrated that LbL films of PEO/PAA and PEO/PMAA deconstructed 

upon immersion in solution above the critical pH. Lutkenhaus et al. measured the bulk 

Tg of PEO/PAA LbL films (> 1μm thick) assembled at various pH values.
39, 40

 Dry 

PEO/PAA LbL assemblies exhibited a single well-defined Tg between that of its pure 

components. The appearance of a single Tg, rather than two, indicated that PEO/PAA 

LbL films behave similarly to miscible blends, rather than stratified, phase-separated 

layers. Furthermore, it was reported that the Tg of PEO/PAA LbL films increased from 

25 to 52 °C as the assembly pH decreased from 3.0 to 2.25; the increase was attributed to 

the tendency of PAA to hydrogen bond with itself instead of PEO at lower pH values.
39

 

 Because LbL films are often studied as ultrathin films (< 100 nm thick), it is 

important to consider the effect of thickness on their materials properties with regard to 

the substrate on which they are assembled. One common misconception regarding LbL 

assemblies is that they are comprised of stratified, unmixed layers; however, numerous 

studies
2, 13, 21, 76

 have verified a highly interpenetrated layer structure such that these 

films can be suitably treated as miscible blends. Therefore, we will consider LbL 

assemblies as a single homogeneous film rather than a collection of stratified layers for 

the present investigation unless otherwise noted. Confinement effects observed for 

neutral homopolymers could potentially occur for LbL assemblies. For example, the 

effect of thickness on the Tg of ultrathin or “confined” neutral homopolymer films has 
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been of great interest for a number of years and has been discussed in many reviews.
52, 82, 

83, 84
 Keddie et al. measured the Tg of supported polystyrene films using ellipsometry, 

and it was found that Tg decreased relative to bulk values at thicknesses below 100 nm 

as film thickness decreased.
85

 This result was attributed to a mobile, liquid-like layer at 

the surface of the film.
86

 It was also demonstrated that Tg varied depending on vertical 

location within the film using a fluorescent probe method.
87

 Depending on the type of 

polymer and the supporting substrate’s surface chemistry, Tg can increase or decrease 

with respect to decreasing film thickness. For example, Keddie et al.
88

 also showed that 

the Tg of poly(methyl methacrylate) (PMMA) increased for silicon with native oxide 

support and decreased for a gold-coated support. Fryer et al.
89

 investigated the Tg of 

PMMA thin films on both polar and nonpolar substrates, finding that Tg decreased 

relative to bulk values for thin films on nonpolar hexamethyldisilizane-treated substrates 

but increased for polar silicon oxide substrates.  

 In comparison, few investigations of thickness-dependant thermal properties 

exist for LbL assemblies.
42, 78

 It should be noted that the thickness of LbL assemblies is 

controlled by varying the number of adsorption steps or “layer pairs.” Jang et al.
42

 

studied the influence of thickness on the crosslinking kinetics of PAH/PAA LbL 

assemblies supported on silicon; for thicknesses below 200 nm, the amidation 

crosslinking temperature and activation energy decreased with decreasing film 

thickness.
42

 The enhanced reaction kinetics was attributed to the catalytic contribution of 

hydroxyl groups on the silicon substrate. Recently, Gu et al.
78

 measured the Tg of 

PEO/PAA LbL assemblies of varying thicknesses using shear modulated force 
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microscopy (SM-FM); however, SM-FM measures the Tg of the film’s surface and not 

that of the entire film.
90

 Gu et al. found that as film thickness decreased, so did Tg. The 

authors attributed the Tg-depression to changes in the surface’s composition and surface 

heterogeneity during the assembly process. When the PEO/PAA LbL film was 

sufficiently thick (over 15 layer pairs), only the Tg of the outermost layer (PAA, in that 

case) was observed. 

 Here, we investigate the effect of thickness on the thermal properties of dry 

hydrogen-bonded LbL assemblies of PEO/PAA and PEO/PMAA using modulated DSC 

and temperature-controlled ellipsometry. Modulated DSC of free-standing LbL 

assemblies facilitates the study of bulk films (> 500 nm), while temperature-controlled 

ellipsometry probes much thinner films (< 200 nm). These techniques capture thermal 

information regarding the entire LbL assembly, rather than only the surface. The Tg-

value, it’s breadth, and it’s strength are qualitatively related the LbL films’ composition, 

structure, and extent of hydrogen-bonding. Quartz crystal microbalance with dissipation 

(QCM-D) is also used to determine the films’ composition. This study represents the 

first application of temperature-controlled ellipsometry to determine Tg’s in LbL 

assemblies and should be widely applicable to other LbL systems. Results are discussed 

with regard to assembly structure and molecular interactions with the substrate’s surface. 
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2.2 Experimental Section 

2.2.1 Materials  

 Poly(ethylene oxide) (PEO, Mw = 4,000,000 g/mol), poly(acrylic acid) (PAA, 

Mw = 50,000 g/mol), and poly(methacrylic acid) (PMAA, Mw = 100,000 g/mol) were 

purchased from Polysciences, and were used as received. Linear polyethylene imine 

(PEI, Mw = 25,000 g/mol) was purchased from Sigma Aldrich. Solutions of 20 mM 

concentration, based on the molar mass of the repeat unit, were prepared by dissolving 

the polymer in 18.2 MΩ water (Milli-Q, Millipore) and then by pH adjustment using 

either HCl or NaOH. Teflon
®
 substrates and silicon wafers were purchased from 

McMaster-Carr and Wafer World, respectively. Teflon
®
 substrates were used for the 

preparation of free-standing LbL assemblies for modulated DSC. Teflon
®
 substrates 

were cleaned by sonication in 18.2 MΩ water and then ethanol for 15 min each. Silicon 

wafers were used as substrates for ellipsometry measurements. Silicon wafers were 

cleaned by immersion in piranha solution (3:1 sulfuric acid to hydrogen peroxide) for 15 

min, followed by thorough rinsing in 18.2 MΩ water. Caution: Piranha solution is 

extremely corrosive, and proper caution should be taken. Immediately before assembly, 

silicon wafers were oxygen plasma-treated for 5 min.  

2.2.2 Layer-by-Layer Film Assembly  

 All LbL films were assembled using a programmable slide stainer (HMS series, 

Carl Zeiss Inc.). Substrates were dipped in 20 mM PEO solution for 15 min followed by 

three separate rinses with agitation in 18.2 MΩ·cm water for 2 min, 1 min, and 1 min, 

respectively. Then, the substrates were immersed in either 20 mM PAA or PMAA 
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solution for 15 min followed by another three rinsing steps as described previously. This 

process was repeat n times to yield n layer pairs, denoted as (PEO/PAA)n, for example. 

All solutions were maintained at pH 2.5 throughout the entire study to suppress the 

ionization of PAA and PMAA. Thickness measurements were performed using 

profilometry (KLA - Tencor Instruments P-6). All samples were dried in a convection 

oven at 40 °C for 30 min before measurements. Three different points were measured for 

each sample. 

2.2.3 Modulated Differential Scanning Calorimetry (Modulated DSC)  

 Thermal properties of bulk samples were characterized using modulated DSC 

(Q200, TA instruments). Samples were obtained by peeling or flaking dry LbL 

assemblies from their Teflon®  substrate to obtain a free-standing film. Samples were 

dried in a vacuum oven at 40 °C overnight. 5 to 10 mg of sample was loaded into Tzero 

aluminum pans with lids (TA Instruments). Samples were scanned using a heat-cool-

heat method. Unless otherwise stated, samples were first heated from room temperature 

to a predetermined temperature (140 °C for PEO, PAA, PEO/PAA LbL assemblies and 

250 °C for PMAA and PEO/PMAA LbL assemblies), held there isothermally for 5 min, 

cooled down to a desired temperature, and held there isothermally for 5 min, 

respectively. Finally, the sample was heated again to a predetermined temperature. 

Cooling and heating rates, temperature modulated amplitude, and period were fixed at 

3 °C/min, 0.636 °C, and 40 seconds, respectively. All data reported here were taken 

from the second heating cycle unless noted otherwise. The Tg was taken as the inflection 

point. The standard deviation was taken as the error 
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2.2.4 Ellipsometry 

 Thickness and refractive index of thin LbL films on silicon substrates were 

monitored as a function of temperature using a single-wavelength (λ = 623.8 nm) LSE 

Stokes ellipsometer (Gaertner). The samples were affixed to a hot stage (Thermo 

Scientific) using thermally conductive paste (Omega Engineering Inc.). Measurements 

were performed in a nitrogen-purged custom-made quartz cell to prevent moisture 

uptake. The angle between the quartz window and hot stage was the same as the incident 

angle of the laser, 70°. The programmed temperature was calibrated by measuring the 

surface temperature of a silicon substrate atop the hot plate using a thermocouple. PEO 

and PAA films were heated to 140 °C, held isothermally for 5 min, cooled to 30 °C and 

70 °C, respectively, held again for 15 minutes, and heated once more. PMAA films were 

heated to 250 °C, held isothermally for 15 min, cooled to 90 °C, held for isothermally 

for 15 min, and heated once more. PEO/PAA LbL assemblies were first heated to 140 °C 

and held isothermally for 5 min. Samples were then cooled to 104 °C, held isothermally 

for 15 min, and then cycled between 30 °C and 104 °C. PEO/PMAA LbL assemblies 

were first heated to 250 °C and held isothermally for 15 min to induce thermal 

crosslinking. Samples were then cooled to 180 °C, held isothermally for 15 min, and 

then cycled between 90 °C and 180 °C. All samples were cooled or heated by changing 

the temperature in 2 °C increments every 3 min, yielding an overall rate of 0.67 °C/min. 

Data were acquired at the end of each time increment. The Tg was identified from the 

intersection of lines extrapolated from low and high temperature regions of thickness vs. 
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temperature curves.
85, 91

 The thermal expansion coefficient (α) of LbL films was 

calculated using the following Equation 2.1
91

 

      









dT

hd

havg

)/1(1
                    (2.1) 

where havg is average film thickness and d(1/h)/dT is estimated using linear regression of 

thickness vs. temperature data within a given temperature range. αglass denotes the 

thermal expansion coefficient below Tg, and αrubber denotes the thermal expansion 

coefficient above Tg.  

2.2.5 Quartz Crystal Microbalance with Dissipation  

 LbL film growth was monitored using a Q-Sense E1 QCM-D system. Gold-

plated AT-cut quartz crystals were first plasma-treated for 10 min followed by 

immersion in a 5:1:1 mixture of water/NH4OH/H2O2 70 °C for 10 min. Then, the 

crystals were dried using nitrogen and plasma-treated as before. Prior to LbL assembly, 

1 mg/mL PEI solution was flowed over the crystal for 17 min, followed by a 6 min rinse 

with 18.2 MΩ·cm water. PEI was used as the first layer only for QCM-D experiment. 

For LbL assembly, the PEI-coated crystal was alternately exposed to solutions of 2 mM 

PAA (or PMAA) and 2 mM PEO solution for 17 min. A 6 min rinsing step was applied 

after each exposure to polymer solution. The pH of all solutions and rinses was adjusted 

to 2.5. This procedure was repeated until the desired number of layers was achieved. 

QCM-D measures the resonant frequency change (∆f) and dissipation change (∆D) upon 

adsorption of material to the quartz crystal.
92, 93

 ∆f is correlated to mass change, and ∆D 

is correlated to the stiffness or viscoelasticity of the adsorbed material. In this study, the 
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Voigt model was used to model the hydrogen-bonded LbL film to account for its 

viscoelastic nature.
94, 95

 All calculations were performed by taking overtones n = 3 to 13 

into consideration using QSoft and Q-Tool software (Q-sense). 

2.3 Results 

 The thermal properties of PEO/PAA and PEO/PMAA LbL assemblies of varying 

thickness were compared to that of their homopolymer constituents using modulated 

DSC and temperature-controlled ellipsometry. Results regarding homopolymers are 

presented first. Then, LbL film growth, bulk LbL film thermal properties, and thin LbL 

film thermal properties are presented. 

2.3.1 PEO, PAA, and PMAA Homopolymers  

 Prior to the analysis of LbL films, homopolymers PEO, PAA, and PMAA were 

examined using modulated DSC (Figure 2.1). By using this technique, it is possible to 

separate the total heat flow into reversing and non-reversing heat flow curves.
96

 

Reversing heat flow is associated with thermal events such as glass transitions and 

melting. Non-reversing heat flow is associated with processes such as curing or 

crosslinking, evaporation, and enthalpic relaxation. Modulated DSC was chosen over 

conventional DSC for this investigation because of its ability to detect weak glass 

transitions. 

 In the reversing heat flow curve, PEO (Figure 2.1a) has a Tg at -52 °C and a 

melting peak at 67 °C, whereas PAA (Figure 2.1b) has a broad Tg at 129 °C. The sharp 

up-turn starting at 135 °C in the non-reversing curve for PAA is attributed mainly to the 

loss of bound water and the beginnings of anhydride crosslinking. PAA’s Tg is 
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somewhat higher here than prior reports
39

 because we have cycled to a higher 

temperature, which induces some amount of crosslinking that elevates the Tg. For 

PMAA, two large endothermic peaks were observed at 117 and 214 °C in the non-

reversing scan of the first heating cycle (Figure 2-1c). The first peak is attributed to the 

 

 

 

Figure 2.1 Modulated DSC thermograms of (a) PEO (2
nd

 heating cycle), (b) PAA (2
nd

 

heating cycle), (c) PMAA (1
st
 heating cycle), and (d) PMAA (2

nd
 heating cycle). The 

heating rate, modulation amplitude, and period were 3 °C/min, 0.636 °C, and 40 sec, 

respectively. 
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release of bound water, and the second peak corresponds to the release of the water due 

to the formation of anhydride crosslinks.
97, 98

 The onset temperature of the anhydride 

reaction was 170 °C for PMAA. In the second heating cycle (Figure 2.1d), a Tg was 

observed at 163 °C in the reversing heat flow curve. The glass transition appears only 

after the anhydride crosslinking reaction had taken place, and is consistent with prior 

reports.
98

 Table 2.1 summarizes the thermal properties of homopolymers measured using 

modulated DSC. 

 Ellipsometry is often used to measure changes in refractive index or film 

thickness, and is a sensitive probe of thermal transitions in thin films. Whereas DSC 

measures heat capacity, ellipsometry monitors changes in refractive index and thickness. 

For example, as a thin film is heated it may expand, resulting in measurable increase in 

film thickness related to the film’s coefficient of thermal expansion, α. At the glass 

transition α changes, which results in a change in the slope of a thickness-temperature 

curve. 

 Homopolymer PEO, PAA, and PMAA thin films (~100 nm) were prepared via 

spin-coating, and film thickness was measured as a function of temperature using 

ellipsometry. All data shown were obtained during the second heating stage. PEO 

thickness increased linearly with temperature, and an abrupt increase in thickness was 

observed upon melting at 56 °C (Figure 2.2a). The thickness of PAA also increased 

linearly as temperature increased; however, thickness decreased for temperatures over 

130 °C (Figure 2.2b). No clear Tg for PAA was detected using ellipsometry, which may 

be a result of its broad glass transition range coupled with the loss of bound water.  
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Table 2.1 Thermal transitions of homopolymers and LbL assemblies measured using 

modulated DSC and ellipsometry 

Sample Tg (°C) ∆T (°C) 
ΔCp               

(J g-1°C-1) 

αglass × 104 

(°C-1) 

αrubber × 104 

(°C-1) 

PEOa 

(bulk, powder) 
-52.4 ± 0.2 7.5 ± 0.6 0.16 ± 0.02 - - 

PEOb 

(94±8 nm) 
- - - 

5.3 ± 0.4      

(< Tm ) 

11 ± 3        

( > Tm ) 

PAAa 

(bulk, powder) 
129 ± 1 24 ± 6 0.46 ± 0.07 - - 

PAAb                     

(86 nm) 
- - - 2.08 ± 0.04 - 

PMAAa 

(bulk, powder) 
163.2 ± 0.3 4.8 ± 0.5 0.18 ± 0.01 - - 

PMAAb        

(106 nm) 
138 ± 2 - - 1.97 ± 0.07 5.47 ± 0.05 

PEO/PAAa 

(bulk, 7.2 µm) 
47 ± 2 17 ± 3 0.37 ± 0.09 - - 

PEO/PAAb   

(149 nm) 
41 ± 3 - - 4.1 ± 0.4 6.0 ± 0.2 

PEO/PAAb        

(33 nm) 
50 ± 4 - - 6 ± 2 10 ± 3 

PEO/PMAAa 

(bulk, 7.4 µm) 
138 ± 2 20 ± 1 0.21 ± 0.02 - - 

PEO/PMAAb  

(163 nm) 
120 ± 3 - - 2.8 ± 0.3 6.7 ± 0.3 

PEO/PMAAb  

(30 nm) 
127 ± 4 - - 10 ± 1 17 ± 2 

a. Measured using modulated DSC, b. Measured using ellipsometry 
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Figure 2.2 Thickness vs. temperature data for (a) PEO, (b) PAA, and (c) PMAA. 

Polymer films on silicon with native oxide were heated at a rate of 0.67 °C/min in a 

nitrogen environment. Data shown are taken from the second heating scan. 
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 On the other hand, PMAA has a clear Tg at 138 °C, (Figure 2.2c), after it had 

been thermally crosslinked. Coefficients of thermal expansion were calculated from data 

shown in Figure 2.2 using Equation 2.1 and are summarized in Table 2.1. For a ~100 nm 

PEO film, α was similar in magnitude to a reported value of 7.1×10
-4

 for bulk PEO;
99

 

prior reports of α for PAA and PMAA were not found in available literature.  

 The Tm’s and Tg’s measured using ellipsometry were notably lower than that 

measured using modulated DSC. Lower Tg’s may be attributed to dissimilar 

measurement techniques,
100

 dissimilar heating and cooling rates,
101

 and substrate/surface 

effects.
102

 Beaucage et al. observed an ellipsometric Tg 25 °C lower (for a 300 nm thick 

poly(styrene) film) than the calorimetric bulk Tg during heating, which they attributed to 

stresses and strains generated within film upon prior cooling.
91

 On the other hand, 

substrate/surface effects may play a role, even for a 100 nm film. For example, the Tg of 

a 100 nm poly(4-hydroxy styrene) film grafted to a silicon oxide surface was more than 

50 °C higher than that of bulk.
102

 As a control, we measured the Tg of a 100 nm 

polystyrene film, which should be near bulk Tg according to Keddie et al,
85

 and our 

ellipsometric Tg was 7 °C lower than the bulk calorimetric Tg for identical scan rates. As 

another control, we measured the calorimetric Tg of PMAA using scan rates of 0.67 and 

3 °C/min; the Tg decreased by only 1 °C for the slower scan rate. These controls suggest 

that the differences are likely a result of our different measurement techniques, rather 

than the different scan rates. 

 

 



 

36 

 

2.3.2 PEO/PAA and PEO/PMAA LbL Assemblies 

 Profilometry was used to monitor the evolution of thickness with respect to the 

number of layer pairs deposited for each type of dip-assisted LbL assembly (Figure 2.3). 

Following an initial nonlinear growth period for the first ten layer pairs, linear growth 

was observed for PEO/PAA and PEO/PMAA LbL assemblies (156 and 213 nm/layer 

pair, respectively). This type of growth profile is consistent with previous studies,
8, 78, 79

 

where a linear growth profile was observed following an “induction period” of 

exponential growth. Whereas Sukhishvili and Granick reported film fouling for 

PEO/PMAA LbL assemblies,
8
 we were able to assemble PEO/PMAA LbL films in 

excess of 50 layer pairs, which may be explained by considering the effect of PEO 

molecular weight. As shown for hydrogen-bonding complexes, both the degree of 

complexation and the stability constant increases as the molecular weight of PEO 

increases.
103, 104

 Here, we use a PEO molecular weight of 4,000 kg/mol whereas the prior 

report used 594 and 327 kg/mol, suggesting that our present PEO/PMAA LbL 

assemblies may be more stable and have a higher degree of hydrogen bonding. Another 

reason for our ability to grow PEO/PMAA LbL assemblies is that we have chosen a pH 

below the “modulation window” in which only partial film growth is possible.
79

 

 QCM-D was used to monitor the assembly of the LbL film’s first few layer pairs 

(Figure 2.4). Hydrated film thickness and composition were calculated from using a 

Voigt model (Figure 2.5). Because QCM-D provides in-situ measurement of polymer 

adsorption from solution, the thickness presented in Figure 2.5 is considered a “hydrated”  
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Figure 2.3 Dry PEO/PAA and PEO/PMAA LbL assembly thickness as a function of the 

number of layer pairs as measured by profilometry. Data shown are taken from “as-

made” samples without any thermal treatment. 

 

 

 

 

 

  

Figure 2.4 LbL buildup as measured by QCM-D for (a) PEO/PAA and (b) PEO/PMAA 

LbL assemblies.  
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Figure 2.5 Hydrated film thickness and composition as a function of layer number for 

(a) PEO/PAA and (b) PEO/PMAA LbL assemblies calculated from QCM-D data using a 

Voigt viscoelastic model. Odd layers are PEO, and even layers are PAA or PMAA. 

 

 

thickness. The first layer reported here is PEO adsorbed upon a PEI/PAA bilayer. Thus, 

every odd layer is a PEO layer and every even layer is a PAA or PMAA layer. Both 

PEO/PAA and PEO/PMAA LbL assemblies show exponential growth in the early stages 

of assembly. The percentage of PAA and PMAA by volume was calculated by dividing 

the sum of the thickness of the even layers by the total thickness of the film. The PAA or 
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PMAA content generally increases as the film builds up, and content saturates after 6 to 

8 layers to 65 v% and 77 v% for PAA or PMAA-containing films, respectively. 

Applying the dry densities of the materials (PEO 1.2, PAA 1.1, PMAA 1.2 g/cm
3
), the 

mol % of PAA and PMAA was estimated to be 50 mol % and 63 mol % by monomer 

unit respectively for films greater than eight layers (i.e., four layer pairs). 

 Modulated DSC was used to probe the thermal properties of dry, free-standing 

LbL assemblies (Figure 2.6). The thinnest free-standing film we could obtain was ~500 

nm in thickness. PEO/PAA LbL assemblies of 30 layer pairs (4.6 ± 0.3 μm) were cycled 

between 140 and -80 °C (Figure 2.6a). A single Tg at 47 ± 4 °C was present in the 

reversing heat flow curve, accompanied by enthalpic relaxation in the nonreversing heat 

flow curve. This Tg is consistent with a previous report by Lutkenhaus et al., where a 

PEO/PAA LbL film assembled at pH 2.5 had a Tg of 40 ± 7 °C.
39, 40

 

 PEO/PMAA LbL assemblies were cycled between 250 and -80 °C; Figures 2.6b 

and c show the second heating scan for 30 and 10 layer pairs (5.2 ± 0.9 μm and 0.83 ± 

0.01 μm), respectively. Both types of PEO/PMAA LbL films exhibited a weak Tg around 

140 °C only after the sample’s first heating cycle, where thermal crosslinking similar to 

that of homopolymer PMAA was observed. Anhydride formation was confirmed using 

FT-IR spectroscopy (Figure 2.7). Before heat treatment, FT-IR spectra show peak at 

1694 and 1255 cm
-1

 which corresponding to COOH group. After heat treatment at 250°C 

for 5min, the formation of anhydride is confirmed by the appearance of peak at 1002, 

1752 and 1799 cm
-1

.
97, 98

 Interestingly, PEO/PMAA LbL films of 10 layer pairs display a  
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Figure 2.6 Modulated DSC thermograms of (a) (PEO/PAA)30, (b) (PEO/PMAA)30, and 

(c) (PEO/PMAA)10 LbL assemblies, second heating scan. The heating rate, modulation 

amplitude, and period were 3 °C/min, 0.636 °C, and 40 sec, respectively. 
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Figure 2.7 ATR/FT-IR spectra of PEO/PMAA LbL assemblies of (a) before heat 

treatment and (b) after heat treatment at 250°C, 5min.  

 

 

melting peak in addition to a glass transition. Of note, the melting peak did not appear 

during the first cycle, where the anhydride reaction takes place, but appears in 

subsequent cycles. Considering this, we attribute the melting peak to PEO that phase 

separated during thermal crosslinking of PMAA in the first heating cycle. Also, the 

melting peak appears in samples of about 20 layer pairs or less (< 2.68 µm). For 20 layer 

pairs, two out of three samples exhibited a melting peak, and for 10 layer pairs, all 

samples tested displayed a melting peak. The average enthalpy of melting increased 

from 2.7 J/g to 7.2 J/g as the number of layer pairs decreased from 20 to 10, which 
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suggests that the mass fraction of crystalline PEO domains increases as film thickness 

decreases. The corresponding crystallinity (Xc) of PEO was calculated based on the 

following Equation 2.2
105

 

  
oc

H

H
X




                                  (2.2) 

where ∆H was the enthalpy of melting of PEO fraction in LbL film and ∆H
o
 was 

enthalpy of meting of 100% crystalline PEO (188 J/g).
105

 Assuming that 23 wt% of the 

PEO/PMAA LbL film is PEO (estimated from QCM-D experiments), the percentage of 

crystalline PEO domains in the film increases from 6.2% to 16.7% as the number of 

layer pairs decreased from 20 to 10. 

 The effect of thickness on the Tg of LbL films was studied using modulated DSC 

for varying number of layer pairs (10, 20, 30, 50, 100 for PEO/PAA and 10, 20, 30, 40, 

50 for PEO/PMAA, respectively). For a PEO/PAA LbL film (Figure 2.8a), the Tg 

increases by about 4 °C as thickness decreases from 15 µm to 540 nm. However for a 

PEO/PMAA LbL film (Figure 2.8b), there is no clear trend between Tg and film 

thickness. Of note, even the PEO/PMAA LbL film of 1 µm thickness (10 layer pairs) 

that exhibited PEO melting had a Tg similar to that of a 9 µm thick film (50 layer pairs) 

that did not exhibit PEO melting. Thus, the presence of the PEO crystalline domains 

does not seem to affect the Tg of the PEO/PMAA LbL assembly. 
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Figure 2.8 Effect of thickness on the Tg of (a) PEO/PAA and (b) PEO/PMAA LbL 

assemblies. Tg’s are taken from the second heating scan using modulated DSC. In some 

cases, the error was smaller than the data symbol 

 

 

 The temperature range of the transition region (ΔT) and change in heat capacity 

during the glass transition (ΔCp) were obtained from the reversing heat flow curve 

(Figure 2.9). In both PEO/PAA and PEO/PMAA LbL assemblies, ΔT and ΔCp did not 

change much with respect to film thickness. ΔT of PEO/PAA LbL assemblies ranges 



 

44 

 

from 15 to 20 °C, and the onset temperature (Tonset) was ~40°C and the end temperature 

was (Tend) ~60°C (Figure 2.10a). ΔT of PEO/PMAA LbL films ranges from 20 to 30 °C, 

and is much larger than the ranges of both PEO and PMAA homopolymers (6 °C). For 

the PEO/PMAA LbL film, the average Tonset was 124 °C, and the average Tend was 

149 °C, respectively (Figure 2.10b). For both LbL films studied, Tonset and Tend did not 

vary much with respect to thickness. In Figure 2.9, ΔCp of PEO/PAA LbL films was 

~0.4 J/g·°C, and that of PEO/PMAA LbL films was 0.25 J/g·°C. This data confirms that 

PEO/PMAA LbL assemblies have a broader and weaker Tg relative to PEO/PAA LbL 

assemblies. 

 

 

 

 

 

Figure 2.9 Effect of thickness on the (a) glass transition temperature range (∆T) and (b) 

heat capacity change (∆Cp) of PEO/PAA and PEO/PMAA LbL assemblies measured 

using modulated DSC. 
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Figure 2.10 The onset and end temperatures for the glass transition of (a) PEO/PAA and 

(b) PEO/PMAA LbL assembly measured using modulated DSC. 

 

 

 LbL assemblies below 200 nm in thickness were analyzed using temperature-

controlled ellipsometry (Figure 2.11). The Tg’s were identified using thickness-

temperature data from the second heating scan. The Tg’s of PEO/PAA and PEO/PMAA 

LbL films of similar thickness (~100 nm) were 42 ± 2 and 125 ± 4 °C, respectively.  The 

Tg can be also identified using refractive index (Figure 2.12)  

 The Tg’s of dip-assisted LbL films as a function of film thickness were obtained 

using temperature-controlled ellipsometry (Figure 2.13). Below 30 nm and above 200 

nm thickness, the Tg could not be identified due to the limited sensitivity of our set-up 

combined with error introduced by surface roughness. The number of layer pairs was 

varied from 5 to 8 and 4 to 7 for PEO/PAA and PEO/PMAA LbL assemblies, 

respectively. In the case of PEO/PAA LbL films, the Tg increases by 9 °C as thickness  
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Figure 2.11 Thickness vs. temperature data for (a) (PEO/PAA)7 and (b) (PEO/PMAA)6 

LbL assemblies on silicon measured using ellipsometry. Samples were heated at a rate of 

0.67 °C/min in a nitrogen environment. Second heating scans are shown. 
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Figure 2.12 Refractive index vs. temperature for (a) (PEO/PAA)7 and (b) 

(PEO/PMAA)6 LbL assemblies measured using ellipsometry 
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Figure 2.13 Effect of dry film thickness on the Tg of (a) PEO/PAA and (b) PEO/PMAA 

LbL assemblies identified using temperature-controlled ellipsometry. 

 

 

decreases from 149 to 33 nm. In contrast to PEO/PAA LbL films, the Tg of PEO/PMAA 

LbL films remains fairly constant regardless of thickness. Both trends were similar to 

those observed for modulated DSC, although the temperatures measured do not exactly 

match, which may be attributed to the differing measurement techniques as discussed 

before. For all PEO/PMAA LbL films investigated using ellipsometry, an abrupt 
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increase in thickness coinciding with the melting peak observed in modulated DSC was 

observed during the second heating scan (Figure 2.14). 

 

 

 

Figure 2.14 Thickness as a function of temperature for a (PEO/PMAA)6 LbL assembly 

showing the PEO melting region measured using ellipsometry.  

 

 

 Figure 2.15 shows the effect of thickness on α for the LbL assembly. αglass 

denotes the thermal expansion coefficient below Tg, an αrubber denotes the thermal 

expansion coefficient above Tg. In both PEO/PAA and PEO/PMAA LbL films, αglass and 

αrubber generally increase as film thickness decreases. This is contrary to the ellipsometric 

study of polystyrene by Keddie et al., where αglass increased with decreasing film 

thickness, while αrubber remained constant.
85

 In another study of polystyrene,
106

 αrubber 

decreased instead and αglass was constant. Of note, the error range for both αglass and 

αrubber increased as the film thickness decreased as shown in Figure 2.15.  
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Figure 2.15 Thermal expansion coefficients (α) of (a) PEO/PAA and (b) PEO/PMAA 

LbL assemblies of varying film thicknesses. 

 

 

2.4 Discussion 

 The LbL assemblies’ composition, internal layer structure, and extent of 

hydrogen bonding are qualitatively related to the Tg, it’s breadth, and it’s strength. First 

we will discuss the Tg with regard to PEO/PAA or PEO/PMAA LbL composition; then, 

we will discuss the interpenetration or stratification of layers as suggested by Tg data. 

Also, the extent of hydrogen bonding between PEO and PAA or PEO and PMAA will be 
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presented. Finally, we will discuss our results as they relate to their dependence on film 

thickness. 

 Both PEO/PAA and PEO/PMAA LbL assemblies possess a single Tg between 

that of their pure components. Assuming that the film is a miscible blend and assuming 

that the composition of a thick LbL film is the same as the saturated composition 

observed in QCM-D, then one can predict a Tg for each bulk LbL assembly using the 

Fox Equation as a crude prediction;
101

 this equation yields Tg’s of 34 °C and 82 °C for 

PEO/PAA and PEO/PMAA LbL assemblies, respectively. The Fox Equation under-

predicts Tg’s in bulk LbL films, likely because interactions between the two polymer 

constituents stiffens the network and elevates Tg. 

 The breadth of the transition, ∆T, is related to the extent of layer interpenetration 

or heterogeneity of the structure. In Table 2.1 and Figure 2.9, ∆T of a PEO/PMAA LbL 

assembly is slightly larger compared to that of a PEO/PAA LbL assembly. A larger ∆T 

could be the result of inhomogeneous regions of slightly different compositions brought 

about by the breakage of hydrogen bonds and subsequent film restructuring during the 

first heating cycle for PEO/PMAA LbL assemblies. Or, the larger ∆T could indicate that 

PEO/PMAA LbL assemblies exhibit slightly less layer interpenetration relative to 

PEO/PAA LbL assemblies. The former hypothesis is more likely, considering that 

neutron reflectivity studies of PEO/PMAA LbL assemblies (without thermal 

crosslinking) conducted by Kharlampieva et al. show a completely interpenetrated 

structure throughout the film.
20
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 The strength of the transition, ∆Cp, is related to the number of segments that are 

available for thermal activation.
100, 107

 For example, as crosslinking increases, fewer 

mobile segments are available and ∆Cp decreases. The ∆Cp of a bulk PEO/PMAA LbL 

film was smaller than that of a bulk PEO/PAA LbL film, indicating that PEO/PMAA 

films have a smaller number of mobile segments; this lower mobility is likely caused by 

anhydride crosslinking between PMAA segments that stiffens the film. 

 Because PEO/PMAA LbL assemblies undergo substantial changes between the 

first and second heating scans, it is pertinent to discuss them here in further detail. In the 

first modulated DSC heating scan, PEO/PAA LbL assemblies show a single clear Tg, 

whereas PEO/PMAA LbL assemblies do not. This difference can be explained by 

considering analogous hydrogen-bonding complex literature. Both the degree of 

complexation between and the stability constant of PEO and PMAA are much larger 

than that of PEO and PAA because PEO/PMAA complexes are stabilized by additional 

hydrophobic interactions from PMAA’s methyl group.
108, 109

 The large degree of 

complexation in PEO/PMAA LbL assemblies may result in a stiff network that is highly 

crosslinked via hydrogen-bonds, resulting in significantly reduced chain mobility and the 

absence of a Tg in the first heating scan. 

 However, the PEO/PMAA LbL film does exhibit a Tg in the second heating scan 

once the anhydride crosslinking reaction has taken place. It is likely that hydrogen-bonds 

between PEO and PMAA break during anhydride crosslinking, which results in some 

amount of phase separation allowing for the appearance of a Tg in subsequent heating 

scans. A previous study verified that hydrogen-bonding between PEO and PMAA 
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essentially disappeared and that anhydride bonds were formed when PEO/PMAA 

complexes were heated over 200 °C.
110

 Further evidence of phase separation in 

thermally crosslinked PEO/PMAA LbL assemblies is provided by the appearance of 

PEO melting in films of 20 layer pairs (< 2.68 µm) or less, Figure 2.6c. Melting is more 

evident in thinner films, which may suggest that the internal structure of the film is 

perhaps more stratified than a thicker film or that PEO phase separates into crystalline 

domains more easily in thinner films. The latter hypothesis is more likely in light of 

neutron reflectivity data that indicates that 230 nm PEO/PMAA LbL films (without 

anhydride crosslinking) are completely mixed.
20

 

 The effect of thickness on the Tg was studied using both modulated DSC and 

ellipsometery. Tg, ∆Cp, and ∆T did not change much for thick LbL films (540 nm to 15 

μm) studied via modulated DSC, with the small exception of PEO/PAA LbL films. The 

Tg of PEO/PAA LbL films show more noticeable changes as thickness decreases below 

100 nm as confirmed using ellipsometry, where the Tg increased by about 9 °C. The Tg 

of PEO/PMAA LbL films did not show a noticeable shift for any of the thicknesses 

investigated. The thermal expansion coefficients, αglass and αrubber both increased with 

decreasing thickness in both types of LbL assemblies. 

 Several factors such as composition, number of hydrogen bonds, and 

confinement effects may explain the elevated Tg in ultrathin PEO/PAA LbL assemblies. 

Let us first consider the films’ composition as measured using QCM-D. Figure 2.5 

shows that the volume fraction of PAA increases in the initial stages of LbL film growth 

until it reaches a steady-state volume fraction after 3-4 layer pairs had been deposited. 
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Because our ellipsometry measurements were taken on films 5-8 layer pairs thick, the 

measured films may be assumed to have identical compositions from sample to sample. 

Thus, composition is not likely the primary explanation for our observed results. Of note, 

the differences in thickness between Figure 2.5 and Figure 2.12 arise from differences in 

hydrated vs. dry thickness. 

 Another possible explanation for the increase in the Tg of ultrathin PEO/PAA 

LbL assemblies could be that the number of hydrogen bonds increases per unit volume. 

Hydrogen-bonds act as non-covalent crosslinks and reduce chain mobility, thus elevating 

Tg. Considering that samples explored here are in the regime where composition is 

relatively constant with respect to layer pair, one might conclude that the number of 

hydrogen bonds is also relatively constant with respect to thickness. Therefore, this 

hypothesis is also not a primary explanation for the observed phenomena. 

 Instead, the most likely explanation is that the Tg of PEO/PAA LbL assemblies 

increase with decreasing thickness because of substrate effects. In previous reports, an 

increase in Tg was reported for poly-(2)-vinylpyridine
111

 and PMMA
88

 on silicon with 

decreasing film thickness, which was attributed to favorable interactions between the 

polymer film and substrate. These favorable interactions outweighed surface effects, 

leading to an increase in Tg. In our study, PEO, which is the first adsorption layer, has 

favorable hydrogen bonding interactions with the native oxide surface bearing hydroxyl 

groups. Because the first few layers adsorb heterogeneously,
78

 it is likely that PAA also 

contacts the substrate, leading to additional favorable hydrogen-bonding interactions 

with the substrate. No increase in Tg was observed for PMAA-containing films, which 
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might be explained by PMAA’s higher degree of hydrophobicity, leading to less 

favorable interactions with the substrate relative to PAA-containing films. 

 In comparison to a recent study on ultrathin PEO/PAA LbL assemblies by Gu et 

al.,
78

 our results are quite different. Gu reports that the Tg of PEO/PAA LbL assemblies 

decreases from 75 to 8 °C as the number of layer pairs decreases from 15 to 5, whereas 

we report here that the Tg increases from 41 to 50 °C as the number of layer pairs 

decreases from 8 to 5. This stark difference is explained by considering the method of 

measurement. Gu uses SM-FM, which probes the properties of a surface, meaning that 

the reported Tg is that of the surface and not that of the entire film. They report that the 

surface contains heterogeneous regions of PAA and PEO phases for films of low layer 

pair number, ~5. As the number of layer pairs increases, say to 15, the surface becomes a 

homogenous layer of the last polymer to be deposited. For this reason, the apparent Tg of 

a 15 layer pair film measured via SM-FM approaches the Tg of the last polymer 

deposited, in that case PAA. In our present report, both modulated DSC and ellipsometry 

probe the entire film, allowing for us to access thermal information related to the film as 

a whole. 

 

2.5 Conclusion 

 The thermal properties of PEO/PAA and PEO/PMAA LbL assemblies of varying 

thicknesses have been studied using modulated DSC and temperature-controlled 

ellipsometry. The Tg of PEO/PAA LbL films increases significantly with decreasing film 

thickness, which is attributed to favorable interactions between the film and the substrate. 
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PEO/PMAA LbL films exhibited a Tg only after thermal crosslinking to produce 

anhydride bonds between PMAA chains. PEO/PMAA LbL films have a Tg that is 

independent of thickness, which is attributed to PMAA’s hydrophobic nature and less 

favorable interactions with the substrate. Interestingly, PEO melting was observed for 

PEO/PMAA LbL films of 20 layer pairs, indicating that some degree of phase separation 

occurs after the thermal crosslinking step. Crosslinked PEO/PMAA LbL assemblies had 

a significantly weaker Tg relative to that of PEO/PAA LbL assemblies, indicating that 

PEO/PMAA LbL assemblies have fewer mobile segments participating in the transition. 

 The thermal expansion coefficients of both LbL assemblies increased with 

decreasing film thickness. Our work provides a new understanding of the structure of 

and substrate effects in hydrogen-bonded LbL assemblies. Our ongoing work with 

electrostatic LbL assemblies suggests that QCM-D can be used to detect the Tg’s, which 

we also plan to explore in hydrogen-bonding LbL systems. This work also presents 

temperature-controlled ellipsometry as a versatile means to access glass transitions in 

LbL assemblies, and it is expected to be relevant to many other LbL systems. 
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CHAPTER III  

A COMPARISON OF THERMAL TRANSITIONS IN DIP- AND SPRAY-

ASSISTED LAYER-BY-LAYER ASSEMBLIES
*
  

 

3.1 Introduction 

 Spray-assisted layer-by-layer (LbL) assemblies have a rapidly expanding array of 

applications, and a fundamental understanding of their internal structure is crucially 

needed to keep pace. Here, we use thermal analysis to understand differences between 

LbL assemblies made via dipping and spraying. Hydrogen-bonded LbL assemblies 

containing poly(ethylene oxide) (PEO) and a complementary polyacid are of particular 

focus in this study. 

 In the conventional dip-assisted deposition method, LbL assemblies are 

fabricated by alternately immersing a substrate into solutions or dispersions of 

complementary species with rinsing steps in between.
2
 The spray-assisted deposition 

method was first introduced to dramatically speed up the process,
29

 and is well described 

by a recent review.
112

 In this method, solutions are sprayed onto a vertical substrate. A 

large surface area is coated uniformly in a significantly shorter time. For example, 

Nogueira et al. demonstrated that spray-assisted LbL deposition of optical coatings was 

                                                 
*
 Reprinted with permission from “A comparison of thermal transitions in dip- and 

spray-assisted layer-by-layer” by Choonghyun Sung, Katelin Hearn, Dariya K. Reid, 

Ajay Vidyasagar, Katelin Hearn, and Jodie L. Lutkenhaus, Langmuir 2013, 29, 

8907−8913, Copyright (2013) American Chemical Society 
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4 times faster than dipping.
113

 Other forms of spray-assisted LbL assembly 

(simultaneous spray, step-by-step) have been recently demonstrated.
114, 115

 

 However, the structure and properties of LbL assemblies prepared by dip-assisted 

and spray-assisted methods are not necessarily the same. In general, the spray-assisted 

method gives a smaller film thickness at the same number of deposition cycles.
28

 LbL 

assemblies of strong polyelectrolytes prepared by spraying do not exhibit the 

introductory period of initial slow film growth that usually appears for films prepared by 

dipping.
116

 In addition, there are contradictory neutron reflectivity studies on the 

interfacial roughness of LbL films prepared by spraying.
56, 117

 Krogman et al. compared 

a metal ion reactive thin LbL film prepared by dipping and spraying.
55

 Spray-assisted 

LbL films contained two times higher metal ion concentration compared to dip-assisted 

films. To date, there are no comparative studies on the thermal properties of LbL films 

prepared by dipping and spraying. This knowledge is critical for the future translation of 

LbL films from dip- to spray-assisted LbL assembly. 

 In our prior work, we investigated the effect of thickness on the thermal 

properties of hydrogen-bonded LbL assemblies made via dipping.
118

 PEO/polyacrylic 

acid (PAA) LbL assemblies had a single Tg that increased as the film thickness 

decreased below 100 nm. The single Tg indicated that the two polymers were miscible, 

and that the layers were highly interpenetrated, complementing prior neutron reflectivity 

work.
20

 The Tg varied depending on the pH of assembly, showing as much as a 20 °C 

degree variation as pH increased from 2.0 to 3.0.
40
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 Here, we compare the growth and thermal properties of spray-assisted PEO/PAA 

and PEO/polymethacrylic acid (PMAA) LbL assemblies made at varying pH-values to 

their analogs made via dipping. These two systems are specifically selected because it is 

has been shown that they have an observable Tg under dry conditions. We hypothesize 

that spray-assisted LbL assemblies are more stratified and heterogeneous than their dip-

assisted analogues. By examining the glass transition temperature, the breadth of the 

transition, and the strength of the transition, we qualitatively examine 

microheterogeniety and local composition within the LbL films. 

 

3.2 Experimental Section 

3.2.1 Materials  

 Poly(ethylene oxide) (PEO, Mw = 100,000 g/mol), poly(methacrylic acid) 

(PMAA, Mw = 100,000 g/mol), poly(glycidyl methacrylate) (PGMA, Mw= 25,000 

g/mol) were purchased from Polysciences. Poly(acrylic acid) (PAA, Mw = 100,000 

g/mol) and 1,1-mercaptoundecanoic acid were purchased from Sigma Aldrich. Silicon 

wafers were purchased from Wafer World. 

3.2.2 Substrate Preparation  

 First, silicon wafers were cleaned with piranha solution (3:1 sulfuric acid to 

hydrogen peroxide) for 15 min. Caution: Piranha solution is extremely corrosive, and 

proper caution should be taken. After oxygen plasma-treatment for 5 min, the silicon 

wafer was immersed in 0.1% PGMA/methyl ethyl ketone (MEK) solution for 3 min and 

held at 110°C for 30 min.
119

 Without surface treatment, PEO/PAA LbL assemblies 
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showed agglomerations and uneven thickness similar to previous reports.
79, 119

 After 

cooling to room temperature, excess PGMA was removed by rinsing with MEK. The 

PGMA-coated silicon wafer was then immersed in 20 mM PAA or PMAA (based on the 

repeat unit molecular weight) solution in 18.2 MΩ·cm (Milli-Q) water for 20 min 

followed by placing on a hotplate at 110°C for 30 min. Excess PAA or PMAA was 

removed by rinsing with water. 

3.2.3 Dip-Assisted LbL Assembly  

 PEO, PAA, and PMAA were separately dissolved in 18.2 MΩ·cm water at a 

concentration of 20 mM based on the repeat unit molecular weight. All solutions 

including rinse water were adjusted to the same pH using HCl or NaOH. LbL assemblies 

were prepared using an automated slide stainer (HMS series, Carl Zeiss). PAA (or 

PMAA)-coated silicon wafers were dipped in PEO solution for 15 min followed by three 

water rinses for 2, 1, and 1 min, respectively. Then, the substrates were dipped into PAA 

(or PMAA) solution for 15 min followed by another three water rinses as before. This 

process was repeated n times to yield n layer pairs, denoted as (PEO/PAA)n, for 

example. 

3.2.4 Spray-Assisted LbL Assembly  

 Identical solutions of the same concentration and pH were used in the spray-

assisted LbL method. LbL films were assembled using an automated spraying system 

(Svaya Nanotechnologies). PAA (or PMAA)-coated silicon wafers were placed 

vertically 20 cm from the spray nozzle. First, PEO solution was sprayed for 10 sec and 

drained for 10 sec. Then, rinse water was sprayed for 10 sec followed by 10 sec of 
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draining. PAA or PMAA solutions were sprayed and rinsed according to the same 

protocol. All samples were dried in a convection oven at 40°C for 30 min. 

3.2.5 Profilometry  

 Thickness and root-mean-square roughness were measured using profilometry 

(KLA - Tencor Instruments P-6) and taken as the step height of a film scratched using a 

razor blade. The reported value was taken as the average of a minimum of three 

measurements and the error was taken as the standard deviation.  

3.2.6 Atomic Force Microscopy (AFM)  

 AFM was performed using a Nanoscope IIIa (Digital Instruments) to investigate 

surface morphologies of the LbL films. Measurements were performed in tapping mode 

at a set point of 1 - 2 V and a scan rate of 1.0 Hz under atmosphere. Ca. 5 µm thick 

samples were used for all the measurements. Root-mean-square (RMS) roughness was 

measured in three different areas. The measured value was taken as the average of a 

minimum of three measurements and the error was taken as the standard deviation.  

3.2.7 Ellipsometry  

 Film thickness was also measured using an LSE Stokes ellipsometer (Gaertner 

Scientific). The refractive index used for ellipsometer measurements was 1.5.
120, 121

 

Incremental thickness of each polymer layer was measured after the deposition of each 

layer and its rinsing steps. Composition was estimated from Equation 3.1, where the vol % 

of PAA (or PMAA) was estimated from incremental thickness measured in layer n, 

where n was the last layer pair deposited. Films of thickness 70 - 250 nm were used for 
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the estimation of polymer composition, and the reported composition was taken as the 

average of three separate samples. 

         (       )  
                   

                        (       )               
|
 

    (   ) 

 

3.2.8 Modulated Differential Scanning Calorimetry (Modulated DSC)  

 The thermal properties of LbL assemblies were characterized using modulated 

DSC (Q200, TA instruments). Samples were obtained by peeling the LbL film away 

from silicon substrates. The thickness of LbL assemblies used was around 5 µm. 

Samples were dried in a vacuum oven at 40°C overnight. 5-10 mg was used for 

measurement. Unless otherwise stated, samples were first heated from room temperature 

to a predetermined temperature (110 °C for PEO/PAA LbL assemblies and 250 °C for 

PEO/PMAA LbL assemblies), held there isothermally for 5 min, cooled down to a 

desired temperature, and held there isothermally for 5 min, respectively. Finally, the 

sample was heated again to a predetermined temperature. Cooling and heating rates were 

at 3 °C/min. The temperature-modulated amplitude was 0.636 °C, and the period was 40 

sec. Modulated DSC conditions were chosen based on our previous study.
118

 These 

predetermined temperatures were chosen based on our previous study.
118

  The first cycle 

served to remove residual water and to give the sample a well-defined thermal history. 

For PEO/PAA, 110 °C was chosen as the maximum temperature because it was found to 

be sufficient for removing residual water and yielding reproducible Tg’s in subsequent 

cycles. However, for PEO/PMAA, a maximum cycling temperature of 110 °C proved 

insufficient because no Tg was observed in second and third cycles; instead, reproducible 
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Tg’s were observed in second and third cycles when using a maximum cycling 

temperature (e.g. T = 250 °C) that lay above temperature of PMAA anhydride formation. 

(In the first cycle, two large endothermic peaks owing to the release of bound water and 

anhydride reaction of PMAA appeared). It is important to note that the observed 

PEO/PMAA Tg is different from the true Tg of the corresponding pristine film because 

of the required heat treatment. The Tg’s of PEO/PAA LbL films were obtained from the 

second heating scan. Tg’s of PEO/PMAA LbL films were obtained from the cooling scan 

following the first heating scan because reliable detection of the Tg was difficult due to 

the presence of a secondary Tg arising from PMAA homopolymer. The Tg was taken as 

the inflection point. The glass transition’s temperature range or broadness (∆T) was 

calculated as the difference between the transition’s onset and final temperature. 

 

3.3 Results and Discussion 

3.3.1 LbL Film Growth 

 The thickness of dry LbL assemblies was measured as a function of layer pairs 

using profilometry (Figure 3.1a, b). Both PEO/PAA and PEO/PMAA LbL assemblies 

showed linear growth profiles. The layer pair thickness, calculated from the slope of the 

growth profile, was consistently smaller for spray-assisted LbL assemblies as compared 

to dip-assisted LbL assemblies (Figure 3.1c); for example, dip-assisted PEO/PAA LbL 

films assembled at pH 2.0 were about 2.4 times thicker than sprayed counterparts. Also, 

the layer pair thickness of PEO/PAA LbL films exhibited more of a pH-dependence than  
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Figure 3.1 Dry film thickness of LbL assemblies of (a) PEO/PAA, (b) PEO/PMAA as a 

function of the number of layer pairs measured using profilometry, and (c) layer pair 

thickness obtained from (a,b). Films were prepared by dip-assisted and spray-assisted 

LbL deposition methods at pH 2.0 and 2.5. 
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PEO/PMAA films; PEO/PAA LbL films assembled at pH 2.0 were about 1.4 times 

thicker than their counterparts deposited at pH 2.5, whereas PEO/PMAA LbL films did 

not exhibit any remarkable dependence on pH. 

 The effect of pH on the properties of dip-assisted PEO/PAA LbL films has been 

previously studied.
40

 PAA is known to undergo both inter and intramolecular hydrogen  

bonding, and it was shown that the fraction of inter-molecular (and intramolecular) 

hydrogen bonding PAA groups (i.e., COOH groups that hydrogen-bonded with PEO) 

decreased (and increased, respectively) as the assembly pH decreased from 3.0 to 2.0 in 

dip-assisted PEO/PAA LbL assemblies. As a result, thickness increased and saturated at 

pH values lower than 2.5 as the assembly pH decreased. Also in that prior study, the Tg 

consistently increased as the assembly pH decreased even when the pH value was lower 

than 2.5.  

 In this present study, as assembly pH changed from 2.5 to 2.0, the layer pair 

thickness increased while the Tg remained fairly constant. An increased layer pair 

thickness implies that the PEO/PAA LbL film assembled at pH 2.0 possessed chains 

bearing more loops, trains and tails, which could be a result of increased intramolecular 

PAA hydrogen bonding, relative to pH 2.5. This result is in contrast to our previous 

study,
40

 where no dependence was observed below pH 2.5. The source of the contrasting 

results might be due to the different PEO molar masses utilized. In the previous study, 

the molar mass of PEO was 4,000,000 g/mol, and a molar mass of 100,000 g/mol was 

used in our present study. DeLongchamp et al. demonstrated that the growth of 

PEO/PAA LbL films is heavily influenced by the molecular weight of PEO.
79

 It was 
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suggested that low molar mass PEO may not possess sufficient polyvalency of 

interacting ether oxygens to fully satisfy the protic surface and reverse the surface 

chemical identity. Such might be the case for our present work. On the other hand, the  

layer pair thickness of PEO/PMAA LbL films shows less of a pH dependence. PMAA 

has a more tightly coiled structure due to the hydrophobic nature of its methyl groups as 

compared to PAA. Also PMMA can be more insensitive at lower pH’s than PAA, 

because the pKa of PMAA (6-7)
122

 is higher than that of PAA  (5.5-6.5).
123

 

3.3.2 Surface Morphologies of LbL Assemblies 

 Surface morphologies of LbL assemblies were examined using AFM and optical 

microscopy (Figure 3.2). Both dip-assisted and spray-assisted PEO/PAA LbL films 

possessed similarly smooth surface morphologies (Figure 3.2a, b). On the contrary, 

strikingly different surface morphologies were observed in PEO/PMAA LbL assemblies. 

Dip-assisted films showed micro-scale surface structures, but spray-assisted films 

showed a very smooth surface (Figure 3.2c, d). Root-mean-square (RMS) roughness was 

measured for samples about 5 µm in thickness using AFM (Figure 3.2e). For PEO/PAA 

LbL assemblies, dip-assisted films showed slightly lower RMS roughness than spray-

assisted films. In contrast, for PEO/PMAA LbL assemblies, spray-assisted films 

demonstrated significantly lower RMS roughness than dip-assisted LbL assemblies. 

Optical images of LbL assemblies support this observation (Figure 3.2 inset and Figure 

3.3). The roughness of the dip-assisted PEO/PMAA LbL film decreased slightly as 

assembly pH increased, however no strong conclusions could be made since they were 

nearly within error of each other. 



 

67 

 

  

 

 

Figure 3.2 AFM images (135 µm × 135 µm) of (a, b) PEO/PAA LbL assemblies and (c, 

d) PEO/PMAA LbL assemblies prepared at assembly pH 2.0, and (e) root-mean-square 

roughness of various ~5 µm thick LbL assemblies measured using AFM. Films were 

prepared using (a, c) the dip-assisted method and (b, d) the spray assisted method. The 

same scale bars apply to all the images (a-d). All scale bars represent a length of 50 m. 

The insets are corresponding optical microscopy images. 
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Figure 3.3 Optical images of (a, b) PEO/PAA LbL assemblies and (c, d) PEO/PMAA 

LbL assemblies prepared at assembly pH 2.0. Films were prepared using (a, c) the dip-

assisted method and (b, d) spray assisted method.  

 

 

 To evaluate local roughness, AFM was performed over a small area (5 µm  × 5 

µm) to evaluate the local roughness (Figure 3.4) and compared to AFM images obtained 

over a large area (Figure 3.2). Both dip- and spray-assisted PEO/PAA LbL films show 

undulations about ~25 nm in height on the surface at higher magnification, which were 

not observable at low magnification. For PEO/PMAA LbL assemblies, both dip- and 

spray-assisted films at high and low magnifications showed similar corresponding 

surface morphologies. 

 RMS roughness was calculated from the higher magnification AFM images 

(Figure 3.4e). Most films exhibited a fairly smooth surface with the exception of dip-

assisted PEO/PMAA LbL assemblies, consistent with the result of Figure 3.2e. However, 

the roughness of dip-assisted PEO/PMAA decreased from 445 nm to 36 nm when  
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Figure 3.4 AFM images (5 µm × 5 µm) of (a, b) PEO/PAA LbL assemblies and (c, d) 

PEO/PMAA LbL assemblies prepared at assembly pH 2.0, and (e) root-mean-square 

roughness of ~ 5 µm thick LbL films measured using AFM. Films were prepared using 

(a, c) the dip-assisted method and (b, d) the spray assisted method. All the films were 

assembled at pH 2.0. All scale bars represent a length of 2 m. 

 

 



 

70 

 

measured from a 135 µm × 135 µm vs. 5 µm ×5 µm scan area, respectively. This result 

suggests that dip-assisted PEO/PMAA LbL films are smoother locally than they are over 

a larger surface area, which is supported by the optical micrograph in Figure 3.2c, where 

features tens of microns in size were visible. 

 The exceptionally rough surfaces of dip-assisted PEO/PMAA LbL assemblies 

likely arise from PMAA, which exhibits a more tightly coiled conformation than PAA 

due to PMAA’s hydrophobic interactions arising from the α-methyl group in its 

backbone.
124

 Micro-scale surface roughness induced by hydrophobic interations has 

been observed in other dip-assisted LbL assemblies. Seo et al. observed large surface 

grains in LbL assemblies of hydrophobically modified PEO and PAA, where PEO-based 

micelles were responsible for the surface morphology.
125

 Micro-scale corrugated surface 

morphologies were also reported in LbL assemblies of poly[2-(dimethylamino)ethyl 

methacrylate] and PAA prepared at pH values where films grew exponentially.
25

 In that 

case, the uneven surface was caused by extensive interdiffusion and large-scale surface 

segregation. 

 However, the micro-scale surface texture of PEO/PMAA LbL assemblies 

disappears for the spray-assisted LbL method. It is possible that polymer chains have 

limited time to penetrate into the film and rearrange on the surface to develop the surface 

morphology. However, increasing the spraying time from 10 sec to 30 sec resulted in no 

statistical or visual difference in roughness (Figure 3.5). This suggests that either the 

time scale of penetration is longer than 30 sec or that another reason for the smooth 

surface exists. Alternatively, Krogman et al. have suggested that the convective action of  
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Figure 3.5 Optical microscope image of a PEO/PMAA spray-assisted LbL film using 30 

sec of spraying. The surface appears relatively featureless, much like a similar sample 

produced with 10 sec of spraying (Figure 3.3d). 

 

 

spraying may cause chain spreading while limiting interpenetration, leading to smoother 

films.
55

 Smoothing of micro-scale surface morphologies was also observed for spin-

assisted LbL assembly,
26

 which was explained by the short contact time and shear forces 

arising from the spinning process. Like spin-assisted LbL assembly, spray-assisted LbL 

assembly is typified by its short contact time. 

 Dewetting has been observed in nanoscale LbL films,
126, 127, 128, 129

 so it is 

important to clarify whether or not the surface morphologies observed here are attributed 

to dewetting or another phenomena. For example, Zimnitsky et al. showed that below a 

critical thickness (10 ~ 100 nm depending on the substrate) pores in PAH/PSS LbL films 

formed due to dewetting.
126

 Another report describes the salt-induced dewetting of 

hydrogen-bonded LbL films as thick as 500 nm to 1 µm.
129

 In our case, the film 

thickness was about 5 µm and thick enough to suppress dewetting. In our study, we used 
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a specially treated silicon wafer as the substrate, where PAA or PMAA had been 

chemically grafted to the surface to prevent dewetting and enhance LbL growth and 

adhesion. Generally, dewetting phenomena is accompanied by the formation of regularly 

sized pores in the polymer film.
130

 Dewetting-induced pore formation has been also 

reported in LbL assemblies, which we do not observe.
126, 127, 128, 129

 Instead, we believe 

that the observed micrometer-scale features are attributed to phase separation rather than 

dewetting, discussed later.  

3.3.3 Thermal Properties of LbL Assemblies 

 The thermal properties of dry LbL films were studied using modulated DSC. 

Figure 3.6 shows typical thermograms of spray-assisted LbL films prepared at assembly 

pH 2.5. Dip-assisted LbL films also showed similar thermal behavior. PEO/PAA LbL 

assemblies showed a well-defined single Tg at 15 °C with a small amount of enthalpic 

relaxation when cycled between -90 and 110 °C (Figure 3.6a). PEO and PAA 

homopolymers had Tg’s at -51 and 123 °C, respectively.  

 A slightly different temperature profile was applied to PEO/PMAA LbL 

assemblies, which exhibited a well-defined Tg only after thermal crosslinking (i.e., 

anhydrie reaction).
118

 For only PEO/PMAA LbL assemblies, samples were first heated 

to 250 °C to induce the formation of anhydride bonds from PMAA’s carboxylic acid 

groups. Similar thermal treatments are required for even homopolymer PMAA to 

observe a Tg.
98, 118

 No change in LbL surface morphology was observed after anhydride  
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Figure 3.6 Modulated DSC thermograms of (a) PEO/PAA (2
nd

 heating cycle), (b) 

PEO/PMAA (1
st
 cooling cycle), and (c) PEO/PMAA (2

nd
 heating cycle) spray-assisted 

LbL assemblies. Dip-assisted LbL assemblies had similar thermograms. 
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formation. In a subsequent cooling scan, exothermic peaks were observed around -10 to 

-20 °C and around 42 °C (Figure 3.6b). These exothermic peaks were attributed to the 

crystallization of phase-separated PEO domains, and occurred at much lower 

temperatures, likely because of interactions with PMAA.
131

 Initial samples did not show 

any evidence of PEO melting. Therefore, this phase separation most likely occurred 

during the first heating scan, when anhydride crosslinking took place. 

In the second heating scan for PEO/PMAA spray-assisted LbL films (Figure 

3.6c), an endothermic peak due to the melting of PEO appeared, as well as a glass 

transition. The Tg of the spray-assisted PEO/PMAA LbL film was detected at 139 °C, 

but overlapped with another small transition (Figure 3.7), which coincided with the Tg 

(163 °C) of PMAA homopolymer after anhydride formation. The appearance of two  

 

 

 

 Figure 3.7 Modulated DSC thermogram of PEO/PMAA spray-assisted LbL assemblies 

(2
nd

 heating cycle). 
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glass transitions was another indication of phase separation. This small transition was 

more distinct at pH 2.5 than pH 2.0, indicating that phase separation is more severe at 

pH 2.5 where the degree of ionization of PMAA is larger.  

The fact that the first heating and cooling scans were distinctly different from 

each other suggests that the internal structure of the film changes upon heat treatment. 

From this study, we have shown that phase separation and PMAA crosslinking occurs 

during the first heating cycle. It is true that crosslinking should reduce the mobility of 

PMAA chains, possibly preventing further reorganization of the LbL assembly in 

subsequent cycles. However, a Tg was consistently observed in second and third cycles, 

which we attributed to PMAA-rich domains. The fact that a glass transition is observed 

at all suggests that the PMAA is not completely crosslinked. 

Because LbL assemblies are often thought to be similar to complexes, it is 

important to briefly discuss the behavior of analogous hydrogen-bonded complexes. It is 

known that PEO/PAA complexes are less stable than PEO/PMAA complexes, which 

remain intact over a wider pH-range.
103, 124

 Therefore, it can be argued that phase 

separation should be more pronounced in PEO/PAA LbL films with weaker hydrogen 

bonding. However, a comparable PEO/PAA LbL system heated to 170°C (which is 

sufficient to induce anhydride formation
40, 41

) showed no evidence of subsequent PEO 

crystallization. Perhaps PEO/PMAA LbL films are more susceptible to phase separation 

because anhydride formation increases PMAA’s hydrophobicity as more carboxylic acid 

groups are eliminated. In our present work, the thermal crosslinking presumably serves 

to remove hydrogen-bonding groups and increase the film’s hydrophobicity, which 
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disrupts the configuration of the PEO/PMAA LbL film. This crosslinking reaction 

removes the PEO/PMAA LbL film far from that of a traditional PEO/PMAA complex, 

so it may be unwise to compare the present crosslinked system with an uncrosslinked 

complex.  

In our previous study of dip-assisted PEO/PMAA LbL assemblies, PEO phase 

separation appeared for film thicknesses only below 2.68 µm.
118

 However, here, the 

phase separation of PEO appeared for all films studied even though their thicknesses 

were around 5 µm. This difference could be due to the molecular weight of PEO, as 

discussed earlier. Here, we used a lower molar mass PEO to facilitate spraying, but this 

clearly results in more phase separation upon thermal heat treatment.  

Figure 3.8 shows the Tg’s and their broadness (∆T’s) for LbL assemblies 

obtained from the Modulated DSC themograms. The Tg was taken as the inflection point 

of the reversing heat flow. ∆T was calculated as the difference between the Tg’s onset 

and the final temperature. In both PEO/PAA and PEO/PMAA LbL assemblies, the Tg’s 

were similar for both deposition methods at a given assembly pH. In contrast, the 

broadness of the transition, which is related to the heterogeneity of the structure,
118

 was 

consistently larger for the spray-assisted LbL films (Figure 3.8c). This difference 

indicates that spray-assisted LbL films have a less-interpenetrated structure relative to 

dip-assisted LbL films. In the dip-assisted method, polymers have sufficient time to 

adsorb and diffuse into the film. However, in the spray-assisted method, polymers tend 

to interact mostly with the film’s surface due to the limited time for diffusion and 

rearrangement.
55
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Figure 3.8 Glass transition temperatures of (a) PEO/PAA LbL assemblies, (b) 

PEO/PMAA LbL assemblies prepared by dipping and spraying, as well as (c) the 

transition’s temperature range, T. All assemblies investigated were ca. 5 µm thick. 
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Regardless of pH, the Tg of PEO/PAA LbL assemblies remained constant at 13-

15°C for both dip- and spray-assisted LbL methods (Figure 3.8a). The constant Tg 

suggests that the composition of the PEO/PAA LbL film is invariant with respect to 

deposition method and to assembly pH. Indeed, the volume fraction of PAA within both 

dip- and spray-assisted PEO/PAA LbL assemblies was estimated to be about 61 vol% 

PAA for assembly pH 2.0 (Figure 3.9).  

  

 

 

Figure 3.9 Volume percent PAA within dip- and spray-assisted PEO/PAA LbL films as 

determined using ellipsometry. The pH of assembly was 2.0. The incremental thickness, 

tPEO and tPAA, was measured after every layer PEO and PAA layer deposited, 

respectively. Volume percent PAA was calculated as tPAA/(tPAA+tPEO)*100%. 

 

 

 On the other hand, PEO/PMAA LbL films exhibited markedly different behavior 

(Figure 3.8b). For dip-assisted PEO/PMAA LbL assemblies, the Tg increased from 118 ± 

8 to 145 ± 8 C as the assembly pH increased from pH 2.0 to 2.5. For spray-assisted 
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PEO/PMAA LbL assemblies, the Tg increased from 118 ± 18 to 137 ± 3 C as the 

assembly pH increased from pH 2.0 to 2.5, although the two were within error of each 

other. The increase in Tg with increasing assembly pH indicates that either the PMAA 

content increases or that the nature of PMAA’s microenvironment within the LbL film 

changes with increasing assembly pH. Considering that the PMAA content does not 

change much from pH 2.0 to pH 2.5 (Figure 3.10), the former supposition may be 

discarded. As for the latter supposition, the local PMAA composition, or the 

microenvironment, may depend on the degree of phase separation. 

 

 

 

Figure 3.10 Percent PMAA by volume in dip-assisted PEO/PMAA LbL assemblies as 

calculated using ellipsometry.  
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As a qualitative measure of phase separation, one may compare the enthalpy of 

melting (∆Hm) of PEO domains within PEO/PMAA LbL assemblies (Figure 3.11). At 

pH 2.5, ∆Hm is about four times higher than that of films assembled at pH 2.0, which 

suggests that larger amounts of PEO phase separate for assembly pH 2.5; this, in turn, 

leads to PMAA-rich domains have a higher local PMMA content and higher Tg. The 

narrowing of the Tg and subsequent decrease in T also provided further evidence for 

the enrichment of PMAA in PMAA-rich domains as assembly pH increased from 2.0 to 

2.5. We speculate here that the pH dependence may be attributed to either PMAA’s 

slight change in ionization (PMAA pKa  6-7)
122

 or differing amounts of inter and 

intramolecular hydrogen bonding.  

 

 

 

Figure 3.11 Enthalpy of melting of PEO/PMAA LbL assemblies taken from the second 

modulated DSC heating scan. 
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3.4 Conclusion 

In summary, we have demonstrated that it is possible to prepare LbL assemblies 

of comparable thermal properties using the dip- and spray-assisted LbL assembly. 

Although the Tg’s were similar regardless of the deposition method, spray-assisted LbL 

films possessed slightly broader glass transitions. These differences likely arise from the 

short contact times afforded by the rapid assembly of LbL films via spraying. 

Interestingly, spray-assisted PEO/PMAA LbL assemblies showed different surface 

morphologies from dip-assisted assemblies, and underwent phase separation following a 

high-temperature treatment. The extent phase separation was dominated by the pH of 

assembly, rather than the mode of fabrication. We expect that more dramatic differences 

in the thermal properties of dip and spray-assisted LbL assembly could arise from the 

use of inorganic particles, and will be a subject of future work. 
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CHAPTER IV  

TEMPERATURE-TRIGGERED SHAPE-TRANSFORMATIONS IN LAYER-BY-

LAYER MICROTUBES
*
 

 

4.1 Introduction 

 LbL assembly is a versatile technique used to build functional thin films and 

nanostructures for applications ranging from energy to health.
2, 31, 132

 Oppositely charged 

polyelectrolytes are alternately adsorbed onto various substrates with rinsing steps in-

between. An LbL assembly’s growth, structure, and properties can be fine-tuned using 

polymer chemistry and assembly conditions such as pH and salt concentration.
133, 134

 

Besides polyelectrolytes, other materials such as inorganic and metallic nanoparticles as 

well as biomacromolecules may act as the adsorbing species.
132, 135

 

 LbL microcapsules and microtubes have emerged as promising materials for 

drug delivery.
136, 137, 138, 139

 Using sacrificial spherical particles or porous templates, an 

LbL assembly is deposited, resulting in microcapsules or microtubes, respectively, 

following template dissolution.
140

 Hollow LbL microcapsules consisting of 

poly(diallyldimethyl-ammonium chloride) (PDAC) and poly(styrene sulfonate) (PSS) 

have exhibited a characteristic response upon heating – either shrinking or swelling, 

                                                 

* Reprinted with permission from “Temperature-triggered shape-transformations in 

layer-by-layer microtubes” by Choonghyun Sung, Ajay Vidyasagar, Katelin Hearn, and 

Jodie L. Lutkenhaus, J Mater. Chem. B 2014, 2, 2088–2092, Copyright (2014) The 

Royal Society of Chemistry,  
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depending upon the outermost layer and the balance of hydrophobic and electrostatic 

forces.
43, 44, 141, 142

 Elsewhere, PAH/PSS LbL microcapusles have exhibited shrinkage 

upon heating.
45, 46, 143, 144

 This behavior was tied to a “glass-melt” transition.
43, 44

  

 We recently identified this transition using quartz crystal microbalance with 

dissipation (QCM-D), in which it was demonstrated that the transition is accompanied 

by a large flux of water into or out of the LbL assembly depending on whether it shrinks 

or swells.
49, 50

 The transition itself exhibits many features typical of a glass transition 

temperature (Tg), (sigmoidal heat capacity, dramatic changes in mechanical properties 

and diffusion). We have also found that LbL assemblies containing weak 

polyelectrolytes PAH and PAA undergo a glass transition in water for most assembly pH 

values with the exception when both polyelectrolytes are fully charged. It should be 

noted that this transition has been called a “glass transition” or a “glass-melt transition”, 

but the underlying process is likely very different from a traditional glass transition 

because ion pairs and water are involved. 

 Considering that hollow LbL capsules have shown dramatic changes in size in 

response to temperature, we hypothesized that LbL microtubes would exhibit an 

analogous unique response. Hollow LbL capsules retain their spherical shape during the 

transition, but LbL microtubes may not. Early work by He et al. showed that PAH/PSS 

microtubes transform to spheres and hollow capsules upon high-temperature incubation, 

although only a limited temperature range and only free microtubes were explored.
47

  

 Here, we investigated the temperature-triggered shape transformation of released 

and unreleased PAH/PAA LbL microtubes in water as a function of temperature and 
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time. The PAH/PAA LbL system is of particular interest because it offers future 

opportunities as a pH-responsive material. The temperature-response of unreleased LbL 

microtubes (in which the tubes remain in the template) is of interest because the 

substrate/film interface plays an additional role. Drastically different transformations are 

observed for the two scenarios. Results are discussed in the context of LbL film structure, 

properties, and surface interactions. To our knowledge, this is the first investigation of 

temperature-triggered changes in shape for LbL microtubes consisting solely of weak 

polyelectrolytes.  

 

4.2 Experimental Section 

4.2.1 Materials  

 Poly(allylamine hydrochloride) (PAH, MW = 58,000 g/mol) was purchased from 

Sigma Aldrich and poly(acrylic acid) (PAA, MW = 50,000 g/mol) was purchased from 

Polysciences. Fluorescein isothiocyanate dextran ((FITC-dextran), MW = 10,000 g/mol) 

was obtained from Sigma Aldrich. All chemicals were used without further purification. 

PAH and PAA solutions were prepared at a concentration of 10 mM, based on the molar 

mass of repeat the unit, by dissolving the polymer in 18.2 MΩ·cm water (Milli-Q, 

Millipore). The assembly pH of the solution was adjusted using HCl and NaOH. Track-

etched polycarbonate (PC) membranes (Nucleopore
TM

) were purchased from Whatman. 

The membrane’s pore size and thickness were 1 μm and 10 μm, respectively.  

4.2.2 Preparation of FITC-Labeled PAH (FITC-PAH) 

Briefly, 33.6 mg (corresponding to a ratio of 1 FITC molecule for every 100 PAH repeat  



 

85 

 

units) of FITC was dissolved in 400 ml of PAH solution (2 mg/mL in 3:1 methanol-

water mixture) and gently stirred overnight.
145, 146

 The remaining FITC was removed by 

extensive dialysis against pure 3:1 methanol-water mixture. Then, the mixture was 

dialyzed against water for solvent exchange. Dialysis was performed until there was no 

trace of methanol in the dialysis solution as confirmed by FT-IR spectroscopy (Alpha 

FT-IR spectrometer, Bruker optics). For LbL assembly, as-made FITC-PAH solution 

was diluted to 10 mM and pH-adjusted as noted previously. 

4.2.3 LbL Microtube Preparation  

 All samples were assembled using a programmable slide stainer (HMS series, 

Carl Zeiss Inc.). Polyelectrolyte microtubes were fabricated using a PC membrane as a 

porous template. PC membranes were first immersed in 10 mM PAH solution for 15 min 

followed by three separate rinses in pure water for 2 min, 1 min, and 1 min. Then, the 

PAH-coated membranes were dipped in the 10 mM PAA solution for 15 min followed 

by another three water rinses as described previously. This process was repeated n times 

to yield n layer pairs, denoted as (PAH/PAA)n for example. (PAH/PAA)nPAH denotes 

the case where PAH is the last layer. Assembly pH-values of 7.5 and 3.5 was used for 

PAH and PAA, respectively. Following LbL assembly, the LbL-coated membranes were 

dried overnight at room temperature. Both surfaces of the PC membranes were oxygen 

plasma-etched for 10 min to remove the film deposited on the membrane surface.
36

 

PAH/PAA LbL hollow tubes were released by selective dissolution of the membrane in 

dichloromethane (DCM) followed by sonication for 3 min. Then, PAH/PAA LbL 

microtubes were washed with fresh DCM three times and ethanol twice followed by re-
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dispersion in water at pH 5.5. Then PAH/PAA LbL microtubes were dialyzed against pH 

5.5 water for 17 hr to remove residual solvent. PAH/PAA LbL microtubes released from 

a single membrane were dispersed in 3 ml of water.  

4.2.4 High Temperature Incubation  

 The microtube-in-water suspension (or microtube-in-membrane) was incubated 

in a temperature-controlled water bath for various times. All samples were sonicated for 

3 min prior to incubation. For the incubation at 121 °C, an autoclave (Steris, Amsco 

Lab250) was used.  

4.2.5 Electron Microscopy  

 Scanning electron microscopy (SEM) images were obtained using a JEOL JSM-

7500F at an acceleration voltage of 5 kV. A few drops of suspension were cast onto a 

silicon wafer, dried at room temperature, and sputtered with Pt for SEM observation. 

Transmission electron microscopy (TEM) images were collected using a JEOL 1200 EX 

operating at a voltage of 100 kV. The suspension was cast and dried on carbon-coated 

Cu grids for TEM measurements. The length and outer diameter of microtubes were 

measured from SEM images. We measured at least 30 microtubes and avoided the 

microtubes that curved significantly because the reading of the dimensions can be 

affected. 

4.2.6 Modulated differential scanning calorimetry (Modulated DSC)  

 The thermal properties of bulk PAH/PAA LbL assemblies were characterized 

using modulated DSC (Q200, TA instruments). PAH/PAA LbL assemblies were 

assembled on Teflon®  substrates, dried in vacuum oven at 30°C overnight, and isolated 
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from the substrate. 18 wt% hydrated samples in pH 5.5 water were prepared according to 

our previous investigations.
49

 Hydrated samples were first prepared by weighing the 

dried film in Tzero hermetic pans and by adding excess pH 5.5 water. Then, the samples 

were dried at 40°C to evaporate water until a water content of 18 wt% of the dried film 

weight was achieved. The total sample weight was around 8-10 mg. Hydrated samples 

were left at room temperature for 24 hour before measurement. Modulated DSC 

measurements were performed by employing a heat-cool-heat cycle between 10 °C and 

115 °C with amplitude of 1.272 °C for a period of 60 s. All thermal properties were 

obtained from the second heating scan.  

4.2.7. Confocal Laser Scanning Microscopy (CLSM)  

 Optical images of microtubes in water were obtained using CLSM (Leica TCS 

SP5) with a 63x oil immersion objective. For effective visualization of microtubes, 

either FITC-PAH or FITC-dextran were used as a fluorescent labels. 

 

4.3 Results and Discussion 

 To study the transformation of LbL microtubes in water, two different 

experimental routes were employed, Figure 4.1. In Route A, a PAH/PAA LbL film is 

deposited onto an ion track-etched polycarbonate template. Film deposited on the 

template’s surface is removed, the membrane is dissolved, and the released microtubes 

are purified via dialysis. The microtubes are then incubated at the time and temperature 

of interest, and dried for further analysis. In Route B, the LbL-coated membrane is 

incubated in water at the desired temperature. The microtubes are then released from the 
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membrane for further analysis. The main difference between the two routes is whether 

microtubes are incubated when freely suspended (Route A) or when bound to the 

membrane pore (Route B).  

 

 

 

Figure 4.1 A schematic illustration of the two routes. In route A, microtubes are released 

from the membrane and then incubated. In route B, the unreleased microtubes are 

incubated and then released.  

 

 

4.3.1 Route A. Incubation of Released LbL Microtubes 

 Figure 4.2 shows images of microtubes prior to high temperature incubation. 

Figure 4.2a and b show typical scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) images of (PAH/PAA)10 microtubes released from the 

template using dichloromethane (DCM). (The subscript in (PAH/PAA)10 is indicative of 
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the number of layer pairs deposited). The microtubes’ length (10 μm) and diameter (1 

μm) were comparable to the original dimensions of the template’s pores. The tubular 

structure is clearly present in the TEM image shown in Figure 4.2b, from which the 

average wall thickness was estimated to be 110 nm. Following dialysis in water to 

remove residual DCM, the microtubes appear to soften and contract to 5.1 μm in length 

and 1 µm in diameter (Figure. 4.2c). Confocal laser scanning microscopy (CLSM) of the 

dialyzed microtubes in water also shows the microtubes’ contraction and wall-thickening 

to 390 nm, Figure 4.2d and Figure 4.3. Many of the microtubes appear to retain their 

hollow shape.  

 

 

 

 

Figure 4.2 (a) SEM and (b) TEM images of microtubes released from the sacrificial 

membrane using dichloromethane, (c) SEM image of the microtubes after dialysis in 

water, and (d) CLSM image of microtubes in water at room temperature. 
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Figure 4.3 TEM images of (PAH/PAA)10 microtubes incubated at 25°C. 

 

 

 The effect of high temperature incubation on the transformation of the LbL 

microtubes in water was investigated for varying incubation temperatures ranging from 

room temperature to 121 °C (Figure 4.4). At all incubation temperatures, except 121 °C, 

the incubation time was 1 hour. At 121 °C, the incubation temperature was 45 min. 

Generally, as the incubation temperature increased, the microtubes contracted and the 

outer diameter increased. LbL microtubes incubated at 85 °C and 95 °C did not exhibit a 

hollow tubular structure as confirmed using TEM (Figure 4.5a and b), and the majority 

of the incubated microtubes appear to have closed ends. At 121 °C, fairly 

spherical/ellipsoid shapes are observed as shown in Figure 4.4c and d. These results 

suggest that this transition from open to closed structures might be applicable for the 

encapsulation of small molecules. The transformation is irreversible; even after 1 week 

the ellipsoid shapes remained intact.  
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Figure 4.4 SEM images of the microtubes incubated at (a) 70, (b) 95, and (c) 121 °C. 

CLSM image of the microtubes in water after incubated at 121 °C. 

   

 

 

 

 

Figure 4.5 TEM images of (PAH/PAA)10 microtubes incubated at (a) 85, and (b) 95 °C. 
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 To study the effect of incubation time, microtube suspensions were incubated for 

varying times at a fixed temperature, 70°C (Figure. 4.6). Generally, the microtubes 

shorten and fatten as incubation proceeds. After 5 hr, the shape became similar to that of 

the samples incubated at 121 °C for 45 min. This demonstrates that incubation time can 

be used to control the transformation at low incubation temperatures. However at 121 °C, 

the transformation rapidly proceeded within the first 15 min. 

  

 

 

 

 

Figure 4.6 SEM images of (PAH/PAA)10 microtubes incubated at 70 °C for (a) 15 min, 

(b) 30 min, (c) 2 hr, and (d) 5 hr. 
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 To quantify the effect of the incubation temperature and time, the length and 

outer diameter of microtubes were measured from multiple SEM images. Figure 4.7a 

shows the effect of incubation temperature on the microtube dimensions. As the 

incubation temperature increased, the microtubes’ length decreased and diameter 

increased. Above 85 °C, the length remained fairly constant. However, the microtubes’  

 

 

 

Figure 4.7 Length and outer diameter of (PAH/PAA)10 microtubes as a function of  (a) 

incubation temperature (incubation time as noted in main text) and (b) incubation time at 

70 °C. 
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outer diameter increased linearly as the incubation temperature increased. It should be 

noted that some microtubes incubated at temperatures greater than 95 °C merged to form 

larger structures (evident in Figrue 4.4c and d), resulting in increased error for the outer  

diameter. Figure 4.7b shows the effect of incubation time on the microtube dimensions 

at a fixed incubation temperature of 70 °C. The microtubes’ length decreased rapidly in 

the first hour and leveled off after 2 hr of incubation. The microtubes’ outer diameter 

also increased with incubation time. 

 The temperature-triggered transformation of microtubes did not depend on the 

microtubes’ innermost layer. For instance, (PAH/PAA)10PAH microtubes showed 

similar results to (PAH/PAA)10 (Figure 4.8 and 4.9). This result is in contrast to the 

known odd-even effect for PDAC/PSS LbL microcapsules discussed previously. The 

lack of odd-even effect for PAH/PAA LbL microtubes suggests that hydrophobic forces 

dominate upon incubation, in which the PAH/PAA microtube contracts regardless of the 

identity of the inner layer. The aspect ratio of the microtubes decreases from about 5 to 

about 1.7 as incubation temperature increases from room temperature to 121 °C. The 

reduction in aspect ratio further supports the idea that hydrophobic forces dominate, in 

which a reduction in water/tube contact area occurs upon incubation. At extended times 

and temperatures, the tubes merged with each other, further reducing the contact area 

and increasing the apparent volume (Figure 4.10). 
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Figure 4.8 Confocal microscopy images of (PAH/PAA)10PAH microtubes in water (a) 

after dialysis and after incubation at (c) 40 and (d) 95 °C. 

 

 

 



 

96 

 

 

 

 

 

 

 

Figure 4.9 SEM images of (PAH/PAA)10PAH microtubes (a) after dialysis, and after 

incubation at (b) 40, (c) 55, (d) 70, (e) 95, and (f) 121 °C. 
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Figure 4.10 Microtube volume as a function of incubation temperature calculated from 

SEM images. 

 

 

4.3.2 Route B. Incubation of Unreleased LbL Microtubes  

 After depositing LbL assemblies onto porous templates, the LbL-coated 

templates were incubated at varying temperatures in water. Then, the incubated 

membranes were selectively dissolved in DCM to release the resulting microtubes 

(Figure 4.11). As the incubation temperature increased, perforations appeared at a fairly 

regular spacing, whereas the microtubes’ length remained unchanged. Above 70 °C the 

number of perforations greatly increased, whereas at lower incubation temperatures they 

were observed infrequently. The center-to-center spacing between the perforations was 

3.5 ± 0.8 µm, and the perforation’s diameter was 1.5 ± 0.3 µm for microtubes incubated  
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Figure 4.11 SEM images of microtubes that had been incubated in water at temperatures 

of (a) 40, (b) 75, (c) 85 °C during which the microtubes were confined to the template, 

and (d) TEM image of microtubes incubated at 85°C. Microtubes were released and 

dried from DCM. 

 

 

at 70 °C. From the pronounced darkening in the microtubes’ wall (Figure 4.11d vs. 

Figure 4.2b) it appears that the microtube wall thickens as the perforations form. The 

temperature at which the perforations regularly appear coincides with the thermal 

transition temperature (Ttr = 71 ± 7 °C) as measured using modulated differential 

scanning calorimetery (Figure 4.12 and Table  4.1).  

 The regularity and periodicity of the observed perforations is suggestive of 

Rayleigh instabilities. When the free surface of a liquid cylinder undulates with a 

wavelength larger than the perimeter of the cylinder, the liquid cylinder responds by 

decreasing the surface area and the amplitude of undulation grows. Eventually, the liquid 
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Figure 4.12 Modulated DSC thermogram of a hydrated (PAH/PAA)100 freestanding film. 

 

 

 

Table 4.1 Thermal properties of freestanding PAH/PAA films obtained from the 

modulated DSC thermogram shown in Figure 4.12. 

 

 
Tinit  

(°C) 

Tfinal  

(°C) 

Ttr  

(°C) 

∆T  

(°C) 

∆Cp  

(J/(g ·°C)) 

(PAH/PAA)100 59 ± 9 80 ± 10 71 ± 7 17 ± 5 0.5 ± 0.1 

(PAH/PAA)100PAA 62 ±  5 83 ± 5 73 ± 6 20.0 ± 0.5 0.49 ±  0.06 

 

*Ttr is the thermal transition temperature. ΔT is the temperature range of thermal 

transition, Tinit and Tfinal is initial and final temperature of transition. ΔCp is the heat 

capacity change during the transition. 

 

 

cylinder disintegrates into droplets.
147

 For a thin liquid film inside a capillary of radius R, 

the wavelength (spacing between voids) is λ=8.89R.
148

 For our 1 µm diameter 

microtubes, the characteristic wavelength is 4.4 µm, whereas our actual spacing is 3.5 ± 



 

100 

 

0.8 µm. The two values show good agreement, and any minor discrepancy might arise 

from electrostatic interactions
47

 or the finite wall thickness of the microtube.
149

 Our 

results compare well to Rayleigh instabilities observed for nanotubes of 

poly(methylmethacrylate) (PMMA), polystyrene (PS), PMMA/PS blends, and 

poly(styrene-b-2-vinylpyridine), in which periodic holes were observed upon thermal 

annealing.
149, 150, 151, 152, 153, 154

 

 Transformation of the microtubes due to Rayleigh instabilities is driven by lower 

viscosity at higher incubation temperatures. According to the theory of Rayleigh 

instabilities, characteristic time (τ) for the fastest growing mode of thin liquid film in a 

capillary is described by Equation 4.1
149

  

                                             
     

   
                                               (4.1) 

where µ is viscosity, R is the pore radius, γ is surface tension, and h is the thickness of 

the initial film thickness. The main factor that determines the temperature-dependence of 

τ is the viscosity. For example, the viscosity of polystyrene above the glass transition 

temperature decreases exponentially by the Arrhenius relation with activation energy 

~70 kcal/mol,
155

 and γ decreases linearly with temperature. µ is proportional to 

exp(35,000/T), and γ in dyne/cm is 40.7-0.072(T-293), where T is the absolute 

temperature
156

 As the temperature increases 10°C, τ for polystyrene film decreases more 

than 10 times driven by the decrease of viscosity.  

 It is curious that we should observe drastically different transitions in shape for 

released and unreleased LbL microtubes. The materials and assembly are identical, as 
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are the incubation conditions. The remaining factor, then, is the interaction between the 

templates’ pore wall and the LbL assembly. Rayleigh instabilities are driven by surface 

energy; therefore, microtubes produced by the two Routes should have very different 

surface energies. In the case of Route A, microtubes are fully surrounded by water 

during incubation. The cylinder-to-sphere transition shares similarities to the predictions 

of Nichols et al. in which a critical length-to-diameter ratio of 7.2 was derived.
157

 Below 

this critical ratio, a single tube transforms into a single sphere; above the ratio, multiple 

particles are formed. In our case the length-to-diameter ratio is 10, which is only slightly 

above the critical ratio. Thus, it is possible that the microtubes formed via Route A 

desire to form Rayleigh instabilities upon incubation, but are too short to do so.  

 In the case of unreleased microtubes prepared from Route B, there exist attractive 

interactions between the pore wall and the layer-by-layer assembly. These interactions 

possibly pin the microtube’s outer wall to the pore wall, thus drastically changing the 

surface energy. Upon incubation, the LbL microtube desires to contract, but its 

interaction with the wall prevents it from doing so. Instead, to minimize the surface 

energy, Rayleigh instabilities form during the incubation process for the unreleased 

microtubes. 

 He et al. reported the transformation of PAH/PSS LbL microtubes to 

microcapsules, when microtube suspensions were incubated at 121 °C for 20 min.
47

 This 

system consists of a weak polyelectrolyte and a strong polyelectrolyte. Rayleigh 

instabilities were suggested as a possible mechanism. In light of the discussion above 

and the results found herein, Rayleigh instabilities are indeed a possible cause. The 
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change in wall thickness was not reported and only a limited range of temperature and 

time was explored, so further work is required to fully understand the PAH/PSS system.  

 There remains a question as to whether mass is conserved for the PAH/PAA 

microtube over the course of the transition. PDAC/PSS microcapsules exhibited mass 

loss during incubation, but it is not known if PAH/PAA microtubes behave similarly. 

Our prior work with QCM-D of PAH/PAA LbL films indicates that mass changes 

slightly at the thermal transition, but this was associated with flux of water into and out 

of the film rather than loss of polyelectrolyte.
50

 

 Because the PAH/PAA LbL microtubes consists solely of weak polyelectrolytes, 

we expect that they should exhibit pronounced changes in shape in response to pH. For 

instance, LbL microtubes arrays have exhibited pronounced swelling in response to 

pH.
36

 The dual pH/temperature-response of our microtubes will be a subject of further 

exploration. 

 

4.4 Conclusion 

 The temperature-triggered transformation of released and unreleased PAH/PAA 

microtubes in water was studied. Released microtubes contract into spheres and 

ellipsoids and unreleased microtubes exhibit Rayleigh instabilities upon incubation. In 

both cases, the transformation occurred near the Tg for hydrated PAH/PAA LbL 

assemblies. These results suggest that the surrounding media, whether it is water or a 

solid pore wall, can have a strong influence on the temperature-response of an LbL 

microtube. This temperature-triggered transformation has potential applications for the 
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encapsulation of drugs, small molecules, and separations. Because this system is 

comprised of weak polyelectrolytes, it also bears the possibility of dual pH/temperature-

responsive behavior. 
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CHAPTER V  

THERMAL TRANSITIONS IN HYDRATED LAYER-BY-LAYER ASSEMBLIES 

OBSERVED USING ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY
*
 

 

5.1 Introduction 

 Layer-by-layer (LbL) assemblies offer immense promise for a variety of 

applications ranging from energy to life science.
138, 158, 159

 These functional coatings and 

films are fabricated from the alternate adsorption of oppositely charged 

polyelectrolytes,
2
 metallic or inorganic nanoparticles,

160, 161
 and biological species,

68
 for 

which structure and properties are modulated using assembly pH, salt concentration, and 

temperature.
133, 134

 The sensitivity of an LbL film to assembly conditions as well as 

external stimuli can be attributed to the weak nature of non-covalent interactions 

(electrostatic, hydrogen bonding, van der Waals) existing between the two adsorbing 

species. As it will be shown here, temperature is a particularly intriguing parameter in 

that some LbL films respond dramatically in aqueous media. The reasoning behind this 

phenomenon is not well understood, and is explored herein using electrochemical 

impedance spectroscopy. 

                                                 
*
 Reprinted with permission from “Thermal transitions in hydrated layer-by-layer 

assemblies observed using electrochemical impedance spectroscopy” by Choonghyun 

Sung, Katelin Hearn, and Jodie L. Lutkenhaus, Soft Matter 2014, 10, 6467-6476, 

Copyright (2014)  The Royal Society of Chemistry  
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 Understanding the nature of an LbL assembly’s thermal transition in the hydrated 

state is of particular interest because many applications, such as drug delivery and 

separations, are found in aqueous media. For example, leveraging the thermal transition 

is crucial for temperature-responsive LbL films, capsules, and microtubes.
43, 44, 162

 

Further, it has been proposed that the mode of the film growth (linear vs. exponential) is 

influenced by the viscoelastic properties of film, which may be related to whether the 

film was assembled below or above its thermal transition temperature.
14, 49

 The thermal 

transition itself has been clearly observed via atomic force microscopy (AFM) coupled 

with fluorescence microscopy,
48

 calorimetry,
44

 
2
H NMR spectroscopy,

51
 and quartz 

crystal microbalance with dissipation (QCM-D).
49, 50

 The majority of studies have 

focused upon a pair of strong polyelectrolytes, poly(diallyldimethylammonium chloride) 

(PDAC) and poly(styrenesulfonate) (PSS) assembled in the presence of salt.  

 For this LbL system, the thermal transition manifests as a reversible second-order 

thermal phenomena, yielding a response much like a glass transition. Upon heating 

through the transition, a significant drop in stiffness, an increase in viscoelasticity, and 

an increase in chain motion have been reported.
48, 49, 51

 For this reason the thermal 

transition observed for the hydrated PDAC/PSS LbL system has been called a “glass-

melt” transition, or simply a “glass transition”, in prior literature. In light of our 

forthcoming publication, which contains simulations of the thermal transition, we now 

understand that the transition is related to the rearrangement of water molecules around 

ionic groups on the polyelectrolyte, leading to enhanced polyelectrolyte mobility. This 

reasoning is supported by the observation that the same systems, when dry, do not have 
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thermal transitions.
41, 49

 Hydrated complexes also possess this transition, albeit at a lower 

temperature.
163

 

 Electrochemical impedance spectroscopy (EIS) has been widely used to study the 

interfacial and transport properties of polymer films, and offers new opportunities to 

assess the nature of thermal transitions in LbL assemblies. EIS has been used to monitor 

the swelling and shrinking of polymer hydrogels
164

 and to investigate the chain 

conformation of polymer brushes.
165

 LbL properties, such as permeability and swelling, 

have also been characterized using EIS for various pH values and salt concentrations.
57, 

166, 167
 EIS studies also provide a deeper understanding of LbL film structure and 

transport when investigated with the aid of a redox-active label, such as 

ferro/ferricyanide. It has been proposed that the redox probes hop between “reluctant” 

exchange sites within the LbL film.
168, 169

 Pardo-Yissar et al. showed that Donnan 

inclusion and Donnan exclusion strongly affected the charge transfer resistance.
57

 When 

the charge of the redox active probe matched that of the film’s outermost layer, Donnan 

exclusion occurred and the charge transfer resistance increased. Conversely, for the case 

of opposite charge, Donnan inclusion occurred, and the charge transfer resistance was 

negligible, consistent with a neutralized porous film structure.
57

 Barreira et al. suggested 

sophisticated models for the impedance response, considering an inhomogeneous LbL 

film structure characterized by spots or capillaries at the electrode-film interface where 

electrochemical transport is favored.
167

 

 Temperature-controlled EIS studies on LbL assemblies are relatively rare. Silva 

et al. investigated thermal behavior over a limited temperature range (15 to 45 °C) for 
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polyallylamine/PSS LbL assemblies.
60

 It was reported that the diffusion coefficient 

increased and film resistance decreased with increasing temperature, but no thermal 

transition was observed, possibly because of the limited temperature range investigated. 

Elsewhere, Alonso-Garcia et al. measured the glass transition temperature of grafted 

polyelectrolyte brushes using temperature-controlled EIS.
59

 The glass transition 

temperature of the brushes coincided with a discontinuity in the charge transfer 

resistance and diffusion coefficient with respect to temperature. Motivated by these 

results, we hypothesized that LbL films would show distinct variations in 

electrochemical behavior associated with a thermal transition via EIS.  

 In this work, we study the structure of PDAC/PSS LbL assemblies in aqueous 

media as a function of temperature using EIS with a redox-active probe. The effect of 

assembly salt concentration, film thickness, and identity of the outermost layer on the 

thermal transition temperature is investigated. A modified Randles circuit is used to 

quantitatively analyze the impedance spectra in terms of charge transfer resistance, 

capacitance, and Warburg impedance. It is found that some circuit elements are 

particularly responsive to temperature, which is interpreted in the context of the nature 

of the thermal transition. To our knowledge, this is the first report of temperature-

controlled EIS in which the thermal transition of PDAC/PSS LbL assemblies is 

demonstrated. EIS is particularly powerful in that it allows one to probe the structure of 

the film itself at a variety of frequencies and time scales. 
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5.2 Experimental Section 

5.2.1 Materials  

 Poly(diallyldimethylammonium chloride) (PDAC, Mw =350,000 g/mol) and 

poly(styrene sulfonate salt) (PSS, Mw= 500,000 g/mol) were purchased from Sigma 

Aldrich. Indium-tin oxide (ITO) coated glass was purchased from Delta Technologies. 

Potassium hexacyanoferrate(II) trihydrate (K4[Fe(CN)6]·3H2O) and potassium 

ferricyanide(III) (K3[Fe(CN)6]) were purchased from Alfa Aesar and Sigma Aldrich, 

respectively. 

5.2.2 Preparation of Layer-by-Layer Assemblies  

 PDAC/PSS LbL assemblies were prepared on ITO- coated glass using a 

programmable slide stainer (HMS series, Carl Zeiss Inc.). ITO-coated glass was cleaned 

by immersion in a water/NH4OH/H2O2 (5:1:1) mixture at 70°C for 15 min followed by 

plasma-cleaning for 5 min. ITO-coated glass slides were immersed in PDAC solution for 

15 min followed by three rinses with 18.2 MΩ·cm water for 2, 1, and 1 min. Then, the 

substrates were immersed in PSS solution for 15 min, followed by three water rinses as 

before. The cycle was repeated n times to form a (PDAC/PSS)n LbL film in which the 

subscript describes the number of layer pairs. The polymer solution’s concentration was 

fixed at 1 mg/ml. Two NaCl concentrations, 0.5 M and 1.0 M, were used in this study 

for both water rinse baths and polyelectrolyte solutions. These adsorption processes were 

repeated as desired. The LbL films were dried in a convection oven at 70 °C for 15 min, 

and stored in a sealed vial until further use. 
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5.2.3 Electrochemical Characterization  

Electrochemical impedance measurements were performed in a standard three-electrode 

cell using Ag/AgCl (4M KCl) as the reference electrode (Pine Research Instrumentation) 

and platinum wire of 0.3 mm diameter (Alfa Aesar) as the counter electrode. LbL-coated, 

ITO-coated glass slides were used as working electrodes (Delta Technologies). The 

active area of the working electrode immersed in supporting electrolyte was 2.1 cm
2
. 

The supporting electrolyte was an aqueous solution of NaCl in which the concentration 

was matched to that used for assembly to avoid the possibility of salt annealing. In the 

case of bare ITO, the NaCl concentration was 0.5 M. K3[Fe(CN)6] and K4[Fe(CN)6] (5 

mM each) were used as redox-active probes. The electrochemical cell was held at 25 °C 

and purged with nitrogen for 30 min. Impedance measurements (Solartron 1287) were 

performed every 5 °C up to 80 °C after being held isothermally at a given temperature 

for 15 min under nitrogen purge. The DC potential was set to the open circuit potential 

and the AC amplitude was 10 mV. Frequency was scanned from 10
4
 Hz to 0.02 Hz. 

Impedance data were modeled using commercial software (Zview, Scribner Associates, 

Inc.), which uses a complex nonlinear least squares fitting method. EIS measurements 

were done for three separate samples at a given condition, and the error was taken as the 

standard deviation. 

5.2.4 UV-Vis Spectroscopy  

 LbL films on the quartz cuvette slides were immersed in supporting electrolyte 

similar to that used for EIS measurements. UV spectra were obtained (Hitachi U-4100) 

at an absorbance of 226 nm to monitor the relative amount of PSS.
5
 



 

110 

 

5.2.5 Surface Morphology and Film Thickness  

 Surface morphologies of PDAC/PSS LbL films were investigated using atomic 

force microscopy (AFM) (Dimension Icon AFM, Bruker Corporation). Measurements 

were performed in tapping mode under dry conditions at a scan rate of 1.0 Hz. LbL film 

thickness was measured using profilometery (D-100, KLA Tencor) and/or ellipsometry 

(LSE stokes, Gaertner) after drying the samples at 65 °C for 30 min. Three separate 

samples were used for the thickness measurements, and standard deviation was taken as 

the error. 

 

5.3 Results and Discussion 

5.3.1 Nyquist Plots and Electric Circuit Modeling 

 Figure 5.1 shows typical electrochemical impedance spectra in the form of 

Nyquist diagrams for ITO electrodes with and without PDAC/PSS LbL coatings at 

varying temperatures. Bode plots are given in Figure 5.2. LbL films made at 0.5 and at 

1.0 M NaCl were explored; we also attempted to evaluate films made without salt, but 

we encountered issues associated with salt annealing during exposure to the aqueous 

electrolyte to which some salt is necessary for the measurement. The Nyquist plots for 

the LbL-coated electrodes show semicircles in the high frequency region and, for higher 

temperatures, a roughly 45° straight line in the low frequency region associated with a 

Warburg impedance (semi-infinite diffusion). On the other hand, for the bare ITO 

electrode, only a single 45° straight line was observed. It is clear that the appearance of 

semicircles in the Nyquist plots is due to the presence of the LbL film. 
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Figure 5.1 Nyquist plots of electrochemical impedance spectra taken at different 

temperatures for an ITO electrode modified with (a) (PDAC/PSS)11 assembled at 0.5 M 

NaCl (~100 nm) and (b) (PDAC/PSS)7 assembled at 1.0 M NaCl (~125 nm), as well as 

(c) an unmodified ITO electrode. The inset of Figure 5.1a is the magnification of the 

impedance response measured at 75 °C for (PDAC/PSS)11 assembled at 0.5 M NaCl. 

The legend in (b) applies to all panels. Solid lines are provided to guide the eye. The 

electrolyte consisted of NaCl in water, in which the concentration of NaCl was matched 

to the assembly conditions so as to minimize salt annealing.  
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Figure 5.2 Bode plots for the ITO electrode modified with (a) (PDAC/PSS)11 LbL film 

assembled at 0.5M NaCl, (b) (PDAC/PSS)7  LbL film assembled at 1.0M NaCl, and for 

(c) bare ITO electrode. The legend in panel (c) applies to all panels. 
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For PDAC/PSS LbL films assembled at 0.5 M NaCl, the semicircle’s diameter decreased 

and became skewed as the temperature increased (Figure 5.1a). At room temperature, the 

semicircle was nearly perfect in semicircular shape, but the skewedness became distinct 

at 75 °C as shown in the inset of Figure 5.1a. A Warburg impedance was not clearly 

detected at low temperatures, indicating kinetic control, but as the temperature increased 

a Warburg impedance appeared, indicative of facile kinetics and diffusion control.
58

 

 As for the impedance spectra of PDAC/PSS LbL films assembled at 1.0 M NaCl, 

the semicircle’s diameter also decreased with increasing temperature (Figure 5.1b). 

Compared to the LbL films assembled at 0.5 M NaCl, the PDAC/PSS LbL films 

assembled at 1.0 M NaCl showed much smaller semicircles even for comparable 

thicknesses. There was a clear Warburg impedance even at room temperature for LbL 

films assembled at 1.0 M NaCl. We also observed skewing at high temperatures as 

before. 

 In order to analyze the electrochemical properties quantitatively, the impedance 

spectra were fitted to a modified Randles equivalent circuit (Figure 5.3). This equivalent 

circuit has been widely used to model electrodes modified with LbL assemblies,
170, 171, 

172
 polymer films,

173
 and polymer brushes.

174, 175
 Rs is the solution resistance, and Rf 

represents the pore resistance of the film.
173

 “CPE” stands for constant phase element 

and represents the non-ideal capacitive behavior of the film. The CPE is frequently used 

in place of an ideal capacitor to consider depressed semi-circles or non-vertical lines in 

the low-frequency regions of Nyquist plots.
176

 The impedance of a CPE is expressed as 

Z = 1/[T(jω)
p
], where j is square root of -1, T is the admittance (CPE-T), and p is an  
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Figure 5.3 Modified Randles equivalent circuit used to model electrochemical 

impedance spectra. Rs is the solution resistance, Rf is film resistance, CPE is the constant 

phase element of the film, Rct is charge transfer resistance, Cdl is double layer 

capacitance, and Zw is Warburg impedance.  

 

 

 

Figure 5.4 Nyquist plots taken at (a) 35 and (b) 75 °C for ITO electrodes modified with 

(PDAC/PSS)11 LbL films assembled at 0.5 M NaCl. Black dots represent experimental 

data, and the red line represents the equivalent circuit model. 
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adjustable exponent (CPE-P).
176

 When p = 1, the CPE becomes an ideal capacitor. For 

0.5 < p < 1, the film is interpreted as being either porous and rough or as having a non-

uniform distribution of current. Rct is charge transfer resistance, Cdl is double layer 

capacitance, and Zw is a Warburg impedance associated with semi-infinite linear 

diffusion. Figure 5.4 shows typical impedance spectra fitted with the modified Randles 

equivalent circuit for low and high temperatures. Skewedness in the high frequency 

region is fit very well by this model, as shown in Figure 5.4b. 

5.3.2 Thermal Transition from Circuit Elements 

 Plots of film resistance (Rf) vs. temperature for LbL films assembled at 0.5 M 

and 1.0 M NaCl are shown in Figure 5.5. Rf generally decreased in two distinct modes 

upon heating. In the first mode, Rf decreased rapidly upon heating from room 

temperature. In the second mode, Rf decreased only slightly above 55 °C. The transition 

temperature (Ttr,Rf) was obtained from the intersection of two lines extrapolated from 

low and high temperature regions. Both LbL films assembled at 0.5 M and 1.0 M NaCl 

displayed transition temperatures (52 ± 2 °C and 54 ± 1°C, respectively) close to those 

measured in our previous study using QCM-D and modulated differential scanning 

calorimetry (51.0 ± 0.2 °C and 52 ± 1°C, respectively).
49

 We have found that the shape 

of the Rf-T curve is similar for all cases investigated herein except for one notable 

exception: PDAC/PSS LbL films assembled at 1.0 M NaCl for thicknesses below 100 

nm. In that case, Rf decreased linearly with temperature and no clear transition was 

observed. This observation is consistent with that of a patchy film in which the electrode 

is not fully covered. 
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Figure 5.5 Film resistance (Rf) as a function of temperature for (a) (PDAC/PSS)11 LbL 

film assembled at 0.5 M NaCl (~100 nm) and (b) (PDAC/PSS)9 LbL film assembled at 

1.0 M NaCl (~225 nm). Rf was obtained from application of the equivalent circuit shown 

in Figure 5.3 to impedance spectra such as those shown in Figure 5.1. Error bars 

represent the standard deviation of three separate samples. PSS is the outermost layer. 

 

 

 Rf has been interpreted as the resistance resulting from the penetration of 

electrolyte through real and virtual pores within the film.
173, 175

 Rf is related to the 

thickness of the film t, the conductivity of the film swollen with electrolyte , and the  
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cross sectional area Ac by Equation 5.1.  

                                                                 

c

f

A

t
R


                                                     (5.1) 

 The steady decrease in Rf with increasing temperature suggests that the film 

decreases in thickness and/or the conductivity of the film increases. From prior QCM-D 

measurements, deswelling occurred over a range of 35-50 °C when PSS was the 

outermost layer, which does not fully explain the decrease in Rf over the full range 

herein. Therefore, an increase in conductivity of ions through the film must be the major 

contributing factor for Rf’s decrease with increasing temperature. Because transport of 

monovalent ions is less susceptible to Donnan exclusion compared to multivalent ions or 

heavily charged electroactive ions such as ferrocyanide/ferricyanide redox couple,
58, 177

 

it can be concluded that the conductivity mainly arises from ions from the supporting 

electrolyte and not the redox-active probe. 

 Considering the inverse relationship between conductivity and Rf, Figure 5.5 can 

be recast as a steady increase in conductivity from room temperature up to Ttr,Rf, and 

then a marginal increase for higher temperatures. Conductivity is closely tied to the 

structure of the film, such as the shape and occurrence of electrolyte-filled virtual pores 

through which ions travel as well as the extent of extrinsically compensated sites 

reserved for ion transport via “hopping”. Upon comparison with other investigations, the 

former likely dominates the temperature-conductivity response. For instance, the 

stiffness of PDAC/PSS LbL capsules in water decreased fairly linearly until 45 °C and 

leveled off,
48

 in which a transition from a glassy to a viscous fluid state was suggested. 
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Our forthcoming work shows through simulations that the transition is related to the 

dehydration of ionic groups along the polyelectrolyte and an increase in polyelectrolyte 

chain mobility. Such an increase in mobility could be responsible for a restructuring of 

the film and the virtual pores therein. Also, simulations show no discernable change in 

the ratio of extrinsic to intrinsic charge compensation above or below the transition. 

 Given the preceding observations regarding Rf, we next turn to the interpretation 

of Rct. Rct represents the charge transfer associated with executing the redox reaction, 

and is, thus, directly related to the redox probe and its state within or just outside the film. 

Silva et al. proposed that in early stages of LbL growth, the surface is patchy and the 

apparent Rct is strongly tied to the active area of the partially blocked electrode.
60

 As the 

number of layers increases, a homogeneous membrane is eventually achieved for which 

partitioning of the redox active probe becomes important.
58, 167, 178

 Here, we chose to 

account for both surface coverage and partitioning because our films possess a loose 

network (which contributes to virtual pores) and because our films are relatively thick 

(which allows for some partitioning). The partition coefficient K of the redox active 

probe in the film vs. the bulk solution and the surface coverage  are related to the 

observed Rct by the following Equation 5.2
60

            

                                                                   

where Rct,bare is the charge transfer resistance of the electrode in the absence of the LbL 

film. For the ferro/ferricyanide redox couple on bare ITO, Rct = 17.63  cm
2 

at 298 K,
179

 

which would correspond to 37  for our active area of 2.1 cm
2
. 

  𝑅𝑐𝑡  =
𝑅𝑐𝑡,𝑏𝑎𝑟𝑒
𝐾 (1− 𝜃)

 (5.2) 
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 Figure 5.6a shows the charge transfer resistance as a function of temperature for 

the PSS-terminated LbL films assembled at 0.5 M NaCl. At room temperature, Rct is 

over 50 times higher than Rct,bare, which suggests strong partitioning and/or high surface 

coverage. Rct decreases rapidly as temperature increases and then levels off at high 

temperatures as similar to the results of Rf vs. temperature. Using a similar procedure as 

before with Rf, the transition temperature from the Rct-T plots (Ttr,Rct) was 54.0 ± 0.8 °C. 

From Equation 5.2, the decrease in Rct can be interpreted as either an increase in the 

partition coefficient or a decrease in the surface coverage of the film. The former is less 

likely because it has been shown that ferricyanide concentration in the film decreases 

(i.e., K decreases) with increasing temperature.
77

 Therefore, we propose that the 

temperature-dependent behavior of Rct is dominated by the surface coverage of the 

electrode. Above the Ttr,Rct, the marginal decrease in Rct suggests that the film is highly 

permeable to the redox active probe, and perhaps is brought about by an increase in 

polyelectrolyte mobility and structural rearrangement, leading to a very low surface 

coverage. In the limiting case of a highly porous or mobile LbL coating, K would 

approach unity,  would approach a small finite value, and Rct would approach that of 

the bare electrode. This situation is perhaps achieved at high temperatures when Rct is 

fairly low, Figure 5.6a. 

 On the other hand, for the LbL film assembled at 1.0 M NaCl, a sigmoidal shape 

is observed (Figure 5.6b). Rct declines rapidly starting at 36 °C, and then decreases 

slightly beyond 64 °C. This sigmoidal shape was observed for both PDAC- and PSS- 

terminated LbL films assembled at 1.0 M NaCl, and for PSS-terminated LbL films 
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Figure 5.6 Charge transfer resistance (Rct) as a function of temperature for (a) 

(PDAC/PSS)11 LbL films assembled at 0.5 M (~100 nm) and (b) (PDAC/PSS)7 

assembled at 1.0 M NaCl (~125 nm). Rct was obtained from application of the equivalent 

circuit shown in Figure 5.3 to impedance spectra such as those shown in Figure 5.1.  PSS 

is the outermost layer. 

 

 

assembled at 0.5 M NaCl of just a few layer pairs. It can be inferred that the sigmoidal 

shape tends to appear for films in which coverage is patchy (0.5 M NaCl of just a few 

layers) or in which the structure has a high degree of extrinsic charge compensation (1.0 

M NaCl). Several competing phenomena are perhaps responsible for this shape. Firstly, 
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an increase in temperature could lead to a decrease in surface coverage and a decrease in 

Rct as chains gain more mobility. Secondly (and mentioned previously), the partition 

coefficient of the redox active label is expected to decrease with increasing temperature, 

which would lead to an increase in Rct. Thirdly, Rct,bare is expected to decrease with 

temperature, causing an decrease in the observed Rct; however, inspection of Figure 5.1c 

shows that any change in Rct,bare is negligible as compared to changes displayed in Figure 

5.6. 

 Upon comparison, Rct was generally much higher for the LbL-coated electrode 

assembled at 0.5 M NaCl vs. 1.0 M NaCl. This result is easily rationalized by 

considering the structure of the PDAC/PSS LbL film as a function of ionic strength of 

assembly. Films assembled at higher salt concentrations have more extrinsic charge 

compensation and form a looser network,
180

 which offers decreased surface coverage 

and lower Rct.  

 The constant phase element, representing the non-ideal capacitance of the LbL 

film, was studied as a function of temperature (Figure 5.7). From room temperature to 

about 55 °C, CPE-P (where CPE-P = p) remained constant at about 0.9, and above 55 °C, 

CPE-P decreased strongly with temperature. CPE-P is related to surface roughness, 

water permeation, or the interaction and mobility of polarizable groups. CPE-P generally 

decreases from 1.0 to 0.5 as the roughness or porosity increases.
176

 In corrosion studies 

of polymer-coated metals, it was shown that CPE-P generally decreases as polymer 

degradation proceeds due to water permeation into the film.
181, 182

 It is also possible that 

CPE-P decreases as the interaction and mobility of polarizable groups increases.
183

 As it 
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Figure 5.7 CPE-P as a function of temperature for (PDAC/PSS)11 LbL film assembled at 

0.5 M NaCl and (PDAC/PSS)7 LbL film assembled at 1.0 M NaCl. PSS is the outermost 

layer. 

 

 

will be shown later, the roughness of the LbL films actually decreased when the films 

were annealed in supporting electrolyte at a high temperature. Thus, it is more plausible 

that the decrease of CPE-P with temperature is linked to an increase in mobility of 

polyelectrolyte chains. CPE-T was also analyzed, but no clear temperature dependence 

was observed as compared to CPE-P. 

 Double layer capacitance (Cdl) was also studied as a function of temperature 

(Figure 5.8). According to the classical double layer model, Cdl should decrease with 

temperature.
176, 184

 However, in this study, Cdl was fairly constant at low temperatures, 

and increased slightly above 55 °C. The slight increase might be related to an increase in 

internal surface area owing to the formation of new virtual pores. 
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Figure 5.8 Cdl as a function of temperature for (PDAC/PSS)11 LbL films assembled at 

0.5 M NaCl and (PDAC/PSS)7 LbL film assembled at 1.0 M NaCl. PSS is the outermost 

layer. 

 

 

 The Warburg impedance, which arises from diffusion of redox active probes 

through the film, was analyzed as a function of temperature. The apparent diffusion 

coefficient of the redox couple can be calculated from the Warburg impedance according 

to the following Equation 5.3,
185

  

                                                      (
√   

           
)
 

                             (5.3) 

where, n is the number of electrons transferred, F is Faraday’s constant, A is the 

electrode area, R is the gas constant, T is absolute temperature, σ is a Warburg parameter, 

and Cbulk is the concentration of the redox probe in bulk solution. The diffusion 

coefficient for LbL films assembled at 1.0 M NaCl was obtained for all temperatures 

investigated, but for LbL films assembled at 0.5 M NaCl the diffusion coefficient could 
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only be obtained above 50 °C due to the absence of a Warburg impedance at lower 

temperatures (Figure 5.9). 

 

   

 

Figure 5.9 Diffusion coefficient of the redox probe as a function of temperature for 

(PDAC/PSS)7 LbL films assembled at 1.0 M NaCl.  

 

 

 The diffusion coefficient for LbL films assembled at 1.0 M NaCl increased fairly 

linearly with temperature without any apparent thermal transition and was in the range of 

5 x 10
-6

 – 1.5 x 10
-5

 cm
2
/s. For bare ITO, we calculated a comparable diffusion 

coefficient around 10
-6

 – 10
-5

 cm
2
/s, consistent with previous literature.

186
 This value is 

much higher than that reported from rotating disc electrode measurements, 10
-10

 – 10
-9

 

cm
2
/s, in which “reluctant” ion exchange was proposed.

77, 168
 Therefore, the diffusion 

coefficients measured here could represent the diffusion of redox active probes through 

virtual pores or bulk diffusion from the solution because the values are closer to that of 
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bulk electrolyte. The former possibility can be eliminated considering that the 

concentration of the redox active probe decreases as a function of temperature, so one 

would expect to see a decrease in D according to Equation 5.3. Thus, the diffusion 

coefficients in Figure 5.9 likely arise from bulk diffusion from the electrolyte to the film. 

5.3.3 Factors Influencing the Thermal Transition Temperature 

 The transition temperatures were investigated as a function of film thickness and 

salt concentration. Figure 5.10a and b show Ttr,Rf and Ttr,Rct, respectively, for films 

assembled at 0.5 M and 1.0 M NaCl. It is important to note that Ttr,Rf and Ttr,Rct are not 

always identical because they probe separate phenomena. Ttr,Rf comes from the 

resistance of the film, which is swollen with electrolyte, and Ttr,Rct comes from the 

charge transfer resistance associated with redox active probes in the film. In other words, 

Ttr,Rf reports the state of electrolyte in the film, and Ttr,Rct probes the state of the redox 

active probe in the film. 

 In Figure 5.10a, the Ttr,Rf of LbL films assembled at 0.5 M NaCl is around 52.0 ± 

0.4 °C for all thicknesses, except for ~25 nm film, which shows a slightly lower Ttr,Rf of 

49.4 ± 0.4°C. For LbL films assembled at 1.0 M NaCl, Ttr,Rf remained fairly constant 

with thickness, having an average value of 54.9 ± 0.4°C. For films assembled at 1.0 M 

NaCl we did not observe any discernable transitions for thicknesses below 125 nm, 

perhaps because of patchy growth. There appears to be a lack of strong thickness 

dependence for Ttr,Rf, which suggests that the state of the electrolyte in the film does not 

vary with significantly over the thickness range investigated.  
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Figure 5.10 The transition temperature (Ttr,Rf) obtained from plots of Rf vs. temperature, 

and (b) the transition temperature (Ttr,Rct) obtained from plots of Rct vs. temperature as a 

function of film thickness and salt concentration for PSS-terminated LbL films.  

 

 

 

   

 The dependence of assembly salt concentration on Ttr,Rct, on the other hand, is 

strikingly different (Figure 5.10b). As described earlier, plots of Rct vs. temperature 

showed one transition for the films assembled at 0.5 M NaCl and a sigmoidal shape with 
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two transitions for those assembled at 1.0 M NaCl, the higher of which is plotted in 

Figure 5.10b. For the LbL films assembled at 0.5 M NaCl, Ttr,Rct increases from 50.4 ± 

0.6 °C to 61 ± 1 °C as film thickness decreases from 300 nm to 25 nm. For the LbL films 

assembled at 1.0 M NaCl, Ttr,Rct increases from 58.8 ± 0.3 °C to 64 ± 2 °C as film 

thickness decreases from 525 nm 125 nm. On average, the Ttr,Rct of the LbL film 

assembled at 1.0 M is about 11 °C higher compared to the films assembled at 0.5 M 

NaCl at the equivalent thickness. The elevated transition temperatures for films 

assembled at 1.0 M NaCl may be explained in the context of extrinsic charge 

compensation. Films assembled at 1.0 M NaCl have a higher degree of extrinsic charge 

compensation, which provides more sites for interaction with (or trapping of) 

multivalent ferrocyanide and ferricyanide ions. Thus, higher temperatures are needed to 

undergo the transition. 

 We next turn to the influence of the outermost layer, which for some LbL 

systems, strongly affects electrochemical properties via Donnan inclusion and 

exclusion.
57, 58, 167, 168

 For example, an odd-even effect was previously observed via 

rotating disc electrode experiments, in which Donnan inclusion was shown to increase 

the local concentration of redox active probes at the film’s surface.
168

 To understand the 

effect of the outermost layer, Ttr,Rf and Ttr,Rct were obtained for LbL films terminated 

with either PSS or PDAC (Figure 5.11). For comparison, a plot of thickness vs. number 

of layers is shown in Figure 5.12. For Ttr,Rf there is no clear difference between the 

different terminating layers, which is consistent with the idea that Ttr,Rf depends on the  
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Figure 5.11 (a) The transition temperature (Ttr,Rf) obtained from plots of Rf vs. 

temperature, and (b) the transition temperature (Ttr,Rct) obtained from the plots of Rct 

vs. temperature as a function of film thickness and outermost layer for LbL films 

assembled at 0.5 M NaCl concentration. 
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Figure 5.12 Dry PDAC/PSS LbL film thickness vs. number of layers. 

 

 

conductivity of the film swollen with electrolyte (Figure 5.11a). Had the Ttr,Rf been 

dependent on the multivalent redox probe, a strong odd-even effect would have been  

apparent. Ttr,Rf was fairly constant for 20-50 layers, whereas it decreased slightly below 

12 layers, which is about 25 nm in thickness. It has been previously shown that water 

content in PDAC/PSS LbL films increased from 35% to 65% as the number of layers 

pairs decreased from 7 to 1,
187

 for which water acts as a plasticizer and perhaps lowers 

the film’s Ttr. It is also possible that the change in polymer composition or ion-pairing 

density might have taken place in 25 nm films. 

 On the other hand, the outermost layer strongly affects Ttr,Rct, especially for films 

of 20 layers or less, Figure 5.11b. Above 20 layers, Ttr,Rct is around 50 °C for both 

PDAC- and PSS-terminated films. However, the Ttr,Rct for PSS-terminated films  
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increases about 10 °C as the number of layers decreases below 20, whereas Ttr,Rct 

remains relatively constant for PDAC-terminated films. One might be tempted to claim 

that Donnan exclusion of ferro/ferricyanide via PSS is driving the Ttr,Rct towards higher 

temperatures, but a recent study from Ghostine et al.
180

 indicates that Donnan exclusion 

can be largely discounted. Beyond a critical number of layer pairs, a reservoir of PDAC  

builds up within the film, and the net charge is positive regardless of the outermost layer. 

In this regard, Donnan inclusion perhaps becomes the norm for the PDAC/PSS LbL film 

beyond 20 layers, as evidenced by Ttr,Rct’s lack of dependence on outermost layer.   

Below this critical number of layers, the film’s net charge flips between positive and 

neutral,
180

 for which the redox active probes alternate between experiencing Donnan 

inclusion or lack thereof when PDAC or PSS are outermost layers, respectively. It has  

been suggested
180

 that below this critical number of layer pairs the film exists as a glassy 

stoichiometric complex when PSS is the outermost layer and becomes rubbery when 

PDAC is outermost. This observation is consistent with the elevated Ttr,Rct’s for PSS-

capped LbL films. 

 At room temperature, the outermost layer also affects the absolute values of Rct 

and Rf, which are both higher when PDAC is the outermost (odd) layer are shown in 

Figure 5.13. Rf is only slightly affected, which supports the supposition that Rf is related 

to the resistance of the porous electrolyte-swollen film. Rct, on the other hand, is higher 

in magnitude and strongly sensitive to outermost layer. This might be rationalized by 

assuming some dependence of partitioning or surface coverage on the outermost layer, in 

which PDAC-terminated films perhaps might have decreased K and increased . 
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However, the surface coverage is not expected to change strongly based on the 

outermost layer, so, by elimination, partitioning is likely to dominate. The upwards 

oscillation of Rct for both PDAC and PSS outermost layers is very similar in trend to the 

quantity of extrinsic charge, as reported by Ghostine et al.
180

 This observation supports 

the idea that Rct is related to the state of the redox active probe, whose transport is linked 

to the number of extrinsic sites. It is possible that a large degree of extrinsic 

compensation slows transport as multiple extrinsic polyelectrolyte sites perhaps trap 

redox active probes, thus affecting partitioning. This idea is contrary to Donnan  

inclusion,
57, 188

 and has been suggested elsewhere.
167

 Had Donnan inclusion dominated,  

 

 

 

Figure 5.13 Rf and Rct as a function of layers for LbL films assembled at 0.5 M NaCl, 

evaluated at 25 °C. Odd numbers corresponds to PDAC layers, and even numbers 

corresponds to PSS layers.  
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one would have observed consistently lower Rct values for PDAC- capped films, 

contrary to our findings; therefore we conclude that the extent of extrinsic charge 

compensation dominates Rct. 

   

 

 

Figure 5.14 UV spectra of PDAC/PSS-coated quartz slides taken after annealing in the 

supporting electrolyte as a function of temperature. Figure 5.14(b) is magnification of 

Figure 5.14(a) at the wavelength from 200 nm to 250 nm. 
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 It has been reported that PDAC/PSS LbL films dissolve at high salt 

concentrations,
189

 and there is concern that the LbL film will disassemble in water at 

high temperatures.
43, 141

 To monitor this possibility, an LbL-coated quartz substrate was 

annealed in the same supporting electrolyte used in EIS measurements at varying 

temperatures. UV spectra were obtained from the wavelength of 200 nm to 500 nm 

(Figure 5.14). UV absorbance at a wavelength of 225 nm,
190

 which is characteristic of 

PSS, was measured and scaled against the UV absorbance at room temperature (Figure 

5.15). The film retained 94 % of its PSS, even when incubated at 80 °C, and dry film 

thickness decreased by only about 2 %. Therefore, disassembly during the course of EIS 

measurements is of minor concern. The dry film thickness also decreased by 2% (Figure 

5.16). 

 

 

Figure 5.15 The relative amount of PSS in a PDAC/PSS LbL film after annealing in 0.5 

M NaCl supporting electrolyte at varying temperatures for 30 min. The relative amount 

was calculated from the absorbance at 225 nm from UV-vis absorbance spectra, Figure 

5.14. 
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Figure 5.16 The relative dry LbL film thickness after annealing in the 0.5 M NaCl 

supporting electrolyte at varying temperatures for 30 min. The thickness was measured 

using ellipsometry. 

 

 

 The surface morphologies of the LbL films were also investigated before and 

after EIS measurements (Figure 5.17). Prior to EIS measurements, the as-made LbL film 

exhibited a well-known vermiculate surface morphology
191

 with a root mean square 

(RMS) roughness of 7.5 nm (Figure 5.17a). However, after EIS up to 80 °C, the 

vermiculate surface morphology disappeared, and the film became fairly smooth (RMS 

roughness, 1.3 nm) (Figure 5.17b). Smoothing of LbL films due to salt annealing at 

room temperature is a well-known phenomenon.
192, 193

 However, annealing of LbL films 

at high temperature has not been reported to our knowledge. To verify whether this is 

due to the temperature, time, or electrical effects during EIS measurements, we annealed 

the film in a supporting electrolyte without applying electric field at 25 °C for 7 hours, 

which is the same period LbL films are immersed during EIS measurements, and at 
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Figure 5.17 AFM topographic images of (PDAC/PSS)11 LbL films assembled at 0.5 M 

NaCl (a) as-made, (b) after EIS measurement, and after annealing in supporting 

electrolyte (c) at 25 °C for 7 hours and (d) at 80 °C for 30 min.  

 

 

80 °C for 30 min. After annealing at 25 °C for 7 hours, the vermiculate structure is still 

observed (RMS roughness, 10.5 nm) (Figure 5.17c). On the contrary, the film surface 

becomes fairly smooth (RMS roughness, 2.5 nm) when annealed at 80 °C for 30 min 

(Figure 5.17d). These results imply that the surface morphology changes are mainly 

driven by temperature rather than time or electrical effects. 

 

5.4 Conclusion 

 Thermal transitions for hydrated PDAC/PSS LbL films were studied using 

electrochemical impedance spectroscopy with ferrocyanide/ferricyanide as a redox 

active probe for the first time. Thin films (less than 10 layers) behave as patchy coatings, 
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for which diffusion through the film is similar to bulk electrolyte. Thicker films (greater 

than 10 layers) exhibit thermal transitions that arise from changes in the film’s resistance 

(Ttr,Rf) and the charge transfer resistance (Ttr,Rct). These transitions are not necessarily the 

same because they arise from different phenomena, as elaborated below. 

 Ttr,Rf is related to the state of the film swollen with electrolyte and the film’s 

network of virtual pores. The Ttr,Rf values observed herein coincide with those observed 

elsewhere via QCM-D and calorimetry,
49

 and were largely independent of thickness, 

outermost layer, and salt concentration. These results indicate that the transition is tied to 

a structural rearrangement of the LbL film, resulting in increased conductivity through 

the film.  

 Ttr,Rct is related to the state of the redox active probe near and within the LbL film. 

Upon going through the transition, the charge transfer decreases and then levels off, 

suggestive of a net decrease in surface coverage towards a finite value. The Ttr,Rf values 

observed herein are strongly dependent on thickness, outermost layer, and salt 

concentration. As the number of layers decreased, the identity of the outermost layer 

began to dominate, for which Ttr,Rct was at most 10C higher for PSS-capped films. 

Further, as the ionic strength of assembly increased from 0.5 M to 1.0 M NaCl, Ttr,Rct 

was consistently about 10C higher as well. These results indicate that extrinsic charge 

compensation plays a large role on the value Ttr,Rct, for which a higher extent of extrinsic 

charge compensation drives Ttr,Rct towards higher values. This is suggestive of trapping 

of the negatively charged redox ion probe in pockets of unpaired positively charged 
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PDAC segments. Donnan inclusion was also considered, but determined not to play a 

major role as compared to extrinsic charge compensation.  

 These results highlight the unique information that can be obtained from EIS, in 

which separate circuit elements report on the state of the film, electrolyte, and redox-

active probe as a function of temperature. It allows one to more fully describe the nature 

of transition, perhaps more so than simple calorimetry. 

 Our forthcoming work will integrate these results with simulations, which 

demonstrate that the origin of the polyelectrolyte’s mobility upon heating through the 

transition is tied to rearrangement of water molecules on extrinsically compensated 

polyelectrolyte segments. 

 



 

138 

 

CHAPTER VI  

SUMMARY AND FUTURE WORK 

 

6.1 Summary 

 This thesis investigated thermal transitions in LbL assemblies as a function of 

film thickness, assembly methods, and assembly condition using various methods. The 

thermal transitions in the dry state were studied using PEO/PAA and PEO/PMAA 

hydrogen-bonded LbL assemblies with the film thickness and deposition method as the 

major parameters. Thermal transitions in the hydrated state were studied using 

electrostatic LbL assemblies. The shape-transformation of PAH/PAA LbL microtubes in 

aqueous media, which is associated with the thermal transition of LbL assemblies, was 

studied at varying temperatures. Temperature-controlled EIS was used to probe the 

thermal transition of PDAC/PSS LbL assemblies in aqueous media.  

 Thermal properties of PEO/PAA and PEO/PMAA LbL assemblies were studied 

as a function of the film thickness using modulated DSC and temperature-controlled 

ellipsometer (Chapter II). The Tg of freestanding PEO/PAA films increased ~4°C as the 

film thickness decreased from 15 µm to 540 nm. For ultrathin PEO/PAA LbL films on 

silicon substrates, the Tg increased ~ 9°C as the film thickness decreased from 175 nm to 

30 nm. The increase of the Tg for supported ultrathin films was due to the hydrogen-

bonding interactions between the film and the substrate. PEO/PMAA LbL assemblies 

showed a Tg only after thermal crosslinking of acid groups along the PMAA chains. Tg 

of PEO/PMAA was fairly independent of film thickness. It was attributed to the 
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hydrophobicity of PMAA arising from methyl groups and the absence of favorable 

interaction between the film and the substrate. Interestingly, PEO/PMAA LbL films 

below a thickness of 2.7 µm exhibited PEO melting, indicating  PEO phase separation. 

 Thermal properties of PEO/PAA and PEO/PMAA LbL assemblies prepared by 

dip- and spray-assisted deposition method were compared (Chapter III). For both LbL 

assemblies, the Tg’s were fairly constant regardless of deposition method. However, the 

glass transition width was larger for the films prepared by the spray-assisted deposition 

method. It was attributed to the more heterogeneous structure of spray-assisted LbL 

films, perhaps arising from the short contact time and convective actionof spraying 

process. Interestingly, the surface morphologies of PEO/PMAA LbL assemblies 

depended greatly on deposition method. While the surface morphologies of dip-assisted 

PEO/PMAA LbL films showed micron-scale surface textures, those of spray-assisted 

LbL films were very smooth. However, the surface morphologies of PEO/PAA LbL 

assemblies were smooth regardless of the deposition method. PEO/PMAA LbL 

assemblies showed phase separation upon thermal crosslinking dependent on assembly 

pH. The degree of phase separation was larger for the films assembled at a higher 

assembly pH, but it was not affected by the mode of film deposition.  

 Temperature-triggered shape-transformations of released and unreleased 

PAH/PAA LbL assemblies were studied (Chapter IV). The microtubes were fabricated 

using the porous polycarbonate membranes as sacrificial templates. The microtubes were 

incubated in aqueous media at temperatures ranging from 25 to 121°C. Released 

microtubes became spherical and ellipsoidal shape as the incubation temperature 
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increased. The aspect ratio of microtubes decreased from 5.0 to 1.7, and the outer 

diameter increased from 1.0 µm to 1.8 µm as the incubation temperature increased. 

Unreleased microtubes exhibited periodic perforations at fairly regular spacing while 

maintaining the microtube length. The spacing between the perforations was similar to 

the values predicted by the theory of Rayleigh instabilities. Above the thermal transition 

temperature of hydrated PAH/PAA LbL film, the number of perforations increased 

greatly.   

 Thermal transitions of PDAC/PSS LbL assemblies in aqueous media were 

studied using EIS with ferrocyanide/ferricyanide as a redox couple. Two thermal 

transitions were observed from the plots of film resistance (Ttr,Rf) and charge transfer 

resistance (Ttr,Rct) vs. temperature. Ttr,Rf was related to the porous film structure swollen 

with electrolyte. The Ttr,Rf values were fairly close to the values obtained using QCM-D 

and calorimetry, and were fairly constant regardless of thickness, outermost layer, and 

salt concentration. Ttr,Rct was closely related the state of redox ions in LbL films. As the 

number of layers decreased below 20, Ttr,Rct of PSS-capped films became 10 °C higher 

than that of PDAC-capped film. This is because PSS-capped films that are glassy 

stoichiometric complex at the early growth become rubbery PDAC-rich complex above 

critical number of layer pairs. Furthermore, Ttr,Rct of PSS-capped films assembled at 1.0 

M NaCl was about 11C higher compared to the PSS-capped films assembled at 0.5M 

NaCl. This seems to be due to the higher trapping of redox ions in the films assembled at 

1.0M NaCl. 
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 In summary, this body of work shows:  

 For PEO/PAA LbL films, Tg increased as the film thickness decreased from 175 nm 

to 30 nm, while, for PEO/PMAA LbL film, Tg was not influenced by the film 

thickness and small amount of PEO phase separation was found below the thickness 

of 2.7 µm 

 Tg’s of PEO/PAA and PEO/PMAA LbL films were not influenced by the deposition 

method, dip and spray. However, the breadth of the transitions was larger for the 

spray-assisted films. Interestingly, the surface morphologies of PEO/PMAA were 

influenced by the deposition method 

 While released PAH/PAA LbL microtubes transformed to closed ellipsoids upon 

heating in pH 5.5 aqueous media, unreleased microtubes exhibited periodic 

perforations due to Rayleigh instabilities 

 Two separate thermal transition temperatures were obtained using temperature-

controlled EIS. Ttr,Rf was fairly constant regardless of film thickness and salt 

concentration. In contrast, Ttr,Rct was influenced by the film thickness, salt 

concentration, and outermost layer 

 

6.2 Future Work 

 Even though thermal transitions in LbL assemblies were studied in many aspects, 

there are still many interesting areas and challenges to be addressed. For the future work 

of Chapter II, one of the practical interests might be controlling the Tg of LbL assemblies 

in dry state. Using the PAA/PMAA mixture as hydrogen donor, it would be possible to 
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control the Tg of hydrogen-bonded LbL assemblies. Also, it is possible to combine 

hydrogen-bonded LbL assemblies that have Tg’s and electrostatic LbL assemblies, which 

do not exhibit Tg’s. For example, we can alternate the PEO/PAA LbL layers with 

PAH/PAA LbL layers, controlling the relative film thickness. 

 Although the thermal transitions in hydrogen-bonded LbL assemblies were 

studied in Chapter III, there is no study on the thermal transitions of electrostatic LbL 

assemblies. There have been reports that the structure and properties of electrostatic LbL 

assemblies are different for those prepared by dipping and spraying. Since electrostatic 

LbL assemblies do not show a Tg in dry state, thermal transitions must be studied in a 

hydrated state. Studies on thermal transitions using modulated DSC and EIS may 

provide us with useful information in comparing dip- vs. spray-assisted LbL assemblies. 

Next, controlling the perforation size and distribution on the LbL microtubes is a 

very interesting topic as an extension of the study in Chapter IV. In this thesis, the 

periodic perforations were formed on the microtube surface when the unreleased 

microtubes were incubated in pH 5.5 water at high temperatures. The interfacial energy 

and the mobility of the polymer chains seem to be important factors. It is well-known 

that the micro- or nanopores are formed in the film when the LbL films are immersed in 

an acidic solution.
194, 195

 Thus, if we treat the unreleased LbL microtubes in acidic 

solutions of various pH at varying incubation temperatures, interesting structures might 

arise in LbL microtubes. Furthermore, it may be possible to make the pores in the 

released microtubes. Future work might use a mixture of organic solvent and water. If 

the organic solvent is a nonsolvent for the LbL microtubes, it will help maintain the 
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microtube structure. The presence of water might facilitate the polymer-chain 

rearrangement at high temperatures, and interesting porous structures may emerge. If we 

control the pH of the water in the solvent mixture, it may be possible to obtain a variety 

of porous structures. 

Finally, more studies are needed regarding the nature of thermal transitions of 

LbL assemblies in the hydrated states although we studied thermal transitions using EIS 

in Chapter V. It is unclear why electrostatic LbL assemblies exhibit a Tg in the hydrated 

state, whereas the dry LbL assemblies do not. It would be interesting to study the 

thermal transitions in LbL films using temperature-controlled ellipsometry in aqueous 

media. In-situ measurements of film thickness as a function of temperature would 

provide useful information. We can examine whether LbL films swell or shrink with the 

temperature. Also, we can see what happens at the thermal transition. We can verify 

whether the transition is similar to the first- or second-order transition, or something else.  

According to recent QCM-D studies, the thermal transition was characterized as 

a dissipation increase coupled with the influx of water with polymer. Furthermore, a 

forthcoming paper from our group and the Sammalkorpi’s group shows simulations that 

the thermal transition is related to the rearrangement of water molecules around ionic 

groups on the polyelectrolytes, leading to enhanced polyelectrolyte mobility. More 

research on the thermal transition in the aspect of interactions between water molecules 

and polymer chains is needed.  
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