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SUMMARY: A series of pyridinium salts (PCX)N-substituted with anx-(49-methoxy-4-biphenylyloxy)alkyl
group has been synthesized and used as surfactants in the emulsion polymerization of styrene. These mol-
ecules have an alkyl chain with an even number (X = 6, 8, 10, or 12) of methylene groups and bromine as
counterion. For these molecules a typical behavior of colloidal electrolytes has been observed by conductivity
measurements on water solutions and the critical micelle concentrations (CMC) determined by this technique
are 2.14, 1.47, 0.214, and 0.0097 mmol for PC6, PC8, PC10, and PC12, respectively. Latices prepared with
three components (water/styrene/PCX) were fairly stable showing in all experiments a monodisperse particle
size distribution (1.01 to 1.1) with particle diameters from 70 to 160 nm. These results are compared with
those obtained using dodecylpyridinium bromide (DPB) as the surfactant.

Introduction
The most important class of cationic surfactants is the
quaternary ammonium salt substituted with at least one
long organic radical, which is normally a long alkyl
chain1, 2) or an alkylaryl group3). Another important type
of cationic surfactant is based on one or more heterocyc-
lic ionic moieties, among which pyridinium salts are the
most representative4). The emulsification properties of
these amphiphiles depend strongly on the ionic part, and
in some extent on the nature and size of the non-ionic
radical, which can modify the performance of the surfac-
tant. In most cases, the hydrophobic radical of the surfac-
tants is a flexible group, typically a hydrocarbon chain.
Relatively few works concerning stabilized colloidal dis-
persions (oil/water/surfactant) report the use of surfac-
tants having a rigid hydrophobic group incorporated into
the long organic radical. In this respect, Finkelmann et
al.5,6) have reported some amphiphiles combining an
oligo-oxyethylenic chain with a rigid rod-like hydropho-
bic moiety. For these molecules they have observed the
development of mesophases at well defined intervals of
temperature and concentration. Molecular aggregations
were all lamellar, regardless of the hydrophile-lipophile
balance of the amphiphiles. The molecular packing of
these amphiphiles was different compared with that
formed with non-ionic amphiphiles having a flexible
hydrophobic group. On the other hand, Kunitake and
Okahata7) have reported the synthesis of a series of qua-
ternary ammonium salts having a biphenyl azomethine
group in the hydrophobic radical and bromine as counter-
ion. In dilute aqueous solution these amphiphiles form
lamellar and vesicular structures, which were reported to
form a bilayer assembly. In another work, Kunitake et
al.8) have reported 62 single-chain amphiphiles having a

flexible tail, a rigid moiety (biphenyl, biphenyl azo-
methine, azobenzene, etc.) and a hydrophilic head group
(quaternary ammonium group) as structural elements.
They have found some relation between the morphology
of the molecular aggregates and the polarity and geome-
try of the rigid group. In a similar context, Menger and
Littau9, 10) have synthesized and studied a series of non-
conventional surfactants called “gemini surfactants”.
These surfactants combine in the same molecule the fol-
lowing sequence of chemical groups: a long alkyl chain,
an ionic group, a rigid segment, a second ionic group, and
a second hydrocarbon tail. The two hydrophobic tails
make these surfactants to show an abnormal CMC-hydro-
carbon tail length dependence. Molecular aggregation for
these surfactants is different to that observed with con-
ventional single tail surfactants. It seems that gemini
aggregates fall into the lamellar range, but structural
details were not fully described. Other amphiphiles hav-
ing rigid elements in their chemical structure and show-
ing unusual molecular aggregation have been reported by
Stein and Gellman11) and Menger and Whitesell12).

Hundreds of surfactants combining in the same mol-
ecule ionic or non-ionic hydrophilic groups with long
organic radicals have been tested in emulsion polymeriza-
tion in order to improve both the stabilization and the
polymerization process. However, in this method of poly-
merization the use of surfactants containing a rigid group
in the organic radical is almost nonexistent. In this respect
we can cite the use of alkylphenyldisulfonic acid salts as
surfactant in the emulsion polymerization of vinyl acet-
ate13).

In the present work, we investigate a new class of sur-
factants (Scheme 1) having in their chemical structure
three distinct parts in the following sequence: a positively
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charged pyridinium ring associated with its negatively
chargedcounterion, a flexible aliphatic chainanda rigid
methoxybiphenyl group. We report the useof thesesur-
factants in the emulsion polymerization of styrene.
Resultsare discussedin termsof the length of the alkyl
chain and the concentration of surfactants. In order to
comparewith the use of a classicalsurfactant we also
reportsomeresultsobtainedwith dodecylpyridinium bro-
mide.

Experimental part

Materials

Pyridinium bromidesaltsN-substitutedwith anx-(49-meth-
oxy-4-biphenylyloxy)alkyl group were synthesized by a
similar methodreportedin apreviouspaper14). 4,49-Biphenyl-
diol, dimethyl sulfate and a,x-dibromoalkanes(even num-
bersfrom 6 to 12 of methylenegroups)from Aldrich were
used as received.Dodecylpyridinium bromide (DPB) was
obtainedby reactingdodecyl bromide (Aldrich) with pyri-
dine (in excess).Pyridinewasdistilled undervacuumin the
presenceof KOH. All solventsandstyrene(St)weredistilled
before use.Polymerizationswere initiated with 2,29-azo(2-
amidinopropane)dihydrochloride from Wako (V-50), pre-
viously recrystallizedin methanol.

Instruments

All intermediatesandfinal products(PCX)wereanalyzedby
the coupled techniquegas chromatography-massspectro-
scopy(GC-MS) usinga Hewlett Packardinstrument(model
5890),by infraredspectroscopyusingan FTIR from Nicolet
(Magna-IR550) and by 1H NMR using an Varian spectro-
meter (Gemini 200 MHz). Conductivity measurementsfor
the CMC determinationwere performedwith a conducti-
meter from Jenway(cell constant0.95 and 1 KHz of fre-
quency)at 258C l 0.1andusingpurified water(conductivity
0.5 lS) obtainedfrom a combinationof ion exchangerfilter
cartridgesfrom Cole-Parmer(universalandresearchgrades).
Particle size (Dp) and particle size distribution (PSD) of
latices were determinedusing a light scatteringMalvern
instrument(Series4700). Micrographieswere obtainedby
the secondaryion techniqueusing a scanningelectronic
microscope (SEM) from Topcon (SM-510). Molecular
weights(M

—
n andM

—
w) of the polymerswereobtainedby size

exclusionchromatography(SEC)usinga Watersinstrument
(150-C).

Polymerizations

All emulsionpolymerizationswerecarriedout in a 250 mL
threeneck round bottom flask using in all experimentsthe

sameconcentrationof water(80 g), styrene(20 g) andinitia-
tor (0.2 g). Styreneandwaterwerebubbledwith argon dur-
ing 30 min beforeuse.Surfactantconcentration[PCX] was
variedfrom 12 to 72 mmol. Experimentswerecarriedout at
608C underargonatmosphereusingmechanicalstirring (600
rpm). In all experiments,materialswere introducedinto the
reactorin the following sequence:water, surfactant,mono-
mer, and initiator. Aliquots of 3 mL of the reactionmixture
were removedwith a syringeat specifiedintervalsand the
polymers were recuperatedby the freeze drying method.
Two polymerizationswerecarriedout for eachconcentration
of surfactantin orderto checkthereproducibilityof thereac-
tion. Similar experimentswerecarriedout usingDPB assur-
factant.

Resultsand discussion

Critical micelleconcentration of PCXsurfactants

An important parameter to measure before starting a
study related to the useof new surfactants is the critical
micelle concentration(CMC). This property was deter-
minedby electric conductivity measurementsof a series
of water-surfactant solutions of different concentration.
This methodwaschosenbecauseof theionic characterof
the synthesizedmolecules.The CMC for eachPCX sur-
factantwasdeterminedgraphically asshownin Fig. 1 for
the PC6 surfactant.Resultswere as follows: 2.14, 1.47,
0.214,and0.0097mmol for PC6,PC8,PC10,andPC12,
respectively. TheCMC of DPBat 408C hasbeenreported
at 10.0mmol15). By comparingthe CMC valuesbetween
PC12 and DBP (both molecules containing a dodecyl
chain), it canbeconcludedthat theCMC value decreases
drastically due to the presenceof the methoxybiphenyl
rigid segment. Also, it can be observed that the amphi-
phileswith thelongestchain(PC10andPC12)showvery
low CMC values. This result is certainly relatedto the
length of the amphiphile but it is also related to the
hydrophile-lipophile balance of the molecules which
decreasesat longeralkyl chainlengths.Low CMC values
(10–2 – 10–1 mmol) for rigid rod-like moleculeswere also
reportedby LühmannandFinkelmann5) andKunitake and
Okahata7).

Effectof PCXconcentration

In emulsion polymerization, the rate of polymerization
(Rp) dependson the numberof particles (polymerization
sites)and this in turn on the surfactant concentration16).
Thenumberof particlespermilliliter of water(Np) canbe
obtained by theoretical17) and experimental18) methods.
Tab.1 shows the experimental Np values for several
laticesof polystyrenepreparedusing two different con-
centrationsof PCX andDPB surfactants. The theoretical
Np value hasbeencalculated considering the headgroup

Scheme1:
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surfaceareaof the pyridinium ring14). It can be noticed
that thetheoreticalNp valueis higherthantheexperimen-
tal one obtainedfor all pyridinium salts.Such disagree-
ment betweentheoretical and experimental Np valuesis
commonand it could be due to the fact that theoretical
calculations do not considerthe monomerconcentration
andothermolecular factors.On the other hand,it canbe
seenthat the Np value for laticespreparedwith PCX sur-
factantsis quite similar to that obtained for thosepre-
paredwith DPB. The latter result merely indicatesthat
thenumberof particles dependson thepolarheadsurface
areaand not on the hydrophobic group. In spite of the
similar Np valuesbetweenPCX andDPB amphiphiles, it
hasbeenobservedthat latices preparedwith DPB were
considerably lessstableat similar concentration.It canbe
pointedout that it wasalmost impossibleto carry out an
emulsionpolymerizationexperiment at 12 mmol of DPB,
whereasthe polymerization with PCX at suchconcentra-
tion was fairly stable even for the longest surfactant
(PC12)usedin this work. The molecular aggregation of
rigid rod-like PCX amphiphiles on the water/monomer

interfaceis not yet well understood,but it is possible that
the rigid groupenhancesthe stability of laticesby means
of a mechanism of lateral molecular interactions,as it
occurs in lamellar lyotropic19) andsmectic thermotropic20)

liquid crystals with similar chemical structure. For
instance,in liquid crystalscontaining in the same mol-
ecule a flexible alkyl chain andonepolar headgroup or
oneelongatedaromatic core,theobservedsmectic order-
ing (moleculesarranged in layers) is relatedto the lateral
interactionof molecular moietiessegregatedin distinct
layersperiodically arrangedin space14).

The kinetics of emulsion polymerizationscarried out
using PCX surfactantshaveshown thenormally observed
pattern in this methodof polymersynthesis. Fig. 2 shows
thecurvesof conversionvs. time for polymerizationssta-
bilizedwith PC10at differentconcentration.As expected,

Fig. 1. Electric conductivity (k in lS) vs. surfactantconcentrationfor the PC6surfac-
tant,temperature:258C l 0.1

Tab.1. Experimental and calculated number of particles per
water milliliter (Np) and rate of polymerization (Rp) for emul-
sionsstabilizedwith indicated amountsof PCX surfactantsand
DPB

Surfactant Np610–14 Rp in mol/(L N min)
12mmol 36mmol 12mmol 36mmol

PC6 2.11 5.19 0.0208 0.0493
PC8 2.55 5.37 0.0261 0.0475
PC10 2.31 5.32 0.0273 0.0500
PC12 3.00 4.46 0.0273 0.0444
DPB – 5.39 – 0.0175

Theoretical 19.0 38.3

Fig. 2. Conversion vs. time for emulsion polymerizationssta-
bilized with PC10at variousconcentrations
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the slopeof the initial part of the curves increaseswith
increasing surfactant concentration. Of course, higher
conversionsat similar intervalsof polymerizationaredue
to the increasein the number of polymerization sites21).
Emulsionpolymerizationswith PC6,PC8,andPC12 sur-
factantshaveshowna similar behavior.

In thesamecontext, therelationbetweenlog Rp vs. log
[PCX] for polymerizationscarriedout usingPC8 is pre-
sentedin Fig. 3. According to this figure, Rp V [PCX]L 0.7,
which is not so different from predictionsof the Smith-
Ewart16) andGardon17) theories.

Effectof chainlength

The relation betweenconversionand time for all pyridi-
nium surfactants at the sameconcentration(36 mmol) is
presentedin Fig. 4. It is important to note that the four
PCX surfactantsshowsimilar curves,which is quite nor-
mal considering the similar Np values for all of them.
However, in spiteof theNp value for DPB(Tab.1), which
is similar to that of the PCX surfactants,the slopeof the
initial part of the curvefor this surfactant is considerable
less pronounced than the one observedin experiments
using PCX surfactants. The rate of polymerization of
experiments carriedout using 12 mmol and36 mmol of
PCX are also summarized in Tab.1. The difference
betweenpolymerization rates obtainedusing PCX and
DPB couldbeassociatedto thepresenceof themethoxy-
biphenyl group in the non-polar part of the PCX mol-
ecules.At this moment we do not have anexplanationfor
the observedenhancement of the rate of polymerization
whenPCX surfactants areused,but it couldbeassociated
to the lateral molecular interactions of surfactants segre-
gatedat the interface, which could perturbin someway
the entranceof free radicals to the growing particle,
therebymodifying thekinetics of polymer formation.

As mentioned, the Rp in emulsion polymerization is
relatedto Np, which in turn dependson thesurfaceareaof
the surfactant polar headgroupandnot on the lengthof
the radical substitution. Hence, for reactions stabilized
with anhomologousseriesof linear moleculescontaining
one polar head group and one alkyl chain of different
length, the Rp must show similar values, as it occurs
approximately in emulsionsstabilizedby thePCX series.
Nevertheless,it hasbeenreported22) thatRp could increase
several orderswhen the numberof methylenegroupsof
analkyl chainof anhomologousseriesof surfactantsvar-
ies from 8 to 18. In spite of the differenceof the length
among thePCX surfactants,themolecularpackingof sur-
factantsof eachchain lengthmustbe similar becauseall
of themhavesimilar chemical structures.

Particle sizeandparticle sizedistribution

Taking into accountthat Np is quite similar for all PCX
and DPB, we would expect also a similar particle dia-
meter (Dp) for all of them.It canbeseen in Tab.2 thatthe
measured Dp values for experiments carried out with
PCX andDBP at a surfactantconcentration of 36 mmol
are between72.0 and 85.0 nm and thosewith 12 mmol
arebetween100 and108 nm, respectively. As expected,
Dp decreaseswhen[PCX] increases(seethe Dp value for
the PC8 series).It is important to note that all latices
show a narrow particle size distribution (monodisperse).
This result has beencorroboratedby electronic micro-
scopy. Fig. 5 showsa SEM micrography for a polystyrene
latex obtainedusingPC8assurfactant. It canbe noticed
that theparticlesarequitespherical with very similar dia-
meter (monodisperse).According to this result the rigid
rod-like group in the pyridinium surfactants does not
affect the monodispersity of latices becausethe PSD is
quite similar to DPBandPCXsurfactants.

Fig. 3. log Rp vs. log [PCX] for polymerizationsperformed
with PC8assurfactant Fig. 4. Conversion vs. time for emulsion polymerization

experiments usingDPB andPCX surfactantsat a concentration
of 36mmol
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Molecular weight

The molecular weightsfor polymersobtainedusing dif-
ferentconcentrationsof PC8assurfactant is presentedin
Tab.3. As expectedthe molecular weight increaseswith
increasingPCX concentration.This resultis againrelated
to the Np value, but it could be also relatedto the prob-
ability for a secondfree radical to enterinto the growing
particlein which thepolymerization reactionwasalready
initiated.

Conclusions
This work is the first attemptto polymerizestyrenewith
a surfactant having a rigid rod-like methoxybiphenyl
group (PCX), and resultsindicate good stability during
and after polymerization. The CMC values for these
amphiphiles are very low when comparedwith similar
amphiphiles with non-rigid moieties. As expected,the
stability of thelaticesdependson thenumberof particles/
mL of water (Np). At Np valueshigher than 561014 or
surfactantconcentration higher than36 mmol, the latices
were fairly stable. It hasbeenfound for the PCX surfac-
tants that the Np value is not affected by the presenceof
the methoxybiphenyl group; the Np value dependsonly
on thesurfaceareaof thepolarheadgroup.In spiteof the
similar Np valuesbetweenPCX and dodecylpyridinium
bromide(DPB), it hasbeenobserved that emulsionspre-
pared with DPB were considerably lessstableat similar
concentrations. This difference in stability could be
relatedto lateralmolecular interactions betweenmolecu-
lar moietiesof the rigid rod-like group of amphiphiles
segregatedat the water/monomer interface.It seemsthat
the methoxybiphenyl group also affects the polymeriza-
tion rate (Rp) becausethe polymerizations carried out
with PCX surfactantsshowa higher Rp thanthe onecar-
ried out with DPB at the sameconcentration. Finally,
laticespreparedwith PCX surfactanthaveshown particle
diametersfrom 60 to 160nm with a very narrow particle
sizedistribution (monodisperse).
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