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ABSTRACT 

This thesis examines rnainIy the formation rnechanism and structure of latex films. WC 

investigated the Wing  behavior of latex dispersions by monitoring simultaneously the loss of 

water m a s  and the contraction of the wet dispersion area. h soft latex dnes slower than a hard 

latex. and their blends dry even more slowly. The presence of hydrophilic materid fxacilirates 

drying. We propose a drying mode1 to explain the results. We examined our strates for zero 

VOC (volatile oganic compound) coatings. by blenciing latex particles of a low Tg polymer [e ._o. 

poly(buty1 methacry lateco-buty l acry late)] and of a high Tg polymer [e-g. poly(methy 1 

methacry late)]. Transparent films can be obtained from blend dispersions w hen the volume 

fraction of soft polymer exceeds a cnticd value (a,) ca. 0.5. and when the hard spheres are 

unifonniy distributed in a soft polymer matrix. The hard particles in blends improve ~i~gyificantly 

the mechanical properties. interface structure in b l e d  füms was characterized by dintcr non- 



radiative energy uansfer (DET) technique. A finite efficiency of DET. which is proportional to 

the interfacial area, characterizes a sharp interface between the polymer components. and iü  slight 

increase upon anneahg the films represents the evolution of interface thickness (up to 7 nm at 

140 O C ) .  The DET technique is aiso employed to analyze polymer diffusion in latex films and to 

examine the effect of various components on diffusion rate. We fmd that water has Little effect on 

the diffusion of a hydrophobic polymer [poiy(butyl methacrylate ). PBMA]. For a hydrophilic 

polymer [a copolymer of BMA with 5 wt8  methacryiic acid], the presence of warer increases the 

diffusion coefficient by a factor of 5 in the protonated sampie. and by 2 orders of magnitude for 

the sample neutralized by a base (e.g. NaOH). The BMA oligomers enhance significantiy the 

diffusion rate of high molar-mass PEMA. Finally. we examine strategies for ambient 

crosslinking of latex films. Films with acetoacetoxy functionality c m  be crosslmked rapidly with 

&amine as a crosslinker. Films with unsaturated bonds can be cured with the addition of an 

organic salt (e-g. cobalt octoate) in several days during which a high degree of polymer 

interdiffusion can be achieved. 



in this thrsis, some important aspects in latex film formation were studied. These aspects 

include the kmeûcs and rnechanism of drying, morphologies and properties for latex blend films. 

interface stnicrures as characterized by fluorescent energy transfer. polymer diffusion and factors 

affecting the diffusion rate. as well as suategies for f h  crosslinking for srnictural stability and 

ùnproved performance. 

The latex samples used for various projects were synthesized by emulsion 

polyrnerization. These include fluorescent-labeled latex. low Tg film-forming latex. nano-shed 

latex. and reactive latex. The strategies for the synthesis of these Iatexes and some experimental 

details are described in Chapter II. 

Chapter III describes Our experirnents on drying of latex dispersions and their 

interpretation. We canied Our experiments in which we monitored the loss of water mass and the 

contraction of the m a  of the wet dispersion (or the propagation of the drying front) 

simultaneousiy. This kmd of rneasurements enables us to have a more complete image for the 

drying process than that of the classic three-stage drying mode1 proposed by Vanderhoff: drying 

is accompanjed by not oniy the concentrallon of particles in the bulk but also the contraction of 

the wet dispersion area in the subsuate plane. We find that the decrease in mit of the wet 

dispersion precrdes the decrease in water evapontion rate. establishing that the dry b o u n d q  

region plays an important role in water rvaporation. Ive fifin that a sosoft latex (minimum film- 

forming temperature, LW. below 22 "C ) dnes slower than a hard latex (LW well above 22 

OC), and blends of them dry even more slowly with a distinct composition for slowest drying. 

The presence of hydrophilic material (ionic surfactant) facilitates the drying. These results lead to 

a conclusion that drying is influenced by the particle packing structure at close-contact in the 

drying boundary region. Combined with recent Literanire. we develop a new mode1 for the 

drying mechanism of latex dispersions that takes into account the propagating drying front. 



One project involves our strategy for zero VOC (volaule organic compound) coatings. 

Our approach involves mixtures of particles of a low Tg polymer [e-g. a copolymer of butyl 

methacrylate and butyl acrylate. P(BMA-CO-BA)] and a h g h  Tg polymer [e.g poly(methy1 

methacrylate). PMMA). A dispersion of a latex with a low MFT wdl form a transparent film 

upon evaporation. even when blended with a substantiai amount of high Tg latex. There is a 

criticai volume fraction of low Tg polymer (a, = 0.5) above which one cm obtain transparent 

films. Transparency requires that the hard latex be sufficiendy small and weil dispersed in the 

final film and that the two components have similar refiactive indices. When the size ratio 

between the hard and soft particles is far from unity. rnacroscopic phase separation occurs, giving 

rise to f h  with a clear region and a turbid region associated with hard-particle clustering. Film 

morphologies were examuled by atomic force microscopy (AFM). scanning electron rnicroscopy 

(SEM). and freeze-fracture uansmission electron microscopy tFFïEM). In ail films. the hard 

particles retain their origind size and sphencal shape. In the transparent films. they are uniformly 

distrïbuted in a polymer matrix generated from defomed soft particles. whereas clustering of 

PMMA microspheres is observed in turbid films. Dynamic mechanicd andysis (DMA) indicates 

that the hard particles in blends improve significantly the mechanical properties of the films. 

These results are presented in Chapter IV. 

Interface structure in polymer blend films is m important factor ÿffecting the film 

properties. While the structure a~ interfaces cm be observed by electron microscopy. one can 

only obtain poor depth resolution. We employed the direct non-radiativr energy umsfer t DETl 

technique to characterize the interface. Fluorescence decq measurements on films consisting of a 

polymer component labeled with donor and the other component labelrd with acceptor give the 

quantum efficiency of DET (@,) occurring in the interfaciid region. A certain value of a, is 

observed across a sharp interface which is propottional to the interfacial area (and for spheres. 

inversely proportional to the diameter of donor-labeled particles). Upon annealing the films. the 

0, value increases, c haracterizing the increase in interface thc kness. For PMMA/P(BMAco- 

BA) blends, the interface thickness increases upon heatùig (e-g. to 4 nm at 140 "C for 1 h). but 



only up to a finite extent (e.g. 7 nm) with extended annealing tirne owing to limted miscibility. 

We are able to obtain information about the interface structure with a fine depth resolution by the 

DET technique. This part is presented in Chapter V. 

In the newly formed latex films. the particles deform into polyhedra and the polymer 

molecules are essentially separated in individual cells. It is believed that the film mechanical 

propenies will be developed only after the polymer molecules have difised across the interfaces. 

We employed the DET technique to rnonitor the polymer diffusion process for f i  formed from 

mixtures of donor- and acceptor- labeled particles composed of othewise identical polymers. 

With rime or upon anneating, the eficiency of DET increases which cm be used to characterize 

the increasing extent of interdiffusion of the labeled polymen and to calculate the diffusion 

coefficient. The major focus for ths part of ths  thesis is to examine the effects of various 

components. including water and oligomen. on the polymer diffusion rate. We found that water 

has Little effect on the diffusion rate of a hydrophobie polyrner [poly(butyl methacrylate). 

PBMA], but increases the diffusion coefficient by more than 5 times for a hydrophilic polymer 

[Le. a copolyrner of BMA with 5 wtQ methacrylic acid. P ( W - C O - B M A ) ] .  For P ( W - C O -  

BMA) polymer neutmked by base ( e . g  NaOH). die diffüsion coefficient values found in the 

presence of water are 2 orden of mepitude larger than those measured for die same polymer in 

dry state. The BMA oligomers can enhance si-gificantly the diffusion rate of h g h  molar-mas 

PBMA. These results establish that not only those added traditional plasticizers c m  plasticize the 

polymer but also those cornponents inherently present in die system cm change the diffusion rate 

and hence aler the process of development of f h  properties. These results are presented in 

Chapter VI. The energy transfer technique allows us to obtain information about the film 

fornation process at a molecular level. 

It is well-known that curing of the polymer films is essentiai for coatings applications for 

obtining chernical resistance and improved performance. One of the target for novel coatings is 

to cure the coatings under ambient conditions. We examined strategies for ambient crosslinking 

of latex films. We chose two types of reactive functionalities. acetoacetoxy and unsanirated 

groups. The results about fdm crosslinkllig and its characterization are presented in Chapter VIL 



The rate of crosslinkuig is also compared with the rate of polymer interdiffusion in our mode1 

systems. Latex films formed from acetoacetoxy functionalized latex can be crosslinked with a 

diamine (e-g. hexane diamine) as a crosslinker. The crosslinking reaction between amino and 

acetoacetoxy groups occurs at a rapid rare, giving cise to a high degree of crosslinking even 

before the completion of drying of the dispersions. The crosslinking process precedes the 

polymer interdiffusion in such a reactive systern even when the aolecular weight or the Tg of the 

poiymers is low. Films with unsanirated bonds can be cured with the addition of cenain organic 

salts (e.g. cobalt octoate). Curing can be achieved on the time scale of days during which the 

latex films can undergo a high degree of codescence. 

vii 
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CHAPTER 1 GENERAL INTRODUCTION 

EMULSION POLYMERIZATION AND LATEX 
General Description of Emulsion Polymerization 

Emulsion polymerization refers to a prwess in which the monomers are dispened in a 

continuous medium with the aid of emulsifier and polyrnerized with kee-radical initiators.'-' 

Typical componenü in the system are the monorner. emdsifier (surfactant). water-soluble 

initiator. and water as the dispersant. The concentration of surfactant is usualiy above its cntical 

micelle concentration (CMC) in the system before polymerization. The number of micelles 

fomed and their size depend on both the total amount of surfactant used and the relative amount 

of monomer to surfactant present. A typical size for sphencai surfactant micelles is 2 to 5 nm in 

diameter in its original state, increasing to >10 nm when swollen by monomer. For most 

monomers. only a very srnail fraction is dissolved in water. A larger but sull srnail portion of 

rnonomer enters the intenor hydrophobic part of the micelles. The largest portion of monomer is 

dispened as monomer droplets whose size is usually above a micrometer and is dependent on 

the intensity of agitation. The droplets are probably stabiiized by surfactant molecules adsorbed 

on their surfaces. The typical concentration of micelles is 10"- 10'-r rnilliliter, and that for 

monorner droplets is IO'*- 10' per milliliter. 

The locus of polymerization is very important. The initiator is present in the water phase 

where the initiating radicals are produced, and the rate of radical production R, is typically of the 

order of 10" radicds per milliliter per second. Polymerization in aqueous solution undoubtedly 

takes place but does not contribute significantly when the rnonorner solubility (concentration) is 

low and propagating radicals would precipitate out of the aqueous solution at very srnail 

oligomei size. It has k e n  found that for many hydrophobic monomers polymerization is 

initiated mainly in the monomer swollen micelles where particle nucleation occurs. The miceiles 

act as a meeting place for the organic monomer and the water-soluble free radicals. The site of 

panicle nucleation is not the rnonomer droplets. The reason for this is that the micelles have 

much higher total surface area available for entq of radicals than the monomer droplets, and that 

the initiator concentration in a micelle is much higher than that in a larger-sized monomer droplet 

if they both contain one radical. The micelies are also favored as the nucleation site because of 

their higher monomer concentration than the monomer in solution. 

A simpiified schematic representation of the initial stage of an emulsion polymerization is 

shown in Figure 1-1. Surfactant molecules are shown as O- to indicate that one end (0) is polar 

or ionic and the other end (-) nonpolar. The system consists of three types of particles: 

monomer droplets. inactive micelles in which polymerization is not occurring, and active 



micelles in which polyrnerization is occurring. Once "active miceiies" become suficientiy large. 

they are referred to as polyrner particles. 
The mechanism for particle nucleation is best described as proceeding by two 

simultaneous processes. One is the entry of radicals from the aqueous phase into the micelies 

(micellar nucleation). The other, homogeneous nucleation.'-' involves solution-polymerized 

oligomeric radicds becoming insoluble and precipitathg on themselves (or on dead oligomer). 

The precipitated species become stabilized by adsorbing surfactant (from solution, inactive 

micelies, and the monomer droplets) and upon subsequent absorption of monomer. The species 

formed in this way are the quivalent of polyrner particles fomed by rnicellar nucleation. The 

relative extents of micellar and homogeneous nucleation would be expected to vary with the 

water solubility of the monomer and the surfactant concentration. Higher water solubility and 

low surfactant concentration favor homogeneous nu~leation;~.' micellar nucleation is favored by 

low water solubility and high surfactant concentrati~n.~ 

Micelle 
- d = 5 - l 0 n m  

l Monomer-swollen 
polymer particle 

Monomer 
droplet 

Emulsifier ion -0- 

Aqueous phase 

Figure 1-1. Simplified representation of the initial stage of an emulsion polymerizarion system. 

1-1-2 The Process of Emulsion Polymerization 
1 -1 -24  Qualitative features of the process 

The qualitative interpretation of the main features of ernulsion polyrnerization was put 

forward by Harkins in 1946.~ Although there have been additions and modifications of the 

concepts, the overall view of emulsion polyrnerization remains accepted. It was considered that 



the polymerization took place rnainly in the micelles in which a small fraction of monomer 

dissolved and polymer particles were formed by continuously polymerizing the monomer 

initiated by enuy of free-radicals fiom the aqueous solution. Three Intervals (1. II. III) can be 

discerned in aU emulsion polymerizations based on the particle number concentration N (nurnber 

of particles per rnilliliter) and the existence of a separate monomer phase (Le. monomer 

droplets). Interval 1 is a particle nucleation period in whch polymerization starts in micelles to 

form particles. and the particle number increases. The polymerization rate increases with t h e  as 

the panicle nurnber builds up. A large fraction of monomer is present in the monomer droplets. 

Monomer is transferred fkom the monomer droplets into the particles to replenish the monomer 

that has reacted. The reaction system undergoes a very significant change during Interval 1. The 

particle number stabilizes at some value (in the range of 10"- 10" particles per m i t e r )  which is 

only a smdi fraction, typically about O. 1'31, of the concentration of miceiles initidy present. As 

the polymer particles grow in size, they absorb more surfactant from solution to maintain 

stability. The point is quickly reached at which the surfactant concentration in solution faIls 

below its CMC. 

By the end of Interval 1. almost all of the surfactant onginally present as micelles has 

been absorbed by the polymer particles. Interval 1 is generally the shortest of the three Intervals. 

its duration varying in the range of 2- 15% conversion. The transition from Interval 1 to U occurs 

when the surfactant in the inactive miceues moves to the active particle surface and hence no new 

particles wiii form. Thus ideally the particle number remains constant during the subsequent 

Intervals (II and III). Polymerization proceeds in the polymer particles as the monomer 

concentration in the particles is maintained at the equilibrium (saturation) level by diffusion of 

monomer from solution, which in nirn is maintained at the saturation level by dissolution of 

monomer from the monomer droplets. During this period. the polymerization rate is nearly 

constant. since the monorner concentration withm each particle remains constant. The monomer 

concentration (volume fraction a,) in the polymer particles for styrene is 0.60. and that for 

methyl methaciylate is 0.7 1 . ' O  The polymer particles increase in size as the monomer droplets 

decrease. Interval II ends when al1 the monomer in the monomer droplets is consumed and the 

droplets disappear. The particle number remains the same in interval Ei as in Interval II. but the 

rnonomer concentration decreases with time, since there is no longer a supply of monomer from 

the initial rnonomer droplets. Polymerization continues but at a steadily decreasing rate as the 

monomer concentration in the particles decreases. Figure 1-2 is a typicai plot of polymerization 

rate vs. tirne, showing schematicaliy the difference in rates for three Intervals of polymerization. 

Final conversions of essentially 1 0 %  are usually achieved. The final polymer particles have 

sizes intermediate between ihat of the initial micelles and that of the monomer droplets, of the 

order of 50 - 200 nrn. 



Time 

Figure 1-2. Schematic illustration of the change of the polymerization rate with time in emulsion 

polymerization. 

1-1-2-2 The kinetics of ernulsion polymerization 

nie first quantitative treatment of emulsion polymerizaùon kinetics was by Smith and 

~wart." One of the important assumptions of the Smith-Ewxt theory is that the polymerizaiion 

rate is determined by the ingress of radicals into the growing particles and not by the competing 

rates of propagation and polymer radical termination reactions as in die case of b u k  

polymerization. In this theory polymerkation is considered to be initiated in the micelle and to 

continue within the monomer-polyrner particle. Following initiation within the surfactant 

micelles, three limiting cases are considered relaùng to the average number of free-radicais (n) in 

a particle: ( 1) n is much smaller than unity; (3) n is approximately 0.5: (3) n > 0.5. 

The rate of polymerization R, is related to the monomer concentration in the swollen 

particles ([Ml, in moledliter). the average number of free radicals per particle (n), and the 

concentration of particles (N, in number of particles / ml) by 

q, = ( l ~ ~ , )  L$ [Ml n N (1-1) 
where k, is the rate constant. and NA is the Avogadro constant. 

At the s t m  of Interval 1. the number of particles is srnall and polyrnerization rate 1s 10 W .  

During hterval II, the particle concentration has reached its steady-state value N. n may dso  
reach an constant value. Fi] is also relatively constant since there is equilibrium swelling of the 

particles by monomer during this stage, with a value as high as 5M (50-80% monomer volume 

fraction). During Interval III, monomer concentration decreases sharply and the rate decreases. 

One can see that these results are consistent with the plot of rate vs. t h e  shown in Figure 1-2. 
The value of n is of critical importance in determinhg R,. Three cases can be 

distinguished based on the work of Smith and Ewart and others. 



Case 2 (n = 0.5) is usuaiiy described in texü as applicable to most emulsion 

poiymenzations. It occurs when desorption of radicals is negligible compared to the rate of 

radicals entering particles (absorption) and the particle size is too small, relative to the 

bimolecular termination rate constant, to accommodate more than one radical. Under these 

conditions, a particle normally contains one radical whch is trapped within that particle and 

undergoes propagation until another radical enters. at which point there is essentially 

instantaneous termination. Any polymer particle wiil be active half of the tune and dormant the 

other half of the time. In other words, at any given moment half of the polymer p h c l e s  contain 

one radical and are growing while the other half are dormant. The number of radicais per 
particle n averaged over ail the particles is 0.5." 

In case 1, the average number of radicals per particle (n) c m  drop below 0.5 if radical 

desorption from particles and termination in the aqueous phase are not negligible. The decrease 

in n is larger for small particle sizes and low initiator rates. As for the monomers. it is found that 

certain monomers (e-g., vinyl acetate and vinyl chloride) follow case 1 behavior.1° 

Case 3 is characterized by n > 0.5. Some fraction of the polyrner particles must contain 

two or more radicals per particle in order for n to be > 0.5. since there wiU always be a very 

significant fraction of zero radical per particle. This occurs if the particle size is sufficiently large 

( 100- 1000 nrn) and the initiation rate is sufficiently high relative to the termination rate constant. 

while termination in the aqueous phase and desorption are not important. This effect is more 

pronounced as the percent conversion increases. Under these conditions, two or more ndicals 

coexist in a polyrner particle without instantaneous tennination.''~'" 

1-1-2-3 The degree of polymerization and molecular weight distri bution 

The number average degree of polyrnenzation X,, in an emulsion polymerilation of Case 

2 behavior can be expressed as 

X , =  r&= Nk&M] l q  (1-3) 

where r, is the propagation rate of a polymer chah and r, is the rate of primary radicals entenng a 

polyrner particle. Note that r, is equal to the radical production rate R, divided by the polymer 

particle nurnber N. For a Case 2 behavior, r, is just equd to the rate of temiination r, of a 

polymer chain, since t e k a t i o n  occurs irnmediately upon the entry of a radical into a polyrner 

particle in which a polymer chah is propagating. If chah transfer occurs, the degree of 

polyrnenzation wiil be given by 

Xa = rp 1 r, + ru (1-3) 
where r, is the rate of transfer reaction. 

In emulsion polymenzation one cm attain both high molecular weight and a high 

polymenzation rate simultaneously. As one can see frorn Eqs. (1-1) and (1-2). both R, and X, 
Vary directly with the nurnber of particles N. Therefore the rate and degree of polymerization 



can be simultaneously increased by increasing the nurnber of polyrner particles N at a constant 

initiation rate y. These conclusions have been verified by a number of studies." 

The molecular weight distribution (MWD) for polymers produced from emulsion 

polymerization has differeoces frorn those produced from homogeneous system. In emulsion 

polymerization the molecular weight remains reasonably constant during a large part (Le. 

Intemal II) of the overail reaction, since [MI, N. k, and R, are relatively constant. Compared to 

homogeneous polymerization where substantid changes occur in the molecular weight and 

MWD with the  throughout the whole range of conversions, one would expect to obtain 

narrower MWD from emulsion polymerization.' The above point, however, does not remain 
tnie in aU cases. When chain tennination involves birnolecular reaction between radicds, short 

chains can couple or disproponionate with longer chains in homogeneous system. In emulsion 

polyrnerization, any two growing chains that undergo birnolecular termination (e .g  

disproportionation) are not random. giving nse to broadening of MWD.' Thus in some cases 

one produces broader MWD by emulsion than by homogeneous polymerization. The detailed 

analysis or modeling for MWD in emulsion polyrnerization has k e n  addressed by GilbedL 

1-1-2-4 The particle number concentration and size distribution 

The number of polyrner particles (N) which can be stabilized is dependent on the total 

surface area of surfactant present in the system asCs, where as is the interfacial surface a m  

occupied by a surfactant rnolecule, and Cs is the total concentration of surfactant in the system. 

N is also dependent on the rate of radical production R,. A relationslip of N to a,Cs and 4 has 

been derived as ' - ' O  

N = k (F / p)U5 (4~~)"' (1-4 

where p is the rate of volume increase of a polymer particle. which c m  be determined from r, 

and geometrical considerations. Typicd values of k Vary between 0.37 and 0.53. The '/,-power 

dependence of N on the surfactant concentration ha been a usehil guide for one to adjust the 

panicle numberand hence the final particle size by varying the amount of surfactant. 

The sYe distribution of particles prepared by emulsion polymerization is primarily due to 

the distribution of h e s  at which different polymer particles are nucleated and their altemation of 

activity and inactivity. The maximum polydispersity occurs during intemal 1. The particle size 

distribution (PSD) narrows considerably during the subsequent period. In general. a fast 

nucleation (short Interval 1) favon the production of narrow PSD. There has k e n  a sigrufcant 

effort to produce narrow PSD by controlling the initiation and nucleation processes. choice and 

amount of surfactant. the use of seeded emulsion polymerization, temperature, ionic strength. 

and other reaction variables.' Mathematical evaluation of PSD is discussed in ref. 12a. 



1-1-3 Batch and Semi-continuous Processes 
Emulsion polymerization can be carried out either in batch or in serni-continuous (dso 

referred to as semi-batch) modes. 

In a batch process dI the reactants are present at the start of the reacûon. h a semi- 

continuous process, either all the reactants or just part of the reactanü are added Uiro the reactor 

while the reaction proceeds. No products are withdrawn during the reaction. It is well-known 

that the semi-continuous process offers berter control of reaction rate, molecuiar weight. 

chernical composition distribution in copolymers. particle size and size distribution.15 

In semi-continuous emulsion polymerization processes two Merent reaction conditions 

can be distinguished depending on the monomer addition rate relative to the maximum rate of 

polymerization. When the rate of monomer addition is below the maximum polymerization rate. 

the monomer concentration is below the equilibrium saturation value. and the rate of 

polymerization is found to depend linearly on the addition rate? The instantaneous conversion 

is g e n e d y  high and no substantial accumulation of monomer in the reaction system will occur. 

This reaction condition is referred to as monomer-staned condition. This is very useful in the 

control of molecular weight and in the preparation of copolyrners of random chernical 

composition We will demonstrate this in the synthesis of latex polymen and in 

the labeling of the polymers with dye cornonomers. At higher rates of monomer addition. a 

point is reached where the particles are no longer able to accommodate the added monomer and a 

separate monomer phase appears. This condition is generdy referred to as flooding. In this 

case the rate of polymerùation is no longer dependent on the rate of monomer addition and the 

reaction conditions are much closer to those in the batch process. 

Sornetimes polymerizatiom are carrïed out in a "seeded" mode for both batch and srmi- 

continuous processes, in which the monomer and initiator are added to a previously prepared 

emulsion of polymer particles. The reaction conditions are arranged in such a way that particle 

second nucleation is avoided. and the particle number N cm be held constant during 

polymerization. Because of this feature of seeded systems, this approach is usefui for 

preparations where one wishes to produce particles with well-controlled size. interna1 

composition. and morphology. 

The Product of Emuision Polymerization Latex 
The fuial product of an emulsion polymerization is cded a latex dispersion. Latex 

dispersions are coiIoidal systems in which submicron polymer panicles are dispersed in a Liquid 

medium, usually water. 
The fmt synthetic latex products were poly(vîny1 acetate), produced in Gemany in the 

mid-1930s, and styrene-butadiene rubber manufactured on a large commercial scale in the US 



during the 1940s.'.' The styrene-butadiene products were important as a substitue for n a W  

rubber. Emulsion polyrnerization is presently the predorninant process for the commercial 

polymerization of viny 1 acetate, c hloroprene. various acrylates. and copolymerization of 

butadiene with styrene and acrylonitrile (ABS resin). It is also used for methyl methacrylate 

(MMA), styrene. vinyi chloride. vinylidene chloride. although it is not the predominant process. 

In modem polymer industry. emulsion polymerization is one of the main process for carrying 

out radical polyrnerization reactiond-' 

Emulsion polymerization as a reaction process has severai distinct advantages. The 

physicd state of the emulsion (colloidal) system rnakes it easy to control the process. Heat 

uansfer and viscosity problems are much less si,gnïficant than in bulk or in solution 

polymerizations. As has been mentioned earlier. srnulsion polyrnerization affords a means of 

producing polymers of hi@ molecular weight without decreasing the polymerization rate. 

In many practical applications such as in coatings. adhesives. and paints. the emulsion 

polymerization products (latexes) can in many instances be employed directly without further 

separation or with only appropriate blending operations. Aiso. since water is comrnonly used as 

the medium. latexes are characterized by low content of volat.de organic compounds (VOCs). 

This has been one of the major factors driving the increasing usage of latex products today. 

LATEX FILM FORMATION 
One of the major applications of emulsion polymen is in various water-borne 

~oatings.''.'~ In these applications. the latex. origînally present as a colloidal dispersion of 

microspheres in water. is transformed into a void-free and mechanicdly coherent polymer film. 

Brief Description the Process 

The term "latex film formation" refers to the entire process frorn the aqueous latex 

dispersion to the hilly developed coating. The process is classicaily divided into three 

consecutive major steps."." In the fust step. water evaporates at a constant rate untll a state is 

reached where particles are brought into close contact. In the second step. as more water 

evaporates. the particles undergo deformation and compaction to form a void-free solid 

smcnire. if the temperature exceeds a minimum film-fomiùig temperature (MFT) of the latex. 

Finally, fusion occurs arnong adjacent particles as polymer molecules diffuse across the initial 

boundaries to give a mechanicdly coherent film. A drawing depicting this process is shown in 

Figure 1-3. 
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Figure 1-3. A simple represrntation of the latex film formation process. 

A comprehensive review on the topic of latex film formation has been given by 

~ i n n i k . "  I should point out here that some of the views and references pressnt in this 

introduction are either cited from Professor Winnik's review or wri i~en with impact from him 

owing to various communications with h m  over the past years. 

In the following 1 will give a bnef review on the formation and structure of latex films as 

well as some research directions in latex coatings. The major aspects mentioned in ths 

introduction part are related to the research presented in th~s thesis. and rheir connection is made 

in the next section, "Scope of This Research Work". in this chapter. 

The Drying Process of Latex Dispersions 

Frorn a physicist's point of view. drying is one of the simplest physical processes. one 

in which a substance is transferred from the iiquid phase to a vapor. When the extemal 

pressure. temperature and the surface area of the iiquid are fixed. simple h e t i c s  of drying are 

observed so that the mass of evaporation is hear in time. When the surface area of the liquid 



varies, die mass of evaporation in a given Ume interval is different. but the rate of drying is 

proportional to the surface area. 

~Models for ihe drying process for latex dispersions are primarily based upon 
" '4.3 measurements of the rate of water 1oss.--.- The most well-known mode1 was proposed by 

~anderhoff? He made a comection between the water loss rate and each of the three stages for 

the film formation process. Ln stage L. water evaporates at its normal rate from the dispersion in 

which the particles remain separated. In stage 2. the particles corne into close contact and 

deform to decrease the size of pores at the surface. and the evaporation rate slows. Eventually. 

coalescence leads to sealing of the surface. In stage 3. the Loss of the last traces of water is very 

slow because water now must diffuse through the rnatrir of the polymer. 

WMe the current models do capture some important features of the drying process and 

the Vanderhoff model is particularly often cired for its appealing sirnplicity. they are no: 

complete. For exarnple. they d neglect the propagating drying front during the drying process. 

Thts contradicts the drying behavior for most of Iarex  dispersion^'^-'^ and even those 

observations reported by the sarne authors. "-'4-'5  more over. here is Little etidence about 

whether drying is dependent on the latex polymer composition or the tvpe of particle packmg 

structure formed at close-contact. As a consequence. reexamination of the drying procrss for 

latex dispersions is needed. 

Particle Deformation Mechanism and Packing Structure 

The particle defornation and compaction process in the second stage of film formation 

has both theoretical and practical importance and has received kgeat attention. A major focus is 

devoted to understanding the nature of forces dnving the codescence of particles. The four main 

theories are the following. Bradford and coworkers" proposed that the major contribution to 

coalescence arises from the polymer surface tension which dnves the polymer compaction to a 

fully dense film. referred to as dry-sintenng theory For Brown." the acting forces were the 

capillary forces which develop at the surface of the drying latex when particles becorne partially 

exposed to air. According to Brown. the capdary pressure is proportional to the water-air 

interfacial tension and inversely proportional to the radii of the panicles. vanderhoff-" 

considered that, instead of the polymer surface tension or polymer-air interfacial tension, the 

polymer-water interfacial tension could provide strong forces that were sufficient to dnve 

deformation and densification of the particles imrnersed in water. This is referred to as the wet- 

sintering mechanism. Vanderhoff believed that capillary forces were also imponant in certain 

stages of the deformation process. The idea that both the interfacial tension forces and the 

capiLlary forces play complernentary roles in the coalescence process has received support from 

others.j3 ~hee tz '~  suggested another theory in w h c h  the surface of the latex is closed by a thin 



layer Min-layer) of coalesced particles. The rernaining water evaporates by diffusion through 

this polymer layer and this evaporation gives nse to a stress which compresses the packing of 

particles. acting like a piston. Since the time of Bradford. Brown. and Vanderhoff. various 

atternpts have tried to venfy, extend or refme these rnode~s.'~-'~ The most updated review on 

this topic was given recently by Ho11 et The forces arising from interfacial tensions persist 

in the models, and it is accepted by rnany scientisü that the capillary forces might contribute 

significantly to the defornation process, and complement the interfacial tension forces. 

For the particles to deform. an important requirement is that the application temperature 

must exceed the minimum film-forming temperature [MFT] of the ~ystern.'~ The MFT 
commonly corresponds to the glass transition temperature of the latex at which the modulus of 

the polymer greatly decrease. Under this condition. the forces tending to drive the particle 

deformation can overcome those resisting the deformation of particles maidy related to the 

viscoelastic deformation and flow properties of the p~lyrner.~'".'~ 

The particles are transfomed into space-filling polyhedra afier the compaction procrss. 

Bradford and coworkers" pointed out that after drying the panides are packed in such a way 

chat a most efficient packmg configuration is acheved. in many latex films. patterns of 

hexagons are observed by electron microscopy, representing a closest p a c l ~ i n ~ . ' ~ . ~  Studies by 

Joanicot et al by both transmission electron microscopy (TEMI and smdl angle neutron 

scattering (SANS) reveal that their particles form facexentered cubic packing in dispersion 

which give rise to a rhombic dodecahedra structure in the film. This type of structure has b e n  

clearly seen in freeze-fracture TEM (FFTEM) images by Hearn et al " and 

Atomic force microscopie (AFM) measurements by Winnik et al." in similar 

support dus type of ordered structure. The ordered suucture is easy to see 

prepared from dispersions without surfactant or at low ionic suength. 

Films with disordered structure are also obtained. The structures 

Winruk et al." 

tatex films also 

when films are 

generated from 
Ci 

randomly packed particles are predicted to be Wiper-Seitz ceiis: polyhedra with typically 14 to 

17 faces and each individual face having htgh possibility of k i n g  1 to 6 ~ i d e d . " . ~  It was found 

that monodisperse latex with added surfactant to the dispersion gave film structures much more 

random? Polydisperse latex dispersions are not able to order. 

Bradford et alJ9 was one of the fint who examined film morphology in binary mixtures 

of particles consisting of latex spheres and pipent  particles. They found that latex spheres 

form a continuous structure which is much less ordered, but the system is SUU organized in a 

way to achieve a dense packing: large pigment particles are surrounded by small latex spheres. 

Here the pigment particles are much larger in size and different in other properties than the latex. 

Some aggregation of pigment particles always occurs. There have been few corresponding 

experirnents reported on the morphology of ftlms produced from latex blends in which two types 



of polyrner particles are used. Recently. we examined latex blend films by FFTEM. scanning 

electron microscopy (SEM) and AFM.'~.'~ These experiments are discussed in Chapter IV. 

They estabiish that in a system consisting of hard and soft latex particles, when the hard spheres 

are un i fody  dispersed in a matrix generated from the soft particles under cenain conditions. 

good optica! clarity and mechanical properties cm be obtained. 

Pol ymer Diffusion 

~oyutskii" was probably the first to emphasize that the forces acting on particle 

deformation are not sufficient to produce mechanicaiiy strong films. and diat there must be 
polymer diffusion. in his term as "autohesion", which can lead to healing of the weak 

boundaries and development of mechanical properties. Studies by electron rnicroscopy revealed 

that upon aging, the füm microstructure of the original particles graduaily fades, evenniaily 
" 46.4; leading to a smooth continuous polymer phase.--- Vanderhoff tenned this process as 

"further gradua1 coalescence". and found thar during this stage. species such as surfactant were 

exuded to the surface."-& It was also found that during this process the gas permeability of the 

fürns decreased.' AU these resulü suggest that molecular rearrangement or polymer diffusion 

occurs which leads to the disappearance of the initiai boundaries and the increase in integrity and 

coherence of the polymer films. 

Recently direct measurements of the diffusion of polymers have become possible by 

using spectroscopie techniques. The two major techniques developed for characterizinp polymer 

diffusion in latex fdrns are smaii angle neutron scattering (SANS) and dxect non-radiarive 

energy transfer (DET). 

Representative contributors to the difision measurements by SA!% for latex fdrns are 

Hahn et and Sperling et al.50'5' Hahn et examined difision of deuterated poly(buty1 

methacrylate) [PBMA] latex polymer in an excess of unlabeied PBM.4. Diffusion was analyzed 
in t e m  of the growth in radius of gyration (Rg) of the deuterated microspheres. By fitting the 

growth of Rg in time to the Fickian diffusion model, the diffusion coefficients (in cm%) of the 

polymer at a given temperature can be obtained. Sperhg and IUeinsL'" at Lehigh have canied 

out many such experiments on diffusion at high temperatures of deuterated polystyrene [PS-D] 
in PS-H latex films prepared by compression molding of the particles at a temperature just above 

the Tg of the polymer. One of their major contributions was to compare the extent of polymer 

interdiffusion with the growth of tensile strength in their samples: the mechanical strength of the 

fdms increases with diffusion and reaches a maximum value as the polymer molecules diffuse a 

distance scale of one radius of gyration across the interface. 

The DET method for difision measurements in latex polyrners was developed by the 

Winnik group in Toronto. One needs at first to synthesize pairs of latex (e.g PBMA). one 



sarnple labeled with phenanthrene [Phe, the donor Dl, and the other labeled with anthracene [An. 

the acceptor A]?' F i  were prepared from mixtures (e.g. 1 : I )  of the D and A-labeled 

particles in dispersion and annealed at elevated temperatures. Samples were periodically 

rernoved from the oven to arrest diffusion. and fluorescence decay profiles  ID(^)] of the D 

emission were measured. Energy m s f e r  causes the D emission to be quenched, leading to 

faster fluorescence decays. lower quantum eficiencies of donor fluorescence QF. and increased 

eficiencies of energy transfer @FJ. The essential feawe of the experirnent is that the increase in 

% in the system monitors the W n g  of donor-Iabeled and accepter-labeled polymer. 

Diffusion coefficients can aiso be caicuiated fiom the efficiency of energy transfer obtahed at a 

given d i h i o n  time. Since this technique wiiI be used in this thesis work. I will describe the 

measurements and data analysis in some more detail in a later chapter. 

One of the most important issues is how the various substances present in the latex 

systems affect the diffusion rate of the polymen. It has been found that coalescing aids.'" or 

nonionic surfactant." present in coatings formulations. can greatiy increase the polymer 

diffusion rate in the films. The readers will find in Chapter VI of this thesis that the presence of 

water in a hydrophilic latex can increase the polymer diffusion coefficient by almost an order of 

magnitude, and that oligomers cm enhance significantiy the diffusion rate of higher rnolar-mass 

polymer. 

Current Research Directions 
Efforts are cumndy given to many aspects of latex f h  formation and of latex 

applications in coatings. Some of the main research directions and trends of developmrnt are 

discussed briefly in the following. 

1-2-5-1 Strategies for low and zero VOC coatings 

One of the most suiking activities in the field of coatings research and development today 

is the effort to reduce the IeveI of organic components as much as possible owing co the concern 

for a safe and healthy environment. Although latex coaùng are characterized by lower levels of 

volatile organic compounds (VOCs) compared to traditionai solvent-based coatings. a sieMccant 

arnount of VOCs, up to 15 wt%, is still present to promote the coalescence of latex particles as 

the coatings ciries. The goal, then, is to lower the content of VOCs. and eventuaily to eliminate 

them entirely, whiie maintaining or improving the performance of the ~oatings.~' 

There are severai obvious strategies that one can imagine for producing latex füms in the 

absence of volatile organics (zero VOC). One could use a reactive plasticizer that could 

polymerize or react to f o m  crosslinks after f h  formation and at the same tirne raise the Tg of 

the system. Altematively, one could develop a latex with the surface region containing lower 



molar-mass polyrners which can readily deform and flow and a core with higher molar-mass 

polymer. One of the most aaractive strategies involves blends of a soft latex and a hard latex. 

The soft latex c m  deform without VOC to form a continuous structure, and the hard latex is 

incorporated into the films and is expected to contribute its mechanical properties to the coatings. 

1-2-5-2 Strategies for improved performance 

Latex coatings have displayed excellent performance in rnany applications. However. 

latex films generally bave poorer mechanical properties (e.g. strength) than solventcast films. 

With the need for zero VOC coatings, this problem is becoming even more serious, since 

lowering the content of organic solvents is usudy accompanied by reduced performance. To 

solve this problem one needs to look for appropriate systems with certain compositions and 

stnicnires that c m  provide opùmized film properties. 

An efficient way to improve coaiings propenies is to introducing crosslinks into the 

systems. The properties such as tensile strength, chernical resistance. and overall durability can 

be irnproved greatly by introducing crosslinks into the system? Various strategies for the 

preparation of reactive polymers and for the reaction routes of crosslinking used for solvent- 

based systems are currently k i n g  tested in latex  stems.^^ There is a major difference between 

latex systerns and solvent-based systems in that one needs to conuol the location of crosslinking 

sites in the fdm? For example, innaparticle crosslinking will have a deletenous effect on f h  

properties. There is also a trend towards the replacement of hazardous crosslinkers (e.g. 

isocyanates) with less harmfd ones for water-borne coatings. 

Another way to improve film properties is to vary the composition and structure of the 

systern. Preparing stmctured (composite) latex particles of desired morpholog is one way to 

combine different properties from respective polymer components to achieve an optimized 

perf~rmance.'~ Similarly, hybrid systerns including blending particles of different polymer Tg's 

but of the same class of polymers [e.g. poly(acrylates)], as described in this thesis. or mixing 

different types of polymer components (e-g. acrylic and urediane polymers).* seem iike 

attractive strategies that are currently k ing  examined. 

Steady efforts have also k e n  devoted to studies on Fundamental aspects of latex film 

formation. The issues concem how latex dispersions dry. the features of microstructures in the 

films, the polymer diffusion process, and the properties of the films. 

1-3 SCOPE OF THIS RESEARCH WORK 
The main focus of this thesis research is on latex film formation. The goal is to 

investigate the mechanisrn of various aspects of film fornation, including the dîying process. 

film formation from latex blends, polymer interdiffusion, and curing of latex films. 

To achieve our research goal, we need appropriate samples or materiais. Chapter II 
describes our strategies for the synthesis of va.rious types of latexes. 



Chapter III describes our experirnents on the drying kinetics of latex dispersions. We 

c h e d  out these experirnents by monitoring both the loss of water mass and the contraction of 

the area of the wet dispersion simuitaneously. We afso compared the drying behavior for 

dispersions of a soft fdm-fomiing latex, a hard latex. and their blends. 

Chapter IV examines the structures and properties of films formed from latex blends. 

We employed the scanning electron microscopy (SEM) and atomic force microscopy (MM) for 

surface c haracterization, and freeze- frac ture transmission electron rnicroscop y ( FFIZM) for buk 

stmcturai determination for our blend fdms. One of the most important properties for latex f i  

is their optical clarity. The film transparency was measured and related to f h  morphology. 1 

also evaluated the film mechanical properties by dynamic mechanical anaiysis @MA) and 

demonstrate important synergistic effects in blends. 

Direct non-radiative energy transfer (Dm can reveal mfomiation about interpenetration 

distances between phases on the order of 2 nm. We labeied the two types of polymer particles in 

blends with a donor (phenanthrene) and an acceptor (anthracene). and ernployed the DFT 

technique to characterize the interfaces between the two components in films. This pan is 

presented in Chapter V. 

Mechanicaily tough latex f h  require polymer molecules to diffuse across the particle 

interfaces. We ernployed the DET technique to monitor the diffusion process. using poly(buty1 

methacry1ate)-based polymers as mode1 samples. With Urne or upon anneahg. the efficiency of 

DET increases, whic h can be used eo c haracterize the extent of pol ymer diffusion and to calculate 

the difision coefficients. The major focus for this pan of this thesis is to examine the effects of 

various components in the system on the polymer diffusion rate. The description of die 

principles and our results are presented in Chapter VI. The examination of different sample 

geometries and cther technical aspects are presented in Appendix-VI. 

In Chapter W we examine strategies for ambient crosslinking of latex films. Wr choose 

two types of reac tive functionalities, acetoacetoxy and unsaturated groups. The strategies for the 

prepantion of reactive Iaiexes are briefly described in Chapter U and the results about film 

crosslinking and its characterizauon are presented in Chapter VU. 

As one cm infer from the title of this thesis, one direction of the research is pointing to 

certain practical issues in applications of latex coatings dnven by or related to environmenta/ 

concern. The other direction is towards some fundamentai issues to obtain better understanding 

about how one can design the structure and properties of the polymer material by varying the 

molecular structure and type, and how one c m  monitor the change in these polymer systems at a 

molecular level. 



CHAPTER II SYNTHESIS AND CHARACTEREM"I'0N 

OF LATEX PARTICLES 

II-1 BRIEF DESCRIPTION 
AU the latex polymers used in rny thesis research are either homopolymen or copolymers of 

methacrylates or acrylates. They were prepared by emulsion polymerization or copoiymerization. 

The monomea include methyl methacrylate (MMA), n-butyl methacrylate (BMA), kthyhexyl 

methacrylate (EHMA). rnethacrylic acid (MAA). n-butyl acrylate (BA). and orhers. Sorne 
important characteristics of their homopolyrners are listed in Table II- 1. 

Table 11-1. Characteristics of some poly(methacrylates) and poly(acry1ates) 

Polymer Tg (OC) n,'@ r p"gccm~, 6 II i~/çm:, ' ' :  [ W W Y L I  [Mlpm'j [HIOIp-tk 

, mol/dmJ) ( moUdm3) ( wt% ) 

PMMA 105 1.490 1.19 18.6 O. 15 6.6 1.6 

PBMA 20 L .1S3 1 .O6 17.8 0.0025 3.8 1.2 

PEHMA' -10 - - - - 1.3 

PBA -55 1.174 1 .O8 18.0 0.0064 5.0 1.5 

PMAA ' =L30 22.9 high - 
= 100 

Ref. la la la la 1 b 1 b tc  

a. Poly(methy 1 methacrylate); b. Polyc n-butyl methmrylate): c. Poly t 2-ethy lhrxy 1 methacrylûte): 

d. Poly(n-butyl acrylatr): e. Poly(merhacry1ic acid): f. Polymer refractive index at 20 'C: g. 

PoIymer density at 25 "C: h. Polymrr solubility parameter: i .  Monomer concentration (saturated) 

in water at 50 "C; j. Monomer solubility in its polymcr at 50 "C: k. Saturated water content in  

polymer at 22 "C (see ref. lc) .  

M a y  of our latex polymers are labeled with fluorescent dyes. For this purpose 1 need at 

fint to prepare dye cornonomers via conventional organic reactions. These cornonomers have a 

reactive site (Le. a double bond) whch  can be reacted to form a copolymer with base monomers 

16 



during polyrnerization. By this we can incorporate a fluorescent dye into the plymer molecules. 

As mentioned earlier. the semicontinuous emulsion polymerization method under monomer- 

starved condition favors the production of copolymers of interrnolecularly homogeneous 

composition. thus the labeled latex polymers were prepared by such a process. This point will be 

examined below. 

Some latexes are prepared for fomiing films at ambient temperature, and thus these polymers 

must have a g l a s  transition temperatures (Tg) below room temperature (e.g. 22 O C ) .  Certain 

polymethacrylates (e.g. PEHMA) or polyacxylates (e.g. PBA) inauisically have low Tg values 

and c m  be used k c d y  for forming films. In normal practice. one would prefer to prepare 

copolymen consisting of a low Tg polymer cornponent and a relatively higher Tg component. in 

this way one can control the Tg of the polymers simply by varying the composition of the 

components, as 1 will dernonstrate in the following. 

Some of our particles were prepared to have diameters of about 30 nm. One c m  anticipate 

many applications for these samples due to their very small size and high surface-to-volume ratio. 

We wiii display the usefülness of ihese Iatexes in our studies in the later chapters. In the 

following we propose a polymerization system which allows us to obtain such types of particles. 

Latexes bearing functional groups in the particles or at the particle surfaces find their 

importance in many applications. We are concerned in preparing functional latexes in whch rhe 

functionalities can be used to f o m  crosslinks in the dry füms through their chernical reactions 

under certain conditions. Arnong various reactive groups currently king actively investigated, 

we choose here two types of groups, unsaturated and acetoacetoxy groups. as the Iunctionahties 

for our latex sarnples for crosslinking. The strategy for the preparation of these functional latexes 

is presented below. The detail of Our film formation and film curing expenments wiil be 

presented in a later chapter. 

EXPERIMENTAL 
11-2- 1 Materials 
( 1 )  Monomers: the monorners such as methyl methacrylate (MM& Fluka. 99%). butyl 

methacrylate (BMA, Aldrich, 99%), butyl acrylate (BA. Aldnch. 99%). and mehacryiic acid 

(MAA, Aldrich, 99%) were distilled, with addition of trace amount of hydroquinonr. under 

reduced pressure under a N, (or Ar) atmosphere. and then stored in refigerator before use. 

Sirnilar procedure was used for the distillation of a reactive monomer. methacryloyl chloride 

(Aldrich. go%), which was then imrnediately used for reaction. Other monomers such as 2- 

ethylhexyl methacrylate (EHMA, Aldrich. 98%). glycidyl rnethacrylate (GMA, Janssen. 96%) 

and hcetoacetoxy ethyl methacrylate (W, Lonza 956) were treated with an inhibitor- 



remover res in (Aldrich) to remove the hy droquinone. 

(2) Ruorescent monomers: the fluorescent monomers were synthesized in laboratory. The initial 

fluorescent compounds, (9-Phenanthryl) carboxaldehyde (PheCHO, Aldrich. 97%) and 9- 

Anthrylanol (AnOH. Aldrich, 9 8 8 ) ,  were used directly in our reactions for the synthesis of the 

dye comonomers. 

(3) Water: deionized from Milli-Q Water System (Millipore) and then double distiiled. referred to 

as D.D. water. 

(4) htiaton: potassium persulfate (K2S,0,, KPS. Aldrich, 99%). sodium peauifate (Na,S,O,. - - 
NaPS, FIuka, 99%). sodium bisulfite (NaHSO,, NaBS, Janssen, 98%) were used as supplied. 

Copper sulfate (CuS0,.5H20, BDH, 99.9%) was used as an aqueous solution ( 1.0- 1.5 x 10') 

M) with an equal molar concentration of ethylene diamine tetraacetic acid (EDTA. BDH. >99Q) 

added to complex the copper ions. 

(5) Surfactant: sodium dodecyl sulfate (C,,H,OSO,Na', SDS. Aldrich, 98%). nonyl phenol 

poly(ethy1ene oxide) ethanol (NP30, GAF). and aerosol-OT or bis(2-ethyl hexyl) sodium 

sulfosuccinate [AOT. Cyanamid], were used as supplied. 

(6) Buffer: sodium bicarbonate (NaHCO,, Caledon, 99%) was used as supplied. Aqueous 

ammonia solutions were prepared by dilution of the commercial reagent. 

(7) Chain transfer agent: dodecyl mercaptan (C,IH3SH. DM. Aldrich, 98%). used as supplied. 

(8) Inhibitor: hydroquinone (E. MERCK), used as supplied. 

(9) Other reagenü: Tnethyl amine (EtjN. BDH, >99%) was dried over molecular sieves (4 A) for 

3 days, reflwed over CaH7 - for 3 hours. and then distiiled. Tembutyl ammonium bromide 

(TBAB. Janssen. 99%). sodium borohydride (NaBH4. BDH. ~ 9 5 % ) .  and rnethyltriphenyl 

phosphonium iodide (Aldrich, 9 7 8 )  were used as supplied. 

11-2-2 Typical Reaction Recipe and Set-up 
The reaction set-up for our emulsion polyrnerization is shown in Figure 11-1. A three- 

neck round glass flask, equipped with a mechanical stirrer. a condenser and a nitrogen inlet. is 

used for the reaction. in a batch process. di the ingredienrs are mked together before 

polymerization. In case of serni-continuous process. two metering pumps (Fluid Metering, Inc) 

are used to feed the monomer solution and the aqueous solution of initiator plus surfactant at a 

controlled rate into the reactor, in which a preformed seed has been charged. An oil bath. placed 

on a hot plate stirrer equipped with a tempenturecontrol regulator. is used for heating the 

reactor. 



Set-up for emulsion polymexization 

Batch Reaction 

.lEgE 
DD. w&zr 

Semi-continuous Reaction 
"seed-and-feed" 

Figure 11-1 Iilustration for the reaction set-up of emuision polyrnerization. 

Various . p e s  of recipes were used in our polymenzation. 1 shall give here two examples 

to illusvate our expenments of latex synthesis: one for the preparation of 1 10 MI PMMA latex by 

two-stage surfactantcontaining emulsion polymerization. and the other for the prepantion of 

large panides (400 nrn) by surfactant-fiee batch polymenzation. Other recipes for the preparation 

of latexes of specific characteristics will be presented in the respective sections below. 

Most of the emulsion polymerizations described here are carried out at 70-80 "C by semi- 

continuous process. involving two stages of polymerization. The procedure describrd by Zhao 

and ~ a n g '  in t h~s  laboratory for similar polyrnerizations was used as a good guidance in my early 

expenments. The recipe for preparing 1 10 nm diarneter PMMA particles is shown in Table 11-7. 

A srnall amount (ca. 10% of the total) of monomer (e.g. MMA) is used in the f i a t  stage 



polymerization via batch process to produce a latex seed (typically d = 50 nm). in this stage. all 

the ingredients are mixed before heating except that the uiitiator is added w hen the reaction 

mùtnire has reached the desired temperature. The polymerization process in rhis stage usuaily 

takes I h. h the second stage. the rest of the monomer and an aqueous solution of the rest of 

initiator and surfactant were both fed into the reactor continuous1y at a slow rate (cypically 0.05 - 
0.1 &min). resulting in monorner-swation (see Section II-3). This rate needs to be increased 

when the recipe is scaled up to produce larger quantity of latex. so that the total feeding tune and 
the monomer addition rate per unit volume of the dispersion are identicai. 

Table 11-2. Recipe for Preparing 110 nm PMMA Latex 
via Surfactant-containing Semi-continuous Process 

First stage 

Temp ( O C )  80 

Tirne (h) 1 

Second stage 

MMA (ml) 3.5 

Water (d) 45 

EU'S (g) 0.04-0.05 

SDS (g) O. 10 

NaHCO, (g) 0.04 

Temp CC) 80 

Time (hl  20 

I 

,MMA (ml) " 28 

Water ( mi) 25 

ms (e> 0.04 

SDS (g )  0.6 

a. When a tluorescent Iabeled latex is needed. ri smafl amount (typicrilly 1 mol%) 

of ri dye cornonomer is added in the monomer feed but other conditions are sirnilar. 

When similar particle sizes are needed for different types of polymers (e.g. PBMA). the 

recipe and reaction conditions can be essrntially similar. For preparùig samples of other sizes. in 

many cases one needs o d y  to Vary the concentrations of surfactant and monomer in the reaction 

recipe. especially for the seed stage. The procedure and other conditions are similar. 

When larger particle sizes (e-g. > 300 nm) are needed. a surfactant-free polymerization is 

often carried out. An example of a recipe for the preparation of 400 nm PMMA via a surfactant- 

free batch process with persulfate initiator (,KPS) is described in Table il-3. 



Table 11-3. Recipe for Preparing 400 nm PMMA Latex 

via Surfactant-free Batch Process 

MMA(m1) Water(rn1) KPS(g)  NaHCO, (g) Temp (OC) Time (hl 

20 200 O. 10 0.05 80 17 

It is often found that the PMMA latex prepared in surfactant-free system is nor as stable as 

in surfactant-containine system. Sometimes coagulation occurs during polymerization. For 

preparing PBMA latex via surfactant-free polymerization. however. higher stability is observed 

and monodisperse particles are easily obtained. The reason would be that MMA is more water- 

soluble with a higher tendency to undergo second nucleation (homogeneous and coagulative). 

and the resultant larpr surface area thus has higher demand for stabikation of the system. 

11-2-3 Latex Purification 
11-2-3- 1 Purification by ion-exchange 

In some cases, latex dispersions were cleaned by the ionsxchange method to remove 

surfactant and other ionic substances. Before use. the mixed-bed ion exchange resin ( B io-Rad. 

AG-50LX8) was washed with hot deionized water (80 OC), deionized water, metfimol and then 

deionized water. The washed resin was then added to a latex dispersion (solid content c 15 

wt8).  using 3-5 g resin for every 100 mi dispersion. The miunire was magnetically stirred a 

room temperature for 40-60 min. The resin was separated from the dispersion by filtering with 

g l a s  wool or white paper. This process was repeated at least three Urnes with each ample. 

Most of o u .  dispersions remained stable upon cleaning. 

11-2-3-2 Purification by serum replacement 
Some latex samples were purified by semm replacement with a membrane filtration 

system (Wipore) .  The diluted dispersions were continuously pumped across a set of 

membranes which have certain sized pores (e.g. 10 nm) that diow the s m d  molecule species 

(e.g. surfactant, initiator) to diffuse through but resist the transport of large polymer particles. 

By continuously transfemng the irnpurities from the sarnple to the s e m  and repeatedly replacing 

the impure serum with pure water. the dispersions of particles are gradually purified. 

11-2-3-3 Purification by centrifugation 
Some latex dispersions were centrifuged to separate the polymer particies from the water 



phase in which most of the impurities are dissolved. The polymer partîcles were then redispersed 

in pure water by stirring or ultrasonication and the formed dispersions were cenvifuged agah to 

remove more impurities fiom the polymer. This process reeds to be repeated 3 times or more. 

11-2-4 Techniques and Instrumentation in Latex Characterization 
11-2-4- 1 Particle sizer 

Measurement of the particle size and particle size distribution of the latex sarnples were 

performed on a particle suer (Brookhaven-BI-90). The technique employed by this instrument is 

photon correlation spectroscopy of quasi-elasticaily scattered Light (QELS), also referred to as 

dynarnic Light scattering (DLS). 

11-2-4-2 Scanning electron microscopy (SEM) 
Sorne of our particles were exarnined by a scanning electron microscope (Hatachi S-570). 

The dried layer of particles on a meral sarnple holder was coated with a layer of gold and then 

examined by the microscope. This measurement provides images of the particles and reliable 

information about size distribution, allowing us to make good cornparison of the results with 

those evaluated by DLS. 

11-2-4-3 Gel permeation chromatography (GPC) 
A s m d  portion of a latex polymer was air-drïed from dispersion and subsrquendy 

dissolved in THF to give a solution of -0.5 wt% polymer concentration. Our GPC 

measuremenü employed a series of two Ultrastyragel columns (500 A + 104 A. or 104 A + 10' A 
for very high molecular weights). with THF as the eluent. and a flow rate of 0.8 mümin. The 

derection systern included a refnctive index (RI) detector. WATERS Series R-10 Differential 

Refractometer. y ielding the major signal for eac h c hromarogarn. For dye-labeled polymers. rheir 

fluorescence signal was also detected by a KRATOS FS 970 Spectrofluoro .Monitor. The 

excitation wavelengh (&) and ernission wnvelengrh cut-off (Lu,) were selected based on the 

type of dyes: h, = 296 nm, À cm-,, = 420 nm for Phenanthrene (Phe): and a = 350 nrn. À em_, = 

450 nm for Anthracene (An). 

11-2-4-3 UV-visible spectrophotometer 
W absorption measurements were carried out with a Hewlett Packard 8452A Diode h a y  

UV-visible spectrophotometer. This was used for d e t e m g  the dye content of our labeled 

polymers. Pnor to this, calibration experiments for the dye absorption were cvried out using 

pure compounds. from whch 1 obtahed the extinction coefficients for the dyes at their 

maximum-absorption wavelengths: 1.150 x 10' mo1"cm-'L for Phe at 798 nm and 8.10 x 10' 

mol-'crn'l~ for An at 364 nrn in TW. The dye concentration in a given arnount of polymer 



samples c m  thus be determined. 

II -2-4-4 Nuclear magnetic resonance (NMR) spectroscopy 

NMR characterizations for latex polymers or dye compounds were performed on a 200-MHz 

NMR specuorneter (Varian). Most measurernents were carried out for 'H nuclei in die samples 

dissolved in CDCI,. 

11-2-4-5 Infrared (IR) spectroscopy 

IR measurements were carried out either on a Fourier Transform infrared (Fï-iR) analyzer 

(Nicolet 82 IOE) or an infrared spectrophotometer (Perkin-Elmer 882). In most cases. the organic 

or polymenc powdery samples were mixed with potassium bromide ( D r )  to prepare transparent 

disks under high pressure and examined. In some cases. a thin film was cast either from a dilute 

latex dispersion or from a polymer solution on a substrate suitable for R measurements. The 

substrate can be NaCl crystal plate for solventcasr film. or CaF, (or TiO,) for füm cast from an 

aqueous latex. 

II -2-4-6 Differential scanning calorirnetry (DSC) 
The thermal transition (Le. Tg) of a polymer sample was measured by differential scanning 

calorimetry (DSC, Perkin-Elmer DSC-7). ~Measurernents were made for samples of - 70 mg 

under N, atmosphere and with a heating rate of 10 "Chin.  

11-2-4-7 Gravimetrical measurements 
The solid content (S% by weight) of a latex was determined _mvimetrica.üy: by measuring 

the weight of a small portion of latex dispersion (W,) and the weight of solid after drying (W,) as 

S % = W s l W L  m l )  

The weight fraction of monomer polymenzed, Fp. a measure of conversion. cm be 

calculated from the S% after polyrnerization. the weight of monomer (W,") added before 

polymerization in the dispersion of toral weight W,. One needs to subtract the weight of added 

non-volatile substances (e.g. surfactant. initiator. etc) (W,,") from the total arnount of solids (W, 

x S % )  to obtain the net weight of polymer pnerated (W,). aithough W," is often small. Thus 

F,% = W, / W , "  = (W, x S B  - W,,") / W," x lm% (II-2) 

11-2-48 Acid-base titration 
Acid-base t i m o n  was used to determine the surface charge (acid) concentration of 

panicles and the kaction of acid in the serum. A pH meter was used to monitor the change in pH 

during titration. Sornetirnes a conductometer was used in conjunction with the pH meter to 

measure the change in conductivity during the process. The latex dispersion. cleaned by the ion- 

exchange technique, was titrated directly with dilute NaOH solution (e-g. 0.0 1 N) under a N, 

atmosphere to obtain the suface acid concentration. To determine the amount of acid in the water 

phase. a clear liquid was separated from the particles by centrifuging, and was directly titrated. 



One can also determine the surface acid concentration by performing a back-titration. by 

neuaalizing the latex dispersion with excess base (NaOH) fust and then timting backward wirh 

an acid (e-g. HCI) solution. By this the amount of acids at the surface plus that in the subsurface 

layers of the particles are 0btained.j 

11-3 IMPORTANT FEATURES OF TWO-STAGE EMULSION 

POLYMERIZATION 
An example of typical recipes. as weU as the polyrnerization conditions. for the 

preparation of poly(methy1 methacrylate) (PMMA) latex via two-stage semi-continuous process is 

shown in Table II- 1 in the previous section. A latex seed was fmt prepared using a smail arnount 

of M'MA. The tirne for seed-stage polymerization was 60 min ( 1  h). Then the rest of MMA as 

weil as the rest of surfactant and iniuator in water were both continuously fed into the reactor. 

Afier the monomer and initiator were completely added, the polymerization was kept at 80 "C 

overnight. This total tirne (ca. 20 hn) for polymerization was chosen m a d y  based on the 

convenience of experiment rather than a requirement for the reaction. 

In the foilowing I describe some important feanues O bserved in my own experirnents for 

seeded semi-continuous polymerizations under monomer-starved conditions. AM monomer is 

used as an example but the features presented below are sirnilar for other monomer systems. 

11-3-1 Conversion of Polymerization 
The conversion of MMA to polymer during polymerizrition was determined 

gravimeuicdy. About 0.3 ml of the reaction mixture was pipetted out after various times. The 

reaction was quenched by addition of a srnail arnount of hydroquinone and bubbling with air 
I .J 

(oxygen is one of the most effective inhibitors for methacrylate free radical polymerization). 

The yield of polymer solids was then obtained by drying each aliquot of dispersion. 

The increase of conversion, or polymer kaction Fp (see Eq. 11-2). with polymerization 

Ume is shown in Figure 11-2. A very fast polymerization cm be seen for this system. ln the seed 

stage, at very early Ume (t = 5 min), the conversion has aiready reached -706. Here the starùng 

oouit (t  = O) of polymerization is chosen where the liquid mixture becomes visibly cloudy. 

usuaiIy = 5 min after the addition of initiator to the pre-heated mixture. At the end of the seed 

stage ( 1 h). a high conversion is usudy achieved (93-9595 or sometimes higher). The solid h e  

in Figure II-2 separates the seed stage from the second stage polymerization. In the second stage. 

when the monomer feeding rate is 0.06 mVmin (0.56 mrnoihin), the measured polymer fraction 

(Fp) rapidly reaches up to 100% and nds value is kept throughout the following processes (Figure 



II-2). This is a typical feature of semicontinuous reaction under monomer-starved conditions. 

O 2 4 6 8 10 12 14 16 

Time (h) 

Figure II-2. Conversion or F, during MMA polymerization in a two-stage semi-continuous process 

with a recipe from Table ET-?. In the first stage (O - 1 h i  a srnall arnount of seed is formed, and in 

the second stage monomer was fed into the reaction system (total feeding tirne 8 h )  and 

polymerized. The solid line separates the first and second stage reaction, and the dashed line 

indicates the comptetion of monomer addition. 

11-3-2 Particle Size and Size Growth 
The particle size and size distribution of the latex samples were determined by dynarnic 

Light scattering (DLS) technique. An example of the analysis of DLS for PMMA panicles 

prepared by recipe in Table II-2 is shown in Figure II-3. We see that a mean diarneter of 109 nrn 

was obtained, with a narrow size distribution indicated by a single line on  the graph. Particles 

prepared by recipe in Table II-3 give similar type of results except that the mean diameter 

becomes larger (440 nm). SEM images were also taken for these samples as shown in Figure II- 

4a and Figure II4b. Mean diameters of 110 nrn and 400 nm. respectively, are obtained for the 

particles shown in these images. Narrow size distributions are apparent for bodi latex samples. 

It seerns that in our experiments large particles (e.g. > 300 un) more likely give higher quality of 

the image and apparently better monodispeaity of the size. 
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Fisure 11-3. An example of DLS analysis fo 

yielding a mean particle diameter of 109 nm. 

r a P:MLMA latex prepared tvith recipe in Table 11-2, 

Figure 11-4. SEM images of PMMA latex particles prepared by ( a )  recipe in Table 11-2. and t b i 

recipe in Table 11-3. Calçulation of the particle sizes in these images yields ri mean dirimeters of 

1 10. and 400 nm. respectively. 



We are also interested in how the particles grow in size in the two-stage polyrnerization in 

which a seed is fonned followed by continuous. slow addition of monomer into the reaction 

system. The growth of particle size during polymerization using recipe in Table II-2 is shown in 

Figure II-5. In the first stage. seed particles fom with almost a constant panicle diameter ( 5 5  

nm) from the beginning ( t  c 10 min) to the end ( t  = 60 min)  of this stage. When additionai 

monomer is fed into the system in the second-stage, the particles graduaiiy grow monotonically 

from d = 55 nrn to 1 10 nm. Afier the cornpletion of monomer addition. the particle size ( 1 10 nm) 

no longer changes with time. 

O 2 4 6 8 10 12 14 16 

Time (h) 

Figure 11-5. Growth of particle sizes during two-stage MMA polyrnerization usîng recipe in Table 

11-2. The solid line separates the first and second stage reaction,and the dashed fine indicrites the 

completion of monomer addition. 

The critical rniceiiar concentration (CMC) values (in fl) for the surfactant. SDS. at 

different temperatures are: 1.82 (20 OC). 2.3 (60 "C) and 2.7 (75 "c).' The surfactant 

concentration we usuaily use for seed stage is Ca. 2.3 g/l. This may allow the formation of 



micelles af low temperatures. When the temperature is elevated to 70-80 "C. polyrnerization 

occurs and polymer particIes form from these micelles as nucleation sites. The concentration of 

ernulsifier becomes much lower than the CMC at high temperature. especially at the end of seed 

stage where the formed particles require more emulsifier to cover them. During the second stage. 

the rest of emulsifier in water is fed very slowly so that the emulsifier concentration is always 

kept far below CMC, and a second nucleation of particles is avoided. Therefore the number of 

particles is constant. and the particle size should solely depend on the arnount of monomer added. 

Figure II-6 shows a plot of the relative volume of particles. expressed by <D/ D,)  '. Vs. the total 

m a s  of monomer added. One sees that the particle volume is proportionai to the amount of 

rnonomer added. This M e r  confms an important kature of monorner-starved semi- 

continuous process. that no second-nucleation of particles occurs. 

Figure 
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continuous srnulsion polymerization. Here D is the mean diarneter of second-stage particles. md D. 

is that for the seed particles. 

11-3-3 Variation of Molecular Weight 
.Molecular weights were determined by GPC in THF on latex polymer sarnples dissolved 

in THF, using monodisperse PMMA standards to calibrate the colurnns. 

.. m 
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One of the interesting results in semi-continuous monomer-starved reaction is that the 

average molecular weight of polymer produced in the second-stage is lower than that of the seed 

polymer. The reason is that the addition rate of monomer is slower than the polymerization rate. 

causing the termination of propagating chahs at short lengths. This also implies that the average 

molecuiar weight of the wo-aage latex polymer rnay be influenced by the monomer feeding rate. 

This is true in our experirnents when different pump speeds are used to feed the rnonomer. 

Table I I 4  shows the change of the molecular weights for latex polymers prepared under s d a r  

recipes but with different monomer feedhg rates. 

Table 11-4 Results of molecular weights for PMMA latex samples prepared by 

two-stage emulsion polymerization with different monomer feeding rates in 

second stage 

Monomer feed 0.53 0.64 0.79 6.72 w (seed) 

rate (mmoVmin) 

the 

This influence of feeding rate on rnolecular weights provides an additional way to adjust 

the molecular weight of latex polymers. Usually the molecular weights are adjusted by the 

variation of initiator concentration or introducing a chain transfer agent. Both of these approaches 

have their limitations. From Table 11-4. we see that as the monomer feedmg rate increases in a 

small range from 0.53 to 0.79 mrnoYrnin. the average molecular weights considerably increase. 

When the feeding rate is 10 tirnes faster than the nomai rates (e.g. 0.6 mrnoL/min) we used. the 

molecular weight is much higher and becoming close to that of the seed polymer produced by the 

batch process. 

In summary, it is found that in our two-stage emulsion polymerizations. a siow monorner 

feeding rate in the second stage results in the monomer-starved condition: a hgh  polymer fnction 

F, is maintained and no new particles form during polymerization. Dunng the monomer feeding 

stage, the particle volume grows proportionally to the arnount of monomer added. The molecular 

weights of latex polymers c m  also be adjusted by the variation of the monorner feeding rate. 



11-4 SYNTHESIS AND CHARACTERIZATION OF 
FLUORESCENT-LABELED LATEXES 

To prepare polymers covalently labeled widi fluorescent chromophores, we need at first to 

synthesize reactive chromophores which can be incorporated into polymers. One of the most 

effective ways is to attach a double bond into a dye molecde and the dye monorner is then 

introduced into polymer chains by copolymerization with the base monorners. The synthesis of 

dye cornonomen is described first below. 

11-4- 1 Synthesis of Fluorescent Cornonomers 
The dye cornonomers examined in this research are (9-phenanthryl) methyl methacrylate 

(PheMMA). 9-vinyl phenanthrene (V-Phe), and (9-anthryl) methacrylate (AnMA). Their 

chemical structures are represented in Figure 11-7. 

O CH, 

( a )  PheHHA (b) V-Phe ( c )  AnnA 

Figure 11-7. A representation of chernical structures of the dyr comonornrrs. 

11-44 - 1 Vinyi phenanthrene cornonomer 
9-vinyl phenanthrene (V-Phe) was synthesized by a Wittig reaction in the foliowing 

procedure: 6 g (0.029 mol) of (9-Phenanthryl) carboxddehyde (PheCHO) was dissolved in 90 

ml benzene. followed by the addition of 32.6 g (0.056 mol) of solid methyltriphenyl 

phosphonium iodide into the solution. A white suspension was formed. Then 300 ml aqueous 

solution of NaOH (SN) was added to the reactor. The mixture was kept stimng at room 



temperature for 72 hours. TLC (silica gel. CH,CII) showed the appearance of one major spot a 
& = 0.89 and another spot at R, = 0, and the disappearance of R, = 0.76 for PheCHO. 

Pnor to the above experiment, a reaction on a srnall sa le  using CH,Cl, instead of benzene 

as the medium was carried out. and it was found that the reaction in CH,CI, was not completed 

after 3 days. References for Wittig reactions are aiso availab~e.'.~ 

Afier the reaction, the organic substances in the mixture were extracted with toluene (2 x 100 

ml), neunalized to pH 7 with dilute HCI solution, washed with water. and then dried over 

anhydrous N-SO, to give a clear yeliow solution. Mer  evaporation of toluene. a viscous oïl 

remained. When benzenehexane ( 1: 1)  was added, a white powder was formed and separated. 

which was identified as a by-prcduct, triphenylphosphine oxide (R, = O on TLC), produced from 

the Wittig reaction. The remaining crude products did not give solids when adding solvents such 

as hexane, pentane or alcohols. Column chromatography (silica gel, CH,CII as eluent) was used 

to separate the substances and the fraction at R, = 0.89 was coliected. M e r  solvent evaporation 

on a rotation-evaporator followed by vacuum drying the final product was obtained. which rurned 

wax-like solid when stored in refrigerator. Yield: 5.1 g, 85%; -M.P.: 38.5 - 39.5 'C; TLC 

(silica gel. CH,CI,): R, = 0.89. 'H-NMR: 5.55 ppm ( l H  doublet -CH=C&), 5.90 pprn ( 1H 
doublet -CH=C&). 7.45 ppm ( l H  quadrate for -CH=CH2), and 7.60-8.80 ppm (9H multiplet 

for aromatic protons). 

11-4- 1-2 Phenanthryl methyl methacrylate comonomer 
(9-phenanthryl) methyl methacrylate (PheMMA) was synthesized by reacting (9- 

phenanthryl) methanol with methacryloyl chioride in dry THF and in the presence of dry 

triethylamine (Et,N). The phenanthryl methanol was fust prepared from reduction of (9- 

phenanthryl) carboxddehyde with NaBH, in iso-propanol. The procedure is similar to thu 

reported previously. ' 

11-4- 1-3 Anthryl methacrylate comonomer 
(9-anthryl) rnerhacrylate (AnMA) was synthesized by a reacuon between 9-Anthrylanol 

and methacryloyl chloride in dry THF in the presence of dry Et& The reaction procedure and 
i - 

product purification were very similar to those reported previous1y.--' 

Preparation of Labeled Latex Polymers 
Latex polymers labeled with fluorescent dyes were prepared simply by copolymerizing a 

base monomer with a s m d  amount of a dye comonomer via a two-stage emulsion 

polymerization. The latex seed was formed fust by using a srnall amount of base monomer. 

Subsequently, the rest of initiator in water and the fluorescent monomer (niM) dissolved in the 
base monomer (molar ratio 1 : 100) were both fed continuously at a slow speed into the reactor. 



Both the base monomer and FLM reach high conversion (s 97%)- with the result that the labeling 

content is almost the same as the ratio of monomen addeci, typically 1 mol% The conversion of 

base monomer was determined gravimetrically. and that of FLM was determined by measuring 

the dye content by W absorption. Before UV measurement the labeled latex polymer was dried 

and purifed by extraction for 3 days with water and then 2 days with methanol with a Soxhlet 

extractor. As we will mention later, the fraction of FLM attached to polymers c m  also be 

obtained fiom GPC analysis equipped with both fluorescent and refractive index detectors. This 

can be obtained by comparing the integrated peak area of fluorescence signal for the high polyrner 

portion to that for unreacted dye molecules in longer retention Limes. 

In the case of labeled PMMA particles of 110 MI, the recipes are very similar to that shown 

in Table 11-2 except that in the second stage 1 mol% dye comonomer is included in the rnonomer 

feed. Since the second-stage polymer represents ca. 90% of the total polyrner. the fmal particles 

are neariy fblly labeted. 

Many of rny experiments involve poly(bury1 methacrylate) (PBMA) latex. labeled with 

either phenanthene (Phe) or anthracene (An). in Table II-5 a typical recipe for the prepantion of 

labeled PBMA Iatexes is presented. The procedure is described as follows: A srnall amount of 

PBMA latex seed (diameter - 55 nm) was prepared in the fust stage. Potassium persulfate 

(KPS), sodium dodecyl sulfate (SDS), and sodium bicarbonate (NaHCO,) were used as the 

initiator, surfactant, and PH buffer. respectively. In some cases. a certain arnount ( e.g. 2 wt% 

based upon the monomer weight) of a chah transfer agent L e .  dodecyl mercaptan, DM) was 

used to adjust the molecular weights for the latex polymers. In the second stage of 

polymenzation, a rnonomer solution composed of 1 mol% of a tluorescent comonomer 

(PhelMMA, or V-Phe, or AdMA), certain amount of DM, and the rest of BMA were continuously 

fed into the seed latex dispersion. The monorner feeding rate was slow (< 0.1 mlhin). KPS 

and SDS dissolved in water were added into the reactor concurrently. To prepare a more 

hydrophiiic latex, 5 wt% (based upon BMA) methacrylic acid (MAA) was premixed in the 

monomer solution and the monomen were then polymerized in the second stage under identical 

conditions to those shown in Table 11-5. to give a copolyrner of 5 wt% MA4 1 95 wt% BMA 
~(MAA-co-BMA)]. A high conversion of the monomers (> 98.58) was obtained for a i l  

reactions, as evaluated gravimetricaiiy. The panicle size is ca. 125 nrn (with a narrow size 

distribution) when prepared by this recipe. 



Table IL-5. Recipe for the preparation of labeled PBMA latex 

Temp (OC) 80 

Time (h) 1 

First stage 

BMA (ml) 3.5 

DM (ml) O - 0.074 

Water (ml) 60 

Kps ( g )  0.062 

SDS (g> 0.1 1 

N a C O 3  (g )  0.060 

Ternp ( O C )  80 

Time (h) 20-24 

Second stage 

BMA (ml) " 32 

DM (ml) 0 - 0.68 

V-Pheb (g) 0.48 

Water (ml) 26 

KI'S (g )  0.060 

SDS <g)  0.60 

a: For preparing the P(MU-CO-BMA) copolymer. a mixture of 32 rnl (28.6 g) BMA + 1.5 g .MAA 

was used to replace pure BMA; b: When using PheMMA dye cornonomer. this quantity becomcs 

0.65 g; For preparing the An-labeled latex. 0.62 g AnMA was used to replace 0.48 g V-Phr. 

II-4- 3 Dye Distribution Analysis for Labeled Polymers 
In the labeling experiments. it is often desired that the chromophores are randornly 

distributed. This consideration dows  one to presume that the physicd behavior of the labeled 

polymer reflects the overaii reality of the polymer. In diis case. two assumptions are usudly 

made: (1 )  the dyes are randomly distributed dong each chain: and (2) the dye population is 

proportional to the chain length. It is important to characterize not ody the overall labehg 

content but also the distribution of labels in the polymer. 

in thk section, a simpie. qualitative method is used to examine the dye distribution. based on 

the GPC analysis for the samples produced under different polymerization conditions and with 

different dyes. The method involves analyzing the uniformity of dye distribution by examullng 

the ratio of intensity between a signal (e-g. fluorescence or UV) related to die dye concentration 

and that reflecting the overaii monomer units (e-g. refnctive index) in the chramatopm. This 

analysis was suggested by Dr. Sosnowskii in this lab, as seen in our publication.' A sirnilar idea 

has also been used by others previously for analyzing other polymers.' 

11-4-3-1 Illustration of the GPC graphs and their anaiysis 
Figure II-8a shows a sarnple chromatogram. The solid curve represents the refkactive index 

(RI) signal: and the dotted curve. the fluorescence (FL) signal. Our procedure of analysis is as 



follows: First, both the FL and RI curves are normalized to their maximum signals. by 

subtracting their baselines and dividing by their peak intensiq values. The normalized 

chromatogram is shown in Figure II-8b. Under circumstances which result in a uniform labeiing 

of polymer molecules, one would expect that the two nomalized curves should overlap 

completely. Note that in the sample given here the overlap is not perfect. In our system. the ET 

detector was placed in front of the RI detecror. This results in a srnall tirne shift (3 sec) between 

two curves, and this difference could be neglected in our caiculation. We are particularly 

interested in how the intensity ratio beween FL and RI s ipa ls  varies for polymer molecules 

having different chain lengths. Since in gel permeation chromatography of iinear polymers. each 

retention t h e  corresponds to a ce- molecular weight. we used a computer software (Sigma 

Plot Version 4.1, Jandel Scientific. USA) to calculate the ratio of FL to RI intensity (FURI) or its 

inverse (RVFL) for the normalized cbromatograms at each time dong the elution profile. We 

found it convenient to plot both the R/RI and RVFL ratios versus retention time. as shown in 

Figure II-8c. 
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Figure 11-8. A sample of GPC chromatogram and analysis: (a)  a plot of GPC curves using RI and 

FL detectors; (b) the RI and FL signals after normalizing by their maximum intensities: (c)  a typical 
plot showing the two normalized signals (RI and FL). the FURI ratio (circle). and the RIEL ratio 

(triangle) versus retention tirne. 
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At low concentrations in the GPC effluent. the fluorescence intensity is proportional to the 

chromophore concentration. This presurnes that the quantum yield for the chromophores is 

independent of the rnolar mass of the polymers to which they are attached. The intensity of Ri 

signal is proportional to the concentration of nionorner units passing through the detector. 

Therefore, at each tirne point of the chromatogram. the signals that are monitored c m  be 

expressed as: 

FL = [Dye] = Nb, - [Polymer] (n-3) 

RI = DP [Polymer] (II-4) 

where me] is the dye concentration in solution in mole*L", [Polymer] is the polymer 

concentration in solution in mole-L", and ND,, is the number of dye units per polymer chain. 

Since the dye content of the polymer is very low. the degree of polymerization (DP) can be 

replaced by the nurnber of MMA units (N,,) per polymer chain. giving: 

F L m  a N D J ~ W A  ( 11-51 

Thus, the FURI ratio in the GPC analysis measures the dye label content for polymers of each 

molar-mass. When the polymer labeling is homogeneous, N&N,,,, should be constant. and the 

n/RI ratio should be independent of molecular weight (or N,,,). 

II -4-3-2 Batch and semi-continuous polymerizations 
We employed the seeded semi-continuous polymerization to prepare our labeled polymers. 

One interesting advantage for us is that the unlabeled seed often has a higher molecular weight 

than the polymer formed in the second stage. An example of such a system is shown in Figure 

II-9. This polymer (PMMA) was prepared by the recipe similar to that shown in Table II-2 but 

with vinyl phenanthene as the fluorescent cornonomer in the second stage. A very slow 

monomer feed rate (0.37 mmolhin) was used in the process. Since the seed polyrner doesn't 

fluoresce, it exhibiü only an RI signal (curve 1 ). In the second stage. both the FLM and MMA 
were incorporated with a high conversion after the complete addition of the monomers. The RI 
and J?L signals for this polymer are ploned in the Figure. The FL curve (cuve 3) shows a 

polymer peak and a negligible signal for low molar mass species (unreacted fluorescent 

monomer) with a retention tirne between 22 to 23 minutes, indicating that almost aii the FLM has 

k e n  incorporated into the host polymer chahs. The RI trace (curve 2) shows a major peak at ca. 

14.5 min and a smaller peak at ca. 1 1.5 min. The latter signai has the sarne retention time as the 

unlabeled seed polymer. It corresponds to a s m d  arnount of PMMA produced in the first stage 

of the polymenzztion. The fraction of ths  seed polymer is kept srnaii in ai! our experirnents and 

sometimes this bimodal molar mass distribution is not apparent. 



Retention time (minute) 

Figure 11-9. An example of GPC curves for rhe sred and two stage PMMA. The polymer w a  

prepared by the recipe as in Table 11-2 with V-Phe as the fluorescent comonomer and a siow 

monomer fecding rate (0.37 mmol/min) in the second stage. Curvc t 11: the RI signal for srrd 

polymer: curve (2) ruid (3):  the RI and FL signal for the two-stage polymer. 

in Figure II- 10 we compare the results of a batch polymenzation in which di the ingredients 

were combined at the start of the reaction. with that of a two-stage serni-continuous 

polymerization with a slow monomer feed rate in second stage. for the preparation of PMMA 

using recipe in Table 11-7. We see from Figures II-lOa. b that the GPC signals for polymers 

resulting from the two polymerizations are different not only in position but also in shape. The 

FL cuve in Figure II- lOa exhibits a peak at die hgh  molecular weight side and a long tail into the 

low molecular weight region. In contrast. the FL curve in Figure [I-lob shows a more 

syrnmetricd peak. More information about the dye distribution in these two samples can br 

inferred from the FL/iU ratio. At shon retention time in Figure CI-Lob. this ratio shows a gradua1 

increase. as the fraction of second-stage polymer graduaily increases. and then remains flat over 

the peak range of retention times. In Figure II- lOa the FWRI ratio increases si,@ficantly with 



retention tirne. These results indicate that the semi-continuous polymerization method provides a 

more uniform labeling, whereas the batch polymerization results in a lower level of labeling for 

the higher molar-rnass rnolecules and a rnuch higher labeling content for smaller molar-mass 

polyrners. Whde there is no unambipous explanarion available for this, we suspect diat in the 

last stage of batch polymerization where there is no longer sufficient supply of MMA to die 

particles, the dye monomer or its radicals may be readily tnpped (e.g by solidification) in the 

PMMA glassy rnatrix and terminated at shon chain lengths. This part of the chains with shon 

lengths should have high dye content. 

10 1 1  12 13 14 15 16 17 18 
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Figure 11-10. GPC analysis of PheiMMA labeléd PMMA prepared by (a )  batch process and { b )  

serni-continuous process rit slow monomer addition race (0.5 mmol/min). 

An important feature of serni-continuous emuision polymerization wonh mentioning here is 

that one can apply various monomer addition strate_oies. The monomer-starved conditions are 

often applied for the preparation of hornogenous copolyrner~.'~ One cm imagine from die results 

mentioned above that one will possibly obtain a non-uniform dye labehg if a fast monorner 

addition rate is applied so that the polymerization conditions are close to that of batch 

polymerization. Most of Our experiments for latex polymer labeling were carried out under 

monomer-starvation conditions. 



11-4-3-3 Analysis of Phe and An labeled polymer 

In the following paragraphs, we will present Our results of dye disuibution analysis for 

labeled polymers prepared with different dye cornonomers. 

The factors that control the copolymer structure, or dye distribution in this study. is very 

cornplex. The reactivity ratios of rnonomers and the monomer concentration distribution between 

various phases play important roles. 1°"' Also, other factors, such as initiator concentration and 

monomer addition rate which c m  affect the copolymerization kinetics. may aiso affect the 

copolymer structure formed. 

(a) Labeling with phenanthrene 

Both PheMMA and V-Phe, c m  be used to introduce the Phe chromophores into PMMA. 

Although there are no polymerization-lunetics data available for these two monomers. their 

chemical structures suggest that dieir polymerization reactivity as well as their solubility in water 

may differ from each other and from the growing plymer chains. Since in emulsion 

copolymenzation. the chemical microstrucnire of the copolymers formed depends upon the 

reactivity ratios of the monomen and the monomer partitioning behavior between the various 

phases in the emulsion system. it is important to know if there are differences in dye distribution 

in polymers for these dye monomers. 

When the monomer addition rate is sufficiently iow (e-g. 0.5 rnrnoUrnl). both dyes cm be 

randomly incorporated into the host polymers and show similar distribution behavior in our GPC 

malysis. This can be seen in Fi,pres II-9 and II- lob for PMMA sarnples labeled with V-Phe and 

PheMMA dyes, respective1 y. 

We observed an interestmg result for labeling of PBMA with these dye compounds. n i e  

polymers were prepared and labeled with PheMU4 and V-Phe. respectively. using the same 

recipe in Table LI-5 and with an identicai monorner addition rate of 1 .O mmoVml (O. 16 rnllmin). 

The GPC analysis is shown in Figure II- 1 1. Both samples widi PheMMA and V-Phe dyes gives 

quite Bat F I A I  lines across the polymer peak. indicahg uniform dye labeling in the polymers. 

A clear difference is that the sarnple with V-Phe gives a significant fnction of low molar m a s  

species in the FL signal with much high FLRI values in this region. while that with PheMMA 

only exhibits FL signal in the polymer ~ g ~ o n .  

One reason for the above results wouid be that the V-Phe has much lower reacrivity than the 

PheMMA and part of the growing chahs with V-Phe would be terminated before diey grow 

W e r  into high polymer. Another major difference between PheMMA and V-Phe observed in 

Our experiments is that the V-Phe has much lower solubility than PheMMA in both water and 

MMA monomer. One consequence of this is that during polymerization not ail V-Phe is cm-ied 

forward by BMA into the panicles to polyrnerize. For example, we notice that part of the dye 



species is lost as a precipitate on the wall surface of the flask or on the stirring bar. and the 

labeling content of the final polymer is noticeably (e-g. Ca. 20 wt8) lower than die amount in the 

monomer mixture. These may be responsible for the high FL signai for low-molar-mass in Fig. 

II- 1 lb. Nevertheless. a high extent. random labeling of latex polymers with Phe can be obtained 

when one properly chooses the polymerization conditions. especially under monomer-starvation. 

Retention time (min) Retentlon tlme (min) 

Figure U-1 1. GPC analysis of Phe-labelrd PBMA. Samplrs wrre prepared by the rrcipe in Table 

11-5 with a monomer feeding nte of 1 .O mmoUmin using a dye cornonorner of (al Phe.WA. and 

( b )  V-Phe, respectively. 

(b) Labeling with anthracene 
Figure II-12 pnsents similar data for an N I A  labeled PMMA sample prepared under 

almost identical conditions as the sarnple shown in Figure II-lob. Here. too. we see that the FL 

and RI peaks are very similar to those in Figure II- lob. Labeling of the second stage polymer is 

uni for m. 
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Figure 11-12 GPC curves of AnMA-Iabeled PMMA sample prepared with rhe recipe as in Table I I -  

2 at the rnonomer feeding rate of 0.58 mmoVmin. 

In surnmary. the dye distribuuon between polymer molecules can be analyzed from GPC 

signals detected by FL and RI. It is shown that the semi-continuous method. panicularly with 

slow monomer feed. gives a more hornogenous dye disnibution in the host polymer mokcules 

than the batch method in emulsion polymer system. Howcver. non-uniform labeling is dso 

observed in some cases. GPC analysis is useh1 for monitoring both the molecular weight 

distribution and the dye cornonorner distribution in the sarne chrornatograrn. 

11-5 SYNTHESIS OF LOW-Tg FILM-FORMlNG LATEXES 
Many (meth)acrylic ester polymers have Tg values that are below or close to room 

temperatures. Those exarnined in this study included PEHMA. PBA,md copolymers of BAL4 
and BA [P(BMAco-BA)] and of MMA and BA [P(bMA-CO-BA)] (For homopolymer Tg values 

see Table II- 1 ). 

The preparation of single component latexes ( e . g .  PEHMA) is suaightforward. Here I 



will describe the preparation of copdymen. using P(BMA-CO-BA) as an exarnple. to illustrate the 

control of polymer properties (e-g. Tg) by varying the polymer composition. 

P(BMAco-BA) is an important type of film-fodng latexes used in our studies. These 

copolymer latexes were prepared by both batch and semi-batch emulsion polymerizations. The 

recipes for the preparation of various samples are presented in Table AII- 1- 1 and their properries 

are Listed in Table AU- 1-2 in Appendix II- 1. 

The glas transition temperatures (Tg) of polyrners were evaluated by DSC. The Tg value 

for pure dry PBMA latex is 22.9 OC. and thar of PBA is -57.5 OC. When their latex copolymers 

are prepared. a single Tg value is observed for ail the compositions. An exarnple of DSC traces 

is shown in Figure II- 13. This is for the sarnple prepared with the weight ratio of BA to BMA of 

0.25 : 1. yielding a Tg value of -1.9 OC. This value is well below 23 "C and its latex product is 

expected to readily deform at room temperature. 

Temperature (c) 

Figure II-13. DSC trace for a P(BMA-CO-BA) copolyrner sample with the weight fraction O 

component of 0.2. Heating rate: 10 "Clmin. N, atmosphere. 

When the weight fraction of BA component (W,,) increases, the Tg decreases. Table U- 

6 shows the variation of Tg with the copolymer cornpositi~n. 



Table 11-6. Variation of Tg with the copolymer composition 

-BA : BMA O :  1 0.25 : 1 1 :  1 1 : O  

W~~ O 0.2 0.5 1 

Tg ("0 32.9 -1.9 -33.8 -57.5 

T g  O )  3.38 3.69 4.18 4.64 

The Tg value for a copolyrner c m  also be estirnated from a knowledge of the weight 

fraction of each monomer type and the Tg of each homopolymer. according to the Fox 

equation.12 In our P(BMA-CO-BA) polymer. the expression is as in Eq.(II-6): 

From the data in Table II-6. a plot of l n g  versus WB, can be made t Figure II- 14) and ;in 

approximately linear correlation as predicted by Eq.( II-6) is obtained. 

Figure 11-14. Plot of 1/Tg (in 1/K) Vs. WB, in P(BMA-CO-BA) copolyrners. 

For the copolymerization of two monoiners. the composition of the copolymer chain 

depends on the composition of the monomer mixtures and the monomer reactivity ratios. The 



monomer reactivity ratios r l  and r7 - are the ratios of the rate constants of different propagation 

reactions as defined by Eqs (II-7) to (LI- 1 1)  

-M; + Ml + -MIMI- (Rate constant k,,) ( II-7) 

II-8) 

II-9) 

II- 10) 

r, = kl,/ k,: . r2 = k2J k2, (II-1 1)  

where -M- represents a polymer chah ending in a radical denved from M. 

When BMA (M,) and BA (M,) are used. the reaftivity ratio will be rl = 2.2. r2 = 0.27 

and r l  x r, - = 0.60."-l3 From the above data it seems that the probability for BA to copolymerize 

with BMA is much larger than to polymerize with BA itself (r7 - = 0.77). and the totai 

copolymerization probability is comparable with the homo-polymerization probability ( r l  x r l  - = 

0.60 < 1). even though the propagation rate of BA is much larger than BMA in ahost dl of the 

cases.' A randorn copolyrner is expected. Each copolymer sample we prepared has only one 

olass transition temperame both in batch polymerization. where the monomen were added and t 

rnixed before polymerization: and in hvo-stage polymerization. where the monomer mixture were 

slowly fed and a starved polymerization could lead to a more random copolymer. 

In summary, a random copolymer with a single Tg can be obtained for P(BMA-CO-BA 1. 

The Tg of the polymer can be controlled by varylng the composition of the polymer cornponrnts. 

11-6 SYNTHESIS OF 30 NM LATEX PARTICLES 
Latex particles of diameters below ca. 50 nm are conventionaliy prepared by 

microemulsion p~lymerization.~' For particles 5 30 nm. a hgh  weight ratio of surfactant-to- 

monomer. typically 1 - 3. and a large arnount of organic alcohols as a cosurfactant. are used to 

stabilize the emulsion and to produce small panicles.15.16 These additives are difficult to get nd of 

by conventional latex-purification rnethods or. if they are removed in some way. destabilization 

of the system usually occurs. Thus the final latex product obtained from a typical rnicroemulsion 

system is essentiaiiy a mùrrure of srnall arnount of polymer particles with a larger arnount of 

emulsifier and organic cosurfactant. What one desires to obtain are polymer particles with Little 

impuiity . 

4 3 



We intended to employ a normal emulsion polymerization system with s d e r  amount of 

ionic surfactant (stabilizer) to prepare small particles. We started with the recipe and condition for 

preparing 50 nm particles. The recipe is used very often in our laboratory to rnake latex seeds in 

a typical emulsion polymerization involving two-stages, as one cm see in Tables II-2 for PMMA 
and If-5 for PBMA. For 50 nm P(BMAco-BA) latex, the recipe is shown in Table II-7 below 

and identified as Sarnple ID UI-1-0. To prepare smaller particles, an increased arnount of 

emulsifier is usually needed. When double arnount of surfactant was added into the system. the 

particle size did not change considerably (III- 1 - 1). The particle size decreases more eficiently 

when the monomer concentration is decreased. As seen in Table II-7 for the preparation of s d  

size P(BMAco-BA) latex, as the concentration of monomer in water varÏes, the particle size 

changes obviously and can be adjusted from 25 nm tu 38 run (III- 1-4.5.7.9)- It is also possible 

to ernploy the two-stage polyrnerization method, making a seed (e-g. 20-25 nm) and rhen feeding 
the monomer slowly, to produce particles of 10-50 nrn. This is important when one intends to 

label tiny particies with fluorescent dyes. 

Table 11-7. Exampies of recipes for the preparation of P(BMA-CO-BA) small 
particles and their properties 

' Sample ID III- 1-0 111-1-1 III-  1-4,s 111-1-7 111-1-9 

Recipe 

Water (ml) 100 100 100 100 100 

Monomer (g )  6.25-6.75 6.26 1.8 -.- 7 î 2.5 

m s  ig) 0.085 0.085 0 .O8 5 0.085 0.085 

SDS (g) 0.22 0.44 0.44 0.44 0.44 

NaHC03 (g )  0.18 O. 18 O. 18 O. 18 O. 18 

Temp (OC) 70 70 70 70 70 

Tirne (h) 1-2 1 - 6 3 - 3 

Property 
Diameter (nm) 50-55 43 25-26 32 38 

Polydispersity -0.05 0.008 0.042 0.026 0.027 

, %Solid ( ~ 5 % )  6.3 6.2 2.3 2.6 2.8 



We are able to prepare particles as srnall as 25 or 30 nrn k diameter, by increasing the 

surfactant concentration and simukaneously decreasing the monomer concentration in the 

polymerization systerns. Only one ionic surfactant is used. and its amount varies from 0.04 to 

0.25 (with respect to the polymer). much smaller than that used in a cornmon system of 

microemulsion. The procedure can be easily extended to the preparation of nanoparticles of 

PBMA. PMMA. and polystyrene (PS). It is worth mentioning here that most of Our dispersions 

of s m d  latex particies (e.g. PBMA, PS) remain colloidally stable following repeated treatment by 

an ion-exchange resin. 

11-7 SYNTHESIS OF REACTIVE LATEX 
We are concerned with preparing functional latexes in which the functionality can be used to 

form crosslinks in the dry f ihs  through their chemicai reactions. 1 choose here two types of 

goups. acetoacetoxy (AA) groups and unsaturated t U) bonds. as the reactive hctionalities for 

our latex samples. 

11-7-1 Acetoacetoxy-functionalized Latex 
A poly (butyl methacrylate) latex bearing acetoacetoxy functional groups ( AA-PBMA) was 

prepared by emulsion copolymerization of butyl methacrylate and 2-acetoaceroxyethyl 

methacrylate (AAEMA) (weight ratio BiMA : AAEhU = 10 : 1 ). The copolymerization here was 

carried out by a batch process at ?O "C with a redox initiator sysrem ('la+?O8/NaHSO3/ - - 
CuS04.EDTA). The choice of low polymerization temperimire was b a r d  on the considention 

that the functional groups (Le. acetoactoxy) may be hydrolyzed at high temperatures. X surular 

method was used for the prepantion of a poly(e thy lhexy 1 methacry lateco-acetoacetoxy ethy 1 

methacrylate) (FA-PEHMA) latex. The recipes for preparing the latex sarnples and their 

c haracteristics using low T polymerization with redox initiation system are summarized in Table 

II-8. This recipe was suggested by the group of Prof. German at the University of Technology 

in Eindhoven. Holland. 



Table 11-8. Recipes for the preparation of AA-PBMA and AA-PE- 
latex samples and their characteristics 

Characteristics 

Solids content (wt%) 10.6 

.Monomer conversion (%) 100 
Mean diameter (nm) ' 54.3 

Size polydispersity ' 0.082 
b Tg 20 

a. Measured by dynamic light scattering particle sizer. b. Mrasured by differentirtl scanning 

calorimetry . 

The latex sarnples were characterized by conventional techniques for emdsion polymers. 
Some charactenstics are Listed in Table II-8. The content of acetoacetoxy functional groups were 

detemüned by NMR specuoscopy. Figure LI-15 shows an example of 'H-NMR spectrum for an 

AA-PB MA sample freshly prepared. 



Figure CI- 15. 'H-NMR specmm for an f i -PBMA sample dissolvrd in CDCl, 

The inte_mted areas of the peaks characteristics for the acetoacetoxy units (2.30 ppm for the 

methyl and 3.60 ppm for the rnethylene group in -OCOaICO!J&) and those for the BLMA units 

(e.g. 3.95 ppm for the COCI=,-) match the ratio of monorners added More polymerization. 

By comparing the integrared areas and comparing the spectrum with pure PBMA. it is dso llkely 

that the two small peaks at 4.15 and 4.35 ppm aise from the two mer methylene groups of 

AAEMA units [-CH.-C(CH, )-CO-O-CH,-C H,-O-CO-CH,-CO-CH, j . Thrse characteristic peaks 

are useful for us to quantify the acetoacetoxy ( AA) content. 

11-7-2 Carboxylated Latexes 
h example of preparation of carboxylated PBMA latex has been descnbed in Table 11-5 

in the previous section. by copolymerizing the LW monomer with BMA. 

1 also prepared carbxylated P(J3MA-CO-BA) latexes. These samples were prepared by 

emulsion terpolyrnerization of BMA. BA and MAA. with a monomer weight ratio of BMA : BA : 

;MAA = 70.5 : 23.5 : 6.0. This composition was chosen based on the consideration that the 

resulting Tg of the polymer should be below 22 "C and the amount of BA shouid be srnail 

enough to avoid premanire branching or crosslinking. The recipes are given in Table AII-2- 1 in 



Appendix II-2. and are similar to that shown in Table II-8, except that the monorners here are a 

rnixture of BMA. BA with a carboxylic monomer (WU). With redox initiation. one such 3 

sarnple was prepared at 20 OC, referred to as C- 1 latex below. and the other was prepared ar 60 

"C with the addition of chain transfer agent (DM), referred to as C-2 latex. 

Ionexchange cleaning was carried out to remove the initiator, surfactant and other ionic 

materials from the latex samples be fore c harac terization. Follow inp this procedure, the 

dispersion had a conductivity nearly MO0 of that of the dispersion before cIeaning. as rnonitored 

by a conductometer. The carboxylated latex remained highly stable during cleaning, with almost 

constant particle size and size distribution. 

The acid concentrations in the latex dispersion were deterrnined by potentiornetric and 

conductometric titrations. The cleaned latex dispersion was titrated directly with NaOH solution 

(0.00984 M) under a nitrogen atmosphere. In this way. the total amount of acid groups at the 

particle surface plus those possibly present in the water-phase were measured. To determine the 

amount of acid in the water phase. the aqueous part was separated kom the particles by 

centrihiging at a speed of 50,000 rpm for 3 h. and the clear liquid was directly titrated. 

Figure II-L6a shows the Utration curves for the dispersion of C-l latex. and for 

cornparison we present in Figure II- 16b the curves for the aqueous phase of the latex dispersion. 

after separation from the particles. The tiuation of the dispersion includes the neutralizarion of 

surface -OS03H and -COOH groups as weil as that of -COOH groups attached to the PMAA 

oligomers present in the water phase. These are dif~cuit  to distinguish in one tiuation. We 

evaluated these values separately. We estirnared the level of surface -OS03H concentration by 

using a latex prepared wihout M4.A but under otherwise similar conditions. Since the amounr of 

aqueous -COOH was known by titraLion of the water phase. we rtierefore obtained the surface 

COOH concentration by titrating the latex dispersion and by subtracting the surface -OS03H fiom 

the mode1 latex as weil as the -COOH measured in the aqueous serum. Table LI-9 lists the acid 

concenuations in the particle surface and in the water phase. The totai amount of -MAA added in 

the polymerization recipe is also given. 



V NaOH (ml) V NaOH (ml )  

Figure II- 16. Potentiomerric and conductometric titration curves for the ion-exc hanged 

carboxylated P(BMA-CO-BA) c C- 1 )  latex: ( a )  the dispersion sample t 5 9. polymer content I O .  75 

wt%). and (b) the aqueous phase ( 5  g) separated from the particles. The concentration of NaOH is 

0.00984 LM. 

Table 11-9. Surface and water-phase acid concentrations im ,U rmlgpohlrrpr) 

b e x  TdCOOH S ~ C O O H  SulkeaSOjH 

C- 1 700 25 75 -- 9.5 

C-2 700 - 160 " = 9.5 

a. includmg the srnail fraction in the water phase 



The level of surface -OS03H is low (9.5 p moVg polymer). as compared to the -COOH 

groups. This is similar to what observed in most carboxylated latex systems." We find that 

there are aiso acid groups present in the water phase in our latex dispersions. This part of acids 

in aqueous phase is always found in varying concentrations in carboxylated latex prepared with a 

cvboxylic comonomer (e.g. MAA). especially those prepared by a batch ceaction." in our 

systerns the detected water-phase -COOH is 25 p moVg polymer for C- 1 latex. corresponding to 

a very smdl fraction (3.6 5%) of the total -COOH (700 p moYg polymer). 

The surface -COOH density we found from titration was about 75 p moVg polymer (ca. 

10% of total -COOH) for the C- 1 latex, and about 140- 160 p moVg polymer (= 20% of total 

COOK) for the C-2 latex. Polymerization at 60 O C  for C-2 latex may permit the rearrangement of 

the polymer chains, aiiowing the acid groups to move toward the surface, so that it has higher 

surface acid content than the C- 1 latex. The smaller particle size of C-2 latex (JO nrn) than that of 

C-1 latex (58 nm) should also be reflected in a larger number of titratable surface acid groups. In 

both cases, there is only a srnail fraction of -COOH at the surface. The major fraction is buried 
inside the particles. Th~s  distribution behavior is consistent with results reported by many odiers 

for similar latex systems, including those by Ernelie etdis in their MMA-BA-MAA and Zosel et 

dl9 in their BA-MAA latex polymer systerns. 

There are two kinds of views regarding this type of titntions. One is to use the foward 

titration technique, in which the acid groups in the dispersion is direcdy tiaated with a base (e .g  

NaOH), to determine the surface acid concentration. The other suggests a back-titracion 

rneth~d,'"~ involving the neutralization of the acids by an excess of bde  and then die dispersion 

is titrated backward by an acid (e-g. HCI). The surface acid density found by back-titration of the 

neuûalized dispersion is often higher than that obtained by fornard-titration performed in a 

similar time scale, indicating that the former technique @es the acid concentrations not only on 
the imrnediate surface but also of the inside layrrs of the particles. According to El-Aasser and 

Vanderhoff et al", the amount of titratable acids is suongly dependent on the time of titration. 

With the titration time extending from instantaneous interval (e-g. sec) to as long as 10 mins, the 

acids from both the surface and sub-surface layers of particles cm be titmted. and in 74 hrs a 

major fraction of acids within the particles can be detected even with a forward titration." Thus. 

a key factor for the tiû-ation is the time of the process. By foward titration at a fast speed, one 

may obiain the acid density at or immediately near the surface. B y equilibrium neutmikation and 

back-titration in a long time scale. one obtains a much larger fiaction of acids from deep inside of 



the partic les. 

We used the forward titration in a short time scale (e.g. in mins) in our surface 

characterizaûon here. This determines those groups immediately accessible on the surface of the 

particles. As expected, many COOH groups are located just beneath the surface and are 

accessible when the dispersion is ailowed to stand in the presence of base for a long time (hours). 

In support of this idea, we note a slow fall-off in pH (or change in conductivity) with time ar 
each point in the course of titration. The pH and conductivity values we report were those 

recorded immediately (ca. 3 s) after the addition of each volume of NaOH solution. This 

phenomenon is also evident in the tination cuves shown in Figure II- 16. in the aqueous serum 

titrarion (Figure II-Mb), where there is no such a "dynamic" process involved. one sees thai ar 

the equivalence-point, the pH increases sharply and reaches above 10 as the VNaOH increases. 

The conductivity exhibits a minimum at this point and increases rapidly d e r  the equivalence- 

point. In the case of the latex titration (Figure II-16a), the equivalence-point is less distinct. The 

pH rises but with a broader transition. and the increase in pH levels off at a much lower pH 

(below 7). indicating that some exchange between the protons inside the particles and the added 

NaOH takes place during the process. In the conductivity curve. it is seen that after the 

minimum, the conductivity increases very Little with funher addition of NaOH up to a VOH (in 

ml) three tirnes of that at the equivalence-point [(VOH)wj, f i e r  implying that additional 

neutralization occurs during the titration process. 

We intend to use these -COOH groups as the reactive sites for attaching other hctional 

groups to the latex polyrner. Although the fraction of surface acid is ofien low in carboxylated 

latex prepared with MAA, we expect that under certain circumsrmces. both COOHs at the 

surface and in the particles are available for reaction widi other species. For example. reaction ar 

elevated temperature w d  d o w  the polymer ro readily diffuse withm the low Tg particles and the 

acid groups can be easily redisvibuted during the reaction. 

11-7-3 Unsaturated Latex 
A carboxylated P(BMA<o-BA) latex is used and the unsanirated (Uj groups were 

inuoduced into the latex by reacting the -COOH groups with a compound containing an epoxy 

group and a double bond (Le. GMA). The reaction between -COOHs attached to the latex 

polymer and epoxys in GMA is described as  foliows. 

To 250 g cleaned latex dispersion (C-2, polymer content 10.75%) in a 400 ml reactor was 

added 0.27 g NP30 surfactant and the dispersion was heated to 80 OC with magnetic stirring. 

Triethyl amine (Et3N) was added slowly u n d  the dispersion pH reached about 7. At least 0.4 g 



Et3N was needed to neutralize the -COOH groups in the particle surface layers p h  a smaU 

amount in the water phase. When the temperature and pH were stable. 0.05 g hydroquinone was 

directly added into the dispersion. followed by the dropwise addition of a liquid mixture 

consisting of 2.27 g GMA, 0.085 g Tetrabutyl ammonium bromide (TBAB), and 0.27 g aerosol- 

OT (AOT) surfactant into the dispersion. The arnount of GMA corresponded to 85% of totai 

moles of the carboxylic acid in the latex. The reaction mixture was then kept stirring at 80 OC for 

5 h. The latex was stable during reaction with no observable coagulum and no si,gificant change 

in size. The unsamated latexes prepared from C-1 and C-2 sarnples are referred to as U- 1 and 

U-2, respectively. 

To characterize the reacted polymer, steps were taken for the separation of the poiyrner 

from the mixture of the dispersion or of the dry solids. At f ~ s t .  cenntnfuging was used to separate 

the particles from the aqueous phase: however, on one attempt at rhis separation. the small sofi 

particles coalesced together and could not be redispersed for funher purification. A small portion 

of the reacted latex dispersion was then freeze-dried. and the sample was cleaned as follows: the 

mixture was dissolved in CH7C17. - and an excess of heptane was added and the precipitate was 

separated. Methanol was found nor a good precipitating agent for our carboxylated copolymer. 

The purification process was repeated for 4 times. The polymer was finally vacuum dned. 

To characterize the reaction. i.e. the incorporation of unsaturated groups into the latex 

polymer. NMR measurements were canied out for the punfied samples dissolved in CDC13. 

Figure II-17 shows the 'H-MR spectrurn for the reacted latex polymer (U-2 latex). The peaks 

between 0.9 and 2 pprn arise from the poly(meth)acrylates. and that at ca. 4 pprn is amibuted to 

the ester methylene protons (-CH,-O-CO-) - in dl the (meth)acrylic ester monomer units (BLMA. 

BA. and GMA). At 5.662 pprn and 6.15 ppm. one clearly sees two charactensùc peaks for the 

vinyl protons (-C=CH7). - The peaks are broadened to sorne extent. as compared to the solvent 

peaks (e-g. 7.26 pprn for CHCL$, due to the anachment of vinyl protons to polymer chains. We 

calculate frorn the spectmm the rnolar ratio of the C=CH-, - groups to the -CH7-O-CO- - groups 

using the peaks at 5.62 pprn (or 6.15 ppm) and 4.0 ppm. We found a value of 7.2%. The molar 

ratio of GMA to di acrylic ester monomers added in the reaction was 7.6%. This means that 

about 94% of the GMA has reacted with the -COOH groups in the polymers. For -COOH 

groups initiaiiy bound into the latex, ca. 80 Z have been converted to unsaturated p u p s  after the 

reaction. It is interesting to note that a similar extent of reaction was obtained by Taylor et al" in 

a reaction between carboxyl groups and carbodiimide denvative. We think that the s m d  size. the 

soft nature of the particies, as well as the elevated temperature of reaction would favor the high 

extent of chernical reactions occurring widiin the entire pmicles. 
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Figure 11-17. 'H-LWIR spectrum for a unsatunted latex polymer tu-2) in CDCl,. 



CHAPTER III THE PROCESS OF LATEX DRYING 

INTRODUCTION 
Latex film formation is accompanied by evapration of water. h l y  understanding of the 

mechanisrn of latex f h  formation largely came from investigations of the drying process by 

water loss mea~urements. '~ 

Typicaily, two types of plots from water loss rneasurernenü can be used to chacterize 

the drying process: the cumulative mass of water loss and the polymer solid content of the 

dispersion as a hinction of drying time. as shown in Figure III- 1. Vanderhoff ' pointed out that 

there are three regions which can be discerned from the drying curves. corresponding to t h e  

states of the film during the füm formation process. as depicted in the bonom of the Figure. In 

stage 1, ail the particles are separated and dispersed in the mobile dispersion state with a soiid 

content < -70%. and water evaporates at a relaûvely fast rate whch is linear in time. In the 

second stage. panicle de formation starts. and the surface area for water evaporation decreases 

which leads to a decrease in the water loss rate. In the third stage. a continuous polymer phase is 

fomed with a solid content > 908. and the water loss rate is detedned by its relatively slow 

diffusion through the polymer phase. 

Tlme (h) 
LV 

Tirne (h) 

Figure III-1. Typical drying plots: (a) cumulative water loss ( in  g )  and (b) percent sohds (oither in 

vol% or in wt%) Vs. time. The conceptualized three states dunng the drying process is also shown. 



Classic models "'-' of latex drying presume that drying occurs uniformly over the entire 

surface. Moreover, in these models it is assumed that there is a rather weii-defined three-stage 

process which correlates to the water evaporation rate in a simple fashion, as shown in Figure III- 

1. What one actualiy observes is that on a Bat surface drying occurs faster at the edges. A dry 
f h  forms €mi at the edge, and the boundary between the f h  and the central wet dispersion 

propagates inward as water evaporates. This means that at each time during the drying process, 

there is not a single state corresponding to the stages shown in Figure III- 1. Rather, one has in 

the füm a combination of al1 these States. with the fraction of each varying during the process. 

In addition. the models have assumed that the drying rate of latex dispersions is not 

dependent on the composition and charactenstics of the particles. It is hard to believe that water 

evaporation from a low Tg latex sealed at the surface is the same as that from porous non- 

deformable particle layes, and that there is no difference between drying from deformed particle 

layers with full polymer contact and from those with hydrophilic materials separating the polymer 

particles. AU these indicate that classic models of drying are incornpiete or problematic, and 

reexarnination of the process is required. 

In ths  chapter, we will examine in detail the drying behavior of single component and 

blend dispersions. We emphasize the feature that latex dispersions dry with a drying front. which 

separates a dry film part from the wet dispersion region, and that this front propagates during the 

drying process. We report and explore the finding that blends of hard and soft latex dry more 

slowly than either individual dispersion. This kind of rate difference c m  ody occur if the drying 

rate is controlled by the boundary between the wet and dry regions of the film. From these 

observations, we develop a new mode1 of the drying process. 

m-2 EXPERIMENTAL 
111-2-1 Latex Samples 

The latex samples include poly(methy1 methacrylate) VMMA] and various butyl 

methacrylate-butyl acrylate copolymer [P(BMA-co-BA)]. Their synthesis has k e n  described in 

Chapter II. n ie  important characteristics for the samples employed here are coilected in Tables 

III- 1. Some dispenions contained an anionic surfactant [sodium dodecyl sulfate (SDS), 2-6 wt% 

based on total solids], whereas other dispersions were cleaned carefdly by the ionexchange 

technique to rernove ail the salts and surfactant. 



Table 111-1. PMMA and P(BMA-CO-BA) Latex Characteristics 

Diameter (nrn) 

Polydispersity 

Tg (OC) 

MW (X I 0-5) 

Mw/Mn 

1 1 - 2 2  Film Formation 

To prepare films. latex dispersions were placed on a tlat glass substrate or quanz plate and 

air dried. Latex blends were prepared by simply miving the two types of latex. e.g. hard and 

soft, in dispersion and drying the dispersions to give films. Most sarnples here were dned 

directly in the open air. The films had a thckness of 30-50 Pm. 

111-2-3 Measuring Water Loss During Drying 

AH dispersions were adjusted to an initial solids content of 5 wt%. For each set of 

samples to be compared, the initial quantities of dispersion (e-g. 0.300 g) were weighed as 

identicdiy as possible (+ 0.3%). The dispersions were spread on individual glas plates to 

produce wet films with sirnilar surface areas (e.g. 5.0 + 0.2 cm2). With pnctice 1 could achieve 

this reproducibility. Films were dned at arnbient temperature (22 t 1 OC) and humidity in an area 

of the laboratory free From cirafts The relative humidity (RH) changed from 45 to 65 4ro &y-to- 

day. but it was fairly constant (with a s d  deviation < k 2 %RH) during the rneasurement time 



of each set of samples. The samples were weighed at replar thne intervals using an analyucal 

balance: each half hour at early stages, and each 10- 15 minutes later stages. of drying. The 

changes in solids content with time were caiculated from the water loss data. in our experiments, 

the latex drying occurs as a moving front. showing a decrease in surface area of the wet part of 

the film. A d e r  was placed over the film surface after each time interval to measure the 

dimensions of the wet region. 

RESULTS AND DISCUSSIONS 

The Drying Front 
shed rnodeIs of latex drying assume that water evaporation occurs u n i f o d y  over th 

entire film surface. In ali of our experiments. the füms dried as a propagating front. When the 

dispersions were placed in a small circular dish with a vertical wall, a concave meniscus was 

fomed with a thicker edge near the wall and a thin central region. Here drying took place first at 

the center where the iiquid was the thuinest and moves outward towards the thick edge. 

Concurrently, drying from the top of the Liquid at the waii surface also occurred. progressing 

downward to the bottom of the dish. The film formed at the bottom of the dish had a much 

thicker edge (e.g. 200 Pm) and a very thin center (e.g. 10 Pm). 

When the dispersions are spread ont0 a flat glas surface, a flat liquid drop with a slighdy 

convex surface f o m  spontaneously. Here the liquid center is relatively thick with a tfimner 

edge. Drying occun initially at the outermost region. and the dry region grows inward toward the 

center. We illustrate in Figure El-2 the drying process of our latex dispersions spread on n tlat 

g l a s  surface. A dry region f o m  at the edge of the film. There is a thin transition region whch 

represents the drying front that separates the dry region from the inner wet dispersion. With tirne. 

the drying front rnoves inward, accompanied by a decrease in surface area of the wet center. This 

Q i n g  behavior characterized by a drying front is also observed when latex coatings are k c t l y  

applied ont0 a large wall surface. 



Drying 
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1 - 3 .  Wet I 
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dispersion ; 

Figure 111-2. A drawing illustrating the latex film formation procrss on a tlat substrate. A 

transparent film at the edge is separaced from an inner wet dispersion by a boundriry rekrred ro as 

the drying front. The drying process is charactenzed by the movemenr of the drying front towards 

the center until the wet dispersion fades. and the film is entire1y dry. 

W e  observe this behavior for both surfactant-conraining and surfactant-free dispersions. 

Films formed on a flat g las  surface for surfactantsontaining latex dispersions oRen have a 

relatively thick edge ssurrounding a large Llat portion in the center. An example of such a lund of 

film dimensions is shown in Figure III-3. Here the s m d  portion at film edge has a thckness of 

60 pm and the flat part of f h  center is 15 pm thck. This ciifference in thickness is cven l q e r  

(e-g. 80 Vs. K) Pm) in some films. 

-+ I I 15mm .-s a 

1 l 

Film 

Substrate 

Figure IV-3. A cross-section view with the dimensions of ri film produced from rt surfactant- 

containing dispersion. showing a tnick rim surrounding a flat center. 



When the surfactant and salts are removed from the dispersions. the drying front is also 

seen but its propagation is slower than for the surfactantcontaining dispersions. Films prepared 

from these surfactant-free dispersions have a much more uniform thickness, and in rnany cases. 

the rim at the edge is barely discernible. On sorne occasions. however. a thicker edge is also 

observed. 

Joanicot et albs have reported that their surfactant-fiee dispersions dry differendy f?om 

corresponding dispersions containing surfactant. Their surfactant-free dispersions dry uniforrnly 

over the surface, with no propagating drying front. In our cases, dispersions in which surfactant 

is removed by ion-exchange also dry with a propagating drying front. Interestingly, films formed 

with a moving front from our surfactant-free dispersions have thicknesses that are more uni form. 

as measured by a micrometer. The reason for the uniform drying observed by Joanicot et ai 

would be that their surfactant-free dispersions containeci particles with a very narrow size 

distribution, which ordered into a colloida1 cqstalline phase throughout the drying process.'." 

Under these circumstances. particle motion would be suppressed. Our small sofi latex part.uAes 

show a larger size distribution which increases upon washing with ion-exchange resin. We have 

never observed formation of a colloida1 crystalhe suucsure in these dispersions. Clearly. the 

binary dispersions do not order at dl. 

111-3-2 The Kinetics of Drying 

Most coatings formulations contain htex dispersions at relatively high solids. i.e. > 40 

wt8.  As a consequence. most previous studies of die Wing process began wirh dispersions n 

high concentrations. Since we wished to look carefully at the early stages of drying. we chose to 

dilute ail dispersions including blends to 5.0 wr% soiids. 

in the foilowing paragraphs we compare the rares of water loss from samples of soft latex. 

hard latex, and their blends. When exarnining a given variable, we compare sarnples prepared to 

have equai initiai area, mass, and wet f h  thckness and whose water-loss rates were measured 

simultaneously. The reproducibility between identical samples exarnined in t h s  way was 

excellent, and the data quality can be judged by reference to the Figures presented below. 

111-3-2-1 The waterevaporation rateatlowsolids 

An example of a water evapontion experhent is s h o w  in Figure U I 4 .  where we 

compare mass loss as a function of time fkom three liquid films: pure water, a sofi latex dispersion 

[P(BMA-CO-BA), d = 43 nm, Tg = -33 "Cl, and a hard latex dispersion ( P M .  d = L 10 nm). 
The two dispersions were cleaned to remove surfactant. The fust feature that one notices is that 

water loss over 2/3 of the drying is linear in time. In addition, the water loss curves of pure water 



and the dispersions overlap in this linear region. indicating an identical drying rate. with a water 

flux of 3.5 + 0.1 x 104 g min-' cm-'. This value is not very different from those reported in the 

literature. ~anderhoff-' reponed in his early paper that latex dispersions dned at a sirnilar rate to 

diin fürns of water. ~ro116-7 found that latex dispersions and various piegnent dispersions dned 

initially at a constant rate which was about 85% of rhat of pure water. Numerical simulations by 

Vanderhoff and coworkers using heat and mass transfer equations also gave a similar factor of 

about 85%? We find a negligible difference in initial drying rates between water and latex 

dispersions. Note that our latex drying experiments begin at a much lower solids content ( 5  wt%) 

than those of Vanderhoff and Croll (ca. 50 wt% ). 

Figure Dl-4. Water loss as a function of time for water (squares). a dispersion of soft latex içircles). 

and of hard latex (triangles). In the soft latex: d = 43 nm. Tg = -33 OC and in the hard latex: ci = 

110 nm. The latex samples are sudactant-frer. and initidly ût a concentration of 5 wt%. 

111-3-2-2 The drying of hard and soft latex dispersions 

In our experiments. we monitored both water loss and the area of the wet domain during 

drying. We are thus able to relate the loss of water and the growth in percent solids to the 

propagation of the drying front during the entire process from a dilute dispersion to a solid film. 



a. The dryinn curves. An example of one of our expenrnenü is given in Figure DI-5. where we 

show drying curves for two latex samples. one hard and one soft. We plot in Figure m-5A the 

solids content (in weight percent) and the fraction of water rernaining in %) in the 

latex sarnples as a function of time. In Figure KI-SB. for the same sarnples. we compare the area 

of the wet region relative to its initial value (A,,~/A;,, , in 8 )  as a Function of tirne. The plots 

of solids content versus tirne are sigrnoidal, with a slow upward curvature. and a sharp break as 

the lines approach 100% solids. Initially. the solids content changes slightly with tirne. This is a 

consequence of staning the experiment at a low solids concentration: when half the water has 

evaporated. the solids content has only increased from 5 wt4c to 10 wt%. Ln the very beginning. 

the wet area does not change very much. but after about 40 min. a dry edge appem. and the 

drying front starts to move inward. 

Figure 111-5. The drying process for a dispersion of soft latex (d = 43 nm. Tg = -33°C. open 

symbols) and of hard latex (PMMA, d = 1 10 nm. fiiled syrnbols). In ( A )  the percent solids 

(squares) and the fraction of water remaining (triangles) are plottrd. while in (B) we plot the relative 

area of the wet dispersion (circles). as a function of time. Both dispersions are surfactant-frer. 



Over the first 2.5 hr, the weight fraction of water remaining in the dispersion decreases 

linearly witb time. The linearity of water loss persists even when the measured wet area has 

decreased by a significant extent (e-g. by 60% of its initial value). This irnplies that water 

evaporation occurs not only in the wet dispersion part, where water loss rate is proportional to the 

surface area. but also in other regions of the film, which m u t  be near the wet-dry boundary. We 

wiIi discuss this important issue below. Mer  2.5 hr, when the solids content has reached 30 

wt%. the wet area has already decreased to 30% of its initial value. At this point, the rate of water 

loss for both dispersions begins to decrease, characterized by non-linearity in the water loss 

curves. Further water loss corresponds to a large, rapid increase in solids content. Above 60% 

to 80% solids. there is a rnarked slowing of the water evaporation rate. The wet drop is very 

much reduced in size and disappears during this stage of the drying process. The solids content 

eventudiy reaches its equilibrium value (typically 97-99%). 

Once these latex films become transparent or apparently dry to the eye. no further weight 

decrease is detected during futher aging in air. The residual water content, measured by the 

weight lost during heating the films under vacuum. is small (c 3 wt%). This result differs from 

that reponed by Vanderhoff.3 who observed significant water loss (ca. 10 wt%) over a prolonged 

aging period. 

An interesting observation is that the drying front moves at different rates during the 

experiment. At very early times. there is only a wet dispersion. After a certain period (here. 40 

min). the dry edge appears. The propagation of the drying front is initially slow. but becomes 

rapid at the transition region where most of the water has evaporated, and the polymer changes 

from the minor to the major component. Near the end of the drying process. the propagation rate 
dirninishes. Finally the liquid dispersion fades. and the wet area approaches zero. One c m  see 

that the rapid rate of decrease in the m a  of the wet drop (t = 1.5 to 3 hr in Fig III-SB) precedes 

the rapid rate of increase of latex soiids ( t  = 2.5 to 3.5 hr) in the system. 

b. The concentration of oarticles in the wet domain dunne dryine. As has mentioned above. 

during the drying process a sofid film is formed at the edge surroundhg a wet circular domain 

which remains as a mobile colloidal dispersion. It is interesting to know the concentration of 

particles in this wet region and how this concentration varies during the drying process. 

From the drying curves (Figure III-5). we obtain both the hctional area of the wet 

dornain (A,,~/AL,,, or F,,) and the totai solids content (Solids %. or S,,,) of the fiim at each 

stage (or t h e )  of the drying process. These data aiiow us to estimate the solids contents in the 

wet domain (S,, %) and the thickness of the wet dispersion (6,,,, in pm) at each point of the 



process. Table 111-2 shows the results for drying of the hard and soft Iatex dispersions. The 

procedure of calculation of S,, % and 6,, is presented in App. III- 1. 

Table 111-2 The percent solids (S,,, %) and the thickness @,,,) of the wet 

dispersion region during the drying process of a hard and a soft latex 

Time (ti) 

1.5 

2 

2.5 

2.75 

3 

3-25 

3.5 

Hard latex (PMMA, 1 10 nrn) 

F w e ,  Sr,, % gw, (pm) 

0.77 12 9 -5 320 

0.55 17 10 300 

0.27 33 12 260 

0.08 58 1 O 300 

0.02 90 15 210 

Soft latex [P(BMA-CO-BA), 43 nmj 

Fwer  S,Od Sw, 5% gw, (pm) 

We note that the percent solids in the we< dispersion al1 Vary within 10- 15 5%. both for a 

hard and a soft latex. when the total solids content changes frorn ca. 10 % to 90 %. and when the 

fractional area of the wet dispersion changes frorn ca. 0.8 to 0.02. This level of concentration of 

particles is quite low. This indicates that the wet domain remains as a dilute dispersion from the 

early stages to the very end of the process. 

We also note that the thickness of the dispersion region changes slowly from ca. 300 pm 

at intermediate drying times to Ca. 200 prn near the end of the process. ni is  thickness is much 

larger than the dried film part (e.g. 30 Pm). 

It can be inferred from the above results that those events occumng in the plane of the 

substrate are as important as those occumng in the bulk. In the above systems. the dispersions 

have an initial solids content of ca. 5% and thickness of 600 prn. In the first 1 hr, àrying occurs 

across the entire füm surface, with no dry film apparent. The solids content increases to about 



10% and the thickness of the dispersion decreases to about 300 Pm. As drying proceeds. the 

drying front appears and the area of wet dispersion contracts. The dominant feature of the 

remaining part of the process is the propagation of the drying front in the substrate plane. There 
are no significant changes in the wet dispersion: the particle concentration in the wet domain does 

not increase significantly. and the thickness of this region shows a large decrease (from ca. 200 to 

30 pm) only when the wet domain nearly vanishes. 

c. Cornparison of hard and soft latex disoersions. The most interesting result in Figure III-5 is 
that the dispersion of PMMA particles dnes significantly faster than that of the P(BMA<o-BA) 
latex with a Tg below rwm temperature: it takes shorter for the hard latex to reach 97% solids 

than for the soft latex (Le. 3.25 Vs. 3.75 h here). Also. the hard latex dispersion contracts its 

area faster than the soft one. 

As we will discuss below, this rate difference is related to a fundamental difference in 

drying behavior between dispersions of hard and soft latex particles. In the cases we have 

examined, dispersions of latex with Tg well above room temperature (non-fdm forming) dry more 

rapidly than dispersions of low Tg latex. 



111-3-3 The Drying of Latex Blends 
Latex blends were prepared by mixing dispersions of a hard latex with those of a soft 

latex. Figure IIi-6 shows drying curves for a set of surfactant-free dispersions. in which percent 

solids is ploned vs. time in Fig. III-6A. and the relative wet area is ploned vs. urne in Fig. m-68. 

Figure 111-6. Drying curves for surfactant-fixe blends of various hard-component weight fractions: ( A )  growth in 

percent soIids as a function of time for dispersions of a hard latex (soiid line). a soft latex (dashed fine) and blends of 

4, = 0.33 (squares). 0.17 (dimonds). 0.56 (triangles). and 0.78 tcircles): (B) decreare in wer m a  for dispersions 

of pure hard latex (solid line). pure soft latex (dashed linel and latex blends of Qhard = 0.33 (squares) and 0.56 

(triangles). The soft and hard latexes used for preparinp the blends are those of Fie. UI-5. and = l-awrt. 



The fmt feature one notices in the drying curves is that latex blends dry differently from 

the dispersions of soft and the hard latex alone. As seen in Figure III-5, the hard latex dispersion 

dries faster than the dispersion of soft latex. One might imagine that blending these sarnples 

would lead to intermediate drying rates. What one observes is that for most of the compositions 

studied, the blends dry much slower than the dispersions of either pure component. As the 

weight fraction of hard cornponent increases from O to 0.56, the time taken for the dispersions to 

reach high solids increases systematically, irnplying a decrease in drying rates. One aiso observes 

that the drying front propagates more slowly for blend samples with 0- below -0.5 than that for 

either the soft or hard latex dispersion (cf. OhYd = 0.33 in Figure III-68). It is only when the 

blends become non-film-forming (e.g. 0, = 0.78), that they exhibit rapid drying. 

We also observed a decrease in the drying rate in blends in which the hard latex was 

replaced by samples of dhYd = 167 or 44 nm. and when the soft latex was replaced with a sarnple 

of d,,ft = 49 nm and Tg = 9.9'C. 

There are two ways to appreciate the effect of composition on the drying rate. First. the 

drying process can be characterized by the instantaneous water evaporation rate. i.e. the slope at 

each point in the water loss cuve. For a series of different blends, these water-loss rates can be 

compared arnong sarnples of identical solids content. In Fi,we KI-7A. we plot the waier-loss rate 

vs. <Dm, comparing s a p l e s  at 50 wt%, 75 wt%. and 90 wt8  solids. A second measure of the 

drying rate is the time needed to reach a given solids content. This cornparison is shown in 

Figure III-7B. 



Figure III-7. Cornparison of drying rares for latex blend dispersions ûs a function of çomposirion: 

(A)  instantanmus water evaporation rates (g.rnin-l) at 50. 75. and 90wt9 solids: i B) the rime takcn 

(in hr) for each dispersion to reach 50. 75. and 9Owrçlc solids. The data are drrivrd from Fie. 111-6. 

We note that there is a dishct (critical) composition at which the drying occurs at the 

slowest rate. At 50 wt& solids. sarnpies of Ou = 0.47 and 0.56 have a decreased water 

evapontion rate. Only the two non-film-forrning samples (a- = 0.78 and 1 )  exhibit a 

significantly faster evapontion rate than that measured for samples of less than or equal to 

-0.55. More pronounced effects are seen at the Iater stages of drying. At both 75 and 90% 

solids. the water evaporation rates exhibit a clear minimum at QM close to 0.5. 

The same trend is seen in Figure ID-7B. There is a peak in each plot of the global dryhg 

tirne vs. QM at various soiids contents. representing the slowest rate of drying. There is also a 



small s h i f i  in the peak position, from 0.5 in Fig. El-7A to 9 - 5 5  in Fig. III-78. What is 

particularly curious about this system is that the blend with = 0.56 clries very differently from 

those of lower values of O-. For example, in Fig. El-6A one finds that water evaporation of 

this sample occun very slowly at early times (t c 2.5 hr) and after 2.5 hr, it dnes more rapidly. 

The overail drying tirne for this sample is the longest, but the instantaneous drying rate at 50. 75. 

and 90 wt%. respectively. is not the slowest. In contrast. the dry edgr is fast to develop at early 

times and the wet center shrinks more slowly in the later stages than for the samples of am = 

0.33 (or 0.47), as seen in Figure III-6B. This behavior is reproducible and W e r  effort is 

needed to gain more insights into the drying behavior near the critical composition. 

111-3-4 Surfactant Effects on the Drying Rate 
Figure III-8 shows corresponding data for surfactant-containing dispersions. These are 

the same sarnpies shown in Figures III-6 and 7 but with 6 w t l  SDS present (based upon solids). 

and dned at slightly higher humidity (55 vs. 47 %RH). The drying behavior observed is sirnilar 

to that seen in Figure DI-7: with increasing 0- the dqing rate passes chrough a ammimum. These 

dispersions show a narrower range of drying rares than those withour surfactant. This points to a 

surfactant effect on the drying rate itself. which is described in more detail below. 

Figure 111-8. Cornparison of drying rates for SDS-containing latex blends as a function of 

composition: the time taken (in hr) during drying for each dispersion to reach 50. 75. and 90wt% 

solids. The samples are identical to those in Figures ID-6 and 7 except that 6 wt% SDS. based upon 

Iatex solids, has been added to the ion-exchanged dispersions. 



Figure 111-9 presents cornparisons between latex dispersions with and without surfactant 

(SDS ). Both senes were dned at the same time and under identical conditions. In the case of 

hard latex (d = 1 10 nrn). there is no signiftcant difference between the SDS-free sarnple and those 

with pst-added 1 and 4 wtQ SDS. respectively. For soft Iatex (d = 13 nrn. Tg = -33 O C ) .  

addition of 4 w t 8  SDS to the surfactant-free dispersion Ieads to an increase in the drying rate. 

Funher increases in SDS content up to 8 w î 8  has no additional sffect on the drying rate. 

00 ( a ) Hard latex 

Figure 111-9. Cornparison of the drying process. with and without SDS. for soft and hud latex 

dispersions: (A)  drying curves for 3 surfactant-free PMMA latex (d=1 IO nm. squares) and samples 

with post-added SDS: 2 wt% tdiarnonds). 4 wt% (circles). (B) drying curves for soft latex rd = 43 

nm. Tg = -33 OC) dispersions containing O wt% (squares), 4wt% (diarnonds?, and 8 WI% (circles) 

SDS. The amount of surfactant is calculated based upon latex solids. 



The above results indicate that the drying rate of soft latex dispersions is sensitive to the 

presence of SDS. but, above a certain amount. is insensitive to the amount present. Another 

intereshg point is that for surfactant-ke samples. the hard latex dispersion dries significantly 

faster than that of the soft latex (4 hr for the hard latex. and 4.75 hr for the sofi larex dispersion to 

reach 97 wt% soli&), whereas in the presence of SDS their drying rates become very similar. 

We emphasize this point in Figure Di- 10. where we show the drying Cumes for blends of 

- 0.5 with different amounts of SDS. The surfactant-free sample dries much slower than the 
%rd - 
surfactant-containing samples. When 2 .  4. and 6 wt 5% SDS. were added hto the latex. the 

drying becomes much faster. but is again independent of the SDS arnount. Isaacsl0 aiso reported 

that surfactant accelerates water evaporation during the late stages of f i  formation. What is 

curious here is that the arnount of sufactant needed to promote the drying rate is less than that 

needed for monotayer coverage of the latex. Coverage can be estimated by assurning that the m a  

per SDS molecule at saturation is 0.8 nrn' on a P U M A  surface and 0.6 nm2 on PBMA or P B A 1  

For monolayer coverage, one needs 1.7 wt% SDS for 110 nm PMMA latex particles. and I 1 wr& 

for 13 nrn P(BMA-co-B A) latex particles. In Figures III-9 and 10. we see that 3 wt% SDS is 

enough to increase the drying rate for the dispersion of the tiny P(B,MA-co-BA) latex particles. 

Figure III- 10. Cornparison of the drying process. with and without SDS. for latex blrnd dispersions 

containing O (squares). 2 (diamonds). 4 (triangles) and 6 wt% (circlcs) SDS. The blrnds contain a 

1: 1 weight ratio of soft latex (d = 43 nm and Tg = -33OC) and PMMA Iatex (d = 110 nm). 



Models for The Drying Process 
The above resuits indicare that there is a distinct composition in latex blends at whtch the 

dispersion dnes at a sfowest rate. For the dispersions exarnined this composition corresponds to 

a value close to 0.5. We have some evidence that for very s d l  PMMA particles (44 nm), 

the minimum is shified to a lower value of 0- and the range of drying rates for different 

compositions becomes narrower. This retardation in drying rate represents a fundamentai f e a m  

of füm formation which must be accommodated into realistic rnodels of the drying process. 

111-3-5- 1 Classic rnodels of drying 

The classic mode1 for the drying process for latex dispersions was proposed by 

~anderhoff.3 and was described above <see Figure III- 1 ). Other rnodels have k e n  put fonvard 

for the drying process. for exarnple by ~ro11.6-7 and recently by Eckersley et al! Croll also 

ueats the drying process as occurring unifomily across the surface. with a flocculated phase 

separahg the wet dispersion from a dry. porous top layer. Eckersley modified the Croll mode1 to 

include formation of a continuous polyrner layer across the dispersion surface during drying. 

These rnodels overlook important aspects of the dryhg process. For exarnple. as 

mentioned above. they al1 presume rhat drying is uniform. This view is probletnatic because the 

area of the wet portion of the film contracts dunng drying. 

111-3-5-2 Recent views of the drying process 

It is important to mention here somr reiated rxperirnenü described in the ment titerature. 

First. a group at Rhône-Poulenc enÿmined the f i  formation process from a latex system in 

which a hydrophobic sore is surroundrd by polar materials at the s ~ r f a c e . ~ ~ ~  These polar 

materials fonn an intercomected membrane in newly formed films If the film is examined 

shonly after drying, the membrane c m  be rehydrated. Neutron scattering experiments on f f î  

rehydrated with &O give difiaction pçaks conesponding to the sue of the original latex 

particles. implying that a continuous network of membranes persists throughout the film. Note 

the implication that the polymer particles defom &fore they corne into contact. a result which 

receives strong suppon from recent cnperiments reponed by Crowley et ai? We believe that the 

structure of ths  kind of interconnected membrane must be important for determinhg the drying 

rates during film formation. 

Another set of experiments corne from an investigation of the forces which cause sphencd 

particles in dispersion to fonn ordered monolayen upon drying. Denkov et al l4 rnonitored the 

drying of micron-sized polystyrene latex dispersions by optical rnicroscopy. They observed a 

convective flux of the particles tending to form a close-packed particle phase, and the direction of 



panicle motion depended on whether the Liquid droplet was concave or convex in shape. On a Bat 

g l a s  surface where the Liquid füm was convex. particle accumulation occurred fint at the edge. 

The particle m y s  built up at the periphery as a result of a panide fiux from the droplet toward 

the boundary. When a concave liquid was formed uiside a Teflon ring, the formation of close- 

particle-packing started from the central part of the dispersion. They argued that once the panicles 

came in contact with the substrate so that they protruded from the water surface. the high surface 

area would lead to enhanced evaporation from this region. with capillaiy forces supplying water 

from the droplet. This in nirn sets up a flux of water from the droplet to the drying edge. 

transporting latex from the bulk to the edge. When the drying rate is sufficiently slow, the forces 

involved are enough to Lift panicles above the dried particle layer at the edge, m a h g  the fmal 
particle layers thicker at the edge than in the center. 

This description of the drying mechanism explains the ongin of the drying front and the 

direction of its propagation. Moreover, it explains the observation that f h  formed on flat glass 

substrates are often thicker at the edges than in the center. Thus the mode1 described by Denkov 

et al accommodates some key feanires of the process which other models cannot explain. 

111-3-5-3 Our view of the drying process 

Based on the above discussions. we believe that the faster drying rate for dispersions of 

hard latex than for dispersions of similar-sized soft latex is related to the maepinide of the 

cap i l lq  transport of water at the wet-dry interface. High Tg latex do not deform during drying. 

The pore structure that rernains c m  conduct water from the wet domain into this high surface area 

region of the füm. Deformation of the soft latex will lead to smaller capillaries and reduced flow 

of water. When surfactant is present, it would form a hydrophilic membrane. and this would 

create channels for water to transport. This has a larger effect on the capdlarity of the soft latex 

than on the larger pores formed when the hard latex dispersions dry. 

ln latex blends. the soft latex can defom to fd  the spaces between the hud particles. At 

low values of QhYd, the hard particles act as obstacles to the difhsion of water through the 

capdaries of the soft latex matrix. Obstacles decrease the diffusion or capdary flow rate by 

increasing the tomiosity of the path.15 At high values of the soft latex polymer plugs the 

pores between the hard latex. ï h s  also produces obstacles to water flow. and the dqing rate is 

slower than for the hard particle dtspersion itself. 

A somewhat similar observation was reported by ~ullivan l 6  on evapontion of organic 

solvents from the newly dry pigmented latex films. He found that organic solvents (e.g. ethylene 

glycol) evaporated slowest from the nearly dried fürns when the pigment volume concentration 

(PVC) was - 50%. In these pigrnented latex systems, the major components are the hard, large 

pigment particles and the soft binder latex. There is a critical volume concentration of the pigment 



particles (CPVC) at which the polymer phase changes from continuous to discontinuous. which is 

close to 50%.17q18 Sullivan explained that large pigment particles gave rise to circuitous 

pathways and more resistance for organic solvent transport when PVC < CPVC. whde the fast 

evaporation observed when PVC s CPVC was also attributed to the presence of large voids. 

To summarize, as water evaporates from a latex dispersion, a dry edge forms at the 

diianest portion of the wet film. Drying occurs as a propagating front because water evaporates 

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

of the droplet iüelf. Water is constantiy wicked through the pore structure to this dry region, and 

this in tum creates a flux of water and particles from the droplei to the dry edge. In Figure III- 
11A we present a pictonal view of the flux of water and particles toward the drying boundary 

where f a t  evaporation occurs. This view may be modified for the case in which salts and 

surfactant have been removed from the system. Here there can be svong long-ranp forces 

between the latex particles in the liquid droplet. These cm slow down the flux of particles toward 

the edge, and if a colloidal crystalline phase is formed, particle transport may be suppressed. In 

Figure LU- 1 1 B we show that as a film forms from soft latex. water is uansported through the 

hydrophilic membrane between the particles. and in blends. hard particles act as barrier to the 

water transport and hence reduce the evaporation rate at low 

From the systems examined in Figures UI-6 - 8. we see that dispersions with a 

composition near O,, = 0.5 dry at the minimum rate. This composition Lies in the same range as 

the critical composition (close to 0.5) at which the films formed from dspersions change from 

continuous, transparent to turbid (see Figure IV-3 in Chapter TV and ref. 19.20). We suspect that 

there is a connection between more rapid water loss for larger values of am and the onset of 

nirbidity in the füms. Turbidity indicates the presence of voids which the soft latex is unable to 

fill completely. These voids can act as conduits for water transport during the later stages of 

drying and water evaporation occurs fast as O,w increases from - 0.5 to higher values. 



W c  t dispersion 
.f A 

(A)  Water flux at the drying boundary 

Sof? b t e x  Latex Blend 

(B) Obstacle effect of hard particles in  blends 

Figure 111-1 1. A pictonal view of the drying mechanism. In ( A )  we show that there is convectivr 

flow of water towards the drying boundary and fast evaporation of water in this region dur to its 

high surface area. In (B)  we show that as a film forms from soft latex. water is transportrd rhrough 

the hydrophilic membrane betwern the particles. In the blends. hard particles forrn obstacles and act 

as a banier to capillary transport. 



When laiex films are spread on a Bat glas surface. the drying process exhibits a drying 

front which separates a dry film formed fust at the edge from the centrai wer dispersion. The 

drying front propagaies from the edge towards the center and the liquid dispersion area contracts 

as drying proceeds. For dispersions of disordered particles, this process is accompanied by both 

a lateral liquid flux and a particle flux towards the edge from which a solid film grows 

continuously in size. For dispersions in an ordered state. the water dispersion area may also 

contract due to the curvature of the surface and the lateral water tlw towards the edge rnay stili 

exist. but the lateral particle flux rnay be suppressed due to ordering. In the later case, more 

uniforrn film thickness is observed. 

Dispersions of soft latex dry more slowly than those of a corresponding latex with a Tg 

above room temperature. Blends of these dispersions take longer to dry. and there exists a 

distinct composition whîch &es at the slowest rate. The presence of surfactant facilitates the 

water evaporation rate. We propose a mode1 to explain the drying mechanism. 



CHAPTER IV LATEX BLEND FILMS FOR 
ZERO VOC COATINGS 

IV-1 INTRODUCTION 
Concem for a safe and friendly environment is leading to changes in coaiing technoiogy. 

There is an urgent need to eliminate the volatile organic compounds (VOCs) present in most 

current coatings formulations. The emissions of these VOCs give undesired effecü on human 

and are harmful to the environment. The coatings industry has responded to this challenge by 

trying to replace solvent-based coatings with water-borne or other alternative systems. 1-3  

Even withm water-based systems, VOCs are added to promote film formation. In 

coatings intended for ambient temperature applications, the latex particles must deform into void- 

filling shapes upon water evaporation. This requires a rather low modulus for the latex polymer. 

on the order of 106 Pas. Such polymen form tacky films. To get good mechanical properties 

from a coating, the resin on the surface must have a much higher modulus. > 10' Pas. The role 

of the soivents added to the coatings formulation is to lower the modulus of the latex polymer to 

promote particle deformation during drying, and they act as plasticizen to promote polymer 

diffusion in the newly formed filrn.lvz--' In this way they enhance the development of good f h  

properties. If they remained within the resin, the tilm would be soft and have poor mechanical 

properties and poor block resistance. In this technology. good film propenies are acheved when 

the solvent evaporates from the film into the atmosphere. 

Good block resistance refers to the ability of the coatings to resist the adhesion between 

two coatings surfaces when brought into contact. Blocking is a common problem for polymer 

füms at temperatures near or above their Tg. 

One attractive strategy for zero VOC coatings involves blends of low Tg and high Tg 

latex poly~ners.~-~ One either mixes a soft latex with a hard latex in dispersion or prepares a latex 

with a soft shell and a hard core. The essence of this idea is to combine the different properties 

of the two polymer cornponents: the sot? latex component cm readily deform to fa the void 

spaces in the blend material, and the hard latex polymer should provide enhanced mechanical 

properties for the coatings. 

When two types of particles of different sizes are blended. to achieve a high density of 

packing it is desired that the small particles fül the interstitial spaces between the close-packed 

large particles. When the two shed particles are both bard, as is the case in ceramics. there must 



be a requirement of the relative size of the particles. as depicted in Fig. IV- 1 A. The latex blends 

we choose to examine are mixtures of a hard Iatex and a soft latex. On one hand. if the soit 

pmcles were small in size. they would fil1 the volume more efficiently. On the other hand. since 

the soft particles can deform and fiow. their size may be not a key factor. In Fig. N-18 w r  

depict a Iatex mixture in which the soft latex has exactiy the volume needed to fil1 the interstitiai 

spaces of a randornly close-packed array of hard spheres. assuming that the soft particle c m  flow 

readily. 

Figure IV-1. Particle arrangements in a blend to achievr high density packing. Whrn al1 paniçlcs 

are hard. the filler particles should have well-defined smaller sizes with respect to the voids chat the- 

are intended to fiil. as shown in ( A ) :  When the fiiler particles are soft and detomable. their size 

need not be so rigorously defined. In i B 1. the smaller central particle t dashed circle i hris e'tactl), 

the volume needed to occupy the void amone the close-packrd larger particles. 

We began ths project with the idea that the relative ssize of the sofr latex cornpared to the 

hard latex would be important in producing transparent and void-free films.'-' As suggestsd in 

Figure IV- 1. the original idea was to match the size of the low Tg latex to the void volume < 0, = 

0.34) of randomly close-packed spheres. Thus Our soft particles prepared were smaller than the 

hard ones. We now note that in a recent patent application' films with larger soft latex and smdl 

hard latex can dso be prepared. Since the two materials would have somewhat different indices 

of refraction. achieving tmnsparency should require that the hard latex be s m d  with respect to 

the wavelength of visible light. Thus Our initial t q e t  was to prepare hard microspheres with ri 

diarneter of - 100 nm. and to prepare low Tg latex much smdler in size ( 20-50 nm). 



This chapter is divided into three parts which follow an Expimentcil Section. The firsr 

presents the idea of a uansparency phase diagram. As the fraction of low Tg latex in the 

dispersion is increased. there is a sharp transition frorn turbid to transparent films. The second 

examines the surface and bulk morphologies of blend films. Finally we look at how the high Tg 

latex affects the mechanical properties of the blend films. 

IV-2 EXPERIMENTAL 
IV-2- 1 Latex Samples 

In most of Our experiments. we chose poly(methy1 rnethacryiate) [Pm] as the hard 

latex (Tg = 105 O C )  and copolymers of butyl methacrylate (BMA) and butyl acrylate (BA) 

[P(BMA-co-BA)] as the sofi latex. Ln most of the fürns the PMMA p h c l e s  used had a diameter 

of I l 0  nm. In some other films smaller (e.g. 45 nm) or larger (e.g. 400 nm) sizes were used. 

The soft latexes have Tg values ranging from -33 'C to 10 'C. and mean diameters between 20 

and 55 nrn. The synthetic procedure for both types of Iiitex polymers was described in Chapter 

II. and the characteristics for some of the samples employed here are listed in Tables TV- 1. 

Table IV-1. Characteristics of PMMA hard Latex and P(BLU-CO-BA) soft Latex 

in some experiments we used two samples of poly(methy1 mediacrylate-CO-bu@ acrylate) 

Diameter (nm) U 1 10 230 400 43 32 21 38 9 

Polydispersity 0.01 0.0 I 0.01 0.01 0.01 0.03 0.1 0.02 '0.08 

- 105 - - -33.0 -6.9 -1.9 4.1 9.9 

MW ( x le5 )  4.6 3.7 - 8.4 6.7 1.3 3.5 1. l 

3.0 2.3 - - 1.7 1.9 3.0 24 6.9 

[P(MMA-co-BA)] with slightly different compositions, one with Tg = 48 OC. the other widi Tg = 

17 OC. These samples were supplied by courtesy of The Glidden Company in Cleveland and 
their characteristics are collected in Tables TV-2. 

55 

0.08 

5.1 

5.1 

5.5 



Table IV-2. P(MMA-co-BA) latex charac teristics 

IV-2-2 Film Formation 
A weighed qumtity of a soft latex [ e g  P(BiMA-co-BA)] was mixed with certain arnount 

of a hard [ e g  PMMA] latex in dispersion and agitated for several minutes. The rnixed 

dispersion, having a solid content of 10- 15 w t 9 .  was then coated ont0 a glass or quartz substrate 

and aiiowed to dry at room temperature. For some samples. the substrate with the dispersion 

was covered with an inverted peri dish to slow down the water evaporation rate throughout the 

drying process. Other samples were dned directly in the open air. The dried films have a 

thickness of 30-50 Pm.  

In some PMh,WP(BMAco-BA) blends, the dried films were annealed at temperatures 

just below the Tg of PMiLIA. and some f i  were annealed at 140 'C. weii above the Tg of 

PMMA, 105 O C .  

Low Tg latex 

1 03 

1.10 

17 

2.5 

3.1 

Sample 

D, mm) 

D w  1 D* 

Tg ( O C )  

MW (XIO-5, 

MW/& 

IV-2-3  Film Characterization 

High Tg latex 

1 1 1  

1 . 1  1 

48 

2.3 

2.9 

Film transparency for each sarnple was measured with a UV-VIS spectrometer (Hewlett- 

Packard 8452A Diode M a y ) .  The f h  was mounted in front of the sarnpk window. and its 

transminance (T%) was scanned in the visible range (100 to 700 nrn). When comparing the 

transparency for a set of samples. the T% values were recorded ar 550 nm. We note that one 

could distinguish by eye a transparent film from a turbid film. 

Film morphologies were examined by scanning electron microscopy (SEM), fi-eeze- 

fracture transmission electron microscopy (FFTEM). and atomic force microscopy (AFM). 
FFTEM measurements were taken in the labontory of  Professor R. S. Shivers at the University 

of Western Ontario. Details are given e~sewhere.~." Scanning electron micrognphs (SEM) were 

taken in Toronto using a Hitachi S-570 system under low voltage to prevent the melting of the 

sofr component. Atomic force microscopy ( A m  measurernents were carried out in Toronto in 

the laboratory of Professor J. Vancso using the Nanoscope IIi in the f a p p i n g ~ o d e n f . '  



Dynamic mechanical anaiysis (DMA) measurernents were perfomed with a Perkin-Elmer 

DMA-7 system. Thick films (0.25 - 0.50 mm) were prepared by air drying the dispersions in a 

Teflon mold and then cuning the films into rectangular pieces ( 10 mm x 4 mm). ~Measurements 

were made in the extension mode to obtain El, EH. and tan (5. 

Some primary tests for pend hardness and block resistance were also carried out in lab. 

In pend  hardness tests. a set of pencils of different hardnesses is used and the scratch hardness 

for each film is evaluated according to ASTM ~3363-913-l' In the block resistance test. the two 

f i  surfaces coated on a water-proof paper were brought together. placed under a rubber stopper 

(size #8. smailer diameter. 3.2 cm) on which a lûûû g weight is loaded to give a pressure of 127 
@cm2 on the film specimen. This set-up was then placed in an oven at 50 "C. After 30 min the 

specimen was removed. cooled. and the two f h  surfaces were peeled spart. during which a 

sound gives the degree of tack and the haction of area of the specimen that is still sealed gives the 

degree of seal. Thus the block resistance (degree of tack and sed) is evaluated. These condrtions 

were similar to those described in ASTM D4946-89." We note that it is dificult to obtain 

rigorous scientific data from these tests with a small number of sarnples. but it is rasy to 

distinguish a film of high hardness and block resisrance from a film of poor hardness and block 

resistance. 

RESULTS AND DISCUSSIONS 
IV-3- 1 Film Transparency 

Transparency is an important property for many latex coatings applications. especiaily for 

clrar coats for automobiles and hardwood. Even in conventiond pi,gnenced coatings of complex 

composition whch give opaque films. the formation of a clear film from the pure latex binder is 
important. since this ensures the hil compaction of the particles and the generation of a 

continuous binder phase when mùted with pigments. 

There are several requirements for transparency in a latex blend film. First. the number 

of voids in the film that cm scatter Light must be negligible.lq2 In our binary latex system. the 

hard particies are not able to deform; therefore it is essential that the soft particles deform to fill 

space. In addition. the refractive indices of the two polymers must be ~ i r n i l a r . ~ ~  or. if they differ. 

the dispersed dornain sizes must be small.14 In the blends described here. the latex particles are 

rather small. Their refractive indices are unlikely to be very different, based upon the values of 

the corresponding homopolymers, 1.490 for PMMA, 1.483 for PBMA and 1.474 for PBA. as 

listed in Table II- 1 in Chapter ii. 



We obtain films which are transparent to the eye in blends rich in the soft component. 

UV-VIS rneasurements indicate that the percent transrnirtance <%TI of these samples is on the 

order of 8 5 9 5 %  over the visible wavelength range. Turbid sampies. with QT only 520%. are 

obtained from blenàs rich in hard latex. Exarnples of the transmimce scan plots are shown in 

Figure TV-2. In films from mixtures of hard and soft latexes of different blending compositions. 

we found that there is a value of the volume fraction of soft polymer at whch  we couid obtain a 

clear film. and below which we only could get a turbid film with cracks or. in the rxtreme. a 

white powder. We define dus as the critical volume fraction of soft polymer. @,. 

where die volume of each polymer was cdculated from its known weight and density. The 

density of PMMA is 1.19 g/crnj. Since the densities of pure PBMA and PBX are very close. 

1.06. and 1 .O8 gcrn3. respectively. we take the value of 1.06 g/crnj as the density of Our sofr 

copolymer consisting of P B W  as a major component. 
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Figure IV-2. Visible transmittance spectrum of ( 1 ) a clear latex blend fiIm. ( 2 )  a turbid Iatex 

blend film, and ( 3 )  a solvent-cast PMMA film. The two latex biend films contain PMMA hard 

particles of d = 110 nm and soft particles of d = 55 nm and Tg = 5.1 OC. The volume fractions of 

soft polymer in the films are ( 1 )  0.5. and ( 3 )  0.3. respectively. 
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Figure IV-3 shows two examples of transparency phase diagrams. i.e. plots of Light 

transmission vs. blend composition. The plot in Figure TV-3A describes blends of 1 10 nrn 

PMMA latex with 38 nrn P(BMA4o-BA) latex of Tg = 4.1 "C. The transition between &id 

and transparent films is extremely sharp. The two componenü of this blend differ in r e k t i v e  

index by about 0.0 1, which is sufficient to scatter light if the hard particles are not well separated 

in the blend. Figure IV-3B is for biends of P(MMA-CO-BA) latex of Tg = 48 T with that of Tg 

= 17 OC. both having a diarneter of 1 10 nm. Here we observe cracks at a soft fraction between 

0.3 and 0.5. Since the two components differ in refractive index by ody about 0.001. the 

turbidity seen at lower fractions of soft component likely arises from void scanering. 

a, is an important parameter characterizing the formation of continuous films from 

binary latex systems. As one can see in ref. 7. a, shows a slight increase with increasing soft 

particle size (e.g. from 2 1 to 55 nm when blended with 1 10 nrn PMiMA), but over a very small 

range (0.40 - 0.50). indicating relatively tittle dependence of a, on the size ratio within certain 

range. It also seems rhat a, is not sensitive to the Tg of the soft particles varying between -33 

"C and 10 "C. hplying that the randomness of particle distribution in the final f h  is not 

si,@ficantly influenced by the polymer composition in the particles. These results are supponed 

by the microstmctures of the films, as shown in ref. 7. 

One might expect that the volume fraction of soft polymer necessq to give transparent 

films would correspond to that necessary to fill the void volume of close-packed hard spheres. 

This volume fraction would be equal to 0.16 or 0.34 depending upon whether the close 

packing was facexentered cubic or random. @, values found in Our experiments are d w ~ s  

above these values and close to 0.5. This implies that the soft polymer forms a continuous phase 

in transparent films. with the hard particles dispersed in it. 



VOLUME FRACTION OF SOFT POLYMER 

Figure IV-3. Plots of 52transmittance at 550 nm Vs. blend composition: (.A) blends of 110 n m  

PMMA latex with 38 nm P(BMA-CO-BA) latex of Tg = 4.1 O C ;  ( B ) bIends of Pi MMA-CO-BA) latex 

of Tg = 48 "C with that of Tg = 17 "C, both sarnples of d = 1 IO nm. The dashcd line represents our 

definition of the critical volume fraction of the soft componsnt for film transparency. 

IV-3-2  Film Morphology 

IV-3-2-1 A random distribution of hard particles in transparent films 

Film surface morphologies were examined by scanning electron rnicroscopy (SEIM). In 

blends of PMMA and P(BMA-CO-BA) particles. SEM images show that transparent films are 

characterized by a rmdom distribution of hard particles in the 1ow Tg matrix. A typical packing 



pattern for transparent films composed of about 1 : 1 volume ratio of hard to ioft components are 

presented in Figure I V 4  In this sarnple. the hard sphsres are randornly distributcd and 

embedded in the continuous phase generated by the soft latex. 

Figure IV-4. h SEM image of the pattern of random distribution of hrird pimicles ieen i n  

transparent latex blend films. In this sample. the hard particles hri1.e ri diameter of 1 10 nrn and the 

soft particles have a d = 55 nm and Tg = 5.1 T with rt Osoft = 0-5. 

A number of these film sarnples were examined by FFTEiM. This technique providrs a 

rich view of the fracture surface of the film intenor with h g h  resolution and with minimal 

distortion. In Figure IV-5. we present a FFTEM image of a transparent film comprised of a 1: 1 

mixture of 1 10 nrn P L I A  particles and small soft P(BMA-CO-BA) latex. One can see thiit the 

hard (PMVA) particles preserve their size and sphericd shape. The soft particles have deformed 

and result in a void-free intemal stmcture. The hard particles are uniforrnly distributed in the soft 

polymer matrix. These results support the idea that film transparency is dependent on the 

distribution of hard particles in the soft polymer matrix. 



Figure IV-5. F F E M  image of a latex blrnd film conraining a 1 : 1 mixture of 1 1 0  nm PZIZI.4 

particles and P(BMA-CO-BA) particles of d = 32 nrn and Tg of - 6 . 9 ' ~ .  The film rr3s f rac turd  iir 

- 170°C. and jhadowed with platinum-carbon. 

IV-3-2-2  Clustering of hard particles in turbid films 
When turbid films are obtained from latex blrnds. we dways obsrne apgregarion of the 

hard particles. This is particulÿrly me for films consisting of hÿrd particles with sizrs largrr than 

-250 nm and small soft particles (50 nm or smal1eri.- We dso have some evidençe that whsn the 

surfactant îs rernovrd from the blend dispersion. the tendency to aggregation is enhancrd.- The 

most interesting result observed in these expenments is that when the size ratio betwren the h x d  

and soft particles is far from unity (e.g. 10). rnacroscopic phase srparation occurs. In films 

comprised of U)O nm diameter P M i W  latex and 50 nm P(BMA-co-BAI latex. clear regions and 

turbid domains are apparent to the eye. In the SEM. no P , W  spheres are srrn in certain 

regions of the film surface (Figure IV-6A). which wr associate with the transparent domciin?;. 

whereas aggregates are clearly apparent in other domains ( Figure IV-6B 1 whch l i h i y  ;ire turbid. 

This type of phase sepration with a large size ratio of the particles is scen reproducibly in othrr 



films. for example. in films prepared from a dispersion of 1000 nm P W  plus 100 nm 

P( MMA-CO-8 A )  particles. 

Figure IV-6. 

hard latex of 

c b an image 

SE.M images of n film rnhibiting a clear rrgion and a turbid rrzion. prepared from a 

100 nm and a soft Iatex of 50 nm: (a i  an image with no hard particles obscinrible. and 

showing clustering of hard particles. 

tt would be useful in understanding the generation of film rnorphology to have 

information about the distribution of particles in binary colloidal mixtures. We kiicve that the 

Mm morpholog is drrived from the piinicle packmg structure in the concrntmted dispersion 

More  the particles corne into close contact. Once close-packmg occurs. rnorphology change c m  

not be reversed. This nature of this state in the concentrated dispersion should relate pnmaily to 

the colloidd properties of the particles i Le. panicle sizes i. and only indirectly to the polymrr 

composition witiun the particle. S o m  information on puticle distribution in b i n q  colloidd 

mixtures has recently become amiable. 

~srealachivili'~ has cornrnented rhat there 1s always an effective attraction between particles 

of the same species in a binary mixture in dispersion. B d e n  and OttewilÎb used srndl angle 

neutron scattenng ( S A S )  to examine colloidd dispersions composed of mixtures of puticles of 



different sizes. We note that their coIloidai systerns are different from our latex dispersions. both 

in the choice of particles and the type of medium. For their system they pointed out thaf in a 

binary mixture of particles. A and B, the average microstmcture might have either a tendency 

toward "dispersion," in whch an A species will have on average both A and B particles as 

neighbors, or a tendency toward "association", in which separate clusten of A and B wiil form. 

They presented evidence for the clustering of small spheres in the presence of large spheres in 

some samples, but no sign of macroscopic fluid phase separation when the particle size ratio was 
L 7 

not too far from unity. From their experiments. together with the work of Biben and Hansen. 

they suggested that when the diameter ratio of binary particles in a mixture is less then 0.2, the 

colloidal mixture may phase separate. This is consistent with our observations. Our resuits lend 

support to the idea that the particle packing state in a dried latex film is largely detemiined by fluid 

phase structures in the concenmated binary dispersion during the dryinp process. 

IV-3-2-3 Surface morphology in relation to transparency phase diagram 
The surface morphologies were also examined by AFM. By cornparison. we noticed that 

using a srnail bmsh to coat a thin f h  gave flatier surface than simply casting a f h  from 

dispersion on mica for Ai34 measuremenü. The AFM images mentioned here were taken by 

MI. Abhi Patel during his surnmer visit in diis lab. Figure N-7 shows AFM images of P(MMA- 
CO-BA) latex blend films of different compositions. In these blends, the hard particles (Tg = 48 

O C )  and soft particles (Tg = 17 OC) are of similar size (d = 1 10 nrn). In pure hard latex, no fiims 

cm be fomed at room temperature and the particles retain sphericai shape, as seen in Fig IV-7A. 

The size of these spheres is close to that evaluated by DLS. At a soft panicle volume fraction of 

0.2, the hard particles are sril1 apparent as undeformed spheres. held together by a "glue" of 

deformed soft particles, as seen in Figure IV-7B. At Oroft = 0.4 (Fig. W7C)  and 0.6 (FigIV- 

7D). M h e r  sofi particle coalescence c m  be seen. The most suikuig feature of these images in 

blends is the presence of burnps which appear larger than the size of either of the individual hard 

or soft particles. This may be formed by clustering of certain number of soft and hard particles. 

Because the burnps are quite smooth and resemble boulders more than spheres. it is reasonable to 

suppose that they are fomed by coalescence of soft panicles over the underlying hard particles. 

This idea is supported by the observation that as the hard panicle volume fraction is decreased. 

the number of bumps also decreases, as seen in the image for a asof[ = 0.8 film (Fig. IV-7E). 

With pure soft latex, we observe that the particles have deformed into polyhedral structure with 

high degree of ordering, as shown in Fig IV-7F. 



Figure IV-7. ,4FM images (3-dimensional. 1 prn n 1 prn r 400 nml of the surface of blrnds o f  

high Tg and low Tg P(MMA-CO-BA) samplrs (both d = 110 nm) with compositions of QSofi = ( A )  

O. (B) 0.2. (C)  0.4. (Dl 0.6. rE, O.S. and (F) 1.0. respcrctively. 



The AFM surface images correlate with the phase diagram shown in Fig. IV-3B. In the 

sarnple of = 0.2 film, void spaces between hard particles are apparent. suggesting the 

presence of extensive voids within. The phase diagrarn indicates a transition to void-free films at 

asof[ = Ca. 0.5. In the AFM images of the = 0.4 and msoft = 0.6 films, possible voids 

between particles are much harder to discem. The f h  surfaces are not very srnooth. although 

the roughness is on the order of a particle diameter. If there is clustenng of the higher Tg latex in 

the sample of asoh = 0.5, this would be unlikely to lead to tubidity because of the very srnall 

difference of rekactive indices between the two polymers. In the sample with asof, = 0.8. the 

soft polymer foms the matrix. There are no voids. and the hard particles are well dispersed. 

IV-3- 2-4 Morphology Evolution upon Annealing 
The preceding discussion treats the latex film morphology as though it is fixed ar close 

contact, and that no subsequent rearrangement c m  occur. One reason we chose the Tg of the sol3 

component as a variable was to look for morphology evolution in the film. hother  way to 

accelerate changes within the film is through annealing. We have canied out a h t e d  number of 

experiments involving sarnple annealing at 100 O C .  just below the Tg of the PMMA 

microspheres, and at 14û OC, above its Tg. 

Upon annealing at 100 OC for 2 hours, we see that for the film of 1 : 1 blend of dh,d = 

110 nm and dsoft = 55nm (,very similar to the sample in Figure N4) the population of hard 

particles on the film surface become much srnailer. probably due to the preference of the soft 

polymer to rnove to the surface. Interestingly. the hard particles remaining on the surface tend to 

form smail clusters but do not undergo fusion (Fig. IV-8A). Here the anneaiing temperature was 
O 

not high enough to allow the PMMA particles (Tg=105 C) to deform or to fuse with each other. 

When a similar film was anneaied at 140 OC for 16 hours, we obsewe that the hard particles have 

coalesced, fonning clusters up to several micrometers in size (Fig. TV-SB). ïhese films exhibit 

varying degrees of turbidity. 

From these experiments we leam that while initial film morphology is dominated by 

processes that occur in the dispersion, the füm that is produced can rearrange. and phase 

separation of the components can occur. From a practicd point of view, one ought to be able CO 

suppress this rearrangement by cross-linking the continuous low Tg phase subsequent to Film 
formation. Some current coatings technologies make use of this concept. We wiii present our 

strategies for latex film crosslinking in Chapter W. 



Figure IV-9. Redistribution of particles for I : 1 blend films aftrr annealing under different 

conditions: ( A )  100°C. 2 fi and t B )  I-FOOC. 16 h. The films were prepared with dhard = 1 10 nm. 

dsoft = 55 nm. and Tgsoft = 5.I0C. 

IV-3-3 Mechanical Properties 
One of the reasons that latex blend films represent a useful suategy for zero VOC coatings 

is that the films have enhanced mechanical properties. There appears to be a strong interaction 

between the hard latex and the soft rnatrix. whch gives useful mechanical coupling betwern 

them. In this section. we examine briefly the nature of this interaction. 

Blend films of PMMA and P(BMA-co-BA) were investigated by dynamic mechanictd 

analysis (DMA). Figure IV-9A shows a typical result for a blend film samplc with Rard = 0.5. 

We show changes in the storage modulus E'. the loss rnodulus E". and loss tangent (tan& YS.  T 

(OC). The first transition. characterized by the sharp decrease of E'. and peaks for E" and tana at 

about - 10 O C .  reflects the g l a s  transition of the soft component. The second transition occurs ar 

T > 110 "C. where the P . W  hard particles begin to soften. and the composite stms to tlow. 

The most interesting information cornes from comparing samples with different blend 



compositions. For ths purpose. in Figure IV-9% we plot the storage modulus vs. temperanire 

for film sarnpies with aard = O, 0.75, and 0.50. respectiveiy. 

Temperature ("0 

Temperature CC) 

Figure IV-9. Dynamic mechanical andysis of latex films composed of 110 nm PMMA particles 

and P(BMA-CO-BA) soft polymer: (A)  Log plots of E', E" and tan6 versus T under concrolled-strain 

conditions (strain 0.04%. frequency 1 Hz) for a bIend film of Qihad = 0.5. (BI Log plors of the 

dynamic storage modulus (E') versus temperature (strain 0.025%; frequency 1 Hz) for blend films 

of @hard = 0 ( C U N ~  1 ). 0.25  CUI"^^ i), and 0.50 (curve 3) .  respectiveiy. 



There are several notewonhy features in Figure IV-9. First. we see that the overall film 

modulus is significantly increased when the soft polymer is blended with the hard latex. Second, 

the high modulus region of the DMA spectrum extends to a much higher terriperanire when the 

hard component is present. In addition. the glass transition of the soft component becomes 

broader and shifts to higher temperature when the arnount of hard particies increases. indicafing 

that the physical properties of the soft polymer itself have k e n  modified due to the interaction 

with the hard particles. These results are of particular importance for the use of latex blends in 

coatings. These dispersions form films at room temperature without the need for any coalescinpo 

aid, yet the films that f o m  have a much higher modulus at rwm 22°C (E' on the order of 108 Pa) 
than the low Tg latex polymer. 

The dynamic mechanical properties of these latex blend f h  resemble those of polymen 

compounded with inorganic filler. "-19 Physical r n o d e l ~ ~ ~ * ~  of polymedfiller systems invoke the 

idea that a layer of soft polymer adjacent to a hard surface becomes stiffer. Nh4R studies 2223 

reveal that there is a reduction of molecular mobility of the sofi polymer adjacent to the fder 

particles that causes the shifi of glas  transition position and the increase of the modulus of the 

matrix. When the volume fraction of hard particles increases. the fraction of soft component that 

is influenced by the hard particles increases. and the effect of reinforcement becornes more 

pronounced. 

Table IV-3 shows the results of block resistance tests for blend films of different 

compositions. We see bat the pure soft latex films have very poor block resistance. while 

blending 25% or higher amount of PMMA particles increases the block resistance to a h g h  

degree. The degree of block resistance 10 indicates that the blend fdms are not sticky. The 

pencil hardness tests give the sarne trends: blending the soft latex with a hard latex increases the 

film hardness signi ficantl y. 

Table IV-3. Block resistance Vs. blending composition in PMMA and 

P(BMA-co-BA) blend films 

1 PMMA (110 nm) + P(BMA-co-BA) (38 nm, Tg = 4.1 OC ) 1 

1 Block resistance I O 6- 8 10 I 

Block resistance 0-2 -8 10 

PMMA (110 nrn) + P(BMA-co-BA) (43 nm, Tg = -33 OC ) 



The PMMA particles in the soft polymer matrix act as reinforcing Ciller in our blend films. 

They increase the modulus. the hardness and the block resistance of these films. This effect is 

rather remarkable, considering that there is no obvious source of chemicai interaction between the 

components, as one would have between an acrylatr polymer and a silica or Ti02 surface. There 

seerns to be strong interactions at the interfaces between these dissimilar polyrnen which provide 

a significant adhesion. 

Polymer blend films were prepared by air drying of dispersions containing mixnires of 

hard and soft latex particles. At least one soft latex is required so that coherent films can be 

formed at room temperature. The soft latex particles undergo complete coalescence and serve as 

a binder for the high Tg latex. Images by FFrCEM and SEM show that in these films the hard 

particles retain their sphencal shape and original size and are surrounded by the deformed sofi 

particles after film drying. When the hard parricles are very uniformly distributed in the soft 

polyrner rnatrix, the films are transparent; when they aggregate, turbid films are obtained. The 

factors that affect f h  clarity appear to operate in the concentnted dispersion before the particles 

are forced into close contact by evaporation of water. 

The formation of transparent films is u i h t e l y  govemed by a phase diagam. 

Dispersions which contain an excess of hard particles do not form transparent films. There is a 

critical volume fraction of sofi polyrner a, above whch  clear Nrns  wiii be obtained. a, is an 

important parameter for characterizing film formation from binary or multicomponent latex 

systems. 

in these blend films, the hard particles in the soft polymer rnanix act as a remforcement 

fder and provide a remarkable irnprovement in the mechanical properties of the films formed. 

They si,@ficantly increase the modulus, the hardness and the block resistance for the coated 

films* 



CHAPTER V INTERFACE CHARACTERIZATION 
IN BLEND LATEX FILMS BY DIRECT NON- 
RADIATIVE ENERGY TRANSFER 

V-1 INTRODUCTION 
V - 1 - 1  Direct Non-radiative Energy Transfer 

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

from a donor (D) molecuie to an acceptor (A) m o l d e  through resonant coupling of the 

transition dipoles.' Because of this energy uansfer the decay rate of the excited donors is 

increased. Figure V-1 shows the decay paths of an excited donor. When there is no acceptor. 

the donor will decay to ground state dirough fluorescence emission with a rate constant k, and by 

other non-radiative paths with a rate constant k,. in this case the time-resolved decay of donor 

fluorescence I,(t) will follow a single exponential decay law as shown by Eq.(V- I ). 

ID(t) = A exp(-t/'CD0) (V-1) 

where T," = l/(k.+k) is the fluorescence lifetime of the donor in the absence of acceptor. When 

acceptor molecules are present. the excited donor molecules can trader their energy to acceptors 

with a rate Ur).  

Figure V-1 The deexcitation pathways of an excited donor (D) in the presence of an acceptor 

(A)  chromophore. 



The rate of energy transfer U r )  depends on the extent of overlap of the ernission spectrum 

of the donor with the absorption specuum of the acceptor, the relative orientation of the D and A 

transition dipoles, and the distance r between these rno~ecules.~ For the simple case of donor- 

acceptor pairs k ing  separated by a fmed distance r, the rate constant of energy transfer o(r) from 

a specific donor to an acceptor is given b p  

~ ( r )  = 1 k D 0  (R,,/r)6 (V-2) 

where TD 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 50%.' i.e. the uansfer 

rate o(r)  is equal to l h D O  =(k+k). 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. F,(v) is the corrected fluorescence 

intensity in the wave number range v to dv, with the rotai intensity normalized to unity. e p )  is 

the extinction coefficient of the acceptor at v. and ii is a factor describing the relative orientation 

of the transition dipoles of the donor and the acceptor. The inte+& here expresses the degee of 

spectral overiap between the donor ernission and the acceptor absorption. 

The quantum efficiency of energy transfer @, is defined byl 

In the above expressions, we consider D A  pairs separated by a fixed distance. In this 

case. a single transfer rate o(r)  is found and. as a consequence. the decay of fluorescence 

intensity will be exponential. but with a lifetime T, = l/[b.+k+ wr)] shorter than the unquenched 

Lifetirne T," = l/[b+kJ. In cases where D and A molecules are separated by a distribution of 

distances, the donor fluorescence decay is no longer expomntiai. and more cornplex expressions 

are required. Such expressions are generdy derived by integrating the transfer rate over the 

assumed D-A distribution. 

The quantum efficiency of energy transfer (a,) is frequently calculated. in the case of 

steady-state measurements. hom the relative fluorescence yield as 



where ID, ID0 are the intensities of donor fluorescence in the presence and absence of acceptors. 

respectively. For the time resolved donor decay through &pulse excitation. the is expressed 

by the integrais of the decay function IJt) as 

@ ET = 1- [ 1,- 1,(t) dt ] / [ Iom I,"(t) dt ] (V-6) 

where 1;1,0(t)dt = T,". The integral of the donor emission. /,,*~,(t)dt, can be evaluated from 

tle areas obobned experimentaiiy under the donor decay curves (normalizing the decay curves 

decay tirne zero), giving 

@ = 1 - Area, l Area," 
ET 

(V-7) 

where Area,, Area," are the areas under the nomaiized decay curves of donor fluorescence in 

the presence and absence of acceptor. respectively. 

An important factor whch affects the rare and hence the efficiency of energy transfer is 

the orientation factor K'. I? is generaily assumed to be Y3 for mobile. randornly distributed D 

and A molecuies, and 0.475 for immobile. randornly distributed dyes.'.' 

The distance dependence of DET also leads to its dependence on the concentration and 

concentration distribution of dye molecules in the system. A reference concentration C,, is often 

used signifjhg the concennation of acceptor molecules at which an acceptor molecde is expected 

to be found inside a sphere of radius Ro and is given by "' 

V- 1-2 Interface Characterization by DET 
DET is a poweriül technique for studying morpholog and dynamics in solid rnaterîals. 

particularly for looking at events occuning at interfaces in these systems. It involves enerq 

transfer from excited donors to acceptors when they are suficiently close. usualiy in the 

interfacial region between the donor- and acceptor-containing phases. When al the donors in a 

system can be considered equivalent. the kinetics of excited donor decay can be described by the 

Klafker-Blurnen expression.' This equation applies CO infinite media where the donors u e  related 

by translational equivalence. and to restricted geometries such as the surface of a srnail sphere. 

where donor positions are related by syrnmetry. The term restricted geometry refers to a 

confinuig space with at least one dimension on the order of R,, the characteristic distance for 

energy transfer to take place. This mode1 h a  been used to fit experirnental fluorescence decay 

curves obtained fkorn systems in w h c h  the donor and acceptor dyes are adsorbed to ~ i l i c a ~ ~  or 

polymer latex5 microspheres. Such types of analyses provide information about the surface 



structure (dimensionality or roughness) of the inorganic or polymenc particles in their colloidal 

dispersions. It has also been applied to the study of interfaces in block copolymer m e l d  

in many applications. the dyes have a rather complicated distribution and the requirement 

for donor equivalence is not met. An example is the study of molecular mYring in polymers to 

leam about compatibility in blends7 and polymer diffusion in hornopolyrner filrns.%here the 

donors and accepton are disuibuted with a concentraiion gradient near the interfaciai region. 

One can use two types of strategies to study interfaces by DET in a system with a 

complex spatial distribution of dyes. One cm derive a new model of the fluorescence decay 

Function which reflects the details of the distance distribution between al the D A  pairs in the 

system. Alternatively, one can choose simple parameters whch characterize the extent of enera  

transfer to analyze aspects of the strucnire of the system. For example, the quantum efficiency of 

energy transfer (ad can be used to characterize the arnount of DET. and this arnount should be 

related to the interface thickness between phases labeled with D and A. respectively. when 

appropriate sample structure is designed. 

V-1-3  Latex Films 
We are concerned witb DET rneasurements to obtain information about the interface 

structure and its evolution in latex films. The films consist of mixtures of latex particles labekd 

covalently with a small amount of donor and acceptor, respectively. In newly forrned films. the 

donors and acceptors are isolated in separate domains (particles), presumably widiout any 

significant interpenetration. Even under this condition, each donor near the interface is affected 

by acceptors in the nrighboring domain ro a degee that depends on the distance of their 

separation. As we will show in this chapter. a certain amount of energy transfer cm be observed 

across a sharp interface separating two polymer phases labeled with donors and acceptors. 

respectively. Upon annealing, polymer interpenetration occurs. accompanied by the increase in 

intimacy between the donors and acceptors and hence the growth in efficiency of energy tramfer. 

An important quantity to detennine in the above-rnentioned systems is the extent of energy 

aansfer occurring across a sharp interface. where donors and accepton are intimate enough to 

undergo DFT but are located in separated phases. For polymer diffusion, this is the starting 

condition of the process. and proper determination of DFT is important for chancterizing the 

subsequent processes of diffusion. We choose a mode1 system in which the donors and 

acceptors labeling the polymer chains are sepmted into two phases by a sharp interface. This 

was achieved by preparing polymer films from aqueous dispersions of donor-labeled hard 

particles and acceptor labeled soft particles. The soft latex particles (e.g. accepter-labeled). 

having a polymer Tg below room temperature, deform during dqing to form a continuous phase. 



The hard particles (e-g. donor-labeled) are dispersed in the soft polymer matrix. The hard 

polymer has a Tg well above room temperame and. hence. no large-scale chah motion is 

possible in the formed films. For this reason, we anticipate very iimited interpenetration between 

the two polymer components. Thus this system represents a good mode1 for us to measure the 

amouni of energy transfer across a sharp interface. 

We choose poly(methy1 methacrylate) [PMMA] as the hgh  Tg latex sample, and 

poly(buty1 methacrylate-CO-butyl acrylate) [P(BMAco-BA)], as the low Tg sarnple. The PMMA 

particles were labeled with a fluorescent donor. phenanthrene (Phe), and P(BMA-CO-BA) with an 

acceptor. anthracene (An), or vice versa. These labeled samples were ail synthesized by two- 

stage serni-continuous polymerization. as h a  k e n  described in Chap. Li and previously.' Both 

labels have a concentration of 1 mol& (with respect to the base monomer units) in the polymers. 

By gel permeation chromatography (GPC) andysis. we find that the dyes (e.g. Phe and An) can 

be randornly distributed in the polymer chains.lo Due to the uniformity and the low content of 

dye labeling, we believe that wîthin each particle the dyes are randornly distnbuted in space. The 

GPC measuremenü also give the molecular weight and molecular weight distribution of the 
polymers, relative to PMMA standards. The particle diameters of various labeled PMMA 

samples prepared range from 45 to 163 nm with narrow sue distributions. as evaluated by 

dynamic Light scattering (DLS). The sizes of some of the hard latex samples were also c o n f i e d  

by scanning electron microscopy (SEM). The labeled soft latexes have sizes of 50-55 rn and Tg 

values in the dry state of 5-10 O C .  The Tg values were evaluated with a differentid scanning 

calorimeter (DSC). The characteristics of latex particles used are listed in Table V-1. In rnany 

cases, the latex dispersions were treated with an ion exchange resin to remove the surfactant. 

sodium dodecyl sulfate. and other ionic substances before use in film formation. 

Table V-1. List of Latex Characteristics 
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55 
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0.01 
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0.01 
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110 

0.01 

2.1 

3.1 

110 

0.01 
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The polymer films were formed by spreading rnixed dispersions of the labeled hard and 

soft latex particles ont0 quartz plates. followed by air drying at room temperame. We have 

found that transparent. coherent films cm be formed at room temperature from the mixtures of 

these two types of latex particles.g~" Some films were annealed for a cettain Ume at 70, 100 and 

140 O C ,  respectively . 
Fluorescence decay profües were measured ar room temperature by using the tirne- 

correlated single-photon-counting technique. Samples were excited at 298 nm, and the emission 

was detected at 366 nm. A bandpass fdter (320-390 nm) was rnounted between the sarnple and 

the phototube detector to minimize the scattered Light and the interference due to possible 

fluorescence from directly excited acceptors. The donor decay data were coliected over four 

decades of decay. These measurement conditions were similar to those in the previous work on 

poly(buty1 methacrylate) films.' 

The energy transfer efficiencies. @ET, were calculated frorn the areas under the 

nomalized decay profües. To obtain accurate areas, we fit each experimentai decay profile to a 

mathematical function, and then integrated the function. In most cases, a function in the form of 

I,(t) = A, exp(-t/~,") + A2 exp[-UT," - p(-tl~,")'"] gives satisfactory fits. Data were fitted by 

nonlinear least squares using the mimic lamp method. A smaii correction due to scattered Light 

was introduced in the fitting. The goodness of the data fitting to a selected decay hinction was 

determined by chi-square (< 1.2 for most of fits and not > 1.4 for other fits). 

Data were also analyzed in terms of donor Lifetime distributions using the Maximum 

Entropy Method (MEM) using software supplied by PT1 Co.. Canada. The method uses a series 

of exponentids (up to 100 ternis) as a probe function with fixed. logarithmically-spaced Lifetimes 

and variable pre-exponential amplitudes. By fitting to a decay profile. the lifetime distributions of 

the system are recovered. 

RESULTS AND DISCUSSIONS 
V-3-1 Energy Transfer Across An Interface 

We begin by considering the structure as shown in Figure V-2. The system brings into 

contact two polymer phases: one labeled with a fluorescent donor (D) in a sphericai particle, and 

another labeled with an acceptor (A) as the imbedding medium. Following excitation of the 

donors (at 298 nm for Phe), energy vansfer from donors to acceptors will take place across the 

interface between the phases. The efficiency of DET is related to the interfaciai area relative to the 

volume of the labeled phases, and also to the extent of phase penetration, if any. 



Figure V-2. X cartoon showing the interfacial contact betwetin a donor-labeled sphere and an 

acceptor-labeled matrix phase. Energy transfer will take place between the D and X locrzted near 

the interfacial repion. The effective distance (8-) within which DET takrs place is also shown. 

In our latex blend systerns. we either labeled PMMA particles with an rnergy donor 

(Phe). and P(BMAco-BA) particles with an e n e r a  acceptor (An). or vice versa. Biend fm 

were formed From these two types of particles with various compositions. E n e r g  uansfer 

between Phe donors and An acceptors cm occur when they are suficiently close (Ca. 1 nm).4.8 

We use the quantum efficiency of energy uansfer @,). measured from the fluorescent decay 

profiles, to quanti- the amount of DET and to characterize the interface. 



V - 3 - 1 - 1  Varying blend composition and hard particle size 

To form a coherent blend film. it is essential that soft panicles deform to form a 

continuous phase. and that the hard spheres be well dispersed in the sofi matrix. Clusters of hard 

spheres can generate microscopie voids. and if these voids are significantly large they c m  scatter 

visible iight to give nirbidity or mate large cracks due to weak adhesion. The probability that 

hard particles encounter each other in the system is suongly dependent on the number fraction of 

hard particles. and hence the blend composition and hard particle size. The existence of local 

clustering of hard spheres wiil reduce the interfacial area between the hard sphere and the sofi 

matrix, and this should be in principle reflected in the energy transfer signal. On the other hand. 

when the hard particles are well dispersed in and fully surrounded by the sofr polymer matrix. we 

anticipate a finite amount of observable ET. To test ths idea we prepared blend films consisting 

of An-labeled soft particles (50 nrn before f h  formation) and Phe-labeled hard spheres of 

various diameters ranging from 45 to 160 nm. with various blending compositions. 

Fluorescence energy transfer analysis was carried out for these films. 

Figure V-3 shows donor fluorescence decay profiles for blend films with different 

volume ratios of acceptor-labeled soft polymer to donor-labeled hard particles tV,+N, or 

V5,JVM) and with various diameters of donor-labeled hard particles (d,). In Fi,we V-3(a) we 

show the profiles for films with d, = 160 nm. The uppermost Line ( h e  1)  corresponds to a film 

formed with donor-labeled hard particles and non-labeled soft particles. A straight ime is 

obtained for this film with donor labels only. T?us is also found in firns with other sizes of 

donor-labeled hard spheres in the absence of acceptors. The donor lifetimes. obtained from 

exponentid fi& from various samples. varied in a nmow range of 43.0 to 43.5 ns. These values 

are also close to those previously found in o u  Lab or reponed in literature. Cuve 2 and 3 are for 

füms with V,+ND = 1 and 3. respectively. One sees that there is a srnail amount of ET occurring 

in these two films. indicated by their slightiy steeper decq  curves. The drcay profiles of these 

rwo films essentially overlap. with very similar @ET values t Table V-2). A similar phenornenon 

is seen in fdms with ci, = 110 nm [Figure V-3(b)] when varying V , N ,  from L to 1. This 

indicates that when the hard particles have a s i x  of 110 - 160 m. at V,N, = 1. the interfacial 

contact area between the two polymer phases has already reached a finite value. so that the 

amount of ET is close to that for the f h  with a much greater V,AND Another fmdhg here is thai 

the ET effîciency is independent of the volume of accepter-labeled soft polymer phase when 

V,N, exceeds certain value. " 



Figure V-3. Donor fluorescence decay profiles for latex blend films with various volume ratios 

of accrptor-labeled soft polymrr to donor-labeird PMMA (V, 1 V,). The diameters of the D- 

labeled hard particles (d,) are ia) 160. (b )  110. ( c )  65. and (d) 45 nm. resprcrively. 

Table V-2. Areas under donor decay curves (Area,) and a, values for blend 
films consisting of An-labeled soft particles and Phe-labeled hard particles of 
various diameters (d,) with various blending compositions (V,N,) 

4 

4 5  110 

Area, Area, Area, 
@Er @Er 

65 



When the hard spheres have smdler sizes (e.g. 65 and 45 nm), the differences in the 

arnount of energy transfer between films of VAN, = 1 and films of V,N, = 3 are much more 

pronounced, as  seen in the curvature in early times of the decay profiles in Figure V-3(c) and (d) 

and in the %T values in Table V-2. This indicates that as the size of hard spheres decreases. 

more soi? particles are needed to fuily surround the hard ones. With further increasing VAN,  

from 3 to 6 or 7,  the increase in energy transfer signal is not significant (Table V-2). indicating 

that nearly a saturated contact between the phases has k e n  reached when V,N, is close to 3. 

The above results must be related to how the hard spheres are distributed in the film and 

how the soft polymer flows to bind the hard spheres. We need to point out that in the above film 

samples the surfactant origindy present in the dispersions is removed. We have reponed 

previously that in füms formed fiom surfactant-containing dispersions the hard spheres of similar 

size (45 - 1 10 nm) are quite uniformly distributed in the soft polymer phase. while in the absence 

of surfactant the tendency for them to aggegate is relatively more pronounced.' When the hard 

spheres have a high concentration (e-g. V,& = VJV,, = I ) and have a sunilar size to the soft 

ones, there may be local clusters of hard spheres in which the soft polymer is not able to fill alI 

the interstitial space. leading to less coverage of soft polymer on the hard particle surface. as 

depicted in the triangle in Figure V-la. Aithough the soft polymer has an ability to tlow. the flow 

can be retarded in the channels between close-packed hard particles since a soft polymer layer on 

a hard surface is stiffer than in b ~ l k . ' ~ . ' '  Also, when the distances between a pair of hard spheres 

are less than the order of energy transfer distance. Le. 2 nm. there will be a reduced amount of 

ET even when the interstitiai space is filled with soft polymer. 

M e n  the soft polymer fraction is increased (r .g. V,JV,, = 3). the probability of hard 

sphere aggregation is smaller and the soft polymer should be able to M y  cover the hard surface 

(Figure V l b ) .  When the hard spheres are larger than the soft ones (e-g. 2 times), for the same 

volume of hard and soft particles (V,fl,, = 1 ), one hard sphere corresponds to about ten soft 

particles, w h c h  should be suficient to isolate the hard one. as depicted in Figure V-4c. 

We should point out that for a transparent and mechanicaily coherent film. die overd 

extent of clustenng should be low and the size of interstitial voids, if any (as shown in Figure V- 

4a). should be very small (e.g. less than a few nanometers). h fact. when the hard spheres are 

very small (d,, < 60 nm), f h  with composition of VJVhard -. 1 often exhibit high 

transparency, although from energy transfer measurements we learn that the two polymers do not 

achieve maximum contact. This is an indication that the energy uansfer technique is very 

sensitive to distances of fine scale, with much higher resolution than the optical density 



measurement. For many sarnples with dw = 1 10 nm. d,,, = 50 nm and V,fl,, = 1 .  we find 

that the Wms show high transparency. Here the energy transfer analysis shows that the two 

polymer phases reach a maximum contact. indicating the formation of dense fdms with a good 

dispersion of hard spheres in the soft polymer matrix. 

Figure V-4. A cartoon showing the extent of contact between the hard particles and the continuous 

soft phase. In (a) we show that when there are local clusters of hard particles and when the amount 

of soft polymer is not sufficient to fi11 dl the interstitiai spaces. srndl voids may exist in the film 

which Iead to a reduced contact area between the two phases. In (b )  we show that when the fraction 

of soft polymer is large, the hard spheres are isolated and fully covered by the soft polymer. Whsn 

the hard particles are larger (c), for the same composition as in (a) the relative number of soft 

particies become much Iarger and are more easily able to flow to surround the hard particles. 

To show the above results more clearly. in Figure V-5 we plot @ET Vs V , N D  for various 

hard particle sizes. We did not investigate füms with V,& < 1. since we found that as V , N D  

(V,JVM) becomes smaller than 1. most of the films change. with a sharp transition. from clear 

to turbid or even powdery. Turbidity indicates the presence of large voids in the film. 



Figure V-5. Variation of extent of energy transfer (0,) vs composition cV, / V,) for blend films 

prepared with 50 nm An-labeled soft particles and donor-labc!ed hard particles having dinmrtrrs of 

160. 1 10, 65. and 45 nm. respectively. 

V-3-  1-2 The dependence of encrgy transfer on interfacial area 

An interesthg result here is that the arnount of energ  transfer clearly increases as the 

donor-labeled hard spheres decrease in size. The arnount of DET should be related to the 

interfacial area between hard and soft polymer phases. We have previously established. by 

electron microscopy and by dynarnic mechanical rnea~urements.~." that in latex blend films of 

the son studied here one obtains a good distribution of hard particles in the soft polymer matrix. 
with intimate contact (good wetting) at the polymer-polymer surface. For a given volume of 

donor-labeled hard spheres, the surface area of the donor-labeled particles is proportional to l/d,. 

In Figure V-6 we plot the values of 9, vs. Ild,, obtained from f h  sarnples prepared with 

different sizes of donor-labeled PMMA particles. Four sarnples of donor-labeled parricles with 



mean diameters of 160. 1 10.65, and 45 nrn. respectively. were used to prepare these films. Om 

values are evaluated using films with a large fraction of acceptor-labeled polymer (O,,). The plot 

of @, vs. I/dD is linear. We infer from dus that the arnount of DET is proportional to the 

interfacial area. This is useful because one can estimate the interfaciai area of contact between the 

two phases of a given system by a simple measurement of @, 

A plot of a, for films with a,,, 2 0.75 Vs. inverse of diameter of donor-labelcd hnrd 

particles ( lld,). The blend films were prepared with 50 nm An-labeled soft particles and donor- 
labeled hard particles having diameters of 160. 110. 65, and 45 nm, respectively. 

An alternative way to look at the dependence of ET on hard particle size is to show h e  

lifetime distributions of the sarnples studied. In Figure V-7 the Metune distribution profiles are 

presented. We see in Fig. V-7a that for d, = 160 nm. a large fraction of donors has Lifetirnes 

distributed dong 4045 ns with a s d  fraction having shorter Lifetimes at about 10-25 ns. The 

small peak characterizing shorter donor lifetknes musr arise from energy transfer and is not 



observable for füms with donors only. For ci, = 110 nrn (Fig. V-7b). similar distribution 

behavior to Fig. V-7(a) is seen except that the second small peak seerns to be shifted m e r  to 

shorter lifetime ( c a  17-20 ns). When d, decreases M e r  to 65 and 45 nm (Fig. V-7c and 7d). 

the fraction of donors witb short Lifetimes (at 8-20 ns) increases and the lifetime distribution is 
also broadened. indicating that a larger number of donors are infiuenced by acceptors due to 

energy transfer. 

Figure V-7. Donor lifetime distnbution protlles for blend films prepared with An-labeled sofc 

polymer and donor-labeled hard particles having diamrcn of (a) 160. (b )  110. ( c )  63. and td) 15 

nm, respectively. The blend compositions. V, / V,. in the samples are (ri) 3. (b) 4. (c)  6,  and (d) 7. 

respectively . 



V-3-1-3 Variation of the means of labeling 

To funher examine the condition of contact between the hard and soft polymer phases. we 

chose an alternative means of labeling in the blend films. Here we labeled PMMA spheres with 

An acceptor. and sofi particles with Phe donor. We chose PMMA spheres having size of 110 

nm, since this is a size conventiondy used both in scientific research and in practical 

applications. Films with blending composition of V,N, = Vd,, = 1 were prepared. Four 

repeated fluorescence decay measurements for the films of the same composition were carried 

out. The areas under norrnalized decay curves as weli as the energy transfer efficiencies 

calcul& are present in Table V-3. We see that the @ET values lie in a narrow range with an 

average of 0.14. This value is very close to that for films in which the polyrner phases are 

revenibly labeled but are prepared with the same blending composition and hard particle size. 

Table V-3. Areas under decay curves and a, values for 1 : 1 blend Glms 

consisting of Phe labeled soft particles and An labeled 110 nm hard particles 

V-3-1-4  Influence of the presence of surfactant 

In the above mentioned film samples, the ionic surfactant origindy present in the 

dispersions was removed. In some other sarnples. the surfactant, 4-6 wtQ based upon latex 

solids. was canied forward into the films. ailowing us to examine the innuence of surfactant on 

the extent of energy transfer in the fdrns. 

It has been pointed out that rhere are seved possible locations in latex f i h  in which the 

surfactant may be present. "-" Depending on the compaûbility between the surfactant and the 

latex polyrner, the surfactant may penetrate into the panicles, form separated domains. be exuded 

ont0 film surface, or be trapped in the contact region between particies. We have found that part 
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of the SDS was exuded ont0 the film surface in these samples.' It is often reasonable to presume 

that pan of the surfactant remain in the interparticle bounduy. Fluorescence decay profiles for 

films with and without surfactant. respecùvely. were rneasured. The @ET value calculated for 

the surfactantcontaining füm is indeed 3040% smaller than that for the surfactant-free film. 

This difference is significant. We repeated these experit-nents with similx films and the same 

trend was found in al1 pairs of samples. The results are summarized in Table VA. These results 

indicate that surfactant in the f h  decreases the contact between adjacent particles. 

Table V-4. Areas and a., values for 1 : 1 blend nIms of An-labeled son particies 

and Phe labeled hard particles in the presence and absence of surfactant 

a. The hard spheres have a diameter of Il0 nm in these samples. b. The hard spheres have 3 

birnodel size distribution at 100 nm and with a small fraction at 200 nm. 

V - 3 - 2  Interface Structure in Nascent Blend Films 
In the nascent blend fdms consisting of 1 : 1 Phe-labeled soft polymer plus An-labeled 

110 nrn hard panicles. the observed DET effrciency. @,, was always ca. 0.14. as shown in 

Table V-3. A very s d a r  a, value (0.15) was found when the films were prepared with 1 : 1 

An-labeled soft particles and Phe-labeled 1 10 nrn hard particles. Moreover. the 0, value did 

not change significantly when we varied the volume ratio of accepter-labeled soft matrix to 

donor-labeled hard spheres (VwJVM) from 1 up to 4 (Table V-2). We also found a similar a, 
value when films were carefuily prepared to avoid penetration from 1 : 12 Phe- and An- labeled 

poly(buty1 methacrylate) latex particles of the sarne size (1  10 nm). These results indicate that in 

our blend films. a cornplete, intimate contact between the w o  components is achieved so that the 

amount of ET is not dependent on the means of labeling and the fraction of the hard spheres up to 

Ca. 0.5. Note that a, wiil vary if we change the concentration of A in the A-labeled phase. 
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a, reflects the population fraction of dyes located in a thin layer of s m a l l  volume near 

the interface within which ET can take place. For simplification, we define the thickness of this 

layer as an effective distance of energy transfer. 6, , and assume that outside of this layer the 

donors are not influenced by accepton in the adjacent phase. This simple concept has k e n  used 

previously,' and is further suggested by Dr. Ahmad Yekta. Note that this assumption ignores the 

dependence of enerw transfer on the distribution of distances between the donors and acceptors. 

From a simple spherical geometric consideration ( c f .  Figure V-2), the volume of this layer (V,) 

relative to the total volume of donor-labeled sphere (Vto,J of diameter d, is given by 

V J V i d  = am = 6 8R.ldD (V-9) 

We have shown in Figure V-6 a plot of a, vs. 1/ d, obtained from Our experiments. 

The slope of this tinear plot, corresponding to 66, in Eq.(V-9). gives a value of 6, = 3.5 nm. 

This analysis provides a possibiiity for estimathg the interface thickness between the two 

polymers of the nascent films. It has k e n  pointed out .' that for a given pair of dyes energy 

transfer cm occur over a maximum separation distance. R-, 

R- = [3/2 CI& tmu/r,"] '" Ro (V-10) 

where t,, is the maximum time to detect the donor fluorescence signal during decay. and cl?> is 

the orientation factor. A reasonable numerical value for (t-hoo). suggested by Klafter et al.' is 

41n 10, equivalent to measuring four decades of the fluorescence decay. Considenng that <I& is 

2/3 for randomly oiiented, mobile dyes. and 0.475 for randornly oriented. immobile dyes in solid 

films. for D E  estirnated from Eq.(V- I O )  is on the order of 1.37 Ro - 1 . 5  R,. For the 

Phe/An pair. R, is 1.3 nrn.'.' Therefore in our experirnents the probe distance is 3.1 - 3.3 nm. 

The effective distance of energy transfer (6,) we € id  in Our experiments is alrnost equal 

to or only slightiy larger than the maximum probe distance (Lx) of the dye pair used. This 

indicates that the energy transfer we observed can be attributed to the dyes located on the two 

sides of a boundary which is sharp (Little molecular penetration). If there were any si,gnificant 

penetration (e.g. > 2 nrn) between the phases. one wodd expect that the effective layer thickness 

of DET would be siwcantly larger than the probe distance of the dye pair. 

V - 3 - 3  Interface Evolution in Annealed Films 

In these blend films containing PMMA and soft polymer (Tg < 10 O C )  particles, aging at 

rwm temperame does not change the interface structure. We observe no changes of an. the 

extent of energy transfer, over a p e n d  of months after sample preparation. To facditate 



interpolymer mixing, films were annealed at higher temperatures and their energy transfer was 

analyzed after cooling the films to rwm temperature. 

Polymer diffusion only occurs at temperatures that allow the polymer chains to undergo 

microbrownian motion. i.e. above Tg. Here the PMMA particles have Tg = 105 OC and the soft 

particles have Tg c 10 OC. 

In the nascent füms. the value of a, corresponds to the ET ar the boundary separahg 

the two polymer phases. When the films are aged or annealed, the measured @, should reflect 

both the initial ET and the increase in ET due to molecular mixing upon aging or annealing. To 

relate the extent of moiecular mixing to the ET signal. we defme a parameter. fm . the extent of 

mUùng, or the net increase of extent of ET due to annealing (or aging) from t h e  zero to time ta 

nomalized by the maximum detectable signal at fuil ullm~ng,~ 

f, c m  be rewritten in the f o m  of Eq.(V-12) with the areas under the donor decay curves 

according to Eqs. (V-7) and (V- 1 1 ): 

We are particularly interested in the growth of interface thtckness. which should be 
reflected by the increase in the extent of energy transfer. By approximation. we have previously 

regardedJ"b the term f, as the apparent volume fraction of mixing. We then estimated the increase 

in apparent interface thickness (A&) from the f, values. as the interfacial area between the hard 

spheres and the soft mauix c m  be obtained from the hard sphere size. 

The energy uansfer efficiencies for blend films before and after anneaiing wrre 

determined by single photon counting. Examples of the decay profiles obcained for our films are 

shown in Figure V-8. The uppermost line corresponds to a T h  consisting of donor lûbeled 

P(BMA-co-BA) and non-labeled PMMA particles, which gives a single exponential decay with û 

decay time of 45 ns. Curve 2 is for a nascent film prepared with 1 : 1 volume ratio of Phe- 

labeled soft parricles and An- labeled hard spheres. A slightly increased curvature seen in curve 

3. which indicates an increase in the rate of donor decay, is due to the anneding at 100 OC for 2 1 

h for a film having the sarne composition as that in cuve  2. The lowermost curve is for a mode1 

system corresponding to the state in which ail dye molecules have k e n  fully mixed. This film is 

prepared by solventcasting L : I volume ratio of dry PMMA particles labeled with donors and 

acceptors. respectively. with the same chromophore concentrations as those polymers used for 

preparing the blend films. 
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Figure V-8. Donor fluorescence drcay profiles for films consisting of < 1) Phs-labelcd soft 

particles and non-labeled hard particies: ( 2 )  1 : 1 Phe-labrled soft polyrner and An-labelcd 1 10 nm 

hard particles without anneafing: ( 3 )  1 : I Phe-labeled soft polymcr and An-labeled 110 nm hard 

particles after annealing at 1M) "C for 21 h: and (4) 1 : 1 Phr- and An-labeled PMMA particles 

formed by solvent-casting. 

Table V-5 presents the results of extent of rnixing (Cm) calculated fiom energy transfer data 

for flms annealed at 70, 100. and 140 OC. respectively. The evolution of interface thckness. 

ASm , is ais0 shown. 



At an annealing temperature of 70 OC. one would expect that P(BMAso-BA) chains in 

soft particles rnight be so flexible that they rnight diffuse into the hard parùcles across the 

boundary in a way similar to swelling of polymer particles by fluid organic solvents. However, 

the results from fluorescence measurements indicate that the material mullng between two types 

of particles upon anneding at 70 OC only occurs CO a small extent, as shown in Table V-5. At an 

anneaiing temperature of 100 OC. which is close to the Tg of PMMA ( 105 OC), an increased 

extent of molecular mixing is seen, indicated by an increase of 3 to 5 nm in interface thickness. 

For an annealing temperature of 140 OC, where we know that PMMA chahs have becorne 

effectively mobile. '' we obtaui a larger extent of penetration. The interface thickness increases 

frorn about 4 nrn up to nearly 7 nm during the annealing process. 

Table V-5. The apparent volume fraction of mixing (f,) and increase of 

interface thickness (A&<) in blend fdms annealed at 70, 100 and 140 OC 

Note that the f, and A& values at high temperature (e.g. 140 TC) for long a n n e h g  time 

may only reflect the amount of DE?' in relation to phase penetration but are not a direct measure of 

interface thickness, since some of the PMMA spheres have undergone coalescence under these 

conditions (see Chap. N and ref. 9) and the interfacial area is reduced. Also. the miscibllity in 

polymer blends rnay depend on the molecular weight and molecular weight distribution of the 



polymers. Nevertheless. the overall extent of mixing between the two blend polymers here is 

small. The fm also does not increase significantly when a film with the same composition was 

dissolved in a solvent, re-cast from the solution and analyzed in the same way. This indicates 

that there is only Limited miscibility between the blended polymer components. This is cornmon 

in polymer systems even when the polymen have very similar chernical structures. 

V-4 SUMMARY 
We chose a mode1 system in which fluorescent donon and acceptors atiached to their own 

polymer chains were randornly distributed in their respective phases separated by a sharp 

interface. A certain amount of direct non-radiative energy transfer (DET) across the interfaces 

between the labeled polymer phases was observed by fluorescence ciecay measurements. The 

quantum efficiency of energy transfer (@,) was used to quanti9 the amount of DET. 'The a, 
value increases as the interfacial contact area between the phases increases and is invenely 

proportionai to the diameter of the donor-labeled dispeaed particles when they are prepared in the 

fom of hard spheres. The presence of ionic surfactant reduces the interfacial energy transfer ro 

an extent of 3040%. Upon annealing the films. the energy vansfer eficiency increases to a 

small extent, indicating that there is a small increase in the interface diickness betwcen the 

polymer pairs used in our blend films. 



CHAPTER VI POLYMER DIFFUSION ANALYSIS 

BY FLUORESCENCE ENERGY TRANSFER IN 

LATEX FILMS AND FACTORS AFFECTING THE 

DIFFUSION RATE 

VI- 1 INTRODUCTION 
VI- 1 - 1 Polymer Diffusion 

Polymer diffusion across interfaces has k e n  a subject of intense interest for over a 

decade. Technologicdly, interest has ansen from issues related to welding of polymer slabs.' 

crack healing,%intenng of polymer powders by compression ~~~~~~~~~~' and the formation and 

aging of latex fdrns.'" Scientifically. it is desired to obtain information about the diffusion rate 

of the polymer and its relation to the evolution of mechanical properties.'.' as well as  to test those 

theories related to polymer dynamics and interfacial phenomena-'10 

In many cases. polyrner self-diffusion is a result of the Brownian motion of the 

molecules and therefore the motion is assumed to be random-walk. The diffusion thus follows 

the Fickian mode1 and. as a consequence, the mean square of displacement & of the substance 

is 6Dt. The so-called diffusion coefficient D (in units of cm% ). which is an important panmeter 

characterizing the diffusion rate. is defined by equation (VI- 1 ) referred to as Fick's First Law" 

F = -D a m x  (VI-1) 

where F is the flux or the rate of transfer of diffusion molecules through unit cross-sectional area 

(in mole/cm%) and w a x  is the concentration gradient (in mole/cm3/cm). 

The Fickian second law ailows one CO find expressions of the concentration of the 

diffusing substance at certain position in the diffusion system in t e m  of the time t and diffusion 

coefficient D. For example, for diffusion in spherical geometry. if the diffusing substance is 
initialiy distrîbuted uniformly through a sphere of radius R with a concentration C o ,  the 

concentration C(r,t) at radius r and time t is given b?." 

The fraction of the diffûsing substance & that has diffused across the original boundary 

at time t is: 



The diffusion process cm be characterized in many ways. The most profound 

description of the process is to show the concentration profile of the difising substance 

expressed by C(r.t) and its evolution with time. 

In many cases, the concentration profile is not convenient to quote. and simple 

parameren are preferred. ne difision coefficient, D. is one of the most important ones 

characterizing the rate of molecular diffusion in the system. The mass fraction of diffusion. f,, 

is also a useful panmeter characterizing the diffusion in a 3-dimensional marner. 

Another parameter often used for characterizing the diffusion process is the 

interpenetration depth di. which for spherical system is defuied in terms of the change in radius 

of gyration of the labeled particles. 

which simplifies io " 
di = [R&) - R;(O)~'" = ( 6 ~ t ) " '  

Note that ( 6 ~ t ) "  is also cornmonly refened to as the diffising distance. 

VI-  1-2 Analysis of Polymer Diffusion by DET 
We are concemed with DE3 rneasurements to monitor the polymer diffusion process in 

latex films. One type of particles is composed of a polymer randornly labeled with donor. and 

the other type is composed of an identicai polymer but labeled with acceptors. The panicles cm 

deform into void-free polyhedra structure but with Little molecular diffusion at a temperature just 

above the Tg of the polymer. and upon annealhg the labeled polymer molecules diffuse to mix. 

which c m  be monitored by the increase in energy transfer efficiency. 

In earlier analyses of polymer diffusion carried out in our laboratory, we assumed that 

there were three domains in the sysrern during the diffusion process: a donor-labeled domain. an 

accepter-labeled domain, and a rnixed domain in which donors and acceptors are uniformly 

distributedSS By this simplification, a decay expression analogous to that of the Klafter-Blurnen 

mode1 was used to analyze for the diffusion process in terms of the observable change in the 

extent of DET. The decay expression used is also caiied a Forster mixing equation as 



where the first tenn with a prefactor Al  reflects the donors that undergo energy transfer (ET) in 

the mixed domain. and the second term with a prefactor A2 reflects the donors that are not 

influenced by acceptors in the unmixed domain. rO0 is the unquenched donor Lifetime. and t, is 

the decay time. 

Dhinojwala et al i3  and Liu et ali4 proposed an alternative data analysis technique. taking 

the concentration gradient of the dye-labeled polymers into account. These models allow one to 

describe the diffusion process in t e m  of the evolution of concentration profile C(r.t) and the 

change in the density distribution of acceptors surrounding the donors. In this approach. the 

concentration profile is subdivided into th slices with locaiiy uniform donor and acceptor 

concentrations. Mathematicai expressions were derived describing the DET between donor and 

acceptors anached to polymer chains diffusing across the interface. Recently. Yekta et d l 5  

derived a general expression in systerns of planar symmetry for the fluorescence decay of rxcited 

donors in the presence of acceptors under conditions where the donorfacceptor concentrations 

are nonunifordy distributed. Based on this work. a more comprehensive model16 was 

developed which allows one to analyze systems with sharp concentration profiles. 

The data from DET studies of polymer diffusion c m  be analyzed at various levels of 

sophistication. Although comprehensive models of DET and polymer diffusion provide more 

accurate absolute values of the diffusion coefficients in the system.lL1h simpkr approach to 

data analysis is preferable for rnost of latex films. One approach which we have employed in the 

past is to try to estimate the extent of mixing due to diffusion from cornparison of the 

fluorescence decay cuves. A simple measure of the extent of rnixing. f,(t), is expressed in 

terms of the fractional growth in energy transfer efficiency5 as 

where [%r) - k~)] represents die change in DET efficiency between the initidy prepared 

film and that anneded for Ume t. in our experience, the most reliable way to obtain & is from 

the area under the normalized fluorescence decay c w e .  fJt) iüelf is an important parameter for 

characterizing the extent of mixing or polymer difision by DET technique. 

To proceed more deeply into the analysis of the diffusion process. we calculate apparent 

mean diffusion coefficients D,, chancterizing the rate of movement of the polymers across the 

interparticle interface in the samples. The diffusion coefficients were calculated by fitting the data 

obtained from energy transfer to a sphencal diffusion mode1 which satisfies Fick's laws of 

diffusion.1 The detds of the analysis and discussion have k e n  presented previously.5 In the 



analysis. a parameter, f,, namely the fraction of substance (donor-labeled polymer under 

consideration here) whïch has diffused across the initiai boundaries after a certain time, is needed. 

The key step for us is thus to fînd a relation between f, and the extent of mixing Fm. 
The temis f, and f~ both reflect the fraction of diffusion. and both are proportional to tl'" 

at eariy Urnes of the diffusion process. The proponionality constant between fm and f~ over this 

initiai range depends on the extent of accepter-labeling in the system. Ln most of the latex samples 

examined previously in our laboratory, vie used an equai nurnber of An- and Phe- labeled particles 

(NA, : N,, = 1).5 0, approach has k e n  to assume a proportionality of unity and calculate 

apparent rnean diffusion coefficien (D,,). Under our conditions we estimate that D, may differ 

from the tme D by a factor of 2 to 5 .  We are normally interested in changes in D caused by 

changes in sorne extemal variable. In this case. the absolute D values become less imponant. 

In other cases in whch we intend to analyze the diffusion by more sophisticated modefs. a 

N,4n : N, ratio of 12 is required.14 In most of the films descnbed in this study. we chose a N,, : 

N, ratio of 12 to match the conditions for spherical diffusion model. as described in ref. I J .  The 

f, value we use for diffusion coefficient calcuiations is 1/7f,,,. One notices that the relationship 

between f, and f, for 12: 1 An/Phe mixture differs by a factor of 2 from that for 1 : 1 mixture. Frorn 

a geometric consideration. this is not difficult to undentand. In the case of N,, : N,, = 12. rach 

donor particle is primarily surrounded by an acceptor medium whereas in 1: 1 mixtures. each Phe- 

labeled particle has only half the nurnber of An-labeled neighboring particles. Thus for the same 

mass fraction of diffusion (f,). the energy transfer signal one would observe in 'I,,/N,,, = 1 film 

is half of that for NJN, = 12 film. 

We have found experimentally that the diffusion coefficients obtained from füms of 

N,Mb = 12 by assurning f, = 1/2fm are very close to those obtained from fdms of 'l,,/NPhe = 

1 by setting f, = f,. especially at early Urnes of diffusion. We also found that the diffusion rate 

analyzed by using fD = Kf ,  for N,JN,, = 12 are very simuar to those anaiyzrd by a model 

considenng the concentration profde developed by Liu et al for the same samples." We thus 

obtain f, values, from energy transfer data by setthg fD = l/? f,. for each sample (.I,,M,, = 

12) at each diffusion tirne and are able to calculate the difision coeff~cients of the polymers. 

VI-1-3 Examining Factors Affecting Polymer Diffusion Rate 
One of the most important issues is how the presence of various substances affects the 

rate of polymer diffusion and the development of f i  properties. Major substances present in 

latex systems include water, polymers in rnicrospheres, surfactant. coalescing aid, and other 

additives. Wang et ai5'*" found that normal coalescing aids added to coatings fomulations could 

greatly increase the diffusion coefficient of the polymers. Kim et al1' found that carboxylated 

poly(buty1 methacrylate) (PBMA) diffuses much slower than the pure PBMA. and that. upon 



neutraiization of the carboxylated sarnple by inorganic bases. the retardation of diffusion is even 

more pronounced. It is also found that poly(ethy1ene oxide)-based nonionic surfactants cm 

enhance the diffusion of PBMA whle ionic surfactant has Little effect." 

Water is one of the most important ingredients in latex systems. It plays an important 

role in latex füm formation process in providing a stabilizing and suspending medium for the 

particles that allows for thermal motion of the system to permit approach to close packmg of the 

particles. ~rown20 proposed that the presence of water in the drying film is also essentiai to the 

deformation of parùcles associated with the capillary compression. An important issue is how 

the presence of water affects the polymer diffusion rate in latex fdm. Since there can be always 

a certain amount of water in the film either from the original dispersion or from air. it is of 

extreme importance to examine the role of water in polymer difision process in latex films. 

Other components present in latex system include a small arnount of oiigomers, which 

are produced mainiy by polymerization of a srnall fraction of monomer in the aqueous phase. or 

in sorne cases are due to one's design of synthesis. These species have nearly the sarne 

molecular structure as the major high polymer. but have much higher free-volume and mobility. 

It is interesting to examine whether or not there is a plasticizing effect of these species on the 

latex polymer. 

Our experiments consist mainly of monitoring the polymer diffusion process by 

fluorescence e n e r c  transfer technique. We compare the diffusion rates berneen latex films aged 

or annealed in dry environment and those treated under wet conditions. and the khavior of 

water effect on diffusion between hydrophobic and hydrophilic latex polyrners. We examine die 

polymer diffusion rates for films prepared with different amounts of oligomers. Our 

experiments are the first scientific study on the influence of water and oligomeric species on high 

polyrner diffusion. We show that those simplest substances such as water can altcr gready the 

dynamics and thus property development for certain polyrners. 

VI-2 EXPERtMENTAL 
VI-2-  1 Latex Sample 

The latex polyme~ used in this study Uiclude poly(butyl rnethacrylate) [PBMA]. 

regarded as the hydrophobic polymer. and a coplymer of butyl rnethacqdare and 5 wt% 

methacrylic acid [P(MAAco-BMA)], as the more hydrophilic polymer. The polymers were 

either labeled with a fluorescence donor. phenanthrene (Phe). or an acceptor, anrhncene ( An ). 

The synthesis of labeled latexes has k e n  described in Chapter II. The characteristics for the 

samples used are Listed in Table VI-1. Since each pair of Phe- and An- labeled latex samples 

was prepared using alrnost the sarne recipe and under strictly identical conditions. we obmined 



similar particle size and size distribution, and, more irnponantly, the molecular weight and 

molecular weight disiribution of them essentially fall in the same range. 

Table VI-1. Latex characteristics 

Polymer PBMA-VI-1 PBMA-VI-2 P(MAA-CO-BMA) 

Label Phe An Phe- An- Phe- An- 

Diameter a (nm) 128 128 125 125 132 132 

Size polydispersity " 0.02 0.02 0.02 0.02 0.03 0.03 

MW (~10'  or K) 370 400 35 34 39 37 

Mn (x 103 or K) 130 130 17 18 16 16 

MW / Mn 2.8 3 .O 2.1 1.9 2.4 2.3 

a. The particle sizes are nearly identical with both a narrow size disuibution for each pair of Phe- and An- Iabeled 

latex samples. and the results shown here were measured for 12 : 1 An/Phe mixtures of the pain of ion-exchanged 

samples, which are thus directly used in our diffusion anaiysis. 

VI- 2- 2 Film Formation and Characterization 
Before film formation, al1 latex dispersions were cleaned by ion-exchange to remove the 

surfactant and other ionic substances. 

Films were formed by spreading mked dispersions of An- and Phe- labeled panides 

ont0 thin quartz plates and dried in a temperanirecontrol oven. The drying temperature for 

PBMA-VI-2 latex samples was 25 O C ,  close to room temperature, and that for PBMA-VI-1 and 

P(MAA-CO-BMA)-based samples was 32 O C .  The drying tirne for each dispersion was Ca. 3 h .  

A typical thickness of our films prepared here is ca. 150 Pm. For each set of sarnples for 

cornparison, the films were dried under identical conditions. 

In most of Our films, the number ratio of An- to Phe- labeled particles is 12 : 1. For 

P(MAAco-BMA) samples, sorne fürns were formed when the -COOH groups were in the 

protonated fonn, and othen were prepared from dispersions of the latex rnixed with NH, or 

NaOH (molar ratios [NH,]l[-COOH] or [NaOH]/[-COOH] = 2.5) to neutralize the -COOHs. 

To examine the oligomer effect on polymer diffusion, some PBMA dispersions were 

mixed with different amounts of BMA oligomers. The oligomers were obtained as follows: a 

surfactant-fiee emulsion polymerization of BMA was carried out. and the oligomer species were 

separated from particles by centrifuging the latex dispersion. The clear aqueous solution in 



which ohgomen were dissolved was collected. BMA segments are hydrophobic and we expecr 

that the oiigomers soluble in water have short chah lengths with the number of monomer units 

per molecule on the order of 10 or less. Some ionic initiator used for polymerization remained in 

the clear Liquid, and the arnount of oligornen was determined by 'H-NMR based on the acrylic 

ester content in dried sample dissolved in CDCI,. The oligomer solution was then pst-added to 

dispersion mixtures of Phe- and An-labeled particles to prepare oligomer-contaïning films. 

To examine water effect on films. the dned füms were treated under different hurnidity 

conditions. Some were m e r  dried under vacuum for 2-3 days to remove possible residual 

water and then kept in a dry environment in a seaied test tube. Others were either placed. with 

glass beads as a support, on the top of a water layer in a test tube covered with a rubber septum. 

with an interna1 humidity of ca. 100% RH. or directly imrnersed in liquid water, for 2 days to 

obtain an equilibrium water content. The dry and wet films were then anneded at 60 "C in an 

oven. To minimize the water loss frorn the wet fdms upon hearing, the wet f i h  were either 

placed on the top of a water layer in a sealed test tube and heated in high humidity ( 100% RH) or 

heated directly in liquid water. To prevent the increase in water vapor pressure durin; heating, 

the intemal vapor was comected to the open air with a srnaLi needle insened through the rubber 

septum. M e r  carrying out a fluorescence decay rneasuremenc on an anneaied wet film. it was 

placed back in its wet environment at room temperature to reach saturated water content. and 

then reheated for an additional amount of time. For each set of samples <O be cornpared. the 

Films were heated simultaneously. 

The water contents of the füms were measured gravimeuicaiiy. Film uansparency was 

detemiined with a UV-vis spectrometer ( Hewlett-Packard 8452A Diode Array ) as its percent 

transmitiance (%T) in the visible range (300-700 nm). Fluorescence decay measurements were 

carried out by using the tirnecorrelated single-photoncounting technique. The mesurement 

conditions were similar to those mentioned in Chapter V and previous1y.j 

VI-3 RESULTS AND DISCUSSIONS 
VI-3-  1 Energy Transfer and Diffusion Analysis 

We consider the Phe-labeled molecules as the diffusing substance in our films. Since the 

number ratio of donor- (D) to acceptor- (A) labeled particles is 1/12. it is reasonable to assume 

that each donor particle is enckcled by an acceptor medium. as depicted in Fig. VI- 1. Upon 
annealing, polymer diffusion occurs and a certain amount of donor molecules wiLl diffuse out of 

its original sphere and enter into the surrounding particles. with a fraction of fD(t). The ske of 

cluster bearùig donor molecules will gradually increase. as shown in Fig. VI- 1. 



Figure VI-!. Illustration of diffusion upon annealing at (a) t = 0. and (b) t > 0. 

Fluorescence decay measurements were carried out on Our film samples as a means of 

assessing the extent of energy transfer as a function of annealing history or of f h  composition. 

Figure VI-2 shows examples of fluorescence decay profiles obtained for a set of our P(W4A-m- 

BMA) films in the dry state More  and afier anneahg. Films prepared frorn a dispersion of 

Phe-labeled particles only exhbit an exponential decay profile (top straight line) with a lifetirne 

of 45 when excited at 298 nm. Films prepared from a mixture of Phe- and An- labekd particles 

show a slightiy increased curvature at early ùmes in the decay profiles followed by a long 

exponential tad (curve 2 ) .  This corresponds to a s m d  arnount of energy m s f e r  beween 

donors and acceptors located in the initial interparticle boundary region in the nascent films. 

When the films are annealed at elevated temperatures, this increased curvature becomes more 

pronounced. as seen in curve 3 and 4 for films heated at 60 O C  for 40 and 190 min.. 

respectively. This indicates that molecular rnixing has occurred between donor- and acceptor- 

labeled polymers and the extent of energy transfer is increased leading to a fast decay of donor 

fluorescence. 
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Figure VI-2. Representative donor fluorescence decay profiles for dry P(MAA-CO-BMA) films. 

Curve 1 corresponds to a film with donor particles only and cuve 1 is for a film freshly prepared 

with 1 : 12 mixture of Phe- and An- labeled particles. Curve 3 and 4 are for the acceptor- 

containing films anneaied in dry environment at 60 "C for 40. and 190 min.. respectively. Thesr 

curves are inteprated to obtain the areas under hem in Our data analysis. as described in the texr. 

The decay hinction used for integrarion is: I,(t) = A 1 exp[-c&'- p(t&')'c] + A? exp(-c.,/rD1). In  

the Figure we dso display the weighted residuds and their autocorrelation for curve 4 when fitred 

to the above expression. 

The extent of mixing expressed in terms of the fractional gowth of ET efficiency. f,,,( t ). 

can be obtained via Eq. (VI-7). This is done by measuring the decay profiles and comparing the 

areas un&r the profdes for films without annealing [area(O)], annealed for certain tirnes [areaft)], 

and annealed for sufficiently long tirne to approach a minimum value of m a  [areaf .a)]. areatm) 

cm also be obtained from films prepared by solventcasting. Representative data of f,,, values for 
o u  ftlms as a hct ion of annealuig time wiil be presented ui the followuig sections. We WLU 

also show the polymer difision coefficients for our samples calculated based on the im values. 



VI-3-2 Role of Water in Polyrner Diffusion 
VI-3-2- 1 Film Transparency and Water Content 
la) Water content in latex füms. In the fresh films of PBMA (Sarnple ID PBMA-VI-2) prepared 

under Our conditions, the films had an initial water content of 1.4 wt%. A similar value was 

found for newly formed P(MAAco-BMA) füms in the protonated f o m  in our case. while the 

values were much larger (up to 8.9 wt%) when the carboxylic acid groups were neutralized by 

MI, or NaOH. The water contents increased significantly when dl these films were exposed to 

a vapor of high water content ( 100% RH). When imrnersed directly in liquid water, ca. 15 wt% 

water could be detected. This level of water content can include water uptake into cracks in the 

f i .  Table VI-2 shows the water contents measured for Our latex f i h  when exposed to water 

at room temperame and when heated at 60°C at high hurnidity. 

Table VI-2. Water contents (wt%) in latex films treated in water 

vapor (100% RH) or in water liquid 

Latex PBMA P(MAA-CO-BMA) 
-COOH +NH, +NaOH 

Newly dried film 1.4 1.4 5.3 8 -9 

iinmersed in liquid 

water (3 days) 

Exposed to wet vapor 

(- 100% RH, 3days) 

Heated at 60 O C  in water vapor ' 
40 min 

90 min 

t 5.0 16.2 swoilen swollen 

Heated for 2h at 60 OC and 

exposed to wet vapor again 3.5 5.5 5.8 14.0 

a: The water contents afier heating were immediately measured before more writer entered into the film upon 

cooling; b: The well-heated films were placed in water vapor again to reach an equilibrium water content. 



When the wet filrns are heated, water is evaporated out the film. When the heating was 

carried out in a wet environment (e.g. air vapor of 100% RH), a significant arnount of water 

remained in the film (Table VI-?), whch ailowed us to observe its effect on polymer diffusion. 

We do not intend to consider the above results as the standard quantities of water 

absorbed or solublized in the polymers. Rather, these are the data obtained in conjunction with 

our energy transfer measurements for the same samples and are usehl for us to compare and to 

interpret our results, as we will show in the following. 

/b) Film transoarencv. When dense, crack-free filrns are formed from latex dispersions. they are 

often transparent or sometimes semi-transparent depending on the film microhomogeneity. f h  

thickness, and water content. Due to the microheterogeneous nature of newly formed latex 

films, the transparency of latex films is often to sorne extent lower than that of films cast from a 

homogeneous solution of the same polymer in an organic solvent. In other cases hghly 

transparent filrns are obtained, especially when the temperature of film formation is well above 

the LW. In films formed at high ternperawes. some interpanicle polymer diffusion may have 

occurred during the fdm formation process. 

Films dned under our conditions were fairly transparent with a percent cransrnittance 

(RT) of 70% over the visible wavelength range. This value would be higher if thimer f i  

were prepared. For both PBLMA- and P(W-co-BMA)- based samples. anneding at rlrvated 

temperatures (e.g 60 "C) in dry environment Ieads to an increase in %T to over 809. 

When PBMA filrns are exposed to a water vapor or immersed in water liquid for a 

sufficient Ume (e-g. 2 days), they ninied highly tubid, with QT < 20%. The water content for a 

PBMA film placed in water vapor was 3.5 wt%. and that for a f h  imrnersed in liquid water 

could be as high as 15 wtlrc. The film imrnersed in Liquid water dso showed large cracks and 

became too bride to resist mechanicd forces. This resuit is sirnilu to that seen by Joanicot et 

al." We infer from this result that water would be more concenuated in the interparticle 

boundary region richer in polar groups (e .g  -SO,H) than the core region. This mhornogeneity 

of water distribution in the films would be the reason causing nirtïidity for tXms exposed either 

to water vapor or to Liquid water. 

When the water-conrauiing tubid PBMA filrns are heated in a low humidity environment 

and water is evaponted. the film transrnimce increases and the füms soon become clear. When 

diese heated clear füms are placed back into water vapor or liquid water. they become highly 

wbid  again. Figure VI-3 shows the visible transrnirtance spectra for a PBMA film newly 

fomed, a film exposed to water vapor. that well-heated in low humidity, and that placed into 

wet atmosphere again after heating. 



Figure VI-3. Visible transrnittance spectra for PBMA filrns: ( 1 )  a nascent film. ( 2 )  a film exposed 

to wet vapor for 2 days. (3)  a film heated in low humidity at 60 "C for 2 h. and ( 3 )  the well-heated 

film placed into wet vapor for 2 days. 

What is surprising here is that turbidity under wet conditions is found for films that have 

k e n  well-heated and the polymer molecules have reached a high extent of mixing. We also 

observed a high turbidity for wet films prepared initially by solvent-casting. What one would 

expect is that as polymer molecules are weU mixed. the heterogeneity in the initial latex films 

gradually disappears. and the hydrophobic polymer matrix would be more resistant to woter. 

From our results. we infer that while the molecular rnixing increases overall the homogeneity of 

the systern, some degree of non-uniformity of distribution of polar groups would exist 

throughout the rnixing process. M e n  the filrns are open to water. domains rich in polar 

substituents would take up more water and these regions might be sufficient to scatter light. As 

a consequence, the water-containing filrns remain turbid in any state of the polymer 

interdiffusion process. 

The above resulü also lead us to consider a possible phenornenon occumng in a sirnilar 

way to the case of surfactant assernbly. When surfactant molecules are placed in a hydrophobic 

medium. the hydrophilic ends rnay aggregate into certain domains and the hydrophobes m;w 
penetrate into the medium. Chu PBMA latex polymea are made of hydrophobic chains with 

polar groups at the ends (e.g. -OSO,H groups from the initiator). When the polymer molecdar 

weights are much higher than common surfactant. the tendency for the hydrophilic ends to 

assemble should be overcome by the tendency towards random distribution of the chain ends 



dnven by the polymer conformational preference. In the case here, however. the polymer 

molecular weights (MW = 35K. Mn = 17K) are smaller than normal latex polyrners. with some 

portions of the molecules distributed along molecular weight of only ca. 1000 to several 

thousand. In these molecules. each chain contains only ten or a few tens of monomer units and 

two polar end groups. which may be able to aggegate into hydrophilic domains distributed in 

hydrophobic environments. This process can be possible when the films are heaied so diat the 

molecules are mobile enough to rearrange their distribution in space. We should point out that 

even with much high molecular weights. there is always some arnount of oligomers possibly 

present in latex systerns.22 Oligomer species are believed to be hydrophilic. 

P(MAAco-BMA) films behave differentl y. When cIear P(MAAco-BMA) films are 

exposed to water. the saturated amount of water was ca. 5.78 in 100 %RH vapor and >l5% in 
liquid water. However, these water-containing films remain transparent. with almost identicai 

transrnittance to those films in dry state. This irnplies that there is a relatively uniform 

distribution of water in the film. This may be related to the distribution of polar groups in the 

latex. In this type of samples. along each polymer chah the polar groups (mainly carboxyls) are 

likely statisticdly distributed. although detded information about chernical composition 

distribution is unknown. In each particle. the density of polar groups (-S0,H and -COOH) ÿt 

the surface rnay be comparable to that within the particle. since 5 wtQ MAA were incorporated 

into the polymer throughout the second stage of polymerization. There is a seed core made of 

PBMA. corresponding to c a  10 wt% of the entire particle, but it ought to be well mixed with the 

second-stage polymer during polyrnerizarion (at 80 O C ) .  Thus. on a rnicroscopic level. there 

maybe no preferred domains in which the polar materials are highly concennated in these films. 

VI-3-2-2 Effect of Water on Polymer Diffusion Rate 
Figure V I 4  shows the diffusion data at 60 "C for PBMA tMW=35K. Mn=17K) films 

treated in dry environment and in a vapor of high hurnidity. respectively. in Fig. VI-la we plot 

the fraction of mixing f, vs. annealing tirne. and in Fig. VI-4b the plots of apparent diffusion 

coefficient D, vs. time are shown. We see that the rxtent of mking in the films increases with 

Ume and approaches unity on a Ume scale of 2 to 3 hours in both sets of samples. The diffusion 

coefficients obtained are on the order of 0.1 nm2/s at early times and are slightly lower at later 

tirnes. l h s  cm be explauied by the fact that Our sarnples have a range of chain lengths. and 

those shorter chahs should have higher difisivity and dominant the measurement at early times. 

The larger polymer molecules having smaller diffusion coefficients. d e  their contribution to 

the DET measurement at later tirnes. Comparing the data between dry and wet PBMA films, we 

see that the diffusion rate for the wet fürn appears to be slightly higher than that for the dry film. 

but the difference is not significant. For both experiments the diffusion coefficients fall in the 

same range. This indicates that water has linle effect on the diffusion rate of PBMA samples. 



The only exception observed repeatedly in Our experiments is that in the very beginning of 

annealing (e.g. the first 10 min), the f for the wet film is significantly larger than that for the dry 

film, and the calculated diffusion coefficient for the wet film is aiso noticeably larger (e.g. 2 

times, see Figure VI-4). We think that this is related to the presence of a small portion of 

molecules having shorter chah  lengths than the average, including those oligomer-like species. 

This portion of molecules can have not only high d i f i s i v i t y  but also high hydrophilicity. These 

combined factors lead to a faster rnixing in the early times in the wet films than in the dry films. 

Over most of the times of anneaiing, however. the Muence of water on diffusion of PBMA is 

quite srnall, indicating that PBMA is hydrophobie with littie plasticization from water. 

Figure VI-4. Cornparison of diffusion rate of PBMA (MW=35K) at 60°C between dry samples ( O )  

and wet films (a) treated in high hurnidity. In (a) and (b) the plots of extent of mixing ( f , )  and 

the apparent diffüsion coefficient (D,,. in nmk) ,  respectively. Vs. time ( in  min) are shown. Similar 

types of plots are involved in the following Figures. 



For P(MAA-co-BMA) samples (MW=38K. Mn= 16K), the diffusion daîa for films under 
dry and wet conditions are presented in Figure VI-5. Three sets of films are under consideration 

here: one is in its dry state, one is exposed to water vapor. and the other is immersed in Liquid 

water. The wet films, either treated in a wet vapor or immersed in water. show similar diffusion 

rates upon heating at the same temperature. Note that the amount of water in the füm was 5 wt% 

during heating in wet vapor and larger when the f h  was irnmersed in liquid water (see Table 

VI-2). Although there is an excess of water present in the film immersed in water compared to 

that in the wet vapor, this does not impose m e r  hydroplastic effect on the polymer. We also 

notice here that the diKusion coefficient for the wet films at the very beginning of annealing ( e - g .  

10 min) is distinguishably larger than that at later times. This effect is similar to that found for 

PBMA samples, and points to a contribution fioom the hiph!y diffusive, hydrophilic shortchain 

molecules. The most important resulrs here is that the diffusion occurs much faster for f d  

under wet conditions than those in dry state. As seen in Fig. VI-5a. the f values for the wet 

films are much larger (2 times up to 7h) and approach unity sooner than the dry films. The D,, 
values found for the dry P(MAA-co-BMA) f i  are ca. 0.01 nm'ls. whereas those for the wet 

films are about 5 times Larger. for annealhg h e s  up to 2 h (Fig. VI-5b). This difference is 

significant. It clearly indicates that the presence of water in P(MAA-co-BMA) films increases 

the diffusion rates of the polymers by about half an order of rnae@tude. 

Compuing the data for PBMA samples (Fig. VI4)  with those for P ( W X O - B I M A )  

(Fig. VI-5) of simiiar molecular weights examined under the sarne conditions. we see ti-iat 

overd the PBMA diffuses faster than P(W-CO-BL'MA). This difference cm. be attributed to the 

increase in Tg, and corresponding decrease in mobility. when the .W component is 

incorporated into the PBMA. as discussed previously.18 In the dry state. the D,, values found 

for PBMA are about 10 times larger than those for P( MAA-CO-%MA). whereas in die wet state. 

the ratio of diffusion coefficients becomes only a factor of 2. T'tus cornparison further 

demonstrates that water has much larger effect on the diffusion of the hydrophilic P ( L W - ~ O -  

BMA) than the hydrophobie PBMA. 
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Figure VI-5. Cornparison of diffusion rates at 60 "C between dry and wct films for P(MAA-CO- 

BMA) (MW=38K). The symbots V. V. ruid A represent films treated in dry énvironment. in wet 

vapor. and in liquid water. respectively. 

VI-3-2-3 Water Effect on Neutralized P(MAA-CO-BLMA) 
Some of our P(MAAco-BMA) films were prepared from ion-exchanged dispersions in 

which the carboxylic acid groups were in the protonated form. Others were prepared when the 

-COOH groups were subsequently neutraiized with NH? or EiaOH. We wish to compare 

diffusion between unneutralized and neutralized films. under dry and wet conditions. 

Figure VI-6 shows diffusion data for dry P(MAAco-BMA) films without addition of 

base, and those neutralized by NH, and NaOH. respectively. We see that the diffusion rate for 



NaOH-neutraiized sampie is much smaller than that for the unneutralized ( -COOH) film. with the 

diffusion coefficient ratio of almost an order of magnitude (0.01 vs 0.01 nrn2/s). NH,- 
neuvalization causes some retardation of the diffusion. but the difference is not as large for the 

NaOH-neutralized film. We amibute the decrease in dif ision rate upon neutralization of the 

-COOH groups to the increase in Tg when the polymer changes from its uncharged state to an 

ionomer. 18-23 n i e  difference between NH,- NaOH- treated films maybe due to the 

evaporation of NH, upon heating. leading to its smaller effect on polymer diffusion. 

O 20 4 0  6 0 80 1 O0 
t (min) 

Figure VI-6. Cornparison of diffusion rate at 60 "C for dry films of P(MAA-CO-BMA) in which 

the carboxyi groups were unneutralized (O), neutdized with NH, (A) and with NaOH t O), 

respectively . 



In Figure VI-7 the difhision data for films sirniiar to those in Figure VI-6 but treated 

under wet conditions (in wet vapor) are shown. Comparing Fig. VI-7 and VI-6 for the 

respective wet and dry fürns examined simultaneously. one sees that the diffusion rates in wet 

films for al1 sets of sarnples are larger than those in dry films. This indicates that water 

plasticizes ali these samples. What is interesting here is that in the dry stiire the diffusion in 

NaOH-film occurs slowest, and that in -COOH-film occurs fastest, wMe under wet conditions 

this trend has been reversed. The NaOH-film sample diffuses faster than the -COOH-fh 

sarnple in the presence of water. What is impressive is that the ratio of the apparent diffusion 

coefficients between the wet and dry NaOH-treated samples is about 80 to 100 CD,, 0.1 vs 

0.001 nm'ls). A large difference is also observed between the wet and dry NH,-neutraiized 

films. For the -COOH-films, the ratio of D,, values between wet and dry samples is still 

significant (5 to 8) but much smaller dian that for neutraiized films. These results indicate diat 

water has much larger enhancement effect on the P(MAA-CO-BMA) diffusion in neutralized 

sarnples than those in protonated frorn. 

Some other observations may be also instructive to the understanding of the above 

results. For example, we found that the unneutralized P(MAA-CO-BiMA) sample could preserve 

its f h  integrity when both exposed to water vapor and liquid water. The NaOH-neutraiized 

film was physically stable in the presence of water vapor but feu apart when immersed in Liquid 

water. When a NaOH-neutralized P(MAAxo-BMA) film is immened in water. it graduaily 

loses its film features and becomes a white suspension of srnail polymer pieces in water. 

indicating that a large amount of water swells the f h  and the material is no longer able to retain 

its propenies as a coherent film. In enerm transfer measurements for newiy-formed P(MAA-CO- 

BMA)-based films. the quantum eficiency of energy transhr for a NaOH-film is already 

noticeably (20%) lower than a -COOH film. indicating that water plasticizes the YaOH- 

neutralized polymer even during film formation. 
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Figure VI-7. Cornparison of diffusion rate of PIMAX-CO-BMA) ac 60°C in watsr vapor for 

smples unneutralized (II), neutraiized with NH! (A) and with NaOH ( 0 ). respectively. 

VI -3 -3  Effect of Oligomers on Polymer Diffusion 
This work was canied out in collaboration with LMS. Ewa Odrobina in the Winnik lab. 

Most of the experiments were performed by Ewa. and the details of the results wiii be described 

in her Ph.D. thesis. I present here an example of the data we obtained. 
The BMA oligorners in an aqueous solution were added into dispersions of ion- 

exchanged PBMA latex (M, = 370K. Mn = 13OK) containing Phe- and An-labeled particles to 



form füms. Films were anneded at 70 OC and their fluorescence decay profiles were rneasured. 

allowing us to measure the diffusion rates. 

Figure VI-8 shows cornparison for diffusion rates measured for PBMA without and with 

post-addition of different arnounts of BMA oligomers to the system. One observes a clear trend 

that with increasing arnount of oligomer. the diffusion rate of the polymer increases. The D,, 
values are increased by about 6 times upon addition of only 3 w t l  oligomers. and are much 

higher for films with 6 or 9 wt% oligomers. This indicates that oligomers can plasticize and 

enhance greatly the difhisivity of the high polymer. 
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Figure VI-8. Cornparison of diffusion rates for PBMA (MW=370K) at 70°C without post-addition 

(i) and with addition of 3 (a). 6 (a), and 9 wt% (O) of BMA oligomers. 



While both water and oligornen rnight contribute in rnany ways to enhancement of 

polyrner diffusion. the most likely mechanism is that they dissoive into rhe polymer and act to 

increase the free volume in the sample. Comparing oligomen. which can be regarded as in situ 

surfactant, to an ionic surfactant (SDS), we fmd that SDS can reduce the interparticle contact in 

the nascent films (c.f. Chap. V) but has negligible effect on diffusion rate of PBMA in annealed 

f i l r n ~ . ' ~ V t  is iikely that SDS surfactant has much less miscibiiity with PBiMA than the BMA 

oligomer. Upon annealing the films. the SDS cm either be exuded to the surface2* or form 

separate phases in the films."b The oligomers. however, rnay becorne distributed into the 

polymer matrix and c m  plasticize the polymer. 

In practical latex films, ihere rnay be always some amount of water. oligomer. and 

lower-moiar-mass polymer present. Also. latex polymers often consist of not only hydrophobic 

components but also significant amounts of hydrophilic components (e-g. polymers containing 

carboxyl groups) either initiaiiy present in the shell or distributed withm the particles. Thus the 

above results have appealing importance for k e x  coatings. 

VI-4 SUMMARY 
The diffusion process of latex polymers was monitored by fluorescence energ  transfer 

for films annealed at 60 or 70 OC. The effects of various components on the polymer diffusion 

rate were examined. 

The role of water in polymer diffusion was investigated by comparing films kept in dry 

state with those wened by either exposing to water vapor or irnmersing in Liquid water both 

before and during heating. For a hydrophobic polymer [PBMA], water has Little influence on 

the polymer diffusion rate. Water absorbed into the films increases füm turbidity both for 

nascent films and for well-annealed fdrns in whch polymer molecules have approached an 

equiibnum mixing state. For a more hydrophilic polymer ~(MAA-co-BMA) with jwt% M M  

component. the presence of water ( e g  5wt4c) increases the diffusion coefficient by more than a 

factor of 5 ar: 6û "C. Upon neuvalization the carboxylic acid groups of P ( M c o - B M A )  with 

NaOH. the polymer diffusion is much retarded in dry films. but enhmced in wet films. Water 

shows tremendous effect on the diffusion rate of NaOH-neutralized P(MAAco-BMA) sample: 

the polymer diffusion coefficient measured for wet films is about two orders of magnitude larger 

than that for the corresponding dry films examined under the sarne conditions. Neutralization 

with NH, results in intermediate diffusion rates between unneutralized and NaOH-neutraiized 

films under both dry and wet conditions. 

The addition of BMA oligomen to PBMA latex enhances the polymer diffusion rate. We 

€id that the presence of 3 wt% oligomen increases the diffusion coefficient of the polymer by 

almost an order of magnitude. 



CHAPTER VI1 FORMATION AND CHARACTERIZATION 
OF LATEX FILMS CROSSLINKABLE UNDER AMBIENT 

CONDITIONS 

VIL 1 INTRODUCTION 
Polyrner latex particles bexing hnctional groups at the particle surfaces or within the 

particles have many practical applications. The hnctional groups can provide a latex with 

specific properties such as irnproved colloida1 stability, rnodified rheological behavior, enhanced 
binduig capacity for biomolecules or surface active substances. better adhesion to a given 

substrate. as weii as increased mechanical performances of the films obtained from these latex 

samples.1 When the funcrional groups are chemically reactive. they are capable of panicipating 

in various post-polyrnerization reactions.' Increasing interest has been paid to uulizing these 

reactive latex polyrners to form crosslinkable fdms when they are applied as water-borne paints. 

coatings or adhesives. 

Although latex coatings reduce the arnount of volatile organic rrnissions and display 

excelient performance in the areas of applications, thennoplastic latex films Iack the tende 

suength, abrasion resistance. chernical resistance and generd durability. These properties can be 

greatly improved by introducing crosslinks in the systems.3 The properties dispiayed by 

crosslinking will depend upon the nature and amount of the curing agent. the crosslink density. 

and the location of the crosslink sites. 

Film cunng c m  be conventionally achieved by t h e d  treatrnent or somerimes by high 

energy (e.g. W) radiation. In many applications of coatings systems. these conditions are not 

easily applicable and crosslinking under ambient conditions is desired. 

V I L  1 - 1 Brief Review of Thermal-cure Systems 
Reactive latex particles which cm form crosslinkable films are conventionally prepared by 

copolymerizing the base monomers with a functional monorner during the ernulsion 

polymerization process. Carboxyl. hydroxyl and amide functionalities are frequentiy introduced 

into latex systerns. paiticularly at the particle surface. with the use of monomers such as 

methacrylic acid, 2-hydroxyethyl methacrylate or N-methyloacqlamide. 1 An example of the 

applications of these latex samples is die use of multi-stage acrylic latex, with surface carboxyl 

and hydroxyl functional groups. in automotive basecoat? Crosslinking can be achieved by 

reacting the hydroxyl groups with an added melamine crosslinker at a high baking temperature 



(normally MO- 160 OC). Of the various reactive monomen. N-methylol(meth)acryl~des (N- 

.iMAA or N-MM&4! are cornmonly used to develop crosslinking emulsions.3-5 The methyiol 

groups of N-MAA or N-MMAA can self-condense upon conventional thermal curing (e.g. at 200 

OC). Ethers of N-methylol acrylamide (e.g. N-(iso-butoxymethyl) acryiamide)) have aiso been 

used as functional monomen to prepare crosslinkable latexes. by self-condensation or reacting 

' 6.7 Glycidyl with amines, hydroxyls, and carboxyls. under the conditions of heat.-9 

(meth)acrylates (GA or GMA) are very usefui reacûve monomers. They contain both an epoxy 

group and a double bond and can be used in either nucleophilic substitution or radical reactions.8 

These rnonomen can copolymerize with unsarurated base monomen to produce latex particles 

bearing epoxy groups. prefenbly at iow polymerization temperature to preserve the epoxy 

content.9.lo Films fomed from these particles cm be cured with reactive substances such as 

carboxylic acids ac elevated ~~~~~~~~~~~~1 1 Thiirane-functional monomers. e.g. 2.3-epitho- 

propyl methacrylate. have also been used to produce crosslinkable emulsions and the reactivity of 

the thürane group has some differences cornpued to oxiranes introduced via G i M .  12 

VIL 1-2 Brief Review of Ambient-cure Systerns 
An important goai for novel latex-based coatings is to cure the films at ambient 

ternperature. This requires that the reactive substances have high reactivity . An interesting type 

of reactive monomer is acetoace<oxyethyi r n e t h a ~ r y l a t e . ~ ~ . ~ ~  The functional (acetoacetoxy) 

groups c m  be easily incorponted into acrylic latex. and crosslinking can be acheved at ambient 

temperature by reacting with difunctional amines. aldehydes. and electron-deficient olefins 

through the Michael reaction. The acetoacetoxy îbnctionÿlicy offers unique versatility to the 

coatings formulators. Other reactive sysrems include maleimide-containing cmulsions prepared 

with 6-(3-chlorornaieimido)hexyI acry late. 15 The maleimide unsaturation may be able to reacr 

with nucleophiles such as amines by addition reactions at ambient temperarure. Epoxycontaining 

latexes prepared with GhW m y  also crosslink with diamines cit temperatures close to room 

ternperature. 1 1 * 16 Another type of application of GMA is to use the C=C double bond as the 

reactive h u i ~ t i o n a l i t y . ~ - ~ ~  Latex particles bearing carboxylic acid groups at the surface may be 

prepared first. Afrer post-reaction of the carboxyl groups with GMA. an unsaturated latex is 

obtained. and its films can be crosslinked under arnbient conditions,l7 using a curing procedure 

similar to that employed for unsaturated oils or alkyd resins. Film curing based on hydrazone 

formation between a carbonyl and a hydrazine residue has also been widely investigated.18 

Other mechanisms involve estefication between oxazoline and -COOH. L97Z0 Schiff base 

formation between primary amine and C=O groups.zl 



V I L  1-3 Our Approaches to Ambient-cure 
While the heat curable latex systems have been described in both the patent literanire and 

in rientific joumals. there bave k e n  very few reports systernaticaily examining films prepared 

frorn reactive latex panicles that are curable at room temperature. 

As a stact in this direction. we have prepared latex samples containing the acetoacetoxy 

fùnctionality and exarnined its reaction with diamines. Another approach involves preparing 

füms with unsanuated functionality and air cure the films by reactions among the double bonds in 

a mariner resembling polymerization reactions. This project has k e n  in collaboration with the 

Geman Group in the Netherlands and was initialized during my visit in their group. We do not 

intend to invent new curing chemistry here. Rather, we think that these are attractive strategies 

for arnbient cure of latex films. 

For latex füms the crosslinks need to be formed in a speciai way: one needs 

entanglements between polymer molecules from adjacent latex particles to generate suen,@ in the 

system. Crosslinks between polymers onginating in the sarne latex panicles will only make the 

f h  weaker. The technology depends upun a proper balance between the rate of polyrner 

interdiffusion to generate entanglements, and the rate of crosslinking to lock the entanglements in 

place. There is very Liale known about the rates of interdiffusion and crosslinking in these 

systems. This issue of the rates of polymer diffusion across interfaces in competition with 

crosslinking reactions which retard difhision is a topic of intense interest. both to the academic 

and industrial communities. In this chapter. 1 descnbe systems in whch we measure both rates. 

which are important for the development of mechanical properties of the films. In this way we 

hope to provide some usefui knowledge for the curing technology of latex films. 

EXPERIMENTAL 
VII-2- 1 Latex Samples 

One type of latexes contains acetoacetoxy (AA) groups as the reactive functionality. 

These are copolymers of either butyl methacrylate (BMA), or 2-ethylhexyl methacrylate (EHMA). 
with 10 w t 8  acetoacetoxyethyl methacrylate (AAEMA), referred to as IW-PBMA or AA- 

PEHMA. Most of these copolymerization reactions were carried out at 20 "C using a redox 

initiation system by a batch process. as described in Chap. il. Some AA-PEHMA samples were 

labeled with phenanthene (Phe), and some with anthracene (An), referred to as Phe-AA-PEHMA 

and An-AA-PEHMA. These labeled samples were prepared at 80 OC. with the help of Mr. Hung 

Pham, using potassium persulfate as the initiator and dodecyl mercaptan (DM) as the chain 

transfer agent. via a semi-continuous process. The preparation conditions for these labeled 



latexes are similar to those for the Iabeled PBMA as descnbed in Chap. II. with nearly 1 0 %  of 

dye fraction reacted and randornly incorporated into polyrner chahs. We found that it was 

difficult to obtain an efficient and uniform dye labelhg when polymenzations were carried out ar 
20 OC using the redox initiators. either via 3 batch or via a semi-continuous process. 

The other type of latex has unsaturated (U) bonds as hinctionality. They were prepared 

by reacting glycidyl methacryiate (GiMA) with the carboxyl groups covalently atiached to latex 

polymers. as descnbed in Chap. II. The latex samples before introducing unsaturation were 

terpolymers of BMA (70.5 wt%), BA (23.5 w t 8 )  and rnethacrylic acid (MAA. 6.0 wt%). This 

composition was chosen based on the consideration that the resulting Tg of the polymer should 

be below 22 OC and the amount of BA should be srnall enough to avoid premature branching or 

crosslinking. One such a carboxylated latex was prepared at 20 OC (latex C- 1),  whde the other 

was prepared at 60 OC and with the addition of a c h a h  transfer agent (DM) (latex C-2) for 

Iowering the molecular weight of the polymer and hence for die ease of chancrerization in 

solution. Mer  introducing unsaturation. the respective latexes are referred to as U- 1 and LT-7. 

We estimated that about 80% of -COOH groups had been reacted to form unsanirated bonds. 

The details of latex preparaiion and characterization have k e n  described in Chap. II. 
Sorne important characreristics for these reactive latexes are presented in Table W- 1. 

Table W-1 Characteristics of latexes containing acetoacetoxy and unsaturated- 

bond functionalities 

Latex AA-PBMA AA-PEKW C- 1 C-2 

Label Non- 'ion- Phe- An- Non- Non- 

Diarneter (nm) 54.2 50.8 85 8.5 58.1 3 9.7 

Polydispersity 0.082 0.078 0.02 0.02 0.044 0.090 

Tg ( O C )  18 -9 -9 -9 - 2 7 

Solids (wt%) 10.6 10.5 26.0 25 -4 11.4 11.6 

MW (XIO') 78 - 4.7 4.8 70 1 1  

Mn (X IO4) 28 - 1.7 1.5 22 2.7 

a. The Tg values here are estimated by the Fox equation using the Tg values of 30. - 10. 5. -55. 

and 130 OC (see Table II-1) for PBMA. PEHMA, PAAEMA, PBA, and PMAA. respectively. 



VII-2-2 Film Formation, Crosslinking, and Measurements 
Our latex dispersion samples had a solid content of ca. 10 wt%. and it took 3-5 hours for 

them to dry in the open air (50-65 %RH) to f o m  fürns (ca. 50 pm thick). The drying rates of 

dispersions were analyzed by gravimetric water loss meaîurements. 

For crosslinking the acetoacetoxy-functionalized films, a certain amount of 5% aqueous 

solution of 1.6-hexane diamine (Aldrich, 9 8 8 ) ,  with a rnolar raîio NH7(CH7)6NH7 - - - : AA = I : 

2, was added uito the dispersions and the mixtures were dried. giving solid films. Some films 

were further aged in air for 3 days or a week. 

For crosslinking the füms with unsaturated bonds, the latex dispersions (e.g. latex U- 1 ) 

were mixed with 0.1-0.5 wt% (based upon polyrner) of a "drier", cobalt octoate in its xylene 

emulsion or cobalt naphthenate (Fiuka). A few drops of the mixed dispersion was placed on a 

g l a s  substrate, dried. and further aged in air. 

The extent of crosslinkîng was characterized by solvent extraction and swelling 

measurements. Film specimens (weight: W,, dimensions: - 15 x 15 x O. 1 mm3) were immersed 

in 1,Cdioxane for 72 h to anain swelling and dissolution equilibrium. The remairhg film 

specimens were then carelùiiy removed from dioxane, and the solvent attached to the surface was 

wiped off with füter papers. The weight of the füm (W 1) was measured. This procedure was 

completed as immediately as possible (in 5 seconds) to assure accurate and consistent 

measurements. The film was then dned again to a constant weight (W?) in a vacuum oven. The 

gel content (8) and swelling ratio are calculated from the following expressions: 

Gel content (5%) = (W? - / Wo) x 100% 

Swelling ratio = (W 1 / Wî) 

Films were also characterized by spectroscopie measurements, for exarnple. by NMR and 

FTIR techniques. In the FTIR measurernents, films were prepared by casting very dilute latex 

dispersions onto water-resistant IR plates and then placed in the sample chamber equipped with 

N2 flow. 'H-NMR measurements were perfomed for non-crosslinked polymers in solution or 

for lightly-crosslinked polymers in the swollen state in organic solvents, on a Varian 200-MHz 

NMR spectrometer. Sometirnes the use of mixture of solvents ( e g  d-cbioroform and d-toluene) 

was necessary to allow the polymer to be weil suspended in the tube. For highly crosslinked 
films, "C solid-state high-resolution NMR spectra were measured in the laboratory of Prof. Peter 

M. Macdonald, ernploying various techniques including rnagic-angle spinning, cross- 

polarization, and decoup h g  to minimize the line broadening . 



For polymer diffusion analysis by direct non-radiative energy transfer. fluorescence decay 

measurements were canied out for labeled films. The measurement conditions and data analysis 

technique were similar to those described in Chap. V and VI. 

RESULTS AND DISCUSSIONS 
VII-3- 1 Acetoacetoxy (AA) System 

The AA-PBMA latex forrns turbid films with large cracks at room temperature ( 2 2  O C ) .  

whereas the AA-PEHMA latex forms soft, clear films under the same conditions. This is 

consistent with the difference in Tg (and MFT) values between these two latex polymers. 

Both pure AA-PBMA and pure AA-PEHMA latex samples give films soluble in organic 

solvents such as dioxane (Only after long storage do the films form gels in a good solvent due to 

light crosslinking). This indicates that negligible crosslinking occurred during the preparation of 

the above two kinds of copolymer latex particles. The low temperature polyrnerization by the use 

of a redox initiator system favors the production of h e a r  polymers (avoiding crosslinking 

reactions between functional groups). Also. the AA content in the copolymers is sufficiently low 

to avoid gel formation (Note that a latex homopolymer of acetoacetoxyethyl methacrylate. 

PAAEMA, prepared under similar low-temperame conditions, is partidly gelled). 

Crosslinking of the AAcontaining copolymer latex systems was achieved by adding 

hexane diamine into the dispersions and air drying the dispersions to form films. 

VIX-3- 1- 1 The drying behavior and pseudoplastic rheological effect 
When the above AAcontaining latex sampies are mixed with diamine in die dispersion 

and air dned, the drying behavior and appearance of the dispersions show many differences. 

First, these dispersions increase their viscosiry and turn into nearly an immobile state when die 

drying reaches only about 15 wt% solids (in about 10 min). In conuast, the wet dispersions in 

the absence of diamine remain liquid-like until the drying is much closer to the end. Second. 

from the very beginning of the drying process, dispersions with diamine exhibit much higher 

turbidity than those of the pure latex. implying the occurrence of association of individual 

particles into larger-sized groups. We infer frorn the above resulü that there may be interactions 

between the diamine molecules and particles. which cause association of the particles and the 

increase in turbidity and viscosity. This high viscosity cm exist easily under conditions of Little 

mechanical disturbance or low shear rate. At high shear rate, the physical association between the 

latex particles and the diamino molecules must be destroyed, and the viscosity becomes low. 

This rheological effect is known as pseudoplastic characten~tics,~ which is useful for many 

coatings applications. The pseudoplastic propenies can arise from many different types of 

interactions. e.g. the hydrogen bonding and the association between polar or hydrophobie 



groups." An example of such a kmd of systerns is a latex dispersion containing carboxylic acid 

and hydroxyl groups at the particle shell. which exhibits pseudoplastic behavior upon addition of 

melamine to the system.' In the present system, the interaction is k e l y  the hydrogen bonding 

between the amino groups and the acrylic ester groups or the polar groups at the particle surface. 

This is confmed by a similar rheological effect observed for dispersions of PBMA latex without 

the AA-functional groups but in the presence of diamine. 

In addition to the possible physical association between the arnino groups and the particle 

surfaces, the crosslinking reactions between the diamine molecules and the acetoacetoxy groups 

at the particle surface c m  give rise to an additional effect on the viscosity increase. We found that 

the AA-containing PBMA dispersions became highly viscous during drying much earlier (e.g. 40 

vs. 90 min) than the AA-free PBMA samples, both in the presence of diamine and with the same 

initial solid content (10 %Y). Also, as will be pointed out below. the crosslinking reactions in the 

M-containing system occur weU before the dispersions are dried. This type of chernical 

bridging of particles leads to the formation of microgel. and unlike physical association. it is in 

fact an irreversible process. 

Another important phenornenon is that dispersions with diamine dry unifomily across the 

surface, while those without diamine dry with a drying front. showing a dry film at the edge 

which grows towards the center. The drying front is always seen in a normal latex system, 

related to the flux of iiquid water and particles in the subsuate plane." This indicates that no 

macroscopic particle motion across the film plane is possible due to the presence of diamine in the 

drying dispersions. This drying behavior is consistent with the high viscosity observed for 

dispersions with diamine present. 

Com~arison of drving rate: Due to the large difference in Q i n g  behavior between dispersions 

with and without diamine. we carried out cxperiments in which we monitored the drying rates of 

these samples. Figure W-1 shows drying curves for a f i - P B M A  latex dispersion with and 

without diamine. One sees bat  the addttion of diamine to the dispersion increases si,@?icantly 

the drying rate. It takes less time (ca. 4.3 h Vs. 5 h) for the amino-containing dispersion to reach 

9 7 6  soli& than for the dispersion without amine. Cornparing the drying behavior between pure 

PBMA latex (no AA) with and without diamine, we observe a very similar behavior: the amino- 

containing dispersion ciries faster thm the amino-free dispersion. In our experiments. some 

samples were ion-exchanged to remove ionic substances (e.g. surfactant) before addition of 

diamine, some were used without cleaning. The presence of surfactant and other ionic species 

changes siighdy the rate difference between the arnino-containùig and amino-fixe dispersions. 

This, however, does not alter the trend of drying rates: the presence of diamine always facilitates 

drying. We amibute the fast drying rate because of the presence of diamine to its creation of 
hydrophilic channels between particles which allows for water transport. This concept has b e n  

ihstrated previously for the enhancement effect of ionic surfactant on drying rate.'-' Another 



reason for the fast evaporation in the sample with diamine would be that such a latex dispersion 

dries uniformly across the surface, while in the sample without diamine the wec dispersion 

decreases in surface area during drying. 

Figure VII-1. Plots of percent solids (%, fiIIed symbols) and the fraction of water remaining (%, 

open symbols) as a function of drying time (in h)  for an A . - P B M A  latex dispersion in the presence 

(VI) and absence (AA) of hexme diamine. 

VII-3- 1-2 Characterization of the crosslinking reactions 
Films formed from dispersions containing the diamino compound were not soluble in 

dioxane or other organic solvents, neither the AA-PBMA nor the AA-PEHMA latex samples. 

This indicates that reaction between amino and acetoacetoxy groups occurs during air dry ing and 



aging, resulting in sufficient crosslirik density in the latex films to resist organic solvents. Note 

that afier drying, the f i-PBMA latex. which only formed powdery filrns upon drying at room 

temperature. produced continuous. highly transparent filrns when mixed with diamine. 

The gel content and swelling ratio in dioxane were measured for films çither newiy 

forrned or aged. aliowing us to look at the crosslinking capacity of the reactive speçirs in the 

films. Table VII-2 surnmarizes the results for these sarnples and also for those smples in the 

absence of diamino crosslinker. 

Table VII-2. Gel content and swelling ratio in dioxane for filrns formed from 

AA-PBMA and AA-PEEfMA latex samples with or without diamines 

The addition of diamine to both AA-PBMA and M - P E M  latex dispersions Ied to 

crosslmked films with only a small weight fraction extractable in a good solvent. The exuactablr 

part rnight include Race amounts of water. monomer. unreacted diamine and ri smdl m o u n t  of 

polymer. The major part of the film formcd a stable network. only sweUable but not soluble in 

solvent. When comparing the AA-PBMA latex films with the XA-PEHiMA filrns. the latter hitd a 

relatively lower degree of swelling. One would rxpect that the lower Tg M - P E m  copolymer 

would provide higher mobility for achieving highrr density of crosslinking than the relatively 

higher Tg AA-PBMA copolymer. A lower gel content obsemed for M-PEHIUfA films compared 

to the Mi-PBMA films would be due to either composition heterogneity or lower miscibility of 

amine in the AA-PEHMA sarnple. 

The results dso show that there is vimiaily no si~gificant dtfference between the newly 

formed films and those aged for 3 days or a week. for both f i - P B M A  and f i - P E M  Iatex 

samples in the presence of diamine. A possible explanation is that the crossiinking reaction takes 

place at a npid rate. Thus after our films were dned ( e g  3h). the crosslinking reactions had 

occurred to a Large extent, and further aging would not increase sigmficantly the crosslinking 

Latex 

Gelcontent(%) 

Swelling ratio 

AA-PB-MA I~ AA -PEH&lA 
No amnie 

O 

krunine 

O 

43 

with amine 

fres h 3 days 

98 97 

3.1 3 .O 

with amne 

fresh 3 days 7 days 

90 93 92 

L .8 L .9 1.9 



density. We will c o n f m  this point below. 

The rnechanisrn of reaction between acetoacetoxy and amino groups is believed to be the 

formation of enamino ester."." as shown in Eq. (VII-3): 

We attempted to employ spectroscopie techniques to M e r  characterize the crosslinking 

reactions or. if possible. to quantiQ the extent of these reactions occurred in the Iïlms. The fxst 

technique we employed was KIR. Based on the above reaction mechanism. the crosslinking 

reaction between an acetoacetoxy and an amino group should be chancterized by the formation of 

a C-N bond and the cleavage of a C-O and a N-H bond. Unfortunately. in the IR spectra we 

obtained (not shown), the absorbance peaks for the C-N bonds or C-O bonds largely ovedap 

with those peaks from the base polymer and those from the added diamino compound. Yet. the 

characteristic peak at 3300 cm-l for N-H bonds is always masked by the presence of nace 

amounts of water in the film or in the sarnple chamber. This problrm is unavoidable. even when 

the films are stored under vacuum and examined in a nitrogen environment. We are thus unable 

to observe the changes associated with crosslinking from IR measurements. 

We used NMR technique to characterize thrse films. High-resolution solid-state ''c 
NMR spectroscopy was investigated as a means of drtemunuig the rxtent of crosslinking with 

hexanediamine. Figure W-2 shows spectra for a homopolymer of acetoacetoxyethyl 

methacrylate (PAALMA) before and dter mixing with diamine in T W  for 24 hr. followed by 

drying. The PAAEMA sample was prepared under conditions similar to the AA-PBMA and LU- 

PEHMA copolymers. The addition of hexanediamine to PAAEMA in ths case should produce a 

mode1 sample with a high extent of crosslinking, dowing us to observe clearly the changes 

associated with the reactions. In Our assignment for each individual resonance shown below. 

standard spectra of relevant compounds in refs. 21 and 25 wrre used for c o r n p ~ s o n .  

in the spectnun of pure PAAIMA (Fig. VI[-Za). one can readily idennfy resonances 

associated with the methacrylate backbone methyl (16 ppm), ternary carbon (45 ppm). and 

carbonyl (178 pprn), although the backbone methylene (55 pprn) is obscured by other 

resonances. in particular, the ethoxy methylenrs are expected ro occur in the region of 63 pprn 

where there is a broad di-resolved group of resonances. Likewise. the methylene of the 

acetoacetoxy. flanked by carbonyls. occurs in this region of the spectrum (50 pprn). The terminai 

methyl of the acetoacetoxy group is clearly resolved (30.3 pprn), as are the carboxyl carbonyl 

(168.2 pprn) and the aldehyde carbonyl (202.2 pprn). Because these 13c NiMR spectra were 

acquired using cross-polarkation the resonance intensities cannot be used quantitatively . 



Figure VII-2. "C high-resolution solid-state NMR spectn for samples of: (a) PAAEMA. and ( b )  

PAAEMA crosslinked with diamine for 24 h in THF foIlowed by drying. 



When the PAAEMA polymer is mixed with diamine to undergo crosslinking reactions. 

we observed some important changes in ')c-NMR spectrum (Fig. W-2b).  The resonances from 

the crosslinker hexanediamine itself occur in the region of 29 ppm for the rnethylenes beta and 

gamma to the secondary amine. and at about 50 pprn for the alpha methylene. alrhough the latter 

resonance cannot be resolved from the ethylmethacrylate resonance occurring in the same region 

of the spectrum.  major changes in this spectrum include die loss of the terminal methyl 

resonance at 30.3 ppm and the acetoacetoxy aidehyde carbonyl resonance at 102 ppm. The latter 

is not completely absent. indicating that 100% crosslinking was not achieved. New resonances 

appear at 169.7 ppm corresponding to the ester carbonyl in iü new environment next to a site of 

unsaturation. at 163.0 pprn corresponding to the merhyne unit of the enamine. and ar 87.0 ppm 

corresponding to the t e r n q  carbon of the enamine. These results clearly uidicate that the "c- 
NMR is capable of both detecting crosslinking with hexanediamine and identifying the resulting 

product. In panicular. the carbonyl region of the spectrum yields the most cleari.ut information. 

Our results lend supports to the reaction mechanism between acetoacetoxy and amine groups 

proposed previously . ln' 

When copolyrne~ of BMA or EHMA with 10% ASiMA. d e r  crosslinking with 

hexanediamine. were investigated via 1 ' ~ - ~  under the same conditions. it was observed diat 

the particular resonances corresponding to the I\AEMA units were too low in intensiry to be 

useful as a rneans of quantifying crosslinking. 

VII-3- 1-3 Film formation rate vs. crosslinking rate 
a. Crosslinking rate. To have information about the crosslinking rate. we rnonitored the change 

of gel content of the polymer with reaction time. Since it is observed that a high sxtenr of 

crosslinking has occurred in the newly dned films. we start th is  mesurement for sarnplrs in the 

dispersion state well before cornplete drying. Each dispersion was quickly freeze-dried after a 

certain time of reaction. and the dned powder was placed înto dioxane and stirred. and then the 

insoluble part (gel) fomed due to crosslinking was obtained by centrifugation. Figure W-3 

shows the plot of gel content (5%) as a function of rime for an AA-PBLMA latex mked with 

diamine. Here the starting reaction time was the time when the dispersion (latex + diunine) was 

placed onto a g l a s  substnte. after the two reactive components had k e n  mixed and stirred for 5 
min. We see that a fast crosslinking occurs between the reactive moieties: the gel content reaches 

above 80% afrer drying for 5 min. At reaction time 60 min.. the gel content reaches 95%. quite 

close to that (Ca. 976) for the f i  completely dned (afrer 110 min). Similarly. a fasr 

crosslinlung rate is observed for the AA-PEHMA sarnple. 



Time (min) 

Figure VU-3. X plot of gel content (%) Vs. time for an AA-PBMA film crosslinked with diamine. 

b. Ambient diffusion rate of ~olvmers. In case of PBMA samples. we have found diat 

polymer diffusion is negligible at room temperature when the polymer molecular weight is hgh 

(e.g. MW > 10'). Such a h g h  rnolecuiar weight is characteristic of many emulsion polymers. 

We have a pair of labeled PBMA samples with lower molecular weight (MW = 3.5 n 10'. Mn = 

1.7 x 104. Tg - 20 "C) . By fluorescence e n e r a  tnnsfer analysis. we monitored the growth of 

the extent of mixing (f,) with diffusion time and evaluated the polymer diffusion coefficient D,, 
(in n m k )  for this polymer at 22 "C. Table VII-3 shows these results. We aiso show the 

increase in interpenetration depth d, (in nrn). defined as ( 6 ~ t ) ' "  in Chap. M. with time. 

Table VII-3. The extent of mixing f ) diffusion coefficient (D,,,), and 

interpenetration depth (di) at 22 O C  for PBiMA (MW = 3.5 x IO4, d = 125 nm) 



One notices that for the given molecular weight. the PBMA c m  effectively diffuse at room 

temperattue on a time scale of days. If we estimate the average penetration depth per minute 

(djdt), we find values of 0.02 nm.rnin or less. As mentioned above, the crosslinking reaction for 

the AAcontaining PBMA with diamine occurs on a tirne scale of minutes. From these results it 

is clear that the PBMA diffusion rate is too slow to allow for sufficient penetration and entanghg 

M o r e  crosslinking, even for a quite low molecular weight. 

We also carried out diffusion experiments for the lower Tg (-7 "C. as rneasured by DSC) 

PEHMA sarnples. The Phe- and An- labeled PEHMA samples (d = 85 nm. MW = 1.7 x 1 o', Mn 

= 1.6 x 1 04. see Table VII- 1 ) are AA-containing terpolymen made of 89 wt% EHMA. L O wtQ 

AAEMA, and 1 wt% fluorescent monomer. We intended to examine both the interdiffusion and 

crosslinking processes on the same samples. Figure W4 shows donor decay profies for AA- 

PEHMA samples (no diamine) aged for different urnes. Since the diffusion time for this polymer 

is shorter, we prepared thick films (ca. 300 prn) to rninimize the measurement rime (< 8 min) for 

each decay profile. 

Figure VU-4. Donor fluorescence decay profiles for AA-PEHMA latex fiims (MW = 4.7 x 104. d 

= 85 nm, Phe : An = 1 : 1) with diffusion time of: (1 )  0, ( 2 )  30, (3) 60. (4) 120, ( 5 )  180 min, 

respectively. These curves are integrated to obtain the areas under them in our data analysis, as 

described in Chap. VI. A decay function expressed as: ID(() = A l  rxp[-t&'- p(t&,")'12] + A? exp(- 

&O), is used to f i t  the curves for area intrgration. in the Figure we also display the weighted 

residuals and their autocorrelation for curve 2 when fitted to the above expression. 



From the decay profiles we analyze the diffusion rate for the polymer. The results are 

shown in Table VII-4 

Table VII-4. The extent of mixing ( f ) ,  diffusion coefficient (D,,,), and 
interpenetration depth (di) at 22 O C  for AA-PEHMA (MW = J.7x104, d = 125 nm) 

t (min) f, Da,, (nm2/s) di (nm) 

We notice that this polymer difises to a significant rxtent within 30 min. The diffusion 

distance per minute (djdt) esumated for h s  sample is ca. 1 nmlrnin at early times and 0.5 nm/min 

at Iater timrs. For an aging time as short as 10 min. a si,gificant amount of penetration (e .g .  5- 

10 nrn) can be observed. Thus the interdiffusion rate for this po14ymer is much more comparable 

to the crosslinking rate in the given systern. 

We camied out sirnilx experiments in whch the Phe- and An- labeled I U - P E H & l A  

panicles were rnixed in the presence of diamine to produce films. in whch both the growth of 

energy transfer efficiency and the crosslinking reactions occurred. An unexpected result of donor 

fluorescence decay is observed for such a system. An example of a donor decay profile for such 

a film (aged for 10 h after drying) is shown in Figure VII-5 (curve 1). One sees that in addition 

to the enerjg transfer fiom donors to acceptors causing the deviation of the decay from 

exponential, a very fast decay component is seen at early times of the decay. The decay behavior 

of this component is much different from that due to energy uansfer to anthracene. as seen in the 

profiles in Fig. VI14 This fast component is more pronounced for films aged for longer time 

and less pronounced for freshly-formed films. Since this decay behavior is not seen when we 

examine films prepared fiom latex without AA-fünctional groups but with the addition of diamine 

(curve 2), it is clear that it is related to the crossiiniung reactions. Species produced from the 

reactions might act as a quencher for the donor fluorescence. What is surprishg is that when we 

measure a film prepared from Phe-AA-PEHMA particles (no An-labeled particles) mixed with 



diamine. the donor decay rate is not influenced by die crosslinking reactions (curve 3). We then 

suspect that the fast decay component would arise from cooperative action from both the An 

molecules and the crosslinking rraction products. This interaction may produce either a new 

short-lifetirne fluorescent species or an efficient quencher to Phe- emission. The presence of this 

decay component cornplicates Our data analysis for interdiffusion in cornpetition with 

crosslinking. It, however. serves as an indicator for the crosslinking reactions. 

Figure VII-5. Donor decay profiles for films: (1)  prepared frorn 1 : 1 Phe- and An- labeied XA- 

PEHMA particles in the presence of diamine and aged for 10 h after drying: ( 2 )  prepared from 1 : 

1 Phe- and An- labeled particles without AA-functional groups but with the addition of diamine; (3)  

prepared from Phe-AA-PEHMA particles (no An-lakled particles) mixed with diamine. 

Whde the crosslinking strategy presented here based on acetoacetoxy/arnino 

functionalities provides an efficient way for fiim crosslinking. one c m  expect that the 

crosslinking rate is too fast to form well-rnixed, coherent latex films. The fact that a ~ i ~ c a n t  

extent of crosslinking occurs before the dispersion is dried is panicuiarly undesired. Even for the 



above-mentioned AA-PEHMA sarnple which cm diffuse a few nanometers in several minutes. 

negligible interdiffusion can be detected for such a f h  sample before dned (e.g. at 9 2 8  solid 

content, 30 min before completely dried). The decay profile for this sample (not shown) overlaps 

with cuve 3 in Fig. Vn-5. Thus the crosslinking reaction here always precedes the polymer 

interdiffusion rate. 

To decrease the crosslinking rate. one can either reduce the amount of AA content in the 

latex or change the type of amino compounds. 

VII-3-1-4 Loss of functionality during storage and upon heating 

We noticed in our experiments that the AA-functionalized sarnples gradua11 y decreased 

their efficiency for crosslinking with diamine. Table W-5 shows Our comparison of 

crosslinking capacity between newly prepared AA-PEHMA latex and the same Ia~ex stored for 6 

rnonths. One sees that after storage the gel content is decreased. and the swelling ratio is 

considerably increased. We also observed that the AA-PEHMA films in the absence of diamine 

became lightly crosslinked (gel content ca. 50 Q in dioxane) afrer storage for 6 monrhs. whle 

those fresh fdrns were completely soluble. This gel fornation is another indication hat  the 

functional groups have undergone chernical reacuons. in relation to the loss of AA content. 

during the aging period. 

Table VII-5. Gel content and swelling ratio in dioxane for AA-PEHkW 
diamine films using the latex freshly prepared and stored for 6 months 

Film AA-PEHMA latex + Diamine 
Fresh Stored for 6 months 

Gel content (%) 90-92 53-87 

S weiling ratio 1.8- 1.9 2.5-3.5 

To monitor the changes in polymen, 'H-NMR specua were measured. Cornparing the 

spectra for a fresh and an aged latex polymer. we observed bat the intensity of the peaks for the 

AA groups has significantiy decreased (e-g. by 35% for PBMA and more for PEHMA afier 

storage for 6 rnonths). 

When the latexes are heated or prepared at high temperatures. a noticeable amount of AA 

Functionality is lost. Figure VII-6 shows 'H-NMR specua for a fresh AA-PBMA latex (prepared 

at 22 O C )  and for the same sarnple after heating at 70 "C for 5 h and 20 h. One sees that after 

heating for 5 h. the intensity of the peak at 3.6 ppm for the mediylene group and that at 3.3 pprn 



for the methyl group in AA unit have both decreased by Ca. 25%. A factor of 40% of decrease is 

observed for the sarnple heated for 20 h. We also found that the labeled AA-PEHMA sarnples 

prepared at 80 "C with a total polymenzation tirne of 8 h had an AA content to some extent (ca. 

30%) lower than that of the theoreticd value, although a significant level of AA was still 

preserved, and the polymer was completely organic soluble. 

It has k e n  proposed that the loss of functionality in such a system is m d y  due ro the 

hydrolysis of the acetoacetoxy group. giving decomposition products such as acetone and carbon 

dio~ide.'~ Some coatings formulaton have aied to add stabilizen such as ammonia. employing 

the enamine formation mechanism. to prevent rhis hydrolysis. " 

Figure VII-6. 'H-NMR spectra for a fresh AA-PBMA latex polymer (prepared at 22°C) (curvr a) 

and the sarnple in (a) after heating at 70 "C for 5 h (curve b) and 20 h (curve c) .  The m o w s  

indicate the peak at 3.6 ppm for the active methylene group. that at 2.3 pprn for the methyl group 

in AA unit, and that at 3.9 pprn for the -C&-OC0 protons in PBMA. The relative intensities of 

these peaks are used to monitor the change of M content. 



VII-3-2 Unsaturated (U) SYSTEM 

Perhaps the most interesting approach to arnbient cure of latex films involves a system 

with air-curable functionality. The patent by Mylonakis describes reacting surface acid groups on 

a latex in water with glycidyl methacrylate to introduce surface unsaturated groups." Perhaps 

because of the low solubility of O2 in water, the unsanirated bonds remain unreacllve in the 

dispersion, but polyrnerize in the dry film exposed to air. Union Carbide reported alternative 

pst-functionalization chemistry based upon carbodiimide methacrylates? Here we examuie the 

strategy based on the Mylonakis approach. 

We first prepared carboxylated P(BMAxo-BA) latex samples. We then carried out a 

reaction of the -COOH groups with glycidyl methacrylate (GMX), which contains both a double 

bond and an epoxy group that could react with -COOH. In rhis way unsaturated (reactive) latex 

samples were prepared. 

Films were formed on glass substrate frorn dispersions of the unsaturated latex ( L'- 1 ). 

rnixed with a small amount of "cher" (e.g cobalt octoate). The dry films were then cured in air 

for 7 days or longer. The procedure was similar to that used in the Mylonalus patent.[' The 

crosslinking of these films was evaluated by solvent extraction and swelling. Films formed from 

saturated latex sarnples (before post-reaction) were also cornpared. Table W-6 summarizes the 

results. 

Table VII-6. Gel content and swelling ratio for films formed from unsaturated 

and saturated latexes and cured in air with or without a drier agent 

Latex 

Gel content (%) 

Swelling ratio 

Saturated latex Unsaturated latex 

No drier 

O 

with octoate 

O 

00 

No drier 

O 

00 

with octoate 

7 days 12 days 

87 87 

13 12 



Films formed from saturated latex were cornpleteiy soluble in solvent (i.e. O B  gel in 

dioxane) either in the absence or presence of a curing agent. For the unsanuated latex films. 

crosslinking also did not occur after 7 or 12 days when no curing agent was present. In contrat. 

fdms fomed from unsaturated latex in the presence of cobalt octoate were crosslinked after aging 

for ca. 7 days. 

A normal cure tirne for such a system is 30 days.17 We have shown above that for this 

crosslinking rate, a low Tg latex (e.g. PEHMA) c m  diffuse to well mix. Even for a latex 

polymer having a Tg close to room temperature (e.g. PBMA). the polymer c m  effectively diffuse 

when the molecular weight is not hgh (e.g. MW = 3.5 x 10'). Thus the approach here based on 

air-cure of unsaturated latex represents a slow cure approach. which cm allow for sufflcient 

interdiffusion. 

W - 4  SUMMARY 
Reactive latex particles were prepared and characterized. These latex particles were of 

two types: one bearing acetoacetoxy groups and the other with post-incorponted unsaturated 

groups as the reactive functionalities. Film formation was carried out and f i  air-curing was 

performed for both types of reactive latex samples. Si,pificant crosslinking was achieved for 

both types of latex films. as indicated by their solvent resistance. The approach based on 

unsaturated hinctionality represents a slow-air-curing suategy. while that based on reaction 

between acetoacetoxy and diamine provides a rapid crossluking process. Both reacrion routes 

tested for low temperature latex film crosslinking were deemed to be successtùl. 



APPENDICES 

Appendix II- 1 Recipes for Preparation and 

Characteristics of P(BMA-CO-BA) Latexes 

Table AII-1-1. Recipes for Preparation of P(BMA-CO-BA) Latexes 

a. Anthracene-labeled latex: b. Phenanthene-labeled latex; c. Butyl methacrylate: d. Butyl 
acrylate; e. Potassium persulfate: f. Sodium dodecyl sulfate; g. (9-Anthryl) methacrylate; 

h. (9-Phenanthryl) methyl methacrylate. 

Water(ml) 100 100 100 100 100 500 500 485 485 

m'se (g) 0.085 b.085 3.085 0.085 0.085 0.425 3.425 3.30 O. 30 

ms1 (g, 
NaHc03 ( g )  

Temp. (OC') 

Time (h) 

Semi- ba tch 

BMA (ml) 

BA (mi) 

AnMAg (g )  

PheMMAn (g) 

Water (ml) 
L 

KI'S (ml) 

SDS (g) 

Temp. (OC) 

Time (h )  

3.44 

0.09 

70 

1 

3.44 

0.09 

70 

2 

0.54 

0.09 

70 

C 3 

Stage 

- 

- 
- 

- 
- 
- 
- 
- 

- 
- 
- 

- 
- 
- 
- 
- 

1 

3.33 

0.09 

70 

3 

- 
- 

- 

- 
- 
- 
- 
- 

- 
- 
- 

- 
- 
- 
- 
- 

- 
- 
- 

- 
- 
- 
- 

- 

0.33 

0.09 

70 

2 

1.65 

0.45 

70 

0 

I 
13 

3.25 

0.32 

- 
'15 

O. 15 

1 .O 

70 

4 

2.0 

0.5 
- 

- 
- 
- 

70 

4 

1.65 

0.45 

70 

I 

13 

3.25 

- 

0.33 

15 

O. 15 

1 .O 

70 

4 

'10 

2.55 
- 

- 
- 
- 
70 

4 

0.66 

0.45 

70 

1 

O. 66 

3.35 

70  

1 



Table AII-1-2 Properties of P(BMA-CO-BA) Latexes 

a. An-labeled: b. Phe-labeled: c .  Ody one Tg was observed by DSC for each copolymer. 

Appendix 11-2 Recipes for the P~paration and 

Characteristics of P(BMA- CO- BA -CO -MAA) Latexes 

One such a latex was prepared by a batch method at 20 "C (C-1). while the other was 

prepared at 60 O C  and with the addition of a chain transfer agent (C-2)  for lowering the molecular 

weight of the polyrner and hence for the ease of characterization of the resuitant polymer in 

solution. No buffer (e.g. NaHC03) was used during the polymenzation process to avoid 

possible enhancement of homopolymerization of MA4 in aqueous phase upon neutralization. 

The recipes for preparing the latex particles and some of their characteristics are given in Table 

ALI-2- 1. The solids content and monomer conversion were measured gravimetrically. Particle 

sizes and polydispenities were detemiined by dynarnic light scattering. 



Table AII-2-1 Recipes for preparation and characteristics 

of P(BMA-CO-BA-CO-MAA) latex samples 

Latex code 

CuS04-EDTA ' ( p mol) 

Temp (OC) 

Tirne (h) 

Charactenstics 

Solids content (wt%) 

Monomer conversion (%) 

Mean diameter (nm) 

Size polydispersi ty 

a. BMA: Butyi methacrylate; b. BA: Butyl acrylate; cc .W: .Methacrylic acid: 

d. NaPS: Sodium persulfate; e. EDTA: Ethylene diamine tetraacetic acid. sodium salt: 

f. SDS: Sodium dodecyl sulfate; g. DiM: Dodecyl mercaptan. 



Appendix 111-1. Calculation of the percent solids 

(S,,,%) and thickness ( )  of the wet dispersion 

domain during drying of latex dispersions 

The calculation is based on the totd solids content (S, , ,  5%) of the f h  and the fractional 

area of the wet dispersion (AJAoW,, or F,,), at each time of the drying process, measured in 

our dry ing experiments. 

The total weight of the polymer film after complete drying is known. We sirnply use die 

value of 0.0 15 g here, for 0.300 g dispersion of initial soIids content 5.0 wtR. We assume that 

the f h  after drying has a uniform thickness over the surface. This is reasonable to Our 

observations: we find that surfactant-free dispersions ofien give quite uniform films after drying. 

and that the rim formed at the edge for surfactantcontaining dispersions is s m d  with respect to 

the total weight (or volume) of the entire film. We also find that the dry film. cncc fxmed. has 

high solids content (e.g. 97%) with negligible arnount of water. Thus the solid weight of this 

dry film part is 0.0 15 ( 1 - F,,). If the percent solids of the wet dispersion is S,,, i in 9 ). and the 

weight of the wet dispersion (solids + water) is Wuet (in g), we have a relation 

W,, S,, + 0.015 (1- F,,,) = 0.015 (Am-L) 

where we have ignored the drying boundary between the dry film and the wet domain. sînce it is 

rather sharp and has Little contribution to the totai polymer solids. 

The above parameters must also relate to the total percent solids of the drying film ( S;,,,,. 

in %) as 

0.015 1 m,,, +0.015 (1- F,,,)] =S,,% (Al I I -2)  

In Eq. (AiII-1) and (Am-2) there are only two unknown parameters. S,,, and Wm,,, which can 

thus be easily calculated. 

Once the F,,, is measured. and the W,, (in g) is calculated. the thickness of die wet 

domain @,,) can be estimated. The density of our dilute dispersions is close to 1 (in glcm'). and 

thus the volume of the wet dispersion is nurnencdy identical to W,,,. The surface area of the 

initial dispersion is known, to be 5 cm'. Assuming a flat surface of the wet domah (reasonable 

at early or intexmediate drying rimes). the thickness of the wet dispersion (ij,,,, in ym) is thus 

obtained via Eq. Am-3. 

6,, = 10' W, 1 0  F,,,) 



Appendix VI- 1 Cornparison of polymer diffusion 

analysis by DET for film samples of different number 

ratio of donor to accepter-labeled particles or with 

different sample geometries and by using different 

analytical techniques 

AVI-1-1 Objectives 
In the polymer diffusion analysis by direct non-radiative energy transfer (DR or m 

measurements carried out in our laboratory. two types of sampie geometries have k e n  used. 

One involves an equal number of donor-labeled (D) and acceptoi-labeled (A) particles. prepared 

from a i : 1 mixture of D and A particles. The other type of sample is characterized by a structure 

in which each D particle is alrnost completely surrounded by A particles. and is prepared from a 1 

: 12 mixture of D and A particles. 

In this section, 1 compare the results of these two types of expenrnents by using the sarne 

analyûcal technique but from these two different sample geometries. [n addition. 1 describe o 

preliminary experiment for a sample with a larnellar geometry which c m  be analyzed in a manner 

proposed by Torkelson et al.' 

AVI- 1-2 Experimental 
The two latex samples are PBMA labeled with 1 mol% phenanthrene (Phe. D) and 

anthracene (An, A), respectively. synthesized with the help of Ms. Ewa Odrobina. using a recip 

similar to that shown in Table II-5 (Chap. II). The pair of sarnples have nearly the same particle 

size. average molecular weight, and molecular weight distribution. We dso confmed this by 

measuring these properties with 1 : 1 mixture of the two samples. The mean values are: d = 118 

nm, MW = 380 K. Mn = 130 k, and MwIMn = 2.9. 

Latex films were prepared by air drying the dispersions on quartz substrate at an 

intermediate drying rate (total time Ca. 5 h) at 32 "C in an oven. Films with either i : 1 or 1 : 12 

mixture of D and A labeled particles were obtained. It is well-known that the latex particles 

deform into space-füling polyhedra after the films are formed at a temperature just above the 

softening point of the polymer. 



One f h  sample used here is a larnellar-type prepared in two steps. First. a Dlabeled 
polymer layer was prepared by solventcasting a sarnple of the dry D-labeled latex particles after 

dissolving it in toluene. In this way a film of thckness 8 pm was obtained after drying. The 

thickness is quite homogeneous over the substrate surface and is close to that (Le. 10 pm) 

calculated from the arnount of polymer used and the area of the substrate surface occupied by the 

film. The second A-labeled layer was prepared by directly casting the An-labeled latex in water 

on the top of the fmt layer at 32°C. The rhickness of t h s  layer was 16 p. The uniformity of 

thickness of this Layer is not very important in the mode1 of diffusion analysis. 

These films, placed in sealed test iubes fded with N,. were annealed at elevated 

temperames (Le. 70 and 110 OC). Fluorescence decay measurernents were canied out for the 

polymer films with D and A labels. 

AVI-13 Cornparison between 1 : 1 and 1 : 12 DIA mixture 
AVI-  1-3- 1 Geometric consideration 

We illusuate the expected structures for films with 1 : 1 and 1 : 12 D/A mixtures. 

respectively. in Figure AVI- 1. In the nascent films. the particles have deformed into polyhedra 

with sharp interfaces. and there is no significant penetration between the D and A phases. On the 

top of the Figure we show 2-dirnensionaily that in case 1: 1 DIA mixture. each D particle has haif 

of its neighbors as D-labeled panicies and half as A iabeled particles. In 1: 12 D/A mixture each D 

particle is surrounded by A particles. With time during anneaimg the molecules in the two phases 

interdiffuse. and therefore more and more D and A groups diffuse into proximity . The diffusion 

is a 3-dimensional process and the particles and phases have a spherical relationship. as depicted 

in the bonom of the Figure. Since energy tram fer (DET) refiects the fraction of donors thut are 

quenched by acceptors. i t  will provide a mesure for the extent of d n g  during the diffusion 

process. 



Case 1 : 1 D/A mixnire Case 1:12 D/A mixture 

Figure AW- 1. fllusuauon of the smictures of various phases in films prepued with D md A labeied p h c l e s  with 

the nurnber ratio of D to A of 1/1 and 1/12. respectively. In the 1: 1 DIA mixture, each D particle has h d f  number 

of both D and A neighboring particles. and in the 1: 12 DIA mixture. most D particles are surroundcd by A 

particles. Before mnealing. the D md A phases are present as polyhedra. as shown on the top. with s h v p  

interfaces separating them. M e r  anneding. D m d  A phases will rnix 3-dimensionally. k h  D pmicle under 

consideration here is drawn as sphere together with ifs related surrounding phases. Part of the D molecules enter 

into the A phases. f o m n g  a mixed phase referred to as AD. and ihe s m e  amount of A molecules enter into the D 

phase. forminp a mixed phase referred to as DA. In the 1: I DIA mixrure. h d f  of the D molecules which diffuse 

out of their original particle mix with D molecules in the neighboring D phases. f o m i n g  an idenucd phax 

referred to as DD. 



From simple geometric considerations. one would expect that for the same extent of 

molecular mixing, the observable ET signai in the 1 : 1 DIA mixnire would be half of that in the 1 

: 12 mixture, since only haK the number of neighboring particles in 1 : 1 mixture would be 

acceptor-labeled. Our intent here is to examine whether or not this factor of 2 with respect to 

DET holds for these two geometries. 

To examine this point more carefully. we need to establish some relarionships between the 

parameters characterizing energy transfer and those for the extent of mixing. We analyze this 

process with a simple approach. We assume that there are three regions in the films during 

diffusion: an unmixed D-labeled region. an unmixed A-labeled region. and a region in whch D 
and A have k e n  mixed (e.g. DA, AD phases) with a concentration of half of their initial values 

and where DET takes place. In many cases. the donors and acceptors have almost the sarne initial 

concentration Co, and thus the concentration of D and A in the mixed region is assumed to be 

OSC,. These are rough approximations. since the labeled polyrners should be distnbuted with a 

concentration gradient rather than as a three-region s t e p - f u n .  However. analysis in a simple 

fashion is desired and helpful to understand a system in which reality is more complex than the 

curent models or theones avdable. in the areas of both energy vansfer and polymer difision. 

Ln case of 1 : I DIA mixture, the extent of ET c m  be characterized by the number fraction 

of donors undergoing DET (f ,) by 

f = 0 - 5 ~ o ( V D A + V ~ ~ ) ~ ~ C ~ ( V D ~ v ~ D ~  + o.SCo(VDA+V,~)] = VDA1(2VD.4+VD) (Am- 1 ) 

The apparent fractional volume of mixing. f ,, can be easily obtained by 

f , = (VDAf VDD)/[VDA+VDD+VD] = ZVDA/(2VDA+VD) ( Am-?) 

The mass fraction of diffusion is caiculated here by the apparent mass (or voiume) 

fraction of diffuse substance (considenng donor molecules here) that has diffused out of the 

original boundary, f ,, by 

f , = O.5Co(VDD+V,)/[COV, + 0.5Co(2VDD+V,,+V,D)] = VDJ( 2VDA+VD) ( AVI-3) 

From these relationships. one sees that f', = f',. but f ,  = 2 f, = 2 f ,. In the previous 

publications from this laboratory.' the parameter f, was in fact ignored. and f, was used 

instead. Here we find that for the simple step-function mode1 these two parameters (the extent of 

ET vs. the extent of mixing) are not equivaient but differ by a factor of 2. This confusion in the 
previous descriptions arises from the derivation of the relationship between the extent of energy 

transfer and fractional volume of mixing only for 1-dimensional planar diffu~ion.'~ and in such a 

case the above two parameters are equivalent. Ln fact. Wang et alzb pointed out that in the 1 : 1 

D/A latex films. their term f,, which is the f, here, reflects only part of the extent of rnking by 

considering oniy the contribution of donors entering into acceptor-environment to the volume 

mixuig and ignonng the same arnount (volume) of acceptor-labeled molecules diffusing into the 

donor phases. Nevertheless. in the diffusion coefficient analysis camied out previously they 

assumed that the extent of energy transfer is equivalent to the mass fraction of diffusion. i.e. f, = 



f,. This is reasonable for the simple picnire presented here for the 1 : 1 mixture. Thus for the 

evaluation of diffusion coefficients there does not appear to be any conflict. 

In case of D/A 1 : 12 mixtures, the above three parameters becorne: 

f', = o*sco<vDA+v,4D)/[c,vD + o.5c,<vDA+vAD)I = vDJ(VDA+vD) C A V I 4  

f ,  = VDJ[V,,+V,I t AVI-5) 
f?, = OSC,V,d[C,V,+ 0.5Co(V,,+V,)J = 0.5 VDA/(V,,+VD) < AVI-6) 

H e r e , f , = f , . b u t f D = 0 . 5 f , = 0 . 5 f m  

Thus, one would expect that for the sarne level of mixing <fm), the ET signai t f,) in 

D/A=1/1 would be half of that in D/A=lll2. For diffusion analysis using the mass fraction of 

diffusion (f,), one may simply set fD = f, for 1 : 1. but one should use fD = 0 3 ,  = OSf, for 1 : 

12 mixtures. These relationships are close to those predicted by Wang et alLb with a formula of 

fdfm as a hinction of the number fraction of accepter-labeled particles. 

AVI- 1-3-2 Analysis of energy transfer efficiency 

We fmt analyze the difision process in tenns of the change in quantum efficiency of 

energy transfer (a,). 0, is obtained simply by measuring the integrated area under the decay 

profüe for a sample containing D and A particles annealed at tirne t and that for a sample without 

A labels, after normaiizing the decays at t, = 0. 

Q>, = 1 - Area(t) / Area(no En = 1- Area(t)/JS ( AVI-7) 

where 45 ns is the lifetime of Phe (D) attached to PBMA in films. 

Figure AVI-2 shows the p w t h  in 0, as a function of annealing t h e  for samples 

meaied  at 70°C. Ln (a)  we show plots of @, vs. rime for DIA= 1 and D/A= 1/12. respectively. 

and in (b) we show the ratio of @, between these two cases [Le. Qd DIA= i /  12 J ad DI.\= 1 i ]  v S .  

time. One sees that before annealing (t=O). the a, value found for DIA= 1/ 17 is alrnosr exactly 2 

times of that found for D/A= 1. During early times of diffusion. this factor 2 is preserved. These 

results indicate that the ratio of energy transfer signais for the two cases foiiows the prediction by 

simple geometric consideration. With m e r  kcreasing diffusion tirne or a,. the ratio slighrly 

decreases to about 1.75. It is very likely that with increasing diffusion. the assumption for case 

D/A=L that each donor particle is surrounded by a half-number of both accepter- and donor- 

labeled neighboring particles no longer holds. since these donor neighboring particles ought to be 

partiaily rnixed with accepton. Thus the ET efficiency for such a system may be hgher than that 

expected. and hence the ratio of a, between D/A=1/11 and DlA=l is lower than 2 .  

Nevertheless, at early times of diffusion. this deviation is rather small. Note that the maximum 

??, value here is Ca. 0.5 for case D/A = 1/12 and Ca. 0.3 for DIA = 1. We have other sets of data 



in wtiich @, changes over a larger range. One set is shown in Figure AW-3 with plots similar 

to those shown in Figure AM-2. using sirnilar films but anneded at 1 IWC. One sees again that 

before annealing, or at early tirnes of annealing, a factor of 2 is obtained. but this ratio decreases 

gradually to about 1.5 as difhsion proceeds to larger a, values. 

The above results confim the idea that the arnount of substance diffused, reflected by 

energy uansfer efficiency. is proportional to the cross-sectionai area for mass transfer. 

OJ , J 

O 4m Sm lm 

Timc t min) 

Figure AVI-2. Variation of 0, vs. diffusion time 

for samples annealcd at 70°C: (a) plots of Q, vs 

time. and tb) plots of the O, ratio between case 

D/A=L/12 and case D/A=i/l vs. tirne. 

Timc (min) 

Figure AVI-3. Vanation of a, vs. diffusion time 

for samples rznnealed at 1 10°C: (a) plots of a, vs. 

time. and ( b ~  plots of the a, ratio between case 

D/A= l /  12 and case DIA= 1/ 1 vs. time. 



AVI - 1-3-3 The net increase of energy transfer efficiency 

In studying a diffusion process by DET. one has to take into account the energy vansfer 

across the initial sharp interface. If this is significant. it is the increase in e n e r g  tramfer 

efficiency (A@,) due to diffusion that provides meaninghil data for evaluating the extent of 

diffusion. A@, is obtained by subuacting the initial a, before diffusion [a, (t=O)] from the 

signal at certain diffusion tirne t [a&. Figure AVI4(a) shows plots of A@, vs. tirne. 

derived frorn Figure AVI-2(a), and in Figure AM4(b)  we show the ratio of A@, between the 

two cases of different dye concentrations vs. time. for sarnples annealed at 70 "C. One sees that 

at eariy times the increase in ET efficiency for D/A=l/l2 is about 2 times of that for D/A=l. 

pointing to the vaiidity of the simple geornetnc relationship, and with time this ratio decreases to 

= 1.5, implying the deviation from simple geometric retationshp as diffusion proceeds. The data 

obtained at the annealing temperature 1 IO "C show simila. behavior. 
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Figure AVI-4. The increase in energy transfer efficiency A@, vs. diffusion time for sarnples mncded rit 70°C: (a) 

plots of A@, vs tirne, and (b) plots of the A@, ratio between case DIA= 1/12 ruid case D/A= 11 1 vs. trme. 



The increase in energy transfer eficiency characterizes the rnixing of the polymer. In the 

p s t .  we have used a modified parameter, tbe fractional growth of ET efficiency. as a measure for 

the extent of mixing (f,). fm is obtained frorn the net increase in ET efficiency (A@,) normdized 

by its maximum detectable quantity [a,(-)-@&=Cl)]. as 

Here the a,(=) value was obtained from solvent-cast film of a mixnire of D and A labeled latex 

polymers, as a mode1 for the state in which the molecules have reached maximum mixing. 

Figure AVI-5(a) shows fm values vs time at an annealing temperame of 70 "C for fdms 

with D I A 4  and 1/13. respectively. In Figure AVI-50) we show the fm ratio between the two 

cases vs. time. One observes that at early times. the f, ratio is about 1.7. showing some 

deviation but not too far from 3. With tirne, this ratio decreases and becomes doser to 1. Note 

that @,(-) has tost most of the information about die initiai conditions. and f, is not exactly 

proportional to the initial contact area. 

Although the relationship between f, values for D/A=I and those for DM= 1/12 shows 

increased compIexity as cornpared to die 0, and A@, values. some simple features c m  be 

discerned. The difference between A@, and fm is only a factor of II[@,( -)-a,( [=O)]. This 

factor is in fact a constant. irrespective of the diffusion time and only dependent on the number 

ratio of D ro A particles. We found @,(-)=0.60. @,(0)=0.08. and [@,(=)-@,(O)] = 0.52 

for D/A=l. and @m(m)=~.80. QET(0)=0.17. and [@&+@,(O)] = 0.63 for DIA=lI12. Thesr 

values were found repeatedly. in various experiments. from the areas under the decay cuves: 

Ares(=)= 17.5 and Area(O)=41 .S for D/A=l. and Area(=)=8.5. Area(0)=37.5 for D/A= 1/ 12. 

The [@,(-)-@,(O)] values found for the two cases are not exacrly equal but differ by 15%. and 

this is the reason that the f,,, ratios are = 1.7 rather than 2. which is the factor for A@, values for 

short diffusion times. This systematic difference at early m e s  is rather small. At intermediate 

urnes of diffusion, the fm ratios will decrease to lower values. since the simple geometric 

relationship no longer exisü as many D particles becorne acceptor-containing phases in 1: 1 WA 

mixture. One can imagine the importance of this effect when the film is near the end of mixing 

process. and when no single pure D phase is present. The trend that f, eventualIy reaches unity 

for both cases is expected. since it is obtained by nomakation. 



Time (min) 

Figure A M 5  The fiactional growth in ET efficiency (fm) VS. diffusion time for samples annealed at 70°C: (a) 

plots of fm vs time. and tb) plots of the fm n u o  between case DIA= 1112 and case DIA= 1/1  vs. time. 

AVI- 1-3-4 Calculation of diffusion coefficient 
To calculate the diffusion coefficient for the polymers. we need the mass fraction of 

diffusion (f,). and then have to relate this f, value to a concentration function of the diffuse 

substance. from which the diffusion coefficient c m  be obtained. As shown previously. 3 

concentration function can be found by assuming a diffusion mode1 (e-g. Fickian diffusion in a 

spherical geometry).'" The key parameters for us to access are the f, values. 

We have in the past simply set the mass fraction of donor molecules diffused out of the 

onginai particles (f,) to be equai to the fractional growth of energy transfer efficiency (fm) in Our 

previous analysis for 1: L D/A mixtures. This relationship will be used here for the 1: 1 case. As 

rnentioned above. from a geometric consideration it is more reasonable to set fD = 0.5 fm for the 

case of D/A 1: 12 mixture. The fD values used below for diffusion coeficient calculations are 

obtained in ths way. 

Figure AM6 shows the apparent diffusion coefficients (D,) caiculated for the sarne 

polymers at 70 O C  at different diffusion times for two film of different D/A particle number 

ratios. The diffusion coefficients are all of the same order of magnitude. within 0.005 - 0.007 

nm2/s at early times. and decrease to 0.001 - 0.0025 at later times. The difference in diffusion 



coefficient values obtained for the two sample geomeüies (DIA 11 1 vs. 1112) is very small at early 

times, but becornes larger (e.g. by a factor of 2-3) as the diffusion proceeds. Considering that in 

Latex samples the mean diffusion c ~ e ~ c i e n t s  can decrease by as much as a factor of 5 from the 

beginning to the later stages of the diffusion process. due ro the broad polymer rnolar mass 

distribution, the above difference between the two sample cases is not very large. For films 

anneaied at 1 10 OC with larger extents of mixing, a similar behavior is observed: the D,,, (nm2/s) 

values obtained from D/A=l/12 by setîing fD=û.5fm îs only slightly (i.e. less than a factor of 2 )  

lower than those obtained frorn DIA= 1 by setting kf, in the beginning. With time the difference 

in D,, values between the two sets of data increases to a factor of ca. 3. 

Time (min) 

Figure A M 6  Diffusion coef ic i rn t s  for PBMA films anneded ar 70°C obtained from I : 1 DIA mixture i circlts, 

by setting f,=f, and from 1:  12 D/A mixture (triangles) by setting fD=û.5t',. 

it is difficult to conclude which sampie geometry is betier for these expenments. For the 

1 : 1 case. one obtains a hgher signal of donor ernission. Thus a relatively short time is required 

for individual fluorescence decay measurements. As shown above. there is a problem with lateral 

mixing in the later stages of diffusion. but this is not very serious with respect to experirnental 

errors. sample limitations, as well as theoretical complexities. For the 1: LI case. one obtains a 

simpler phase structure with respect to either spherical or planar diffusion. and with less senous 

laterai djfision problem. The donor ernission s ipal  is weaker. and hence a longer measurement 

time or thicker f i  is required. 

There is a dependence of energy transfer on the concentration of acceptors and donors. 

and this may cause the difference of ET measurements between the two sarnple cases. However. 



we have shown thar in the way we analyze the process by ET efficiency (<Pm) or the increase in 

a,, a simple geometric relationship follows at the beginning, and it only deviates from diis 

simple behavior at later times when the structures of the system become more cornplex. Even for 

the f,,, parameter, the growth in ET efficiency norrnalized by [Q>&+@n(~)]i iü dependence on 

the sarnple geometry under the two cases considered here is quite simple and predictab1e ar early 

stages of interdifision. Moreover, the [@&+@,(O)] values found for the two sarnple cases 

are not very different (e.g. 0.52 vs. 0.63), indicating that the two sarnples of difierent W.4 

particle nurnber ratios $ive similar detection sensiûvity (signal gap). 

AVI-1-3-5 The tlR dependence of energy transfer at short times 

Figure AVI-7a shows plots of a, vs. tic. and in Figure AV-7b we show plots of f vs. 

t'". The data are denved from Figure AV-2 and AV-5 and are for films annealed at 70°C. One 

observes in Figure AVI-7a that at short diffusion tirnes the plots of ET efficiency vs. t'- are 

essentiaily linear Lines for boih sarnples with D/A = 1/1 and 1/12. With diffusion. the plots 

become curved. and the increase in @, lsvels off. The plots of fm vs. t"' show a slmilar 

behavior, as seen in Figure AVI-7b. The t'" dependence of Q>, and f,,, at short diffusion Urnes is 

obsenied repeatedly in our experiments in latex films with both D/A= 1 and DIA= 1/12 cases. 
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AVI-7. Plots of (a) <O, vs. tl" and (b)  f,,, vs. tif' for film samples with D/A = 111 (circles) and 1/12 

(triangles). The data are derived from Figure AVI-2 and AVI-5. 



AVI-  1-3-6 Evidences of non-uniform chromophore concentration distribution 

(the correlation hotes) 
de Gennes ' pointed out that in a polymer system. each monomer unit is surrounded by a 

"correlation hole," inside which the concentration of monomer units frorn other chains is reduced. 

This correlation hole effect is dependent on the polymer chain dimensions. and the correlation 

hole size is comparable with the overd size of one chain. FredricksonJ proposed an approach 

based on DFT technique for verifjing uitramlecular and intermolecular correlations. By using 

de Gennes's correlation function for a melt of end-labeled chains and examining a system of end- 

labeled polymers where one polymer ch& is labeled with a donor chromophore and n (n  » 1 ) 

chains are labeled with acceptors. Fredrickson relaied the donor fluorescence intensity decay to 

intermolecular correlations. This procedure involves modifying Forster's original expression for 

energy transfer in a purely random system of chromophores to take into account the correlations 

in a labeled polymer system. Torkelson and coworkers extended this idea to include the chain 

statistics and intermolecular interactions in the donor fluorescence decay function on a more 

quantitative bais,  for both melt of end-labeled monodisperse polymer and semidilute solutions. 

Due to mathematical complications. this theoretical work has not so far k e n  extended to polymer 

systerns with randomly labeled chromophores. 

For polymers randomly labeled with fluorescent c hromophores. the existence of 

correlation holes irnplies that at shon distances. the density allowed for other chains near a 

monorner site of a selected chain is reduced, and hence the concentration of other chromophores 

(e .g .  acceptors) surrounding a given chromophore (e.g. a donor) also drops. Since enrrgy 

transfer experirnents measure shon distances (e-g .  on the order of 2 nm). one would expect that 

the correlation hole effect would alter the efficiency of energy transfer. 

We attempt to examine the above point using films in whch  the polymer molecules. 

labeled with D and A respectively. have reached a state close to mâumurn mixing. rither by 

diffusion for a sufficiently long time or by solventcasting. In diis case. the dyes are assumed to 

be uniformly distrîbuted in a 3-&mensional system and the donor decay obeys the Fijrster mixing 

expression (Eq. AW-9) as ' 
I,(t') = A, exp[(-t'/r,") - P ( - t ' / ~ / ) ' ~ ]  + Al exp(-t'/tJ (AW-9) 

where t' is the decay time and T," is the donor lifetirne (45 for Phe in PBMA). A,. A., and P are 

fitting parameters whch can be obtained by fitting an experimental decay profile to Eq. (AVI-9). 

P is related to the effective acceptor concentration CA (in moM) by 

P = 2 CJC,, = (4ir'" NA R,'/ 3000) CA (AVI- 10) 

where CA, is the reference acceptor concentration in energy transfer system defined as 



Here R, is the characteristic distance for energy transfer. whose value has k e n  determineci to be 
2 . 3 ~  1 o - ~  cm. ' and N, is Avagadro's number. 

For a PBMA film sample with LMW = 380 K. a D/A particle number ratio of 1 : 1 2. and an 

initial acceptor content of 1 .O mol% in A particles. the calculated average acceptor concentration 

[A],, in a fully mixed fiLm is 0.0689 moM. From fluorescence decay rneasuremenü and data 

fitting of the decay to Eq. (AM-9). we obtained a P value of 2.467 for this film. The effective 

acceptor concentration (C,), obtained from such an experiment and calculated via Eq. (AVI- IO) 

is 0.0453 mou. We noticed that the acceptor concentration probed by e n e r a  uansfer experirnent 

is sigrufcantly srnalier than the calculated buk average value. The quantum efficiency of energy 

transfer determined by decay measurement, (a,),,, is also noticeably lower than that calculated 

by integrating Eq. (Am-9) based on C ,  = [A J, = 0.0689 moM. (a,), n e s e  data are s hown 

in Table AVI- 1. For cornparison, I also show similar results obtained for films consistinp of the 

sarne Iabeled polymers but prepared with a I : 1 DIA ratio. 

Table AVI-1. Cornparison of calculated and probed acceptor concentrations 
and energy transfer efficiencies (PBMA, MW = 380K) 

M e n  filrns were prepared using lower molecular weight (M) PBMA (,MW = 35 K) but 

with the sarne DIA particle nurnber ratio (Le. 1/12) and a nearly identical initial acceptor labelinp 

content (0.99 mol%) in A-labeled particles, the results are shown in Table AVI-2. In Table AVI- 

2 we also show results for films with the same D/A ratio and acceptor concentration but prepared 

using a carboxylated PBMA. a copolymer of BMA and 5 wi% methacrylic acid p(MAA-co- 

BMA)] (MW = 38 K). 



Table AVI-2. Cornparison of calculated and probed acceptor concentrations and 
energy transfer efficiencies for lower M PBMA (MW = 35 K, D/A = 1/12) and 

P(MAA-CO-BMA) (MW = 38 K, D/A = 1/12) 

[AI, ,M ('.+)ap m M  (@ET)cil 

PBMA 0.0682 0.05 15 0.89 0.84 

P(MAA-CO-BMA ) 0.0682 0.057 1 0.89 0.86 

One notices first that the probed acceptor concentration becomes closer to the calculated 

bulk concentration when the lower M PBMA is used, as cornpared to the higher M PBMA. The 

observed energy transfer efficiency for lower M film is also increased to 0.81. These show that 

the chromophore concentration reduction arising fiom the correlation hole effect is kss 

pronounced when the polymer rnolecular weight is low. This is consistent with the description 

by de Gennes. 

It is also interesting to note that for a P(MAAco-BMA) copolymer sample of quite low M 
(MW = 38 K). a h g h  Level of ET efficiency (0.86). close [O the calculaied value (0.89). is 

obtained. and that the probed acceptor concentration is closer to the buik value (0.57 Vs. 0.68). 

AVI-1-3-7  Calculation of the characteristics distance for energy transfer (R,) 
in the above analysis. we have assurned a R, value of 1.3 nm. We now assume that the 

dye concentration distribution in a solventcast f h  is reasonably uniform and rhat the local 

acceptor concentration equals to the bulk concentration. Le. C, = [A],,. We then calculate the R,, 

values using Eq. (AM- IO) based on the P values measured frorn decay experiments. 

For this purpose, we choose the sarnple data from films that give very high extent of 

energy transfer when fully mixed (e.g. kom solvent-casting). These samples are PBMA (MW = 
35 K. DIA = 11 12) and P(MAAco-BMA) (MW = 38K. D/A = 1/12). both having an acceptor 

concentration of 0.0682 rnoV1. The ET efficiencies found for these samples are as h g h  as 0.81- 

0.86 (with the areas under decay c w e s  of 7.2 and 6.2 ns), the highest among ail Our samples 

examined so far. From the decay profiles measured and data fitring, the P parameters are 

obtained. fkom which we obtain the (R,), values. Table AVI-3 shows the results. 



Table AVI-3. P parameters and R, values determined by fluorescence decay 

measurements on fully mixed films 

The R, values determined in diis way are 2-12.? nm. These values are close to that 

obtained previously2 and that we have ofien used (Le. 2.3 nm). 

' PBMA 
(Mw=35 K, DIA= 1/ 12) 

AVI-1-4 Strategies for Cornparison Between Latex-Structured 

Area (@ET).,, P ( R A ,  , 

7.2 O. 84 2.80 2.1 

and Lamellar-layered Films 
A lameilar-layered (sandwiched) film was prepared by solvent-casting f i ~ t  a rhin tilm 

layer of donor-labeled polymer, and then coating it with an accepter-labeled polymer hyer frorn a 

latex dispersion of acceptor-labeled particles. Here the duckness of the D-labeled layer is 8 pm. 

The f h  exhibits single exponential decay in fluorescence decay measurements More 

annealing. and thus @dt=O) = O. It is then annealed at 110 "C (at the sarne time as the latex 

films described above with D/A= 1 and 1/ 12. respectively ). 

The energy transfer eficiency (@,) for the larneiiar f h  is ob-ed in the sarne way as 

for the latex-smcnired film. The diffusion coefficients are caiculated from a simple relationship 

between 0, and diffusion coefficient proposed by Torkelson' as foUows: 

a, = k ( ~ , t ) ' ~  / x i AVI- 12) 

where D, is the polymer self-diffusion coefficient. x is the thickness of the donor-labeled layer. 

and k is a constant which is dependent on C,(O)/C,,. Here C,(O) is the initial acceptor 

concentration before difision. calculated here to be 0.0747 moVl for L mol% labeling content in 

PBMA. CAO is the reference concentration of acceptors defuied as Eq. (AVI- 1 I). and is equal to 

of 0.0368 moVl for Phe-An pair. Thus the C,(O)/C, value in our case is 2.03. From the plot of 

k vs. C,(O)/C,, shown in Figure 2 in ref. 1. we obtain for k a value of 1.35. Since in our case x 



= 8000 nm, we have a simple equation from which the D, values can be calculated based on a, 
measurements. 

The condition for the above simple relation between a, and D, to be valid is t c 

x'/( 16D,). Rlis is always a case when the x is not very srnall. According to Torkelson et al. one 

could also use a simple reiation between the nonnaiized energy ûansfer effÎciency (f, in our case) 

and D,. However. in this situation. the constant k is not oniy a hc t ion  of the initial acceptor 

concentration, but aiso the thickness ratio of the A- and D- labeled layen. For 0,. its magrunide 

is only dependent on the diffusion distance with respect to the Dlabeled Iayer thickness, but not 

dependent on the hickness of A-labeled layer over much of the diffusion process. 

For fiims annealed at 1 10 OC, the diffusion coefficients found for latex-smctured films 

analyzed in the above-rnentioned ways are on the order of 0.3-0.5 nm?s at rarly times and 2-3 

times lower at later times. For the larnellar-layered films. we obtain D, values nearly 10 times 

larger (between 2-5 nm'ls). It is important to point out that the data quality for the lameliar- 

layered films is rather poor. A major reason is that die change in ET signal is too srnail. even ar 

such a high temperature. This can be seen in Table AVI-4 which lists the areas. a, and D, 

values for severai data points obtained. This is the disadvamage of employing the larnellar- 

layered films for difision analysis, since very long tirnes or very high temperatures are required 

for obtaining a sigmficant signal. in the lamellar case. one follows diffusion over a &stance of 

micrometers. whereas for the latex films. diffusion is rnonitored over a distance of 50- LOO nm. 

Table AVI-4. Variation of Areas and a, values and 

the calculated D, values for Iamellar fdms at 110°C 

Area (ns @ET 

45 O 

44.43 0.0 127 
44.5 0.01 11 

44.06 0.0209 

43.25 0.0389 

The reason that the D values obtained from lamellas are much larger than those fiorn latex 

films rnay be that rny experirnents with the sandwiched füm detect only diffusion at very early 
stages. At these rimes, only a portion of lower molar mass polymer is able to diffuse in the 



iarneUar films. In the latex films, Our measurements are c&ed out to a very high extent of 

mixing over the same thne scale. Another reason for the large difierence may arise from different 

analytmi techniques and different diffusion geometries (sphencal vs. larnellar). Torkelson et al' 

claimed that the analysis by the simple step-function approach whch ignores the concentration 

profile may significantiy underestimate the diffusion coefficient. This point may be valid under 

certain circumstances but is not a serious concern to our expenments. As we show below. the 

results from the simple "step-hinction" approach are very consistent with those obtained by using 

a model developed for the same latex-structured case with the same sphericai diffusion equation 

but considering the concentration profile. 

Further experiments are required if one would Ue to cl*& the above point. One way to 

irnprove data quality would be to prepare films with a much thmer D-labeied layer. In such a 

case. the extent of ET would be increased. but at the same tirne the donor fluorescence s ipa l  

would be very much reduced. It may even be difficult to measure. In contras. with latex- 

structured films one is able to obtain boih high ET signai due to h g h  surface area for diffusion 

and significant donor fluorescence sensitivity by preparing films of enough thck ( e g  100 Pm). 

AVI- 1 - 5 Comparison of analysis between the "step-function" 

approach and the "concentration-gradient" approach 

AVI-1-5- 1 Simulated data 
Liu and Winnik developed a model which considers the concentration gradient in the 

decay functions and fits the decay functions to the Fichan spherical diffusion model. The details 

of the model have been described in refs. 3a and 3b. 

Liu assumed a diffusion coefficient of O. 1 nm2/s for a polymer system of initiai partic le d 

= 110 nrn with 1 : 12 D/A panicle number ratio. By using this model. he obtained a series of 

decay functions at different diffusion tirne by simulation. He then recovered a diffusion 

coefficient value of O. I nm'ls by reanalyzing these decay functions using the model. 

The decay functions Liu simulated ailowed me to calculate the intepis  of these d e c q  

huictions (correspondhg to the areas under the decay profiles). the tiactional growth of ET ( f,). 

and the difision coefficients (D,,). The D,, values were obtained by sening fD = 0.5 f,, using 

the simple "step-function" approach as described above and in Chap. VI. The results of anaiysis 

1 obtained are shown in Table AVI-5. 



Table Am-5. The results of diffusion analyzed by the '%tep-function" approach 

for decay functions generated by simulation fkom the "concentration-gadient" 

approach by assuming a diffusion coefficient value of 0.1 nm2/s 

Time (s) O 120 600 1 3 0  3400 3800 6000 w 

Area 45 37 28 23 17 13 10 6.7 

From Table AVI-5 one sees that the D,, values obrained by the "step-hnction'* approach 

are very close to that recovered From the '*concentration-gradient" approach using the sarne set of 

decay functions. Only at the very late stages of diffusion in whch the D and A phases have k e n  

largely mixed do the D,, values decrease and deviate rnuch kom the assumed diffusion 

coefficient. This indicates that the "step-function" approach does not appear to lead to very large 

enors. at least nurnericaiiy. in the diffusion coefticient analysis. and kat  in the "step-function" 

method the assumption of 2-factor behveen f, and I, in 1: 12 DIA mixture for difision analysis is 

reasonable. 

AVI- 1-5-2 Experimental data 
The fdm samples were prepared wirh 1: 12 DIA mixture and annealed at 90 "C.  The latex 

characteristics here were d = 116 nm. MW = 2 . 6 ~  IO-'. .Mn = 7 . 5 ~  10' and with a iabeling content 

of 0.8 mol%. Fluorescence decay profdes were measured after each diffusion thne interval and 

the diffusion coefficients were obtained from these decay profiles by using the two andpcal  

methods. Table AVI-6 presents the results. 



Table AVI-6. Diffusion coefficients for PBMA films with 1:12 D/A mixture at 

annealing temperature 90 O C  analyzed by the 6'step-function7' and the 

uconcentration-gradient" approach 

Time (s) O 6 20 55 125 w 

O O. 20 O. 3 2 0.42 0.43 f, (fD=0.5fm) - 
D " (nm'ls) - 0.20 O. 12 0.072 0.032 - 

a. by the "concentration-gradient" approach; b. by the "step-function" approach. 

From Table AM-6, one sees that the diffusion coefficient values found independently 

from the two analpcal techniques essentially fa11 into the same range. This M e r  indicates that 

using a simple approach with the gowth in ET efficiency can give reasonable numencal values of 

diffusion coefficients, although the concentration gradient is ignored in the analysis. 

A VI-  1 - 6 Concluding Remarks 

B y comparing the energy transfer efficiency (a,) in die diffusion process in latex fürns 

with different number ratios of donor- to accepter- labeled particles. it is established rhat the 

amount of diffusion is proportional to the initial contact area of the polymer phases. To analyze 

the diffusion for different sample geometry. it is reasonable to consider the factor of contact area 

between the initial phases arising from the different geometric configuration. By considering this 

factor, the apparent diffusion coefficients (D,) analyzed for füms with D/A=1 are close to those 

analyzed for D/A=1/12 at early times of the difision process. The D,, values obtained by a 

simple approach ignonng the concentration gradient are consistent with those obtained through a 

mode1 which considers the concentration profile. 
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