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Abstract

We describe optical diffraction, or 2D angle-resolved light scattering, measurements for probing structure and morphological dynamics of

isolated poly(ethylene glycol) (PEG) microparticles doped with NaCl or CaCl2. Of speci®c interest was the effect of dopant salt concentration

and polymer host molecular weight on composite microparticle homogeneity (phase-separation behavior) and evaporation dynamics

determined from changes in both microparticle size and refractive index with time. In general the drying rate was higher for microparticles

doped with CaCl2, and only in the case of CaCl2 doped microparticles was PEG molecular weight found to effect the drying rate.

Furthermore, CaCl2 doped microparticles had a higher concentration threshold with regard to homogeneity when compared with NaCl

doped microparticles. The results are discussed in terms of the known structures for monovalent electrolytes doped into PEG thin ®lms and

polymer-like oligomers in the gas phase, and on possible modi®cations of these structures due to differences in the intermolecular interac-

tions of the two cationic species with the residual solvent and the polymer matrix. q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The quest for new materials as energy storage devices for

the rechargeable battery industry has led researchers over

the last 20 years to study a wide variety of solid polymer

electrolytes (SPEs). As early as 1967, the complexing prop-

erties of poly(ethylene glycol) (PEG) were elucidated [1].

Wright and coworkers [2,3] in 1973 began studying the

conducting properties of PEG doped with inorganic salts

of sodium and potassium, which led to a wide variety of

polymer/inorganic salt studies [4]. The interest in these

materials evolved from simple formulation of new materials

with increased conductivity to the determination of the

structure of these materials in thin ®lms and melts.

However, as yet only a limited number of polymer-to-salt

ratios have been reported. In this paper we apply an optical

diffraction method to explore the effect of electrolyte

dopants (NaCl and CaCl2) in isolated PEG microparticles.

These experiments were designed to explore the effects of

dopant identity, dopant concentration, and polymer

molecular weight on material homogeneity, as well as

microparticle drying kinetics and dielectric constant.

For composite microparticles, material homogeneity,

dielectric constant and drying rate were determined by the

interactions between the residual solvent (water), the elec-

trolyte dopant, and the polymer matrix. In order to gain

insight into these interactions an understanding of previous

work on SPE thin ®lms and gas-phase analogs of the poly-

mer±electrolyte composites was required. The basic crystal-

line structure of PEG is a helix composed of seven monomer

units making two turns [5±7]. However, solid PEG is not

completely crystalline, there is a signi®cant portion in an

amorphous state. The ®rst polymer electrolyte crystalline

structure elucidated for SPE thin ®lms was also helical. In

this case six monomer units formed a helix making one turn.

The metal cation took up positions within the turn of the

helix with the anionic species located external to the lattice,

but still coordinated to the cation [8,9]. This structure has

been applied to most of the polymer electrolytes where the

number of ether oxygens available for complexation with

the cation (the EO/C ratio) was is between 1:1 and 4:1. A

second structure was determined for an EO/C ratio of 6:1.

Two chains interact forming a half cylinder, two half cylin-

ders then merge forming a cylindrical tube. The cation

resides within the tube, while the anions are located exterior
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to the cylinder and are unable to coordinate with the cation

[10]. In addition, recent work on melts and aqueous PEG,

which are considered amorphous, indicate a short range

order similar to the crystalline helical structure [11,12].

Although not commonly used for polymer characteriza-

tion, matrix assisted laser desorption and ionization

(MALDI) was used to study a few polymer electrolyte

systems. This work studied small oligomers with alkali

metal charge centers, in order to gain an understanding of

the decay mechanism of the polymer/cation complex [13]

and to determine the gas phase structure of the polymer/

cation complex [14,15]. The gas phase structure observed

had the cation enfolded by the polymeric material. This

structure or `kernel' forms a solvation sphere, which maxi-

mized the interactions between the ether oxygens of the

polymer and the cation. The structure of the `kernel' was

independent of polymer size. In mass spectrometric studies

there no counter-ion effects. It is interesting to note that the

helical structure of the PEG/cation complex found in thin

®lms are generally very similar to the gas-phase results.

A rapidly growing area of materials science is the crea-

tion and characterization of materials on the meso and

nanoscale. Of particular interest are composite materials.

Recent work in our laboratory has focused on examining

the chemistry of ultra small volumes using optical methods.

Combining optical interrogation with electrodynamic trap-

ping we have examined dielectric properties and phase

separation of bulk immiscible polymer blended microparti-

cles [16,17], detected single molecules in microdroplets

[18±20], and monitored interesting structural dynamics in

polymer±electrolytes [21]. Furthermore, Esen et al. [22]

have used photoinitiated polymerization to create polymer

microparticles in an electrodynamic trap, which were then

characterized optically.

In this paper, 2D optical diffraction was used to probe

electrodynamically trapped polymer±electrolyte composite

microparticles. Fig. 1 shows the physical basis of this

measurement. When a spherical dielectric particle is illumi-

nated with plane-polarized radiation, a highly non-uniform

intensity distribution within the particle is produced by

interference between refracted and internally re¯ected

rays. The node structure of the intensity distribution has

an angular frequency and envelope pattern, which is highly

sensitive to microparticle size and refractive index. Experi-

mentally, the angular intensity pattern is mapped in the far

®eld using a multichannel detector to detect scattering inten-

sity for both azimuthal (scattering) and polar angles. In Fig.

1, Q marks the azimuthal angle, which lies in the plane of

the ®gure, and is centered perpendicular to the laser axis.

The polar angle would be located perpendicular to the plane

of the ®gure. Intensity data along the polar angle allows the

onset of material inhomogeneity to be determined unam-

biguously since homogeneous particles have Gaussian

intensity ¯uctuations along a given polar angle. Experimen-

tally, this means that a given diffraction fringe has the same

intensity at all points. Therefore, the observation of low

frequency or non-Gaussian intensity ¯uctuations along the

polar angle indicates that a microparticle is inhomogeneous.

Intensity variations are the result of scattering or phase

distortions caused by regions (subdomains) within the

microparticle where the local refractive index is different

from that of the host material.

Recently, we examined the effects of subdomain size,

refractive index and number density both experimentally

and theoretically [23]. Visibility of subdomains was related

to their scattering ef®ciency, which scaled as

d 3

l2

m2 2 1

m2 1 1

�����
����� �1�

where d was the diameter of the subdomain, l was the

illumination wavelength, and m was the relative refractive

index de®ned as ndomain/nhost. It was found that when Eq. (1)

was < 0.025, subdomains caused observable fringe distor-

tion in experimental 2D diffraction patterns. Therefore, for a

given number of scatterers, as m approaches 1 the subdo-

main size (d) must increase for fringe distortion to be

observed.

Electrodynamically trapped polymer composite micro-

particles composed of PEG doped with either NaCl or

CaCl2, at polymer-to-salt (P/S) ratios ranging from .50:1

to ,1:90 (by weight) were probed using 2D optical diffrac-

tion. For this range of P/S ratios, the corresponding EO/C

ratios are in the range of .86:1 to ,1:30. Examination of

intensity pro®les along given polar angles (i.e. along a

diffraction fringe) of the experimental optical diffraction

patterns were used to determine microparticle homogeneity.

The homogeneity data for the two dopants provided insight
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Fig. 1. Calculated internal intensity distribution for a 3 mm homogeneous

sphere. The right hand vertical graph shows angular scattering in 1D along

the 08 polar angle. Q is the azimuthal or scattering angle and is located in

the plane of the ®gure. The polar angle is measured perpendicular to the

plane of the ®gure.



into possible structures within the microparticle, which

should be similar to known gas phase and thin ®lm struc-

tures for analogous PEG based polymer-electrolytes. For

homogeneous microparticles, quantitative comparison of

angular scattering data with Mie theory calculations resulted

in direct assignment of microparticle size and refractive

index. Using a timed sequence of 2D angular scattering

patterns, the evaporative dynamics of the composite systems

were determined.

2. Experimental

Polymer/electrolyte microparticles were produced on-

demand from aqueous droplets and levitated in an electro-

dynamic trap. A HeNe laser (632.8 nm) polarized perpendi-

cular to the scattering plane was used as an illumination

source. Details of the experimental apparatus, optical

setup and calibration procedures for correlating CCD pixel

to optical scattering angle have been presented elsewhere

[20,24].

Aqueous polymer stock solutions were prepared using

PEG with average molecular weights of 1000 (PEG 1K),

3400 (PEG 3.4K) and 10,000 (PEG 10K) amu (Aldrich) in

250 ml batches at weight percents from 1 to 1.35%. The

polymer/electrolyte solutions were formulated by mixing a

known weight of the PEG stock solution and either sodium

chloride (Fisher Scienti®c) or anhydrous calcium chloride

(Mallinckrodt). All reagents were used without additional

puri®cation or drying and stock solutions were prepared

using water generated from a Nanopure (Barnstead/Ther-

molyne) water system.

Microdroplets were generated on demand using a home-

built piezoelectric droplet generator [19], following loading

of the polymer±electrolyte solution into a Pyrex tip through

vacuum aspiration. The tip was cleaned between each poly-

mer/electrolyte system to insure that contamination between

systems did not occur. Rapid solvent evaporation occurred

during the ®rst few hundred milliseconds after droplet ejec-

tion, resulting in a relatively dry microparticle (typically 5±

20% residual solvent). The amount of residual solvent was

dependent on ambient conditions within the trap, deter-

mined by laboratory temperature and relative humidity.

For observation times on the order of seconds, evaporation

of residual solvent from microparticles was observable as a

reduction in microparticle diameter with a concomitant

increase in refractive index.

The particle trap used has a three-electrode geometry

[5,9] with a 60 Hz AC voltage (,350 V) applied to the

ring electrode. The endcaps were biased with a small DC

voltage to offset gravitational forces. An induction electrode

located above the trap was biased at ,400 V to increase the

charge to mass ratio of the microparticle to improve trap-

ping ef®ciency. The scattering angle, as determined by cali-

bration, was 90:964 ^ 19:408 with respect to the direction of

laser propagation. The detection angle was de®ned geome-

trically by the f/1.5 collection objective, and the collimated

light was spatially ®ltered and reduced in size to match the

dimensions of the CCD chip. The CCD camera (Spectra

Source Instruments) was thermoelectrically cooled, and

digitized at 16 bits.
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Fig. 2. Summary of drying rates and homogeneity thresholds for PEG microparticles doped with either NaCl or CaCl2. The homogeneity threshold marks the

lowest polymer to salt (P/S) ratio where the polymer/electrolyte microparticle was homogeneous. Homogeneity thresholds are marked with arrows: " for PEG

1K with NaCl, l for PEG 3.4K with NaCl, # for PEG 10K with NaCl, and for PEG 1K with CaCl2. PEG 3.4K and 10K do not have a homogeneity threshold.

A positive drying rate indicates a size increase or particle growth.



2D diffraction patterns obtained were stored and 1D hori-

zontal slices (1D phase functions) corresponding to the 08
polar angle were generated. Comparison of the experimental

1D phase functions with 1D phase functions calculated

using Mie theory was performed by minimizing a prede-

®ned error parameter (chi) [17]. The size and refractive

index from the Mie theory calculations, at minimum chi,

was assigned to the microparticle. Particle size and refrac-

tive index were determined for homogeneous microparticles

with absolute errors of ^0.005 mm and ^0.0005, respec-

tively. This comparative process yields quantitative results

for microparticles with diameters in the range of 3±20 mm.

Furthermore, if the composite microparticles examined

were not spherical, to ,1 part in 105, the comparison

between theory and experiment would result in large error

values. Evaporative dynamics were determined by taking a

series of 2D angular scattering patterns at ®xed time inter-

vals. The minimum number of observation in each series

was ,30 with a typical time step of 2 min. A minimum of

two and a maximum of 12 microparticles were examined for

each P/S ratio.

3. Results and discussion

The primary goal of this work was utilization of 2D angu-

lar scattering to probe the effect of electrolyte dopants on

material homogeneity, microparticle drying rate, and dielec-

tric constant in isolated polymer electrolyte composite
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Fig. 3. (A) 2D optical diffraction pattern from a homogeneous microparticle

composed of PEG 3.4K doped with CaCl2 with a polymer to salt ratio (P/S)

of 1:1 (by weight). (B) Comparison of a 1D slice, at the zero polar angle in

the 2D pattern shown in part (A), and Mie theory calculations. The experi-

mental data is shown as dots (X) and Mie calculations are shown as a solid

line (Ð). The excellent agreement between the experimental data and the

Mie calculations is a hallmark of homogeneous microparticles. The micro-

particle has a diameter of 10:952 ^ 0:005 mm with a refractive index of

1:4575 ^ 0:0005:

Fig. 4. 2D optical diffraction patterns obtained from inhomogeneous micro-

particles. (A) Complete absence of diffraction fringes. The system is PEG

1K doped with NaCl at a polymer to salt ratio (P/S) of 1:25. (B) A clear

diffraction pattern with intensity voids. The system is PEG 10K with NaCl

at a P/S ratio of 1:45. (C) A clear diffraction pattern, however the intensity

variations along the vertical fringes are non-uniform. The system is PEG

10K with NaCl at a P/S ratio of 1:45.



microparticles. Fig. 2 shows the average drying rates and

homogeneity threshold salt concentrations as a function of

weight ratio for microparticles doped with NaCl and CaCl2.

The vertical arrows in Fig. 2 highlight the lowest P/S ratio

for the formation of homogeneous microparticles, hereafter

referred to as the homogeneity threshold. There is no homo-

geneity threshold (all the microparticles examined were

homogeneous) for PEG 10K doped with CaCl2. Further-

more, only microparticles at two P/S ratios (1:5 and 1:44)

were inhomogeneous for PEG 3.4K/CaCl2 composites. Fig.

3A shows a 2D diffraction pattern for a homogeneous

microparticle of PEG doped with CaCl2. As shown in Fig.

3B, the quantitative agreement between Mie theory and a

1D slice of the experimental diffraction pattern indicated

that the microparticle was both homogeneous and spherical.

Fig. 4 shows some typical 2D angular scattering patterns

obtained from inhomogeneous microparticles. Microparti-

cle heterogeneity was signaled by fringe distortion in the

experimental diffraction pattern. At low subdomain concen-

trations, the effect was usually observed as low frequency

intensity oscillations along diffraction fringes (i.e. along the

polar angle) that are otherwise well de®ned (Fig. 4C). At

higher dopant concentrations disruptions in a well-de®ned

diffraction pattern may be observed as voids (Fig. 4B) or

waves and in the extreme case a complete loss of fringe

contrast (Fig. 4A).

The average drying rate, for homogeneous composite

microparticles, was calculated by taking the overall size

change divided by the residence time. A negative drying

rate corresponds to a decrease in particle size, and a positive

drying rate corresponds to an increase in particle size. Typi-

cally, size and refractive index are anti-correlated. Fig. 5A

illustrates a typical size and refractive index responses for a

microparticle undergoing slow evaporation (PEG 1K/CaCl2

with a P/S ratio of 74:1). Fig. 5B illustrates the size and

refractive index responses for microparticles undergoing a

size increase (PEG 3.4K/NaCl with a P/S ratio of 66:1).

Assuming partial molar volumes are additive the refrac-

tive index can be expressed in terms of the contributions

from the dopant (crystalline form), the PEG host and water

according to the following relation [24]:

nexp � Vsalt

Vparticle

 !
nsalt 1

VPEG

Vparticle

 !
nPEG 1

Vwater

Vparticle

 !
nwater �2�

where n is the refractive index and V is volume. Eq. (1) is

valid in the limit where the electrolyte is present as crystal-

line subdomains �d . 63 nm for NaCl and d . 60 nm for

CaCl2) within the microparticle. When the electrolyte is

completely dissociated, as is the case in an aqueous envir-

onment, Eq. (1) is modi®ed by eliminating the ®rst term and

modifying the refractive index of the second and third term

to account for the role of the ions in the microparticle. The

refractive indices reported in the CRC for aqueous solutions

of NaCl and CaCl2 [25] could be used for the residual water,

however, the loss of residual solvent (drying) would result

in a salt solution of increasing concentration and therefore a

variable refractive index during the course of the experi-

ment. More importantly, changes in refractive index of the

PEG host material upon complexation of a cation are

unknown at this time. As a qualitative approach, the follow-

ing discussions will assume that the refractive indices of the

PEG host and the residual water were constant. Therefore,

changes in the experimental refractive index are discussed

in terms of loss of residual water.

Examination of the data shown in Fig. 2 reveals two

points of interest: (1) The PEG/NaCl system had two

instances (occurring for P/S ratios of 66:1 and 72:1 for

PEG 3.4K and 10K, respectively) in which the microparticle

actually undergoes a size increase, evidenced by a positive

drying rate and a concomitant decrease in the refractive

index, and (2) generally, the drying rates for PEG/CaCl2

systems are signi®cantly larger than the drying rates

obtained for PEG/NaCl systems at similar P/S ratios.

Experimental results suggested that microparticles with a

positive drying rate appear to reintegrate water into the

microparticle, as evidenced by a reduction in the refractive

J.V. Ford et al. / Polymer 41 (2000) 8075±8082 8079

Fig. 5. Graphs of size and refractive index versus microparticle residence

time in the electrodynamic trap for (A) a drying microparticle (PEG 1K/

CaCl2 with a P/S ratio of 74:1), and (B) a microparticle experiencing size

growth (PEG 3.4K/NaCl with a P/S ratio of 66:1). The error bars shown for

the size and refractive index measurements are ^0.005 mm and ^0.0005,

respectively.



index. Complexation of the dissociated ions within the

microparticle occurs in two ways: either solvation by

water or coordination by the polymer chains. The differ-

ences between drying rates for CaCl2 and NaCl doped

microparticles may be explained in terms of the increased

number of ions needing to be complexed and the increased

strength of the intermolecular interactions within the micro-

particle. For example, the ion±dipole interactions between

Ca21 and water are much stronger than interactions between

Na1 and water. In addition, it is also expected that the

interaction between the cation and the polymer matrix

increase with the cationic charge. Preliminary ab initio

calculations at the Hartree±Fock level give binding energies

for Ca21 that are approximately four times larger than for

Na1. Both the cationic charge and the total number of ions

in a given microparticle was larger for CaCl2 doped systems,

therefore a higher residual water content was needed to meet

ion solvation requirements. This argument was supported by

the fact that the number of ether oxygens available for catio-

nic complexation was relatively constant for all PEG mole-

cular weights. Therefore, in order to increase the number of

coordinating species, retention of water must have occurred.

What is not completely understood is why the water initially

retained for ion solvation was released during the experi-

mental run. Two complementary processes are speculated to

occur within the microparticle allowing the observed drying

to occur. First, the ions are initially solvated to the maxi-

mum extent, as is the polymer matrix since water is the

predominant species. As drying occurs, water is removed

from the solvation shells of the ions, reducing the degree of

solvation. Secondly, as the degree of solvation is reduced,

interactions between the partially solvated ions increase, as

does interactions between the cations and the polymer

matrix. It was likely that PEG/cation complexation had

already occurred in solution, so during evaporation only

the extent of complexation increased. The drying rate data

clearly supports this assertion since CaCl2 doped systems

have much higher drying rates.

As seen in Fig. 2, two different PEG/NaCl microparticles

do not dry, instead over the course of the observation time

window the microparticles grew in size. It is not completely

understood why PEG 3.4K/NaCl (P/S ratio of 66:1) under-

goes a size increase, albeit a small one (refer to Fig. 5). The

refractive index may indicate that water was absorbed onto

the microparticle. For PEG 10K/NaCl microparticles with at

a P/S ratio of 72:1, there is another explanation for the

particle growth observed. For this system, microparticles

undergo size oscillations, which have been described

previously [21]. Brie¯y, the complexation of Na1 by indi-

vidual polymer chains within the PEG matrix resulted in a

local structural change. The structure change was propa-

gated along or between chains by the movement of the

cation resulting in expansion and contraction of the micro-

particle. This size oscillation phenomenon was also

observed for PEG 10K/NaCl with a P/S ratio of 20:1,

which exhibited an overall size decrease and a negative

drying rate. Because of the oscillatory nature of these two

systems the sign of the drying rate actually speci®es where

in the size oscillation the experimental observations ceased.

The issue of cationic complexation by the polymer matrix

was essential in explaining the electrolyte concentration

dependence of the homogeneity threshold. As seen in Fig.

2, there was a signi®cant difference in the ability of PEG to

mix homogeneously with NaCl and CaCl2. PEG/CaCl2

composites are homogeneous at much higher salt concen-

trations when compared to PEG/NaCl composites. In addi-

tion, when PEG/CaCl2 microparticles were inhomogeneous,

they typically had clear diffraction patterns with poor fringe

contrast. On the other hand, inhomogeneous microparticles

of PEG/NaCl typically had no discernible fringe structure

other than for PEG 10K/NaCl at P/S ratios of 8:1, 2:1, 1:1,

and 1:45 (saturated). In these instances, the microparticles

examined exhibited a change from a relatively well-de®ned

diffraction pattern, with poor fringe contrast or voids, to a

pattern that was unde®ned and random. In general, the

change occurred during the ®rst few minutes of the experi-

ment (,15 min) indicating that there was a signi®cant struc-

tural change within the microparticle. Comparisons of the

homogeneity thresholds for microparticles doped with NaCl

indicated that polymer molecular weight played a minor

role in the mixing of the dopant and the polymer matrix.

However, in the case of PEG 10K the fact that most of the

inhomogeneous particles initially exhibited some identi®-

able fringe structure may indicate that mixing within this

system was initially more uniform. On the other hand, CaCl2

doped microparticles exhibited a clear difference in homo-

geneity threshold for the three molecular weights of PEG.

As the molecular weight of the polymer matrix increased,

homogeneous microparticles could be formed at high salt

concentrations. This is especially true for PEG 10K,

although the differences in homogeneity threshold are

minor for PEG 3.4K and PEG 10K, since only two P/S ratios

(1:5 and 1:44) are inhomogeneous in the PEG 3.4K matrix.

Examination of the refractive indices for the PEG/CaCl2

microparticles indicated that material homogeneity was

correlated to the residual water content of the microparticle,

since with few exceptions the microparticle refractive index

was lower than the pure PEG value (1.4717). In two

instances where the refractive index was higher than

1.4717, the value was only slightly higher which as yet

has no straightforward explanation, but could be caused

by the presence of nanocrystalline subdomains or modi®ca-

tion of the PEG refractive index upon complexation of the

cation.

The differences between inhomogeneous microparticles

of PEG/CaCl2 and PEG/NaCl indicated that the subdomains

within the microparticle resulting in inhomogeneity could

have had a dramatically different size, refractive index and/

or number density. As determined in Ref. [23], the combi-

nation of subdomain size and refractive index determine

whether material inhomogeneity will be detected, and the

number density of the subdomains determines the extent of

J.V. Ford et al. / Polymer 41 (2000) 8075±80828080



distortion observed in 2D optical diffraction patterns. Since

the dopants were both simple inorganic salts the subdomains

present were expected to be structurally similar. Two possi-

ble subdomain types were salt nanocrystallites and/or PEG/

cation complexes. Since the cations used are analogous to

those used in thin polymer±electrolyte ®lms and gas phase

studies, the subdomains present were probably helical, with

the cation complexed by the ether oxygens of the PEG

matrix.

Considering the presence of salt nanoscrystallite subdo-

mains, it was important to realize that the presence of such

subdomains would increase the refractive index measured

for the microparticle since the bulk refractive indices of the

salt dopants �NaCl � 1:54 and CaCl2 � 1:52� are higher

than that of pure PEG (1.4717). If nanocrystallite subdo-

mains were present, and were smaller than the detection

limits of the technique, the only manifestation of their

presence would have been an increased refractive index.

On the other hand, if the dimensions of the subdomains

exceeded ,60 nm the microparticle will appear inhomoge-

neous. It was unlikely, however, that a signi®cant amount of

residual water and microcrystalline salt subdomains could

coexist. Therefore, while it was impossible to rule out the

presence of crystalline salt subdomains, PEG/cation

complexes were probably the predominant subdomains

within the microparticle. This assertion was supported by

the fact that with only two exceptions, the composite micro-

particles examined exhibited a refractive index lower than

the pure PEG value.

Since the dominant subdomain was most likely composed

of a PEG/cation complex, why does the NaCl dopant have

such a low homogeneity threshold? Thin ®lm literature indi-

cated that PEG incorporates monovalent cations into the

turns of the helix, resulting in a conformational change of

the matrix. In addition, work on thin ®lms composed of d-

MgCl2 and PEG (400 amu) exhibited helical structures simi-

lar to those obtained for the alkali metal cations in thin ®lms.

Moreover, as the salt concentration increased, complexation

also occurred at the hydroxyl end groups [26]. Residual

water competes with the complexation interaction between

the cation and the polymer matrix. It was speculated that this

competition was the key to understanding the homogeneity

threshold data. Water solvation mediated the complexation

of the cation by the PEG matrix in two ways: (1) the

presence of solvent molecules about the cation resulted in

a species unable to ®t into the turns of the PEG helix, a steric

effect, eliminating formation of PEG/cation complexes; and

(2) if PEG/cations complexation occurred, the presence of

water reduced the number of ether±oxygen interactions, and

therefore the conformational change associated with

complex formation did not occur. Since, CaCl2 doped

PEG microparticles retained signi®cantly more water than

NaCl doped PEG, the complexation of the Ca21 by the PEG

matrix was reduced, which either reduced the number or

size of the subdomains within the microparticle. Conse-

quently, the microparticles had high contrast 2D optical

diffraction pattern indicative of a homogeneous microparti-

cle.

4. Summary

This study probed the effects of dopant identity, dopant

concentration, and polymer host molecular weight for

microparticles composed of PEG doped with either NaCl

or CaCl2, utilizing 2D optical diffraction. Dopant identity

played a role in both drying rate and homogeneity threshold.

The fact that inhomogeneous polymer±electrolyte micro-

particles were formed may indicate that the SPE thin ®lms

could also have small subdomains on the macromolecular

length scale. Only in the case of CaCl2 doping of PEG

microparticles were effects correlated to dopant concentra-

tion and polymer molecular weight. The primary explana-

tion of the homogeneity threshold and drying rate data was

based on the structural data elucidated for PEG/cation

complexes found in the gas phase and analogous SPE thin

®lms, which indicated that cations intercalated into a helical

PEG matrix inducing a conformational change. Conse-

quently, formation of a PEG/cation complex resulted in a

subdomain within the microparticle. Subdomain formation

was mediated by the presence of residual water. It was

speculated that residual water hindered the ability of the

PEG matrix to complex cationic species due to solvation

shells around the cation. If PEG/cation complexes were

formed, the presence of residual water did not allow the

PEG matrix and the cation to complex completely reducing

or eliminating the conformational change typically asso-

ciated with PEG/cation complex formation. This hypothesis

explained the homogeneity threshold data and drying rate

results for NaCl and CaCl2, which clearly indicated that the

homogeneity threshold was higher for CaCl2 as were drying

rates which are indicative of a high residual water content

within the microparticle. It should be noted that the anion

plays an important role in determining the residual water

content within the microparticle, due to solvation

constraints. In order to gain additional insight in polymer

composite materials, two-color interrogation is planned to

better determine the exact composition of ternary micropar-

ticles.
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