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INTRODUCTION

Amphiphilic polymers have attracted considerable artention of late for
their application as associative thickeners.!%22 Comb or regular side chain
polymers offer a variety of uses in thermotropic liquid crystalline form as
media for optical data storage, clectrooptic display devices, nonlinear optical
devices, photoconductors, solid polymer electrolytes and stationary phases in
chromatography applications, 13

Rmmt tly, efforts 13“ sy:lnh:ﬁi;zh :IM: d“::l Ivotropic liquid crystal-
forming polymers with either iphilic or rigid thermotropic mesogenic
side chli':: have I:wnluﬁ that lyum&c liguid crymllimi:rly t:ﬂ: I:;]neu]y
enhanced by atachi i forming group to & flexi ymeric
bl:kbunc.hy'[hh nnhr:‘;mud mlr;mm&m itself in werms of both enlarged
compositional and thermal extent of individual LC phases.®9.13.4 Using
lymethylhydrosiloxane (FMHS) as a derivatizable h bic backbone,
inkelmann and coworkers have attached a variety of both rigid and flexible
amphiphilic side chain groups to this polymer by hydrosilyiation.

Finkelmann and Rehage” reported the synthesis of several liguid-
crystal-forming polysiloxanes with rigid mesogenic side-chains. The
mesogenic group was either a substituted biphenyl or a substituted phenyl
ester of benzoic acid. These were artached by propyloxy or butyloxy groups
to the siloxane backbone, and the end of the side chainy consisted of cither a
methoxy, a hexyloxy or a nitrile gruuf These side chain polymers all
exhibited thermotropic liquid crystallinity, with lower glass transition
temperatures than their hydrocarbon analogues because of the flexibality in the
backbone.
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Finkelmann er al ® first repoted on solvent-induced or lyotropic liguid
crystallinity of polysiloxane with amphiphilic side chains. The amphiphilic
:Idc-chlm was the ester of 10-undecenoic acid and either tetra-, hexa-, or

gi ycol monomethyl ether. This nonionic amphiphile middod
to lll: backbone by hfdms.ilylmun The monomer undecenoyl-
mﬂm glycol monomethyl ether (UOG) exhibits a hexagonal lyotropic
LC phase at concentrations from 49-70 wt % surfoctant in water and at

from -10 1o 20°C. The amphiphilic side-chain polymer in which
U%u coupled to the PMHS hml:hmnulpdegm:uf polymerization (DP) 95
exhibits a large region of Iyotropic hexagonal phase from 40-75 w1 %
polymer and from -10 1o S0PC. In addition, at higher concentrations (70-
90%) and over a wider temperature range (-10 to 65°C), there exists a stable
lamellar LC phase. Thus, the pnlyn\ag amphiphile was observed o have
Iyotropic LC phases of enlarged compositional and thermal exsent than the
analogous monomeric amphiphile. Finkelmann er al® speculated that this
enhanced stability may be due o restricted translational and rotational mobility
of the amphiphilic groups when they are anchored to a polymernic backbone.

Luhmann and Finkelmann!4 documented a similar enhancement of
I?m “ﬁuid crystallinity upon attachment of nonionic amphiphiles to
MH ich the hydrophobic portion of the amphiphile consisted of a
01, or hexyloxy group linked to a biphenyl moiety. The hydrophilic
unph:phﬂ ic side-Chiin was & monomethyl of nonacthylene
glynoluru ylene glycol. As with the flexible hydrophobic side chain,
E:::ll enhanced l.'h:rmai and compositional extents of the hexagonal and
LC phases were observed. Morcover, this effect was apparent even

it very small DPs of 3-6.

Based on the successful anemptsof Finkelmann and coworkers 1o
synthesize nonionic polymeric surfactants that exhibit lyotropic
mesomorphism with enhanced stability over the comesponding monomer, it
seemed reasonable that ionic amphiphilic side chain polymers based on
PMHS could also be synthesized that might exhibit comparable enhanced
lyotrapic mesomorphism. In this chapter, we describe the synthesis of
polymeric surfactants comprised of PMHS functionalized with undecenoic
acid side chains, which are subsequently neutralized to yield the
cormesponding cesium salts of the palymeric carboxylic acid. These muterials
have been characterized by 'H-NMR spectroscopy 10 determine the number
wmg: mulm:nlnr weight and the degree of side chain functionalization. The

ies of these materials in water have been studied indirectly
% surfal:r: iensiometry and directly by quasi-elastic light scattering (QLS).
e Iyotropic liquid crystilinity has been probed by making agueous
solutions with deutermed water (D90) and observing the resulting deuterium
NMR spectra and their dependence on composition. The phase behavior at
high concentration and the aggregation behavior ai low concentration of the
polymeric surfactants are compared to those of the monomeric surfactant,
cesium undecenodie.
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EXPERIMENTAL PROCEDURES

Materinls
The hydrophobic polymer backbone, polymethylhydrosiloxane
(PMHS) was obtained from Aldrich Chemicaly (camlog no. 17,620-6, DP =
30) and Petrarch Systems (catalog no. PS119, My = [ 300). 10-Undecenoic
acid, sodium hexachloroplatinate, and dicyclopentadiene were the purest
grades available from Aldrich Chemicals. The reaction and separation
solvents tetrahydrofuran, toluene, methanol and 1-propanol were HPLC
W from Fisher Scientific. Cesium hydroxide was from Carus
, D20 was 99.8% isotopic purity from Wilmad Glass and CDCly
and CDyOD were from MSD lsotopes. Undeuternted waler was drawn
through a four-stage Nanopure filtration system and stored in glass bottles,

Methods
Polymer Synthesis
Hydrosilylation of the PMHS backbone by 10-undecenoic acid was

performed according to the procedure described by Apfel er al.l. PMHS and
10-undecenoic acid (4.7-11.6 % excess) were dissolved in one of the three
solvents, THF, twluene or &Fmplmi. The solution was warmed to the
resction temperature (50-100°C), and the catalyst added (150-6600 ).
For four of the reactions, the camlyst co ents (NaPtCl+6HO and
dicyclopentadiene) were added directly in solution form 1o the reaction
mixture. For the other two reactions, the catalyst product
(dicyclopentadienylplatinum chloride) was synthesized prior to being
introduced to the reaction mixture!. Active catalyst was by
dissolving 0.33 g of NaPtCl=6HO in 7 mL of glacial acetic acid, diluting with
14 mL?w:u:r. adding 0.38 g of %}ﬂnpcnud]ml:l. heating to 70°C and
stirring vigorously for 24 hours. ct camlyst was centrifuged,
decanted and wuged three times with . The hydrosilylation reaction,
which ran for 2-24 hours with 2 nitrogen lpﬂﬁr to agitate the mixture and
ﬁevmu oxidation, should form predominantly the anti-Markovnikov

ydrosilylation was carried out in a S00-mL three-necked round bottom
flask. Inserted into the vertical neck of the flask was & 50 cm Allihn drip tip
condenser with glass wool in its outlet 10 reduce the escape of solvent. The
reaction mixture was sparged continuously with ni and the reaction
temperature was continuously monitored. A Glas- heating mantle,
controlled by a Staco 120 volt variable transformer, was used o heat the

Polymer lsolation
Following reaction, solvents were replaced with methanol by

dinfiltration of the reaction mixture through a YM-5 cellulose acemte
membrane (5000 MW cutoff) in an Amicon stirred cell ultrafiliration
system. The acidic form of the polymer - poly(methyl undecanoic acid
siloxane), or PMUS - was con to the cesium salt form by stoichiometric
addition of cesium hydroxide in methanol. The neutralized cesium salt form
of the polymer (PMCsUS) was converted to an agueous solution by
dinfiltration with either deuternted or undeuterated water.
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Gel Permeation Chromatography

Gel permestion chromatography (GPC) wus used to monitor the
course of the reaction and reaction solvest replscement during diafilimtion.
The setup included a Perkin-Elmer Series 10 liguid chroma ¥ pumg,
supported by & Perkin-Elmer LC-25 differentisl refractive index (RI) detector,
and a Fisher Recordall Series 5000 chart recorder. One GPC column used
was 8 Waters Associates pSryragel™ lincar gilomuﬁnn column with a
reparted molecular wei :n:;ufﬂﬂ—l.ﬂﬂﬂ. . The second GPC column
used was a DuPont BAX porous silica microsphere (PSM) 605 high
mu exclusion column (HPSEC) with a molecular weight runge

1 .

Nuclear Magnetic Resonance Spectroscopy

Two nuciear magnetic resonance (NMR) spectrometers were used to
characierize the pol and 1o probe for evidence of Hquid crystallinity: a
General Electric GN-300 Omega spectrometer and an IBM-CX 100
spectrometer, The GE GN-300 Cmega spectrometzr was equi with 8.5
mm dual probe with & proton resonsnce frequency of 300.522 MHz
Chemical Ejﬁ:ol protons are reported relative 10 TMS. The IBM-CX 100
specometer was cquipped with an 1BM VTU temperature controller, an
Aspect 3000 software package and a drum plotzr, A 10 mm deuterium probe
with & resonance frequency of 15.371 MHz was used with this spectrometer.
Typical spectral conditions in obtaining deuterium spectra were a 5000 Hz
spectral width, 12 ps pulse width (corresponding to about 45), 0.5-1.0
seconds acquisition time and S00- 1000 ransents.

Surface Tensicmeter

Surface tensions were measured by the DuNuoy Ring detschment
method with a Fisher 215 Auotensiomat Surface Tension Analyzer and a
5.005 em circumference platinum-iridium DuNowy ring. A Fisher Recordall
Serics 5000 chart recorder wes used to display the ts of the analyses. A
Lauda RC 20 refrigerating circulator was used to maintain constant
temperature.

Quasiclastic Light Scatlering

The quasielastc light scattering (QLS) Instrument usad was ¢ i
of an Innova 70-3 argon 1on laser rent} equipped witha B ven
Instruments (BI)- SM Automatic Genjometer, 2 BI-2030 digital
corelator, a B computer, & Bl high voltage power ly and a Newponi 815
power meter. The sysiem Emperature was contr by a Bl RTE-SDD
refrigerated circulating bath.

RESULTS

Surface Tension Measurements of Cesium Undecenoate-Water
Solutions

In order to determine the efficacy of lowering surface tension und the

¢ritical micelle concentration(CMC) of the monomer cesinm undecencate,
surface tension measurements were made on agueous solutions of cesium
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undecenoate in the concentration range from 80 uM 1o about 0.1 M. The
surface lension decreases monotonically (Figure 1) with increasing
concentration below about 0.06 M. Above this concentration, the surface
tension is virally independent of concentration. We attribute this leveli of
the surface tension to micellization of the surfactant. Application of the G

adsorption isotherm to the surface tension daw? yiclds a surface excess
concentration for cesium undecenoale just below the CMC of 0.239
nmoliem?. This comesponds to an area/molccule of approximately 69 A2,
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Figure 1. Dependence of surface tension on surfactant concentration of
cesium 10-undecenoate-water solutions.

!H NMR Spectroscopy of Cesium Undecenoate-Dy0 Mixtures
Evidence for lyotropic liquid crystallinity of concentrated (50-90 wt
%) samples of cesium undecenoate in deutcrated waler was obtained by
deuterium qumﬁuﬁ NMR spectroscopy. 1111719 By measurement of the
net anisotropy of molecules bound to the surface of the anisotropic liquid
crystalline aggregates as g:uﬁnd by the quadrupole splitting, it is possible to
construct a plot of quadrupole splitting with increasing concentration which
delincates liquid crystalline phase boundaries. This is shown in Figures 2 for
cesium undecenoate-waier mixtures at 298and 333 K. Below approximately
50 wi % surfactant, the deuterium nmr spectrum consists of a narrow (< 15
Hz line width) isotropic peak and the mixture is fluid and freely flowing, We
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interpret these observations us evidence of isotropic micellar solutions. At
concentrations from 50 to 54 H'E.Il}:d:uiu‘imnm‘lrﬂfnamm consists of &
superposition of an isotropic peak and a Puke pattern of quadrupole splitting
of 500 Hz. Beyond 54 wt %, the deuterium NMR spectrum is a Pake patern
with quadrupole splitting, which increases monotonically with increasing

concentration. The visual of the sample is that of an extremely
viscous birefs t phase. This phase exhibits striation textures typical of
hexagonal LC when vicwed between crossed polarizers in an optical

mscrnuoge 15 hexagonal phase is stable up to concentrations of 72 wt %.
Between 72 to 74 wt %, deuterium NMR spectra consist of a superposition of
an isowropic peak and a Pake pattern with & quadrupole splitting equal 1o that
of the hexagonal at 72%. The phase which is sable be T4% is
isotropic, extremely viscous, and exhibits strain birefringence. We interpret
these observations as evidence of a viscous isotropic liquid crystalline phase.
It 15 siable 10 concentrations of 77%, whereupon an additional anisotropic
phase with quadrupole splittings of 1500 Hz is observed, This highest
concentration phase is less viscous than hexagonal or viscous isotropic, and
exhibits textures typical of a lamellar LC phase when viewed under crossed
polarizers in the optical microscope. Using these NMR data and visual
observations, a partial phase du%r:m of cesium undecenoate-Do0 was
constructed and is shown in Figure 3.
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Figure 3. Partial binary phase diagram of cesium 10-undecenoate-water
mixtures as determined by ?H NMR spectroscopy.
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IH NMR Analysis of PMHS Backbone

'H-NMR spectra of the parent backbone PMHS pol from
Aldrich and Petrarch were acquired to determine their num average
molecular weights (M) and to aid in identification of 'H-NMR spectral peaks
of the functionalized ?ol;,rm:r. Two readily resolved resonances were
observed: & peak at 4.76 corresponding to protons that are directly
attached to the silicon atoms in PMHS and & peak at 0.13 ppm cormespondin
to methyl protons directly attached to the backbone and capping the ends o
the polymer. A lincar PMHS backbone of infinite molecular weight would
possess a ratio of methyl 1o silyl protons of 3. The degree of polymerization
{Dﬂmmmhcdcmrnﬁmdbyfmﬂngﬂtn&aofntmﬂm area
to backbone proton peak area, subtracting the contribution due 1o kbone
methyls and dividing into the relative peak areas of the end cap methyls:

DP = 13
-B—P-3}

(1)

where MP and BP denote the integrated peak areas of methyl and backbone
silyl protons, ively.  Applying equation (1) to the peak areas
obtained for the two PMHS samples gives degrees of polymerization of 25
and 28 for the Aldrich and Petrarch materials, respectively. The number
average molecular weights, determined from the structures comesponding to
these degrees of polymerization, are 1666 and 1846, respectively,

Synthesis and Isolation of Side Chain Polymers

Four different sets of reaction conditions were employed to determine
the effects of reaction temperature, catalyst concentration and reaction time on
the degree of functionalization of the side chain pol ymer,  These reaction
conditions are summarized in Table 1. The determination of the degree of
functionalization of each of these polymers by 'H NMR is described in the
following section. Afier completing the reaction, the reaction mix tures were
cooled to ambient temperature and converted 10 methanolic solutions by
dilution and rotary evaporation. Residual undecenoic acid was removed by
diafiltration in methanol. The d nce of the acid monomer was
monitored by GPC. The acid side chain polymer (PMUS) was converted 1o
the saponified form by staichiometric neutralization with CsOH in methamol.
The solvent was then replaced by diafiltration with either water or D20
through a YMS ultrafiltration membrane (5000 MW cutoff). Complete
reiention of the polymer was taken as indirect evidence of resistance of the
pnllrll'lﬁt backbone to chain scission upon contact with the basic CsOH
solution.



Zint and Kilpatrick 223
Tabile 1.
Reaction Conditions for Acid Side-Chain Functionalized Polysiloxanes
(PMCsUS)

PMCsUS 1 PMCsUS2 PMCsUS3 PMCsUS 4

PMHS (gms) 261 137 9.08 §.00
F;:ﬁﬁ#’u-m 6.6 47 9.0 1.6
Cazalyst (ppm) 150 6600 340 150
Reaction time (hrs) 5 24 12 24
Reaction temp, (°C) 50 50 100 %
Solvem THF THF Toluene i-Propanol
Percent s 411 55.3 28.2
Molecular feight o 4885 6154 4354

PMCsUS 2 and PMCsUS 3 were synthesized using the Aldrich Chemicals
PMHS (DP 25). PMCsUS 4 was synthesized using the Petrach Chemicals
PMHS (DP 28). PMCsUS 3 and PMCsUS 4 were synthesized by preparing
the catalyst according 1o the method of Apiel er al, |

'H NMR Analysis of Functionalized Polymer PMCsUS

In order o identify the peaks in the 'H NME‘E:BIfWﬂEIﬁEEhI.in
functionalized polymers, it was first necessary o spectral assignments
for the 10-undecenoic acid side chain. This compound is indexed in the
Sadtler library of proton NMR and these assignments were aken
directly from this source. The proton wiis not observed experimentally
due to exchange with the deuteraled methanol solvent. 'H-NMR spectra of
the acidic S 2) and saponified polymers (PCsUS 2) were also obtained.
The residual unfunctionalized backbone protons were not observed in these
spectra as they are unresolved from the methanol solvent peak. Evidence of
lhl:rui:tw'niipm\rilhd:rlh: of a peak at 0.59 ppm which
represents protons on the eleventh carbon of the acid side chain and which is
direcily attached 1o the siloxane buckbone. This assignment wus made by
comparing the chemical shift to that of methylene protons directly attached to
siloxane silicon in tetracthylsilane indexed in the Sadtler ibrary. The ather
gcuh: in the PMCsUS spectra are common (o the 10-undecenoic acid or

MHS spectra.
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The percent functionalization (PF) (i.e., the percent of the silox
backbone protons functionalized by 10-undecenoic acid) can be determined
the peak areas of protons in the PMCsUS spectrum. By taking the ratio
the arca of the peak at 0.13 ppm (the methy] protons, MP) to the area of the
at 0.59 ppm (the protons on the cleventh carbon of the attached acid,
11H;), the percent functionalization is obtained from:

g1

3C''Hy) P + 6)
2(MP)DP) (2)

lnn:ltulﬁm (2), DP is the degree of polymerization obtained from analysis of
the 'H-NMR spectra of the parent PMHS backbone Ws Applying
equiition {E}mu:spumufm:ﬁuwﬁmﬁudpuhmp: DUSE.PJIM
4 were found to have percent side-chain functionalizations of 41,1, 55.3 and

28.2% , respectively. These results are reported along with the reaction
conditions in Table 1.

% Functionalization =

The primary difference in the spectra of the acidic and ionic forms of
the functionalized polymers appears to be broadening of the peaks of the
saponified polymer, which is most likely due to aggregation of the :lJuljrnm in
aqueous solution. 1t should be noted that the lnfc‘ in polymers are
not water-soluble to any appreciable extent. This line broadening was

tified by noting that ﬂ:cscah corresponding to the eleventh carbon on
undecanoate chain directly attached to the siloxane backbone and the
unresolved methylenes corresponding to carbons 4 through 10 have half-line
widths of 21.6 and 8.7 Hz for the acidic Falymer PMUS 2 and 393 and
19.8 Hz, respectively, for the saponified polymer.

Surfufn Tension Measurements of PMCsUS-Water Solutions

an effort to monitor aggregation of saponified polymer in squeous
solution, surface tensions were measured for isotropic solutions of PMCsUS
2, 3 and 4 at varying concentrations (10-3-10-!1 M) (Figure 4). As Figure 2
indicates, the polymers are about ually effective in lowering solution
surface tension. Solutions of the two ?urmdlud polymers with the lower
% sidechains, PMCsUS 2 and 4, were observed to be translucent at
concentrations of 0.01 M and greater. Solutions of PMCsUS 3, which had a
% sidechain of 55%, were transparent at all concentrations. Solutions of
PMCsUS 2 and 3 exhibited concentration-independent surface tensions at

sufficiently high concentrations. Surface excess concentrations (I7) and area
per molecule (o) were calculated for the three saponified polymers by

applying the Gibbs adsorption isotherm? to the surface tension data in the
concentration regime over which the surface tension was linear with the
lzngm'thm of the polymer concentration. These results are reported in Table
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Figure 4, Dependence of surface tension on polymer concentrations at 25°C
of PMCsUS-D20 solutions on polymer concentration for (2)
PMCsUS 2, (b) PMCsUS 3 and (c) PMCsUS 4,
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Table 2.

Size Transition Concentration, Surface Excess Concentration, and Area per
Molecule at Air-Water Interface for the PMCsUS Polymers

PMCsUS2 PMCsUS3 PMCsUS 4

Size transition concentration
(mol/L. polymer) 0.022 0.009 0.045
(weight % polymer) 1.07 534 1.95
I (pmotiem?) 197 113 129
a (AZ/molecule) 843 147.3 128.5
Molecular weight . 4885 6154 4354

QLS Measurements of PMCsUS-Water Solutions

QLS measurements were performed on samples of varying
concentrations of aqueous solutions of the saponified PMCsUS pol
The mean diffusion coefficient D was obtained directly from a cumulant fit to
the scatered light intensity autocorrelation function, 122! This diffusion
coefficient was converied to an effective hydrodynamic diameter using the
Stokes-Einstein equation.

Shown in Figure § are polymer aggregate diameters as a function of
concentration for solutions of the three saponified polymers PMCsUS 2, 3
and 4 mjnmmmnutmumhpufwnwdwﬂwmmmmmd
samples of the PMCsUS 2 and 4 polymers because these solutions were
turbid. Upon centrifugation, these translucent solutions vielded an observable
precipitate. Solutions of the polymer with the highest degree of side chain
funcionalization, PMCsUS 3, were transparent at high concentrations (>
0.01 M). The apparent polymer aggregate size varied continuously (from =
200 A at PMCsUS concentrations of 0.3-0.4 mM 1o = 800-900 A at
concentrations of 10 mM). With the most soluble polymer, PMCsUS 3,

aggregate sizes of = 4000 A were measured at 20 mM. The approximate size
of monomeric functionalized PMCsUS polymer should be no than 50 A
in diameter based on an end-to-end length of the PMHS backbone of
60-65 A3, It thus seems clear that the sizes observed by QLS correspond to
aggregates of polymer rather than to monomeric polymer at all concentrations
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*H NMR Spectroscopy of PMCsUS-D;0 Samples

Binary PMCsUS-D20 samples were prepared from each of the three
polymers as described previously. Samples made from PMCsUS 2 and 4
remained macroscopically phase separated from the water afier vigorous
mixing. This is consistent with the visible precipitation observed in the light
scatiering samples commented on above., Samples made with PMC;U.E 3
equilibruted rapidiy (a few days) to yield optically clear homogeneous phases
which were then lnlgmd by 2H NMR ?xmmny. These experiments
were performed at 298 and 333 K and from 10 10 80 wt % PMCsUS 3.
From 10-32 wit % polymer, the samples were observed to be fluid and
isotrapic. Above 32% polymer, the samples became visibly viscous and

to flow under their own weight at concentrations greater than 36 wt %,
All the deuterium NMR spectra on samples varying in composition from 10-
Tﬂipn[mmmimunpkﬁn; there was no evidence of anisotropic LC
formation from either the R experiments or from visual observations
between crossed polarizers. However, the line shape was observed o change
between 32 and 36% from a single Lorentzian to a superposition of two

Larentzian lineshapes: a broader Lorentzian (Avyz = 20 Hz) and a narrower

Lorentzian (Avyn = 10 Hz). This is illustrated in Figure 6, a sample
consisting of 34.25 % PMCsUS 3 and D20, The lineshape is clearly super-
Lorentzian, and one interpretation of this is that of a phase transition from a
less viscous fluid phase to & more viscous isotropic phise.

Fi 6. 2H le NMR trum of mixture of 34.25 wi %
s 8 3 and 65.75 m?m&
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DISCUSSION

The monomer cesium undecenoate lowers surface tension in a manner
similar to other alkali nmllmbmci‘m:; Its CMC of 60 mM is lower by n
factor of 2 than the comparable CMC of 117 mM determined for sodium
undecenoate by Durairaj and Blum.3 This is consistent with the observed
depression of the CMC of alkali meml carboxvlates as the size of the bare
counterion il-.li::lﬂm frrm sndi;mn to cesium, 16 Thih= MOnoMmer cesium
undecenoate exhibits lyotropic mesomorphism at higher concentrations
which is typical of alknli metal carboxvlates of short alkyl chain lengths,
Sodium n-octanoate is observed to exhibit hexagonal, viscous isotropic and
lamellar LC phases with increasing surfactant concentration®, We contrast
this behavior with that of the functionalized polymers PMCsLIS.

As is evident from the reaction data presented in Table 1, the
conditions of the hydrosilylation reaction have a swong effect on the
percentage of the PMHS backbone that is functionalized. The saponified
Eﬂyﬂﬂ with the I:geﬂ degree of undecanoate side chain functionalization,

CsUS 3 (55% chain), also exhibited the greatest water solubility (32
wi %), the largest aggregate size by QLS (= 4000 A) and a viscous isotropic
liquid crystlline phase at high concentrations in water (36-80 wt %),
Apparently, the d’cﬁu of functionalization plays a large role in solubility of
the polymer, and this is likely attributable to the hydrophobicity of polymer,

All three functionalized polymers that were studied (PMCsUS 2.3 and
4) were effective in lowering surface tension of aqueous salutions. Polymers
2 and 4 were slightly more effective than polymer 3 as gauged by the surface
cxcess concentrations (see Table 2). Again, this is likely auributable 1o the
mtcr hydrophobicity of polymers 2 and 4, relative to polymer 3, which may
10 increased surface activity at comparable concentrations. With typical
squeous solutions of ionic surfactants, surface tension is observed to decrease
in & nearly linear fashion with the logarithm of the surfactant concentration
until the CMC, or critical micelle concentration, is reached. Beyond the
CMC, additional surfactant participates in the formation of micellar
and the surface tension is observed to change little with increasing
concentration. The surface tension behavior of agueous solutions of
polymers 2 and 3 is typical of micelle-forming jonic surfactants and it is
termpting to construe the break points in surface tension as = 0.02 and = 0.01
M, respectively, as CMCs. However, the QLS dama indicate that at
concentrations well below this breakpoin, there are aggregates of diameter
zuﬂ and greater. Moreover, the size of these aggregates we
continuously with increasing concentration for all three polymers.
observations suggest that 1t are a distribution of polymer molecular
weights and degree of ionic surfactant side-chain functionalization. At low
concentrations, the polymer molecules with lowest CMC values (presumably
those with greatest hydrophobicity) aggregate, while that fraction of the
distribution with highest CMC values adsorb to the air-water interface and
lower surface tension. Iunmninfly. the distribution of surface excess
concentrations of the individual polymer species averages to yield a linear



230 Synthesis and Aggregation of lonic Amphiphilic Siloxane

surface tension plot with logarithm of concentration. At sufficiently high
concentrations, even the most functionalized of polymer species participate in
aggregate formation,

At elevated concentrations of polymer 3 in water (10-30 wi %),
solutions of the polymer remain ﬂuitln and isotropic. Beyond 32 wi %
polymer, mixtures of polymer and water become viz:.r:nu: and at 36 %
polymer, they gel into a viscous isowropic phase. The 2H nmr lincshape of
polymer 3-DyO mixtures changes in this transition regime (32 1o 36%) from a
simple Lorentzian line shape of 15 Hz linewidth 1o & superposition of two
Lorentzian line shapes in which the broader ¢ ot is ca 30-40 Hz in
width. This suggests that a first-onder phase transition separates low and high
concentration putrna-rbzﬂ mixtures. While we provide no evidence here of
three-dimensional order, the high viscosity and optical isotropy of the high
concentration polymer phase suggest that this is a viscous isotropic lyotropic
liquid crystalline phase.

Unlike the nonionic amphiphilic side chain polysiloxanes synthesized

mﬁd by F]nhh. hnunnpd et al® and by Luhm’h n er MM
iphilic side chain ynuum;mdhm: oW no i

crystallinity st high concentrations (>30 wt%) of polymer. This may be due
to incomplete functionalization of the PMHS backbone; the largest degree of
side chain functionalization obtained was only 55%. With only partial
functionalization, one might expect some intamolecular h ic
interactions, which may lead to globular aggregates. With more complete
functionalization, the electrostutic repulsion between adjacent urbm?-lm:
moitics may favor a more distended polymer chain. This in tum might favor
the formation of ani ic aggregates. Clearly, future studies on ionic
amphiphilic side chain polysiloxanes should address the issues of backbone
chain size distribution and the distribution of side chain functionalization as
determinants of aggregation in aqueous solution and possible lyotropic liquid
crysial formation.

CONCLUSIONS

Cesium undecenoate (CsU) exhibits a CMC of 60 mM at 255C and
_ll}:upbwfummuntrph] of other short-chain alkali metal carboxylates.
anisotropic wre stable in the monormer-water system: a hexagonal

and a lamellar These phases have broad compositional and thermal
extent. In addition, 8 narrow concentration range is observed in CsU-D20
mixtures (72-76%) in which a viscous isowropic LC is stable.
Polymethylhydrosiloxane (PMHS) polymers of DP 25-30 have been
functionalized by hydrosilylation with the amphiphilic side chain: 10-
undecenoic acid. The degree of side chain functionalization obtined varied
from 30 o 55%. The acidic form of the side chain was neutralized with
CsOH 1o yield the ionic carboxylute form. Thix polymer was water soluble
while the acid form and the PMHS backbone were not. The carbozylaled
PMCsUS polymers were effective in ing surface tension and associsied
in solution 1o yield aggregaies of 200-800 A in diameter, The surface excess
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concentrations of the three PMCsUS polymers increased monotonically with
decreasing ionic side chain percentage. Only PMCsUS 3 with the highest
side-chain percentage (55%) was soluble in water above a concentration of
0.01 M (1-2 wt%). This polymer formed isotropic solutions in water up to
concentrations of 32 wi %, beyond which a viscous isotropic phase was
observed. The tendency of these tonic side-chain polysiloxane polymers to
form isotropic rather than anisotropic phases may be due to a distribution in
malecular weights and side-chain percentages.
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