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Full Paper: In emulsionpolymerizationalsowaterinsol-
uble hydrophobicmonomerslike stearylacrylate can be
usedif cyclodextrinis addedas a phasetransferagent.
The characterizatiorof the correspondingemulsionpoly-
mersby thermalanalysiswith DSC, by molecularweight
determinationwith SEC and by measuringparticle size
distribution, particle density distribution (i.e. chemical
composition and heterogenity) and free cyclodextrin
moleculesin the aqueouphasewith 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 concentratiordecreasen the polymerizing
particle. Therefore,it is assumedhat cyclodextrinandits
ability to form a watersolublecomplexwith hydrophobic
moleculesreducethe kinetic barrier and makesit easier
for the stearyl acrylate to leave the monomerdroplet.
After arriving at the surfaceof the growing particle, the
stearylacrylateis releasedrom the complexand able to
enterit. Now the free cyclodextrin can startits transport
function again.Only 5 wt.-% of cyclodextrinis necessary
to polymerizealmost100%of stearylacrylate.
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Influence of steary acrylate on particle size and molecular
weightof the dispergon polymerizedin the presencef surfac-
tant and methylf-cyclodextrn W7 M1,8 accordingto the
experimats1to4in Tab.1
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Intr oduction

During the emulsion polymerization the monomes dif-
fuse from the monomer emulsion droplet through the
waterphaseto the polymerizingdispasion patticle. Styr-
ene(S) and butyl acrylate (BA) are soluble enoughfor
sucha diffusion processand havea low enaugh transgr
barrierat the interfacebetweenthe monomerdropletand
the water phase Howewer, monomerswith long alkyl
chains, like stearyl acrylate (SA) with his hydrophobic
Cis alkyl chain can not be polymerizedin emusion as
the water solubility is too low and the interfacial ress-
tanceat the monomerdroplet surfacetoo high. Therefae
only smal amountsof stearylacrylatecan be polymer-

izedin emulsio underspecialconditions-?. The solubil
ity of stearylacrylateis enhancedf water-soluble sol-
vens like acetme or methanol are addedto the water
phas€e®. With the miniemulsiontechrigueit is possble to
polymerizesteayl acrylate in the monomerdroplet with-
out any diffusion of the monomerthrough the water
phasé"®.

Onthe other handit is known in supranolecdar chem
istry that cyclodextin is able to form a water soluble
complex with a hydrophobic insolubke molecue®. Far
more thanten thousandpapers patens, and patentappli-
cations are available on cyclodextins and on their var
ious applicationg™. If this complexis usedin emusion
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polymerization also water insduble monomerscan be
polymerized. The correspnding techrique was simulta-
neouslydevelopedn the laboratoresof Rohm& Haad?,
wherethe monomerlauryl methacylate wasused andin
BASF Aktiengesellschaft®, where the monomer steayl
acrylatewas preferred In both companés only a small
amountof cyclodexrin wasaddedto the reacton vessel
and larger quantitiesof the very hydrgphobic monomers
could be polymerizd. In the following section some
experimers will be reported contribuing to the chamac-
terizatin of that new type of emulsion polymerization
andthe corresponthg polymerdispersionwhich became
of interestalsoin otherlaboratores?.

Experimental part

Emulsionpolymerization

The emulsionpolymerizationexperimentswere carried out

in a four-neckedglassreactorequippedwith a mechanical
stirrer (120 rpm), condensertemperatureontrol, monomey
andseparaténitiator feedanda nitrogeninlet. 360 g deion-
ized water and methyl$-cyclodextrin W7 M 1,8 from

WackerChemieGmbH, D-81737Miinchen,wereintroduced
into the reactor and the mixture was stirred under nitrogen
and heatedto 80°C. Separatsgf the monomeremulsionwas

preparedin a round bottom glassvesselmixing 210 g of
deionizedwater with 600 g of the monomersaccordingto
theratio givenin Tab.1 and 2 togetherwith 20 g surfactant
dodecylbenzenesulfonic acid sodiumsalt solutionin deion-
izedwaterwith a solid contentof 15%.3 g of thetotal mono-
mer emulsion were introduced into the reactor at 80°C
togetherwith 20% of the initiator solution (3 g sodiumper
sulphatein 1209 deionizedwater).After 15 min the remain-
der of the monomeremulsionwasfed into the reactorovera
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 temperatureThe solid contentof the
dispersionwas43%at pH 2 with aviscosityof 25 mPa- s.
Themonomerstearylacrylate(SA) wascrystalline,hadan
acid contentof lessthan0.1%, a densityof p = 0.856g/cn?®
at 35°C andshowedDSC melting pointsat 13°C, 20°C, and
35°C. It was stabilizedwith 200 ppm hydroquinonemono-
methyl ether The comparativepoly(stearylacrylate) (PSA)
waspreparedn a batchprocessadding2% butyl peroctoate
to the monomerstearylacrylateat 80°C. The PSAshoweda
DSC melting point at 48°C. Bigger amountsof PSA canbe
producedasa dispersionin the following way: 791 g deion-
ized water 20 g methyl$-cyclodextrinW7 M 1,8, 33 g sur
factantdodecylbenzenesulphonicacid sodiumsalt solution
in deionizedwaterwith a solid contentof 15%, 2 g acrylic
acidand198(g stearylacrylatewereintroducedinto thereac-

Tab.1. Polymerizationof styrene(S), acrylic acid (AS) and stearylacrylae (SA) by meansof methyl$-cyclodextrn W7 M1,8

(CD)
Experiment Composition Analytical data Particledensity
monomers cyclo- glass particle  molecular theory AUC
SI% AS/% SA/%  dextrin transition  size/nm  weight with without values/
CD/% tempera- Mw/(g/mol) CD/(g/cn?) CD/(g/cn?)  (g/ocm?)
ture/°C
Comparatiel  99.0 1.0 107 416 196,000 1.055 1.052
Comparatie2 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 78 766 840/10,000 1.061 1.045 1.047
2 790 10 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
4 500 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) andacrylae (SA) by meansof methyl-$-cyclodex-

trin W7 M1,8 (CD)

Experiment Compogion Analytical data Particledensiy
monomers cyclo- glass particle molealar theory AUC
BA/% S/% AS/%  SA/%  dextrin transition size/nm weight  with without valueg
CD/% tempera- M./ CD/ CD/  (g/cn?)

ture/°C (g/mol) (g/cn?)  (glen?)

Comparatie 3 49.5 495 1.0 22 428 185,000 1.068 1.068 1.067
Comparatie 4 445 44.5 1.0 10.0 22 413 249,000 1.054 1.054 1.067
Comparatie 5 39.5 39.5 1.0 20.0 22 351 206,000 1.040 1.040 1.067
5 445 445 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 atem-
peratureof 80°C. 1 g initiator sodium persulphat in 39 g
deionized water were addedto the reactor within 1 min.
After 15 min the sameamountof initiator in water was
addedover a period of 8 h. After an additional 90 min the
resultingpolymerdispersiorwas cooleddown to room tem-
perature.The solid contentof the dispersionwas 20%. A
film of this dispersionhad a melting point, as measuredy
DSC,of 48°C.

Thermalanalysis

The DSCtraceswererecordedon a DSC 820, serialnumber
TA8000, from Mettler-Toledo. The dried polymer disper
sionswere packedin an aluminum pan, cooled down from
roomtemperaturéo —110°C at arateof 20°C/min andafter
7 min heatedup to 150°C at a rate of 20°C/min. The glass
transitiontemperature],, andthe crystallizationtemperature
weredeterminedrom thefirst scan.

Measuementof particle size

The z-averageparticle diameterwasobtainedby photoncor-
relation spectroscopyccordingto ISO 13321in the diluted
dispersionswith a solid contentof about0.005%.The Auto-
sizerlIC of Malvernwasusedwith a He-Nelaserat a wave-
lengthof 633nm, with a singlescatteringangleof 90° anda
temperatureof 23°C. The valuesof the averageparticle size
(Tab.1 and2) wereobtainedby the so-calledcumulantsana-
lysis'™ with the approximaterefractive index values1.333
for thewaterphaseand1.60for the polymerparticle.

Molecularweightdetermination

Averagemolecularweightsweremeasuredy sizeexclusion
chromatography(SEC) using an apparatuswith a HPLC
pump (Kontron), an autosample(Gilson 231), a setof four
TosoHaasTSK columns (HXL 3000, 4000, 6000, 7000,
each300x 7.8 mmi.D.) anda DRI detector(ERC 7515).
Tetrahydrofuran(THF) was usedasthe eluentand the cali-
brationwascarriedout with narrowly distributedpolystyrene
standard®f knownmolecularweight. The samplesveredis-
solvedin THF (c = 1.25mg - cnT®) andaninjection volume
of 200 mm?® was used. For the eluent volume flow rate
throughthe columns0.8 cm?® - min~* wasselectedall experi-
mentswerecarriedout at atemperaturef 21°C.

Analytical ultracentrifugation(AUC)

All measurementsvere performedin an eight-cell AUC
setup (a modified Spinco-BeckmanAUC, Model E, Palo
Alto, CA*1") and in a homemadeAUC-particle sizet®.
Sedimentatiorruns for fractionationaccordingto size were
performedin aqueoudlispersionsaswell asin organic sol-
vents(mostly THF), thusyielding informationaboutparticle
size distribution as well as molecular weight distribution.
Density gradientrunsfor fractionationaccordingto particle
density (i.e. accordingto chemicalcomposition)were per
formedbothin aqueousandin organicmedia.Not only long
lasting classical static density gradient$® were performed

but alsofastdynamicaldensitygradientswith a specialover

lay techniqueof solvent (water) over solution (dispersion)
within the AUC-measuringecell during the runt®. The same
overlay techniquewas usedto detect quantitatively small

amountsof low molecularweight compounddike cyclodex-
trin in thewaterphasgserum)of the dispersion.

Resultsand discussion

Thermalproperties

The polymerproduwedby drying a polystyrenedispersim
stablized with 1% acrylic acid hasa Ty of 107°C as
measured via DSC (see comparative experimem 1 in
Tab.1). This tenperatureis not essentily charged by
the addition of 1% to 5% cyclodextrin to the emusion
polymerizaion procesgseeconparative experimen 2 in
Tab.1). If in addition to cyclodexrin alsosteayl acrylate
in anamaunt of 10%, 20%, 30% or 40%is addedthe T,
of the corresponthg polyme film continuousy
decreasesdown to 19°C (experimentl to 4 in Tab.1).
Repreentatves of thesefour expaimentsare the corre-
spording DSC tracesof the dried polystyrenedispersim
(comparativeexperimen 1) and of the dried dispersiam
with 40% steayl acrylate (expeiment 4) as given in
Fig. 1. Theglasstransitontemperature;T,, is muchlower
on usingsteay! acrylate but an endothermal peakarising
from the melting of pure poly(steary acrylate)at a tem
perature of abaut 48°C is not detected.This is the first
indication of a complet copolymerizaton of stearyl
acrylate andstyrenein the presencef the phasetransfe
agert cyclodestrin.

The experimentswere repeatedin a similar way by
redacing half the amaunt of styrenewith n-butyl acryl-
ate. Without stearyl acrylate and cyclodextrin the Ty of
the dried dispersionis 22°C as expeced for the copoly-
mer of styreneand n-butyl acrylate(compaative expei-

comparative experiment 1: 99 S/1AS
experiment4: 59S/1AS/40S8A +CD

experiment 4

endotherm

comparative
experiment 1

-20‘0 ZO‘A;O'GIO'B‘O‘TEI)OIQ]O'JC
Fig.1. DSC-analyis of polymersproducedby drying a poly-
styrene dispersion stabilized with 1% copolymerizedacrylic
acid (seecomparativeexperiment 1) andby drying a polystyrene
dispersion,which was receivedby emulsionpolymerizationof
59% styrene(S), 1% acrylic acid (AS), and40% stearylacrylae
(SA) in the presere of methyl$-cyclodextrn W7 M1,8 (CD) as
aphasdransferagent(seeexperimat 4)
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comparative experiment 3: 49.5BA/49.5S8/1 AS
comparative experiment 5: 39.5BA/39.5S/1 AS/20 SA
experiment 7: 34.5BA/3455/1AS/30SA +CD

experiment?7

endotherm

comparative
experiment3
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comparative
experiment 5
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Fig.2. DSC-aalysisof polymers prodiwced by drying a poly-
mer dispersionbasedon 49.5% n-butyl acrylate (BA), 49.5%
styrene(S), and 1% acrylic acid (AS) (seecompaative experi-
ment3), by drying a polystyrenedisperson, which wasreceived
by emulson polymerizationof 39.5%BA, 39.5%S, 1% AS and
20% steary acrylae (SA) (seecompaative experimet 5) and
by drying a polystyrene dispersion,which was received by
emulsionpolymerizationof 34.5%BA, 34.5% S, 1% AS, and
30% SA in the presenceof methyl-cyclodextrn W7 M1,8
(CD) asaphaseranskr agent(seeexperimet 7)

ment 3 in Tab.2 and Fig.2). If 10% and 20%
stearylacylate is addedto the emulsionand polymerized
without the presenceof cyclodextrin, the T, of the copo-

lymer remainsunchangd (comparaitve experimemn 4 and
5 in Tab.2) but the melting point of pure poly(skaryl
acrylate)is detectedat 48°C (compaative experimeim 5

in Fig. 2) anda larger amountof that polymeris floating
at the surfaceof the polymer dispersim. As expected,
styreneand n-butyl acrylate do not copolymeize with

stearylacrylatewithoutthe presenceof the phaseransfer
agent But after the addition of cyclodextrin (experimet
5,6 and7 in Tab.2) copolymerizaton takesplace,the T,

of the corespondindilm is coninuouslyreducedwith an
increasig amaunt of stearylacrylateandno metlting peak
is detectel (experimat 7 in Fig.2). Basd on these
experimets, the Ty of a completly amorgous poly(-

stearyl acrylate) can be extrapdated to the value of —

57°C with the Fox-equdon.

Particle sizeand molecularweight

Cyclodexrin is not only forming a conplex with the
hydrophdic monomerbut also with the surfactan thus
enhanciwg the critical micelle conentratio®. Therefae
aninfluenceon the patticle sizeandconsequentlyalsoto
the molecularweight® is expected.If 5% cyclodextrinis
addedto the polymeriang styrenegtearylacrylate-gstem
the micelle concentréion is reducedandthe particle size
of the resuting dispeasion is increasedfrom 416 nm to
574 nm (comparethe particle sizeof comparatie experi-
ment1 with that of compaative experiment2 in Tab.1).
Also in the n-butyl acrylate containingsystemthe particle

particle molecular
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Fig. 3. Influenceof stearylacrylateon particle sizeandmole-

cular weight of the dispersionpolymeiized in the presenceof
surfactantand methyl$-cyclodextin W7 M1,8 acmrdingto the
experimentsl to4in Tab.1

sizeis increasedy the addition of cyclodextrin (compae
compardive experiment4 with experiment5 and com-
parativeexperimen 5 with experimen® in Tab.2).

Ontheotherhand,with anincreasig amountof steayl
acrylate smaller patticles are produed containing poly-
merswith higher molecula weight. By changirg in the
styrene/starylacrylate-gstem,e.g. theamountof steay!
acrylatefrom 10% to 40%, the patticle size is reduced
from 766 nm to 494 nm and the molecdar weight
enhancedrom 110,0® to 397,000g/mol (seeexpaiment
1to 4 in Tab.1 and Fig. 3). Again similar resultsare
obtainedin the n-butyl acrylate containhg system(see
experimentto 7 in Tab.2).

An addtional SECpeakfor the moleculr weightM,, =
840 g/md could be assignedto methytg-cyclodextrin
W7 M 1,8 (seeTab.1). The deteded molecularweightis
smallerthanthe calcdated M,, = 1300 g/mol for methyk
p-cydodextrinW7 M 1,8 asthe hydradynamicvolume of
this ring molecuk comrespondsto the hydrodyramic
volumeof the polystyrere tande with a molecubr weight
of M,, = 840g/mol.

Particlesize

The increasd avemge paticle size after addition of
cyclodextin canbe explainedwith the assumption thata
partof the surfacaintis complexed by cyclodexrin. As a
result, the numberof surfactam miceles is reduceddur-
ing the particle formation phaseandlessbut biggerparti-
clesareformedduringthe polymerizationprocess.

Forthe deceasingpatticle sizewith increasingamount
of steayl acrylatetwo explanatonsarepossilte:

1. By stearylacnylate the surfactan is pusted out from
the complex with cyclodextrin and more surfactam
micellesareformed. Thereforethe numberof paticlesis
increasedand the particle size becomessmaler. Now
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Fig.4. AUC particle size distribution diagamsof 6 different
dispersionsbased on n-butyl acrylate (BA)/styrene (S), 1%
acrylic acid (AS) and an increasingamountof stearylacrylae
(SA) with differentamountsof methyl-f-cyclodextrn W7 M1,8
(CD), asdescibedin Tab.2

also the total patticle surfacecoveredby surfactars is
increasedand less micelles are available for seondary
nucledion resultirg in a narower patticle size distribu-
tion as measuredin the analytical ultracentrifuge (see
experiment7 with SA/CD = 30/5in Fig. 4). But alsothe
oppositewas observeddependiig on the composiion of
theinitial chageandthe continwousfeed

2. With increasingamaunt of stearyl acrylate more
hydrophdaic oligomers areformedandthe homogeneous
nucledion is favored during the patticle nucleationphase
resultingin moreandsmalle particles.

Molecula weight

With a greder amountof stearylacrylate the smalle par
ticles leadto a highermaecularweight of the polymers
in the particle. This can be expained by the enhanced
compartnentation of the radcals during the emusion
polymerization process That means the radical concen-
tration per particleis reduced,termination of the growing
chainbecameslessprobable andthe molecularweight of
theresuting polymeris enhanced.

Characteriation by analytical ultracentrifugation
(AUC)

The analyticalultracentrifuge canfractionateboth disper-
sionparticleswith asizefrom 5 nmto 3 um anddissolved
macromoéculeswith a moleculr weight from 300 g/mol
to 10" g/mol by two conpletely different methods, the
sedimentdon runandthedensitygradiert run.

a) In the sedimendtion run the big patticles or the big
molecuks are settling out faster than the smaller ones.
The particlesaredeteced by aturbidity optics(light scat-
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Fig.5. Calculatel density diagram for dispersion particles
basedon styrene(S), 1% acrylic acid (AS) and an increasing
amountof steary acrylae (SA) asdescribedn Tab. 1 with (dark
bandson the left) and without (bright bandson the right) the
built-in componat methyl{-cyclodextrn W7 M1,8 (CD)

tering) andthe molecules by a ScHierenoptics(refractive
index differences)

b) In the sedimend@tion run with turbidity optics at a
smal measuring slit in the middle of the AUC-cell,
simultaneos charaterization of the particles by light
saatteringis possilhe to deternine the particle size distri-
bution®®). In the so-cdled H,O/D,0 sedimerdtion analy-
sisnot only the particle sizedistribution but alsothe par
ticle densitydistribution is measued®.

c) In the overlay sedimentation run'® with Schlieren
optics the dispersim is overlaid with purewaterinsidea
synteticboundaryor valve type AUC cell during the run
at 5,000 rpm. Thus, also low molecubr weight compo-
nerts like cyclodexrin are quantiatively detectedwithin
the clearserumafter additionalrunningat 40,000rpm for
10to 60 min.

d) In the densitygradien run with Schlierenopticsthe
patticles are separged accoding to their density that
means accoding to their chemicalcomposition For the
dersity gradienttherearetwo possibiliies'®:

— By overlaying H,O over DO within a synthetic
bouwndaryin the measuing cell, a dynamicradial density
gradientbetweeny = 1.0 g/cn? (H,O) andp = 1.1 g/cn?
(D0O) is estabishedwithin 10 min.

— With heaw iodized sugarsuchas metrizanide (p =
2.1 g/c?), a static radal densty gradient betweenp =
1.1 g/cn and p = 1.25 g/cn? is establshedinside the
measuring cell within 18 h. The lower densitylimit can
be decreasedto p = 1.0 g/cn? by the addtion of meta-
nol. This is necessaryor detecing poly(staryl acrylate)
with a densityof p = 0.94 g/cm®in theamaphousandp =
0.98 g/c?in the crystalline state.

The principle of separationaccoding to the patticle
dersity is shownin Fig.5. The more amaphouspoly(-
steay! acrylate) with alow densityof p = 0.940g/cm®is
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copolymeized in the polystyrere particle including 1%
acrylic acid of high densityp = 1.055 g/cn® the lower is
thedersity of theresuting styrene/ stearylacrylate copo-
lymer particle and the more to the left is appearig the
particle turbidity bard in the measuing cell where the
density also is becomirg lower towards the left side.
Cyclodexrin hasa densty p = 1.523 g/cn? andis on the
outer right of the expeimental density region. If 5%
cyclodextrin would beincludedin the dispersia particle
its densitywould be increasedby 0.016 g/cn?, as indi-
catedby the bright bandson theright-handsidein Fig. 5.

Polymerdispersiorbasedn styrene/ stearylacrylate

For the polymer dispersims basedon styrenewith an
increasilyg amountof steayl acrylate, the theoreical par
ticle dersities were calculded, as given in Tab.1, both
with the assunption that cyclodextin wasincludedin the
particleandthat cyclodextin wasstill in the water phase
(serun). In the dynamt H,O/D,O densty gradientrun
(seeFig.6) and in the statc densty gradient run (see
Fig. 7), where the measuringbandsarearranged compar
ableto Fig. 5, thereal particledensties were determined
Thesemeasued AUC particle densty values,assummar
ized in Tab.1, indicate that stearyl acrylate is incorpo-
rated into the polystyrere patticles and cyclodexrin is
not found inside the patticle. Poly(dearyl acrylate) parti-
cles do not exist sepaately (seeFig. 7) as no turbidity
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Fig.6. Schlierenphotosof dynamicH,O/D,0 densiy gradient
runsof 6 dispersiondasedon styrene(S), 1% acrylic acid (AS)

andan increasingamountof stearylacrylae (SA) with different
amountsof methylf-cyclodextrn W7 M1,8 (CD) asdescrbed
in Tab.1. The Schlierenline with the broad minimum is com-

posedof both the differeniated refractiveindex coresponding
to the radial H,O/D,0O densitygradientwithin the AUC cell and
the narrow or broadturbidity bandscorrespondingthe accumu-
lation of the particles at one radial position for homogeneus
copolymer particlesor at different radial positionsfor chemi-
cally heterogeeouscopolyme particles
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Fig. 7. Schlierenphatos of staticdensitygradientrunsof 6 dis-
persionsbasedon styrene(S), 1% acrylic acid (AS), and an
increasing amount of steary acrylate (SA) with different
amountsof methylf-cyclodextrin W7 M1,8 (CD), asdescrbed
in Tab.1. The climbing exponetial Schlierenbaseline repre-
sentsthe differentiatel refractiveindex correspondig the radial
methanol/HO/metrizanide density gradientand the narrow or
broadturbidity bandscorrespondig to the accumulatio of the
particlesat oneor at differentradial positions

bandsarefoundat a densityof p = 0.98g/cn?for the pure
poly(stearyl acrylate) which mostly is crystalline. The
broader the bands with increasng amaunt of stearyl
acrylate(seeFig. 7) the higherthe chemicalnonunifor-
mity of the differert dispersim particles. For the disper-
sion with 40% stearyl acrylate, the stearyl acryjlate and
the corresponihg styrenecontentcanvary from one par
ticle to the otherbetween:-8%.

The measuwed patticle densitiescomparedwith the cal-
culatedvaluesin Tab.1 indicatethat the cyclodextrinis
not inside the particle Thereforeit mustbein the serun
as shownin the overlay sedimenttion run (seeFig. 8).
Without cyclodextrin only about1.5% of oligomersare
detectel within the clearaqueusseaum in the form of a
gaussiarSchlierenpeak. This oligomer peakgrows with
increasingamaunt of cyclodextrin, which indicatesthat
the cyclodextin is in the serumof the dispersim outside
the patticle. Fromthe ScHieren peakareathe weight per
centageof the free cyclodextin andthe oligomess in the
serumwere calculged (seeFig. 8).

Till now it was shown that stearyl acrylate is almost
guantitatively insideandcyclodextrin outsidethe particle
(seeFig. 6 to Fig. 8) but the copolymerizaton is verified
only by thermal analysisand not yet by the AUC. To do
so the noncrosslinkel dispeasion particlesare dissolved
by diluting the dispesion 1:100in THF which is com
pletely miscible with water In the static 80% THF/20
diiodomethanedensitygradientrun with ScHieren optics
the dissolvedpolymer molecuks can be deteced by the
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Fig.8. Schlierenphotosof overlay sedinentationrunsof 6 dis-
persionshasedon styrene(S), 1% acrylic acid (AS), and an
increasing amount of steary acrylate (SA) with different
amountsof methylf-cyclodextrin W7 M1,8 (CD) asdescrbed
in Tab.1. During the run at 5,000 rpm the dispergon is overlaid
with purewaterwithin the AUC measuing cell. Thus,alsodis-
solvedlow molealar weight componentsn the serum,suchas
cyclodextrin,are quantitdively detectedin the form of a gaus-
sian Schlierenpeak after additiond running at 40,000rpm for
10 min
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Fig. 9. Schlierenphotosof static 80% THF / 20 diiodomethae
densitygradientruns of dissolvedmacromoleulesreceiwed by
diluting in the ratio of 1:100with THF 6 differentaqueais dis-
persionsbasedon styrene(S), 1% acrylic acid (AS), and an
increasing amount of steary acrylate (SA) with different
amountsof methyl-cyclodextrin W7 M1,8 (CD), asdescrbed
in Tab.1. The densityof the macromoleculs correspondig to
the midpoints of the double Schlieren peak decreaseswith
increasingamountof steary acrylate

diffusion broadered double ScHieren peak (seeFig. 9).
The averaye density of the polymer (the middle of the
double Schlieren peak) is decreaing with increasimy
amountof steayl acrylate.The doubleScHieren peakis
symmetric also at higher steayl acrylate cortent, that
meansthe steayl acrylate is copolymeized homoge-
neouslyin all polymer chains and no homoly(siearyl
acrylate)is formed.

Polymerdispersiorbasedn n-butyl acrylate/styrene/
stearylacrylate

ComparableAUC experimeits with polyme dispersims
based on n-butyl acrylate/sgrene with an increasim
amaunt of stearylacrylate give similar results.The theo
retical patticle densitiess calcdatedagainassunng that
both cyclodextin is incorporatedinto the particle and
cyclodextrin is still in the serum (see Tab.2). In the
dynamic H,O/D,0 densitygradien run (seeFig. 10) and
in the staticdersity gradien run (seeFig. 11) thereal par
ticle densties can be detemined. ThesemeasuredAUC
patticle dersity values, assummaizedin Tab.2, indicate
agan that stearyl acrylateis incorporatedin all n-butyl
acnylate/syrene copolymer particles if cyclodextin is
presentandcyclodextrinis not foundinsidethe particle
For both samples without cyclodextin, pure poly-
(stearyl acrylate)(PSA) particlesaredeteced at a density
of p = 0.98 g/cn? and the density of the butyl acrylate/
styrene copolymer (P(BA/S)) particles is not decrease
(seecomparativeexperimen 4 and5 in Fig. 11 with SA/
CD = 10/- and SA/CD = 20/-). Thesedispersims have
the sameparticle densty of p = 1.067g/cn? both for the
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Fig.10. Schlierenphotosof dynamic H,O/D,0 densiy gradi-
entrunsof 6 dispergonsbasedon n-butyl acrylae (BA)/styrene
(S), 1% acrylic acid (AS), and an increasing amountof stearyl
acrylae (SA) with different amountsof methyl-$-cyclodextrin

W7 M1,8 (CD), asdescribedn Tab.2. The Schlierenline with

the broad minimum is compogd of both the differentiated
refractive index correspondig to the radial H,O/D,O density
gradientwithin the AUC cell andthe narrow or broadturbidity

bandscorrespondig to the accumulatio of the patticles at one
or differentradial positionscompaableto Fig. 5
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Fig.11. Schlierenphotosof static density gradientruns of 6
dispersionsbased on n-butyl acrylate (BA)/styrene (S), 1%
acrylic acid (AS), and an increasingamountof steayl acrylae
(SA) with differentamountsof methyl$-cyclodexrin W7 M1,8
(CD), asdescrbedin Tab.2. The climbing exponetial Schlie-
renbaseline representshe differentiatedrefractiveindex corre-
spondingto the radial methanol/H,O/metrizamidedensitygradi-
ent and the narow or broad turbidity bandscorrespondo the
accumulation of the particlesat oneor differentradial positions
comparablédo Fig. 7

smaller and for the bigger particles in the particle size
distribution, as indicated by the evaluation of the H,O/

D,O sedimenttion analysis. But the dispersionswith

copolymeized stearylacnyate in the presenceof cyclo-

dextrin havea slightly decrease patticle densityfor the
smalker particles in the size distribution, which means
thatthe smaler particleshavea little more stearylacry-

ateincorporatedthanthe biggerones.

Bedde the patticle densitydistribution alsothe particle
size distribution is given by the evalation of the H,O/
D,O sedimemation analysis (see Fig.4). The samples
with no or low stearylacryjate contenthavea broadmore
or less bimodal particle size distribution. The samples
with higher stearylacrylatecontenthavesmalle particles
anda narrowersize distribution. With increasirg amount
of cyclodextrin the patticle sizes are increasng, as
alreadydiscussd above(seeTab. 2).

Reactionmechanim

Basedon the describedexperimens the following reac-
tion mechanisnfor the copolymerizaton of stearylacryl-

atein the presece of cyclodextrin canbe proposedboth
onathernodynanic andon akinetic base:

1. The less probablethermodyamic model using the
classicaltwo-film theay?® would suggesthat the differ-
entphasesarein thermodyamicequliibrium at the inter-
face.Fromthe emusified monomerdropleta few steay!
acrylate molecules are dissolved in the water phase
accordirg to the specfic solubility. Howeer, this concen-
trationis too low to enablethe stearylacrylateto pattici-
pate in the emulsion polymerization process But the
stearylacrylateis complexed by cyclodestrin in thewater
phase.Therefore,additional stearyl acrylate monomers
canleavethe monomerdrople andare complexed again
in the water phase. Thus, the concentration of the cyclo-
dextrin stearylacrylate complex is increaseduntl it can
succeshully compete with the other monomersin the
polymerization process|In the caseof the homogaeous
nucleatio, the growing oligomeris becomirg more and
more hydrophdoic until the hydrophlic cyclodextin is
pushedout of the conplex with the copolymerizedsteay!
acrylate.Also at the surface of a growing hydrophobic
particle the cyclodextrin is pusted out of the conmplex
andthereleasedstearylacrylateis ableto enterthe parti-
cle. Now the free cyclodextin is readyto accep a new
stearylacrylatemonomerstartingthe transpat cycle for
stearyl acrylate from the monomerdroplet to the poly-
merizingcenteragan like a phasdransferagen does.

2. More likely is the kinetically based explanation
which assumeghat in the presenceof stearyl acrylate
masstransferresisancesbetweenthe monomerdroplet
and the polymerizing center are of importarce. That
meansthe rate of polymerization exceed the rate at
which the monomeris suppgied to the polymerizing cen-
ter. Furthemore it is assumedthat the diffusion rate
throughthe agueousphasedoesnot deternine the emul-
sion polymeization rate?®. However the interfacial resis-
tanceto monomertransfercan be dominant both at the
waterpolymer particle interface and at the monomer
droplet-wate interface®®. M. Nomura&® demonstraad
quantitatively that for a longer alkyl chain containing
molecule the concentation deceasein the polymer par
ticle is duemainly to theresstanceto masstransferat the
interface betweenthe monomerdroplet and the water
phaseTherefore,t is concludedthat cyclodextrinandits
ability to form a water soluble complexX® reduce the
kinetic barier for the stearylacrylate migration through
the interface from the monomerdrople to the water
phase.After the complex arrived at the polymerizing
center the steayl acryateis releasedasdiscussd before
and the free cyclodextrin can stat its transportfunction
again.

As already shown for the radical copolymeization of
the dissdved equimdar cyclodextin/monaner com
plexesin wata?®, it is expectedin the emusion polymer-
ization, too, that the copolymeization paramegrs will
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differ if cyclodextrinis usedknowing thatnotonly steay!
acrylate but also the monomerslike styreneand butyl
acrylatearecomplexel®.

Conclusion

The copolymeization of very hydrophdic monomers
like steayl acrylate in emusion polymerization with
methylf-cyclodextrin W7 M 1,8 as a phasetranser
agentenabeésthe prodiction of new polymer dispersions.
The scientfic aspectof this newtype of emulsia poly-
merizatbn are faschating. Only the fundamenal topics
arediscussedintil now andmary questionsareleft unan-
swered. Further discussion is needed concernng for
example the influence of the copolymeization pama-
meter$® of the conplexed monomes, the influence of
differert surfactats® forming a complexwith methykp-
cyclodextin W7 M 1,8 andlast but not leastthe reaction
mechaismitself.
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