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ABSTRACT 

VARIES ASPECTS OF LATEX FILM FORMATION IN THE 
PRESENCE OF ADDITIVES 

Ewa Emilia Odrobina, Ph.D. Thesis (2000) 

Department of Chemistry, University of Toronto 

This thesis examines the interaction of small macromolecules, like surfactants and 

oligomers, with poly(buty1 methacrylate) (PBMA) latex particles. In this work, we mostly 

concentrated on nonionic surfactants, with the general structure R-(EO),, where, R represents 

the hydrophobic moiety, and (EO), is the hydrophilic moiety consisting of n units of ethylene 

oxide. We also performed a number of experiments with other Iow rnolecular weight species, 

such as BMA oligomers and oligo(ethy1ene glycols) (PEG) as well as with a two ionic 

surfactants, sodium dodecyl sulfate (SDS) and dihexyl sulfosuccinate (C9;ri). 

Binding isotherms for a series of nonylphenyl ether surfactants NP-(EO), with PBMA 

latex reveal that the interactions between latex particies and nonionic surfactants decreases 

drastically with increasing EO chain length. We found that nonionic surfactants and PEG 

oligomers have very limited miscibility with PBMA at room temperature, but the miscibility 

increases with increasing temperature and decreasing EO chain length. The low molecular 

weight species which are not miscible with polymeric matrix phase separate to f o m  domains 

in the latex films. The movement of surfactant to the surface (exudation) upon annealing is 

connected with the existence of micrometer-diameter channels leading to the film surface. 



From polyrner diffusion and miscibifity measurements, we learned that when 

surfactant or oligomer stays in the film as a separate domains, it retards polymer difision, 

but when it is fully miscible with the polymeric rnatrix, it can act as a traditional plasticizer, 

and promote polymer diffusion by introducing free volume into the system. In this case the 

Fujita-Doolitle free volume theory is able to describe the effect of additive on the polymer 

diffusion rate. The effect of NP-(E0)-0 surfactant and BMA oligomers can be described in 

this way. 

To investigate the influence ofsoft filler domains on polyrner diffusion in latex films, 

wc developed a mode1 system consisting of cross-linked soft PBA latex particles dispersed in 

PBMA latex films. These experiments, show that the overall effect of added soft particles on 

polymer diffusion (retardation or enhancement) depends on a combination of different 

contributions: obstacle effects, wetting phenornena and changes in the morphology of the 

film. 
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During anneaiing at 90 OC, the surfactant diffuses uniformly inti 

the polymer phase. Upon cooling, part of the surfactant remains in 

the polyrner phase, but the rest of the NP-20 phase separates and 

forms local domains in the film. 
--------------- 

Figure 6-1 Dependence of In(fm) vs. ln(t) (f, is the extent of mixing, and t is 108 

the annealing time) for three different latex film samples prepared 

from the low molecular weight (MW = 3 . 5 ~ 1 0 ~ )  PBMA particles, 

annealed at 60 OC. 

Figure 6-2 Dependence of In(f,) vs. tn(t) (f, is the extent of mixing, and t is 1 09 

the annealing tirne) for high molecular weight (Mt  = 4x10') 

PBMA sample and its blends, a ~ e a i e d  at 70 OC: (O) in the 

absence of presence of crosslinked poly(butylacrylate) (PBA) 

rnicrospheres, ( a )  10 % PBA, (0) 30 % PBA, (. ) 60 % PBA. 

Figure 6-3 Dependence of ln(f,) vs. ln(t) for samples from Figure 2: a) 110 

expanded region for fm < 0.2, (0) pure PBMA (slope = 0.4 1 ), ( m) 
10 % PBA (slope = 0.4), (0) 30 % PBA (slope = 0.56), ( fl ) 60 % 

PBA (slope = 0.55); b) expanded region for f, > 0.2, (0) pure 

PBMA (slope = 0.20), ( l ) 10 % PBA (slope = 0.22), (0) 30 % 

PBA (slope = 0.27), (. ) 60 % PBA (slope = 0.28). 

Figure 6-4 Dependence of ln(fm) vs. In(t) in the range of fm parameten O< f, 1 1 1  

< 0.2 for high molecular weight (MW = 4x lo5) pure PBMA sample 

annealed at 76 OC. The calculated slope is 0.46. The data was 
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annealed at 76 OC. The calculated slope is 0.46. The data was 
--------------- taken from Figure 4-9a in Chapter 4. 

Figure 7- 1 Plots of  Area(0) (unfilled symbols) and eficiency of energy 119 

transfer ET (filled symbols) vs. the soft particle volume fraction; 

(a) for low molecular weight PBMA films, (b) for high molecular 

weight PBMA films. 

Figure 7-2 Comparison of high M PBMA diffusion rates for pure PBMA 123 

films (0) and for films blended with 30 vol % PBA particles of 

different diameters (dpBA): 56 nm ( @),and 1 12 nm (A). In part a) 

we plot the extent of mixing (f,) vs annealing time, and in part b) 

we plot the apparent diffusion coefficient i l w p  vs. f,. 

Figure 7-3 Plots of fm vs. tl" for a pure PBMA film (0) and for films blended 124 

with 30 vol % PBA particles of different diameten (dm*): 56 nm 

( a ) ,  and 112 n m ( A ) .  

Figure 7-4 Plot of k l , ~  vs I/dpeA in PBMA/ PBA blend films at 30 vol % 124 

PBA. The data were derived from Figure 7-3. 

Figure 7-5 Plots of fm vs. ti" for a pure PBMA film (0) and for films blended 126 

with 30 vol % PBA particles of different diameters ( d p ~ ~ ) :  56 nm 

( l ), and 1 12 nrn (A) .  

Figure 7-6 Plot k in  vs. I/dpBA in P B M N  PBA blend films at 30 vol % PBA. 126 

The data were derived from Figure 7-5. 

Figure 7-7 Plot of the extent of mixing f, for films blended with different 127 

amounts of PBA particles (dPBA= 56 nm), expressed as volume 

percent (% PBA): O (O), 10 (A), 30 (O), and 60 (. ). Part a) 
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presents short time diffision behavior, and part b) presents long 

time diffusion behavior. 

Figure 7-8 Plots of : a) f,,, vs. t"" for films blended with different amounts of 

PBA particles (dpBA= 56 nm), expressed as volume percent (% 

PBA): O (O), 10 ( a ) ,  30 (O), and 60 (m); and b) kli4 vs. vol % 

PBA. 

Figure 7-9 Plot of the extent of mixing f, vs. annealing time for films blended 

with different amounts of PBA particles (dPBA= 56 nm), expressed 

as volume percent (% PBA): O (O), 3 ( l ), 6 ( 0 ) .  

Figure 7-10 Plots of f, vs. t"" for films blended with different amounts of 

PBA particles (dPBA= 56 nrn), expressed as volume percent (% 

PBA): O (O), 3 ( l ), 6 (O). 

Figure 7-1 1 Dependence of parameter klj4 vs. volume fraction of filler (vol% 

f BA, d p ~ ~ =  56 nm). 

Figure 7-12 Plot of the extent of mixing f, for films blended with different 

amounts of PBA particles (dPBA= 56 nm), (% PBA): O (O), 3 ( I ), 

6 (0) - series a; O (A), 10 (A) - series b. The samples from series 

(a) and (b) were not annealed at the same time. 

Figure 7-1 3 Plot ki,4 vs. vol % PBA. 

Figure 7-14 Plot log (Da,,) vs. vol % PBA. The values of Dapp were taken at 

constant f,, f, = 0.3. 

Figure 7-15 Plots f, vs tl" for films blended with different amounts of PBA 

particles ( d p ~ ~ =  56 nm), expressed as volume percent (%PBA): O 

(O), 10 ( l ), 30 (O) and 60 ( 9). 



Figure 7-16 Dependence of kiQ vs. vol % PBA: a) linear scale and b) log-log 133 

scale. 

Figure 7-1 7 A mode1 of latex film morphology in the presence of soft PBA 136 

fillers: a) at volume fractions of vPBA I 0.06 the filler particles are 

randomly distnbuted in the PBMA rnatrix; b) when 0.1 > cppea > 

0.06 the formation of filler aggregates takes place; c) for c p p ~ ~  2 

0.1 we have two possibilities of the growth of aggregates with 

increasing volume of fillers; 1) the aggregates are in forrn of a 

connected network which grows in contour length when the 

amount of filler is increased, II) the filler aggregates grow in 

volume. These domains consist of PBA only. 

Figure 7- 18 Influence of obstacles on polymer diffusion. The measured rate of 138 

diffusion decreases as the path of the diffusion increases in the 

presence of obstacles. 

Figure 7-19 Comparison of low M PBMA diffusion rates for films blended 140 

with different amounts of PBA particles ( d p ~ ~ =  56 nm), expressed 

as volume percent (% PBA); O (O), 30 (O), and 60 (A). In part a) 

we plot the extent of mixing (f,) vs. square root of annealing time 

(tic), and in part b) we plot the apparent difhsion coefficient Dapp 

vs. f,. 

Figure 7-20 Plot of the first derivative of the heat capacity vs temperature for 141 

the high M PBMA sample, and its blends with 30 vol O h ,  and 60 

vol % of PBA. Part a) presents the heating scan from -125" C to 

75" C; and in part b) the cooling scan from 75" C to -125' C. 
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Figure 7-21 Plot of the first derivative of the heat capacity vs temperature for 143 

the low M PBMA sample, and its blends with 30 vol %, and 60 

vol % of PBA. Part a) presents the heating scan from -125 O C  to 

75 OC; and in part b) the cooling scan from 75 OC to -125 O C .  

Figure 7-22 Drawing of a mode1 for films with soft £iller: the presence of soft 1 44 

PBA particles in the PBMA matrix induces wetting of the filier 

surface by the pan of PBMA with lower M and the formation for 

PBMA of higher and lower mobility regions. This effect increases 

the avcrage diffusion rate of PBMA 

--------------- 

Figure A-1 a) The total heat flow calculated as the average of the rnodulated 

heat flow signal; b) the modulated heat flow and its amplitude 

Qamp; c) the heating rate with its amplitude Tarnp. 
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1. INTRODUCTION 

1.1 Latex Film Formation 

1.1.1 Description of the process 

Latex film formation is a process by which an aqueous dispersion of polymer 

particles is transformed into a continuous coating material. This is a complex process, which 

can be divided into large number of steps. However, schematically we can distinguish three 

consecutive major steps that occur during film formation process- These steps are presented 

in Figure 1- 1. First, evaporation of water brings the particles into close contact. Second, as 

more water evaporates, the particles undergo deformation to form a void-free solid 

structure, which is still mechanically weak. Finally, fusion occurs among adjacent particles 

to give mechanically strong film. At this point we would like to emphasize that stage two 

and stage three can only occur at temperatures higher than minimum film-forming 

temperature (MFT). The MFT commonly corresponds to the glass transition temperature of 

the latex in the presence of water. At T > MFT, the modulus of the polymer decreases by 

several orders of magnitude. Under these conditions the forces driving the latex deformation 

exceed the resistance to deformation. 



~ 

Aqueous Latex 

Stage I * 
water evaporation 

Stage II * 
deformations at TzMFT 

Stage III * 
aging at  T>Tg 

Close-contact particles 

Packing of deforrned particles 

Mechanically rigid film 

Figure 1-1 Representation of ïatex film formation pnnicss. 

1.1.2 Drying Process. 

The most well-known model of drying process is a simple model proposed by 

vanderhoff.' He connected the changes in the water loss rate with the three steps of film 

formation process. In first stage, where the particles remain separated, the rate of water loss 

is constant. in second stage the particles defom, and they limit surface area of the air-water 

interface. The evaporation rate slows. Finally, in the stage third, the particle defocmation 

process is finished, and the coalescence leads to sealing of the surface. The loss of the 1s t  

traces of water is very slow, as the water has to diffuse through polymeric matrix. 



The Vanderhoff mode1 and other classic models2' presume that drying process is 

unifom over the entire surface. However, when the dispersion is spread ont0 a flat surface, 

a flat liquid drop with a slightly convex surface forms immediateiy. In this case the drying 

occurs as a propagating f r ~ n t ~ - ~  from the edges to the center because water evaporates more 

rapidly from the high surface region at the wet - dry boundary than from the wet surface of 

the droplet itself. Water is constantly wicked through the pore structure at this boundary to 

these dry regions, and this in turn creates a flux of water and particles from the droplet to the 

dry edge. This drying process was first describing by Denkov et al.' who pointed out that the 

process depends sensitively on the shape of the meniscus, which is formed by the dispersion 

on the surface. Although the description by Denkov does not constitute a complete mode1 of 

the drying process for latex dispersions, it describes two features of this process which other 

models can not explain. First, their picture is consistent with the observation that the drying 

front in the latex dispersion is in the plane of the substrate. Second, it explains the 

observation that films formed on flat quartz or glass substrates are much thicker at the edges 

than in the center. 

1.1.3 Particle Deformation Mechanism and Packing Structure. 

The nature of the forces ensuring particle deformation in the second stage of the 

latex film formation process has been much discussed in literature. There are in principle 

three types of forces that might drive particle deformation. For dry particles, the main force 

driving the coalescence of particles is associated with the polymer-surface (polymer-air ) 

interfacial tension.* When particles compaction occur under water, the polymer-water 

interfacial tension will promote minimization of surface area9 and cause particle 

deformation. ~rownl '  pointed out the important role of the capillary forces, which are 

connected with air-water interfacial tension. These forces appear at the surface of the drying 

latex, when particles become partially exposed to the air. Water in capillaries between 

particles produces forces, which compress the packing of particles and make them coalesce. 

The forces are proportional to the air-water interfacial tension and inversely proportional to 

the size of the capillary to form. Finally, Eckersley and ~ u d i n "  have summarized the 

historical progression of film formation models. These authors proposed a theory in which 

capillary and interfacial forces act together to promote film coalescence. In this case, the 

interfacial forces may involve dry and/or wet sintering, depending on the details of the 



drying process. Although huge progress has been made in the field of latex particle 

deformation and coalescence, the question of driving forces is still under active discussion. 

On the contrary, the general description of phenomena of particle resistance to deformation 

seems to have been achieved. The forces resisting the deformation are mainly related to the 

viscoelastic deformation and flow properties of polymer. 10-12 

When driving forces overcome resistance forces, the particle are transformed into 

space-filling polyhedra during the compaction process. It is generally thought that an 

ordered dispersion in water should form a film in which this order is maintained. There is a 

lot of expenmental data showing that when the repulsion between particles are strong and 

the particles are monodispene in size, they f o m  a face centered cubic (fcc) structure in the 

dispersion" and this dispersion gives rise to a rhombic dodecahedral structure in the film.''- 
18 When the coulombic repulsion forces between particles are screened (e-g. by the presence 

of salt or surfactant) no ordering occurs d u h g  drying. The particles will come into contact 

in a random closed-packed array.17 The structure generated from randomly packed particles 

are predicted to form random Wigner-Seitz cells: polyhedra with typically 14 to 17 faces 

and each face having possibility of being 4 to 6 ~ i d e d . ' ~ . ' ~  

1.1.4 Polymer Diffusion. 

Polymer diffusion across latex particles occurs in newly formed latex film upon 

aging or annealing. Studies by electron microscopy revealed that with time (at temperatures 

above Tg) the film cellular microstructure of the original particles gradually disappears, 

leading to a smooth homogenous film. 1.20.1 1 This process is essential in producing a 

mechanically strong film." For example, Sperling and   le in^^*^' compared the extent of 

polymer diffusion with the growth of tensile strength in latex films. They found that 

mechanical strength of the film increases with diffusion, and reaches a maximum value as 

the polymer molecules diffuse a distance equal to one radius of gyration across the interface. 

As the theory of polymer diffusion across interference is discussed in further sections 

of this chapter, and most of the others chapters in this thesis concentrate on polymer 

diffusion in the presence of different kind of additives, 1 refer reader to these chapters to 

learn more about polymer diffusion in latex films. Here 1 would like only to point out two 

major techniques for measuring polymer diffusion in latex films: small angle neutron 

scattering (SANS) and the direct non-radiative energy transfer (DET). In both these 



techniques, contrast is achieved by labeling. SANS rneasures the growth with time of radius 

of gyration (R,) of deuterated microspheres dispened in protonated matrix". This growth 

can be fitted to a diffusion mode1 and the diffùsion coefficient of the polymer can be 

calculated from the evolution of R, with time. 

In the case of DET measurements, the latex particles are labeled by fluorescence 

dyes. Half of the particles are labeled with a donor dye and the other half with an acceptor 

dye. During the diffusion process, the donor-labeled polymer mixes with the acceptor- 

labeled polymer. As a consequence, energy transfer between donor and acceptor can take 

place. Energy transfer causes the Phe emission to be quenched, leading to a faster 

fluorescence decay. From the area under the fluorescence decay curve, one can calculate the 

quantum efficiency of energy transfer @ET. From $ET, one can calculate the extent of mixing. 

One can also calculate the apparent difhsion coefficient under the condition that the 

diffusion follows Fick's laws. 

1.1.5 Materials 

Al1 latex films used in my thesis research are made from poly(n-butyl methacrylate) 

(PBMA) latexes. They were prepared by semi continuous emulsion polymerization rnethod 

under monomer stawed condition. For DET measurernents the PBMA latex was labeled 

with either anthracene (An) or phenantrene (Phe). In Table 1-1 a typical recipe for the 

preparation of labeled PBMA latex is presented: For preparation of unlabeled partictes, a 

similar procedure is employed, but without adding a dye comonomer. The procedure is 

described as follows: A small amount of PBMA latex seed (diameter d = 55 nm) was 

prepared in the first stage. Potassium penulfate (KPS), sodium dodecyl sulfate (SDS), and 

sodium bicarbonate (NaHC03) were used as the initiator, surfactant, and pH buffer, 

respectively. In some cases, a certain amount ( e.g. 2 wt % based upon the monomer weight) 

of a chain transfer agent (Le. dodecyl mercaptan, DM) was used to adjust the molecular 

weights for the latex polymers. In the second stage of polyrnerization, a monomer solution 

composed of 1 mol % of a fluorescent comonomer ((9-phenanthryl) methyl methacrylate 

(PheMMA), or 9 vinyl phenanthrene (V-Phe), or (9-anthryl) methacrylate (AnMA)), a 

certain amount of DM, and the rest of BMA were continuously fed into the seed latex 

dispersion. The monomer feeding rate was slow (< 0.1 mumin). KPS and SDS dissolved in 

water were added into the reactor concurrently. A high conversion of the monomers (> 



98.5%) was obtained for all reactions, as evaluated gravimetrically. The particle size was ca. 

125 nm (with a namw size distribution) where prepared by this recipe. The detailed 

characteristics of the latex particles used in particular experiments are shown in the 

successive chapters. 

Table 1-1. Recipe for the preparation of labeled PBMA latex. 

Temp ( OC) 

Time ( h ) 

First stage 

BMA (ml) 3 -3 

DM (mi) O - 0.074 

Water (ml) 60 

KI'S (g) 0.066 

SDS (g)  0.099 

NaHC03 (g) 0.066 

Temp ( OC) 80 

Time ( h ) 20-24 

Second stage 

BMA (ml) 30 

DM (ml) O - 0.68 

PheMMA" (g) 0.58 

Water (ml) 24 

la's (g) 0.540.06 

SDS (g) 0.54 

a) When using V-Phe dye comonomer this quantity becornes 0.38 g; For preparing the An-labeled latex, 0.629 

AnMA was used to replace 0.58 g PheMMA. 

1.2 Polymer Diffusion Measurements in Latex Films by Direct Energy 

Transfer (DET) method. 

1.21 Polymer Diffusion Across Interface. 

When two amorphous polyrners are brought into good contact above Tg, the cCain 

conformations at the interface tend to evolve towards those in the bulk, a!id the 

interdiffusion process take place due to Brownian motion. Such motion consists of random 

thermal jumps of segments of polymer chains between adjacent voids or "free volume 

elements." There are many factors that can change or influence polymer dynamics at an 

interface (molecular weight M, polydispersity in M, distribution of polymer chain ends, 

plasticization effect, etc.). Among these, the molecular weight is the most important factor 

affecting polymer diffbsion rate. There are two models, the Rouse modelZ6 and the reptation 

model", describing the molecular weight dependence of polymer dynamics in various 

systems. The Rouse model takes account of the effect of chain comectivity on the friction 



coefficient of a diffising chain. The reptation mode1 adds topological (entanglement) effects 

to the description of chain dynamics. When the molecular weight of polymer is not high M < 

ZM, (Me is the critical entanglement molecular weight, and for PBMA, M, = 30 000)'~ the 

Rouse model applies. The rnodel corresponds to unperturbed coils with Gausian statistics of 

the end-to-end distance, and assumes that polyrner chains consists of N beads connected by 

(N -1 )  springs. Each bead feels the same friction from the surrounding mediums, and has a 

frictional coeficient f. Since the N segments of the chain are hydrodynamically independent 

of each other, the molecular friction coefficient fi,,, = Nf, and the diffùsion coefficient D is 

inversely proportional to the molecular weight M. D = M-' (D = kT/f,,,i from the Einstein 

equation, where k is the Boltzman constant and T is the temperature). In the Rouse model, 

the chain relaxation time at the interface is very short, and polymer diffùsion follows 

~ i c k ' s ' ~  laws. Fick's first law (eq. 1-1) defines the diffùsion coefficient D (in units of cm2/s), 

which is an important parameter characterizing the diffision rate. 

Here F is the flux or the rate of transfer of diffusing molecules through a unit cross-sectional 

area (in mole/cm2s) and dC/& is the concentration gradient (in mole/cm3/cm). 

Fick's second law describes the mass transfer across the interface, and provides an 

expression for the concentration of the diffusing substance at certain position in the diffusing 

system in terrns of the time t and the diffusion coefficient D. For example, for Fickian 

diffusion in spherical geometry, if the diffusing substance is initially distnbuted uniforrrily 

through a sphere of radius R with a concentration Co, the concentration C(r,t) at radius r and 

time t is given by 30.29 

A schematic drawing representing the concentration profile at time t = O and at a later time is 

shown in Figure (1-2) 
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R - particle radius 

Figure 1-2. Schematic drawing depicting the concentration profile C(r,t) of polymers confined to a one 

latex particle with radius R at t = O and at some later tirne t. 

The mass Mt, which has diffused across the interface after time t is shown in Figure 1-2 as a 

dashed area. The Mt is the difference between the mass of the polymer in the sphere with 

radius R at time t = O, Mo (Mo = ~ / ~ R R ~ C ~ )  and the mass which lefi within the sphere R after 

time t, so Mt can be described by the following equation: 

The fraction of the diffusing substance that has diffused across the original boundary at 

time t is: 

and the mean square of displacement <?> of the substance is 6Dt. 

For high M polymers, where entanglements influence the polymer dynamics, the 

reptation model apphes. In this model, neighboring chains are obstacles, restricting the 

Iateral motion of a polyrner chain, confining the chain to a "tube" where curvilinear, one 

dimensionat, diffusion occurs along its contour, as shown in Figure 1-3a 



Figure 1-3. Minor chain reptation mode13'; a) diffusion along the tube and disengagement of a chain 

from its initial tube, b) the growth of  minor chains up to reptation time T, where chains disengage from 

the initial tube and taking a new conformation. 

Random motion occurs in both directions along the tube. Memory of the initial chain 

conformation (tube conformation) is gradually lost because motion of chain ends is randorn. 

Finally after reptation time T,, a chain disengages itself from the initial tube, and takes a new 

conformation. For polymer diffusion across an interface, one has to take into account the 

influence of the interface as a dividing plane on the initial chain conformation. Prior to the 

onset of diffusion, the conformation of the polymer chains close to the intedace is distorted 

frorn the normal Gaussian distribution of segments typifying polymer chains in the bulk 

state. This distortion is referred to us as confinement entropy. Diffùsion of polymers across 

the interface leads to conformational randomization and recovery of Gaussian chah 

statistics. This process is well described by Wool in terms of his minor chain rnode13'. For 

times less than the reptatior! time, the part of the chain that escapes from the initial tube is a 

random coi1 called a minor chain (see Figure 1-3b). This segment obeys Gaussian statistics, 

and a spherical envelope can be used to represent its static dimensions. The evolution of the 

minor chains at a polymer - polymer interface provides a convenient method of determining 

molecular properties and concentration profiles. Calculations based on the minor chain 
3 1.32 reptation mode1 have been used to develop scaling laws for polymer interfaces. For 

example, for times less than the reptation time, the average monomer interpenetration depth 

X(t), defined by equation (1-4) scales with time as tU4. 



C(x, t) is the concentration profile at time t, and at the x distance from the interface. The 

number of monomers crossing the interface, N (in other words, the mass transfer) is 

described by the expression: 

N scaies with time as t3" under the condition that the chain-ends are uniformly distributed in 

space. When chain-ends segregate at the surface prior to difhsion. N scales as t'". At 

longer diffusion times (t > T,), the molecular mixing becomes Fickian, and the total mass 

transferred becomes proportional to t'". 

In my experiments, 1 study polymer diffusion in latex films in which the polymer is 

poly(buty1 methacrylate) PBMA. We should be able to use the Fickian spherical diffusion 

model to calculate the extent of polymer diffision for low M PBMA samples. It is also 

possible to use this model for high M samples for diffùsion times longer than the reptation 

time. In fact, because of the large polydispersity in molecular weight (MJM, = 2-5) of latex 

polymer obtained in the emutsion polymerization, we do not know the exact concentration 

profile of diffùsing polymer across the interface. To simpliQ the problem of calculating 

apparent diffusion constants, we will neglect the effects of reptation dynamics, and the 

effects of the recovery of Gaussian conformation by chains initially close to the interface. 

We assume that even for molecular weights as high as MW = 4 . 0 ~ 1 0 ~  (M,JM. = 3.2) the 

diffusion resembles Fickian diffusion at al1 stages of the diffusion process, and can be 

described by a spherical concentration profile as represented by equation (1-2). This 

assumption is strictly speaking not correct. 1 will show examples where deviations from 

Fick's Iaw behavior occurs for DET measurements on high molecular weight samples. The 

influence of reptation effects on parameters characterizing polymer diffusion will be 

discussed further in sections of this Chapter and in Chapter 6 .  

1.2.2 Direct Non-radiative Energy Transfer 

Direct non-radiative energy transfer (DET) involves the transfer of the excited state 

energy from a donor (D) molecule to an acceptor (A) rnolecule. This transfer is a results of 

1 O 



dipole - dipole interactions between the donor and acceptoS3. If the transition dipoles are 

properly oriented and in resonance, the energy can be transfer over distance up to IOOA. In 

the presence of energy transfer, the decay rate of the excited donors increases. Scheme 1-4 

shows deactivation paths o f  an excited donor to the ground state. Without acceptor, the 

donor will decay to the ground state through fluorescence emission with a rate constant kr 

and by other non-radiative paths with a rate constant km. In this case, the time-resolved 

decay of donor fluorescence ID(t) will follow a single exponential decay law as shown by 

equation ( 1-6) 

where sDO = l/(kfik,,) is the fluorescence lifetime of the donor in the absence of acceptor. 

When acceptor molecules are present, the excited donor molecules can transfer their energy 

to acceptors with a rate km. 

-hv'(kf) + k,, 

D* 4 D 

Schcme 1 4 .  The deexcitation pathways of an excited donor (D) in the presence of an acceptor (A) 

chromophore. 

The rate of energy transfer kET(r) depends on the extent of overiap of the emission 

spectrum of the donor with the absorption spectrum of the acceptor, the relative orientation 

of the D and A transition dipoles, and the distance r between these mole~ules. '~ For the case 

when donor-acceptor pairs are separated by a fixed distance r, the rate constant of energy 

transfer kET(r) from a specific donor to an acceptor is given by 34.35 



where soO is the lifetime of the donor in the absence of acceptor, and R,, is a characteristic 

distance, the Forster distance, at which the efficiency of energy transfer is 5 0 % ~ ' ~  Le. the 

transfer rate k ~ ~ ( r )  is equal to l/sDO =(k+k.J. R, is defined by 

where +OD is the quantum yield of donor fluorescence in the absence of acceptor, n is the 

refractive index of the medium, NA is Avogadro's number, FD(v) is the corrected 

fluorescence intensity in the wave number range v to dv, with the total intensity norrnalized 

to unity, E ~ ( v )  is the extinction coefficient of the acceptor at v, and K' is a factor describing 

the relative orientation of the transition dipoles of the donor and the acceptor. The integral 

here expresses the degree of spectral overlap between the donor emission and the acceptor 

absorption. The K' factor is equal be 2/3 for mobile, randomly distributed D and A 

molecules, and equals 0.475 for immobile, randomly distributed dyes. 3336 

The (l/$ dependence of DET on the distance between donor and acceptor molecule 

leads to high sensitivity of energy transfer to the concentration and concentration 

distribution of dye molecules in a system. One often descnbes this sensitivity in terms of a 

critical acceptor concentration CAO, which is the concentration of' acceptor molecules at 

which an acceptor molecule is expected to be found inside a sphere of radius & and is given 

by 3'*36 

A useful measure of the extent of energy transfer (ET) in the system is the quantum 

efficiency of energy transfer <DET, which is defined by33 

When D-A pairs are separated by a fixed distance, ET occurs with a single transfer rate 

k ~ ~ ( r ) .  Under these circumstances the decay of fluorescence intensity will be exponential 

with a lifetime r~ = l/[k+k,,+ kEdr)], shorter than the unquenched lifetime roO = l/[k+k,,J. 

In cases where D and A molecules are separated by a random distribution of distances, the 

donor fluorescence decay is no longer exponential, and more complex expressions are 

required. Such expressions are generally derived by calculating the survival probability of 

12 



donor molecules, by integrating the transfer rate over the assumed distribution of acceptors 

around each donor. In case where D-A molecules are separated by a random distribution of 

distances, the tirne-resolved donor fluorescence decay follows Foster equation 

where I D  is the initial donor fluorescence intensity and p= C A / C A o  is the ratio of acceptor 

concentration to the critical acceptor concentration. 

The quantum efficiency of energy transfer @ET is often calculated in the case of 

steady-state measurements, from the relative fluorescence yield asJ3 

where ID, ID0 are the intensities of donor fli!xescence in the presence and absence of 

acceptors, respectively. For the time-resolved donor decay, through 6-pulse excitation, the 

0, is calculated from donor fluorescence profiles ID, expressed by the integrals of the 

decay function I,(t) as3) 

In this expression  ID*(^') is donor fluorescence decay in the absence of acceptor, with 

The integral of the donor emission, L"1,(t9)dt', can be evaluated from the areas obtained 

experimentally under the donor decay curves (normalizing the decay curves at decay time 

zero), giving 



where Area,, AreaDo are the areas under the normalized decay curves of donor fluorescence 

in the presence and absence of acceptor, respectively. 

1.2.3 Analysis of Polymer Diffusion by DET 

A PBMA latex film containing only phenanthrene (Phe) as a fluorescent label 

exhibits an exponential fluorescence decay with a Iifetime s~ of 45 ns. Latex films prepared 

from a mixture of donor- and acceptor-labeled PBMA latex, with Phe as the donor and 

anthracene (An) as the acceptor, exhibit non-exponential donor fluorescence decay profiles 

because of direct non-radiative energy transfer (DET) from Phe to An in the films. In 

anneaied films, polymer diffusion mixes the Phe- and An-labeled polymers from adjacent 

cells, bringing the two chromophores into proximity. In freshly prepared films cast just 

above the minimum film fonning temperature (MFT), linle interdiffusion occurs, and the 

changes in the donor fluorescence decay profile ID(t') observed are due primarily to energy 

transfer across the interparticle boundary. The examples of fluorescence decays are 

presented in Figure 1-5. 
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Figure 1-5. The examples of  fluorescence decay for P B M A  f i h s :  (1) containing only phenantrene (Phe); 

(2) for freshly formed film containing Phe as a donor and An as a acceptor with ratio PhdAn =1:1; (3) 

for the same film like in (2) but annealed at 80 O C  for 4 hours; (4) for the same film like in (2) but fully 

mixed. 

The quantum efficiency of energy transfer QEL which we calculate from the donor 

fluorescence decay profiles Io(t') for f ihs  in the presence and absence of acceptor, is a 

usefiil measure of the extent of energy transfer (ET) in a system. 



Q: 
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Here, Area(t) represents the integrated area under the fluorescence decay profile of a latex 

film sample annealed for a time t, and Area([An] = 0) refers to the area under the decay 

profile of a film containing only donor. To calculate these areas, non-exponential decay 

profiles are fitted to the stretched exponential in equation (1-17). 

The fitting parameters B1, Bz and p in equation (1- 17) obtained €rom each profile are usefûl 

for area integration, but their physical meaning is not important here. These integrated areas 

have dimensions of time, and define an average decay time for the sampie. 

In newly formed films prepared near ambient temperature, values of Area (O) differ 

from that of Area ([An] = O). Since little or no polymer diffusion takes place at room 

temperature, for most of our samples, we attribute this difference to trans-boundary energy 

transfer prior to the onset of polyrner diffusion." We have shown3' that for a series of 

spherical high Tg donor-labeled particles, well-dispersed in a continuous acceptor-labeled 

matrix, the interfacial energy transfer efficiency increases with l/d,, Le., as the surface-to- 

volume ratio in the systern, where d, is the diameter of the latex. In a latex film prepared 

from a 1 : 1 mixture donor- and acceptor labeled particles, with a common level of acceptor 

label density, one expects a lower ET efficiency than in the case of the uniform acceptor- 

labeled surrounding matrix. For nascent films prepared from a 1 : 1 Phe/An mixtures of ca. 

120 nm PBMA particles with the degree of labeling employed here, we often find < r ~ >  

values of 42 ns, corresponding to an ET efficiency of 7%. 

To calculate the "extent of mixing" f, that occurs upon annealing the samples, we 

have to correct for trans-boundary ET: 

0, (t) - 0 ET (O) Area(0) - Area(t) 
f, = - - (1-18) 

@ ET (m) - Q> ET (O) Area(0) - Area(m) 



where [OE~(t )  - @do)]  represents the change in DET efficiency between the initially 

prepared fiim and that aged for time t. fm is an important parameter for characterizhg the 

extent of polyrner diffusion in latex films. Simulations show that, for the acceptor 

concentrations employed here, and for d i f is ion that satisfies Fick's laws, the fraction of  

diffùsing substance (mass fiaction of mixing) fD from equation ( 1-3) is proportional to fm for 

fm values up to Ca. 0.7. 39;'0 The dependence of f, on amealing time t will be discussed in 

detail in Chapter 6. Here we only want to emphasize that plots of  fm vs tl" are linear for low 

M polymer, which is in agreement with Fickian diffision. For high molecular weight 

samples. we observe a linear dependence off, on t"". We believe that the tu" dependence of 

fm is a consequence of  polymer reptation in polydisperse systems. 

A new approach for characterization of polyrner diffusion is developed in this thesis 

by introducing new parameters, kir, and klI3, describing diffusion process in latex films. The 

diffusion rate parameter k in  = fm/tl" is defined as the slope of a straight line in the linear 

dependence f, vs t'" for low M polymer system; similarly the diffision rate parameter k1/4 = 

fm/tl" is defined as the slope of a straight line in the linear dependence fm vs t'" for high M 

polymer systerns. As fm is proportional to the mass transfer for Fickian diffusion, kir, 

characterizes the rate of mass transfer. We believe that the same relations apply for fm and 

kiI4 for entangled systems. The advantage of using the parameter kir, (kl,") is that it can be 

easily and precisely calculated as a slope of  a straight line, and it has a constant value 

throughout the whole diffusion process in a polydisperse polymer system. Its usefulness can 

be noted in the following example: In Chapter 4 we investigate the influence of oligomers 

on the rate of  diffusion of high M polyrners. The dependence of  the parameter kljj vs cp 

(volume fraction of oligomer) is presented in Figure 1-6. Figure 1-6 shows that the diffusion 

rate kl14 increases linearly with the amount of oligomers added. This result indicates that the 

effect of oligomers on the polyrner diffusion is additive. 
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Figure 1-6. Dependence of  k,,, vs cp for PBMA i. BMA oligomers. 

The other fundamental parameter characterizing the rate of polymer diffùsion across 

the latex particle interface is the diffusion coefficient. lt can be calculated at different levels 

of ngor and s ~ ~ h i s t i c a t i o n . ~ . ~  In our case, diffusion coefficients were calculated from f,, 

assurning that f, = fD, where fD is the fraction of mass that has diffised across the initial 

boundary, and fining data to a spherical Fickian diffusion model>' (see eq. (1-2)). The 

details of this analysis, its convenience and its shortcomings. have been discussed 

previously.'" The values we obtain are apparent mean diffbsion coefficients Da,,, which 

represent an average over the broad polymers molecular weight distribution in the sample, 

as weIl as the sample history. The importance of these numbers is that for samples with 

similar degrees of acceptor labeling, changes in Da,,, cornpared at similar fm values, 

correspond to changes in the tme center-of-mass diffusion coefficients of the polymers. In 

other words the following relation is valid: 

Our Dapp differs from Drmc because fm is only proportional to the mass transfer fD across the 

particle boundary. When we appIy this analysis to cases of high molecular weight polyrners, 

we neglect the effects of entanglement. However, we found a general relationship between 

the kl!? parameter and Dapp,, which indicates that in the case of high molecular weight 

systems, the calculations of Dapp are rneaninghl. In polyrner systems in the presence of 

additives such as plasticizers, oligomers or fillers, we found that log(DaPp) depends linearly 



on cp. where cp is the volume fraction of additive. For the same set of raw data analyzed 

differently, we find that kii4 also depends linearly on 9. Figure 1-7 shows the dependence of 

log(DaPp) and kii4 on cp, for BMA oligorners added to PBMA latex films. Figure 1-8 shows 

the same dependence for a system with soft filler particles. In the case of soft fillers, we 

observe a change in the slope for both log(DaPp) and k l ~  at around 10 vol % of filler, which 

we interpret as a change in the latex film morphology (see Chapter 7). In conclusion, we can 

Say that log(DaPp) and k l H  react to changes in the polymer system in the same way. We can 

therefore use them interchangeably to analyze polymer difision in latex systems. 

Calculations of klI4 are much easier and more straightforward than calculations of Da,,. 

However, more experimenial and theoretical work has to be done to calculate values of the 

free volume parameter or the apparent activation energy for polymer diffusion from values 

of kl/4 or kiQ characterizing a polymer system. 

a a a  

Figure 1-7. The changes of: a) log@,,,), and b) kt/, vs. volume fraction of BMA oligomer rp in the PBMA 
film. 
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Figure 1-8. The changes of: a) log@,,,), and b) kl14 vs. volume fraction of soft filler rp in the PBMA film. 



1.2.4 Fluorescence Dccay Measurements 

Al1 fluorescence decay profiles were measured by the time correlated single photon 

counting technique4' in the same way. The measurements were conducted at room 

temperature. The donor phenanthrene was excited at 296 nm and its emission was recorded 

at 350-360 nm. The characteristic (Forster) energy transfer distance for Phe and An is 23 

A.36 A bandpass filter (320-390 nm) was mounted in the front of phototube detector to 

minimize the scattered light and interferences due to the fluorescence from directly excited 

acceptors. For fluorescence decay measurernent sarnples were placed to the srnaIl quartz test 

tube and kept under a nitrogen atmosphere. In case of annealed samples, before 

measurements, they were removed fiom the oven and cooled down to room temperahires. 

Finally the fluorescence decay profiles are measured and each decay trace provides a 

snapshot of the extent of diffusion to that point in the sample history. The areas under each 

decay curve were integrated and analyzed as described above. 

1.3 Free volume theory 

1.3.1 Historical background 

When molecules pack together in the liquid state, not att spaces are occupied. The part 

of the volume of a body that is not occupied by the molecules has become known as the free 

volume of a substance, in contrast with the occupied volume, or proper volume, of the 

molecules themselves. The idea that molecular transport is regulated by free volume was 

first applied to liquids by Cohen and ~ u r n b u l l ~ - ' ~  in 1959. Fujita adapted this theory to 

polymer-solvent diffusion? Finally, Vertas and ~ u d a ~ '  presenied in 1977 a more general 

free volume theory, which successfully describes diffusion both above and below Tg, 

through the presumption that transport is controlled by the availability of free volume in the 

system? 

1.3.2 Concept of free volume 

The specific occupied volume of a liquid Vo is defined to be the volume of the 

equilibrium liquid at O K. Hence the specific free volume VF is given by 



where V is the specific volume of the liquid structure at any temperature T. As the 

temperature is increased from O K, the increase in volume is accompanied by the 

homogeneous expansion of the material due to increasing amplitude of vibrations with 

temperature, and also by formation of holes which are distributed discontinuously 

throughout the material at any instant. The expression for the self-diffusion coefficient of 

one component systern derived from free volume theory is as follows: 

Here D is the self-diffusion coefficient, Do* is a preexponential factor, VFH is the average 

hole free volume per molecule in the liquid (or per gram of the polymeric liquid); V is the 

critical local hole free volume required for a molecule (or jumping unit in case of polymers) 

to jump to a new position; E is the critical energy a molecule must obtain in order to 

overcome the attractive forces holding it to its neighbors, T is the temperature and k is the 

Boltzman constant. The above equation reflects the dependence of  the diffusion process on 

the probability that a molecule will obtain suffkient energy to overcome attractive forces 

(which depend on the chernical structure of the molecules) and on the probability that a 

fluctuation in the local density will produce a hole of sufficient size so that the diffusing 

moiecule can jump4'. 

For a binary mixture, it is assumed that the change in volume when two components 

are mixed is only due to a change in the available hole fiee volume. Under two additional 

conditions, that there is no volume change on mixing, and that the molecular weight of the 

solvent is equal to the molecular weight of a jumping unit of the polymer chain, ~ u j i t a ' ~  

derived an expression for the diffusion coefficient D of a polymer in the presence of small 

molecular species: 

= ART exp(-B/ f )  

where f is a total free volume of the systern. B is the minimum hole size or jump size 

required for the diffusion of a given molecule or molecular segment. A is a proportionality 

constant that depends on the size and shape of a jumping unit of the polymer chain. T is the 

absolute temperature, and R is the gas constant. 



The free volume f of a two component system is in fact the sum of the fractional free 

volumes contributed by the individual components. In our case it will be polyrner and 

surfactant, 

where 0, is the volume fiaction of polymer with fractional free volume fp. O, is the volume 

fraction of additive with fractional free volume fa. The term B = fa - f, is the difference 

between the fractional free volume of an additive and a polyrner. 

Using equation (1-22) for expressing diffusion coefficients of a polymer in the 

presence and absence of low molecular weight species, and expressing the total free volume 

f in the form of equation (1-23) we can obtain the Fujita - ~ o o l i t l e ~ ~  equation (1-24) 

describing the influence of the additive, of volume fraction O,, on the polymer difhsion 

coefficient at given ternperature. 

where D(T, a,) is the diffusion coefficient of a polymer at temperature T in the presence of 

cD, volume fraction of additive. D(T,O) is the diffusion coefficient of a polymer at 

temperature T in the absence of an additive. The terms f, and P were defined in equation (1- 

23). By writing fp(T,O) instead of fp we underline the fact that fp is the fractional free volume 

of pure poIymer a, =O at ternperature T. 

There are still a few more things important to mention when we deal with the 

concept of free volume. First of all, the free volume of a polymer is always smaller than the 

free volume of its monomer or oligomers. In addition, there is more free volume associated 

with the chain ends than with interior segments. Thus the lower molecular weight of the 

polymer, the more free volume is available in the polymer. This result can be easily 

explained by the fact that during polymerization, monomer molecules which have been at 

distances characteristic of intermolecular bonds (34) A, begin to acquire the distances of 

chemical bonds (-1.54 A). From this fact we can conclude that the most free volume is 

connected with the chain ends of polymer. However, the contraction which occurs during 

the polymerization process is not only due to the replacement of intemolecular distances 

with the distances of chemical bonds, but also because of the denser packing of polymer 



chains in comparison with the packing of small molecules (the distance between the 

rnonomer segments belonging to different polymer chains decreases to some extent with 

increasing the length of a polymer chain). Tager, in his book, statesa9 that the smaller 

fraction of contraction is due to the opening of double bonds, and the larger one due to the 

dense packing of polymer chains. For us the above facts can have important consequences. 

They indicate that there is a large fraction of free volume introduced by low molecular 

weight species to the polymer system, which is not connected with the chain ends of the 

species but with the fact that the short polymer chains are more separated from each other 

(less densely packed) than long polymer chains. This means that the free volume connected 

with the chain ends is only an additional, and not the major free volume introduced in to the 

system by srnall molecules. If the system were not sensitive to the small changes in its free 

volume we would not be able to observe a chain-end effect on polymer diffusion. We will 

see in Chapter 3 that a low molecular weight polymer system can be an example where 

surfactants with the sarne chemical structure but with different polymer chain lengths 

promote polymer diffusion in exactly the same way, and the chain-end effect is completely 

hidden. 
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2 BINDING ISOTHERMS OF NP-(EO). SURFACTANTS 

2.1 Introduction 

The interactions between polymer and surfactant in latex system can be characterized by 

measurernents of adsorption isothems of surfactants ont0 the surface of latex partictes (e-g. 

the amount of surfactant adsorbed per a given area of surface over a range of surfactant 

concentration.). The driving force for the absorption of a surfactant molecute at the polyrner- 

water phase is the decrease in free energy of the system associated with the transfer of the 

hydrocarbon portion of the surfactant molecule from the aqueous phase to the interface. 

In mixture of surfactant and latex particles in water, above the critical micelle concentration 

(cmc), some surfactant molecules are dissolved molecularly in water phase and some are 

present in the fonn of aggregates of 50 - 100 molecules called micelles. The rest of the 

surfactant molecules are adsorbed at the particle-water and water-air interfaces. A dynamic 

equilibrium exists between the surfactant molccules in the micelles, in the bulk aqueous 

phase, and adsorbed to various surfaces in the system. The equilibrium can be represented 

by the following formula (2- 1) and Figure 2- 1. 

{ Mirella } & { Solute } { Adsorbed } 
Surfactant Surfactant Surfactant (2- 1 ) 

b water 

Figure 2-1. Schcmatic representation of the adsorption equilibrium of surfactant on latex. 



Ki and Ki are equilibrium (association) constants that depend on the surface composition, 

structure of the particles and the chemical nature of the surfactant, including the nature of 

the hydrophilic part (nonionic, anionic cationic etc.) and that of the hydrophobe (length and 

nature of the chain, degree of branching, etc.). The equilibrium constants are related to the 

standard molar free energy of adsorption, ApO, through 

A ~ O  = -R InK (2-2) 

where R is the gas constant, T is the absolute temperature, and K is the equilibrium 

association constant. 

The larger the value of K, the more negative the standard molar free energy of adsorption, 

and the stronger the binding (affinity) of the surfactant to the surface- 

2.2 Experimental 

PBMA latex particles with diameters of 393 nm, 261 MI, and 141 nm were used for 

binding isothenn measurernents. These latex dispersions were prepared and cleaned by ion- 

exchange resin of anionic surfactant remaining frorn the particle synthesis, as reported 

previously9. The binding isotherms were obtained by equilibrating known amounts of latex 

and NP-(EO),, n= 10, 20, 40, IO0 surfactant, centrifuging the dispersion to sediment the 

latex, and measuring the concentration of surfactant in the supernatant (c,) by UV-VIS 

spectroscopy. The measurements were made at the NP-(EO), absorption peak at h = 276. 

Different amounts of a stock solution (e. g. 5.054 x 10 " M NP-20) were added to aliquots of 

a latex dispersion. Next the samples where shaken for a few hours and lefi overnight to 

equilibrate. The sarnples were then centrihged for 10 min with an Eppendorf 5415C 

centrifuge, at 10,000 rpm for the 393 nm latex, and at 14,000 rpm for the 26 1 nm Iatex 

particles. For the latex with a diameter of 141 nm, a Beckrnan Instruments L550 B 

ultracentrifuge was used at 30,000 rpm. The centrifugation time was 20 min. In case of the 

393 nm and 261 nm PBMA latex, after centrifugation, the supernatant was filtered through a 

0.2 p m  single-use filter from Gelman Sciences (product no. 4454). Finally the number of 

NP-(EO), molecules per latex (T, the surface concentration) was calculated using the 

following equation: ï = (ci - c,)V/S, where Ci is the initial concentration of NP-(EO), in the 

latex dispersion; c, is the concentration of the surfactant in supernatant calculated from UV 

absorption measurements; V is the voIume of sample (0.2 mL); and S is the total surface 
27 



area (number of particles times the surface area per particle). A plot of r vs. c, yields the 

binding isotherm curves for NP-(EOIn. The plateau of the curve gives us the saturation 

value of r, r,,, from which we calculate the mean area per surfactant of the NP-(EO), 

molecules at saturation. 

2.3 Results and Discussion 

2.3.1 Influence of size of the PBMA latex on the binding isotherm for NP-20 

Isotherms were measured for the binding of NP-20 surfactant to three samples of PBMA 

latex with different particle diameters (d = 393. 261, and 141 nm). We observe Langmuir 

type isotherms, but in this range of particle sizes, we do not see any size influence on the 

adsorption isotherrn. The data are s h o w  in Figure 2-2. 

conc. [molIl] x 1 O4 

Figure 2-2. Binding isotherms of NP-20 with different diameters d of PBMA latex: (0) d=393 nm, (a) 
d=261 nrn, (A) d=141 nm. 

Al1 three binding isotherms for different size of PBMA particles have the same shape, and 

they overlap. Similar results were obtained by Piirma and chen' for polystyrene latex and 

ionic surfactants (sodium alkyl sulfate and potassium oleate). In the range of particle 

diameters, d = 77 - 178 nm they found no effect of particle size on the area occupied by a 

surfactant molecule (approximately 46 A2). In their work, they found a small decrease in 

area (36 A') for the latex with d = 43 nm. One of the possible explanations for this deviation 



can be the effect of particle curvature on the orientation of the surfactant. Due to the 

curvature of the particle surface, the area "occupied" by the surfactant rnolecule and the area 

of the surfactant itself may be quite different. This difference is directly related to the 

thickness of the surfactant monolayer (6) and the diameter of the particle (d). For large 

particles, the magnitude of 6 is negligible in cornparison to d, and the difference is thus 

reduced. To avoid any possible deviations caused by the particle size, al1 the following 

experiments were done using PBMA latex with the average size 393 nrn in diameter. 

2.3.2 Influence of EO chain length on the binding isotherm of NP surfactants 

For this experiment we used a senes of NP-(EO), with n = 10, 20,40, 100 and PBMA latex 

with a diameter, d = 393 nm. in each case we observed Langmuir isotherms (Figure 1-3) and 

fitted data to the Langmuir equation: 

Where l- is the molar surface concentration of surfactant, 

r,, is the molar surface concentration of surfactant at saturation, 

Cc,] is the molar concentration of supernatant, and 

Kd, is the dissociation constant. 

O 2 4 6 8 IO 

conc. [molAl x 101 
Figure 2-3. Binding isotherms of NP-(EO), surfactants with PBMA latex (latex diameter d = 393 nm): 

(O) NP-IO, (O) NP-20, (O) NP-40, (m) NP-100. 



Figure 2-3 and Table 2-1 shows clearly that the amount of bound surfactant decreases with 

increasing EO chain length. As a consequence the occupied area per surfactant molecule 

increases significantIy with the molecular weight of PEO. 

Table 2-1 Adsorption data of NP-(EO), surfactant on PBMA latex (d=393 nm) 

Area per molecule (A) 

Table 2-2 Dissociation constants for NP-(EO), bound to the PBMA latex. The values were 

obtained form fitting experimental data to the Langmuir isotherms. 

1 

Surfactant per latex particle, 
r,,, (pnovm2) 

I Dissociation constant (moVl) x 10' I 

46 

1 PBMA 1 NP-IO 1 NP-20 1 NP40 1 NP-100 1 

3 -63 

I 1 1 1 

(d=393  nm) 1 O. 187 O. 195 0.48 1.57 1 

1 O7 

1.56 

147 

L 
(d = 261 nm) 

In addition, we note (Table 2-2) that the dissociation constant Kd increases with the length of 

EO chain. This result implies that the strength of binding of the NP surfactant ont0 PBMA 

surface decreases with the increasing length of EO chain. 

The results we obtained are consistent with those reported in the literature. Kronberg and 

coworkers2 measured the adsorption of NP surfactants on polystyrene PS latex particles and 

obtained an area per molecule for NP- 1 O equal to 54 A2 and for NP-20 of 1 O6 A'. However, 

the literature value of the area per molecule of NP-10 for PMMA latex is much higher (152 

A')'. This difference is explained in terms of a general trend found by a number of 

i n ~ e s t i ~ a t o r s ' ~ ~ "  that the value of the molecular area of a surfactant increases with increasing 

polarity of the latex polymer. For nonpolar polymers such as PBMA or PS, the adsorption 

force of the hydrophobic portion on the polyrner molecule is comparable to the association 

force of the hydrophobic tails themselves. The association of surfactant molecules on latex 
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(d = 141 nm) 

0.72 
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particle surface is similar to their association in the micelles, and thus the surfactant 

molecules pack tightly on the latex particle surfaces. As the surface polarity of the particle 

increases, as in case of PMMA, the affinity between the surfactant hydrophobe and the 

particle surface is not as great as the affinity among the surfactant molecules themselves. 

The surfactant molecules prefer to stay in micelles, rather than tightly cover the particle 

surface. Under these circurnstances, at saturation equilibrium, the polymer particle surface is 

still only partiatly covered with surfactant, and the average value of area occupied per 

surfactant molecule is much larger than in the case of PBMA or PS. 

2.3.3 Effect of the nature and size of hydrophobe part of surfactant on binding 

isotherm 

Although, we did not carry out systematic studies of the nature of hydrophobe part of 

surfactant on binding isotherrn, we compared adsorption isotherms of two different 

surfactants, NP-40 and Ocenol-40, with the same (EO), chain length, n = 40. The area 

occupied per molecule of surfactant in case of OcenoI-40 is 64 A', less than half the area 

occupied by NP-40, (147 A2). This fact clearly shows that the nature of the hydrophobe has 

a significant influence on the binding process for adsorption to a nonpolar, hydrophobic 

surface, like that of a PBMA latex particle. In this case, adsorption occurs principally by 

dispersion interactions between the surface and the hydrophobic tail of the surfactant. It is 

reported1 that even a difference in length, of four CH2 units between sodium dodecyl sulfate 

and sodium hexadecyl sulfate, can result in a change of area occupied per surfactant 

molecule by a factor of two: from 52 A2/moiecuie for sodium dodecyl sulfate to 25 

A2/moiecu~e for sodium hexadecy 1 su1 fate. 

2.3.4 Conformation of NP-(EO), surfactant molecules bound to the PBMA latex 

surface 

In order to get information about the conformation of surfactant molecules bound to the 

latex surface we plot Tmt, calculated now in grams of surfactant per surface area of latex 

particles versus average molecular weight of EO,, n=20,40, L 00. The dependence (Figure 2- 

4) is linear on a log-log scale. 



Figure 2 3 .  Dependence of the amount of bound surfactant per surface ares at saturation T;, vs. 

rnolccular weight of (EO), - hydrophilic part of surfactant. 

From the linear fit (correlation coefficient r = 0.9997), the adsorption data c m  be 

represented by the following equation: 

0.5 142 r, = 0.0423 M,,, 

where M(EOln is the average molecular weight of the hydrophilic part of the surfactant. 

The fact that the amount of adsorbed surfactant varies linearly with the square root of the 

molecular weight, according to the equation (2-4), Ieads to some interesting conclusions 

concerning the conformation of the adsorbed surfactant. As an extreme Iimiting case, the 

EO, polymer molecules could lie completely flat on the particle surface. At the other 

extreme, they could be present as essentially close-packed rigid rods oriented perpendicular 

to the surface. If the adsorbed molecules were flat against the surface, the weight adsorbed 

at saturation should be nearly independent of the molecular weight. In this case the amount 

of bound surfactant would be mostly dependent on the quantity of binding sites. If the 

surfactant had a rigid-rod perpendicular orientation, the weight of adsorbed surfactant at 

saturation should be directly proportional to the molecular weight. Another possibility, also 

suggested by many au th or^,^.^.' would be for the molecule to be anchored terminally but to 

have a random coi1 configuration similar to that found for the EO, polymer in solution. This 



situation would predict that the amount adsorbed be directly proportional to the square root 

of the molecular weight of the polymer. This is what we observe. 

The radius of gyration, R,, of PEO in waters (good solvent) scales to the power 0.57 of the 

molecular weight of PEO, so we can Say that NP surfactants cover the surface of latex 

particles in the form of, at most, rnoderately distorted random coils. There are anchored to 

the surface by the hydrophobic part of the surfactant and finally packed to a complete 

monolayer. The question still remains as to whether the EO, chains of the bound surfactant 

are at al1 extended. To answer this question we have to keep in mind that a snapshot of an 

individual polymer molecule in the solution would reveal a "cigar" shape; it is the time 

averaged random coil, which is spherical. When the polymer chains are bound to a sMace, 

their motion is impeded by steric interaction with adjacent molecules. If packing is 

sufficiently dense, they tend to orient so that the long axis of the random coi1 is 

perpendicular to the surface. When the equation (2-4) applies, we know from the literature 

that the thickness of adsorbed layer .a, is about 2 times the radius of gyration of the 

polymer coils in equilibrium solution. In this sense we can imagine that the absorbed NP 

surfactants on the latex surface have a somewhat stretched conformation. 

Finally it is important to mention that NP-10 does not follow the behavior of equation (2-4). 

One explanation could be that only for surfactants with 20 EO units and more, do steric 

interactions of the EO, chain influence the size of area occupied per surfactant molecule. In 

case of NP- 10, the size of hydrophobic part is comparable with the size of hydrophilic part, 

and the steric effect may be negligible. 

2.4 Conclusion 

In this chapter we showed: 

a) The surface area per NP surfactant molecule at complete coverage strongly increases 

with increasing EO chain length. 

b) The affinity of nonionic NP surfactants to the PBMA surface decreases with increasing 

EO chain length. 

c) The surfactant is bound to the latex surface in the form of packed random coils. 

d) In the range of latex particle diameters of 14 1 -393 nm, the adsorption isotherm does not 

depend on the size of the latex. 
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e) The nature of hydrophobie part of the nonionic surfactant seems to have a pronounced 

effect on the area occupied per surfactant molecule at complete coverage. 
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3 THE EFFECT OF POST-ADDED SURFACTANTS ON POLYMER 

INTERDIFFUSION PROCESS IN LATEX FILMS 

3.1 Introduction 

Surfactants play an important role in latex coating systems. First, in the preparation of 

latex dispersions by emulsion polyrnerization, they act as emulsifiers. They can be 

employed to control particle size and its distribution and, under some circumstances, they 

determine the reaction mechanism.'.' Second, during storage and application of the coating, 

they stabiIize the latex dispersion. They also serve as dispersing agents to prever,t 

flocculation of pigment and other colloidal inorganic components, and as wetting agents to 

wet the substrate.' These surfactants remain in the system as the coating is formed. Thus it 

becomes very important to understand how surfactants affect the properties of the latex 

films. This is a subject that has received significant attention in the scientific literature. It 

has been shown, for example, that some surfactants significantly influence the glass 

transition temperature (Tg) of latex films,'.' their dynamic mechanical properties,6 their peel 

strength7 and their water r e ~ i s t i v i t ~ . ~  

Over the past several decades, considerable effort has also been devoted to 

understanding the detailed behavior of these surfactants in Iatex films and the mechanism by 

which they affect the film properties. Early studies focusing on the location of surfactants in 

films were carried out by Bradford and Vanderhoff using electron m i c r o s ~ o ~ y . ~  In a 

poly(styrene-CO-butadiene) latex system, they found that the post-addition of nonytphenol 

[NP]- ethylene oxide [EO] adducts of varying EO chain lengths resulted in different film 

surface morphologies and film properties. For instance, NP surfactants with 20 or 40 EO 

units (NP-20 and NP-40) were exuded to the film surface folIowing coalescence, whereas no 

exuded species were found for the systems containing shorter EO chains, such as NP-4. 

In many latex systems, exudation from latex films is often observed for anionic 

surfactants. Examples have been reported by vijayendranlo et al. More detailed information 

is available from experiments that employ spectroscopic methods to try to determine the 

concentration distribution of surfactants within the films. The classic experiments in this 

regard were camed out by the Lambla group in  rance" and the Urban groupi' in the US, 



both using the Fourier transform infia-red-attenuated total reflection spectroscopy. These 

studies showed that the surfactant concentration is often higher at the f i lda i r  and 

film/substrate interfaces than in the bulk, and that for polyacrylate latex systems, this 

surface enrichment is more significant for ionic surfactants than for non-ionic surfactants. 

Another important study of this issue by ~ a d i c k e ' )  et al. employed the small angle 

neutron scattering technique [SANS]. They found that two deuterated surfactants, lauric acid 

(or its ammonium salt) and sodium dodecyl sulfate (SDS), gave different distribution 

patterns in PBMA latex films. The former was distributed homogeneousIy in the matrix, and 

the distribution was stable up to an annealing temperature of 150°C. The latter gave rise to 

scattering entities on the film surface with a mean radius of gyration (Rg) of 12 nm, and at 

high temperatures these surfactant domains aggregated into large clusters (Rg > 100 nm). 

The authors explained that launc acid and its ammonium salt were miscible with PBMA, 

while SDS was immiscible and formed a separate phase as film formation and coalescence 

occurred. 

Other studies examined the physical effects of these surfactants on the film formation 

process. vijayendrani0" et al. and Vandezande and Rudini4 studied the influence of 

surfactant on the minimum film forming temperature (MFT) of  the dispersions. They found 

that surfactants that were miscible with the latex polyrner had a more pronounced effect on 

lowering the MFT, and hence led to a higher degree of film coalescence at the application 

temperature. Such surfactants likely act as plasticizers for the latex polymer. Padget and 

 orel land" reported that the presence of a tnblock copolymer surfactant, poly(ethy1ene 

oxide-b-propylene oxide-b-ethylene oxide), accelerated film coalescence for their chlorine- 

containing vinyl acrylic latex dispersions. The rate of fusion increased with incrcasing block 

copoiymer content up to the concentration at which monolayer coverage of  the polymer 

particle surfaces occurred. Eckersiey and Rudin6 used dynamic mechanical analysis to 

examine whether common anionic and non-ionic surfactants have a plasticizing effect on a 

poly(methy1 methacrylate-CO-butyI acrylate) latex films. They found that the non-ionic 

surfactant NP-40 plasticized the polyrner, promoting tilm coalescence and lowenng the 

dynamic modulus of the films, while the anionic surfactant sodium dodecylbenzene 

sulphonate (NaDBS) had no such effect. In the scanning electron microscope images, some 

surfactant exudates appeared on films containing NaDBS. These results were attributed to 

miscibility between the NP surfactant and the polyacrylate, and irnmiscibility between the 



anionic surfactant and the polymer. Al1 these experiments suggested that the more miscible 

the surfactant is with the Iatex polyrner, the more significantly it affects the film formation 

process. As the mechanism of surfactant influence on latex coalescence and polymer 

diffusion is not very well understood, we decided in this Chapter to investigate how the 

chemical structure of surfactants, their length, and miscibility with polymeric rnatrix change 

the polymer diffusion across latex particles. 

3.2 Experimental 

3.2.1 Sample Preparation and Fluorescence Decay Measurernent 

Phenanthrene-labeled (Phe-) and anthracene-labeled (An-) poly(buty1 methacrylate) 

(PBMA) latex were prepared as described previously (Chapter 1). The latex dispersions 

were punfied by stimng with a carefully washed mixed-bed ion exchange resin to remove 

surfactant and other free ionic substances. The charactenzation of these latexes is given in 

Table 3-1 in the case of high molecular weight PBMA latex and in Table 3-2 in the case of 

low molecutar weight PBMA latex. The Phe-PBMA and An-PBMA latex spheres are mixed 

in a number ratio of AnPBMA:Phe-PBMA = t : 1. 

Table 3-1. Latex particle characteristics -high M PBMA 

a. size polydispersity 

Table 3-2. Latex particle characteristics -1ow M PBMA 

I i 1 
a. size polydispersity 



We seIected some comrnonly used surfactants for this study. The structures of these 

surfactants are given in Table 3-3. Most of them are non-ionic surfactants, NP- I O  (TCL), NP- 

20 (TCI), NP40 (Aldrich), NP-100 (Aldrich); A-20 (C13.7-EOt0) (DUIUX Australia); Ocenol- 

E09, 12, 1% 40 ((Dulw Australia); Undecenoate-EOis, 40 (C=ll-EO,) (DuIwc Australia); 

Octene-E07. 14 (C=*-EO,) (Dulux Australia). Two o f  them, SDS (Aldrich) and C9d1 

(Aldrich), are anionic surfactants. 

surfactants. 

SURFACTANT NAME SURFACTANT STRUCTURE 

pp 

OCENOL- (EO)" 

OCTENE - (EO), 

(C'*-EO.) 

UNDECENOATE - (€O), 

(C'r 1 -EOn) 

SDS 

(sodium dodecyl sulfate) 

Cg41 

(sodium dihexyl 

sulfosuccinate) 



These surfactants were dissolved in deionized water and then mixed with the latex 

dispersion so as to give surfactant concentrations of 5 wt% relative to the solid latex. A few 

drops of the mixture of the latex dispersion, having a total solids content of about 7 wt%, 

were spread on thin quartz plates. The plates were then allowed to dry slowly at 32 OC (high 

M PBMA) or 22 OC temperature (low M PBMA) at high humidity for a few hours. After a 

transparent, crack free film was formed (the average thickness about 50 pm), the film was 

annealed at the desired temperature in an oven for a given period of time. For samples 

annealed for less than 20 minutes, the quartz plates were placed directly onto an aluminum 

slab in the oven. For longer annealing times, the quartz plate was placed in a quartz tube, 

flushed with ultra-pure Argon. The tube was then sealed with a rubber septum and placed in 

the oven. As a reference, a "fully mixed" sample was prepared by dissolving the polymer of 

a dried latex film in a good solvent for PBMA (here, toluene), and then recasting a film on a 

quartz plate. 

Fluorescence decay measurements were camed out according to the description in 

Chapter 1. The calculations of extent of mixing f, and apparent diffùsion coefficient D a p p  

are presented in Chapter i . 

3.3 Results and discussion 

3.3.1 Influence of surfactants on diffusion of high molecular weight PBMA latex. 

In Figure 3-la 1 plot the extent of mixing f, as a function of annealing time for a series 

of PBMA latex films containing different surfactants in the arnount of 5 wt%, and annealed 

at 72°C. In Figure 3-1 b these data are shown for longer annealing times. The lowermost two 

curves in Figure 3-1 are for experiments with the anionic surfactants SDS and C9ai. These 

results show that for the polymer in the presence of the two anionic surfactants, the diffusion 

rates are not significantly affected, or just slightly reduced, compared to the surfactant-fiee 

sample. This result is probably connected with the fact that these surfactants do  not mix with 

PBMA, and form separate domains in the polymer filmt6. 

In contrast, when non-ionic susactants are present, the diffusion rates are increased. 

The enhancement is very large, and depends upon both the structure of  the non-ionic 

surfactant and the amount of the surfactant present. For cxample, in order to reach the extent 



of interdiffùsion after 150 minutes in the sarnple with 5 wt% of NP-20, 4000 minutes of 

annealing at the same temperature are required for the samples without a surfactant. It is 

clear that post-added non-ionic surfactant may significantly promote polyrner interdifision, 

and. what is most interesting, is that this enhancement occun at al1 stages of the 

interdiffusion process. These observations suggest that non-ionic surfactant molecules are 

evenly distributed in the PBMA matrices during the experiment. If  they were restricted to 

the boundary region of the individual latex particles, they would be effective only at the very 

early stages of the annealing process. 

time (min1 

time (min1 

Figure 3-1. Dependence of extent of mixing (f,) on annealing time (diffusion time) for pure high M 

PBhlA film (0) and films with 5 wt % of dificrent surfactants: NP-20 (@), A-20 (O), Ocenol-12 (a), 
Ocenol-40 (A), SDS (A), C-941 (0; (a) short time behavior, (b) long time behavior. The annealing 

temperature is 72 O C .  



Ocenol-EOJ~ and Ocenol-EOi2 have strikingly different effects on the polymer difhsion 

rate. Both enhance this rate, but the surfactant with the shorter PEG chahs is far more 

effective for equal weights of added surfactant. The extent to which the rate of polyrner 

interdiffusion is sensitive to the EO chain length is illustrated in Figure 3-2. 

O 200 400 600 800 

time [min] 
Figure 3-2. Dependence of extent of mixing (f,) on annealing time for pure high M 

films with the presence of 5 wt % Ocenol-9 (O), and Ocenol-15 (@). The annealing 

PBMA film (0) and 

temperature was 76 

I 1 1 

O 20 40 60 

time'" rminl"l 

Figure 3-3. Plots off,  vs. square-root of annealing tirne at the different XP-surfactants at 90°C. (0) O 

wt% NP; (i) NP-100, 15 wtOh; (O) NP-40, 14.6 wt%; (A) NP-20,lS.O wt%, and ( O )  Np-IO, 17.8 wt%. 



In Figure 3-2 we compare the extent of mixing for PBMA samples containing 5 wt% of 

Ocenol-E09 and Ocenol-EOis, amealed at 76 OC. The difference in size of the hydrophilic 

part of the nonionic surfactant, corresponding to an average of six EO uni& per molecule, 

influences the PBMA diffusion rate significantly. We have also noted similar effects of PEG 

chain length in a series of NP-EO, surfactants, (n=lO, 20 40, 100) (see Figure 3-3) on 

PBMA diffusion rate at 90 OC. However, in this experirnent canied out by ~ a w a ~ u c h i ' "  the 

amount of surfactant in the film was high, 15 wt%. It is possible that in this experiment the 

observed effect of the surfactant size on polymer difision may be obscured by incomplete 

dissolution of the surfactants in the polyrneric matrix at 90 OC. We know from Chapter 5 that 

the miscibility of the PBMA - nonionic surfactant system decreases drastically with 

increasing EO chah length. On the other hand, when we look back at Figure 3- 1, we see that 

surfactants with di fferent hydrophobic groups but sirnilar hydrophilic size, such as NP-20, 

A-20 and Ocenol-EOlz, have on a weight basis similar effect on polymer diffusion. 

The above results indicate that the chemical structure of the hydrophobic part of 

nonionic surfactants has less influence on polymer diffusion than the length of the EO chain, 

or simply speaking the size of the surfactant. This conclusion was the first indicator for us 

that it should be possible to treat the polymeric nonionic surfactants as conventional 

plasticizers. The surfactants can promote polymer difision by introducing free volume into 

the poiymeric matrix, and in this way, provide more space for polyrner chains to move. We 

have to ernphasize, however, that in order to apply free volume theory to our system, the 

surfactant has to be miscible with the polymer. By changing the size of the nonionic 

surfactant via the length of the PEG chain, we also change its miscibility with the latex 

polymer (see Chapter 5). In order to test whether the free volume theory can describe the 

influence of surfactant concentration on the polymer difhsion rate, the conditions of the 

experiment (the annealing temperature, the amount of surfactant) have to be chosen properly 

so that the mixture is fully miscible under the conditions of the experiment. 

3.3.2 Application of free volume theory to the high molecular weight polymer and 

nonionic surfactant system. 

We have seen in previous sections that nonionic surfactants significantly promote 

poIymer difision at elevated temperatures. Now we will consider how the polymer 



diffusion rate changes with the amount of surfactant added to the latex film. This problem 

was considered by ~ a w a ~ u c h i , ' ~  who carried out energy transfer experiment for PBMA 

Iatex films with different arnounts of NP-20 surfactant, ameaied at 90 OC. Characteristics of 

the latex used in his experiments are presented in Table 3-4. The sample preparation and ET 

experiment were carried out in a similar way as described in Chapter 1. 

Table 34 .  Latex characteristics. 

In Figure 3-4, the values of the apparent difision coefficient Dapp for samp 

containing various concentrations of NP-20 are plotted against the extent of mixing f,. One 

sees that there is a marked increase in the polymer diffùsion rate by addition of NP-20 

surfactants, and the extent of enhancement increases with increasing NP-20 concentration. 

While NP surfactants might contribute in several ways to the enhancement of polymer 

diffusion, the rnost likely mechanism is one in which it acts as a plasticizer, to increase the 

free volume in the tilm. This idea was tested by fitting data to the Fujita-Doolitte equation 

(3- 1 )  (see also Chapter 4). 

Here fp(T,O) is the fractional free volume of the polymer in the absence of surfactant, 

and @, is the volume fraction of the surfactant. B(T) represents the difference in fractional 

free volume between the surfactant and the polymer at temperature T, and Dp is the polymer 

diffusion coefficient. In Figure 3-5, the value of Dapp obtained in the presence of NP-20 are 

superimposed on the corresponding data obtained in the absence of surfactant. In this way 

Kawaguchi calculated a shifi factor which corresponds to the inverse of the term on the left 

hand side of equation (3- 1 ). One sees that al1 data c m  be superimposed ont0 a single curve, 

to afford a master curve of Dapp and f,. He plotted the shift factor vs volume fraction of 



surfactant 0, and obtained a linear relationship with an intercept fP(9O0C, 0) = 0.089, and a 

slope fS,(90°c, O)/P(T) = 0.038. The value of fP(9O0C, 0) = 0.089 and P(T) = 0.20 are higher 

than the value 1 found for a similar PBMA system with BMA oligomers as the "solute" 

(fP(75OC, 0) = 0.029, P(T) = 0.05, see Chapter 4). ~uj i ta ' "  examined diffusion rates of high 

molecular weight poly(ethy1 acrylate) in the presence of dissolved benzene in the polymeric 

matrix, and obtained fP(23OC, O) = 0.046, B(T) = 0.07. 

Figure 3-4. Plots of apparent diffusion coefficient (D,,,) vs. extent of mixing (f,) in the presence of NP- 

20 surfactant at 90 OC: (0) 0 wtOh, (.) 334 wt%, (A) 9.9 wt%, (A) 15 wt% NP-20. 

Figure 3-5. Master curve of D,,, vs. f,,,. The Master Curve was constructed from the data in Figure 3 4  

using equation 3-1, and the values f,( 90 OC)= 0.089 and Mt) = 0.20 The symbols are the same as thosc in 

Figure 3-4. 



In Kawaguchi's system B(T) has much higher value than B(T) for the other described 

systems. We do not know how to explain these differences. One of the reasons can be the 

difference in annealing temperatures in both experiments. However, the fact that Kawaguchi 

was able to superimpose al1 data ont0 one curve and obtain a Master Curve indicates that the 

free volume mode1 can be applied to this polymer - surfactant system. NP-20 surfactant acts 

as a traditional plasticizer, increasing the rate of polymer diffusion by adding more free 

volume to the system. 

3.3.3 Influence of nonionic surfactants on diffusion of low molecular weight PBMA. 

Most polymer properties change with molecular weight. One example is the polymer 

mobility, wbich can increase by orders of magnitude with a decrease in the polyrner 

molecular weight. In order to leam more about the polymer - surfactant system, we camed 

out ET measurements of polymer difision for our lower molecular weight PBMA samples 

in the presence of nonionic surfactants. We were mostly interested in how the diffusion of 

low molecular weight PBMA changes in the presence of nonionic surfactants and how it 

differs in cornparison with the higher molecular weight sample. 

3.3.3.1 Starting point for measurernents of diffusion parameters for low M PBMA 

films. 

In a newly formed latex film, there are two contributions to energy transfer. First, there 

is encrgy transfer across the boundary between donor and acceptor-labeled particles. 

Second, the early stages of polymer or segment diffusion can mix D- and A-labeled 

polymers. It is an important, though not easy, task to ascertain the onset time of polymer 

difhsion, and to distinguish energy transfer across a sharp interparticle interface from that 

associated with polymer diffùsion and mixing. Under ideal circumstances, one would like 

diffusion to have a clear onset time, associated, for example, with raising the temperature of 

the sample. 

We have found previously that in high molecular weight polymer films with similar 

particle size and label content, prepared under conditions which allow for complete particle 

deformation but negligible polymer diffusion, QR. has a value of Ca. 0.1 (Area(0) = 42 ns). 

Our experience indicates that in newly formed latex films of low M PBMA (Tg = 21°C), 

= 0.17 (Area(0) .c 38 ns). ~ e n ~ ' ~ e t  al. analyzed the onset of diffusion for these low 



molecular weight PBMA films at room temperature and found it helpfùl to plot On VS. 

drying time of the film. The plot is shown in Figure 3-6 for Feng's data for the sample of 

low M PBMA. During the drying process (first 40 min) when particles corne into the 

contact and deform, aET increases rapidly. Finally, when the drying process is over (e-g. 

when the sample is dry and transparent), the energy transfer efficiency has reached a value 

of 0.1 7, and the fiirther rate of increase in energy transfer is rnuch slower- This is why we 

identify On = 0.17 with the ET across the interfacial regions between adjacent cells in the 

films, and take this value as the extent of ET across sharp interparticle boundanes pnor to 

the onset of diffusion in the Iow molecular weight PBMA films. 

O 20 40 60 80 100 

time [min] 

Figure 3-6. Efiïciency of energy transfer VS. time of film formation for low M PBMA films. The 

data was taken from reference 18. After ?O min the process of water evaporation is finished and On 

docs not change with time up to IO0 min. 

3.3.3.2 Film formation and diffusion of low M PBMA in the presence of nonionic 

surfactants at room temperature. 

In this section, we consider the nonionic surfactants with €0, chain lengths less then 

n=15. Thcse surfactants are liquids at room temperature, and promote diffusion of low M 

PBMA at ambient temperature. The efficiency of energy transfer and the values of the 

area under the fluorescence decay Area (t) versus diffusion time for PBMA samples with 

and without 5 wt% of NP-IO and C=g-E07 are shown in Table 3-5 and in Figure 3-7. Time 

zero was chosen as the end of drying process (e.g. when sample first became dry and 

transparent to the eye). Table 3-5 shows that the diffusion of PBMA at room temperature in 

the presence of the surfactants occurs on a time scale of minutes while that for pure PBMA 



occurs on a scale of hours. For example, for the sample with 5 wt% of C=s-E07 Area(t) 

decreases from 36.7 ns to 34.8 ns over 25 min. (see Table 3-Sb). In the case of a PBMA film 

(Table 3-5a) consisting of pure polymer, approximately 25 hours (1485 min) are needed to 

obtain a change in Area(t) from 37.7ns to 36.7 ns. 

O 400 800 1200 1600 

time [min] 
Figure 3-7. Emcicncy of  cnergy transfer On VI. annealing tirne for pure low M PBMA l m  (O) and 

films with the presence of 5 wt% NP-10 (a), and Octene-7 (CrEO,) (O). The diffusion process takes 

place at room temperature. 

Table 3-5a. The change in the area under the fluorescence decay curves for various aging 

tirnes at 23 OC, for a pure PBMA film and for a film containing 5 wt % NP- 1 O .  

time [min1 1 O 
PBMA 1 37.68 

Table 3-Sb. The change in the area under the fluorescence decay curves for various aging 

times at 23 OC, for a pure PBMA film and for a film containing 5 wt % C=g-E07. 

PBMA + 
5 wt% NP-10 

36.00 

560 

- 
26.09 

25 

- 
34.86 

O 

3 7.68 

36.73 

time [min] 180 

37.60 

32.44 Area(t) 

PBM A 

PBMA + 

5 wt% C>-EO7 



The efficiency of energy transfer for newly formed films with 5 wt % of NP-IO or C=8- 

EOi (see Fig. 3-7) increases from aET = 0.17, (Area(0) z 38 ns, for pure PBMA) to OR. = 

0.2-0.215 (Area(0) z 36 ns). These results indicate that some polymer interdiffusion takes 

place d u h g  film formation in the case of the samples with added NP-IO and C'g-E07. 

It  would be interesting to know exactly when the onset of diffusion occurred in these 

films, during the last stage of the drying step or later. 1 assumed that polymer diffusion is 

responsible for the changes in Area(0) for samples with NP-IO or C a - E 0 7  from 38 ns to 36 

ns. To investigate this problem 1 prepared PBMA films with 5 wt% of  CF*-E07 at low 

temperature (ca. 4°C). The samples were prepared as described in the experimental section, 

but with two major differences. First. they were prepared in a cold room at 4OC by placing 

an aliquot of dispersion on a quartz substrate. Second, the wet film was left uncovered in 

order to speed up the drying process. Under such conditions, the drying time was around 2h. 

The dry film was cloudy, which indicates that void closure during film formation during 

drying was not complete. 1 placed the sample in ice to carry the sample to the fluorescence 

decay apparatus and mounted the sample in a cooled sample holder. Measurements were 

carried out at ca. 7 OC. In this case, the measured Area (0) was 42 ns, which confirrns the 

idea that the deformation and wetting stage of the film formation process was not complete. 

In the next step, 1 removed the cooling system and camed out the ET experiment (time of 

the experiment about 5 min) for the same sample at room temperature. For this run, the 

Arc@) was about 36 ns. Allowing the sample to sit for a few minutes at room temperature 

resulted in a transparent films. The decay profile was remeasured and gave the value of 

Arca(0) = 36, the same value obtained previously for newly formed films with NP-IO or 

C=8-EO~. 

From the above experiment, we learned that we are not able to separate the stages of 

film formation during drying (close packing and particle deformation) from the onset of the 

interdiffusion process for low molecular weight PBMA films in the presence of these two 

surfactants. This result implies that there is not a well-defined time for these samples, that 

we could chose as a starting point for the onset of polyrner diffusion. 

In order to standardize the caiculations of the diffusion rate of low M PBMA in the 

presence of nonionic surfactants, and to separate ET across the particle boundary fiom the 

ET connected with the polymer diffusion, we use equation (3-2) for calculations of the 

extent of mixing f,. 
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Where 38.5 ns is the average value of the area under the fluorescence decay curve for the 

freshly formed pure PBMA films. This value of 38.5 ns represents ET across a sharp 

interfaces in these latex films. 

Area(t) is the value of the area under the fluorescence decay curve afier annealing time t for 

PBMA samples containing nonionic surfactant added. 

Area(m) is the area under fluorescence decay curve after infinite amealing time (213 h). 

Equation (3-2) is a form of equation (1 - 1  8) from Chapter 1, adapted to the case of low 

molecular weight PBMA samples with nonionic surfactants. 

3.3.3.3 Diffusion of low M PBMA in the presence of nonionic surfactants at  elevated 

temperatures. 

Here we analyze the diffusion in low molecular weight PBMA films in the presence of 

nonionic surfactants at two annealing temperatures: 50 OC and 60 O C .  At 60°C the mixing 

process is complete in 90 min. Thus, 60 OC is the highest temperature at which we can 

analyze the diffusion of low molecular weight PBMA, without introducing significant errors 

connected with speciQing short anneahg  times. 

As Our knowledge about the NP surfactant is the most complete, we analyze the 

experimental data starting with these surfactants. Figure 3-8a shows the extent o f  mixing f, 

vs. annealing tirne, while Figure 3-Sb shows the apparent diftùsion coefficient Dapp vs extent 

of mixing for low M PBMA samples with 5 wt% of NP-6, NP-20 and NP-40 surfactants, 

annealed at 60 OC. 

Comparing Figure 3-8a with Figure 3-3, we see that the influence of NP surfactants on 

diffusion of low and high molecular weight PBMA is different. In the case of low molecular 

weight PBMA NP-6 and NP-20 promote polymer difision at 60 OC to the same extent, 

while NP-40 has a negligible influence on the PBMA diffhsion rate. In the case of high M 

PBMA even NP-100 promotes polymer diffusion at 90 OC, and the effectiveness of the 

surfactant depends on the EO chain length. The fact that NP-40 does not promote diffiision 

of low M PBMA at 60 OC can only be explained by the lack of miscibility of NP-40 with 

PBMA at this temperature. When the NP surfactants are futly miscible with low M PBMA, 

Iike NP-6 or NP-20, then they have simiIar effects on the d i f i s ion  of low M PBMA. In 



order to get more information about the system, we repeated the experiment with low M 

PBMA and 5 wt% of NP-6, NP-IO and NP-20 surfactants at lower amealing temperatures 

(50 OC). The resu!!s are presented in Figure 3-9. 

O 4 8 12 16 

time (min1 

Figure 3-8. Dependence of  cxtcnt of diffusion fm (a) and apparent diftusion coefficient Dapp (b) on 

annealing time (diffusion time) for low M PBMA film (0) and films with S wt O h  of NP surfactants: (a) 
NP-6, (17) NP-20, (m) NP-40. Annealing temperature is 60 OC. 

O 20 40 

time [min] 
Figure 3-9. Depcndence of  cxtent of diffusion fm on annealing tirne (diffusion time) for low M PBMA 

film (0) and films with 5 wt % of NP surfactants: (A) NP-6, (O) NP-IO, (a) NP-20. Annealing 

tcmpcrature is 50 OC. 

Now we see no difference between NP-6 and NP-10, but there is a clear difference 

between these two surfactants and NP-20. On an equal weight basis, NP-20 promotes 

polymer diffusion less effectively than NP-10 and NP-6. These results confirm the trend we 



have already observed. The miscibility of the system drops drastically with temperature and 

is connected with the EO chain length of the surfactant. 

Until now we concentrated rnostly on the influence of NP surfactants on diffusion of 

low moIecular weight PBMA. We will show now that other nonionic surfactants like 

Ocenol-EOi6, C=8-E07. 1 J and Cr ,-EOi5, 40 influence the diffusion of low M PBMA in a 

similar way. In Figure 3-10 we present the dependence of the extent of mixing f, on 

annealing time and the apparent diffusion coefficient Dapp on the extent of mixing for these 

surfactants. The annealing temperature was 50 OC. 

O 20 40 60 80 
time [min] 

0.2 O .4 0.6 0.8 1 

fm 

Figure 3-10. Dependence of extent of diffusion f, (a), and apparent diffusion coeCTicicnt DIpp (b) on 

anncaling time (diffusion time) for low molccular wcight PBMA film (O) and films with 5 wt % of the 

following surfactants: (a) C'II-EO«k (O) CIII-EOISr (A) CrEOId , (V) OCENOL-E0,h (V) C r E 0 . r .  

Thc annealing temperature was 50 O C .  



The C=s-EO, promotes PBMA diffùsion to the same extent as C=s-E014, both at 5 wt %. 

Here the effect in promoting diffusion, does not depend on the size of the hydrophilic part of 

the surfactant. On the other hand, we see some influence of the hydrophobic part of the 

surfactants on the diffusion rate. C=s-EOi~ is a better plasticizer than Ocenol-E016 or C = I ~ -  

EOis. C=ii-E040 prornotes PBMA diffusion only slightly at 50 OC, but this has to be 

connected with its low miscibility at this temperature. 

Surprisingly, for surfactants that are completeiy miscible with Iow molecular weight 

PBMA at a given temperature and concentration ( N P 4  or NP-20 at 60°C or C s - E 0 7  and 

C=s-EOi4 at 50°C), we do not see an EO chain-length effect on the polymer diffusion rate at 

similar wt concentrations. Since the greatest free volume is connected with the chain ends of 

the polymer, it is perhaps expected that one should observe the sarne effect that was found 

for high molecular weight PBMA. The only explanation we can suggest is that the additional 

free volume connected with the chain ends of mal1 molecules (see Chapter 1) is only a 

small part of the total free volume introduced to the system by small molecules. As the low 

M PBMA is a more mobile system than the high M PBMA, it is probably less sensitive to 

the small changes in the free volume of the system. We believe that this is the reason why 

wc do not see the surfactant size effect on polyrner diffùsion in low molecular weight 

systems, and we observe, for example, that NP- IO promotes polymer diffusion in exactly the 

same way as NP-20. 

Another way to investigate polymer diffusion in the presence of nonionic surfactants is 

to add surfactants to polymer films on an equal molar basis. In such films, we would have 

the same concentration of chain ends, so the surfactant effect on polymer diffusion would be 

only connected with the amount (on the weight basis) of  the surfactant in the film (assuming 

full miscibility). On the other hand, we know that, for miscible surfactants in polymeric 

matrices, the more surfactant we add to the polyrner film, the more significant the effect on 

polymer diffusion rate. In the case of low molecular weight systems, where we do not 

observe the surfactant EO chain-length effect on polyrner diffusion we expect that nonionic 

surfactants with higher molecular weight will promote polymer diffusion better than equal 

molar amounts of nonionic surfactant with lower molecular weight, since the later 

cxpcrimcnts involve less surfactant on the basis of weight. 

Untike 1ow molecular weight PBMA systems, high molecular weight PBMA systems 

are sensitive to the additional free volume connected with the chain ends of the nonionic 
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surfactants. In this case in order to get some quantitative data comparing different 

surfactants it could be interesting to chose a few concentrations of  surfactant with, for 

exarnple, shorter EO chain lengths, then try to find the concentration of surfactant with 

Ionger EO chain lengths that gives the same effect on polyrner diffision. The results 

obtained could give us a better understanding of the extent of  the free volume effect 

connected with the chain ends of the surfactant, as well as describing wheather or not this 

e ffect changes with surfactant concentration. 

3.4 Conclusions 

Non-ionic surfactants post-added to a PBMA latex dispersion strongly enhance the rate 

of polymer diffision in the latex films. 

Their effectiveness depends on the amount of surfactant added, and the miscibility with 

the polymeric matrix. 

When miscible, the nonionic surfactants act like a conventional plasticizer, and enhance 

poIymer diffusion by introducing free volume to the system. 

The energy transfer experiment indicates that the miscibility of the nonionic surfactants 

with PBMA decreases with increasing EO chain length of the surfactant and with 

decreasing temperature. 

The miscibility of the PBMA with nonionic surfactant of EO chain length Iarger than 20 

drastically changes in the range of the temperatures: 90-30°C. This result may be 

connected with the fact that the melting temperature for these surfactants is in the range 

of 30 - 60°C. 

The surfactants with 15 or fewer EO units significantly promote d i f i s ion  in low 

molecular weight PBMA films at room temperature. 

When system is h l ly  miscible, on a weight basis, the diffusion of  high M PBMA 

depends on the size of hydrophiIic part (EO chain iength) of nonionic surfactant, while 

the diffusion of low M PBMA does not show such a dependence. 

The anionic surfactants (SDS and C W ~ )  do not enhance, and even slightly retard polymer 

diffusion in PBMA latex films. These surfactants are high melting solids (Tm = 200 OC), 



and, in the range of  the temperatures investigated exist as crystalline domains in the 

polymeric matrix, These crystallites rnay act as obstacles for diffising polyrner. 
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4 EFFECT OF OLIGOMERS ON THE POLYMER DIFFUSION 

RATE IN POLY(BUTYL METHACRYLATE) LATEX FILMS 

4.1 Introduction 

We have seen in Chapter 3 that coalescing aids '.' and some non-ionic detergents3 act as 

traditional plasticizers to accelerate the rate of polymer diffusion in latex films. In contrast, 

simple ionic surfactants such as sodium dodecyl sulfate (SDS) and sodium dihexyl 

sulfosuccinate (SHSS) have little effect (Chapter 3). 

Here we are interested in the influence on polymer diffiision of a component of latex 

dispersions whose presence arises as a by-product of the latex synthesis, rather than as a 

forma1 additive. When latex particles are prepared by emutsion polyrnerization, some 

water-soluble oligomeric material is f ~ r m e d . ~  Larger amounts form when the polymerization 

is run under monomer-starved conditions, because the polymerization rate, which is first 

order in monomer concentration, is retarded relative to the chain-transfer and termination 

processes. Sometimes, water-soluble CO-monomers such as acrylic acid or methacrylic acid 

are part of the monomer feed. They also prornote the formation of a water-soluble 

component in the reaction. Our curiosity about the influence of this component was piqued 

by the fact that we observed its presence every time we anaiyzed the latex polymer by gel 

permeation chromatography (GPC). As a consequence, we decided to separate this 

component, analyze it, and add it in known amounts to latex dispersions which had been 

purifieci to remove al1 water-soluble oligomeric material. Thus we treat this component as an 

additive and show that it also acts as a plasticizer to prornote polymer diffusion in poly(buty1 

rnethacrylate) (PBMA) latex films. 

4.2 Experimental 

4.2.1 Preparation of Oligomers 

A surfactant-free emulsion polymerization of BMA was camed out to prepare a latex 

with significant amount of oligomers present in the water phase. To increase the content of 

oligomers in the sample, several strategies were considered for lowering the overall average 
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molecular weight of the latex product. A high initiator concentration and a small amount of 

a chain transfer agent (dodecyl mercaptan, 2 wt% based on the total monomer), were used 

during polymerization. The polyrnerization was camed out via a continuous process, with a 

very slow rnonomer addition rate (ca. 0.057 mL/min). The recipe for such a polymerization 

is as follow: KPS (0.44 g) dissolved in water (1 65 g) was precharged into the reactor and 

heated at 80°C. A monomer solution (BMA, 30 mL) containing dodecyl mercaptan (1 -55 

mL) was fed slowly into the reaction system. An additional amount of KPS (0.22 g) 

dissolved in water (30 mL) was fed concurrently. The total feed time for both the monomer 

and the aqueous solutions was ca. 9 h. After a feed ended the emulsion was warrned for 1 h 

to complete the polymerization. 

The resultant latex dispersion was then centrifuged (at 20,000 rpm for 1 hour) to 

separate the particles from the water phase. The nearly clear liquid, containing a significant 

amount of water-soluble material, was stored for blending into the labeled PBMA dispersion 

for film formation. The oligomer species in the semm represent a complex mixture. This 

mixture was partially characterized by GPC analysis (were PS was used as a standard), by 

'H NMR (400 MHz) and by electrospray negative ion mass specroscopy using dried samples 

dissolved in an organic solvent (THF for GPC; CDC13 and DMSO-du for the 'H NMR, 1: 1 

acetonitrile-water for mass specroscopy). In the discussion that follows, we refer to this 

mixture as "oligorner." 

4.2.2 Film formation and Characterization 

Latex films were prepared from dispersion mixtures of 1 : 1 number ratio ( N p h c / N ~ n )  of 

Phe- and An- labeled particles. The latex dispersions were cleaned by stimng at low solids 

(ca. 8 wt %) with an ion-exchange resin (AG-501-X8 Mixed-bed-resin, Bio-Rad, not 

purified before using) to remove the ionic surfactant and other ionic species present in the 

dispersion. Known amounts of the oligomer were added to aliquots of ion-exchanged PBMA 

latex dispersion. Al1 films were formed by drying the dispersions (initial solids content 7.8 

wt%) at 32" C on quartz plates. The wet film was covered by an inverted petrie dish to slow 

the water evaporation rate, and drying occurred over Ca. 8 h. Fluorescence decay profiles 

were measured by the single-photon-counting timing technique.' The measurement 

conditions were similar to those described in Chapter 1. After each time interval of 

annealing, the sarnples were cooled to room temperature, and the fluorescence decay profile 



of each film was measured. Fluorescence decay measurements were camed out as described 

in Chapter 1. The calculations of areas under each decay curve, extent of rnixing f, and 

apparent diffusion coefficient Da,, are also described in Chapter 1. 

4.3 Results and Discussion 

4.3.1 Characterization of the Latex Polymer. 

The films we examine were prepared from a dispersion containing a 1: 1 blend of Phe- 

and An-labeled PBMA latex particles. referred to as Phe-PBMA and An-PBMA, 

respectively. Some important characteristics for these samples are listed in Table 4- 1. Since 

the two labeled latex dispersions were prepared using nearly identical recipes and under 

strictly identical conditions, we obtained particfes of similar size and size distribution. More 

important, the molecular weight and molecular weight distribution of the two types of 

particles are very similar. 

Table 4-1. Latex characteristics. 

We used gel perrneation chromatography (GPC) measurements to characterize the latex 

polymers. Figure 4-1 displays the refractive-index (EU) signals of GPC traces of one of our 

PBMA latex samples, before and afier cleaning by ion exchange (Bio-Rad, AG-501-X8 

mixed bed resin, 3 g resin per 100 mL of latex). One observes that there is a small peak at 

25 min in both samples. It is likely that this peak is caused by the presence of a small 

amount of oligomers. 

Figure 4-2 shows a GPC trace for the An- labeled PBMA sarnple. The continuous line 

represents Ri signal, while the fluorescence (FL) signal is shown as dashed line. The FL 

signal exhibits a peak (at 13-20 min) which appears in the same range as the polymer peak 

M, = 130,000 

M W  = 377,000 

M,/Mn = 2.9 1 

d = 124 nrn (0.040)" 

Mn = 133,000 

MW = 42 1,000 

Mw/Mn = 3.16 

d = 132 nm (0.037)' 

a. size polydispersity 



in the RI signal. The two signals in this region also have a sirnilar shape (a similar intensity 

distribution) indicating random dye distribution in the polymer. In the low-molar-mass 

region there is an additional peak in the RI trace for which there is no signal in the FL trace. 

Thus there is no low molar mass fluorescent species in the sample. We can conclude from 

this result that al1 of the dye CO-monomer is incorporated into the polymer. This fact is 

important for us to obtain high quality data in our diffùsion analysis. 

20 40 
time [min] 

Figure 4-1. GPC (Ri) curves for an unlabeled PBMA sample with (1) and without (2) cleaning. 

20 40 
time [min] 

Figure 4-2. GPC curves for a lobeled (An-PBMA) sample: refractive index (RI) signal, fluorcscence 

(FL) signal 



4.3.2 Characterization of the oligomeric species. 

We expect that a significant fraction of the end groups of our oligomers should be the 

sulfate group, which results from the initiation of polymerization by sulfate ion-radicals 

forrned by the decomposition of persulfate ion: 

Termination by combination leads to oligomer (or polymer) molecules with two sulfate 

end groups. Termination by disproportionation or chain transfer leads ro molecules with one 

suIfate end group. In the dissociated fonn, these oligomers can act as anionic surfactants and 

add additional stability to the latex. However, Kolthoff and ~ i l l e r ~  have shown that the 

sulfate ion-radical can attack water to generate sulfuric acid and hydroxyl radical: 

The hydroxyl radical 

hydroxyl end groups. Hydi 

can initiate polymerization to forrn polymer and oligomer with 

rolysis of sulfate end groups can also yield hydroxyl end groups 

plus bisulfate ions, and in this way reduce the number of sulfate groups bound to the 

ohgomer or polyrner. 

ROSO; + H 2 0  - ROH + HSO; (4-3) 

The oligomers lacking a sulfate end group should not act as a surfactant. We would not 

expect to remove thern from the latex dispersion with the ion exchange resin. 

Rudin at algv9 report characteriration of oligomers obtained in the surfactant-free 

emulsion polymerization of methyl methacrylate and of methyl rnethacrylatehutyl acrylate 

mixture. In their experiments, the polymerizatior! was initiated by amonium persulfate, and 

in some cases. isooctyl rnercaptopropionate was used as a chain transfer agent. They were 

able to separate their surface-active oligomers from crude latex by a combined centrifuge 

and filtration rnethod. Conductometric and potentiometric titrations on cleaned latexes and 

crude iatexes show that for every mole of sulfate groups added as persulfate in the 



polymerization, about 0.1 mol of sulfate groups became bound to macromolecular chain 

ends. In addition about 0.13 mol of sulfuric acid salt (in the form shown in eq. (4-2) was 

generated, and about 0.50 mol of initial sulfate groups were attached to oligomers, which 

behave in a way similar to traditional surfactants. Under these reaction conditions about 0.27 

mole of initiator remained undecomposed. 

Based on their results we can expect that Our experiments produce some BMA 

oligorner. This cornponent is in its active - surfactant form with a sulfate group at the end, 

and some amount is hydrolysed. In order to try to characterize the oligomers, we analyzed 

them first by GPC. 

Figure 4-3 displays the Ri signal of a GPC trace of the isolated oligomers. This 

oligomer fraction comes only from the water phase of the PBMA Iatex. They were obtained 

by centrifugation of  the latex, followed by drying of  its aqueous phase. Next, the dry 

oligomers were dissolved in THF and the GPC measurements were carried out. Under these 

conditions, not al1 the solid dissolves in THF. The insoluble part may be only inorganic 

saIts. It is also possible that the GPC trace represents only a part o f  oligomers, the part that 

dissohed in THF. The insoluble part was easily separated from the rest of the solution by 

centri fiigation. 

O 1 O 20 30 

time [min] 

Figure 4-3. GPC signal for BMA oligomer separatcd from PBMA latex (Figure 4-4n) by centrifugation, 

then dried and dissolved in THF. 
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Figure 4- 1. CPC (Ri) curvcs for (a) crude PBMA sample with oligomers (a), and (b) the same sample 

after clcaning by ion exchange. The two traces are normalized to the same peak height for the polymcr 

peak at t = 16 min. (c) The difference signal obtained by subtracting curve (b) from curve (a). 



Figure 4-3 shows that the mass distribution of  the oligomers is bimodal, and the second 

peak, which represents the part of the lower molecular weight species overlaps with the 

solvent peak. We calculated the molecular weight of  each peak separateiy, using poIystyrene 

standards. The baseline chosen for calculations is shown in Figure 4-3 as a straight line. The 

integration limits are represented by dashed vertical lines, (a) and (b) for the first peak, and 

(b) and (c) for the second peak. The calculated molecular weight for the first peak is Mn = 

10,000 and M .  = 16,000, MJM, = 1.57, and for the second peak Mn = 365 and MW = 680, 

M,/Mn = 1.87. We also attempted to obtain the molecular weight of the oligomer fraction 

using GPC with light scattering and viscosity detectors (a DAWN triple detector). These 

experiments did not yield useful results. The signals confirm the existence of the two peaks 

observed by Ri detector, but they were very noisy. It was impossible to carry out any useful 

analysis of the data. 

Although we can not get an accurate molecular weight of our oligomer by GPC, we can 

certainly draw the conclusion that the oligomer used as an additive in polyrner difhsion 

measurements consists of  very low molecular weight species of the order of  one, two, or 

three BMA monomer units, as well as, some part of low molecular weight polymer. This 

conclusion is also confirmed by comparison of GPC traces (Figure 4-4) of  cmde PBMA 

latex with oligomers (Figure 4-4a), and the same latex cleaned by ion exchange resin (Figure 

4-4b). The GPC signal is nomalized in both cases to the maximum of  the peak. The 

difference between the two normalized signals is shown in the Figure 4-4c, and represents 

only the mass distribution of the water-soluble oligomer. 

We also report the spectroscopic data for the oligomer component and attempt to 

assign aspects of  its structure. We first present the 'H NMR spectrum of  PBMA in DCCI3 in 

Figure 4-5. In the polymer, both methyl groups (6H) appear at 0.7 to 1 . 1  ppm, and the 0- 

CH2- group appears without structure at 3.9 ppm. The three remaining CH2 groups appear as 

three sets of closely spaced peaks in the range of  1.2 to 2.0 ppm, although the intensity is 

less for the peak at highest field. 

The 'H NMR spectrum of PBMA oligomer in DCCI, is presented in Figure 4-6. As in 

the polymer, the intensity in the range of (0.7 - 1.7) pprn is due to aliphatic CH, but the CH3 

signal at 0.87 pprn appears as a fairly welt-defined triplet. The carboxyl ester -OCHI- 

should appear at ca. 3.6 - 3.9 pprn and the <HZ-OSO,"' would be expected to appear at Ca. 

4.0 ppm.'O In Our case we have a slim peak at 3.9 pprn without structure, a s  in the polymer 



spectrum, and additional peaks at 3.7, 4.1 pprn and at 4.6 with some structure. Al1 these 

peaks are likely to be comected with O-CH2- group. There is Little evidence for a 

significant amount of -CH20H groups, because the protons in this group should appear at 

3.6 - 3.8 ppm. The three remaining CH? groups appear as three sets of closely spaced peaks 

in the range of 1.2 to 2.0 ppm. The ratio of the proton intensity in the range (0.7 - 2) pprn to 

that at (3.6 - 4.6) pprn is 4.8. The peak at 7.3 pprn is the solvent peak, and the peak at 6.8 is 

likely to be a water peak. Some mal1 peaks at 2.2 and 2.8 pprn also appear in NMR spectra 

of PBMA oligomers in chloroform. Assuming that triplet at 4.6 pprn comes from -CH2- 

OSO,'*' (the coupiing should be 7 Hz, but we found 1 1 Hz) and cornparhg the intensity of 

this peak with the intensity of the triplet at 0.87 pprn representing methyl groups we 

obtained the average number of monomer units per oiigomer chain equal to 4.4. 

Since the solid containing the PBMA oligomer is not completely soluble in chloroforrn, 

we also rneasured NMR spectrum in DMSO. The 'H NMR spectrum of the oligomer 

mixture in DMSO-d6, with a trace of DMSO at 2.5 pprn as a reference, is shown in Figure 

4-7. DMSO is more viscous than CDCL3. As a consequence, the peaks are broader. The 

insert shows an expanded view of the region between O to 2 ppm. In the oligomer NMR, we 

find peaks at 0.87, 1.07 (broad), 1.32 (broad), 1.54 (broad) and a weaker, broader band at ca. 

2 ppm. There are, in addition, peaks at 3.7 (broad, but some structure) and 4.0 (broad) plus a 

very broad peak of low amplitude. As in the polyrner, the intensity in the range of (0.7 - 1.7) 

pprn is due to aliphatic CH, but the CH3 signal at 0.87 pprn appears as a fairly well-defined 

triplet. The carboxyl ester -0CH2- appear at Ca. 3.6 - 3.9 ppm and the -CH~-OSO~'-' would 

be expccted to appear at Ca. 4.0 ppm.10 Al1 these peaks overlap and it is impossible to 

calculate the value of the signal from the end groups separately. The ratio of the proton 

intensity in the range (0.7 - 1.7) pprn to that at (3.3 - 4.2) pprn is 2.4. We suspected that the 

broad peak at > 4.2 pprn may be due to -OH, and added increasing amounts of pyridine to 

the sample to sharpen and to shifi this peak. As expected, this band disappears, but is 

repIaced by a broad singlet at 4.2 ppm. 
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Figure 4-5. 'H NbIR spectrurn of poly(buty1 methac~iate)  in CDCIj. 

oligomers 

Figure 4-6. 'H NMR spectrurn of a freeze-dricd sample of the oligorner in CDCI,. 
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Figure 4-7. (top) 'H NMR spectrum of a freeze-dried sample of the oligomer fraction cmployed in the 

experiments described above. The sample is dissolved in DiMSO46 to which a trace of DMSO is added 

as a reference. (bottom) 'H NMR spectrum of the same sample to which a few drops ofpyridine have 

been added. The inset presents the aliphatic region of this spectrum on an expanded scale. 

Electrospray ionization" is a very gentle way of ionizing molecules and ions with 

relativeiy little fragmentation. The negative-ion spectrum of the oligomer shows a base peak 

(for d e  > 100) at rn/e 325, with significant intensity at 380 (14%), 379 (7%), 309 (40%), 

238 (27%), 237 (9%), and 210 (16%). The strongest peak is at mie 97, corresponding to 

HSO~'-). One also sees weak peaks in the mass spectrum at higher mass values, up to d e  

483. These mass values can be rationalized in terrns of the structures shown below. The 

other isomer with a C=CH2 group adjacent to the ester is also possible for the ion with d e  

379. 



oligomer fragments 

The structure shown for m/e 379 is unlikely to be a major constituent of the oligomer 

because one does not observe in the NMR the olcfinic protons of the unsaturated structure, 

nor a singIet at ca. 2 ppm for the methyl group attached directly to the double bond. We see 

only a weak peak at rn/e 38 1 in the mass spectrum, but two of the fragment peaks (mie 309 

and 325) may have this dimer ion as their parent. The spectroscopic data confirrns the GPC 

resuIts that the oligomer consists primarily of dirner, trimer and higher homologues. 

4.4 Effect of oligomer on PBMA diffusion. 

Measured quantities of BMA oligomers in aqueous solution were added to ion- 

exchanged dispersions of labeled PBMA latex (MW = 370,000; Mn = 130,000), and the 

solutions were dried to form films. In Figure 4-8 we compare the GPC traces for the PBMA 

latex samples before and after addition of oligomers. In Figure 4-8 we present the Ri signals 

for a latex polymer sample consisting of 1: 1 mixture of the Phe- and An-labeled PBMA, 

first for the sample cleaned by ion exchange, and for the same sampte after adding 9 wt% of 

oligomers. For the sampte with the oligomers added, we see an additional peak in the Ri 

signal that conflrms the presence of Iow molecular species. The integrated area of the small 

peak is about 20% of that of the larger peak at high molar mass, even though we have added 

only 9 wt% of okigomers. This discrepancy is likely connected with the possibility that the 

srnall-molar-mass species have a different RI sensitivity than the polymer. Rudin et 

cornpared the GPC traces from RI, light scattering and viscosity detector for polyethylenes 

with wide rnolecular weight distribution, and found that the Ri detector is the most sensitive 



for the low moiecular weight species, but its sensitivity for high molecular weight polymers 

drops significantly with cornparison to the other detectors. 
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Figurc 4-8. CPC signals for 1:l mixture of the Phe- and An-lsbeled PBMA without (1) and with (2) post- 

addcd oligomers (9 wt %). 

For energy transfer measurements, the dry PBMA films with and without oligomers, 

were annealed at 7 6 O  C for various periods of time, cooled to room temperature, and their 

fluorescence decay profiles were measured. From the decay profiles, f, values were 

calculated, providing us with a measure of the polymer diffusion rates. From the f, values, 

apparent diffusion coefficients for the polymers were calculated. Figure 4-9 compares the 

diffusion rates determined for PBMA with different amounts of BMA oligomers present in 

the system. One observes a clear trend that with increasing amount of oligorner, the 

diffusion rate of the polymer increases. The Dapp values have increased about 6 tirnes upon 

addition of only 3 wt% oligomers, and are much higher for films with 6 or 9 wt% oligomers. 

This indicates that the oligomers can plasticize the polymer and enhance its difhsivity. The 

presence of the oligomers does not have a large effect on the minimum film forming 

temperature of the latex, nor does it seem to promote diffusion at room temperature, 

approximately 12" C degree below the glass transition temperature of PBMA itself (Tg = 34 

OC). We also do not observe differences in the area under the donor decay profile (the 

Area(0) value) due to the presence of oligomer in the sample. If the oligomer were to forrn a 

continuous membrane phase that separated the Phe-and An-labeled ceIls in the nascent film, 

we might expect the Area(0) values to increase from 42 ns toward 45 ns. 
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Figure 4-9. Companson of  diffusion rates for PBMA (M~=370K) at 76°C without post-addition (m) and 

with addition of  3 wtOA (O), 6 wt% (O), and 9 wtOh (O) of BMA oligorners. In (a) and (b) the plots of 

cxtent of mixing (f,) vs. time (in min) and the mean diffusion coeliicient (D,, in nmz/s) vs. fm, 

respectively, are shown. 

At higher temperatures the oligomer might contribute in many ways to enhancement of  

polymer diffusion. If the oligomer acts as a traditional plasticizer to increase the free volume 

in the sample, and is uniformly distnbuted in the polymer matrix at the annealing 

temperature, its influence on the polyrner difhsion rate should follow the Fujita-Doolittle 

equation. 2 3 ~ ' 2  



Here Dp is the polymer diffusion coefficient; Q>, is the volume fraction of the 

plasticizer, ~,'(T,o) is the fractional free volume of the polymer with no added plasticizer; 

and P(T) is the difference in fractional free volume between the plasticizer and the polymer 

at temperature T. From Figure 4-9, the magnitude of the terni {ln [D,(T,@~)/D,(T,O)] }- '  can 

be calculated for each set of data, with 0, ranging from 3 to 9 vol%. This calculation 

assumes that the oligomers have a density of 1.0 g/mL, close to the value of 1 .O6 g/mL for 

PBMA. We equate Dp with Da,,. Since the plots of (log Da,,) vs. f, in Figure 4-9b are 

essentially parallei for al1 sets of data for different values of a>,, the term (In 

[D,(T,Q>,)/D,(T,O)] )- '  is almost constant at different f, values. 

In Figure 4- 10 we plot values of (In [Dp(T,@,)/Dp(T,O)] )- '  vs. I/@,. A straight line is 

obtained, confirming that the system follows the behavior predicted by the Fujita-Doolittle 

mode1 [eq. (4-4)]. The intercept yields a f,(T,O) value of 0.029, and the slope gives a P(T) 

value of 0.05 1. The fp(T,O) and P(T) calculated here are quite reasonable, compared to 

values for plasticizers in polymer systems found in literature. For example, ~ujita" gives 

values of fp(T,O) = 0.046 and P = 0.07 for the system of high molecular weight poly(ethy1 

acrylate) (Tg = -28 OC) - benzene at 23" C. In our lab we have previously used this kind of 

analysis to describe the effect of the coalescing aid TexanolTM (trimethylpentanediol 

rnonoisobutyrate) on the diffusion rate of PBMA at 36 O C ,  for a sample of MW = 8 . 9 ~ 1 0 ~  , 

where we found f = 0.025 and P = 0.07.~ From Figure 4-9, we calculate 

IO~[D,(T,@,)/D~(T,O)], a shift factor which allow us to superimpose data obtained with a 

fraction of additive @, to that for @, = O. One sees that al1 the data can be superimposed 

onto a single master curve, Figure 4-1 1. This resuIt confimis that the oligomer acts in a 

simiIar way to traditional plasticizers in these latex films. 
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Figure 4-1 1. Master curve o fDP vs. f,,, for PBiMA latex films with O wt% (m), 3 wtOh (O), 6 rvtOh (O), 

and 9 wt% (O) of  BhIA oligomers. 

4.5 Conclusions 

We analyzed dimision rates of a high molecular weight polymer in latex films 

prepared from PBMA latex dispersions to which different amounts of ionic plus hydrolyzed 

oligomers in water was added. We found that the presence of a small amount of oligomer in 

the film can greatly enhance the diffusion rate of the polymer. The behavior follows the 



Fujita-Doolittle free volume model, which predicts the increase o f  polymer diffusion 

coefficients in the presence of a plasticizer. 
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5 LOCATION OF NONIONIC SURFACTANTS AND PEG 

OLIGOMERS IN PBMA LATEX FILM. 

5.1 Introduction. 

The presence of surfactant in a latex film can affect various properties of the film, 

including its glass transition12, its dynamic mechanical properties3, its peel ~ t r e n ~ t h , ~  and its 

water resistance5. The magnitude of these effects depends sensitively on the location of the 

surfactant in the film. If miscible with the latex polyrner. the surfactant can dissolve in the 

film resin and can act as a plasticizer.6-8 If the miscibility is low, the excess surfactant can 

form occlusions in the tilm or migrate to the air or subsîrate surfaces.9-" In this chapter we 

try to understand how the chernical structure of the nonionic surfactants influences the latex 

film formation process and its morphology, and how the length of the hydrophilic part of the 

nonionic surfactants influences the morphology of the film. 

As a mode1 system in our experiments we used PBMA latex films with NP-20 

surfactant and poly(ethy1ene glycol) (PEG) oligomers. We measure the miscibility of such a 

system and distribution of NP-20 and PEG oligorners by Modulated Differencial Scanning 

Calorimetry (MDSC), DET and Laser Scanning Confocal Fluorescence Microscopy 

(LSCFM) method. 

5.2 Experimental 

5.2.1 Materials 

Unlabeled poly(buty1 methacrylate) (PBMA) aqueous latex particles were employed 

in the MDSC and Con focal Microscopy experiments. By gel permeation chromatography 

(GPC, poly(rnethy1 methacrylate) standards ) the PBMA had M W  = 3 . 8 5 ~ 1 0 ~  with MJMn = 

2.67, and MW = 4.4~10' with MJMn = 3.68 respectivelly. Polymer difhsion experiments 

were camed out on labeled PBMA samples, of both high molecular weight (MW = 4 x 10') 

and low molecular weight (MW = 3.5 x 10") (PBMA). For both sets of polyrners MJMn = 

2.5 - 3, and had a degree of labeling of 0.8 mol%. Film samples were prepared from a 1 : 1 

mixture of donor- (phenanthrene) and acceptor- (anthracene) labeled polymer, referred to as 



Phe-PBMA and An-PBMA, respectively, rnatched as closely as possible in molecular 

weight, molecular weight distribution, and particle size. In case of anthracene labeled PEG - 
A~I(EO)~S ,  we used only phenanthrene labeled Phe-PBMA with ~ ~ 4 . 9 5 ~  lo5 and 

M,/Mn=3.5. The synthetic procedure for preparing labeled and unlabeled latex dispersions 

was descnbed in Chapter 1 The characteristics of the latex particles and An(E0)~g employed 

here are presented in Tables 5- la,b,c,d. 

Table 5-la. Latex particle characteristics -high M PBMA 

a. size polydispersity 

Table 5-1 b. Latex particle characteristics -1ow M PBMA 

Table 5-lc. High M PBMA latex + An-(E0)38 characteristics. (DET measurements) 

Phe-PBMA 

MW = 33,900 

Mn = 18,300 

M w / M n  = 1.85 

d = 1 19 nm (0.03) " 

a. size polydispersity 

An-PBMA 

MW = 35,700 

Mn = 16,700 

Mw/Mn = 2.14 

d = 1 19 nm (0.035)" 

a. size polydispersity 



Table 5-ld. High M PBMA latex + AII-(EO)~~ characteristics. (LSCFM) measurements 

Surfactant (sodium dodecyl sulfate) and low molecular weight salts used in the 

preparation of the latex dispersions. were completely removed by ion exchange (Bio-Rad, 

AG-501-X8 mixed bed resin, 3 g resin per LOO mL of latex). The procedure was repeated 

three times. Nonylphenoxypoly(ethy1ene oxide) NP-20 (TCI) and polyethylene glycol 

(PEG-n, EO,); n = 10, 20, 45, 68, 100 (Aldrich) were used without tùrther purification. The 

anthracene labeled PEG was received as a gift from Dr. Trevor Blease at ICI Surfactants. It 

was prepared by ethoxylation of 9-anthrylmethanol. In Toronto, this surfactant was punfied 

by recrystallization from ethyl acetate and analyzed by NMR and GPC (polystyrene was 

used as a standard and THF (tetrahydrofùran) as a solvent). We found that only half of the 

PEG chains have an anthracene at the end, the other half is not Iabeled. The surfactant has a 

bright yellow color. 

M ,  = 440,000 

Mn = 120,000 

Mw/Mn = 3.5 

d = 14 1 nm (0.04) " 

5.2.2 Sample Preparation 

MW = 1907 

Mn = 1688 

MJMn = 1.13 

NP-20 surfactant was added to the PBMA latex dispersions to obtain sampIes with 2, 5 

or 10 wt% of surfactant based upon latex solids. The mixtures were gently shaken for a few 

Iiours and left overnight to equilibrate. Then the dispersions were cast ont0 glass plates each 

covered with an inverted Petri dish, and placed in an oven at 3 2 O  C to form dry and 

transparent films. Because the wet films are covered in this way during drying, water 

evaporation is slow (e.g., 6h), and most of the drying occurs at 100% relative humidity. 

Films containing EOio, EOzo, E&, E068, EO~OO, and AII(EO)~~ were prepared in the sarne 

manner, but for DET measurements, the dispersions were cast ont0 quartz plates. Samples 

with low M W  PBMA were dried at 25' C. In some expenments with NP-20 surfactant, films 

were prepared through more rapid drying at 65% relative humidity. In this case the samples 

were simply left open to the air (drying time e.g. 0.5 h). The other conditions were the same 

7 5 

a. size polydispersity 



as for the slow drying films. Generally, the thickness of the films was in the range of 30 - 50 

Pm. However, for DSC measurements films with the thickness about 0.5 mm were used. 

These films were cut off of the glass substrate and placed in the DSC pan (in the form of 

srnaII pieces). Some NP-20 surfactant-containing samples were annealed for 1 hour at 90° 

C, prior to the DSC analysis. 

5.2.3 Modulated Differential Scanning Calorimetry (MDSC) Measurements. 

MDSC measurements were camed out using a Universal VI.61 TA DSC Instrument. 

The samples were run under Nz with a 2 OC/min average heating and cooling rate. The 

modulations had amplitude of i 1°C every 60 sec. For most sarnples three scans were 

perfonned: scan 1 (heating fiorn 4 0  OC to 75 OC); scan 2 (cooling fiom 75 OC to -60 OC); 

scan 3 (reheating from -60 OC to 75 OC). The total measurement required about 5 h. Tg 

values were calculated automatically using the instrument software. 

5.2.4 Laser Scanning Confocal Fluorescence Microscopy (LSCFM). 

The images were obtained using a ZeissLSM 510 confocal instrument with a water 

immersion C-Apochromat 6 3 d 1 . 2 ~  corrected objective. Anthracene was excited with the 

364 nm band of an Enterprise ENTC-653 laser. A 385 nm cut-off filter was used to prevent 

excitation light from reading to the detector. The confocal pinhole was set at 79 Fm, which 

corresponds to an optical siice thickness of 0.6 Fm. The investigated film area was 73.1 x 

73.1 Pm. The resolution of confocal microscopy in the x,y plane is 0.5 Pm. 

The film samples were transferred to a cuvete and put on a top of a drop of water in 

order to suppress light scattering. The stained, bright phase should be due to fluorescence 

from "An" labeled PEG, and the dark phase should represent domains of the PBMA films 

where no anthracene is located. However, because water is a good solvent for PEG, we 

recognize that the darkest spots in the films near the surface represents places where 

surfactant nch phase was present in the film before the PEG was dissolved by the water used 

to immerse the Icns. 



5.2.5 Fluorescence Decay Measurements 

Fluorescence decay measurements were camed out as described in Chapter 1. The 

calculations of areas under each decay curve, the extent of mixing f, and the apparent 

diffusion coefficient Dapp are also descnbed in Chapter 1. 

5.3 Results and discussion. 

5.3.1 Latex films in the presence of NP-20. 

Ln Chapter 3 of my thesis L described the effect of NP-20 on polymer interdiffusion 

rates in PBMA latex films at 90 OC. Using a fluorescence energy transfer method, we 

measured the influence of this surfactant on the rate of mixing of polymers in adjacent cells 

in latex films. We observed that small amounts (3 wt%) of NP-20 in the dry film accelerated 

the poIymer diffusion rate significantly, and increasing the amount of surfactant to 15 wt% 

led to a two-order-of-magnitude increase in the diffusion rate. We showed that the influence 

of NP-20 on the calculated apparent difhsion coefficients (Da,,) could be analyzed 

quantitatively in terms of the Fujita-Doolittle free volume model. In this model, the 

diffusion coefficient increases with the volume fraction q, of additive, and al1 the data can 

be shifted to generate a master curve with a single fitting parameter that descnbes the 

difference in free volume behveen the polymer and the plasticizer additive. 

From these results we deduced that the surfactant and polymer were miscible at 90 OC 

for the range of compositions examined, which means that NP-20 surfactant is uniformly 

distributed in PBMA rnatrix at elevated temperature. Other questions remain. For example, 

what happens at room temperature? When does the surfactant enter the polyrner phase? 

What drives the miscibility, the PEG chain or the NP-hydrophobic group? To address some 

of these questions, we have extended our interdiffusion studies to examine the effect of PEG 

oligomers on the PBMA diffusion rate, and we have camed out modulated differential 

scanning calorimetry (DSC) measurements on PBMA latex films, in the presence and 

absence of these additives. 



5.3.2 DET in Nascent Films containing NP-20. 

Because DET operates over such a short range (10 to 40 A for Phe/An), the presence of 

unlabeled membrane material in the Iatex films will separate the donor- and acceptor-labeled 

polymer, and decrease the efficiency on interparticle energy transfer. Under these 

circumstances, the mean Phe decay time <T+ will increase toward its unquenched value of 

45 ns. The value of Cr+ is ofien known with great precision (better than * 1%) because it is 

obtained by integrating the area under the entire donor decay profile. The presence of 

interstitial material in newly formed Iatex film which causes a significant decrease in the 

area of contact between adjacent cells in the film should cause a measurable change in < r d .  

On occasio~ we observe this effect for anionic surfactants such as sodium dodecyl sulfate 

(sDs)". On the other hand, some coalescing aids promote interdiffusion during film 

formation, leading to higher values of $ET(0) than expected for sharp intercellular interfaces. 

Crack-free transparent films are formed from al1 PBMA dispersions containing NP-20 

or EO, dried at 32' C. In these freshly prepared films, we observe a measurable amount of 

DET. WC plot our data in Figure 5-1, where ive observe no change. within experimental 

error, in the magnitude of Area(0) over a broad range of NP-20 concentrations. 

O 4 8 12 16 

concentration ïwt%l 
Figure 5-1. Plots of Area(0) values (obtained from integration of the normalized Phe fluorescence decay 

profiles) vs. concentration of NP-20 surfactant molecules. 

From our binding isotherm measurements for NP-20 (Chapter 2), we know that 6.5 

wt% surfactant corresponds to monolayer coverage of the PBMA particles. The value of 

<sD> = 42 ns, compared to r~ = 45 ns in the acceptor-free film indicates that there are two 

possible explanations for this result. The first, which had a strong appeal for us, was that the 



surfactant was able to diffuse into the latex polymer even at 32O C. We will see below that 

this explanation is incorrect. Alternatively, expulsion o f  the surfactant from the interstitial 

spaces would lead to surfactant domains within the film. Under these circurnstances, the 

surfactant occlusions might have a negligible effect on the ce11 surface area probed by the 

DET experiments in the newly fonned films. 

5.3.3 Miscibility of PBMA with NP-20 and PEO oligomers examined by MDSC 

MDSC is a recent variation of differential scanning calorimetry in which a sinusoidal 

temperature perturbation is applied"? The theory of MDSC is presented in Appendix 1. 

The advantages of  MDSC inciude the ability to separate overlapping phenornena, as well as 

to improve measurement resolution and sensitivity13. Various applications have been 

reported. These include separation of the recrystallization peak of  a polymer fiom the glass 

transitionL5, separation o f  physical aging annealing peaks from the glass transition'5w16 
17. 18 measurements o f  absolute heat capacity and the measurements of thermal conductivity 

19 . An example of the total, reversing, and nonreversing heat flow for pure PBMA is s h o w  

in Figure 5-2. 

-60 -40 -20 O 20 40 60 80 
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Figure 5-2. Plots of heat flow (l), nonreversing heat flow (2), and reversing heat flow (3) vs. temperature 

for pure PBMA. The reversing heat flow shows a glass transition at 34 O C .  The peak in the scan of 

nonreversing heat flow is due to enthalpy relaxation reflecting prior szmple history. 



The term "reversing" refers to the part o f  the process that is reversible on the time scale of 

the oscillations. From reversing heat flow we see very clearly the glass transition Tg = 34 O 

C. From the nonreversing heat flow we observe the peak which cornes only ftorn the 

sarnple's preparation history. NP-20 is a crystalline material, and the formation of surfactant 

occlusions in the polymer films should lead to a meking transition measurable by DSC. 

Since the melting temperature occurs in the same temperature range as the glass transition of 

PBMA, we turned to modulated DSC. which allows us to separate the glass transition from 

other interfering transitions in the sample. 
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Figure 5-3. (a) MDSC fîrst scan (heating) for pure PBMA (l), PBMA + 5 wt% NP-20 (2), and 10 wt% 

XP2O (3). (b) MDSC scans (first heating (l), second cooling (2), and third reheating (3) for pure NP-20 

surfactant. 

In Figure 5-3a we show typical MDSC first heating scans for pure PBMA, and for 

PBMA latex films containing 5 wt% and 10 wt% of NP-20 surfactant. Figure 5-3b shows 
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the MDSC tirst heating scan (melting), second cooling scan (crystallization), and third scan 

(melting) for the pure NP-20 surfactant. 

Over the same range of temperatures (between 20 OC and 40 OC) one can observe three 

overlapping events: the glass transition of the polymer, the exotherm peak frorn enthalpy 

relaxation in the sample, and the melting transition for the surfactant. The glass transition is 

a reversible transition superimposed upon the melting transition and the non-reveeing pan 

of the heat flow due to sample preparation history. In order to separate these events, we 

consider the cooling scan (Figure 5-3b), where the crystallization exotherm for pure NP-20 

is detected in the non-reversing component of the total heat flow. We note that the 

crystallization exotherm has a similar area to that of the melting endotherm seen on the 

reheating scan, and is shifted somewhat to Iower temperature. The temperature shift 

depends upon the relative temperature ramp (cooling, heating rate) compared to the rime 

required for crystallization to take place. 

We see remarkably different behavior in MDSC traces o f  PBMA + NP-20 mixtures. 

For example, when we add 5 wt% of NP-20 to the PBMA, a crystallization exotherm can be 

observed in the cooling scan. It appears at very low temperatures (e-g. - 40 OC). An example 

is given in Figure 5-4a. When we look at Figure 5-4b for the cooling scan for sample with 

10 wt% we see two crystalIizations peaks, one at around 15 OC, like as is found in pure NP- 

20, and another at - 40 O C ,  as in case of the sample with 5 wt % surfactant. The shift in the 

position of the crystallization exotherm at -40 OC compared to the melting endotherm is at 

first surprising. We explain this behavior as follows: In the newly formed film, most of the 

NP-20 is present in its crystalline form. As the sample is heated, the substance melts. We 

know that at sufficiently high temperature (90" C), the NP-20 molecules diffuse into the 

PBMA polymer phase and mix molecularly with the polymer. As the sample is cooled, 

demixing occurs. This takes time. The exact position of  the crystallization endotherm, and 

its breadth, depend upon the rate of demixing compared to the rate o f  cooling of the sarnple. 

In this sense, the crystallization endotherm at -40' C differs significantly from that observed 

for the pure surfactant, which crystallizes more rapidly on cooling. The PBMA sample with 

10 wt% of NP-20 has two crystallization peaks, implying that during the heating scan in 

which the sample was heated up to 75 OC, not al1 the surfactant became molecularly mixed 

with the polymer matrix. Some of the surfactant remained as  discrete occlusions and gave a 

crystaIIization peak at 15 OC. 
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Figure 53. Plot of total heat flow vs. temperature (three scans) for: (a) PBMA + 5 wt % NP-20, a n d  (b) 

PBMA + 10 wt Oh NP-20. We identify the peak exotherm at - 40 O C  in the cooling scans with the 

crystallization of NP-20 after it demixes from the polymer. In case (b) we also observe broad NP-20 

crystallization peak at 15 O C  indicating that not al1 surfactant became molecularly mixed with polymer 

matrix. 

CVe are particularly interested in the influence of NP-20 on the glass transition 

temperature of the PBMA matnx. Films containing only 2 wt % surfactant exhibit no 

melting or recrystallization transitions for the surfactant, either on heating or cooling. There 

is, however, a measurable decrease in the Tg of the polyrner, which can be observed in al1 

three scans. In Table 5-2 we report values of Tg for PBMA and for PBMA containing 2 wt% 

NP-20. For PBMA itself, we find a small decrease in the calculated Tg values on successive 

scans, a sample history effect. There are similar effects of sample history on the sarnple 

containing 2 wt% NP-20, with lower Tg values in the presence of this small amount of 

surfactant. We note that the NP-20 has a larger effect on lowering Tg in the second and third 

scans than in the first scan, where the change in Tg is only 1.6 OC. For the second and third 



DSC scans, the change has increased to 3.6" C. While this difference is not large, and the 

cstimated precision in Tg is * O S 0 ,  these observations are consistent with only partial mixing 

of the surfactant and polymer dunng the film formation. More exterisive mixing and a more 

uniforrn distribution of the surfactant in the polymer phase takes place following the first 

heating scan. During the first heating scan and subsequent cooling scan, the sample spends 

about 30 min at temperatures between 50" to 75 OC. In Our view, it is during this time that 

the surfactant diffuses into the PBMA phase. 

Table 5-2. Summary of Tg values for PBMA and PBMA + 2 wt% NP-20 blends 

Tg (O Cl' 1 

a. The estimated error in al1 Tg measurements reponed here is k 0.5 OC 

scan 

1" - heating 

2 ° C  cooling 

3" - heating 
. 

To study the influence of larger amounts of NP-20 on the polymer Tg, we obtain 

information from the reversing component of the cooling scan. In the first heating scan and 

in the reheating scan, the glass transition is masked by the melting of the NP-20. In Figure 

5-5 we show the reversing heat flow for the cooling scan for a sample of PBMA itself, and 

for PBMA samples containing 2, 5 and 10 wt% of NP-20. These latex films were a11 

prepared under slow drying conditions. The results are sumrnarized in Table 5-3. 

Table 5-3. Summary of Tm valuesa for NP-20 and Tg valuesb for PBMA (in OC) for NP-20 

and for mixtures of PBMA with various amounts of NP-20. 

PBMA 

36.3" 

34.1 O 

33.6" 

PBMA + 2 wtOh NP-20 

34.8" - 

30.5" 

30.4" 

I 1 1 1 I I I 
a. crystaIlization peak obtained on the cooling scan 

material 

T (O C )  

b. glass transition temperatures obtained on the cooling scan 

83 

NP-20 

16" 

PBMA 

34 I O S b  

PBMA + NP-20 

2 wt% 

30.5 _+ 0 . 5 ~  

PBMA + NP-20 

5 wt% 

29 + 0.5 

PBMA + NP-20 

10 wt% 

29 I 0.5 



We find that 2 wt % NP-20 causes a 4 OC decrease in the Tg of the polymer, whereas fûnher 

addition of NP-20 leads to only a small additional decrease (1 OC) in Tg. These results 

suggest that at temperatures near room temperature, the systern has reached the limits of 

miscibility at a surfactant content between 2 wt % and 5 wt %. Even this conclusion is 

subject to sample history effects. When the sample containing 5 wt% NP-20 is amealed for 

1 hour at 90 O C ,  the polymer exhibits a Tg = 27.3 OC (AT, = 7 OC) on the subsequent cooling 

scan. These results establish that for NP-20 in PBMA latex films near room temperature, 

some of the surfactant dissolves in the polymer, and some is present in the form of 

aggregates or occlusions sufficiently large to exhibit both melting and crystallization 

transitions. 
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Figure 5-5. Plots of reversing heat flow (iV/g) for the cooling scan vs. temperature for PBMA (l), PBMA 

+ 2 rvt % (2), PBMA + 5 wt O h  NP-20 (3), and PBMA + 10 wt % NP-20 (4). 

5.3.4 Mixtures of PBMA with EOio and EOto Examined by MDSC 

The results for PBMA latex films prepared in the presence of the PEG oligomer 

EOZ0 are presented in Table 5-4. For al1 of the samples, containing 3.8 wt%, 5 wt%, and 10 

wt% EOz0, the measured Tg's are identical to that of the PBMA polyrner itself. From this 

result, we could conclude that EOro and PBMA are essentially immiscible over the 

temperature range of our measurements. Although from the cooling scan for PBMA samples 

with EOzo oligomers in Figure 5-6 we see that crystallization process take place at two 



different temperatures, similarly like for sample with 10 wt?4 of NP-20 surfactant. One is 

the temperature of crystallization of pure EOzo, +25 OC the other one is rnuch lower, -30°C 

Table 5-4. Summary of Tg and Tm values (in O C) for EOzo, and (PBMA + EOzo) 

scan 

T, 
PBMA + EOzo 

b. Melting peak- 
c. Crystallization peak 

Temperature ( O C  ) 

3.9 wt% 5.1 wt% 9.4 wt% 

3 3 3 - - - 

32.9" 32.2OC 32.0°C 

Heating 

Cooling 

Figure 5-6. Plots of total heat flow for cooling scans vs. temperature for PBMA samples with 3.8 wt %, 5 

wt Oh, and I O  wt % PEGZo. The two crystallization p e a k  observed in these scans are approximately at - 
30 OC and 25 OC. The peak at 25 OC is the crystallization peak of pure PECIo (not mixed with PBMA). 

The pcak at -30 O C  is the crystallization peak of PEGIo after it demixes from the polymer. 

a. The PBMA T, is obscured by contributions of EO10 meltins to the reversing heat flow. 

32.6" 

24.9" 

We can explain the mechanism of crystallization of EOro in the PBMA film in the same 

way as for the NP-20 surfactant. Some amount of EOzo mixes with PBMA at elevated 

temperatures. During cooling, the unmixed part crystallizes at 25" C, but the oligomer that 

mixed with the PBMA needs time to separate and to form domains large enough to 

crystallize. This oligomer is responsible for the additional crystallization peak we observe at 



low temperature. The fact that we do not see any change in Tg for the cooling scan suggests 

that the mixing process only take place on the surface of  latex particle and leaves the bulk of 

the PBMA unchanged. Most of the EOzo remains in the unmixed state. The height of the 

peak at 25 OC increases with increasing content of EOlo in the film. 

In polymer diffusion studies described below, we observed that the presence of EOzo in 

PBMA latex films retards PBMA dif is ion in the film. An important question is whether 

this retardation effect is due to the unmixed EOzo or the EOzo dissolved in regions of the 

PBMA. If the mixing of PEG with PBMA is a result of mixing of polar components at the 

Iatex particle surface, this mixture can serve as a membrane bamer to retard fùrther polymer 

diffusion. We examined this problem by investigating the influence of EOxo on film 

formation by PBMA. We found that the minimum film foming temperature (MFT) is lower 

for PBMA samples with EOZ0 present than for pure PBMA dispersions. For the PBMA 

dispersions containing EOzo, we were able to get nice transparent films without any cracks at 

29 OC, whereas pure PBMA films obtained at this temperature were full of  cracks. This 

result indicates that the EOZO present at the PBMA latex surface acts to piasticize the surface 

rather than acting as a barrier. As we will see below, when we combine these observations 

with the diffusion results, we will conclude that a fraction of the PEG oligomers slightly 

plasticize the PBMA polymer in the PBMA-PEG interface zone, while the remaining part of 

PEG is the major source of retardation of polymer diffiision. 

The results for films prepared from PBMA latex + EOlo are presented in Table 5-5. The 

rnelting transition of the EOIo (Tm = 0.8" C) is well separated from the glass transition of 

PBMA (see Figure 5-7), so that we were able to obtain PBMA Tg values from al1 three 

MDSC scans. Here a small but significant decrease of Tg (about 3.5 OC) is observed during 

the cooling scan (Le., after the sample has been heated); but no change in Tg can be detected 

on either the first or second heating scan. Diffusion experiments show that EOio causes a 

slight increase in the diffusion rate of polymer for annealed samples. These results suggest 

that there is some miscibility between the two components at high temperature, but they 

phase separate at low temperature. 
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Figure 5-7. Plots of  total heat flow for first heating scans vs. temperature for PBMA samples with O wt 

%, 1.7 wt %, 3.8 wt %, 5 wt %, and 10 wt % PEClo. The peak around O OC is the melting peak of 

PEG,,,. The peak at 35 OC is due to enthalpy relaxation, and obscures the PBMA glass transition region. 

Table 5-5. Summary of Tg and Tm values (in OC) for EOio, and (PBMA + EOlo) 

1 1. heating 1 0.8" " 1 34.0" 34.5" 34.0" 

3. heating 1 -- 1 34.5" 33.8" 3 1.7" 

a. rnelting peak 

5.3.5 DET investigation of the effects of An-EOJ8 in latex films. 

To learn more about the behavior of PEG oligomers in the latex film, we camed out 

DET experiment on phenanthrene labeled PBMA films with different contents of the 

anthracene labeled EOjs. We measured the fluorescence decay of samples with different 

amounts of An-E038 and calculated the area under the fluorescence decay and efficiency of 

encrgy transfer, for freshly formed films and for films ameaied at 50 and 90 OC. From the 

DSC data, we learned that PEG itself is only poorly miscible with PBMA, but we were not 
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able to draw conclusions about how much of PEG can penetrate into the film. With the An- 

labeled PEG, we can obtain fiirther information about miscibility, and we also hope to be 

able to Say something about the kinetics of PEG phase separation. 

The system discussed in this section is s h o w  schematically in Figure 5-8. We imagine 

that in the Phe-labeled PBMA latex film, the An-labeled PEG domains are located between 

latex particles. Energy transfer can take place between donor-labeled PBMA particles and 

acceptor-labeled PEG domains. The amount of An(E0)38 in the film, the size, and shape of 

An(E0)38 domains should influence the results of this ET experiment. We monitored 

changes in the amount of ET in these films as a fùnction of processing conditions. From the 

data obtained, we try to draw some conclusions about features of latex film morphology in 

the presence of low rnolecular weight PEG-containing species. 

( Phe 

domain 

Cells in a latex film 

Figure 5-8. The schematic representation of An-labeled PEC domains (An-EOM) in the Phe-labeled 

latex film. The energy transfer takes place between donor-labeled latex particles and acceptor labeled 

PEG domains. 

Anthracene-labeled EO3* is bright yellow powder. The PBMA samples with a content 

of An-Eo38 less than 10 wt% (we always consider the total arnount of PEG in the film; 

labeled and unlabeled) were transparent and colorless. Films with 10 wt% of An-E038 were 

still transparent but slightly yellow. Samples with 15 wt% of E038 and more were yellow 

and start to becorne turbid. The turbidity appears initially only at the edges of the sarnples 

where the films were the thickest (samples with 15 and 20 wt % of E038). Finally with 

further increasing concentration of E03* in the film (25 or  30 wt %) the entire samples are 

turbid. Moreover we found that annealing decreases the turbidity of the samples and speeds 

up the exudation of An-E038 to the surface. We were able to observe large droplets of An- 

E03s liquid on the surface of the annealed film after short times of annealing. 



In Figure 5-9 we present values of the area under the fluorescence decay curves (Area) 

and the efficiency of energy transfer @ET for freshly fonned PBMA latex films (O), and for 

films annealed at 50 O C  for 30 hours (I) in the presence of different amounts of An-EO38 

(up to 30wt%). For freshly formed films we observe that the Area (Figure 5-9a) decreases 

with increasing amount of An-E03* up to 33 ns for the film with 3Owt % of E038. This 

results means that On, increases from O (no An-PEG) up to 0.27 (30 wt% PEG) (see Figure 

5-9b). Even 30 hours of annealing at 50 OC does not cause any change in values of the Area 

and OET for the samples with an An-E038 content no greater than 15 wt %. For samples with 

an amount of An-E038 largcr than 15 wt %, the area increases with amealing time until, it 

reaches a constant value of 38 ns. Figure 5-10 shows the changes of Area and @ET with 

annealing time for samples with different amounts of An-E03g. 

Figure 5-9. Area under the fluorescence dccay (a), and effkiency of energy transfer (b) VS. An-EOJ8 

concentration for PBMA + An-EOJ8: (O) freshly formed films, (m) films annealed for 30 hours at 50 OC. 
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Figure 5-10. The  area under the fluorescence decay (a), and the efficiency of  energy transfer @ET (b) 

versus annealing time rit 50 OC for films with: 20 wtOh (O), 25 wtOh (O), and 30 wt% (I) An-EOJ8 in the 

Phe-PBMA latex film. 

For example, the sample with 20 wt% of An-E03g needs 500 min of annealing at 50 OC for 

us to observe a change of area from 36.6 ns to 37.8 ns (or a change in from 0.20 to 

0.175). For samples with 25 and 30 wt% of E038 approximately, IO0 min of annealing at 

50°C is enough to induce a signifiant increase in the area values, from 35 ns (33.5 ns) to 

approximately 37 ns. In this case decreases from 0.27 (30 wt% PEG) and 0.235 (25 

wt% PEG) to approximately 0.18 for both samples. The tùrther increase in the area value to 

38 ns and decrease in CbE~ to 0.17 is very slow. 

We interpret these results as follows: The area under the fluorescence decay decreases 

for freshly formed films with increasing amount of An-EQ8 because ET between an An- 

E038 and Phe-PBMA increases as a result of a growing number of An-E038 domains 

between the latex particles. The annealing process at 50° C does not change anything in the 

samples up to 15 wt % of EO38. Although at this temperature the EO oligomer is already 

melted, it is buried in the film as the separate domains. The mobility of the PBMA at 50° C 

is negligible even for annealing times as large as 30 hours, so there is no driving force for 

the PEG to be expel1ed to the surface of the film. If there is some exudation of EO 

oligomen for samples containing 10 or 15 wt % of An-E038, it rnust take place during the 
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film formation process. A different situation occurs for samples with more than 15 wt% of 

An-E03s. After approximately 1 h of amealing at 50" C (we did not examine shorter times), 

we observed a decrease in the energy transfer signal for samples with 25 and 30 wt% of An- 

E039 compared to the samples prior to amealling. Afier 1 h of annealing at 50 OC, the area 

under the fluorescence decay changed from 35.1 ns to 37.4 ns for the sample with 25 wt% 

An-E03* and from 33.5 ns to 36.4 ns for the sample with 30 wt% An-E03~ (see Figure 5- 

10). This change suggests that there is a rapid exudation process, which takes place probably 

just after melting of the PEG. In the case of samples with 20 wt % of An-E038, the 

observable increase in the area under the ID(t) decay profile takes over more than 5 hours, 

and the change in area is tiom 36.6 ns to 37.8 ns. Finally, the areas increase to constant a 

value of about 38 ns for al1 samples annealed for sufficiently long times (30 h). 

As the exudation of PEG oligomers is fast at the begiming of annealing process for 

sarnples with high concentration of E03*, we believe that in these sarnples, there exist 

separate PEG domains that are connected to one another. The connections forrn "channels", 

which aflow rapid flow of the molten surfactant to the surface. The rate of exudation 

depends on the amount of these channels and their size. When smaller amounts of AnEO3s 

are present, the EO-rich domains are isolated "lakes". Even in the melt state, diffùsion or 

flow to the polymer surface is inhibited. 

Now let us consider what happened when the samples were annealed at 90" C. At this 

temperature not only the PEG is very mobile, but diffusion of PBMA polymer molecules 

can be measured easily on the time scale of this experiment. Does the mobility of the matrix 

affect the exudation and phase separation of the PEG? The experimental results are present 

in Figure 5-1 1. Recall that the aET values for these experiments are determined after rapidly 

cooling the films to room temperature. 

At first the results are surprising. For short annealing times (5-15 min) we observe 

increases in the values of The increase in can be only explained as an increase in 

the miscibility of the two components with increasing annealing temperature. On the other 

hand for longer annealing times (5 - 1  1 hours) the value of an decreases for al1 samples 

investigated, from 5 to 30 NT% of &-E038 in the film. These results reflect the kinetics of 

phase separation of the two components in the system. Phase separation of An-E038 

rcsulting in exudation to the surface is a kind of macrophase separation. The decrease in the 

ET signal (increase in area) can also be connected with microphase separation, in which the 
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shape of PEG domains evolve from elongated to round ones, or the fusion of small PEG 

domains into bigger ones. in other words, each process that causes that the ratio of the 

surface-to-volume of the PEG domains to decrease, decreases the amount of ET occumng in 

the system. In cornparison with samples ameaied at 50 OC the phase separation process is 

much faster at 90 OC. At 90 OC we are able to observe the phase reorganization process even 

for the sample with 5 wt% of An-EO38. No change in this sarnple was observed upon 

annealing at 50 OC. 

l l ' l ' l i l ' l '  

O 200 400 600 800 1000 

time [min] 

Figure 5-1 1. The effïciency of energy transfer versus annealing time at 90° C for Phe-PBMA films 

containing: 5 wtOh (O), 10 wtOh (a), 15 wtOh (O), 25 wt% (m), and 30 wt% (A) An-EOM. 

The results from annealing experiment at 90°C indicate that at this temperature we have 

two cornpeting processes: phase separation and a limited extent of mixing. Since we observe 

the decrease in area values for short annealing times, we conclude that diffusive mixing of 

A I I - E O ~ ~  is a rapid process, and is already completed after 5 - 10 min of  amealing at 90" C. 

By eye and with a microscope we observe some exudation of An-EO38 to the film 

surface following short annealing times for samples with 25 and 30 wt% of PEG derivative. 

The An groups in this phase do not affect Phe fluorescence. Thus diffusive mixing hzs to be 

the source of the decrease in area of the donor decay profile. As the mixing process is fast 

and is completed after a few minutes of annealing, we conclude that the contribution from 

the mixed part of the E038 to the DET signal is the same at each stage of  annealing process. 

However, the phase separation process (the change in shape and in size of  PEG domains), is 

continued during the whole annealing time. This is why with increasing annealing times ( 1  h 



or more), finally, this process dominates, and the area under the fluorescence decay starts to 

Increase. 

5.3.6 .Morphology of PBMA films with AnEO38 in the light of Laser Scanning 

Confocal Fluorescence Microscopy(LSCFM). 

Confocal microscopy has a resolution of 0.5 Fm. Thus we are limited to the 

observations of objects larger than 0.5 Pm. In other words, if the PEG is present in domains 

smaller than 0.5 pm we can not resolve these domains. More specifically, if the An-PEG is 

distributed as a membrane between the latex particles, we would not see any structure of the 

film. The film would appear as a homogeneous bright area. 

5.3.6.1 Images for freshly formed films and films annealed at 50 O C ,  

PBMA films containing 7, 10 , and 15 wt% of An-EOJ8 look Iike homogenous bright 

films in the confocal microscope. The images are similar for the freshly formed films and 

for films anneaied at 50 OC for even 30 hours. The brightness of  each film increases with 

depth, indicating that surfactant is not uniforrnly distributed in the film. The Iower 

concentration of the surfactant near the surface of  the film may be due to leaking of the 

surfactant during the microscopic measurement. During the experiment, the sample is 

imrnersed in water, which is good solvent for the PEG. If the surfactant forms a kind of 

network, so that water can penetrate into the film, water can remove the PEG fiom the film. 

Lost of fluorescent material may explain why the film is darker close to the air surface than 

in the bulk. These images indicate a high concentration of PEG at the quartz substrate - film 

surface. As a confirmation of this location for the surfactant we find that the latex film in the 

samples with high concentrations of PEG (e.g. 30 wt%), when immersed in water, very 

easily separate from the substrate. 

The images of a freshIy formed film with 30 wt% of An-E038 differs substantially from the 

homogeneously bright images of samples with up 15 wt% of PEG, and are shown in Figure 

5-12. The first image shows the surface of the film, and the following images are the 

subsequent optical slices of the sample with depth intervals 5 Fm. The surface of  this sample 

is less bright than images from inside the film. The next image (5 pm corn the surface) 

shows an inhomogeneous morphology, with dark spots on a bright background. We believe 

that the dark spots represents holes distributed randomly in the film. They were fomed 



when the PEG-rich phase located at the spot dissolved in the water during the LCFM 

measurements. Deeper into the fiisn, the images are more homogenous. 

Figure 5-12. Confocal images olfresbly krmtd PBMA sample witb 30 wtV. of An(EO),,. Tbc top right 

image is the surface of the umple, next ones are the substquent slices with the depth iotewal S v .  The 

size of each image is 73.1 x 73.1 pm 

The images support the conclusion we drew fiom DET, the existence of some PEO-rich 

structures ("channels"), which lead to the surface for samples with PEG concentration 

higher than 15 wt %. From confocal microscopyy we lem that these "channels" c m  be 

micron size objects. 

5.3.6.3 Images for films annealed at 90 OC. 

Sampies of PBMA films with 7, 15, and 30 wt% of AnEO3* were annealed at 90 OC for 

3 h before the images were taken. The annealed film with 7 WO of PEG (Fig 5-13) does not 

show any structure and looks the same as the not-annealed samples. 



Figure 5-13. Images of PBMA u m p k  witb 7 wt% of AnEOM, annukd at 90 OC, 3 houn. The images 

are from the surface (right top) of the film into the bulk with 2 pm depth interval. The si- ofeach image 

is 73.1 x 73.1 pm 

The film with 15 wtYo of PEG after annealhg 3 h at 90 OC, shows already an 

interesting morphology (see Figure 5- Ma). in Figure 544a we present 5 successive images 

fiom the surface of the film into the bulk at 5 pm depth intervds. The surface of the film 

shows six huge holes, with an average diarneter of 4.5 p. These holes are also seen in the 

next two images, implying that the holes are connected in the vertical direction. The images 

fiom deeper in the film show phase separation in the film as a mixture dark and bright areas. 

For cornparison in Figure 5-14b we show images of sample with 15 WO PEG without 

annealing. The images do not reveal any structure, and l o c h  like images of a homogenous 

film. 



Figure 5-14. Images of PBMA sample with 15 wt% o f A n E 0 ~ :  (A) ann-kd at 90 OC for 3 boum, (B) for 

freshly formed film. The images arc from the surface (rigbt top) of the film into the bulk at 5 pm depth 

intervals. The size of  each image is 73.1 x 73.1 pm 



The sample with 30 wt % PEG, annealed 3 h at 90 OC, reveals a pattern of holes near 

the surface structure which disappears when one looks deeper into the film. In Figure 5-1 5 

we see a pattern of dark spots which we believe are due to channels representing the 

surfactant-rich phase. Deeper in the film the dark spots disappear and the film is more or less 

homogenous. 

Figure 5-15. Images of PBMA u m p k  with 30 wt./. of AnEO,,, anncakd at 90 O C ,  3 bours. Tbc images 

are from the surface (right top) of tbe film into the bulk at 5 pm dcpth intervals. Tbe sizc of cacb image 

is 73.1 x 73.1 Mm 

The effect of increasing homogeneity of the film with the depth is observed for al1 

samples. We do not know if this is a real effect and phase separation occurs more rapidly in 

the vicinity of the air surface where the surfactant can exude onto the surface, or if this is an 

effect comected with the contrast between two phases. (With increasing depth it is more 

difficult for water to reach the PEG-rich phase). We did one control experiment to check the 

influence of water on sample images. In Figure 5-16 we present the image of the PBMA 

film with 30 wtYo PEG annealed for 3 h at 90 O C ,  but in this case the sample was immersed 

in silicon oil instead of water. The silicon oil does not dissolve the PEG-rich phase. The 

images are very different in cornparison with Figure 5-15. Now we see on a dark 



background micron-size bright round spots, which appear over the whole sample. We 

believe that these bright spots represent pure PEG crystalline material. Because of the hi@ 

brightness of  these spots, the rest of the film is dark and its structure is hidden. 

Figure 5-16. Images d PBMA srmple with 30 wt% of M O m ,  r n d e d  at 90 O C  for 3 hours, and 

irnrnerset! in silicon oil. Tbe images arc f m  tk sacface (right top) of the film iato the bulk at S pm 

depth intervais Tbe size of each image is 73.1 r 73.1 Pm. 

Combining the results fiom DET with the images of PBMA films containing AnE03g 

we believe that the transport of the AnE038 to the surface is associated with existence in the 

film comected, micron size channels, round or  oval in shape, and leading to the film 

surface. The size, number, and length of the channels depend on the amount of AnEO3g in 

the PBMA film, and influence the rate of PEG exudation. 

5.3.7 Effect of EO, on Interdiffusion in PBMA Latex Films 

Because of the Lirnited miscibility observed by MDSC and DET for the EO, oligorners 

with the high molecular weight PBMA sample, we examineci the influence of these 

oligomers on both high and low molecular weight PBMA latex fiims, and we also carried 

out experiments at two different temperatures. The results for films prepared fiom the hi& 



molecular weight PBMA sample, annealed at 7 6 O  C in the absence and presence of 5 wtYo 

PEG are shown in Figure 5- 17. In Figures 5- 17a and 5- 17b we plot the time-dependence of 

the extent of mixing f, and the calculated apparent diffision coefficients Da,, respectively; 

and in Figure 5- 17c we plot Da,, as a function of f,. 
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Figure 5-17. Dependence of  extent of  diffusion f, (a) and apparent diffusion coefficient Dmpp (b) on 

anncaling time (diffusion time). (c) Dependence of diffusion coeîïicient on extent of mixing for pure 

PBMA film (a) and films with the presence of 5 wt % PEC of difierent molecular weight (O) EOlb 

EOzo, (0) E0681 (e) EOIO0. Annealing temperature: 76 OC. 

For the sample without added PEG, one observes a very rapid drop in Dapp values at 

early stages of polymer interdifhsion. This drop is especially pronounced in the plot of Da, 

vs. time (Figure 5-17b) for the pure PBMA film and the film containing 5 wt % EOio. The 

mixing at early stages of polymer interdifhsion involves the lowest molecular weight 

components of the latex polymers. The presence of a labeled low molecular weight tail in 



the PBMA molecular weight distribution can be seen in gel permeation chromatography 

experiments and is a consequence of our preparing the latex under monomer-starved 

conditions. The broad rnolecular weight distribution of the sample also contributes to the 

continuing decrease in Dapp values at later times, as seen in Figures 5- 17b and 5- 17c. Once 

the most mobile components of the polymer have intennixed, the increase in ET measured 

in the experiment is due to interdifision by somewhat less mobile polyrner, and near the 

end of the experiment, as f, approaches unity, the slowest diffusing polymer contributes to 

the growth in ET. We have to keep in mind that the ET experiment is sensitive to diffusion 

on the length scale of the particle diameter. Diffision can occur over much longer distances, 

but the ET experiment loses sensitivity once al1 the Phe-PBMA has mixed with An-PBMA. 

Additionally, only in the plot of Dapp values as a function of f, (Figure 5-1 7c) can we make 

quantitative comparisons of diffusion rates among the different samples. The plots of Da,, vs 

time, however, emphasize that a significant amount of interdimision occurs at early times. 

From the data in Figure 5-17, it is clear that at 76 OC, the presence of PEG at 5 wt% 

retards the rate of polyrner diffusion, and that this effect is more pronounced with the higher 

molecular weight oligomer. For EOlo, the effect is too small to be observed, whereas longer 

chah derivatives (EOro, EO6& EOloO) have an increasingly larger effect on the rate of 

mixing. In Figure 5-17b we see that there is a particularly large effect on the interdiffusion 

rate at early times in the diffusion process. These could be consistent with the formation of a 

polar hydrophilic membrane by the PEG in ;he PBMA latex film, which could serve as a 

barrier to polymer diffusion across the intercellular boundaries. Based upon arguments 

described previously, we would expect that if the PEG oligomers form a hydrophilic 

membrane, we would observe an increase in Area(0) from 42 ns  with the increasing amounts 

of PEG. The results are presented in Figure 5- 18. 

We do not observe a change in Area(0) with increasing amount of PEG in the fieshly 

prepared films. This result indicates that the film is characterized by separate domains of 

PEG between latex particles rather than a continous membrane. The PEG domains do not 

cause a Iarge decrease in the contact area between Phe and An Iabeled celis in the film. 

Additionally, we will see later in Chapter 7 that separate domains in the latex film can act as 

a obstacles to retard polymer diffusion. Obstacles appear to have their most pronounced 

retardation effect on polymer diffusion at the beginning of the annealing process, as it is 

observed for PEG domains. 



Figure 5-18. Plots of Area(0) vs. concentration of EOZ0 in the PBMA films 
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Figure 5-19. Dependence of extent of  diffusion f,,, (a) and apparent diffusion coefficient Dapp (b) on 

annealing time (diffusion time). (c) Dependence o f  diffusion coefficient on extent of mixing for pure 

PBMA film (O) and films with the presence of 5 wt % PEG o f  different molecular weight (O) EOIh (A) 

EOIo, (O) EOa, (a) EOIoo. Annealing temperature: 90 O C ,  



A second set of experiments carried out at 90 O C  gave similar results. The data is 

presented in Figure 5-19. At 90 OC, the presence of 5 wt% EOzo, E06%, or EOtoo suppresses 

the polymer interdiffusion rate. Here we found that EOio actually increases the diffusion rate 

to a small extent. These results are consistent with limited rniscibility of the short PEG 

oligorner with PBMA at elevated temperatures. 

Three experiments were carried out with the low molecular weight PBMA sarnple ( M W  

= 35,000). Because of the much faster polymer diffùsion rate for this sample, the films were 

annealed simultaneously at 60° C. In Figure 5-20 we plot f, vs. time for these samples. Here 

we see that EOio acts as a plasticizer to promote the polymer mixing rate whereas 5 wt% 

EOjs causes a smail retardation. The shorter the EO oligomer and the PBMA polymer, the 

greater their miscibility, a situation typical of polymers of borderline immiscibility. 

O 20 40 60 80 1 O0 

time [min] 
Figure 5-20. Dependence o f  extent of diffusion (f,) on annealing time (diffusion timc) for pure low M 

PBhlA film (a) and films with the presence of 5 wt % PEC of different molecular weight (O) EOlh (A) 

EOJ5. Annealing temperaturc: 60 O C .  

From Our diffusion and miscibility studies we conclude, that there are two opposing 

effects, which influence polyrner diffusion in the presence of PEG oligomers. The first is an 

obstacle effect. Separate PEG domains in the PBMA latex film act as obstacles to retard 

polymer diffusion (see Chapter 7). The second is a surface plasticization effect. A fraction of 

PEG oligomers plasticize the polymer at the PBMA-PEG interface and speed up polymer 

diffùsion. The miscibility is very limited (for rnost of the PEG samples 1 examined, there is 

no change in Tg of the PBMA phase) and strongly dependent on the EO chain length and 

temperature. Depending upon which effect dominates, obstacles or plasticization, one can 

observe a retardation or an increase of the polymer diffusion rate. Under certain 
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circumstances, these two effects cancel, and we see nearly no PEG effect (EOio at 76 OC) on 

the polyrner diffusion rate. 

In Figure 5-17 and 5-19 we see that the retardation effect depends on the EO chain 

length. Miscibility decreases as the PEG chain length increases. The smaller the miscibility, 

the larger obstacle effect. in the case of E06a and EOloo, for samples annealed at 76O C 

(Figure 5-17), there is likely to be almost no miscibility. Obstacle effects dominate. In this 

way, we explain why the influence of these two oligomers on polymer diffusion at this 

temperature is the same. When we increase the temperature, the miscibility of E068 

increases, and now EOioo retards PBMA diffision more than EOss. 

The conclusion that PEG is located in the latex film in the form of separate domains 

n ther  than as a hydrophilic membrane is also consistent with the work of chevalierg at al. 

on a latex film formation process in the presence of hydrophilic material. These authors 

investigated by small-angle neutron scattering the coalescence of soft latex particles covered 

by hydrophilic material. When the particles were covered with a shell of covalently bound 

poly(acry1ic acid) the hydrophilic material formed an interconnected membrane that 

persisted in the film. #en the particles were coated with short-chain surfactant molecules, 

the membrane that formed initially broke up into discrete domains as neighboring particles 

deformed into polyhedral cells during film formation. 

5.4 Conclusions 

The non-ionic surfactant N F 2 0  has only limited rniscibility with PBMA at room 

temperature. Miscibility at room temperature is detected as a lowering of the polymer Tg, 

and the limit of miscibility inferred from these measurements is slightly more than 2 wt%. 

As the samples are heated, the components become more miscible, and at 90 OC the 

surfactant is fulIy miscible with the polymer in amounts up to at least 15 WO, as was s h o w  

in polymer diffusion experiments (Chapter 3). Thus these components are charactenzed by 

an upper critical solution temperature. 

We are interested in the location of the NP-20 in the latex film as a function of sample 

history. The srnaller change in polyrner Tg on the first heating scan (AT, = 1.5 OC) for the 2 

wt% sample, compared to the change that occurs following sample annealing (AT, = 3 OC), 



suggests that there is limited diffision of the surfactant into the surface regions of  the latex 

during film formation at 32 OC. More extensive mixing occurs once the sample is heated. 

Atternpts to repeat these measurements in the presence of higher concentrations of NP-20 

are fnistrated by poor data when the melting endotherm occurs in the same temperature 

range (cg., on heating) as the glass transition. The miscibility increases with temperature 

si gni ficant ly, and the crystallization endotherrn observed on the cooling scan for sample 

with 5 wt% of NP-20 is due to surfactant which demixes and then crystallizes in the sarnple. 

The implication of this result is that in the polyrner interdiffusion experiments described in 

Chapter 3, the components mix rapidly when the samples are heated to 90 OC. Each time we 

removed samples from the oven and cooled them to roorn temperature for the fluorescence 

decay measurements, the NP-20 must have demixed, but these phase-separated domains 

caused no interference with the fluorescence decay measurements of polymer interdiffusion. 

A drawing depicting our view of  this process is presented in Figure 5-21. 

a) PBMA + 2wt% of NP-20 
A fter annealing 

1 
t) PBMA + 5wt% and more of NP-20 

a Upon cooling 

Figure 5-21. Model of NP-20 surfactant distribution in PBMA latex films with varying surfactant 

content. (a) For PBMA films with 2 wt % or less of NP-20 surfactant. Before annealing, the surfactant is 

distributed only in the top surface of  the polymer. After annealing, the surfactant is uniformly 



distributed in the film. (b) For PBMA films with 5+ wt % NP-20 surfactant. Before annealing, the 

surfactant is distributed only in the top surface of the polymer. During annealing at 90 OC, the 

surfactant diffuses uniformly iati tbe polymer phase. Upon cooling, part of the surfactant remains in the 

polymer phase. but the rest of the NP-20 phase separates and forms local domains in the film. 

By MDSC, neither EOio nor EOzo show any evidence for miscibility with PBMA near 

room temperature, for freshly prepared samples. For annealed samples containing EOIO, we 

observe in the cooling scan a small drop in Tg, about 3.5 OC, indicating some miscibility of 

these two components at elevated temperatures. The diffusion studies also confirrn some 

rniscibility of EOIo with PBMA at elevated temperatures. EOlo promotes the diffiision of  

high rnolecular weight PBMA (MW = 450,000) at 90 OC (but not at 76 O C ) ,  and has an even 

larger effect on the diffusion of low molecular weight PBMA (MW = 35,000) at 60° C. In 

case of PBMA films with EOzo, there is no change in Tg in the cooling scan, but we observe 

hvo crystallization peaks. As in the case of the NP-20 surfactant, the crystallization peak 

shifted to lower temperatures is connected with the demixing process. Our results on E020 

suggest a very limited miscibility of these two components, which takes place primarily near 

the surface of the latex particles. ET measurernents of polymer interdiffision show that al1 

EO oligomers of 20 or  more EO units act to retard polymer diffusion. We believe that this 

retardation is caused by an obstacle effect. The existence of separate EO domains interferes 

with polyrner diffusion. With increasing temperature and the decreasing EO chain length, 

the miscibility of the system increases, reducing the obstacle effect or even causing it to 

disappear. 

From DET measurements of PBMA latex films with anthracene-labeled E03g, we 

confirrn the very limited miscibility of PEG oligomers with PBMA polymer at 90" C. 

Here we find that substantial amounts of this amphiplitic oligomer exude to the polymer 

surface. Much of this exudation of PEG fiom the film takes place during film formation 

process, or at the begiming of annealing. We think that the "fast exudation" is connected 

with the existence in the latex film of interconnected domains or channels of  AnE038, 

leading to the surface. The existence of such channels is confirmed by Confocal Microscopy 

measurements. Through these charnels the AnE038 can easily flow to the film surface after 

melting. This process become important onty when the amount of AnE03g exceeds 15 wt%. 

Under these circumstances, percolation of the minor dornains in the film can provide the 

connectivity needed for flow to the surface. The subsequent process of phase separation and 



exudation, which results in a slower expulsion of An-EOn from the film to the surface 

depends on the mobility of the polymeric matrix, and is prominent at 90 OC. At 50 OC the 

mobility of the high molecular weight PBMA is negligible, and the slower pathway for 

AXIEO~~ exudation is suppressed- 
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6 THE f,,, VS tin AND fm VS t I r 4  DEPENDENCE OBSERVED IN 

POLYDISPERSED LATEX FILMS. 

6.1 Introduction 

A description of the theory of polymer diffusion across interfaces was presented in 

Chapter 1. In general, we assume that diffusion follows Fick's law when the rnolecular 

weight of polymer is low. In addition, the theory of polymer diffusion predicts that the 

diffusion will follow Fick's law when the diffusion time is larger than the reptation time 

(Tq)  for an entangled polymer system. For Fickian difision, the mass transfer scales with 

tirne as tl", while for reptation dynamics at t < Tmp, it scales as t3" when the chain ends are 

uniformly distnbuted in space, or as t'I2 for chain ends concentrated at the surface.'-' When 

diffusion satisfies Fick's law, the extent of mixing parameter f,, which we calculate from 

energy transfer experiments, is proportional to the mass t r ans f~ r .~  In the past we have also 

assumed that tliis proportionality holds for polymers whose diffusion is influenced by 

reptation, but we have had no means to test this assumption. If fm is proportional to rnass 

transferred for reptating chains, we should expect, based on the theory of polymer diffusion 

across interfaces, that the fm parameter will scale as t'" or tl" for entangled high molecular 

wcight polymers at t < TEP. 

In this Chapter we examine the dependence of fm on annealing time t for low and high 

moIecular weight PBMA samples. For low molecular weight samples, fm has a power law 

time dependence and scales as tlR. For high molecular weight sarnples, we found a change 

in the dependence off, on t. We anribute the crossover from tl" to tl'" behavior to the large 

molecular weight polydispersity of Our samples. in our view, the lowest molecular weight 

components contribute to mixing at early tirnes. Their diffusion follows Fick's law. At 

longer times, the experiment detects the reptation-diffusion of the higher molecular weight 

components in the sample. 

6.2 Experimental 

Most of the experimental data from DET measurements was taken from Chapter 7, so 

the details of latex film formation process and condition of DET experiment can be found in 
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Chapter 7 and 1. Data presented in Figure 6-4 comes from Chapter 4. The PBMA samples 

investigated had either high rnolecular weight (MW 2 los, 2.5 < MJMn c 3.5) or low 

molecular weight ( M ,  = 3.5x104, MJMn = 2S), and were annealed at 60 OC (low M), 70 OC, 

and 76 OC (high M). Some films contained fully crosslinked PBA latex particles as a tiller. 

However, here we concentrate only on the f, vs. t relationship, which is general for latex 

films and does not depend on the filler particles present. The influence of filler effects on 

polymer diffusion is described in detail in Chapter 7. 

6.3 Results and discussion 

Three sets of experimental data are presented in Figure 6-1. These plots refer to three 

separate energy transfer experiments on films prepared from the low molecular weight (MW 

= 3 . 5 ~  10'. Mw/Mn = 2.5) PBMA samples annealed at 60°C. 

Figure 6-1. Dependence of In&) vs. ln(t) (f, is the extent of mixing, and t is the annealing time) for three 

diff'mnt latex film sarnples prepared from the Iow molecular weight (MW = 3.5~10') PBMA particles, 

annealed at 60 OC. 
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The three different samples were prepared from the same latex but annealed separately. In 

Figure 6-1 we plot (In f,) vs (In t ), where t is the annealing time. The dependence is linear 

with an average slope of 0.44. We interpret these results to be consistent with f, scaling with 

time as t'", in agreement with Fickian diffûsion. Furthemore, a plot of f, vs. t'" for these 

data are linear. 

For the high molecular weight latex samples (MW t los, 2.5 c MJMn 3 3 ,  we obtain 

different results. Here we see a crossover in the time-dependence off,. The extent of mixing 

appears to increase as t'" for the early stages of difhsion e-g. f, a 0.2, and as t'" for f, > 

0.2. Examples of such behavior are shown in Figure 6-2. 

Figurc 6-2. Dependence of In(f,) vs. In(t) (f, is the extcnt of mixing, and t is the annealing time) for high 

molecular weight (MW = 4x10') PBMA sample and its blends, annealed at 70 OC: (O) in the absence of 

presence of crosslinked poly(butylacrylate) (PBA) microspheres, (*) 10 O h  PBA, (n) 30 % PBA, (1) 60 % 

PBA. 

In Figure 6-2 we present (In fm) vs (In t) for four samples amealed at 70 O C and described in 

Chapter 7: (0) pure PBMA, (a )  PBMA+lO% PBA filler, (0) PBMA+ 30% PBA filler, 

( i )PBMA+60% PBA filler. For each of the samples, the dependence is linear. In each case, 

the line changes slope frorn 0.25 to 0.47 (on average) at approximately f, z 0.2 to 0.22 

fIn(0.2) = - 1.6 1, ln(0.22) = - 1.5 11. 

In Figure 6-3 we present an expanded view of the linear dependence of (In f,) on (ln t) 

using the data taken from Figure 6-2. In Figure 6-3a we show data for the region with f, < 
0.2, and in Figure 6-3b we show the data for the region with f, > 0.2. 



The polymer in the latex samples bas a broad molecular weight distribution 

(M,JM,=3.5). To explain the linear dependence of fm vs tl" at early stages of the diffusion 

process, 1 imagine that the fastest diffusing species are the low molecular weight 

components. These polymers diffuse according to Fick's law. At longer diffusion times, the 

diffusive mixing of high molecular weight polymer starts to dominate the energy transfer 

measurements. Here entanglement effects influence the polymer mobility. As a 

consequence, the dependence of the f, parameter on time changes from t'" to tl". Such 

behavior is not predicted by the Wool reptation modell" for the conformational relaxation of 

surface chains. On the other hand, we do not know how to explain the crossover from tl" to 

t"" behavior in our samples. 

Figure 6-3. Dependence of In(f,,,) vs. In(t) for samples from Figure 2: a) expanded region for fm IO.2, 

(O) pure PBMA (slope = 0.41), ( a )  10 % PBA (slope = 0.4), (0) 30 % PBA (slope = 0.56), (m)  60 % 

PBA (slope = 0.55); b) expanded region for fm > 0.2, (O) pure PBMA (slope = 0.20), ( l ) 10 % PBA 

(slope = 0.22)' (0) 30 % PBA (slope = 0.27), ( m )  60 % PBA (slope = 0.28). 

The expcnmental data for other PBMA samples, (e.g. films prepared from pure PBMA 

latex dispersions; data taken from Chapter 4) provide support for the idea of Fickian 

diffusion at early times. In these samples we also observed a linear dependence of (ln f,) on 

(In t) with a slope in the range of 0.4 to 0.56 for f, 5 0.2 (see also Figure 6-4), and 0.2 to 0.3 

for f,,, > 0.2. The tl" dependence for high molecular weight latexes is very reproducible, and 

othcrs in our lab made sirnilar observations for high molecular weight PBMA polymers 

several years ago4. At this point 1 would like to emphasize that this is the first time that we 

observed a crossover from tIR to tl" in the f, vs. t dependence of high molecular weight 
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latex films. To observe this crossover, we need to choose properly the amealing times and 

annealing temperatures. Nonnally, we choose the amealing temperature in such a way that 

we are able to monitor the entire difîusion process over a reasonably short petiod of time (a 

maximum of a few days). In the past we chose the annealing temperatures sufficiently high 

that we had at most two values of f, in the range of O < fm < 0.2. Thus we neglected the 

contribution to mixing of the low molar mass cornponents of the latex polymer. Here we are 

more careful. By lowering the amealing temperature, and by canying out measurernents 

over long periods of time we can get several data points in the region O < fm < 0.2, and at 

longer times obtain additional data for f, > 0.2. Under these conditions, to obtain 

meaningful data over the whole diffusion process (up to f, > 0.6), we need to follow the 

diffusion process for times on the order of several weeks. Only in this way we were able to 

observe the crossover from tl" to t'" dependence in the polymer diffusion process. 

Figure 6-4. 

weight (SI, 
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Kim, 
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Dependence of In(fm) vs. In(t) in the range of fm parameters O< f, < 0.2 for high molecular 

= 4x103 pure PBMA sample annealed at 76 OC. The calculated dope is 0.46. The data was 

Figure 4-9a in Chapter 4. 

Sperling and ICleinS used an emulsification procedure to prepare spherical 

polystyrene particles from monodisperse polystyrene and deutero - polystyrene (Mn values 

ranged from 150,000 to 200,000 with MJM" 5 1.03). They prepared films from these 

"latex" particles, and used SANS measurements to investigate the poiyrner diffiision process 

across the particle-particle interface. These authors found that the diffusion rates they 

measured were consistent with Wool's minor-chah reptation model. In their experiments, 

they found that the average interpenetration depth X increased with the one-fourth power of 
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the annealing time up to the reptation time. For times longer than the reptation time, the 

dependence crossed over to a one-half power dependence, as predicted by ~ o o l '  for the 

case of uniformly distributed chain ends in space. 

Our system has a broad molecular weight distribution. It is also likely that the chain 

ends are not uniformly distributed in space. Some of the chains contain polar end groups 

from the -OS03- initiator, and these groups will tend to be on the latex particle surface. In 

cases where the chain ends are segregated at the interface, some molecular properties are 

predicted to change, and some not.'" For example, the predicted average interpenetration 

depth is unaffected, but the number of monomers crossing the interface N(t) (mass transfer) 

has a scaiing law for segregated chain ends different frorn that for uniformly distributed 

chain ends. This is probably why most authors who attempt to test the reptation mode1 in 

their system examine the average interpenetration depth and not the mass transfer across the 

interface. Of course neutron scattering experirrients do not measure the amount of mass 

transferred. They measure the radius of gyration of the deuterated latex for various 

annealing tirnes. Thus SANS experiments are not sensitive to the issue o f  the chain ends 

distribution in space. 

In our ET experiment, we measure a quantity related to rnass transfer through the extent 

of mixing. The scaling law appropriate to our experiments is sensitive to the polymer chain- 

end distribution. Generally speaking, depending on the specific shape of the distribution 

tünction, the power law exponent may no longer be constant with time, or  it may take an 

intermediate value between 3/4 (unifonn) and Y i  (segregated) for different chain end 

distributions. 

The effect of molecular weight polydispersity on polymer dynamics at interfaces was 

considered by ~ i r r e l l ~  and woo12. Assuming independent chah diffusion, the contributions 

to the concentration profile from individual reptating chains can be deterrnined for any 

rnolecular weight di~tribution.'~ We need only realize that at a given interdiffùsion time, part 

of the polymer chains will have already reached their equilibrium state (their chain 

conformation is Gaussian, their interdiffùsion time t > T, ), while the longer chains are still 

in their non-equiiibrium state. In case of emulsion polymers, however, we would have to 

determine the absolute molecular weight distribution experimentally. Since we do not have 

this information, we are not able to calculate the scaling law for molecular properties of our 



emulsion polymers. In addition, the lowest molar mass components of the sample are not 

much longer than one or two entanglement lengths. 

6.4 Conclusions 

The crossover from tl" to t"' in f, vs. t dependence is now a well-established feature of 

polymer diffusion latex films made up of  high molecular weight polymer with a broad 

molecular weight distribution. This phenornenon needs to be investigated in more detail in 

order to understand the molecular origin of this behavior. In particular, one needs to cany 

out "baseline DET experiments" with high molecular weight latex samples of  narrow 

molecular weight polydispersity. Such experiment would allow us to compare the f, vs. t 

dependence for systems with narrow and high molecular weight polydispersity. 
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7 THE EFFECT OF SOFT POLYMER FILLER PARTICLES ON 

POLYMER DIFFUSION IN PBMA LATEX FILMS. 

7.1 Introduction 

Additives affect the final properties of latex films. Some additives like plasticizers 

dissolve in the latex polymer. Other additives form separate domains (occIusions) within 

the film. The effect of hard filles on the mechanical properties of poiyrners' and on polymer 

diffusion' has been explored extensively. The addition of hard fillers to elastomers can 

increase the strength and hardness of the material and its resistance to defonnation. These 

particles also act to retard polymer diffusion. 

The change in the properties of polymer films in the presence of fillers is, to some 

extent, connected with the fact that polymer chains near a filler surface have substantially 

different properties than those in the bu~k.'-~ This is due to chain conformational changes 

attributed to the presence of a boundary, and specific interactions between the polymer and 

the interface, which, in certain cases, can propagate away from the surface up to 5 0 ~ ~ ' ~  or 

even "tie" portions of the chain to the interface. Additionally, the geometry of a random 

environment created by the distributions of filler particles is also an important factor 

influencing the polymer diffusion. The presence of filler increases the diffusion path of the 

polymer (tortuousity effect), and can produce some energetic barriers for diffusing polymer 

chains, when the chains are confined to the restricted space between the filler particles. If 

size of the confinement is less than radius of gyration of the polyrner chain, there will be an 

entropy bamer for the chain to enter this space. In this case the diffusion of the polyrner 

chain into this space proceeds by overcoming the entropic bottlenecks generated by the 

random media''. 

Most studies of polyrner diffusion near a solid substrate have indicated a reduction in 

polymer mobility closer to the substratel'-13. For example Zheng et al.", using dynamic 

scanning ion mass spectrometry, interpreted data to find that the diffusion rates of 

polystyrene (PS) perpendicular to a silicon oxide substrate were as much as an order of 

magnitude slower than in bulk even up to 80 nm (10 R,). Smaller, but substantial, decreases 

in lateral polymer diffusion coefficients were found by Frank et al." in PS films with 



thickness up to 150 MI (50 Ra cast on silicon oxide substrate. Work by Lin et al.13 on poly- 

(methyl methacrylate) (PMMA) dimision away fiom a silicon oxide surface Found that the 

range of influence of the substrate on polymer diffùsion was at most 40 nm (4 Rd. These 

results have been interpreted as being associated with an increase in the effective Tg. 

Howcver, the enhancement in polymer mobility in the presence of solid surface, and a 

decrease in Tg was also ~ b s e r v e d ' ~ ' ~  in similar systems. Orts et al.14 and Keddie et al.'' 

observed that ultrathin polystyrene films on silicon oxide surfaces ( with a weakly attractive 

interaction energy) exhibit a lower glass transition temperature than the bulk polyrner. 

Additionally, ~ e i t e r ' ~  observed that polystyrene films dewetted silicon oxide surfaces at 

temperatures below the bulk polymer Tg, providing the evidence of enhanced chain 

mobifity. 

In contrast, the air-polymer interface or "free" surface is thought of as a region of 

enhanced mobility. Simulations indicate that this free surface region may have decreased 

density compared to the bulk.* It has also been argued that chain-end segregation to a 

surface due to conformational entropy considerations may increase local free volume and 

thus increase polymer rn~bility.~ Brillouin scattering studies of freely standing, ultrathin 

polystyrene films by Dutcher and c~workers''. '~ indicated substantial reductions in Tg as  

thickness is reduced. In surnrnary, the type of the surface and the morphology it creates in 

the polyrneric matrix has significant influence on the polymer mobility in the regions of the 

polymer close to the surface. 

It seems clear that the presence of the surface changes the polymer dynamics. However, 

differences in the results obtained by different research groups for similar systems indicate 

that there are rnany parameters that influence the mobility of polyrners close to the surface. 

As this topic seems to be very interesting from both a theoretical and an applications point 

of vicw, we decided to examine how soft elastic spherical fillers with different diameters 

affect the mobility of polymers in a latex film, and how the mobility depends on the 

morphology of these films. 



7.2 Experimental 

7.2.1 Latexsamples 

Two samples of unlabeled fully crosslinked poly(buty1 acrylate) (PBA) latex 

particles with Tg = - 43 O C  and diameters, d = 56 and 112 nm, respectively, were prepared 

by conventional emulsion polymerization using the recipes presented in Table 7-1. The 56 

nm PBA latex was obtained by batch polymerization. Part of this sample was used as the 

seed in the semicontinous polymerization used to prepare the 1 12 nm diameter PBA latex. In 

both reactions, 3.75 wt% of 1.6-hexanediol diacrylate (HDA) was added as the crosslinker. 

Table 7-1. Recipe for the preparation of crosslinked PBA latex 

First Stage (56nm crosslinked PBA seeds) 

BA (mL) 16.062 

Crosslinker" (g) 0.626 

Usb (g) 0.3 58 

S m c  (g) 1.154 

Water (g) 372 

Temp. (OC) 80 

Time (h) 1 

Second Stage (1 l2nm crosslinked PBA) 
~ 

BA (mL) 10.657 

Crosslinker (g) 0.387 

U s  (g) 0.06 

SDS (g) 0.4 

Water (mL) 28 

Temp. (OC) 80 

Time (h) 3 
1 

a) 1 -6-hexanediol diacryIate; b) KPS: potassium persulfate; c )  SDS: sodium dodecyl sulfate. 

Using the data in Table 7-1, and density of BA monomer 5, 5 = 0.894g/cm3 we 

calculated Mc, the mean molecular weight between cross-links assuming that both 

HZC=CHCO2 group of HDA react. The calculated Mc is 2600 ( 20 BA units). The gel 

content was not measured, but it was assumed to be 100%. For the d = 56 nm PBA latex, 

some attempts to determine the gel content were carried out. A PBA film prepared at room 

temperature was transferred to a centrifuge tube filled with THF solvent. The film was left 

for 24 h in the solvent for swelling. Under these conditions the film fell apart. The PBA 

fragments corning from the latex film redispersed in THF, and the obtained cloudy solution 



could not be sedimented by centrifügation. Based on this experiment we assumed that PBA 

latex is fuily crosslinked. 

This PBA latex particles were used as a soft FiIlers in poly(buty1 methacrylate) 

(PBMA) Iatex films. The PBMA samples were labeled with a fluorescence dye, either a 

donor, phenanthrene (Phe), or an acceptor, anthracene (An), referred to Phe-PBMA and An- 

PBMA, respecti-~ely. We prepared both high (high M) and low (Iow M) molecular weight 

dye-labeled PBMA latex particles. Some important characteristics of PBMA latexes are 

present in Table 7-2. 

Table 7-2, Characteristics of PBMA latexes. 

1 1 1 I I 

low M 1 1 1 1 1 

high M 

Al1 the latex samples have a narrow particle size distribution, as indicated by dynamic 

light scattering. 

7.2.2 Modulated Differential Scanning Calorimetry (MDSC) Measurements. 

MW 

The glass transition temperature Tg of the homopolymers and their blends were 

determined by MDSC measurements using an Universal VI.61 TA DSC Instrument. The 

samples were run under N2 with a 2 O  Clmin average heating and cooling rate. The 

modulations had an amplitude of & 1 OC every 60 sec. For most samples three scans were 

performed: scan I (heating from -12S0 C to 75O C); scan 2 (cooling fiom 7S0 C to -125' C); 

scan 3 (reheating from - l Z 0 C  to 75OC). The total rneasurement required about 7 h. The Tg 

values were obtained as the maximum in the heat capacity derivative curves. The heat 

capacity and its derivative were calculated automatically using the MDSC software. The 

Mn d (nm) 1 Tg (OC) 1 Dpe content 



description of the MDSC technique itself, and the calculations of the reversing and 

nonreversing heat flows, are presented in Appendix A. 

7.2.3 Film formation and measurements 

For both diffusion and MDSC measurements, latex films were prepared in the same 

way from a mixed dispersion containing a 1 : 1 number ratio of Phe- and An- labeled PBMA 

particles and a varying volume fraction of soft crosslinked PBA particles. The volume ratios 

in blends were calculated based on the weights of solids of the various types of particles, 

using density values of 1.05 g/mL for PBMA. and 1-08 g/mL for crosslinked PBA. The 

mixtures of latex dispersions were gently shaken for 10 minutes and then cast onto quartz 

(diffusion measurements) or glass slides (MDSC measurements). The plates were covered 

with an inverted Petri dish, and placed in an oven for about 4h to form dry, crack fiee, and 

transparent films. Films with the higher contents of PBA in the sampte (30 or 60 MO) were 

slightly cloudy. The film formation temperature was 34°C for the high M PBMA samples 

and 22°C for the low M PBMA. After the films were dry, they were either cut from the 

glass substrate and placed in the DSC pan (in the form of small pieces) or for diffusion 

measurements left on the quartz plate and annealed at 55 OC (low M PBMA) or at 70 O and 

80 OC (high M PBMA). The thickness of the films was in the range of 30 to 50 Pm. Polymer 

diffusion was monitored as a function of annealing time, by fluorescence decay 

measurernents of the extent of energy transfer (ET). The technique and measurement 

conditions are described in Chapter 1. For each series of samples to be compared, the films 

were dried and annealed simultaneously. After each time interval of annealing, the 

fluorescence decay profile of each film was measured. The areas under each decay curve 

were integrated. ET quantum yields, CDET, extent of mixing, f,, as well as the apparent 

diffusion coefficient Dapp were calculated, and analyzed as described in Chapter 1 and 

below. 



7.3 Results and Discussion. 

7.3.1 Initial Energy Transfer in Nascent Films. 

We begin by examining the efficiency of energy transfer in newly formed low 

molecu1ar weight films mET(0), which provides a rneasure of the interfacial area of the 

system. Feng et a ~ ' ~ . ' ~  found that the amount of energy transfer across the interparticle 

boundary in nascent films is proportional to the total contact area of donor-acceptor labeled 

particles divided by the volume of donor-labeled phase. We wanted to see if the presence of 

so ft fi llers changes the interfacial area between the donor- and the accepter-labeled 

particles. Our results are shown in Figure 7- la. We find that the amount of ET is almost 

independent of the soft-particle fraction from O to 0.6, with the Area(0) value ranging from 

38.7 to 39.6 ns. corresponding to @ET(O) varying from 0.15 to 0.13. 

40 
O 20 40 60 

Soft-particle volume fraction 

Figure 7-1. Plots of Area(0) (unfilled symbols) and elTiciency of energy transfer ET (fiilcd symbols) vs. 

the soft particle volume fraction; (a) for low molecufar weight PBMA films, (b) for high moleculor 

weight PBMA films. 



There is no trend for changes in aET(0) over a wide composition range (especially from 

O to 30 vol % of soft filler). This result indicates that the ratio of the DIA interfacial area to 

the volume of the D-labeled particles does not change significantly, even when a large 

fraction of unlabeled soft particles is present. In fiiled films, a significant fraction of the 

labeled PBMA surface area must be in contact with the unlabeled filler particles. No ET can 

take place at this interface. The above results imply that the mean surface area of each 

PBMA particle is increased as more sofi particles are incorporated into the film, so that the 

presence of PBMA / soft-particle contacts does not decrease significantly the interfacial area 

between D- and A- labeled PBMA particles- We should mention that the same trend was 

observed by Feng et aL2 for the same PBMA latex sample containing hard particles (PMMA 

microspheres) as the filler. 

In case of the high M PBMA films with soft PBA particles, we observe an increase of 

Area(0) and a decrease of OET with increasing volume fraction of soft filler. For this system 

the value of Area(0) increases monotonically, on average, from 42 ns for the PBMA sample 

itself to 43.8 ns for the PBMA sample containing 60% PBA, corresponding to a decrease in 

OET from 0.08 to 0.04 (see Figure 7-1 b). These results indicate that for high M PBMA films 

with soft fillers, the interfacial area between DIA labeled particles decreases with increasing 

volume fraction of soft particles. 1 would like to stress that, especially for the samples with 

60% of PBA, the Area(0) values showed significant scatter for different samples, and 

ranged for similar samples from 43 ns to 45 ns. Since the unquenched lifetime of the 

phenanthrene chromophore in PBMA films is 45.7 ns* a value of Area(0) = 45 ns means that 

the donor and acceptor labeled PBMA particles for some samples with 60 vol% of PBA 

were nearly completely separated by the PBA filler particles. However, for these samples, 

even very short annealing times, such as 7 min at 70 OC changes the area from 45 ns to 43 

ns. In contrast, under the sarne annealing conditions, we did not observed any changes in the 

initial area 42.4 ns for sample with I O  vol % PBA. From these findings we conclude that at 

the beginning of the annealing process. some morphology changes take place, leading 

nlainIy to a change in the amount of interfacial area between donor and acceptor-labeled 

particles. These changes precede the beginning of polymer diffusion, and can be easily 



observed for samples when larger amount of PBA is present. This is why we chose as the 

Area(0) value for samples with 60 % of PBA equal to 43.5 ns. 

The above results show that for the low M PBMA latex plus soft PBA particles, the 

interfacial area does not change significantly with the amount of PBA added, while for the 

same system with high M PBMA, the interfacial area decreases monotonically. This 

difference in behavior suggests that changes in interfacial area depend on how flexible the 

polymer matt-ix is in comparison with the elasticity of filler during the film formation 

process. If the matrix is more flexible than the filler particles, then PBMA particles deform 

more easily and surround the filler. If the filler particles are easier to deform, then they 

surround the PBMA particles and decrease the interfacial area between donor/acceptor 

labeled PBMA particles. 

7.3.2 Maximum Energy Transfer in Well-Mixed Films. 

To examine whether the filler particles were able to suppress diffùsion for some fraction 

of the polymer, we examined the effect of long amealing tirnes on the extent of  polymer 

diffusion. We measured the extent of energy transfer for films of different blend 

compositions annealed for sufficiently long times that the ET values approached their 

maximum value @~~(a).  At this point, the diffusion approaches its final, equilibrium state 

where al1 the D- and A-labeled molecules are well-mixed. In case of low M PBMA 

samples, we could anneal the films at relatively low temperatures (60 OC) for relatively short 

times, ranging from a 1- 2 days, to obtained fully rnixed films. 

In high M PBMA samples, where the polymer diffusion during annealing is much 

slower than in low molecular weight films, we employed a different procedure to obtain 

well-mixed films. In this case, to get Area(m) values, we placed a few drops of an organic 

solvent (tetrahydrofuran, THF) on top of the freshly formed PBMAWBA film to swell the 

film and promote mixing. After solvent evaporation, we measured the fluorescence decay of 

each dried film, 

In both cases, for low and high M PBMA plus PBA, the Area(oo) values for the blends 

are slightly higher than that for pure PBMA itself. These differences are rather small, with 

the area values ranging from 15.9 ns (pure PBMA) to 17.5 ns (60 vol% PBA), and @FI. 

values ranging from 0.67 to 0.62 for low M PBMA films. For high M PBMA films, the 



Area(oo) values change from 17.6 ns (pure PBMA) to 19.3 ns (60 vol% PBA); and OET 

values, from 0.61 to 0.58. It is clear that al1 the above samples undergo sufficient 

interdiffusion to reach close to their full-mixing state. The srnall differences in the Area(m) 

and OET values among the well-mixed films are not considered to be significant in our data 

analysis, and they do not interfere with our cornparison of diffùsion rates for the different 

samples examined here. This difference may anse from the possibility that in the blend sorne 

PBMA particles can be totally separated by PBA particles and polymer mixing in this case is 

not possible. AIthough we claim the sample is fÛ1Ly mixed there may be some domains in 

the film not mixed. Another possible explanation for the higher value of  Area(oo) for 

samples with large amounts of PBA filler in cornparison to the pure PBMA film is the 

mixing of tiny fraction of PBMA segments with PBA at the interference between these 

cornponents. 

7.3.3 Effect of the sue of soft PBA particles on diffusion rate of high MW PBMA. 

To test the effect of the PBA particles on the mobility of  the surrounding matrix, and 

how this effect depends on the size of PlSA particles, we examined diffiision rates at 80 OC 

for the high M PBMA samples. These films contained 30 vol % of PBA. but different sofi 

particle diameters. Our analysis implicitly assumes that there is no significant PBMA 

diffusion into fully cross-linked PBA particles. This assumption is confirmed by our 

measurements of Area(oo), which showing only small differences between pure PBMA 

samples and samples containing 60 % vol of  PBA. We know from the work of  Briber et al." 

that even linear homopolymers and cross-linked polymers of  the same composition will 

phase separate if the mesh size of  the cross-linked polymer is less than the radius of  gyration 

R, of the linear polymer. Thus we expect very little mixing of  the PBMA and cross-linked 

PBA components. The volume of  the PBMA phase and the final dye concentrations should 

not change substantially when s-ft particles are present. 

Figure 7-2 shows the PBMA diffusion data for a pure PBMA film and films with 30 vol 

% PBA particles of different diameters, d p e ~  = 56 and 112 nm. From Figure 7-2 we see 

clearly that diffusion rate is more retarded with the PBA particles o f  smaller size. For an 

extent of  mixing f, = 0.2, the value of  apparent diffusion coefficient Da,, for the pure 

PBMA sample is 0.012 nm2/s. This value decreases to 0.005 nmz/s in case of  the sample 



with d p s ~  = 112 nm, and to 0.002 m 2 / s  for sample with dpeA = 56 nm. Our results on 

PBMA diffusion indicate that the diffusion rate depends on the size of the sofi particles. 
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m 

Figure 7-2. Cornparison of  high iM PBMA diffusion rates for pure PBMA films (0) and for films 

blended with 30 vol % PBA particles ofdifferent diameters (dPBA): 56 nm (.),and 112 nm (A). In part 

a) WC plot thc cxtent of mixing (f,) vs annerling time, and in part b) we plot the apparent diffusion 

coefficient Da,, vs. f,,,. 

Another way to compare these diffusion rates is to plot f, as a function of t'" or  tic, 

where t is the annealing time. We know from the previous Chapter that for the case of high 

M PBMA f, varies linearly with tlR for f, 5 0.2, and linearly with t'" for fm > 0.2. We will 

start Our analysis with the results for the case where fm > 0.2. 

Figure 7-3 shows the fm vs. t'" plot for the PBMA film itself and for two PBMA/PBA 

blend films with different PBA particie diameters. To proceed with the data anatysis, we 

calcdate a mobility parameter ki/4, characterizing the rate o f  diffusion, as the siope in the f, 



1 /J vs. t plot. Next we plot the values of the parameter kl,4 vs. l / d p ~ ~  as shown in Figure 7-4. 

A straight line is obtained. The linear dependence of f ~ t ' "  vs. l / d ~ ~ ~  plot in Figure 7-4 

indicates that the decrease of diffusion rate is inversely proportional to the diameter of the 

filler particles. For spherical particles the ratio of surface-to-volume S N  = 6/d, where d is 

the diameter of the particle, so keeping volume as a constant, V = const, S = constld. This 

result tells us that, at a given volume fraction of filler, the retardation effect increases with 

the total surface area of the filler particles. 
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Figure 7-3. Plots off,,, vs. t'" for a pure PBMA film (0) and for films blended with 30 vol O h  PBA 

particles of different diameters (dpBA): 56 nm (a), and I l2  nm (A). 
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Figure 7 3 .  Plot of  Crll4 vs l/dpBA in PBMN PBA blend films at 30 vol % PBA. The data were derived 

from Figure 7-3. 

A similar effect of filler-size on the rheological properties of LDPE melts containing a 

dispersed elastic filler was observed by Serenko et aL2' In their case the elastic filler was a 



rubber powder prepared by grinding the worn treads of used tires, containing up to 50 wt % 

of polyisoprene rubber and 30 wt % of carbon black. The rubber powder was sifted using a 

standard set of sieves to select the fractions with particle sizes with O. 1 <d<0.2, 0.2<d<0.3 15. 

0.3 1 %d<0.4, and 0.4<d<0.6 mm. The specific surface S of the particles was determined by 

the nitrogen adsorption method on a Gazometer GKh- 1 setup. The polymeric compositions 

were obtained by mixing the melts in a laboratory extruder at average temperature of 140 O 

C. The rheological measurements were done at 120 OC on a Polymer K-1 capillary 

viscometer with constant flow rate. 

The authors present the dependence of the viscosity of LDPE at constant wt % of fiIler 

on the specific surface (glrn') of the rubber powder. At a given wt % of ftller, the viscosity 

increases Iinearly with increasing total surface area of the filler (decreasing filler diameters). 

The size effect of filler particles is observed at filler contents only above 60 wt%, and 

increases at higher concentrations of filler. In our case, the effect of size of filler particles 

on polymer diffusion can be observed at lower concentrations of filler ( e.g. 30 wt% PBA). 

This difference in behavior is tikely related to the fact that the diameter of our filler is rnuch 

smaller (56 nm), in cornparison to that (0.1 mm) used by Serenko et al." We introduce a 

larger specific surface area into the system. As a consequence, the system is more sensitive, 

and the effect can be observed at lower filler concentrations. 

Now we will consider the early stages of polyrner diffusion when f, 5 0.2. In this case 

f, is linear with t"'. and this dependence is shown in Figure 7-5. Figure 7-6 presents the 

mobility parameter kiQ = fm/tIJtlR vs l/d (d is the diameter of filler particles). In this case it is 

difficult to judge if the relation is linear or not. If it is linear, the fit is not as good as in case 

of f, > 0.2 (Figure 7-4). If the real plot is not linear, it could mean that at the beginning of 

anneaiing - diffusion process, the system is not in its equilibrium state, and processes other 

than polymer diffusion also take place, e.g. relaxation of soft filler particles from a squeezed 

to a more round shape. Certain evidence for this kind of relaxation process was reported 

earlier on page 7 and 8. If the filler particles are distorted in the nascent film, during the 

equilibration process they will relax. The ratio of their surface-to-volume will decreases to 

value S N  = 6/d of a sphere. If the rate of this decrease is different for different size filler 

particles, then the expected linear relation k , ~  vs lld would be disturbed at early stages of 

polymer diffusion. 
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Figure 7-5. Plots of f, vs. tIn for a pure PBMA film (0) and for films blended with 30 vol % PBA 

particles of different diameters (dpBA): 56 nm (O), and 112 nm (A). 

Figure 7-6. Plot kIn vs. l/dPBA in PBMAI PBA blend films at 30 vol % PBA. The data were derived from 

Figure 7-5 

7.3.4 Effect of soft PBA particles on high MW PBMA diffusion. Varying the blend 

composition. 

In this section, we examine the difîùsion rates of the high M PBMA sampies at 70 OC 

in films containing different amounts of soft particles with a diameter, d p ~ ~  = 56 nm. 

Keeping in mind the conclusion from previous section, we should expect that by increasing 

the amount of the PBA particles in the film. we should more efficiently decrease the 

diffusion rate of the surrounding polymer. In Figure 7-7a we plot the extent of mixing f, vs. 

126 



annealing time for the first 5,000 min of amealing, and in Figure 7-7b we plot the same 

relation but we present data for f, values up to annealing times of 60,000 min (1000 h). 

Figure 7-7 shows explicitly that the more soft filler we introduce into the film, the more the 

diffusion rate of PBMA decreases. This effect is most pronounced at earlier stages of 

diffusion. Figure 7-7b indicates that the PBMA diffusion is not suppressed, only retarded in 

the presence in the soft fillers. After a long enough time, f, reaches the same extent of 

mixing as in samples without fillers. 

a) short time behavior 
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Figure 7-7. Plot of the extent of mixing f, for films blended with diffcrent amounts of PBA particles 

(dPBA= 56 nm), expressed as volume percent (% PBA): O (O), 10 (A), 30 (O), and 60 (a). Part a) 

prescrits short time diffusion behavior, and part b) presents long time diffusion behavior. 

The dependence of f, vs. tl", for f, > 0.2 is presented in Figure 7-8a, and is linear. 

When we piot the mobility parameter kl,4 vs. the volume fraction of  PBA particles, we again 

observe a linear dependence (Figure 7-8b) excluding point for O % of filler. The mobility 



pararneter kl/4 decreases Iinearly (slope = -0.0213, intercept = 0.0417) with the increasing 

volume fraction cp of the soft filler. Since al1 particles have the same diameters (here d 4 6  

nm) the parameter klI4, in fact, decreases linearly with the total surface of the filler particles. 

O 0.2 O -4 0 -6 
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Figure 7-8. Plots of: a) f,,, vs. t"' for films blended with diffcrent amounts o f  PBA particles (dpm= 56 

nni), expressed as volume percent (% PBA): O (O), 10 (a), 30 (O), and 60 (m); and b) kt,, vs. vol O h  

PBA. 

Surnmarizing the results from this and the previous section we can Say that the influence 

of soft filler particles in the range of volume fraction (O. 1 - 0.6) on polymer diffusion 

depends on the total area of the filler surface, and the relation kir4 vs. STF (SfF total surface 

of fillers) is linear. We can increase the total surface of the filler in the sarnple in two ways: 

at constant filler diameter we can increase the amount of the filler, or at constant volume 

fraction of the filler, we can decrease its diameter. Another important conclusion resulting 



from the finear dependence k1/4 vs. 9, is that the decrease in kt14 (A k l ~ )  caused by increase 

in total volume of filler A Vm has constant value, A klI4 /A Vm = constant, so each particle 

contributes to the retardation of  polymer dif ision in the same way. This effect depends on 

the amount of surface added to the system, our results imply, that each particle makes a 

simiIar and independent contribution of its surface to the total filler surface in contact with 

the polymer. 

It would be interesting to find a relationship between ki/a and the vol % PBA for the 

range of small filler concentrations (O < <p < 0.1). We found that, in most cases, samples in 

this range of concentrations annealed at 80 O C  do not have a large effect on polymer 

diffusion, and they al1 retard polyrner diffusion in nearly the same way. On the other hand, 

for the sample with 10 vol% PBA, we always obsewed a significant retardation effect on 

polymer diffusion, but this effect was nearly the same as for the samples with 20% or 30 

vol% of filler. Based on these results, 1 believe that some morphology changes in the latex 

film take place at about 10 vol % PBA. However, this is the only conclusion 1 can draw 

from the experiment carried out at 80 OC. 1 think that, at this temperature, the mobility of 

the polymer matrix is high enough for the filler to aggregate during the experiment. even at 

carly stages of polyrner diffusion. This is my explanation for why the reproducibility and 

rcsolution of the data was poor. 

To examine the system in more detail, we repeated experiments with 3 and 6 vol % of 

filler at a lower annealing temperature, 70 O C .  The plot off ,  vs. annealing time is s h o w  in 

Figure 7-9. The sample with 6 vol % PBA shows more retardation of  polyrner diffusion than 

the sample with 3 vol% PBA, but for 5000 min anneating time, the difference between the 3 

vol% and 6 vol% samples disappears. 

In Figure 7-10 we plot f, vs. t'", omitting the data points at 5000 min annealing time 

where the two lower cuwes in Figure 7-9 meet. The plots are linear. In Figure 7-1 1 we plot 

the slopes, ki14 = f,l t'" vs. volume fraction of filler. Here we also found a linear dependence 

of k1,4 on <p with a slope = - 0.19, and intercept = 0.053. The slope has a much higher value 

than that for samples with 10 and more vol % PBA (slope = - 0.021). The parameter kl/4 for 

the sample without filler now falls on the line for the linear dependence presented in Figure 

7-1 1. 
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Figure 7-9. Plot of the extent of mixing f, vs. annealing time for films blended with different 

PBA particlcs (dpBA= 56 nm), expressed as voiume percent (% PBA): O (O), 3 ( e), 6 (O). 
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Figurc 7-10. Plots af f, vs. t'la for films blended with different amounts of PBA particles (dPBA= 56 nm), 

expressed as volume percent (% PBA): O (O), 3 (a), 6 (a). 
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Figure 7-1 1. Dependence of parameter kl,4 vs. volume fraction of filler (vol% PBA, dp~,,= 56 nm) 



As the samples with low filler concentration (O I cp < 0.1) were not amealed at the same 

time as samples with the higher concentration of filler cp > 0.1, and some changes in oven 

temperature c m  occur between measurements, we have to make sure that the results from 

these two ranges of filler concentration can be compared. Ln order to do this we plot data 

from both expenments on the same graph (Figure 7-12): the extent of mixing f, vs t for 0, 3, 

6 vol % PBA films (series a), and for films with 0, 10 vol% PBA (senes b). The results for 

PBMA samples without filler (for both senes) overlap, indicating that samples from two 

series were annealed under the same conditions, and that the results obtained in these two 

series can be compared. Another interesting finding is that the f, values for sample with 6 

vol% PBA nearly overlap those of the sample with 10 vol% PBA. 

PBA 56 nm 

O 2000 4000 6000 

time [min] 

Figure 7-12. Plot o f  the extent of mixing f, for films blended with different amounts of PBA particles 

(dp,,= 56 nm), (Oh PBA): O (O), 3 (D), 6 (0) - series a; O (A), 10 (A) - series b. The samples from series 

(a) and (b) were not annealed at the same tirne. 

Values of klI4 vs. vol % PBA are plotted in Figure 7-13. Figure 7-13 shows a crossover 

in linear behavior of parameter k i / ~  vs. volume fraction of filler cp at cp = 0.06. The value of 

the slope k 114 vs cp is larger for fiIler concentrations <p 1 0.06 than for cp 1 0.1 . These results 

indicate that filler effectiveness in the retardation process decreases for higher filler 

concentrations (cp 2 0.1). 

The same change in the slope of linear dependence is observed for log (Da,,) vs. <p (see 

Figure 7-14). Here the values of apparent diffusion coefficient Dapp were taken at constant 

f,, f,= 0.3. As we will see later, we connect the change in the siope of k i ~  (log(DaPp)) 

dependence vs. filler concentration with the change in film rnorphology. 
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Figure 7-13. Plot k t ,  vs. vol % PBA. 
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Figure 7-14. Plot log p.,,) vs. vol % PBA. The values o f  D,,, were taken at constant f,, f,,, = 03. 

Next, we will consider the early stages of polyrner diffusion (f, < 0.2) for the samples 

described above without and with 10, 30, 60 vol % of filler. The f, dependence vs. t iR is 

Iinear and is presented in Figure 7-15. The dependence of klE vs. vol % of  PBA is presented 

in Figure 7-16a and is not linear. However, the log-log plot is linear with a slope n = 0.475 

(Figure 7-16b) and indicates that at the beginning of the difksion process the influence of 

soft filler on polymer diffùsion is different than during the later stages o f  polymer diffusion. 

We do not know why parameter kin behaves differently than parameter kl,4 with 

increasing volume fraction of filler. We can only speculate, as we did in the previous section 

describing early stages of polymer diffusion for samples containing filler particles with 

different diameters, that the lack of a linear dependence of kin on < p p e ~  is c o ~ e c t e d  with the 

filler relaxation process in the first stages of annealing. The filler particles in freshly formed 

latex films are squeezed between latex particles. During the annealing process, when 



polymer matnx is mobile, they can easily relax to their original round shape and decrease 

the surface-to-volume ratio. If the rate of this process depends on the amount of the filler, 

the kl,.? vs. vol % PBA dependence would not be linear. 
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Figure 7-15. Plots f,,, vs tl" for films blended with different arnounts of PBA particles ( d p ~ ~ =  56 nm), 

exprcsscd as volume percent (%PBA): O (O), 10 ( O), 30 (a) and 60 (1 ). 
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Figure 7-16. Dependence of ktn vs. vol % PBA: a)  linear scale and b) log-log scale. 

7.3.5 DET as a method for probing local morphology in latex films. 

DET is an experimental method that probes polymer properties over small length scales. 

In the study of polymer diffusion in latex films the ET experiment loses sensitivity when the 



donor-labeled PBMA is "fully mixed with the acceptor-labeled PBMA, involving diffusion 

over the Iength of a particle radius. This is why our technique is not able to probe the 

morphology changes on a macroscopic scale, e.g. the formation of a continuous network of 

filler throughout the whole sample. Nevertheless, DET experiments can be sensitive to the 

formation of smaller structures like aggregates on the microscopic scale. In order to measure 

the macroscopic changes in the film morphology, we have to image the structure usine 

microscopy or measure the macroscopic properties of the film, which are sensitive to these 

changes, like conductvity". the elastic" or the tensile'" modulus of the film. 

Recently. Chevalier et ai." examined aggregations in latex blend films by dynamic 

mechanical analysis (DMA) and  SANS"'^. These two experimental methods give 

cornplementary information about the morphology of fatex films by providing structural 

information on very different scales. Chevalier et at." examined the structure of composite 

films made of high Tg polystyrene (PS) latex particles dispersed in a low-Tg poly(buty1 

acrytate) latex film. For SANS experiments, they investigated samples with two filler 

concentrations: 10 wt% and 45 wt% PS. The important experimental result was that the 

position and shape of the scattering peak was identical for both samples, indicating that the 

local morphology of the films at the two different concentrations is the same. From SANS 

cxperirnents, they found that the PS particles were not randomly distributed in the PBA film. 

The separation between PS particles was shorter than that expected for a random 

distribution, indicating that PS particles were aggregated into relatively open clusters. The 

structure of the film was made of regions that were enriched in PS particles, at the expense 

of remaining regions containing fewer PS particles than the average. The composition of the 

PS-rich domains (60 vol % PS) was similar, regardless of the ovcrall composition. This type 

of behavior resembles features of phase separation where the separate phases do not consist 

of pure components. 

From the DiMA measurements (sensitive to the large-scale structure-topological 

a ~ a n ~ e m e n t ) ' ~  of the elastic moduli G',  the authors found that the percolation threshold 

connected wi th efficient mechanical rein forcement of the investigated film occured at 32 

wt% PS. This result indicates that the formation of a continuous network of PS particles in 

the whole film takes place at 32 wt% PS. DMA measurements, however, were not sensitive 

to the formation of PS clusters below the percolation threshold. The influence of the 

aggregates on mechanical properties was manifested only above the percolation threshold. 



On the other hand, SANS, as a local method, was not able to monitor the formation of 

continuous PS phase in the whole film. but was sensitive to the formation of local structure 

like the PS clusters present at 10 vol % PS. 

From our result on high Tg fillers2, and results described in earlier sections of this 

Chapter we know that the filler effect on polymer di f is ion in latex film, measured by DET, 

depends on the total filler surface-to-volume ratio. If this ratio decreases, the extent of the 

effect decreases too. The formation of  filler aggregates is understood as a decrease in filler 

surface-to-volume ratio, and should be seen by DET. In this way we think that DET 

rneasurements can also be sensitive to local morphology changes in latex films. 

7.3.6 Latex film morphology in the presence of soft PBA filler. 

We will start our consideration of latex film morphology from the analysis o f  Figure 7- 

13, where we plot the diffusion rate klN vs. the volume fraction of filler cp. The slope of the 

line representing samples up to 6 vol % PBA is much steeper than the slope of the line 

representing samples with more than 10 vol % of PBA. As described above, we have 

interpreted the linear dependence of ki14 on the vol % of PBA to mean that each particle adds 

the same contribution to the retardation of polymer diffusion, by adding the same increment 

to the total filler surface area in contact with the diffusing polymer. 

In Figure 7-13 we are confronted with a new problem, a change in slope at 

approximately 10 vol % soft filler. This result indicates that above this value, added filler is 

less effective at retarding polymer diffusion. The slope of the straight line reflects what part 

of the surface of each particle is in contact with the diffusing polymer, and in this way 

contributes to the retardation of polymer diffusion. Our picture of this process is shown in 

Figure 7-17. For low concentrations of  filler (cp < 0.06) we assume that PBA particles are 

distributed randomly in the film and do not aggregate (Figure 7-17a). In this case, the total 

surface of each particle participates in the retardation process, and the linear dependence k114 

vs. vol % PBA starts from zero filler concentration. For higher concentrations of filler, (cp > 

0.06), the slope of kl14 vs. vol % PBA decreases, which means that the contribution of  each 

PBA particle to the retardation process of polyrner diffusion is smaller. We can imagine 

such a situation in the case in which the aggregates of filler particles start to form (Figure 7- 

I7b). Then, only part of each filler particle is in contact with the d i f i s ing  polymer and the 

rest is in contact with the other filler particle. We believe that in the region of  filler 



concentrations 0.06 < cp < 0.1, the b e g i ~ i n g  of filler aggregation takes place, and this is 

why the difference between samples with 6 and 10 vol % PBA is very small (see also Figure 

7- 12). 

Above 10 vol% PBA, the structure of aggregates is established and from the linear 

dependence of ki,4 vs. vol % PBA we conclude that again each filler particle contributes to 

the retardation process in the same way. Figure 7-17c shows two possibilities of how 

aggregates of filler can grow with increasing amounts of filler particles. Case c-II shows the 

situation when the aggregates grow in size as pure PBA domains. The situation is not 

consistent with experimental data because in this case we should not observe the linear 

dcpendence kI,.., vs. <p, as the filler vohme-to-surface ratio increases with increasing filler 

concentration. 

Figure 7-17. A mode1 of latex film morphology in the presence of soft PBA fiflers: a) a t  volume fractions 

of ( P P S , ,  -< 0.06 the filler particfcs are randomly distributed in the PBMA matrix; b) when 0.1 > q p e A  > 

0.06 thc formation of filler aggregates takes place; c) for Qp,, 2 0.1 we have Iwo possibilities of the 

growth of aggregatcs with increasing volume of fiHers; 1) the aggregates are in form of a connected 

network which grows in contour length when the amount of filler is incrcased, II) the Tiller aggregates 

grow in volume. These domains consist of PBA only. 

136 



The other more realistic possibility, (case c-1), shows the aggregates growing in size as 

a kind of growing network of fiIIers. Here we can easily imagine that each element of the 

network (though as a separate filler particle or small group of filler particles) participates in 

the obstacle effect in the same way, by adding the same part of its surface to the total filler 

surface area in contact with diffusing polyrner. This case is similar to that of Chevalier et 

a ~ ' ~ ,  mentioned above, in the way that their PS aggregates in the PBA matrix seem to have 

the shape of a connected network. Their PS aggregates consist of 60 % PS, and 40 % PBA 

matrix. The PS particles have to be c o ~ e c t e d  within the cluster as the percolation threshold 

for this system is at 32 vol % PS. 

Another aspect of the rnorphology of latex blends was pointed out by Eckerslay et al.". 

In their work they emphasize that not only the composition of the latex blends, but also the 

ratio of hard and soft particle sizes has a significant effect on latex film morphology. The 

smaller the filler diameter, the less is needed to form a continuous phase in the film, and the 

more easily the filler aggregates into c o ~ e c t e d  domains- Therefore we have to keep in mind 

that some aspects (e-g. ranges of concentrations) of the proposed rnodel of latex film 

morphology from Figure 7- 17 can change with changing the ratio of particle size (soft/hard) 

in our films. 

Summarizing, we think that case c-1 shown in Figure 7-1 7 is the most likely structure of 

PBA aggregates in PBMA latex films. However, it is difficult to Say if in the considered 

range of filler concentrations ( 0.1 < <p 1.0.6 ) the elements of such a network can be thought 

of as individual particles, or rather as small aggregates consisting of a few filler particles. 

Although the suggested model of latex film morphology seems to be reasonable, in future 

we wish to get images from freeze fracture transmission electron microscopy (FFTEM) in 

order to see the real structure of these films and determine the validity of this model. 

For very high fitler concentrations (cp > 0.6), we expect that the dependence ki14 vs. cp 

has to change. Figure 7-13 confirms this conclusion. Using the linear dependence ki/4 vs. cp 

to calculate the value at which kl14 = O, we find cp = 1-85! However, the volume fraction 

can not be larger than 1. For high concentrations of PBA, we expect a crossover to a 

dispersion of individual PBMA particles in a PBA matrix. In such a case, the interdiffusion 

between latex particles would be more and more suppressed. Thus the kl / j  vs. cp dependence 

would change again for very high filler concentrations. 



7.3.7 Obstacle vs. Free Volume models. 

Up to now, we only considered the influence of the morphology of the latex film on the 

polymer diffusion rate. This does not, however, tell us anything about the nature of the 

interaction between the two polymers. There are two general models one can use to explain 

the change of diffusion rate in the presence of filler particles. These models differ in their 

description of the interactions between filler particles and the matnx. One model is the 

obstacle model. Obstacles decrease the apparent diffusion rate by increasing the tortuosity of 

the diffusion path (see Figure 7-18) without affecting the friction experienced by the 

di ffusing species. 

diffusion path in the diffusion path without 
presence of obstacles obstacles 

Figure 7-18. Influence of obstacles on polymer diffusion. The measured rate of diffusion decreases as 

the path of the diffusion increases in the presence of obstacles. 

The second model is based on the concept of free voIume. Free volume models ascribe 

the changed diffusion rate to an increase (or decrease) in the microscopic friction coefficient 

of the diffûsing species. This change is caused by the influence of the surface of the filler on 

the mobility of diffbsing polymer in the vicinity of the filler partictes through specific 

polymer - filler interactions. In other words, close to the filler surface we have a polymer 

layer with an average thickness 6, which has a different mobility than the mobility of the 

polyrner in the bulk. 

However, the concept of two mobility regions c m  be applied to both models described 

above. ET in latex films as a method for measuring local polymer diffiision over distances 

up to 100 nm does not measure polymer diffusion on a macroscopic scale. The diffusion 

process measured is not sensitive to macroscopic changes in the film morphology. The 

macroscopic changes in the film morphology can contribute significantly to the obstacle 

effect on long term polymer diffusion. If  this is so, "the local obstacle effect" on polymer 



diffusion can be explained, as in the case of fiee volume theory, in t e m s  of "two mobility 

regions". The polymer close to the filler surface, which is not further from the surface than 

an average distance & (Fi t Rd, feels the tortuosity effect, and to reach a given point in 

space has to travel a longer path than the other polymer chains, which are further from the 

filler surface than 6,. In this way, we have again two mobility regions: a "lower mobility" 

region close to the filler surface and a "higher mobility" region in the bulk. This means that 

the linear dependence of the diffùsion rate parameter kl,4 vs l/dpBA does not prejudge which 

mode1 should be applied in our case. This is the reason we decided to leam more about our 

system. In new experiments we cany out diffùsion measurements on low M PBMA films in 

the presence of PBA particles and also measure the glass transition temperature for PBMA + 

PBA blend films. 

7.3.8 Influence of Soft PBA Particles on low M PBMA. 

In reference 2 Feng et al. described the effect of hard fillers on the diffusion rate of the 

polymer in low M PBMA latex films. In these films, f, is proportional to t'". To examine 

the effect of filler size on polyrner mobility they defined a mobility parameter k i ~  = fm/tltl". 

They found that the hard fillers retard polymer diffusion. The effect is in many ways similar 

to that of the soft fillers in the high M PBMA rnatrix. At the same volume fraction of filler, 

the diffusion rate decreases with decreasing the size of the filler. In both systems, for 

constant volume fraction of filler, the diffusion rate k was founded to be inversely 

proportional to the size of the filler. Here we wish to see if we obtain a similar behavior for 

the low M PBMA sample in the presence of soft fillers. 

These experiments were carrieci out with 30 and 60 vol % of PBA latex. The films were 

annealed at 55 OC. The results are presented in Figure 7-19, where we plot (a) the extent of 

mixing f, vs square root of annealing time tlZ, and (b) the apparent diffusion coefficient 

Da,, vs f, for pure PBMA sarnple and samples with different amounts of PBA filler. 

Figure 7- 19 shows that 30 vol % PBA clearly promotes polymer diffusion, while 60 vol 

% of PBA has a negligible effect on PBMA diffùsion. The results are very different than 

those for the high M PBMA in the presence of soft fillers, and also different than those for 

the same low M PBMA in the presence of hard fillers. The results from Figure 7-19 indicate 

that two opposite and overlapping phenornena influence the PBMA diffusion rate in the 



presence of soft PBA fillers. The presence of sofi filiers in the film, on one hand, speeds up 

the diffusion process, perhaps by influencing the free volume of the film. On the other hand, 

the soft fillers retard dimision by acting as obstacles. In the case of the sample with 60 vol 

% of PBA, the two effects cancel. 

Figure 7-19. Comparison of low M PBMA diffusion rates for films blended with different amounts of 

PBA particles (dpBA= 56 nm), expressed as volume percent (% PBA); O (O), 30 (O), and 60 (A). In part 

a) we plot the extent of mixing (f,) vs. square root of  anncaling time ( t l n ) ,  and in part b) we plot the 

apparent diffusion coefficient D a p p  vs. f,. 

7.3.9 MDSC Measurernents of the Glass Transition Temperature Tg in the PBMA + 
PBA blends. 

The presence of soft filler particles in latex films can speed up or slow down polymer 

diffusion depending on the amount of filler present in the sample and the molecular weight 

of the polymeric matnx. When the changes in mobility are due to changes in the friction 



coefficient of the diffusing species, we should be able to monitor changes in mobility via 

changes in the glass transitions of the latex blends with respect to its pure components. 

a) Higl; M PBMA + PBA 

In Figure 7-20 we present a plot of the first derivative of the heat capacity vs. 

temperature for the high M PBMA sample itself and for its blends with 30 and 60 vol % of 

PBA. The maximum of  the peak in the DSC scan indicates the value of Tg. The only 

difference between Figure 7-20a and 7-20b is the sample history. 
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Figure 7-20. Plot of the first derivative of the heat capacity vs temperature for the high M PBMA 

sample, and its blends with 30 vol %, and 60 vol % of PBA. Part a) presents the heating scan from -125' 

C to 75' C ;  and in part b) the cooling scan from 75' C to -125~ C. 

Figure 7-20a presents a heating scan where samples were cooled from room 

temperature to -125 OC, and measurements of  Tg were taken during sample heating from - 



125 OC to 75 OC. Figure 7-20b shows the DSC curves for the case where samples were 

cooled from 75 OC to -125°C. For samples consisting of PBMA and PBA blends, DSC scans 

show two peaks. Figure 7-20 shows that the Tg of PBMA in the presence of PBA particles 

does not change in cornparison to the Tg of pure PBMA (34 OC). The same invariance was 

observed for the Tg of PBA. The Tg of pure PBA is equal to - 43 OC and does not change in 

the presence of PBMA polymer. An important feature of the glass transition peaks is that 

they are symmetric. Only the Tg peak for the PBMA sample with 60 vol % of PBA is 

asymmetric in the cooling scan. For this sample, the peak has a tail on the side of lower Tg 

values. However, we have to point out that the range of temperatures at which the glass 

transition takes place and the maximum of the peaks is the same for al1 sarnples, which 

indicates that there is no miscibility or evidence for special interaction between high M 

PBMA and the cross-linked PBA particles. Combining the DSC results with the fact that 

diffusion of high M PBMA is retarded in the presence of PBA particles, we conclude that 

the retardation of potymer diffusion is due to an obstacle effect. 

b) Low M PBMA + PBA. 

In the case of low M PBMA films, we investigated the same blend compositions in the 

same range of temperatures. Figure 7-21a shows the heating scan (samples heated from - 
125°C to 75 "C) for pure low M PBMA films and films with 30 and 60 vol % PBA 

particlcs, white Figure 7-21b shows the DSC scans For the same samples, for a run can-ied 

out from 75 OC to -125°C (cooling scan). 

In Figure 7-21, we do not see any change in the position of the PBA peak for films 

consisting of PBA - PBMA blends. Its maximum is at - 43OC, and is the same as that for the 

pure PBA film. This indicates that there is negIigible miscibility between cross-linked PBA 

and PBMA. The glass transition region of low M PBMA alone occurs in the same 

temperature range (-10 to 50 OC) as its blends. However, the maxima of the PBMA peaks for 

samples with 30 and 60 vol % of PBA move slightly to higher temperatures compared with 

thosc of the pure PBMA sample (Tg = 24.5 OC), and are at ca. of 26 OC and 29OC, 

respectively. This result seems very surprising upon first consideration. We know from 

cnergy transfer experiments that PBA particles promote diffusion of low M PBMA. If the 



filler increases the free volume in the blend film, we expect a decrease in the PBMA Tg in 

the presence of PBA particles. 

-1 50 -1 00 -50 O 50 1 50 
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Figure 7-21. Plot of the first dcrivative of the heat capacity vs tempersture for the low M PBhlA 

sarnple, and its blends with 30 vol %, and 60 vol % of PBA. Part a) presents the heating scan from -125 

OC to 75 OC; and in part b) the cooling scan from 75 OC to -125 OC. 

However, other features of the PBMA glass transition region for PBMA and PBA 

blends help us to understand the observed phenornena. The peaks for the samples with 

increasing PBA content become asymmetric in shape, suggesting two overlapping peaks. On 

the side of higher temperatures, the transition peaks are steeper than on the side of lower 

temperatures. The asymmetry of the peaks for samples with PBA fillers indicates the 

existence of hvo different mobility regions in these films. As the range of glass transition 



temperatures is the same for PBMA samples with and without fillers, we conclude that the 

presence of soft PBA particles in the PBMA matrix induces wetting of the filler surface by 

lower-M PBMA and segregation of PBMA into higher and lower mobility regions. This 

effect increases the average diffusion rate of low M PBMA, as presented in Figure 7-22. 
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Figure 7-22. Drawing of a model for films with soft filler: the presence of soft PBA particles in the 

PBMA matrix induces wetting of the fillcr surface by the part of PBMA with lower hl and the 

formation for PBMA of higtier and lower mobility rcgions. This effect increases the average diffusion 

rate of PBAIA. 

In Figure 7-22, we present a drawing indicating key features of Our explanation. The 

higher mobility region consisting of lower molecular weight PBMA surrounding the filler 

particle. The rest of the PBMA has lower mobility, as the molecular weight of this region is 

higher. The PBMA from the higher mobility region mixes faster than the PBMA from the 

lower mobility region, or PBMA in the absence of filler particles. This effect influences the 

whole diffusion process by increasing the average diffusion rate of low M PBMA. 

7.4 Conclusions 

1. The presence of soft, elastic particles in a Iatex film decreases the diffusion rate of high 

M PBMA Iatex polymer. The retardation effect depends on the total surface of filler 

particles being in contact with diffusing polymer. 



2. The presence of soft, elastic particles in the low M PBMA latex film increases the 

diffusion rate of  the PBMA polymer. 

3. The overall effect of soft fller particles on polymer diffusion is a combination of an 

obstacle effect, a wetting phenornenon, and an influence on the morphology of the film. 

Depending on which of these effects dominates, we can observe an increase or decrease 

in the polymer diffusion rate. The diffusion rate in low M PBMA films is speeded up in 

the presence of 30 vol % PBA particles. and we do not observe any effect on polymer 

diffusion when the arnount of PBA particles is increased to 60 vol % PBA. 
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APPENDIX A 

The theory of modulated differential Calorimetry 

The theory supporting modulated DSC can be easily understood by comparing it to 

conventionai DSC. In both techniques the difference in temperature between the sample and 

a rcference is measured as a function of time, and from the Newton's Law of cooling (A-1) 

the heat flow between the sample and reference is calculated: 

7 are where dQl-?/dt is the calculated heat flow between the sample and reference, TI and T- 

the temperatures of sampIe and reference, respectively, measured experimentally, and K is a 

constant. 

DSC and MDSC differ in the way the sample is heated. In the case of conventional 

DSC, the sample and reference are heated with a constant heating rate B, so that the 

temperature is a linear function of time: 

where T(t) is the prograrnmed temperature, To is the starting ternperature, t is time, P is the 

constant heating rate ( "Clmin), is defined by equation (A-2b). 

In the case of MDSC, the change of programmed temperature follows the equation 

where Ar is the Amplitude of temperature modulation; w = 2 f l  is the modulation 

frequency (sec-'); P is the period (sec), and P is the overall (average) heating rate. 

The MDSC heating rate calculated from equation (A-3a) is: 



where C = ATm, which is a constant. 

The heating rate consists of two cornponents: f3, the average heating rate, and the 

rnodulated heating rate equal to Ccosot. Applying the temperature changes with time (eq. 

A-3a) to the calculations of heat flow (eq. (A-1)), we see rhat the heat flow fiom equation 

(A- 1)  bas the form of a modulated heat flow. The total heat flow in MDSC is the average of 

the modulated heat flow signal. An example of modulated heating rate, modulated and total 

heat flow, for an EOio sample is shown in Figure A- 1. 

-0.8 , I I I I I I 
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Figure A-1. a) The total heat flow calculated as the average of the modulated heat flow signal; b) the 

modulated hert flow and its amplitude Q,,,; c) the heating rate with its amplitude Ta,,. 

The general equation, which descnbes the total heat flow at any point in  a DSC or 

MDSC experiment is: 



where dQ/dr is the total heat flow, Cp is the heat capacity, P is the average heating rate, 

and f ( T , t )  is the heat flow from the kinetic (absolute temperature- and time-dependent 

process). 

As can be seen from equation (A-4), the total heat flow (dQ/dt) consists of two components. 

One component is a function of the sample's heat capacity and the rate of temperature 

change. whereas the other is a function of absolute temperature and time. Conventional DSC 

determines only total heat flow, while modulated DSC determines the total, as well as these 

two individual heat flow components. MDSC is able to do this based on the two heating 

rates seen by the materials (equation (A-3b)): the average heating rate P, and the sinusoidal 

heating rate. The individual heat flow components are oflen referred to by different names. 

We use the terms "heat capacity component" [CpB] and "reversing heat flow" 

interchangeably. Likewise "kinetic component" [f(T,t)] and "nonreversing heat flow" are 

use interchangeably. Reversing heat flow represents the changes in the heat capacity, so 

frorn the reversing heat flow we are able to calculate the glass transition temperature. 

Nonreversing heat flow represents al1 events that are nonreversing on the timc scale of the 

temperature modulations. As an example of non-reversing heat flow, we point out sample 

thermal history, evaporation, or cold crystallization. In real life, the glass transition, 

represented by reversing heat flow, is nearly always obscured by non-reversing events. In 

the case of conventional DSC, where we can measure only the total heat flow, we are not 

able to separate reversing from non-reversing heat flow, and we can not analyze complex 

transitions. In the case of MDSC, we are able to analyze these complex transitions. 

We have already explained that the total heat flow is an averaged modulated heat flow. 

To calculate the reversing component of total heat flow, we first have to calculate the heat 

capacity Cp of the sample, and then convert the heat capacity into heat flow using the 

equation (A-5). 

Reversing Heat Flow = (- Cp) x Average Heating Rate (A-5) 

The kinetic (non-reversing) component of the total heat flow is detennined as the arithmetic 

difference between the total heat flow and the heat capacity component. 

Nonreversing Heat Flow = Total Heat flow - Reversing Heat Flow 
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The approach of calculating the heat capacity C, in MDSC is based on one of the well- 

accepted procedures for determining C, by conventional DSC. In conventional DSC. C, is 

generally calculated from the difference in heat flow between a blank (empty pan) run and a 

sample run under identical conditions: 

Heat Flow(samp1e) - Heat Flow(b1ank) 
C ,  = K C p  Heating Reate 

where K,, is a calibration constant. 

However, C, can also be calculated by cornparing the difference in the heat flow between 

two runs on an identical sample at two different heating rates. In this case: 

Heat Flow at Heat Rate 2 - Heat Flow at Heat Ratel c, = K C p  
Heating Rate 2 - Heating Rate 1 

where K C ~  is a diffrent calibration constant. 

In MDSC, the heating rate changes during the modulation cycle. The amplitude of the 

modulated heating rate (Figure A-lc) is the difference between the smallest and the largest 

heating rate with which the sample is heated, and in general can be thought of as the 

difference between two different heating rates. The amplitude of modulated heat flow 

(Figure A-2b) is the difference between the heat flow at the highest heating rate and at the 

lowest heating rate, and can be thought of as the difference between heat flow at rate 1 and 

heat flow at rate 2. Taking the amplitude of modulated heat flow and dividing it by the 

amplitude of the modulated heating rate is equivalent to the conventional DSC approach 

using two different heating rates and equation (A-8), so the final equation for heat capacity 

C, in MDSC is: 

where C, is the heat capacity, &, is the heat capacity calibration constant, Qamp is the heat 

flow amplitude, Ta,, is the temperature amplitude, Tamp = 2C, where C is the constant from 

equation (A-3 b). 
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