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ABSTRACT: Tetrahydrofurfuryl methacrylate (THFM) polymerizes at 60 OC when initiated with potassium 
persulfate in three-component microemulsions made with Aerosol-OT (AOT) and water. The resulting mono- 
disperse microlatex contains particles with mean diameters from 25 to 34 nm and polymer molecular weights 
of order lo7. Each particle consists of approximately one polymer molecule in a collapsed state. Polymerization 
kinetics are followed by calorimetry, dilatometry, and internal reflectance infrared spectroscopy. Reaction 
rate curves show two intervals only: an interval of increasing rate immediately followed by an interval of 
decreasing rate. Weight-average molecular weight as measured by size-exclusion chromatography and particle 
size as measured by quasielastic light scattering increase during polymerization. Transmission electron 
microscopy (TEM) shows the in situ formation of lamellar and multilamellar structures when excess AOT 
from micelles depleted of monomer exceeds its solubility in water. These findings confirm that latex particles 
grow by recruiting monomer from uninitiated microemulsion droplets. 

Introduction 
Emulsion, miniemulsion, and, more recently, microemul- 

sion polymerization are processes that can produce poly- 
meric particles of large molecular weights (lo5 to lo7) and 
small sizes (10-1000 nm) dispersed in aqueous (or non- 
aqueous) media.1-4 In these processes fast reaction rates 
and large molecular weights can be achieved simulta- 
neously because free radicals that initiate and propagate 
the reaction are isolated in small l o ~ i . ~ ~ ~ ~ ~  Microemulsions, 
in contrast to emulsions and miniemulsions, are thermo- 
dynamically stable, transparent dispersions of oil and 
water, although larger amounts of surfactant and often an 
alcohol cosurfactant are required for their f~ rma t ion .~  

Monomers have been polymerized in oil-in-water (o/w), 
water-in-oil (w/o) and bicontinuous micro emulsion^.^-^^ 
Although the simplest microemulsion contains only three 
components (water, monomer, and pure surfactant), most 
formulations require cosurfactants or salt to achieve 
stability, thus increasing the number of components to 
four or five. However, kinetic data from three-component 
systems are easier to analyze since the effects of alcohol 
cosurfactants, which are known to modify the partitioning 
of monomers and promote chain-transfer reactions, are 
eliminated.69'6 

The first polymerizaton of a three-component micro- 
emulsion was reported by Murtagh et a1.12 They polym- 
erized styrene solubilized in rodlike micellar solutions of 
cetyltrimethylammonium bromide (CTAB) to produce 
latexes with diameters from 11 to 56 nm. Our group po- 
lymerized styrene in three-component microemulsions 
made with the cationic surfactant dodecyltrimethylam- 
monium bromide (DTAB) to produce monodisperse la- 
texes with spherical particles of about 20-31 nm in 
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diameter.14 More recently, Texter et d.15 polymerized 
tetrahydrofurfuryl methacrylate (THFM) in a three- 
component anionic microemulsion stabilized with Aerosol 
OT (AOT) using redox initiation and produced cross- 
linked, monodisperse particles roughly 70 nm in diameter. 
In the AOT/THFM/water system, smaller amounts of sur- 
factant are required to form microemulsions than in 
styrene systems of comparable monomer content. 

Here we investigate the polymerization of THFM in 
three-component AOT microemulsions a t  60 O C  using 
potassium persulfate as initiator. Polymerization kinetics 
are studied using calorimetry, dilatometry, gravimetry, 
and internal reflectance infrared spectroscopy. Quasielas- 
tic light scattering, size-exclusion chromatography, and 
transmission electron microscopy provide evidence of 
growth during polymerization from initiated microemul- 
sion droplets to particles with final diameters of 15-45 
nm. These experimental findings provide insight into the 
mechanism of microemulsion polymerization and the 
evolution of latex microstructure. 

Experimental Section 
Reagent grade tetrahydrofurfuryl methacrylate (THFM) from 

Scientific Polymer Products was passed through a DHR-4 column 
(SPP) to remove the inhibitor. AOT [sodium bis(2-ethylhexy1)- 
sulfosuccinate] from Fluka with a quoted purity of greater than 
98% was used as received. Purification of AOT17 did not change 
its surface tension in aqueous solution nor its phase behavior 
with water and THFM. AIBN (2,2'-azobis[isobutyronitrile]) 
from ICN Biomedical was purified by dissolving in chloroform, 
filtering, then precipitating with excess methanol, and recovering 
AIBN on a filter. Potassium persulfate (98% from MCB 
Manufacturing Chemist), hydroquinone (99% from Aldrich), 
methanol (99.9% from Fisher), toluene (Fisher), and tetrahy- 
drofuran (THF, uninhibited HPLC-grade from J. T. Baker) were 
used as received. Samples were made with distilled and deion- 
ized water. 

The single-phase o/w microemulsion regions at 25 and 60 O C  
were determined visually by titrating aqueous preparations of 
AOT with THFM. Phase boundaries of the oil-rich regions were 
determined similarly by titrating solutions of AOT in THFM 
with water. Phase boundaries were checked by preparingsamples 
by weight with compositions below and above the phase bound- 
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aries determined by titration. Because small amounts of polymer 
can substantially reduce the size of one-phase microemulsion 
regions,'* phase diagrams were determined with THFM as 
received (i.e., with a few ppm of inhibitor) to inhibit thermal 
polymerization. Samples were examined through cross polar- 
izers to check for streaming and static birefringence. The lamel- 
lar phase was confirmed by examination of samples with a Leitz 
polarizing microscope. 

THFM polymerization was done at 60 OC in a 1-L glass reactor, 
a 45-mL calibrated dilatometer, a Mettler RC1 calorimeter, and 
a solution FTIR spectrometer (Spectra-Tech ReactIR). In all 
experiments microemulsions were initiated with an appropriate 
volume of a concentrated K2S208 aqueous solution such that the 
amount of initiator was 1 % (w/w) with respect to monomer. In 
the 1-L glass reactor, 750 mL of the microemulsion was loaded 
and heated to 60 OC before adding the initiator. The reacting 
system was continuously stirred and sparged with argon. During 
the first minutes of reaction, samples (ca. 15 mL) for gravimetric 
analysis, size-exclusion chromatography (SEC), and quasielastic 
light scattering (QLS) were withdrawn every minute using a 20- 
mL glass syringe, quenched with hydroquinone and put in an ice 
bath for further inhibition of the reaction. Samples were taken 
more frequently when the microemulsion became bluish, indi- 
cating the onset of the propagation reaction. The polymer was 
precipitated with methanol, filtered, and dried in a vacuum oven 
at 50 O C  for 24 h. 

When the reaction was followed by dilatometry, the micro- 
emulsion in the 45-mL calibrated dilatometer was sparged with 
argon at 60 OC for about 45 min before injecting the initiator 
solution through a septum. Conversion was proportional to 
changes in liquid height in the capillary tube of the dilatometer. 
The dilatometer was calibrated by comparing changes in the 
capillary height with conversion curves obtained by gravimetry. 

Calorimetry was done using a Mettler RC1 calorimeter with 
a 2-L glass reactor. The reactor was initially filled with 988 g of 
microemulsion and sparged with nitrogen for 10 min at 25 OC. 
The reactor was then heated to 60 "C at 1 OC/min, during which 
time the heat capacity of the charged reactor system was 
determined. A baseline was determined at 60 "C, and the heat- 
transfer coefficient for heat flow through the reactor wall was 
determined by adding a known amount of heat to the reactor and 
determining the surface area of reagents in contact with the 
reactor wall. After baseline calibration, the initiator solution 
was added. The reaction rate was obtained from the power flow 
and the heat of reaction. The power was calculated from the 
productofthe heat-transfercoefficient, U(W/(m2/K)), thereactor 
wall area in contact with reagents, and the measured temper- 
ature rise during the reaction. This power was also corrected by 
a heat capacity term obtained as the product of reagent mass, 
heat capacity, and temperature rise in the reactor. 

Gas chromatographic analysis of the microemulsion and latex 
for monomer (THFM) and AOT was performed using a Hewlett 
Packard 5890A gas chromatograph with an HP 7673A autosam- 
pler (injector). A flame ionization detector at 340 OC was used 
with a split/splitless injector in the split mode at 40 mL/min and 
200 "C. A 40-300 "C program a t  20 "C/min was used with helium 
as the carrier at 12 psi on a J & W DB-5 15 column (0.32-pm i.d, 
1.0-mm film thickness, FSOT capillary). The injector used 1-pL 
samples. HP 33665 MS-DOS Chemstation software was used 
for integrating peak areas. Samples were prepared using acetone 
as solvent. Standard solutions of THFM were used to calibrate 
the THFM response. Dilutions of l/lo, l/lm, and l/lm of a 7.98- 
mg THFM sample in 4-mL of acetone solution were used for 
calibration. The AOT response was calibrated using acetone 
dilutions of 6% (w/w) aqueous AOT solution. Samples were 
prepared by weighing 100 mg of material to the nearest 0.01 mg 
and diluting with 4 mL of acetone. 

For the solution FTIR experiments, about 60 mL of micro- 
emulsion was loaded into a glass reactor with a stainless steel 
base incorporating a ZnSe crystal for internal reflectance infrared 
spectroscopy. The solution was degassed with argon for 15 min 
and heated to 60 "C with continuous stirring. After the initiator 
was injected, IR spectra were taken from 750-4000 cm-1 at 1-min 
intervals by adding 64 scans at a resolution of 8 cm-l. Kinetic 
data were extracted from the reaction spectra using the ReactIR 
series 3.0 Quantitative Analysis software. 

QLS measurements were made with equipment previously 
described.lS The magnitude of the scattering vector, q = (4 *n/ 
XO) sin (8/2), was varied by changing the scattering angle, 8,  from 
30 to 120". Here n is the index of refraction and X, (488 nm) is 
the wavelength of the light in vacuum. Intensity correlation data 
from the homodyne experiment were analyzed by the method of 
cumulants to provide the average decay rate, (I') (=q2D), where 
D is the diffusion coefficient, and the normalized variance, v (= 
[((r2) - (I')z)/(r)*l, which is a measure of the width of the 
distribution of the decay rates. The measured diffusion coef- 
ficients were represented in terms of apparent radii by using 
Stokes law and assuming the solvent has the viscosity of water. 
Latexes were diluted up to 500 times to minimize particleparticle 
interactions and filtered through 0.2-pm Millex Millipore filters 
to eliminate dust particles before QLS measurements. 

The SEC system using coupled low-angle laser light scattering 
(LALLS), differential viscometry (DV), and differential refractive 
index (DRI) detectors was confiired as described previously."2l 
Narrow molecular weight distribution polystyrene standards were 
obtained from Polymer Laboratories, Inc. Isolated polyTHFM 
samples were kept under 0.1 mm Hg vacuum at room temper- 
ature for 24 h before dissolving at a concentration of 0.5-0.6 
mg/mL in THF. All sample solutions were filtered through a 
0.5-pm Millex-SR Millipore filter before injecting 100 pL of each 
sample into the SEC. 

Direct images of vitrified thin films of the polymerized mi- 
croemulsions were recorded at -175 OC in a Phillips CM-12 
transmission electron microscope equipped with a Gatan Model 
626 cryotransfer holder. Thin liquid fiims were prepared at 100 % 
relative humidity and 25 OC within a controlled environmental 
vitrification system (CEVS) similar to that described else- 
~ h e r e . ~ ~ J ~  A 7-pL microemulsion droplet was placed on a carbon- 
coated cellulose acetate butyrate film containing holes 8-10 pm 
in diameter.23 Most of the fluid was removed from the grid by 
blotting with filter paper to produce thin, biconcave menisci of 
fluid spanning the holes in the grid. The controlled environment 
of the CEVS prevented loss of volatile species from the fiim. 
Immediately after cessation of blotting, a shutter in the bottom 
of the CEVS was opened and the tweezers containiig the specimen 
were plunged into liquid ethane just above its freezing point. 
The cooling rates in these thin films are sufficient to prevent 
crystallization of water, resulting in a vitreous sample. Each 
grid was placed in liquid nitrogen for storage until it was 
transferred to the Gatan 626 holder and inserted into the electron 
microscope for imaging. The specimen temperatures never 
exceeded -160 OC, which is below -140 "C, the devitrification 
temperature of water.24 

Results 
The AOT/water/THFM system at 25 O C  has rich phase 

behavior (Figure la). There are three highly viscous one- 
phase mesomorphic regions: lamellar (La), inverse cubic 
(12) and inverse hexagonal (Hz). L, samples are birefrin- 
gent and show characteristic oily streaks and maltese 
crosses when observed with a polarizing optical micro- 
scope.25 There are, in addition, two isotropic one-phase 
regions, which are normal (LI) and inverse (Lz) micellar 
phases. Both are transparent, but the L2 phase has a 
yellowish tinge due to the inherent color of THFM. The 
viscosity of the liquid crystalline phases at high surfac- 
tant concentrations prevents the exact determination of 
phase boundaries (dashed lines). There is a s m a l l  three- 
phase region around the  composition marked by the dot 
in Figure la. In this region, the more dense L2 phase is 
in equilibrium with L1 (middle phase) and L, (upper 
phase). 

Figure Ib is an expanded view of the water-rich corner 
of the  phase diagram. The  L1 region shifts toward the  
water/AOT axis as temperature increases from 25 to60 "C. 
The  compositions of t he  o/w microemulsions polymerized 
are indicated in Figure I b  as full circles and squares. The  
unpolymerized microemulsions are fluid and are highly 
conductive (>1 mS/cm), suggesting water-continuous mi- 
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Figure 1. Phasebehavior ofAOT/water/THFM. (a) Theentire 
phase diagram at 25 OC. The samples at high surfactant 
concentrationareviscousand the houndariea were not determined 
exactly(dashed1ines). One-phaseregionsarelabeledasexplained 
in the text. (h) Expanded view of the water-rich corner showing 
the boundaries of the microemulsion phase at 25 O C  (solid lines) 
and 60 "C (dashed lines). The formulations polymerized along 
theAOT/water = 1/99dilutionpath (circles)contain0.5,1.0,1.5, 
and 2.0% (w/w) THFM, and those along the AOTiwater = 3/97 
dilution path (squares) contain 1.0, 2.0, 3.0, and 4.0% (w/w) 
THFM. 

crostructures. QLS autocorrelation functions of an un- 
polymerizedmicroemulsioncontaining7.8% (w/w) THFM 
and 4.4 % (w/w) AOT are single exponential with variances 
Y of about 0.1. The apparent diffusion coefficient is 
independent of q,consistent with the presenceof spherical 
particles, and corresponds to diameters of about 4.5 nm. 

Polymerization of these o/w microemulsions is fast, after 
an initialinduction period. Conversionsgreater than 90% 
are achieved within 15-20 min (Figure 2). The initially 
transparent microemulsion becomes bluish as the reaction 
progresses. Final latexes are bluish-turbid to opaque 
depending on THFM and AOT concentrations in the 
parent microemulsions. Latexes originating from micro- 
emulsions with larger initial concentrations of monomer 
and surfadant are more turbid. The polymerization rate 
shows the two characteristic intervals observed before for 
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Figure 2. Conversion and rate data of the 3 % (w/w) THFM and 
AOT/water = 3/97microemulsionpolymerizedin thecalorimeter. 
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Figure 3. Rates of polymerization for parent microemulsions 
with 1% (w/w) THFM and AOT/water = 1/99 (circles) and 3% 
(w/w) THFM and AOT/water = 3/97 (squares). Rates were 
calculated from conversion data obtained by dilatometry. 
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microemulsion polymerization:&* an increasing rate in- 
terval followed by a decreasing rate interval. The max- 
imum rate w c u n  at  about 35-40?, conversion, and the 
rate increases with initial THFM concentration (Figure 
3). Theenthalpyofpolymerizationofa37, (w w)THFM 
and 2.9% (w,w) AOT microemulsion determined by 
calorimetryis 14.9 kcal mol. Thisenthalpyisin therange 
reported for other polymethacrylates derived from cy- 
clohexyl methacrylate (12.7 kcal mol), ethyl methacrylate 
(13.8 k d m o l ) ,  butyl methacrylate (14.3 kcabmol),n-hexyl 
methacrylate (14.8 kcal mol), and 2-ethoxyethyl meth- 
acrylate (14.8 kcal mol).% Although the reactionenthalpy 
is large and the reaction is rapid, all polymerization 
reactions were done under nearly isothermal conditions, 
so any increase of rate with temperature is minimal. 

For polymer formation via a free radical mechanism, 
the C=C bond of the monomer r e a m  with the growing 
radical to form achainwithtetrahydrofurfurylsidegroups 
(Scheme I). Direct evidence of this reaction is provided 
by in situ internal reflectance FTIR spectroscopy of the 
microemulsion as it polymerizes (Figure 4). The main 
spectral features in the 18OC-900-cm-l region are absor- 
bance peaks at  1717 IVS), 1638 (w), 1458 (m), 1320 (sh), 
1300 (a), 1171 (M), 1081 (m), 1042 (m), 1023 (m), and 937 
(w) cm-l. Upon polymerization bands at 1638 and 937 
cm-l, due to the  C=C stretch and  the =CH2 wag, 
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Figure 4. FTIR spectra of the 3 %  (w/w) THFM and AOTi 
water = 3/97 microemulsion during polymerization. Important 
spectral features of the polymerization are obscured by water 
absorbances; therefore, the spectrum of 1 % (w/w) AOT in water 
was subtracted from these spectra to display the absorbance 
changes of monomer as it is converted to polymer. 

Table I 
Polymer Characteristics as a Function of Conversion 

~ 

intrinsic molecular 

conversion [nl fdL/d M W  Mwl Mn 
%I viscositp weightb polyd_ispe_rsity* 

3% (w/w) THFM Parent Microemulsion on 3/97 
AOT/Water Dilution Path 

7.7 0.259 4 250 OOO 1.39 
44.6 0.345 8 120 OOO 1.39 
72.2 0.665 12 200 OOO 1.07 
97.9 0.700 15 100 000 1.09 

1 %I (w/w) THFM Parent Microemulsion on 1/99 
AOT/Water Dilution Path 

97.5 1.192 7 020 OOO 1.17 

Intrinsic viscosities, at 30 O C  in THF, measured by SEC DV 
detection. * Molecular weight (weight average) and polydispersity 
measured by SEC LALLS detection. 

respectively, vanish with concomitant blue shift of the 
carbonyl band from 1717 to 1729 cm-l due to loss of 
conjugation. Also, major changes occur in the cluster of 
bands found from 1350 to 1100 cm-'. This cluster is 
primarily due to the backbone C-C stretching bands of 
the acid involving the C-0 bond. Peaks at  1320 and 
1300 cm-' disappear, and the band at  1171 cm-l becomes 
a broad doublet with peaks a t  1237 and 1159 cm-'. The 
unchanged bands at  1458 cm-' are assigned to deformations 
of methyl or methylene ring groups while the unchanged 
bands at  1081 and 1042 cm-l are related to the tetrahy- 
drofurfuryl alcohol g r o ~ p . ~ ~ ? ~ ~  

Polymer structure and particle growth were investigated 
by QLS and SEC as the reaction progressed. Because a 
fraction of the molecular weight (M,) distribution of the 
polyTHFM samples is near the column set exclusion limit 
(approximately 2 730 OOO polystyrene M,) of the S_EC 
column, absolute weight-average molecular weights (M,), 
were obtained by integrating the response of the LALLS 
detector. Table! reports intrinsic viscosity [TI, M,, and 
polydispersity (M,/M,) as a function of conversion of the 
polymerization of a 3 5% (w/w) THFM and 3 % (w/w) AOT 
microemulsion. 

Analysis of scattering from strongly interacting systems 
such as ionic microemulsions is difficult.19 However, the 
normalized intensity autocorrelation functions for undi- 
luted reacting samples, even a t  low conversion (1 %), are 

200 I 1 
L I 

100' ' I .  ' 
0 20 40 60 80 100 

Conversion (%) 
Figure 5. Apparent size of the polymer particle as a function 
of conversion for the polymerization of a 1.0% (w/w) THFM and 
AOT/water = 1/99 microemulsion. Conversion was determined 
by gravimetry and the sizes were estimated from QLS measure- 
menta of undiluted samples. 
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Figure 6. Polymer molecular weight as a function of THFM 
conversion for polymerization of a 3.0% (w/w) THFM and AOTi 
water = 3/97 microemulsion. Conversion was determined by 
gravimetry and the molecular weights by LALLS. 

single-exponential decay functions with small values of 
variance, u < 0.05; i.e., only one apparent size is observed 
after the system begins to polymerize. The apparent 
diffusion coefficients are independent of q, which suggests 
the particles are spherical. Polymer particles grow steadily 
as the reaction proceeds (Figure 5) ,  and the molecular 
weight increases concurrently (Figure 6). The values of 
Mw are enormous even a t  low conversions (see Table I). 
Both these results indicate fast reaction rates and particle 
growth as the re_action proceeds. 

The values of M, and of particle size, assuming that the 
density of the particles is that of bulk polymer (1.222 
g/~m3),~9 suggest that each particle contains only one or 
a few macromolecules. Polydispersity is low in all cases 
(1.07-1.39). The values of [TI, obtained by integration of 
the SEC DV detector response, are consistently lower than 
those of linear polystyrene of similar molecular weights, 
indicating a large degree of branching. Plots of log [VI vs 
SEC retention volumes are usually close to linear for 
homogeneous branched materials. However, similar plots 
for the eluted fractions of the polyTHFM produced here 
deviate significantly from linearity, suggesting that the 
branching is heterogeneous across the molecular weight 
distribution. 

Latexes were produced from parent microemulsions of 
different compositions using identical reaction conditions: 
four along the AOT/water = 1/99 dilution path and four 
along the AOT/water = 3/97 dilution path (see Figure Ib). 
Final particle size increases linearly with THFM concen- 
tration in the parent microemulsions when the AOT/watar 
ratio is held constant (Figure 7). All polymerized micro- 
emulsions appear bluish. However, the 1/99 latexes are 
translucent and remain stable for days, whereas the 3/97 
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Figure 7. Final particle size as a function of the initial 
composition of themicroemulsion. Radii weremeasured by QLS 
using samples diluted 500 times with water (solid circles and 
solid squares). The sizes corresponding to 2-average diffusion 
coefficients were obtained by image analysis of transmission 
electron micrographs (open squares). Circles and squares 
correspond to latexes derived from parent microemulsions with 
AOTiwater = 1199 and AOTIwater = 3197, respectively. 

Figure 8. Transmission cryoelectron micrograph of the 3% (wl 
w) THFM and AOTlwater = 3197 microemulsion after polym- 
erization. This direct image was obtained through a bioconcave 
thin film, vitrified cryogenically as described in the text. The 
small, darkcircles (a) arepolflHFMparticles. Inthicker regions 
of the film, overlapping particles (b) are evident. The network 
of dark lines (c )  corresponds to excess AOT organized into 
dispersed lamellar structures. The smallest of these structures 
(d) issimilar insizetn thepolymer particles. Thelargerstructures 
illustrated include a variety of manifestations of the lamellar 
liquid crystalline mesophase. 

latexes are turbid, flocculate, and sediment after 1 day. 
TEM micrographs of the polymerized 3/97 samples show 
two coexisting microstructures: spherical particles with 
diameters of 15-50 nm and lamellar and multilamellar 
structures with 9-nm interbilayer spacing (see tetralamellar 
structure inupper left corner of Figure 8). The interbilayer 
spacings are consistent with those reported for the AOT/ 
water lamellar phase." 

The particle size distributions, obtained by image 
analysis of the TEM micrographs, show that  the particles 
arepolydisperse but the averagesize increases with THFM 
concentration of the unpolymerized microemulsion (Figure 
9). These distributions yield first moments (mean diam- 
eters) of 25,25,28, and 34 nm, respectively, for 1,2,3, and 
4% (w/w) THFMformulations. Az-averagediameter (dz,  
which is the sixth moment of the distribution normalized 
by the fifth moment and is derived from the definition of 
the molecular weight z-average assuming a uniform 
polymer density) calculated from the particle size distri- 
butions agree closely with the QLS results shown in Figure 
7. 

THFM was also polymerized at 60 O C  in aqueous 
solution,intoluenesolution,andinan emulsion (1% AOT, 

3 0.10 
E 
5 
3 

L 
k 0.0s 

0.00 
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Diameter (nm) 

Figure 9. Particle size distributions determined by image 
analysis of transmission cryoelectron micrographs of polymerized 
microemulsions alongtbe AOTIwater = 3197 dilutionpath. These 
are normalized number density distributions and correspond tn 
different amounts (wlw) of THFM in the parent microemulsion 
before polymerization: 1% (-1, 2% (- - -), 3% (-),4% (-. -1. 

9.9% THFM, and 89.1% water). In the first case, 0.5% 
(w/w) THFM aqueous transparent solutions were initiated 
at 60 "C with potassium persulfate or AIBN (1% (w/w) 
with respect to monomer) to produce stable, milky, and 
opaque latexes containing particles of about 160 and 230 
nm in diameter, respectively. In either case, the dried 
polymer cannot be dissolved in solvents such as THF and 
toluene, suggesting that the polymer is cross-linked. A 
7.5% (w/w) THFM solution in toluene was polymerized 
at 60 O C  using AIBN as initiator. The final solution was 
transparent and slightly viscous, and the isolated polymer 
was soluble in THF and toluene, indicating very little or 
no cross-linking. In the case of emulsion polymerization 
initiated with potassium persulfate, the reaction rate a t  
60 "C is fast (1Cb15 min) and the final product is a milky 
latex containing particles of about 57 nm in diameter. The 
dried polymer is cross-linked since it does not dissolve in 
any solvent. 

Discussion 
The phase behavior of the THFM system is similar to 

other AOT/oil/water ternary ~ y s t e m s . ~ ~ . ~ ~  The same 
number and types of one-phase regions are located in the 
same relative positions on the Gibb's triangle, and the 
inverse surfactant LZ phase dominates the phase behavior 
(Figure 1). AOT forms inverse phases because its packing 
parameter, u l l p ,  is near 1,33.34 where u is the volume 
occupied by hydrocarbon tails, a is the effective area of 
head groups at the interface, and 1, is the length of 
hydrocarbon tails. An unusual feature of the THFM phase 
diagram is the protrusion of the two-phase region near the 
oil-rich corner into the LZ region, which requires the 
coexistence of an AOT-rich LZ phase with an AOT-poor 
LZ phase. The L1 region (Figure lb)  is also much larger 
than those reported inother AOTternary~ystems.~~Both 
of these features are the result of the high solubility of 
THFM in water (0.8%) and the uolar nature of the 
tetrahydrofurfuryl ring. 

The structureofdilute AOT solutions in D9O wasstudied 
bySheueta1.35usingsmall-angleneutronscattering.They 
found spherical micelles of 2.5 nm in diameter with an 
aggregation number of 15 at the critical micelle concen- 
tration (cmc) and showed that  the micelles become oblate 
as the AOT concentration increases. Presumably, the 
introduction of oil into the micelle core releases the 
constraint of the tails reaching to the center and allows 
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Scheme I1 alternative micelle geometries. The size and shape of the 
swollen micelles depends on the properties of the 
For a microemulsion containing 4.4% (w/w) AOT and 7.8 % 
(w/w) THFM, TEM shows swollen spherical micelles of 
5 nm in diameter,I5 in excellent agreement with the QLS 
measurements of spherical particles of 4.5 nm in diameter. 
Insertion of THFM molecules into the AOT surfactant 
layer apparently reduces the monolayer rigidity, and allows 
the formation of spherical swollen micelles. Reducing the 
THFM content of L1 samples while maintaining a constant 
AOT/water ratio leads to the formation of L,, a phase of 
zero surfactant monolayer curvature (see Figure 1). 
THFM acts not only as the hydrophobic component but 
also as a cosurfactant, much as acrylamide does in AOT/ 
water/toluene w/o micro emulsion^.^ 

The transparent microemulsions become increasingly 
turbid as polymerization proceeds, indicating the growth 
of particles and the formation of lamellar structures. The 
onset of polymerization, which is signaled by a turbidity 
increase, does not occur immediately after injection of the 
initiator. This induction period is likely caused by 
impurities (or oxygen) that scavenge initiator radicals,' 
and the length of the induction period depends on the 
efficiency of sparging. After the reaction begins, THFM 
polymerizes much more rapidly than does styrene in a 
microemulsion f~rmulation.~ Conversions greater than 
90% are achieved within 15 min after the induction period 
(Figure 2), while conversions of only 70-90 % are obtained 
after 120 min of reaction for DTAB/water/styrene mi- 
croemulsions at identical temperatures and KzSzOs con- 
centrations. The activation energies for the emulsion 
polymerizations of methyl methacrylate (22.4-29.4 kJ/ 
mol) are smaller than those found for styrene emulsion 
polymerizations (29.0-59.0 kJ/mol).16 Although the small- 
er activation energies of methyl methacrylate would 
explain the faster reaction rates, consideration of the size 
and number of swollen micelles, the monomer concen- 
tration in the swollen micelles, and the solubilities and 
diffusion coefficients of monomers in water is required 
when a time-dependent expression for monomer con- 
sumption during microemulsion polymerization is devel- 
oped.36 

The polymerization rates vs conversion curves (Figures 
2 and 3) show only two rate intervals in contrast to the 
three intervals observed in emulsion polymerization.' In 
the first interval, the polymerization rate increases with 
time since the number of propagation sites increases. 
During this interval the diffusive transport of monomer 
from uninitiated droplets maintains a constant monomer 
concentration in the growing polymer particles. The 
nucleation interval ends when all the uninitiated droplets 
have been depleted of monomer. Since the uninitiated 
monomer-swollen micelles are no longer available, the 
concentration of monomer within each particle steadily 
decreases as the reaction proceeds, and the polymerization 
rate in the second interval slows. As in other microemul- 
sion polymerizations, no Trommsdorff or gel effect was 

An increase in the maximum rate as the initial 
monomer concentration increases (Figure 3) is consistent 
with the hypothesis that the reaction rate depends on the 
number of polymerizing loci. Similar results have been 
reported for styrene microemulsion polymerization.6s For 
THFM, the maximum rate occurs at approximately 35- 
40 % conversion, while styrene microemulsion polymer- 
ization has a maximum rate at about 20% conversionPs 

FTIR spectra show the progress of THFM polymeri- 
zation. The disappearance of the IR absorbances asso- 
ciated with the C=C bond (Figure 4) indicates that 

propagation occurs through the methacrylate moiety 
(Scheme I). In addition to the free radical mechanism for 
monomer addition, cross-linking involving the opening of 
the tetrahydrofurfuryl ring may also occur (Scheme 11). 
Typically, cationic and anionic initiators are used in the 
ring-opening polymerization of heterocyclic ethers such 
as THF.37 However, Pate1 et al.38 reported a free-radical 
ring-opening of heterocyclic methacrylates. The degree 
of cross-linking, as determined by polymer solubility in 
THF, appears to depend on the type of initiator and the 
solvent environment. Free radical polymerization, either 
in bulk38 or in aqueous solution yields a cross-linked 
polymer that is insoluble in any solvent, but fewer than 
1 % of the monomer units are apparently involved in cross- 
linking and hence in ring-opening reactions.= Redox- 
initiated microemulsion polymerization of THFM also 
results in a cross-linked polymer.l5 

The polyTHFM produced here is soluble in THF and 
other solvents; thus the polymer is not cross-linked, 
although probably highly branched (see below). Evidently, 
a hydrophobic environment, whether it is the micelle 
interior in microemulsion polymerizaton or the organic 
nonpolar solvent (such as toluene) in solution polymer- 
ization, is less conducive to free-radical ring opening 
reactions than an aqueous environment. The insertion of 
tetrahydrofurfuryl groups into the AOT surfactant layer 
could also provide protection from ring-opening reactions. 
Solubilization of THFM in AOT offers no protection when 
redox initiation is used,15 probably because ionic species 
are produced that are more likely to induce ring-opening 
reacti0ns.3~ 

Particles grow during most o/w and w/o microemulsion 
polymeri~ations.4~~J~ Here particle growth was followed 
by QLS and SEC (Figures 5 and 6). Measurement of the 
actual particle size by QLS in reacting microemulsions is 
complicated by the influence of interparticle intera~tions,~~ 
but the apparent size increases as the reaction proceeds 
(Figure 5). Measuring particle growth by SEC is also 
difficult because of the high molecular weights ((4-15) X 
lo6) obtained here. Although complete molecular weight 
distributions cannot be measured, considerable informa- 
tion can be obtained from the response of the various SEC 
d e t e c t o r ~ . ~ ~ * ~ ~ ~ ~ ~  Molecular size in THF, estimated from 
the peak apex of the DRI response and calculated values 
of polystyrene standards that elute a t  the same retention 
volume, increases with conversion. Polydispersity (BWl an) can be approximated from the LALLS response 
without dependence on calibration curves and complica- 
tions associated with the mole fraction of polymer eluting 
near the exclusion limit of the SEC column set. Both 
polydispersity indexes (Mw/Mn = 1.07-1.39) and particle 
size distributions are relatively narrow throughout the 
entire polymerization process. Absolute molecular weighta 
determined by integrating the total LALLS intensity also 
increase monotonically with conversion (Figure 6). 

The increase in both molecular weights (SEC) and 
apparent sizes (QLS) provide conclusive evidence of 
particle growth during polymerization. Further, the 
apparently small particle sizes and large molecular weights 
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suggest that the polymer chains are collapsed and that 
only one, or at  most several, macromolecules make up 
each particle. A similar small number of polymer chains 
per particle has been reported for w/o polymerization of 
acrylamideg and for o/w polymerization of styrenea6 
Extrapolation of Mw to 0% conversion corresponds to a 
particle diameter of 20 nm, assuming that each particle 
contains only one macromolecule and the density of the 
polymer molecule is 1.22 g/mL. I t  is apparent, in reviewing 
the size distributions in Figure 9 for latexes derived from 
microemulsions of varying THFM content, that the 
smallest size "mode" is approximately 20 nm in all four 
cases illustrated. We hypothesize at  this stage that this 
20-nm mode, which coincidentally corresponds to the 
intercept in Figure 6, occurs because the kinetic mecha- 
nisms that determine chain growth are competitive with 
the mass transport mechanisms that determine the 
availability of monomer, oligomeric free-radicals, and other 
pertinent species. The final size a latex particle achieves 
is thus a consequence of the interplay of polymerization 
kinetics (initiation, propagation, and termination) and the 
diffusion of these species through the aqueous continuum. 
The feasibility of this hypothesis will be tested in a future 
publication. 

The comparison of the molecular weight of the poly- 
THFM with linear polystyrene standards of equivalent 
hydrodynamic sizes suggests that polyTHFM is highly 
branched. The intrinsic viscosity of polyTHFM is lower 
than those of the linear polystyrene standards, which is 
consistent with the presence of highly branched polymers. 
Branching can be caused by chain-transfer reaction to 
polymer and monomer in free-radical p~lymerization.~~ 
The rate constants for chain-transfer reactions to polymer 
for THFM are not known, but reported rate constants for 
methyl methacrylate polymerization are large.16 

TEM micrographs of the polymerized microemulsions 
with concentrations along the 3/97 dilution path show the 
polymer particles as well as lamellar structures (Figure 8). 
The interbilayer spacing of these structures is similar to 
the Bragg spacing of the lamellar phase reported for AOT/ 
water lamellar phase (between 2.8 and 12.8 nm depending 
on AOT con~entrat ion) .~~ The in situ formation of these 
lamellar structures as polymerization progresses is a 
consequence of the low AOT concentration required to 
form a lamellar phase in water (1.4% (w/w) at  25 
and the drastic reduction in interfacial area as particles 
grow. Hence, when the concentration of AOT, the majority 
of which is originally located at  the surface of swollen 
micelles but is expelled as polymerization proceeds, exceeds 
the solubility limit, lamellar liquid crystallites form. This 
is supported by observations of latex stability. Latex 
synthesized from microemulsions along the 1/99 AOT/ 
water dilution path are bluish-translucent and remain 
stable for months. In contrast, the lamellar crystallites in 
latexes produced along dilution lines of 3/97 tend to 
flocculate and sediment. The sediment is not made of 
coalesced polymeric particles, but is a loosely flocculated 
lamellar phase, which readily dissolves upon dilution with 
water. 

Final particle sizes, as determined by QLS measure- 
ments of extremely dilute dispersions, depend on the 
concentrations of THFM and AOT in the parent micro- 
emulsions (Figure 7). Increasing the amount of THFM 
at constant surfactantiwater ratio results in larger latex 
particles. This effect is more dramatic for smaller sur- 
factant/water ratios. Increasing the amount of surfac- 
tant yields smaller particles in the latex because increasing 
the surfactant/water ratio results in more sites to distribute 
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monomer. QLS indicates that the latexes contain nearly 
monodisperse, spherical particles. TEM of the polym- 
erized microemulsion confirmed that the particles are 
spherical and that they range in diameters from 15 to 50 
nm. The presence of a distribution suggests that prop- 
agation sites are continuously formed during interval I .  
The size distributions corroborate the QLS data and show 
that increasing initial monomer concentration leads to 
increasing particle sizes (Figure 7). The dynamic QLS 
experiment is more sensitive to the largest particles in the 
latex, whereas the TEM distributions sample the breadth 
of the particle sizes more uniformly. 

These findings lead to the following hypothesis: After 
propagation sites have been formed, radicals generated in 
the aqueous phase diffuse toward these sites and initiate 
(or terminate) chain propagation. As the polymer chain 
grows during interval I ,  monomer concentration in the 
initiated micelle is maintained by diffusion from uninitated 
micelles. The adsorption of the monomer a t  the interface 
increases monomer stability, and probably enhances the 
polymerization rate. As the particle size increases, the 
total interfacial area of the polymerizing microemulsion 
decreases, and excess AOT forms the same type of 
structures that occur in binary mixtures of AOT and water. 

Conclusions 

Polymerization of transparent oil-in-water microemul- 
sions of AOT, water, and THFM produces monodisperse 
stable latexes containing particles with mean diameters 
of 25-34 nm depending on surfactant and monomer 
concentrations in the parent microemulsion. Polymer 
molecular weights are high even at low conversions (4.25 
X lo6 at  7.7% conversion) and increase linearly as the 
reaction proceeds. Apparent particle size also increases 
with increasing conversion. The large molecular weights 
and small particle size demonstrate that each particle 
contains only one, or at  most several, polymer molecules. 
These findings support the hypothesis that in microemul- 
sion polymerization, latex particles, after their formation, 
recruit monomer from uninitiated droplets. AOT from 
the monomer-depleted micelles forms disperse lamellar 
and multilamellar microcrystallites when the AOT con- 
centration exceeds its solubility limit in water (1.4 5% w/w). 
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