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ABSTRACT:

A series of linear functionalized polyorganosiloxanes of the type

Me;SiO[MeSiO(CH,),,R], (Me,SiO) SiMe;, where n = 2, R = —(CHy)NMey; n = 1, R
= —(CH,)OEt; n = 4, R = —(CH,)COOEt; n = 3, R = —(CH,)Me, have been prepared
and characterized. Functional group loadings of ~4 mol % (x = 1, y = 25), ~11 mol %
(x = 3,y = 23), and ~30 mol % (x = 8,y = 18) were obtained by reacting commercially
available copolymers Me;SiO(MeSi{H} O),(Me,SiO),SiMe; with the appropriate ratios
of : o, with the required quantities of HO(CH,),R, using dichloro(1,5-cyclooctadiene)-
platinum(II) as catalyst. Amine, ether, ester, and alkyl functionalized siloxanes were
obtained in good yields after purification, and each fluid polymer has been character-
ized by 'H and '3C-nuclear magnetic resonance (NMR), and Fourier transform infrared
(FTIR) spectral measurements, elemental analysis, viscosity, surface tension, and
density measurements. The functionalized polymers exhibit Newtonian behavior over
the range of shear rates 0.4-79.4 s~ !, and significant viscosity enhancements were
observed for all functionalized polymers compared with poly(dimethylsiloxane) fluids of
similar chain lengths. The functionalized siloxanes exhibited in almost all cases an
increase in both viscosity and density as the functional group loading increased. The
surface tensions of the polymers have also been determined and lie within the range
18.8-22.3 mN m 1. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 82: 808817, 2001
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INTRODUCTION

Linear poly(organosiloxanes) containing pendant
functional groups have recently attracted consid-
erable interest' !¢ because of the many applica-
tions for which such materials are suitable as a
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result of the inherently flexible siloxane back-
bone, low glass-transition temperature, ther-
mooxidative stability, low surface tension, and
chemical and biological inertness of the parent
polymer.'”1® As a result of their hydrophobic na-
ture, these fluid polymers also exhibit viscosifica-
tion properties similar to those observed for much
higher-molecular-weight organic polymers, such
as hydrophobically modified polyvinyl alcohol
(PVA).19:2° Thus, this class of materials is of po-
tential interest for important commercial applica-
tions, which include flocculation, emulsification,



drag reduction, superabsorbency, latex paints,
hydraulic fluids, surface active agents, coatings,
and enhanced oil recovery operations (if the poly-
mers can be made water soluble).

Poly(methylhydridosiloxanes), (Me;SiO(MeSi{H}
0),(Me,Si0),SiMe;), exhibit unique reactivity
among the commercially available organosilox-
anes. They undergo three basic types of synthet-
ically useful reaction involving the Si—H group:
(1) hydrosilylation reaction with unsaturated or-
ganic linkages, particularly 1-alkenes, to afford
new Si—C linkages; (2) reaction with hydroxyl
groups to yield new Si—O bonds; and (3) reactions
in which they act as mild, selective reducing
agents toward organic and inorganic substrates.
To date, hydrosilylation reactions have been
widely applied for the preparation of organofunc-
tional siloxanes.®!%15 These reactions are cata-
lyzed by a range of platinum, rhodium, palla-
dium, ruthenium, nickel, and cobalt complexes,
as well as various organic radical initiators, ul-
traviolet (UV) and y-radiation. The choice of cat-
alyst depends on many factors, including the type
and nature of the silane, the solvent, and the
organic substrate.'®

Me;SiO(MeSi{H}O), SiMe,
+ yCH,~=CH—R — Me;SiO
X (MeSi{H}O), ,(MeSi{(CH,),R}O),SiMe;
(1)

A variety of different functional groups R, in-
cluding ester, crown-ether, amine, alkyl, and ar-
yl,2 may be incorporated as side-arm substituents
on the polymer backbone using this methodology.
Some of the resultant organofunctional fluids, in-
cluding Me;SiO(Me,Si0), [MeSi(CH,),,—crown-
ether] OSiMe;, have used as selective extract-
ants.”>!* The main drawbacks in using this hy-
drosilylation reaction include difficulty in
preparing the required 1-alkenylated organic pre-
cursor; introducing reactive groups that “poison”
the metal catalyst; maximizing anti-Markowni-
kow addition to afford a linear spacer chain, and
obtaining complete replacement of all Si— H
groups.

In view of these difficulties, we have investi-
gated the reaction of primary alcohols HO(CH,),R
with poly(methylhydridosiloxanes), [Me;SiO-
(MeSi{H}O),(Me,Si0),SiMeg], with various x:y ra-
tios, to produce Si—O(CH,),R-containing com-
pounds as an alternative means of attaching spe-
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cific functional groups to polysiloxanes. As a
wider range of primary alcohols containing other
functionalities are readily available, and the re-
action between Si—H and primary alcohols is fac-
ile, this procedure should expand the range of
receptors that can be introduced into siloxane
fluids. Many metal species, notably dialkyltin car-
boxylates and zinc carboxylates, catalyze the
elimination of H,O from silanols; these and other
metal salts can be used to effect coupling of Si—H
and ROH species:

=Si—OH + HO—Si= —
=Si—0—Si=+ H,0 (2)

Our interest in organofunctional siloxane fluids
is centered on their use as integrated solvent/
carrier supported liquid membrane (SLM) sys-
tems,>1H1421 which can be used to effect the
separation of organic compounds from the aque-
ous phase. Consequently, we wished to generate a
general procedure that could be used to synthe-
size linear materials with different loadings of
various functional groups. In this article, we de-
scribe the preparation and characterization of
amine, —(CH,);NMe,, ether, —(CH,),0Et, ester,
—(CH,);COQELt, and alkyl, —(CH,),Me function-
alized, linear poly(organosiloxanes) of the type
Me3SiO(MeSiO(CHy), R),(MeySiO), SiMes.

EXPERIMENTAL

Materials

The three types of Si—H containing polyorganosi-
loxanes used in the syntheses—(3—4%)-methylhy-
drido-(96—97%)-dimethylsiloxane copolymers (M,
19002000 and also ~13,300 daltons), (15-18%)-
methylhydrido-(82—85%)-dimethylsiloxane copoly-
mer (M, 1900-2500 daltons), and (30—35%)-meth-
ylhydrido-(65-70%)- dimethylsiloxane copolymer
(M, of 1900—2100 daltons)—were supplied by Fluo-
rochem. The four functional alcohols used—3-dim-
ethylamino-1-propanol, ethyl-2-hydroxyhexanoate,
2-ethoxyethanol, and n-pentanol—were supplied by
Aldrich and were dried over molecular sieves. Di-
chloromethane and methanol were supplied by
E.M. Science and dried by standard procedures.
The catalyst, dichloro(1,5-cyclooctadiene)platinu-
m(II) was synthesized by a modification of a litera-
ture method.?? All other reagents and solvents used
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Figurel Reaction scheme and molecular structure of
functionalized polyorganosiloxanes.

in the preparations were obtained from Aldrich or
E.M. Science.

General Procedure

Fluid, functionalized polysiloxanes containing three
different concentrations (i.e., 4, 11, and 30 mol %) of
each of the four organofunctional groups—amine
[[(CHy)sNMe,], ether [-(CH,),Oet], ester [-(CH,);
COOEt], and alkyl [-(CH,),Me]—were prepared as
shown in Figure 1. Each of the functional alcohols
used in the synthesis was treated with the catalyst,
dichloro(1,5-cyclooctadiene)platinum(Il) before be-
ing added to the appropriate quantity of poly(orga-
nohydridosiloxane) in a flask fitted with a reflux
condenser and stirrer. As the reaction is sensitive to
moisture, all reagents and solvents were dried be-
fore use, and each reaction was carried out under an
atmosphere of dry N, gas (CARE: H, evolved).

A typical preparation for an 11-mol % function-
alized polymer is given below. Other polymers
with ~4 and 30 mol % functionalization were
made by an analogous procedure, using measured
quantities of (3—4%)-methylhydrido-(96 -97)-dim-
ethylsiloxane and (30—35%)-methylhydrido-(65—
70%)-dimethlylsiloxane copolymers. A summary
of the syntheses and process conditions are given
in Table I.

Preparation of 11 mol % Functionalized
Polyorganosiloxanes

The four functional alcohols were each in turn
treated with (15-18%)-methylhydrido-(82—85%)-
dimethylsiloxane copolymer of molecular weight
1900—-2500 daltons and viscosity 25—-35 counts per
second (cps). Typically, a measured quantity (30 g,
13.6 mmol) of the (15-18%)-methylhydrido-(82—
85%)-dimethylsiloxane copolymer was charged into
a flame-dried 150-mL single neck round-bottomed
reaction flask fitted with a reflux condenser. A mea-
sured quantity of the amine functionalized alcohol,
3-dimethylamino-1-propanol (4.5 g, 40.8 mmol) was
treated with 30 mg (8 X 10~® moles) of dichloro(1,5-
cyclooctadiene)platinum(Il), and the mixture was
added to the flask. The flask was placed in a hot oil
bath and the contents held at 80°C, while being
stirred under an atmosphere of dry N, gas. The
reaction was continued for 24 h, after which a fur-
ther 30 mg of catalyst was added, and the heating
process continued for ~72 h at 80 + 5°C.

The progress of the reaction was monitored in a
qualitative manner using infrared (IR) spectros-
copy. The Si—H bond produces a characteristic
peak at 2166 cm !, and the intensity of this peak
decreases as S—H addition occurs. The reaction
was deemed to have reached completion when the
intensity of the S—H peak was reduced to zero, or
very close to zero, which was normally after ~4
days.

When reaction was complete, the reaction mix-
ture was cooled, washed several times by decan-
tation with 30-mL portions of methanol to remove
the catalyst, soluble impurities and unreacted re-
actants. Dichloromethane (60 mlL) was then
added to dissolve the residual oil. The resulting
solution was filtered and transferred to a rotary
evaporator, and the solvent was removed under
vacuum. Final traces of unreacted volatiles were
removed under high vacuum (~0.05 mbar) at
50°C until the characteristic IR signal of the OH
group of methanol (at 3000-4000 cm ') disap-
peared, leaving the product as a colorless oil. This
was weighed and the yield determined by simple
mass balance, after confirming that the product
consisted solely of functionalized polysiloxane.

Typically, for the ether functionalized mate-
rial, 2-ethoxyethanol (3.5 g, 38.1 mmol) was
treated with 30 mg (8 X 10~ ° moles) of the cata-
lyst and then reacted with 28 g (12.7 mmol) of
(15-18%)-methylhydrido-(82—85%)-dimethylsi-
loxane copolymer. For the ester functionalized
material, ethyl-2-hydroxylhexanoate (6.6 g, 40.8



FUNCTIONALIZED POLYORGANOSILOXANES 811

Table I Summary of Polyorganosiloxane Syntheses, Process Conditions, Product Yields, and

Functionalities™
Quantities Charged g (mmol)
Polymer® Precursor® Polymer Precursor Yield (%) Functionality (%)
11 mol % Functionalized Polyorganosiloxanes
1 A 30 (13.6) 4.5 (3 X 13.6) 83 114
2 B 28 (12.7) 3.5(3 X 12.7) 97 11.3
3 C 30(13.6) 6.6 (3 X 13.6) 48 104
4 D 30 (13.6) 3.6 (3 X 13.6) 86 12.2
30 mol % Functionalized Polyorganosiloxanes
5 A 30 (14.6) 13.6 (9 X 14.6) 93 29.7
6 B 30 (14.6) 9.7 (9 X 14.6) 95 30.5
7 C 20 (9.8) 14 (9 X 9.8) 87 33.6
8 D 20 (9.8) 7.8(9 X 9.8) 86 30.0
4 mole % Functionalized Polyorganosiloxanes
9 A 30 (2.3) 1.7 (9 X 2.3) 95 3.6
10 B 30 (2.3) 1.5(9 X 2.3) 96 3.7
11 C 30(2.3) 2.7(9 X 2.3) 91 3.8
12 D 30 (2.3) 1.5(9 X 2.3) 81 4.0

* Reaction time for each of the above reactions: 120 h. Total quantity of catalyst normally added to each reaction: 60 mg (1.6

X 10™% mol).

2 1-4: (15-18%)-methylhydrido-(82—85%)-dimethylsiloxane copolymer; 5—8: (30—-35%)-methylhydrido-(65—70%)-dimethylsilox-
ane copolymer; 9-12: (3—4%)-methylhydrido-(96-97%)-dimethylsiloxane copolymer.
b A: 3-dimethylamino-1-propanol; B: 2-ethoxylethanol; C: ethyl-2-hydroxy-hexanoate; D: n-pentanol.

mmol) was treated with 30 mg (8 X 10~° mol) of
the catalyst and reacted with 30 g (13.6 mmol) of
(15-18%)-methylhydrido-(82—85%)-dimethylsi-
loxane copolymer. For the alkyl functionalized
polymer, 3.7 g (40.8 mmol) of n-pentanol was
treated with the same amount of catalyst and
then reacted with the same quantity of the pol-
ysiloxane polymer as noted above (Table I).

Preparation of Dichloro(1,5-Cyclooctadiene)-
Platinum(ll) Catalyst

The catalyst was prepared after a modification of
the procedure reported in the literature.?? A sam-
ple of 4.0 g (6.72 mmol) of hydrated chloroplatinic
acid was dissolved in 12 mL of glacial acetic acid
at 75°C in a 100-mL Erlenmeyer flask. 1,5-Cy-
clooctadiene (5.2 g, 6.72 mmol) was added to the
warm solution, and the reaction mixture was
swirled gently and then allowed to cool slowly to
room temperature. The solution was diluted with
40 mL of distilled water to yield a black suspen-
sion. The mixture was stored for 1 h and then
filtered using a Buchner funnel. The black solid

was collected, washed with 40 mL of distilled
water and 80 mL of diethyl ether. The crude prod-
uct was suspended in 1.6 1 of dichloromethane
and the mixture was heated at boiling for 5 min
and then cooled to room temperature.

Chromatographic grade silica gel (100-200
mesh) (6.0 g) was then added and the mixture
allowed to settle. The mixture was filtered and
the solid residue washed with 200 mL of dichlo-
romethane; the washings were added to the fil-
trate. The dichloromethane solution was evapo-
rated until the product started to crystallize
(~200 mL). The hot solution was then poured into
800 mL of petroleum ether (40—-60°C) to yield the
product as a white solid which was filtered and
washed with 80 mL of diethyl ether and then
dried at room temperature. The yield was 2.5 g
(62.5%).

Experimental Measurements and Instrumentation

Each of the functionalized polyorganosiloxane
polymers was characterized by elemental analy-
sis, TH-NMR, and *C-NMR, and Fourier trans-
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Figure 2 'H-NMR spectrum of 30 mol % ether functionalized polyorganosiloxane.

form infrared (FTIR) spectral measurements. Vis-
cosity, surface tension, and density were also
measured.

FTIR spectra were measured in the region
400—-4000 cm !, using a Nicolet 20SXB FTIR
with a deuterated triglycerine sulfate (DTGS) de-
tector, or in some cases with a Perkin—Elmer 599b
spectrophotometer. Proton and '3C {*H}-NMR
spectra were recorded in CDCl;, using a JNM-
GX270 instrument equipped with a 5.0-mm car-
bon/hydrogen probe or, in some cases, with JEOL

PS 100 and GX 270 instruments. Between 12 and
64 scans were obtained for the proton spectra and
2000—4000 scans for '3C spectra. Chemical shifts
are given in ppm downfield from internal SiMe,.
IR and NMR data are summarized in Table II.
Elemental analyses for carbon, hydrogen and ni-
trogen were performed using a Carlo Erba model
1106 Elemental Analyzer. Viscosity measure-
ments were performed using Brookfield digital
rotational viscometers at shear rates ranging
within 0.4-79.4 s~ !. Surface tension measure-
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Figure 3 '3C-NMR spectrum of 30 mol % amine functionalized polyorganosiloxane.
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Figure 4 FTIR spectrum of 4 mol % ester functionalized polyorganosiloxane.

ments were performed using the plate method of
surface tension measurement. Density measure-
ments were performed using a 10-mL pycnometer
flask. The stability of the polymers was assessed
by analyzing the polymers by FTIR and 'H-NMR
measurements over a period of 6—12 months. All
these measurements and analyses were per-
formed at ambient temperature (i.e., 25°C).

RESULTS AND DISCUSSION

Polymer Synthesis and Spectral Characterization

The platinum-catalyzed reaction of HO(CH,), R
with Si—H containing siloxanes [Me;SiO(MeSi{H}
0),(MeySi0) SiMe;] yielded fluid, functional silox-
anes Me;SiO[MeSiO(CH,),R],(MeySiO), SiMey
with different concentrations of amine, ether, ester,
and alkyl side-chains. Yields are given in Table I.
Each of the new polymers was analyzed and
characterized by '"H-NMR and 3C-NMR spectra.
The former were used to determine the degree of
functional group loading of the products, and rep-
resentative 'H-NMR and '3C-NMR spectra of
ether and amine functionalized polymers are
shown in Figures 2 and 3, respectively. To deter-
mine the degree of functionality accurately, x in-
tegrations for the total number of hydrogen atoms

in the side-arm functionality were compared with
the total integrated signal for the Si—CH; groups
(all centered at ~0.1 ppm); thus, the degree of
functional group loading for each polymer was
obtained. These values are summarized in Table
I. It is apparent that there is good agreement
between expected and observed loadings. The *H-
NMR spectra of amine functionalized polyor-
ganosiloxanes (4, 11, 30 mol %) are all expected to
exhibit 5 signals, and as shown in Table II, all five
signals were detected and have been assigned.
NMR studies of the ether, ester, and alkyl func-
tionalized polyorganosiloxanes are summarized
in Table II and are illustrated for the ether con-
taining product in Figure 2. In all cases, super-
imposition of two resonances reduces by one the
number of observed signals compared with the
number expected.

Each of the polymers was also characterized by
FTIR spectroscopy. Major absorptions are sum-
marized in Table II for each of type of functional
polymer, and a representative spectrum of an es-
ter containing product is shown in Figure 4. The
polymers exhibit very similar spectral features,
except for the ester functionalized polymer, which
has an additional strong absorption band at 1740
cm ! due to the C=0 stretching mode of the ester
group.
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Table III Elemental Analyses for Functionalized Polyorganosiloxanes

Found Calculated

Polymer (mol %) %C %H %N %C %H %N
Amine Functionalized Polyorganosiloxane

3.6 33.0 8.2 2 34.3 8.4 0.7

11.4 36.9 8.9 2.5 36.0 8.6 1.8

29.7 38.6 8.7 5.1 38.8 8.8 4.0
Ether Functionalized Polyorganosiloxane

3.7 33.5 8.2 — 33.9 8.3 —

11.3 33.6 8.2 — 34.8 8.3 —

30.5 36.3 8.2 — 36.7 8.3 —
Ester Functionalized Polyorganosiloxane

3.8 33.7 8.2 — 35.1 8.3 —

10.4 36.0 8.3 — 37.6 8.3 —

33.6 414 8.2 — 42.2 8.3 —
Alkyl Functionalized Polyorganosiloxane

4.0 324 8.2 — 34.5 8.4 —

12.2 36.9 8.7 — 36.5 8.6 —

30.0 40.5 8.9 — 40.6 8.9 —

Dichloro(1,5-cyclooctadiene)platinum(II) catalyst (CgH;,PtCl,)
26.5 3.4 — 25.7 3.2 —

2Too low for accurate microanalysis on the instrumentation available.

Elemental analyses for the C and H and, where
relevant, N, content of each functionalized poly-
mer are presented in Table III. Calculated data
are based upon the chemical structure of each of
the polymers as obtained from the "H-NMR spec-
tral analysis. Experimental and calculated re-
sults are generally in close agreement, thus con-
firming the identity and constitution of the prod-
ucts.

Material Properties

The viscosity and surface tension of each func-
tionalized polymer were measured under vary-
ing conditions. Viscosity measurements were
carried out at room temperature at shear rates
ranging within 0.4-79.4 s~ !, with the results
summarized in Table IV. All polymers exhibited
Newtonian behavior over the range of shear
rates monitored, as the solution viscosity of
each of the polymers was found to be constant
within that range (Table IV). In addition, all the
functionalized polymers exhibited higher vis-
cosity than poly(dimethylsiloxane) analogues.

The incorporation of functional groups onto the
backbone of the polyorganosiloxane is expected
to promote intermolecular side-chain associa-
tion, leading to an increase in hydrodynamic
volume, and consequently an increase in the
viscosity of the functionalized polymers. The
enhancements observed in this study are con-
sistent with reports in the literature for other
hydrophobically associating polymers.2326-30
Furthermore, as the functional loading on the
polymers increases from 4 to 30 mol %, most of
the functionalized polyorganosiloxanes exhibit
a sharp increase in viscosity consistent with the
formation of large aggregates with a high hy-
drodynamic volume, and high resistance to
shear and flow.2372%28:29 A small number of the
polymers depart from this behavior, however.
Measurements on these exceptions were re-
peated several times on freshly prepared sam-
ples, but with the same results. The figure for
the 30 mol % alkyl functionalized polyorganosi-
loxane appears to be anomalously low, but we
can offer no immediate explanation.
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Table IV Solution Viscosity, Surface Tension, and Density of Functionalized Polyorganosiloxanes

Viscosity (cps)

Surface Tension (mN/m) Density (g/cm?®)

Unfunctionalized Polyorganosiloxane

18.8 0.93
19.3 0.94
19.3 0.95

Amine Functionalized Polyorganosiloxane

(3-4%) methylhydrido copolymer 37.7
(15-18%) methylhydrido copolymer 34.9
(25-30%) methylhydrido copolymer 42.6
3.6 mol % 46.2
11.4 mol % 69.2
29.7 mol % 138

19.8 0.94
20.5 0.95
21.0 0.97

Ether Functionalized Polyorganosiloxane

3.7 mol % 46.6
11.3 mol % 68.0
30.5 mol % 100.2

19.8 0.95
20.4 0.97
20.7 0.99

Ester Functionalized Polyorganosiloxane

3.8 mol % 53.7
10.4 mol % 148.5
33.6 mol % 146

20.2 0.95
20.8 0.98
22.3 1.00

Alkyl Functionalized Polyorganosiloxane

4.0 mol % 46.1
12.2 mol % 235
30.0 mol % 90.0

19.7 0.93
20.0 0.81
21.3 0.79

The surface tension of all functionalized and
unfunctionalized polymers was determined, and
these data are reported in Table IV. All polymers
exhibit a high surface activity as the surface ten-
sion obtained for each of the polymers is low,
ranging within 18.8—22.3 mN m !, at room tem-
perature. These figures are in a similar range to
the reported room temperature values of 1621
mN m ' for PDMS of various molecular
weights.3! This behavior can be attributed to the
amphiphilic structure of the polymer, which also
accounts for the tendency of the polymer to accu-
mulate/adsorb at the interfaces between phases.

The results of the density measurements are
given in Table IV. The functionalized polymers
exhibit a greater density than that of unfunction-
alized PDMS, and the density of the new poly-
mers also increases as the functional loading in-
creases, with the exception of the alkyl function-
alized polymers which contain nonpolar side-arm
substituents.

CONCLUSIONS

A series of novel, functionalized, hydrophobic,
fluid polyorganosiloxanes of the type Me;SiO-

[MeSiO(CH,),,R],(MeySi0),SiMe; has been pre-
pared in good yield by the reaction of Si—H-con-
taining poly(methylhydridosiloxanes)dimethyl-
siloxane copolymers, [Me;SiO(MeSi{H} O),
(Me,Si0),SiMe], with primary alcohols contain-
ing terminal amine, ether, ester and alkyl func-
tional groups using a dichloro(1,5-cyclooctadiene-
)platinum(Il) catalyst. The products have been
characterized by 'H-NMR, *C-NMR, and FTIR
spectra, and elemental analysis, and their viscos-
ity, surface tension, and densities measured.
Each of the polymers was found to exhibit New-
tonian behavior over the range of shear rates
0.4-79.4 s™! and also enhanced viscosity com-
pared with poly(dimethylsiloxane) fluids. The
functionalized polyorganosiloxanes also exhibit
very low surface tension and an increase in vis-
cosity and density as the functional group loading
increases in almost all cases. The new polymers
were found to be stable for a period of in excess of
six months at room temperature as indicated by
unchanging FTIR and "H-NMR spectra over that
period.
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