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Intr oduction
During the emulsionpolymerization the monomers dif-
fuse from the monomer emulsion droplet through the
waterphaseto thepolymerizingdispersionparticle. Styr-
ene (S) and butyl acrylate(BA) are soluble enoughfor
sucha diffusion processandhavea low enough transfer
barrierat the interfacebetweenthemonomerdropletand
the water phase. However, monomerswith long alkyl
chains, like stearyl acrylate (SA) with his hydrophobic
C18 alkyl chain, can not be polymerized in emulsion as
the water solubility is too low and the interfacial resis-
tanceat themonomerdroplet surfacetoo high. Therefore
only small amountsof stearyl acrylatecan be polymer-

ized in emulsion underspecialconditions1,2). Thesolubil-
ity of stearyl acrylate is enhancedif water-soluble sol-
vents like acetone or methanol are addedto the water
phase3). With theminiemulsiontechnique it is possible to
polymerizestearyl acrylate in themonomerdroplet with-
out any diffusion of the monomer through the water
phase4,5).

On theother handit is known in supramolecular chem-
istry that cyclodextrin is able to form a water soluble
complex with a hydrophobic insoluble molecule6). Far
more thanten thousandpapers,patents, andpatentappli-
cations are available on cyclodextrins and on their var-
ious applications7–11). If this complexis usedin emulsion

Full Paper: In emulsionpolymerizationalsowaterinsol-
uble hydrophobicmonomerslike stearylacrylatecan be
usedif cyclodextrin is addedas a phasetransferagent.
The characterizationof the correspondingemulsionpoly-
mersby thermalanalysiswith DSC,by molecularweight
determinationwith SEC and by measuringparticle size
distribution, particle density distribution (i. e. chemical
composition and heterogeneity) and free cyclodextrin
moleculesin the aqueousphasewith the analyticalultra-
centrifuge provides first indications for the following
mechanism:An especiallyhigh transferresistanceexists
for longeralkyl chainscontainingmoleculesat the inter-
face betweenthe monomerdroplet and the water phase
resultingin a concentrationdecreasein the polymerizing
particle.Therefore,it is assumedthat cyclodextrinandits
ability to form a watersolublecomplexwith hydrophobic
moleculesreducethe kinetic barrier and makesit easier
for the stearyl acrylate to leave the monomer droplet.
After arriving at the surfaceof the growing particle, the
stearylacrylateis releasedfrom the complexandable to
enterit. Now the free cyclodextrincan start its transport
functionagain.Only 5 wt.-% of cyclodextrinis necessary
to polymerizealmost100%of stearylacrylate.
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Influence of stearyl acrylate on particle size and molecular
weightof thedispersion polymerizedin thepresenceof surfac-
tant and methyl-b-cyclodextrin W7 M1,8 according to the
experiments1 to 4 in Tab.1
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polymerization also water insoluble monomerscan be
polymerized. The corresponding technique was simulta-
neouslydevelopedin the laboratoriesof Rohm& Haas12),
wherethemonomerlauryl methacrylate wasused, andin
BASF Aktiengesellschaft13), where the monomer stearyl
acrylatewas preferred. In both companies only a small
amountof cyclodextrin wasaddedto the reaction vessel
and larger quantitiesof the very hydrophobicmonomers
could be polymerized. In the following section some
experiments will be reported contributing to the charac-
terization of that new type of emulsionpolymerization
andthecorresponding polymerdispersion,which became
of interestalsoin otherlaboratories14).

Experimental part

Emulsionpolymerization

The emulsionpolymerizationexperimentswere carriedout
in a four-neckedglassreactorequippedwith a mechanical
stirrer (120 rpm), condenser, temperaturecontrol, monomer,
andseparateinitiator feedanda nitrogeninlet. 360 g deion-
ized water and methyl-b-cyclodextrin W7 M 1,8 from
Wacker-ChemieGmbH,D-81737München,wereintroduced
into the reactor, and the mixture wasstirred undernitrogen
andheatedto 808C. Separately the monomeremulsionwas

preparedin a round bottom glassvesselmixing 210 g of
deionizedwater with 600 g of the monomersaccordingto
the ratio given in Tab.1 and2 togetherwith 20 g surfactant
dodecylbenzenesulfonicacidsodiumsaltsolutionin deion-
izedwaterwith asolidcontentof 15%.3 g of thetotal mono-
mer emulsion were introduced into the reactor at 808C
togetherwith 20% of the initiator solution(3 g sodiumper-
sulphatein 120g deionizedwater).After 15 min theremain-
derof themonomeremulsionwasfed into thereactorovera
period of 4 h togetherwith the remainderof the initiator
solution, followed by the addition of 1.9 g hydroxymethyl
sulphinic acid and 2.4 g t-butyl hydroperoxide.After an
additional 90 min, the resulting polymer dispersionwas
cooleddown to room temperature.The solid contentof the
dispersionwas43%at pH 2 with a viscosityof 25 mPaN s.

Themonomerstearylacrylate(SA) wascrystalline,hadan
acid contentof lessthan0.1%,a densityof q = 0.856g/cm3

at 358C andshowedDSCmeltingpointsat 138C, 208C, and
358C. It wasstabilizedwith 200 ppm hydroquinonemono-
methyl ether. The comparativepoly(stearylacrylate)(PSA)
waspreparedin a batchprocessadding2% butyl peroctoate
to themonomerstearylacrylateat 808C. ThePSAshoweda
DSC melting point at 488C. Bigger amountsof PSA canbe
producedasa dispersionin the following way: 791g deion-
ized water, 20 g methyl-b-cyclodextrinW7 M 1,8, 33 g sur-
factantdodecylbenzenesulphonicacid sodiumsalt solution
in deionizedwaterwith a solid contentof 15%, 2 g acrylic
acidand198g stearylacrylatewereintroducedinto thereac-

Tab.1. Polymerizationof styrene(S), acrylic acid (AS) and stearylacrylate (SA) by meansof methyl-b-cyclodextrin W7 M1,8
(CD)

Experiment Composition Analytical data Particledensity
monomers cyclo- glass particle molecular theory AUC

S/% AS/% SA/% dextrin
CD/%

transition
tempera-
ture/ 8C

size/nm weight
M
—

w/(g/mol)
with

CD/(g/cm3)
without

CD/(g/cm3)
values/
(g/cm3)

Comparative1 99.0 1.0 107 416 196,000 1.055 1.052
Comparative2 99.0 1.0 5.0 106 574 840/100,000 1.071 1.055 1.050

1 89.0 1.0 10.0 5.0 78 766 840/110,000 1.061 1.045 1.047
2 79.0 1.0 20.0 5.0 78 766 840/155,000 1.049 1.033 1.040
3 69.0 1.0 30.0 6.0 36 616 840/261,000 1.040 1.021 1.028
4 59.0 1.0 40.0 8.0 19 494 840/397,000 1.038 1.012 1.012

Tab.2. Polymerizationof n-butyl acrylate(BA), styrene(S), acrylic acid (AS) andacrylate (SA) by meansof methyl-b-cyclodex-
trin W7 M1,8 (CD)

Experiment Composition Analytical data Particledensity
monomers cyclo- glass particle molecular theory AUC

BA/% S/% AS/% SA/% dextrin
CD/%

transition
tempera-
ture/8C

size/nm weight
M
—

w/
(g/mol)

with
CD/

(g/cm3)

without
CD/

(g/cm3)

values/
(g/cm3)

Comparative3 49.5 49.5 1.0 22 428 185,000 1.068 1.068 1.067
Comparative4 44.5 44.5 1.0 10.0 22 413 249,000 1.054 1.054 1.067
Comparative5 39.5 39.5 1.0 20.0 22 351 206,000 1.040 1.040 1.067

5 44.5 44.5 1.0 10.0 5.0 14 560 260,000 1.070 1.054 1.054
6 39.5 39.5 1.0 20.0 5.0 6 542 470,000 1.056 1.040 1.034
7 34.5 34.5 1.0 30.0 5.0 –9 219 598,000 1.043 1.027 1.031
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tor, stirredat 250rpm undernitrogenandheatedup to a tem-
peratureof 808C. 1 g initiator sodiumpersulphate in 39 g
deionizedwater were addedto the reactor within 1 min.
After 15 min the sameamount of initiator in water was
addedover a period of 8 h. After an additional90 min the
resultingpolymerdispersionwascooleddown to roomtem-
perature.The solid contentof the dispersionwas 20%. A
film of this dispersionhad a melting point, asmeasuredby
DSC,of 488C.

Thermalanalysis

TheDSCtraceswererecordedon a DSC820,serialnumber
TA8000, from Mettler-Toledo. The dried polymer disper-
sionswere packedin an aluminumpan,cooleddown from
roomtemperatureto –1108C at a rateof 208C/min andafter
7 min heatedup to 1508C at a rateof 208C/min. The glass
transitiontemperature,Tg, andthecrystallizationtemperature
weredeterminedfrom thefirst scan.

Measurementof particle size

Thez-averageparticlediameterwasobtainedby photoncor-
relationspectroscopyaccordingto ISO 13321in the diluted
dispersionswith a solid contentof about0.005%.TheAuto-
sizerIIC of Malvernwasusedwith a He-Nelaserat a wave-
lengthof 633nm, with a singlescatteringangleof 908 anda
temperatureof 238C. Thevaluesof theaverageparticlesize
(Tab.1 and2) wereobtainedby theso-calledcumulantsana-
lysis15) with the approximaterefractive index values1.333
for thewaterphaseand1.60for thepolymerparticle.

Molecularweightdetermination

Averagemolecularweightsweremeasuredby sizeexclusion
chromatography(SEC) using an apparatuswith a HPLC
pump(Kontron), an autosampler(Gilson 231), a setof four
TosoHaasTSK columns (HXL 3000, 4000, 6000, 7000,
each30067.8 mm i. D.) and a DRI detector(ERC 7515).
Tetrahydrofuran(THF) wasusedas the eluentand the cali-
brationwascarriedout with narrowlydistributedpolystyrene
standardsof knownmolecularweight.Thesamplesweredis-
solvedin THF (c = 1.25mg N cm–3) andan injection volume
of 200 mm3 was used. For the eluent volume flow rate
throughthecolumns0.8 cm3 N min–1 wasselected,all experi-
mentswerecarriedout at a temperatureof 218C.

Analyticalultracentrifugation(AUC)

All measurementswere performed in an eight-cell AUC
setup (a modified Spinco-BeckmanAUC, Model E, Palo
Alto, CA16,17)) and in a homemadeAUC-particle sizer18).
Sedimentationruns for fractionationaccordingto size were
performedin aqueousdispersionsaswell as in organicsol-
vents(mostlyTHF), thusyielding informationaboutparticle
size distribution as well as molecular weight distribution.
Densitygradientrunsfor fractionationaccordingto particle
density (i.e. accordingto chemicalcomposition)were per-
formedboth in aqueousandin organicmedia.Not only long
lasting classicalstatic density gradients16) were performed

but alsofastdynamicaldensitygradientswith a specialover-
lay techniqueof solvent (water) over solution (dispersion)
within the AUC-measuringcell during the run19). The same
overlay techniquewas used to detect quantitatively small
amountsof low molecularweightcompoundslike cyclodex-
trin in thewaterphase(serum)of thedispersion.

Resultsand discussion

Thermalproperties

Thepolymerproducedby drying a polystyrenedispersion
stabilized with 1% acrylic acid has a Tg of 1078C as
measured via DSC (see comparative experiment 1 in
Tab.1). This temperatureis not essentially changed by
the addition of 1% to 5% cyclodextrin to the emulsion
polymerization process(seecomparative experiment 2 in
Tab.1). If in addition to cyclodextrin alsostearyl acrylate
in an amount of 10%,20%,30%or 40% is added,the Tg

of the corresponding polymer film continuously
decreasesdown to 198C (experiment1 to 4 in Tab.1).
Representatives of thesefour experimentsare the corre-
sponding DSC tracesof the dried polystyrenedispersion
(comparativeexperiment 1) and of the dried dispersion
with 40% stearyl acrylate (experiment 4) as given in
Fig. 1. Theglasstransition temperature,Tg, is muchlower
on usingstearyl acrylate but anendothermal peakarising
from the melting of purepoly(stearyl acrylate)at a tem-
peratureof about 488C is not detected.This is the first
indication of a complete copolymerization of stearyl
acrylate andstyrenein the presenceof the phasetransfer
agent cyclodextrin.

The experimentswere repeatedin a similar way by
replacing half the amount of styrenewith n-butyl acryl-
ate. Without stearyl acrylate and cyclodextrin the Tg of
the dried dispersionis 228C asexpected for the copoly-
mer of styreneandn-butyl acrylate(comparative experi-

Fig. 1. DSC-analysis of polymersproducedby drying a poly-
styrene dispersionstabilized with 1% copolymerizedacrylic
acid(seecomparativeexperiment 1) andby drying apolystyrene
dispersion,which was receivedby emulsionpolymerizationof
59% styrene(S),1% acrylic acid(AS), and40%stearylacrylate
(SA) in thepresenceof methyl-b-cyclodextrin W7 M1,8 (CD) as
a phasetransferagent(seeexperiment 4)
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ment 3 in Tab.2 and Fig. 2). If 10% and 20%
stearylacrylate is addedto the emulsionandpolymerized
without the presenceof cyclodextrin, the Tg of the copo-
lymer remainsunchanged(comparative experiment 4 and
5 in Tab.2) but the melting point of pure poly(stearyl
acrylate)is detectedat 488C (comparative experiment 5
in Fig. 2) anda larger amountof that polymer is floating
at the surfaceof the polymer dispersion. As expected,
styreneand n-butyl acrylate do not copolymerize with
stearylacrylatewithout thepresenceof thephasetransfer
agent. But after the additionof cyclodextrin (experiment
5, 6 and7 in Tab.2) copolymerization takesplace,theTg

of thecorrespondingfilm is continuouslyreducedwith an
increasing amount of stearylacrylateandnomelting peak
is detected (experiment 7 in Fig. 2). Based on these
experiments, the Tg of a completely amorphous poly(-
stearyl acrylate) can be extrapolated to the value of –
578C with theFox-equation.

Particle sizeandmolecularweight

Cyclodextrin is not only forming a complex with the
hydrophobic monomerbut also with the surfactant thus
enhancing the critical micelle concentration20). Therefore
an influenceon theparticle sizeandconsequentlyalsoto
themolecularweight14) is expected.If 5% cyclodextrin is
addedto thepolymerizing styrene/stearylacrylate-system
the micelle concentration is reducedandthe particlesize
of the resulting dispersion is increasedfrom 416 nm to
574nm (comparetheparticlesizeof comparative experi-
ment1 with that of comparative experiment2 in Tab.1).
Also in then-butyl acrylatecontainingsystemtheparticle

sizeis increasedby theaddition of cyclodextrin(compare
comparative experiment4 with experiment5 and com-
parativeexperiment 5 with experiment6 in Tab.2).

On theotherhand,with anincreasing amountof stearyl
acrylatesmallerparticles are produced containingpoly-
merswith higher molecular weight. By changing in the
styrene/stearylacrylate-system,e.g. theamountof stearyl
acrylatefrom 10% to 40%, the particle size is reduced
from 766 nm to 494 nm and the molecular weight
enhancedfrom 110,000 to 397,000g/mol (seeexperiment
1 to 4 in Tab.1 and Fig. 3). Again similar results are
obtainedin the n-butyl acrylatecontaining system(see
experiment5 to 7 in Tab.2).

An additional SECpeakfor themolecular weightMw =
840 g/mol could be assignedto methyl-b-cyclodextrin
W7 M 1,8 (seeTab.1). Thedetectedmolecularweight is
smallerthanthecalculatedMw L 1300 g/mol for methyl-
b-cyclodextrinW7 M 1,8asthehydrodynamicvolume of
this ring molecule correspondsto the hydrodynamic
volumeof thepolystyrene tangle with a molecular weight
of Mw = 840g/mol.

Particlesize

The increased average particle size after addition of
cyclodextrin canbe explainedwith the assumption that a
part of the surfactant is complexed by cyclodextrin. As a
result, the numberof surfactant micelles is reduceddur-
ing theparticle formation phaseandlessbut biggerparti-
clesareformedduringthepolymerizationprocess.

For thedecreasingparticle sizewith increasingamount
of stearyl acrylatetwo explanationsarepossible:

1. By stearylacrylate thesurfactant is pushedout from
the complex with cyclodextrin and more surfactant
micellesareformed.Thereforethenumberof particles is
increasedand the particle size becomessmaller. Now

Fig. 2. DSC-analysisof polymersproducedby drying a poly-
mer dispersionbasedon 49.5% n-butyl acrylate (BA), 49.5%
styrene(S), and1% acrylic acid (AS) (seecomparative experi-
ment3), by drying a polystyrenedispersion, which wasreceived
by emulsion polymerizationof 39.5%BA, 39.5%S,1% AS and
20% stearyl acrylate (SA) (seecomparative experiment 5) and
by drying a polystyrenedispersion,which was received by
emulsionpolymerizationof 34.5%BA, 34.5%S, 1% AS, and
30% SA in the presenceof methyl-b-cyclodextrin W7 M1,8
(CD) asaphasetransfer agent(seeexperiment 7)

Fig. 3. Influenceof stearylacrylateon particlesizeandmole-
cular weight of the dispersionpolymerized in the presenceof
surfactantandmethyl-b-cyclodextrin W7 M1,8 according to the
experiments1 to 4 in Tab.1
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also the total particle surfacecoveredby surfactants is
increasedand less micelles are available for secondary
nucleation resulting in a narrower particle size distribu-
tion as measured in the analytical ultracentrifuge (see
experiment7 with SA/CD = 30/5 in Fig. 4). But alsothe
oppositewasobserveddepending on the composition of
theinitial chargeandthecontinuousfeed.

2. With increasingamount of stearyl acrylate more
hydrophobic oligomers areformedandthe homogeneous
nucleation is favoredduring theparticle nucleationphase
resultingin moreandsmaller particles.

Molecular weight

With a greater amountof stearylacrylate,thesmaller par-
ticles lead to a highermolecular weight of the polymers
in the particle. This can be explained by the enhanced
compartmentation of the radicals during the emulsion
polymerization process. That means the radical concen-
trationperparticleis reduced,terminationof thegrowing
chainbecomeslessprobable,andthemolecularweightof
theresulting polymeris enhanced.

Characterization by analyticalultracentrifugation
(AUC)

Theanalyticalultracentrifugecanfractionateboth disper-
sionparticleswith asizefrom 5 nmto 3 lm anddissolved
macromoleculeswith a molecular weight from 300g/mol
to 1014 g/mol by two completely different methods, the
sedimentation runandthedensitygradient run.

a) In the sedimentation run the big particles or the big
molecules are settling out faster than the smaller ones.
Theparticlesaredetectedby a turbidity optics(light scat-

tering) andthemoleculesby a Schlierenoptics(refractive
index differences).

b) In the sedimentation run with turbidity optics at a
small measuring slit in the middle of the AUC-cell,
simultaneous characterization of the particles by light
scatteringis possible to determine the particle sizedistri-
bution16). In the so-called H2O/D2O sedimentation analy-
sisnot only the particlesizedistribution but alsothepar-
ticle densitydistribution is measured18).

c) In the overlay sedimentation run19) with Schlieren
optics the dispersion is overlaidwith purewater insidea
syntheticboundaryor valvetypeAUC cell during therun
at 5,000 rpm. Thus, also low molecular weight compo-
nents like cyclodextrin arequantitatively detectedwithin
theclearserumafter additionalrunningat 40,000rpm for
10 to 60min.

d) In the densitygradient run with Schlierenopticsthe
particles are separated according to their density, that
means according to their chemicalcomposition. For the
density gradienttherearetwo possibilities19):

– By overlaying H2O over D2O within a synthetic
boundaryin the measuring cell, a dynamicradial density
gradientbetweenq = 1.0 g/cm3 (H2O) andq = 1.1 g/cm3

(D2O) is establishedwithin 10 min.
– With heavy iodizedsugarsuchasmetrizamide (q =

2.1 g/cm3), a static radial density gradient betweenq =
1.1 g/cm3 and q = 1.25 g/cm3 is establishedinside the
measuring cell within 18 h. The lower densitylimit can
be decreasedto q = 1.0 g/cm3 by the addition of metha-
nol. This is necessaryfor detecting poly(stearyl acrylate)
with a densityof q = 0.94 g/cm3 in theamorphousandq =
0.98g/cm3 in thecrystallinestate.

The principle of separationaccording to the particle
density is shownin Fig. 5. The more amorphouspoly(-
stearyl acrylate) with a low densityof q = 0.940g/cm3 is

Fig. 4. AUC particle size distribution diagramsof 6 different
dispersionsbased on n-butyl acrylate (BA)/styrene (S), 1%
acrylic acid (AS) and an increasingamountof stearylacrylate
(SA) with differentamountsof methyl-b-cyclodextrin W7 M1,8
(CD), asdescribedin Tab.2

Fig. 5. Calculated density diagram for dispersion particles
basedon styrene(S), 1% acrylic acid (AS) and an increasing
amountof stearyl acrylate (SA) asdescribedin Tab.1 with (dark
bandson the left) and without (bright bandson the right) the
built-in component methyl-b-cyclodextrin W7 M1,8 (CD)
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copolymerized in the polystyrene particle including 1%
acrylic acid of high densityq = 1.055 g/cm3 the lower is
thedensity of theresulting styrene/ stearylacrylatecopo-
lymer particle and the more to the left is appearing the
particle turbidity band in the measuring cell where the
density also is becoming lower towards the left side.
Cyclodextrin hasa density q = 1.523 g/cm3 andis on the
outer right of the experimental density region. If 5%
cyclodextrin would be includedin the dispersion particle
its densitywould be increasedby 0.016 g/cm3, as indi-
catedby thebright bandson theright-handsidein Fig. 5.

Polymerdispersionbasedonstyrene/ stearylacrylate

For the polymer dispersions basedon styrenewith an
increasing amountof stearyl acrylate, the theoretical par-
ticle densities were calculated, as given in Tab.1, both
with theassumption thatcyclodextrin wasincludedin the
particleandthat cyclodextrin wasstill in thewater phase
(serum). In the dynamic H2O/D2O density gradient run
(see Fig. 6) and in the static density gradient run (see
Fig. 7), where themeasuringbandsarearrangedcompar-
ableto Fig. 5, therealparticledensitieswere determined.
ThesemeasuredAUC particle density values,assummar-
ized in Tab.1, indicate that stearyl acrylate is incorpo-
rated into the polystyrene particles and cyclodextrin is
not found insidethe particle. Poly(stearyl acrylate) parti-
cles do not exist separately (seeFig. 7) as no turbidity

bandsarefoundat a densityof q = 0.98g/cm3 for thepure
poly(stearyl acrylate) which mostly is crystalline. The
broader the bands with increasing amount of stearyl
acrylate(seeFig. 7) the higher the chemicalnon-unifor-
mity of the different dispersion particles.For the disper-
sion with 40% stearyl acrylate, the stearyl acrylate and
thecorresponding styrenecontentcanvary from onepar-
ticle to theotherbetweenl8%.

Themeasuredparticle densitiescomparedwith thecal-
culatedvaluesin Tab.1 indicatethat the cyclodextrin is
not inside the particle. Thereforeit mustbe in the serum
as shown in the overlay sedimentation run (seeFig. 8).
Without cyclodextrin only about1.5% of oligomersare
detected within the clearaqueousserum in the form of a
gaussianSchlierenpeak.This oligomerpeakgrowswith
increasingamount of cyclodextrin, which indicatesthat
the cyclodextrin is in the serumof the dispersion outside
theparticle. FromtheSchlierenpeakareatheweightper-
centageof the free cyclodextrin andthe oligomers in the
serumwere calculated(seeFig. 8).

Till now it was shown that stearyl acrylate is almost
quantitatively insideandcyclodextrinoutsidetheparticle
(seeFig. 6 to Fig. 8) but the copolymerization is verified
only by thermal analysisandnot yet by the AUC. To do
so the non-crosslinked dispersion particlesare dissolved
by diluting the dispersion 1:100 in THF which is com-
pletely miscible with water. In the static 80% THF/20
diiodomethanedensitygradientrun with Schlieren optics
the dissolvedpolymer molecules can be detected by the

Fig. 6. Schlierenphotosof dynamicH2O/D2O density gradient
runsof 6 dispersionsbasedon styrene(S), 1% acrylic acid (AS)
andan increasingamountof stearylacrylate (SA) with different
amountsof methyl-b-cyclodextrin W7 M1,8 (CD) asdescribed
in Tab.1. The Schlierenline with the broadminimum is com-
posedof both the differentiated refractive index corresponding
to the radial H2O/D2O densitygradientwithin theAUC cell and
the narrowor broadturbidity bandscorrespondingthe accumu-
lation of the particles at one radial position for homogeneous
copolymerparticlesor at different radial positionsfor chemi-
cally heterogeneouscopolymer particles

Fig. 7. Schlierenphotosof staticdensitygradientrunsof 6 dis-
persionsbasedon styrene(S), 1% acrylic acid (AS), and an
increasing amount of stearyl acrylate (SA) with different
amountsof methyl-b-cyclodextrin W7 M1,8 (CD), asdescribed
in Tab.1. The climbing exponential Schlierenbaseline repre-
sentsthedifferentiated refractiveindexcorresponding the radial
methanol/H2O/metrizamide densitygradientand the narrow or
broadturbidity bandscorresponding to the accumulation of the
particlesat oneor at differentradial positions
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diffusion broadened double Schlieren peak (seeFig. 9).
The average density of the polymer (the middle of the
double Schlieren peak) is decreasing with increasing
amountof stearyl acrylate.The doubleSchlieren peakis
symmetric also at higher stearyl acrylate content, that
means the stearyl acrylate is copolymerized homoge-
neouslyin all polymer chains and no homopoly(stearyl
acrylate)is formed.

Polymerdispersionbasedonn-butyl acrylate/styrene/
stearylacrylate

ComparableAUC experiments with polymer dispersions
based on n-butyl acrylate/styrene with an increasing
amount of stearylacrylate give similar results.The theo-
retical particle densitiesis calculatedagainassuming that
both cyclodextrin is incorporated into the particle and
cyclodextrin is still in the serum (see Tab.2). In the
dynamic H2O/D2O densitygradient run (seeFig. 10) and
in thestaticdensity gradient run (seeFig. 11) therealpar-
ticle densities can be determined.ThesemeasuredAUC
particle density values, assummarized in Tab.2, indicate
again that stearyl acrylate is incorporatedin all n-butyl
acrylate/styrene copolymer particles if cyclodextrin is
presentandcyclodextrin is not foundinsidetheparticle.

For both samples without cyclodextrin, pure poly-
(stearyl acrylate)(PSA)particlesaredetectedat a density
of q = 0.98 g/cm3 and the densityof the butyl acrylate/
styrene copolymer (P(BA/S)) particles is not decreased
(seecomparativeexperiment 4 and5 in Fig. 11 with SA/
CD = 10/– andSA/CD = 20/–). Thesedispersions have
the sameparticledensity of q = 1.067g/cm3 both for the

Fig. 8. Schlierenphotosof overlaysedimentationrunsof 6 dis-
persionsbasedon styrene(S), 1% acrylic acid (AS), and an
increasing amount of stearyl acrylate (SA) with different
amountsof methyl-b-cyclodextrin W7 M1,8 (CD) asdescribed
in Tab.1. During the run at 5,000rpm thedispersion is overlaid
with purewaterwithin the AUC measuring cell. Thus,alsodis-
solvedlow molecular weight componentsin the serum,suchas
cyclodextrin,arequantitatively detectedin the form of a gaus-
sian Schlierenpeakafter additional running at 40,000rpm for
10min

Fig. 9. Schlierenphotosof static80% THF / 20 diiodomethane
densitygradientrunsof dissolvedmacromoleculesreceived by
diluting in the ratio of 1:100with THF 6 differentaqueousdis-
persionsbasedon styrene(S), 1% acrylic acid (AS), and an
increasing amount of stearyl acrylate (SA) with different
amountsof methyl-b-cyclodextrin W7 M1,8 (CD), asdescribed
in Tab.1. The densityof the macromolecules corresponding to
the midpoints of the double Schlieren peak decreaseswith
increasingamountof stearyl acrylate

Fig. 10. Schlierenphotosof dynamic H2O/D2O density gradi-
ent runsof 6 dispersionsbasedon n-butyl acrylate (BA)/styrene
(S), 1% acrylic acid (AS), and an increasing amountof stearyl
acrylate (SA) with different amountsof methyl-b-cyclodextrin
W7 M1,8 (CD), asdescribedin Tab.2. The Schlierenline with
the broad minimum is composed of both the differentiated
refractive index corresponding to the radial H2O/D2O density
gradientwithin the AUC cell andthe narrowor broadturbidity
bandscorresponding to the accumulation of the particles at one
or differentradialpositionscomparableto Fig. 5
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smaller and for the bigger particles in the particle size
distribution, as indicated by the evaluation of the H2O/
D2O sedimentation analysis. But the dispersionswith
copolymerized stearylacrylate in the presenceof cyclo-
dextrin havea slightly decreased particle densityfor the
smaller particles in the size distribution, which means
that the smaller particleshavea little morestearylacryl-
ateincorporatedthanthebiggerones.

Beside theparticle densitydistribution alsotheparticle
size distribution is given by the evaluation of the H2O/
D2O sedimentation analysis (see Fig. 4). The samples
with no or low stearylacrylatecontenthavea broadmore
or less bimodal particle size distribution. The samples
with higherstearylacrylatecontenthavesmaller particles
anda narrowersizedistribution. With increasing amount
of cyclodextrin the particle sizes are increasing, as
alreadydiscussed above(seeTab.2).

Reactionmechanism

Basedon the describedexperiments the following reac-
tion mechanismfor thecopolymerization of stearylacryl-

ate in the presenceof cyclodextrincanbe proposedboth
ona thermodynamic andona kinetic base:

1. The lessprobablethermodynamic model using the
classicaltwo-film theory21) would suggestthat the differ-
entphasesarein thermodynamicequilibrium at the inter-
face.Fromtheemulsified monomerdropleta few stearyl
acrylate molecules are dissolved in the water phase
according to thespecific solubility. However, thisconcen-
tration is too low to enablethe stearylacrylateto partici-
pate in the emulsion polymerization process. But the
stearylacrylateis complexedby cyclodextrin in thewater
phase.Therefore,additional stearyl acrylate monomers
canleavethe monomerdroplet andarecomplexed again
in the water phase.Thus,the concentrationof the cyclo-
dextrin stearylacrylate complex is increaseduntil it can
successfully compete with the other monomers in the
polymerization process. In the caseof the homogeneous
nucleation, the growing oligomer is becoming more and
more hydrophobic until the hydrophilic cyclodextrin is
pushedoutof thecomplex with thecopolymerizedstearyl
acrylate.Also at the surface of a growing hydrophobic
particle the cyclodextrin is pushed out of the complex
andthe releasedstearylacrylateis ableto entertheparti-
cle. Now the free cyclodextrin is readyto accept a new
stearylacrylatemonomerstartingthe transport cycle for
stearyl acrylate from the monomerdroplet to the poly-
merizingcenteragain like a phasetransferagent does.

2. More likely is the kinetically basedexplanation
which assumesthat in the presenceof stearyl acrylate
masstransferresistancesbetweenthe monomerdroplet
and the polymerizing center are of importance. That
meansthe rate of polymerization exceeds the rate at
which the monomeris supplied to the polymerizing cen-
ter. Furthermore it is assumedthat the diffusion rate
throughthe aqueousphasedoesnot determine the emul-
sionpolymerization rate22). However the interfacial resis-
tanceto monomertransfercan be dominant both at the
water-polymer particle interface and at the monomer
droplet-water interface23). M. Nomura24) demonstrated
quantitatively that for a longer alkyl chain containing
molecule, the concentration decreasein the polymer par-
ticle is duemainly to theresistanceto masstransferat the
interface betweenthe monomerdroplet and the water
phase.Therefore,it is concludedthatcyclodextrinandits
ability to form a water soluble complex25) reduce the
kinetic barrier for the stearylacrylate migration through
the interface from the monomer droplet to the water
phase.After the complex arrived at the polymerizing
center, thestearyl acrylate is releasedasdiscussed before
and the free cyclodextrin can start its transportfunction
again.

As already shown for the radical copolymerization of
the dissolved equimolar cyclodextrin/monomer com-
plexesin water25), it is expectedin theemulsion polymer-
ization, too, that the copolymerization parameters will

Fig. 11. Schlierenphotosof static density gradientruns of 6
dispersionsbased on n-butyl acrylate (BA)/styrene (S), 1%
acrylic acid (AS), andan increasingamountof stearyl acrylate
(SA) with differentamountsof methyl-b-cyclodextrin W7 M1,8
(CD), asdescribed in Tab.2. The climbing exponential Schlie-
renbaseline representsthedifferentiatedrefractiveindexcorre-
spondingto theradialmethanol/H2O/metrizamidedensitygradi-
ent and the narrow or broadturbidity bandscorrespondto the
accumulation of the particlesat oneor differentradial positions
comparableto Fig. 7
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differ if cyclodextrinis usedknowing thatnotonly stearyl
acrylate but also the monomerslike styreneand butyl
acrylatearecomplexed26).

Conclusion
The copolymerization of very hydrophobic monomers
like stearyl acrylate in emulsion polymerization with
methyl-b-cyclodextrin W7 M 1,8 as a phase transfer
agentenablestheproduction of newpolymer dispersions.
The scientific aspectsof this new type of emulsion poly-
merization are fascinating. Only the fundamental topics
arediscusseduntil now andmany questionsareleft unan-
swered. Further discussion is needed concerning for
example the influence of the copolymerization para-
meters25) of the complexed monomers, the influenceof
different surfactants20) forming a complexwith methyl-b-
cyclodextrin W7 M 1,8 andlast but not leastthe reaction
mechanismitself.
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