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ABSTRACT

A study has been made of the densities, the surface tensions and their
temperature coefficients, the interfacial tensions against water, the spread-
ing pressures and the force-area and potential-area relations of monolayers
of various types of linear polyorganosiloxanes on water.

The McLeod constants and parachors have been calculated and their
application to the type analysis of the “silicones” is discussed. Relations
have been found between the “critical” spreading pressure, the spreading
coefficient, and the viscosity. The study of the force-area curves revealed
that the polymethylsiloxanes and the related polymers containing a small
proportion of phenyl substituents are able to coil reversibly into helices
made up of six monomers per turn. At low film pressures each helix uncoils
and the molecule adsorbs with the long axis in the water. The length of the
helix increases with the temperature, The potential-area changes with mole-~
cular packing were unusual. The electric moment per monomer has been
obtained and its significance is briefly discussed. Conclusions relative to
the molecular structures in thin films have been carried over to the three-
dimensional liquid state. It is shown that a qualitative explanation can be
given of the variation with substituents in the viscosity indices of the differ-
ent linear polyorganosiloxanes and of the unusually high values of the methyl-
substituted compounds.

PROBLEM STATUS

This is an interim report on this problem; work is continuing.

AUTHORIZATION

This study was undertaken under Problem Number 32C26-01 entitled
“Investigation of Oil Additives with Particular Reference to Adsorption-
Desorption Equilibrium of Additive Agents at the Oil-Metal and Oil-Water
Interfaces”.
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SOME SURFACE-ACTIVE PROPERTIES
OF THE LINEAR POLYORGANOSILOXANES - PART I

INTRODUCTION

Many of the physical and chemical properties of the polyorganosiloxanes (or "siliconeg!)
have been described recently.* Relatively few data have appeared concerning the surface-
active properties, and their relation to molecular structure. This discussion deals with
some of the properties of the available polyorganosiloxane films when adsorbed at the gas-
silicone and water-silicone interfaces. Part II, to be published, will be concerned with
adsorption phenomena at the interface between aqueous solutions and silicones.

EXPERIMENTAL
Materials and Apparatus

The linear polymethylsiloxanes from the dimer to the heptadecamer were carefully
purified compounds having trimethylsiloxy end groups. Many of the properties of the dimer
through the octamer have been described by Hunter et al.t The DC 500 series fluids are
commercial mixtures of homologous linear polymethylsiloxanes, those under 5 centistokes
(cstks)in viscosity apparently being distillation cuts. The samples of this series having
viscosities lower than 5 cstks comprised a small range of molecular weights approaching
pure compounds at the lowest viscosities (0.65, 1.0 and 1.5 cstks). This is evidenced by
the close agreement of the surface tensions and densities with those measured for the linear
dimer, trimer and tetramer. The polyethylsiloxanes and polymethylphenylsiloxanes used
are producers' samples from pilot plant batches of mixed homologous compounds. The
type classgifications of these fluids given in Table I are based on the analyses of this
laboratory, and particularly upon the results from infrared absorption studies. Almost
all of the measurements were made in a constant temperature room held at 20 + 0.2°C.
The relative humidity was held between 50 and 60 percent. A Cenco-Du Nouy interfacial
tensiometer was used for measuring the surface tensions of the materials which were
available in sufficient quantity, the usual corrections?t beingapplied. The surface tensions
of the rarer materials and all the interfacial tensions were measured with a drop-weight

* Baker, E.B., Barry, A.]., and Hunter, M. j Iru:l Eng . Chem. 38, 1117 (1946); Brophy, JE., Mllitz R.O., and
Trans. _A 8. M_E May 1946 Hunt.er M. ., Hyde ]J. E. Warrlck, E. L., and Fletchel‘ H ] [ Am Chem. Soc 63
667 (1946); Hunter M. ]., Warrick E L., Hyde, . F., "and Currie, C. C J. Am, Chem_gp_c 68, 2284 (1946);
Hurd, C. B., J.Am. Chelp Soc. 68, 364 (1946) Patnode W., and W:lcock D.F., J. Am, Chem. Soc. Soc 68, 358 (15486);
Sauer R. 0 and Mead, D.]., I__m Chem. Soc. 68, 1794 (1946}. Suihvan M. ’V Wolfe, J. K., and leman W.A.,
“The Flammablhty of the Hagher Boiling Liquids and Their Mists” Ind. E Chem, (In Presa), Wilcock, D. F.,
J. Am. Chem. Soc. 68, 891 (1946).

1 Hunter, M. J., Warrick, E. L., Hyde, J. F., and Currie, C.C., ]. Am. Chem. Soc. 68, 2284 (1946).
{ Harkins, W.D., and Jordon, H.F., ]. Am. Chem. Soc. 52, 1751 (1830).



apparatus, and the appropriate correc-
tions* were made. The measurements
on the same materials using both in-
struments agreed within 0.1 dynes/cm.

The drop-weight apparatus con-
sisted ofa 1-ml Becton-Dickinson hy-
podermic syringe, the plunger of which
wasadvanced by a micrometer screw.

This made it possible to measure the

expelled volume of liquid to+ 0.00008
ml. About 90 percent of the drop was
formed by manually advancing the
screw, and the remainder was allowed
to form by driving the micrometer
serew through a rubber coupling with
a geared-down synchronous motor ro-
tating one revolution in five minutes.
This device expelled the liquid at the
rate of 0.00003 ml/sec. The drive
motor could be stopped in a fraction
of a second after the drop fell. The
dropping tips, which were made of
platinum ground to fit the taper of the
syringe, had diameters of 4, 2 and

NAVAL RESEARCH LABORATORY

TABLE 1

Type Classification of the Polyorganosiloxanes Studied

Identification Viscosity On Te'?:gnr;c Un Other | Estimated Ratio®
csths at 25°C 5i Atoms 8i Atoms phenyl/methyl
Linear Polymetiyl- |
siloxangs
e 560 All Vise. Trimethyl Methyl 1]

Linear Polyethyi- |
siloxanes |

Al 13 Triethyl Ethyl o

A2 50 " g 0

A3 158 " e o
Linear Polymathyls
phenylsilodanes

Bl a5 1 Phenyl 2 Mathy! .60t

ur 27 r".l"rlmethyl Methyl - Phenyl 0,63

B3 50 | i atd 0.14

(1 50 N Trimethyl § & ! 0.53

Ba 12 %Trlme‘.llyl * & 048
Note: ‘ilese type classif AFe App and do not comipletely :x;lude the

presence of other siloxane structores.
* A rough estimiteé bazed on the ratio of intensities of infrared ahsorption maximd.
T Here the actunl ratio of phenyl to methyl groups 15 0.5,

T Probably terminal group has methyl and phenyl substitution.

0.75 mm measured to +0.0025 mm with 2 micrometer caliper. Densities were measured
in 10-ml Sprengel tubes thermostatted at 20.00° + 0.05° C.

The Langmuir film balance used in the majority of the experiments consisted of a
stainless steel trough which was 1.3 ¢t deep, 14 cm wide, 65 ¢m long on the working side
of the float and 20 ¢m long on the other side. The torsion head used was taken from a
Cenco "Hydrophil Balance" fitted with a steel torsion wire requiring a twist of 6 degrees toexert
a force of 1 dyne/cm at the float. The mica float was fastened to the trough with strips
of annealed platinum 3 mm wide and 0.0001 in. thick. For experiments on the effect of
aqueous ions and variations in the pH, a Pyrex trough approximately 15 cm wide, 68 cm
long and 5 cm deep was used with a specially made torsion head fitted with a wire requir-
ing a twist of 5 degrees to produce a force of 1 dyne/cm at the float. Film potential
measurements were made with the vibrating electrode method of Zismant using an elec-
trically driven gold electrode 4 cm in diameter held approximately 1.5 mm above the
water, a small Rubicon potentiometer, and a cathode-ray oscillograph (instead of a tele-
phone) to detect the null point. The direct electrical contact with the water in the film
balance was made by an immersed gold plate. Such potentials were easily and rapidly
measured to +5 millivolts. A precision of £2 millivolts could be obtained when required
by decreasing the separation of the vibrating electrode and the water.

It was essential to remove any traces of more surface-active compounds present as
impurities by percolating each fluid through a long, narrow column packed with a suitable

* Harkins, W.D., and Brown, F.E., . Am, Chem. Soc. 41, 499 (1918),

t Yamins, H.G., and Zisman, W. A., . Chem. Phys. 1, 656 (1833); Zisman, W.A., Rev. Sci. Instr. 3, 367 (1932).
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TABLE 1l

il The Surfice Tensions, Interfacial Ténsions Againgt Water,
Densities, MeLeod Constants and Piarachors For Some Linear Polymethylziloxanes

(all meagurements at 20°C)

selective absorbent. The "equilibrium"

The Gas-Silicone Interface

spreading pressures of the DC 500
fluids (discussed below) were found to
be decreased permanently by this pro-
cedure and were used to indicate the
relative effectiveness of removal of
adsorbable impurities by the various
adsorbents tried. As "Florisil" was
the most effective of the adsorbents
tested, it was chosen for use in puri-
fying all of the silicones discussed here,

The surface tensions in air are
given in Tables II and III. No change
exceeding a few tenths percent was

Substance Surface Interfacial 'Der\sity McLeod lParachori'Parathnr
| Tension Tensions 207/4" |Constant | for
Dynes/cm | Against Water Silicon
Dynes/cm |
! 2| R | T e
Pure Compounds -
Dimer 15.7 L7636 2.608 423 333
Trimer 16.96 L8260 2,475 585 | 32.1
Tetramer 17.60 L8536 2.400 T45 | 313
Pentamer 1810 L8755 2.356 908  30.6
Hexamer 18.45 L8810 2,326 1067 40.3
Heptamer 18.60 Jg11* | 2.280° 1215~ |28.2»
Octamer 18.82 -813* £.281% 1385~ |29.3* ®
Fonamer 19,24 | 37.0% -B173 2.283 1554 30.3
Dodecamer 14,58 SiLEy L9314 2.258 2e4n 20,1
Heptadecamer 19,87 o 27.3% 5428 2,239 | 2852 0.2
! .

DC 500 SBeries

0.65 catks 1 15.7 39.8 L1631 2.608

1.0 * 18.8 2.3 8199 2469

15 . 175 42.4 .B538 2,395

3.0 x 185 40.0 L8838 2,310

5.g = 19.0° | 422 0177 | 2am |
10 Ly 19.4 38.9 930z | 2234 |
35 = 14,9 430 8560 | 2214 |
56 5 20,2 843 | 2o
0 5 20.3 9683 | 2,196 ]

* These values are approximate
1 Unpercolated

1 All viscosities at 25°C

were not homologous. These surface
tensions and especially those of the
polymethylsiloxanes are very low for
materials of such densities and boiling
points. It is illuminating to note that
the data for the series of normal ali-
phatic hydrocarbons lie on a linear
curve which is displaced considerably
from the curve for the polymethylsi-
loxanes. The silicone fluids when at
room temperature dissolve about 25
percent of their volume of air. A series
of surface tension measurements were
made in a helium atmosphere after
stripping the air from the fluids by
evacuation and subsequent bubbling of
helium through them. However, the
surface tensions were found to be the
same as in air.

The corrected surface tensions
and densities in air at several temper-
atures, of all of the linear polyorgano-

siloxanes studied, are given in Table °

III. A more extended range of temper-
atures was used in the measurements
on the 35 ecstks DC 500 fluid, and the
surface tension was found to change

found in the densities or surface ten-
sions due to percolation. When surface
tension was plotted against density, a
linear graph was obtained for all of
the polymethylsiloxanes of Table II
The data for all of the ethyl- and phenyl-substituted polymers fell well off the line, and
they did not lie on any other straight line. This is to be expected since these polymers

TABLE HI
Eifect of Temperature on Surface Tension and Density
wf Yarious Polyorganosiloxanes
Fluid and Viscosity at 25°C Temp. !D-T-nm:y Surface Coelfivient of
t*/ 4" ['Tonsion cubical 4 ay
c* Expansion x 107~ A0
Linear Polymethylsiloxanes
Heptadoeamer 20 G428 19.9 .07 0,087
35 09283 | 18:9
BC 500-35 csths 3 0.9684 21.10
19 0, 9646 20.65
15 0,9602 20,38 100 0.067
20 0,8557 20.00
23 0.9514 19.87
30 0.9640 14,35
35 0.9425 19.00
e e 2w il !
Linear Polyethylsiloxanes
Al - 13 cstks 20 0,5535 2335 0.87 0,060
35 0.9418 22.4
A2 - 50 cstka 20 . 9508 237 0.80 0.060
35 11,9795 22.8
A - 158 estks 20 09541 23.7 087 0.a73
35 0.8840 24.6
Linear Polymethylphenylsiloxanes
Bl - 3.5 cstks 20 09808 28.8 .87 0.080
35 .9666 28.4
B2 - 27 osthe 20 L0735 28.8 0,72 0.080
35 10612 7.4
B3 - 50 catks 20 0.9955 22.2 | 0.93 .12
35 0.8827 20.4
B4 - 50 cstks 20 1.0704 212 069 0.11
a5 1.0586 25.5
BS - 102 csthks 20 L0787 26.1 ;71 [BURE!
= 35 |1i0665 | 24 A

>4

T
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L pcd



4 NAVAL RESEARCH LABORATORY

linearly with the centigrade temperature as follows:
157= 320 - t (1)

The McLeod constant for this material is 2.213 + 0.002. The EO0tvos constant was
also calculated using the data on the polymethylsiloxane heptadecamer. The resulting
value of 3.6 is much higher than the "normal" value of 2.1, Fluid Bl was assumed to be
a phenyl-substituted dimer as indicated in Table I. The E&tvds constant calculated on this
basis is 2.8. It is usually considered that a high Edtvds constantis indicative of a linear
molecular structure, and this is obviougly true here, .

Sauer= has derived the group and bond refractions of a wide variety of organosilicon
fluids and showed they can be used for determining the average composition of the poly-
methylsiloxanes. A more limited, though similar, analysis employing the atomic para-
chors was made and used by this Laboratory during the war for the identification of silicones.
An example may be given for a linear polyorganosiloxane containing only methyl and ethyl
group substituents. If no other groups are present, and m and e are the ratios of the num-
ber of methyl and ethyl groups to the number of silicone atoms n, the polymer may be rep-
resented as follows:

(CH3)y (CzHs)e Si 0(4 -(e+BI)) (2)
2

Assuming aduitivity of the parachors, the specific parachor,p is then:

1
ml?’CH3 + el'-’czl’15 + Pg e [4 -(e+m)] P,

P
mMCR, + eM62Hs+ Mg; +% [4 -(e+m)] M

(3)

where P and M refer to the group or atomic parachors and weights, respectively.
Using Sugden's figurest for the parachors of CH,, CHjy, O, and the authors' figure of
30.2 for Silicon, the expression reduces to:

i 46.1m + 85.1e + 70.2 (a)
7.03m + 21.06e + 60.06
When e = 0 m = p-1169 (5)
0.7676 - 0.1170p
Since =-2-%-2i : (6)

relations (5) and (6) may be used to calculate n as well as the molecular weight of a linear
polymethylsiloxane. It must be noted, however, that as the molecular weight becomes large,
m approaches 2 as a limit and p changes very slowly. This makes it difficult to compute
accurately the mass of a high molecular-weight polymer.

*+ Sauer, R. 0., ]. Am. Chem. Soc. 68, 954 (1948).

(1930).
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The values for the methyl/silicon ratio are high when calculated using Sugden's early
value® of the parachor of silicon of 27.8. Hunter et alt concluded that in four of the low
molecular-weight cyclic polymethylsiloxanes the parachor of silicon varied between 25.8
and 27.1. Hunter and another group of workerst recently reported surface tension and
density data for some linear polymethylsiloxanes. From these data the parachors have
been computed for silicon and werefound tovary from 27.8 to 31.1. Data of the authors
are closer to the latter, the parachor for silicon becoming constant at 30,2 for linear
polymethylsiloxanes containing more than 5 silicon atoms in the molecule. Equations (5)
and (6) appear to discriminate the chain length satisfactorily up to the heptadecamer.

The Distilled Water -Silicone Interface

When in two non-miscible liguids 'YB>'F A+t7Yap> liquid A will spread on liquid B. The
indicative quantity Yg-(¥a +7aAp) has been called the initial spreading coefficient§.
Washburn and Keim ** , employing a convenient and rapid hydrophil film-balance method,
have shown experimentally that this coefficient is equal to the equilibrium spreading pres-
sure for a number of liquid organic compounds on water. Their method was used in this
study with eicosyl aleohol serving as the "piston film" material, Preliminary trials showed
that there was no single pressure at which a bulk lens of a polymethylsiloxane fluid was in
equilibrium with a monolayer of the same substance. However, two pressures which the
authors call "critical spreading pressures" could be observed experimentally: (a) a pres-
sure S, at which a visibly thick droplet changed in size considerably with a small decrease
in pressure; (b) a pressure S,, which was 0.1 to 0.5 dynes/cm lower than S,, where a thin
disc showing interference colors increased or decreased in size rapidly with little change
in pressure. Pressure 5; was the more reproducible and represented a highly compressible
and reversible state of the silicone film as confirmed by the force-area studies described in
the next section. Pressure S,, which is the pressure necessary to reduce the thin film to
bulk liquid, increased rapidly with each expansion and recontraction of a givendroplet, until
the pressure was several dynes/cm above the value for the first expansion and contraction.
This phenomenon was evidenced in the force-area curves given below and will be discussed
again in that connection.

Table IV shows the effect of the various adsorbents on the value of S, for the 70 estks
DC 500 fluid. Of all the adsorbents tried "Florisil" produced the largest effect. After the
first percolation of each silicone sample a yellow ring was left at the top of the column of
adsorbent. This yellow material had an aromatic odor but no attempt was made to identify
it. No such residue was left after the second percolation, On simply standing in contact
with the atmosphere in a clean pyrex container, the silicone fluids developed higher values
of 8, than were exhibited by freshly percolated materials, the greatest change taking place
in the first few hours. However, the critical pressure §; did not revert back to the values
for the unpercolated fluids. For example, in several experiments, the fluid was taken di-
rectly from the delivery tube of the adsorption column, and 8; was found to be as small as
7.9 dynes/cm. Within two hours after percolation the same batch of silicone was tested and

(‘ 9Sug;clen, S., and Wilkins, H., J. Chem. Soc., 126 (1831); Sugden, 8., The Parachor and Valency, Alfred A. Knopf
1830).

t Hunter, M. ]., Hyde, J. F., Warrick, E. L., and Fletcher, H. J., ]. Am. Chem. Soc. 68, 667 (1946).
t Hunter, M. ., Warrick, E. L., Hyde, J. F., and Currie, C.C., . Am. Chem. Soc. 68, 2284 (1946).
§ Harkins, W.D., and Feldman, A., ]. Am. Chem. Soc. 44, 2665 (1822).

** Washburn, E. R., and Keim, C.P., J. Am. Chem. Soc. 62, 1747 (1840).

TATATYSY IINU
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T
S, had become about 10.0 dynes/cm. e
iti - The Critical Spreading Pressure of a Polymethylsiloxar
;]‘:‘l'llf critical %rfisu;e Sl wg'salmgo After Percolation Through Various A‘\;snrbent:\; =
ully measure o hours an =15}
¥y .- Adsorbent Spreading Pressure of
days after percolation for the series 70 cstia DC 500 Fluid
of DC 500 fluids of Table V. These After Percolation
fluids were stored the entire time after None 15.0 dynes/em
Filt 14.8
= . 1] L re
percolation in clean stoppered pyrex c;mf:o‘;l‘*";g’,mm “Hhckas¥y iz
bottles. In each instance nearly all of g:;;mmgm{?éfgfgggﬂcﬂ;f:% 135
the increase in S, of 0.2 to 1.0 dynes/ Florisil 1335:30-“5;. (Floridin Co.) i
cm occurred in the first few hours, :
i i Note: The adsprbents were activated by & four hour buking at 250°C,
From Table v it w111 be noted t'hat Sl They were used immediately after cooling to room temperature.

increased with decreasing molecular
weight (or viscosity). When the loga-

rithm of the viscosity at 25°C was i
plotted ag-amst_the critical _pr-essure Critheat Apreaieog ;ng:riél:{ J‘%‘;ﬁ ghn%!ﬁ::lfﬁl&annes
8,, a straight line was obtained pro- —M = e = e
vided the graph pﬁiﬂts for the fluids Viscosity (cstks) [ ’l‘.ﬁhgej::-:le.t"ad B lﬂﬁm]:ﬁlt:i S;:?idi:;i‘.’ae{:ttlent
: §, Measured 2 llours From Data of | From Data of Table I and
Of 3'0 cStks or IESS were disregarded‘ al 25" C ]al'ter percolation | Tablell [SABJ Interfacial Tension of 42.5
This is not unreasonable since it is Column 1 Colutan 2 Columin 3 Coliimn 4
shown later that the silicones below oas | 14sp 17.2 14,8
the octamer (4 cstks) donothave criti- or 4 | 3 i
i 3.0 133 14.3 11.8
cal spr_e?&ng' pressure_s butmay have 2 2 a3 18
an equilibrium spreading pressure. 10. 116 13.4 10.9
56. 10.2 ; 10,1
The spreading pressures of the LR SRTIUN e R LS Y e W G bl

giliconesare greater than those ofall

but the veryvolatile hydrocarbons but

are less than those of most hydrocarbon derivatives containing a single hydrophilic sub-
stituent. The polyethylsiloxane fluid (A2) showed no evidence of possessing such a critical
spreading pressure. The phenyl-substituted compounds showed a critical pressure similar
to 8; but it was less well-defined depending on the degree of phenyl substitution.

The interfacial tensions for the most part were more difficult to measure because of
the small density differences between the silicones and water. It was impossible to use the
ring method because even in containers 15 cm in diameter, the interface was appreciably
curved at the center, Some difficulty was experienced with the drop-weight method because
the drop became inconveniently large. Therefore, no measurements were made of the inter-
facial tensions of the silicones having viscosities over 35 cstks. The interfacial tensions
measured are listed in Table II and are uncertain to + 0.5 dynes/cm. The best value is
42.5 dynes/em. Percolation caused changes in the interfacial tensions, as would be ex-
pected from the fact that the surface tensions were not affected while the spreading pres-
sures were, For example, the interfacial tension of the 35-cstk DC 500 fluid was 36.9
dynes/cm when unpercolated and 43,1 dynes/cm after percolation. Allowing the silicone to stand
after percolation for lengths of time up to several hours did not seem to affect the interfacial ten-
sien although the experimental uncertainty in the measurement may have obscured minor effects.

It is interesting to calculate the initial spreading coefficient Spg of Harkins and
Feldman* from the surface and interfacial tension data of Table II. In Column 3 of Table
V will be found the values of Sppg calculated from the observed surface and interfacial
tension of Table II, while in Column 4 are the results when the best interfacial tension of
42.5 dynes/cm is used instead. The surface tension of waier at 20° C was taken to be 72.8 .

* Harkins, W.D,, and Feldman, A., ]. Am. Chem. Soc. 44, 2665 (1822).
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dynes/cm. The agreement of Columns 2 and 4 is as good as could be expected for all but
three of the fluids. This gives support to the treatment of the critical pressure S, asanal-
ogous or equivalent to the equilibrium spreading pressure. This will be discussed again
in another connection. Applying to the silicone-water interface the well-known relation for
the work of adhesion between two liquids A and B,

WAB‘;?’A"_)’B_YAB, (7}

it is found that the value of W g for the polymethylsiloxanes ranged from 47 to 53 ergs/cmz,
the higher values being obtained for greater molecular weights. This is only 10to15 percent
higher than the value for non-polar hydrocarbons.

THE FORCE-AREA RELATIONS FOR POLYMETHYLSILOXANES

It was found possible to study monolayers spread on water of all but the lowest mem-
bers of the series of polymethylsiloxanes of Table II. It was not possible to purify the
hexamer, heptamer and octamer by percolation through Florisil because not enough was
available. The silicone film was prepared by placing on the clean water surface of the
film balance the requisite quantity of the compound (usually 0.04 mg) dissolved in C.P.
benzene using a Harkins pipette.* The accuracy of the film balance was checked often by
measuring the equilibrium spreading pressure of benzene. This was found to be 9.5
dynes/cm in agreement with Washburn and Keim,t

In Figure 1 will be found the force-area curves for a series of DC 500 fluids on dis-
tilled water at 20° C. The abscissae are expressed in square meters of surface covered
per milligram of compound. The limiting areas of the film expressed in such units would
be expected to be slightly different for silicones of different viscosities because of the
differences in densities, since the same weight of each was used to form the films. No
evidence of hysteresis was encountered provided the films were not compressed beyond
12 dynes/cm. Even when the films were compressed as much as 30 dynes/cm there was
only a very slight decrease in the limiting area on decompression, and the inflection points
on the curves occurred at about the same areas. The similarity of these curves and the
close proximity of the points of inflection give good evidence of the structural similarity
of the DC 500 fluids. This result is in full accord with the conclusions of a number of in-
vestigatorsf that the F-A curves of linear polymers are essentially determined by the
properties of the monomer.

When the DC 500 fluids were allowed to remain spread on distilled water for long
periods, a gradual change occurred in the properties of the film. The results of the effect
of such aging are shown in Figure 2. After 24 hours of contact with the water the horizontal
portion of the F-A curve disappeared. This corresponds to the disappearance of the critical
pressure S;. The same resulis were obtained by using either well-waxed troughs of pyrex
or stainless steel and by using water which had been triply distilled in an all-tin still. The
gradual disappearance of the horizontal region of the curve, the steady increase in the limit-
ing area, and the increased pressure at very low areas all need explanation., These and

* Harkins, W.D., and Feldman, A., J. Am. Chem. Soc. 44, 2665 (1922).

t Washburn, E.R., and Keim, C.P., J. Am. Chem. Soc. 62, 1747 (1840).

t Crisp, D. ., ]. Colloid Science 1, 49 and 161 (1946).
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Fig. 1 - The F-A Curves for Some DC 500 Fluids

related effects caused by varying the pH and the agqueous ions present were investigated
and will be reported in Part II. For the present it is sufficient to point out that the effect
of aging the film on water is not significant in the length of time involved in obtaining the
F-A curves reported here.

A few F-A curves were also made at 5°, 18° and 38° C to determine the effect of tem-
perature (Figure 3). The rise in temperature caused the extrapolated area at zero pres-
sure to increase, the region of high compressibility occurred at progressively lower
pressures, and the extent of the collapse of the film at pressure 8, increased, The spread-
ing pressure S, decreases linearly as the temperature increases in agreement with the
conclusion of Cary and Rideal* from their work on liquid fatty acids and esters. The dis-
continuity of "kink" in the flat portion of the F-A curve also occurred at larger values of
the area when the temperature was raised.

Fisher -Hirshfelder atom models of the polymethylsiloxanes were made using silicon
atom models which were constructed assuming: (a) tetrahedral symmetry in the valence
angles, (b) a valence bond radius of 1.17 A, and (c) the usual calculated atom diameter
of 0.8 of the sum of 1.8 A plus twice the covalent bond radius. Inspection of the molecular
model offered explanations for many of the peculiarities of the F-A curves. Each of the
polymethylsiloxanes can be arranged in a caterpillar-like configuration with all of the
silicon atoms in line in the same plane and all of the hydrocarbon groups on one side of

* Rideal, E.K., An Introduction to Surface Chemisiry, 2nd Ed., 129, Cambridge Uni. Press (1930).

1 Pauling, L., Nature of the Chemical Bond, 155, Cornell Uni. Press (1839).
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(1} Initial Curve
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(3) After 4 Hours
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Fig. 2 - The F-A Curves for a DC 500 Fluid (56 cstk)

that plane. Such a molecule can adsorb so that all the silicon (and oxygen) atoms are inthe
water surface at low film pressures. Hurd* measured the molar volumes at 20° C of the
polymethylsiloxanes and obtained a value of 75.5 +0.2 ml per gram molecular weight of
monomer, The contribution of the end groups may be disregarded for the higher molecular-
weight polymers used here. On the basis of Hurd's measurements, the volume occupied by
a single monomer is 125 A3, Measurements on the caterpillar-like atom model showed that
each monomer occupied a parallelepiped having a volume of 132 A3, a height of 5.6 A and an
area of 22.7 A2, This value of the volume per monomer is in reasonable agreement with
Hurd's considering the fact that adjacent molecules can insinuate themselves a small dis-
tance inside the outer boundaries of the parallelepiped.

The abcissae of the F-A curves for the DC 500 fluids can now be expressed in square
Angstroms per monomer, for the area per monomer is the area covered by the film on the

* Hurd, C. B., J. Am. Chem. Soc. 68, 364 (1946).
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trough divided by the number of monomers in the mass of material used. The total num-
ber of monomers used can be obtained from the volume of the film (mass/density) divided
by the volume occupied by one monomer. This latter volume is simply the molar volume
divided by Avogadro's number. The limiting areas are the extrapolation of the low-pres-
sure linear portion of the F-A curves to zero pressure., On examining the F-A curve of
Fxgure 8 for the polymethylsilaxane fluid (35 estks) it is seen that limiting area is actually
92.9 A® which is in good agreement with the value derived above from measurements on
the molecular ball model.
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Fig. 3 - The Effect of Temperature on the F-A Curve
of the Linear Polymethylsiloxane Heptadecamer

The changes in the molecular packing and orientation involved in compressing a poly-
methylsiloxane film can now be outlined. The close-packed phase with every oxygen and
silicon atom still adsorbed at the surface appears at pressures of less than 1 dyne/cm.
This phase has a moderate compressibility which is a2 measure of the ease with which some
of the oxygen and silicon atoms can be squeezed out of the surface. If no large segments of
molecules are pushed out of the monolayers, a change in the arrangementof the atoms takes
place which ends at an area of approximately 16 A2 per monomer. In this state of com-
pression the average thickness of the film is computed to be 7.9 A, but no dispgsition of the
atoms with all the silicons lying in the surface will produce a thickness of 7.9 A. However,
a regular "zig-zag" arrangement of the atoms of the molecule is possible for which the area
occupied by each monomer is only slightly smaller than in the flat caterpillar configuration,
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and the height of the molecule is then approximately 7.9 A. The new configuration is such
that only every other silicon (or oxygen) atom is adsorbed at the air-water interface. In
that configuration the molecule is much more flexible and can be considerably twisted and
bent without strain. This may explain what goes on in the region of high compressibility
beginning at 16 A per monomer. Here the molecules can coil or fold up more easily and
portions can eventually be pushed out of the interface. The flatness of the graph in this
region indicates the occurrence of some important molecular transformation. It was con-
sidered possible that the siloxane chain was being coiled up to form a helix whose axis
was parallel to the surface of the water.

The film appeared to be liquid at all stages. It is noteworthy that even when the films
were subjected to pressures as high as 45 dynes/cm no collapse of the film was observed.
At the average thickness of 70 A the film became relatively imcompressible and the bulk
properties of the liquid emerged. In fact, careful inspection of the film showed striations
due to varying thicknesses in different portions of the film. In the highly compressible
region there is a small change in the slope of the curve which disappears after a small
rise in pressure. This occurred with each DC 500 fluid tried at about 0.80 square meters/
mg, which corresponds to about 10.0 A? per monomer and a film thickness of 12.5 A. This
discontinuity oecurred in every F-A curve whether stainless steel or pyrex troughs were
used and also with two different torsion heads.

The experiments on films of the pure polymethylsiloxanes were guided by the pre-
ceding conclusions. In Figure 4 are given the F-A curves at 20° C of the heptadecamer
and nonamer, while those of the dodecamer and octamer are in Figure 5. It was possible
to express the abscissae in terms of more useful units (square Angstroms per molecule)
because the molecular weights of those compounds were known. The curve for the hepta-
decamer resembles closely those of the higher molecular weight polymethylsiloxane mix-
tures shown in Figure 1. An important difference was that the heptadecamer film became
rigid at about 12.5 dynes/cm. On further compression the film crumpled, and it did not
spread again on decompression. The lack of reversibility of the highly compressed film
may be due to a chemical reaction with material in the water, and it will be discussed
again in Part IL

The points of inflection have been indicated by letiers on the curve for the heptadecamer
(Figure 4). At specific areas larger than that indicated by point A, the film is apparently
gaseous. Around pressures corresponding to point A the film is a close-packed monolayer
with every silicon and oxygen atom in the surface of the water since the limiting area agrees
closely with that calculated from the caterpillar ball model. Extrapolating the linear portion
of the curve near point A to zero pressure resulis in an area of 395 A2 per molecule which
corrgsponds to an average film thickness of 5.9 A. This is to be compared with the area of
415 Az per molecule and the thickness of 5.6 A measured on the caterpillar ball model. It
is not surprising that the measured specific area is smaller than the calculated since the
latter corresponds to the area of the enveloping parallelepiped. Point B corresponds to a
thickness of the monolayer of 7.9 A which, as shown earlier with the ball model, corres-
ponds to a "zig-zag" configuration with every other oxygen (or silicon) atom out of the sur-
face of the water. The change in slope at point C occurs at an area per molecule of 175 A2
corresponding to a film thickness of 12.7 A. Now a horizontal helical ball model coiled
into turns containing 6 monomer units each has a height of 12.5 A. It was not possible by
manipulating the ball model to wind it into a close-wound helix having a smaller diameter.
Point D marks the location where the area per molecule (40 Az) approximately equalled
the eross-sectional area of the straight caterpillar molecule taken at right angles to its
long axis.
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Fig. 4 - The F-A Curves of the Polymethylsiloxane Heptadecamer and Nonamer

From this interpretation of the behavior of the film of the heptadecamer, it would be
expected that the nearest homologues of shorter chain length would behave similarly, but
the similarity should eventually disappear when the number of silicon atoms in the chain
become too few to permit coiling into a helix. This was found to be true and the octamer
was the lowest homologue to show any similarity, The region BC varied as the chain
length decreased until it was no longer evident in the curve for the octamer. The area
for the dodecamer and nonamer molecules (state A) were found with the data of Figures4
and 5 to be 270 A? and 216 A2 respectively, while the corresponding heights were 6.06 A
and 5.6 A. These are to be compared with areas of 294 A2 and 221 A2 and a height of
5.6 A? calculated from the straight caterpillar ball models. From these graphs the heights
found for the coiled helical molecule (corresponding to state C) are 13.1 f and 12.5 A re-
spectively. The pressure at which the film became solid (state E) decreased with the chain
length. Thus the films of the heptadecamer, dodecamer, nonamer and octamer became
solid at 12.5, 12, 11.8 and 11.5 dynes/cm. The heptamer and hexamer became solid at a
pressure of somewhat less than 1 dynes/cm, and hence F-A curves cannot be given for
them. These solid films did not revert to liquid films when the pressure was decreased.

The following conclusions can now be made relative to the behavior of films of the
polymethylsiloxane nonamer, dodecamer, heptadecamer, or intermediate or higher homo-
logues, or mixtures of them. At the lowest pressures the gaseous film can be compressed
to a close-packed monolayer of linear caterpillar-like molecules with every oxygen (or
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Fig. 5 - The F-A Curves for the Polymethylsiloxane Dodecamer and Octamer

silicon) atom adsorbed in the water surface (state A). On further compression the mole-
cules buckle until every other atom of the siloxane chain is out of the surface (state B).
In this state the molecules are flexible stretched-out helices and are easily compressed
until they assume a close-packed helical configuration (state C). In going from state C

to state D the axes of the helices are tilted out of the surface and the helices are gradu-
ally uncoiled by the pressure until the film is squeezed into an arrangement of nearly
close-packed rods (state D) which are oriented so as to present their ends to the water
surface rather than their lengths. In this state van der Waals forces can come into action
to permit the monolayer to become solid at higher pressures (state E). Mixed polymethyl -
siloxanes like the more viscous DC 500 fluids do not freeze at high pressure because of
the wide distribution of chain lengths.

THE FORCE-AREA RELATIONS FOR POLYMETHYLPHENYLSILOXANES

The area coordinate in the F-A curves for the polymethylphenylsiloxane fluids was
expressed in square meters per milligram due to the unavailability of information on the
molecular weights and molar volumes. The F-A graphs are similar in shape to those of
the polymethylsiloxanes, the difference becoming more prominent with increase in aro-
maticity. In Figure 6 will be found the graphs for fluids B3 and B4, both of which have
viscosities of 50 cstks, and the graph of DC 500 fluid (35 cstks) for comparison. The

£ 3 B3N
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extent to which phenyl groups have been substituted is much greater in fluid B4 (see
Table I). It is seen that the curve for fluid B3 is very much like the curve for the DC 500
fluid (35 cstks) with a point of inflection in the most compressible region, but less pres-
sure is exerted at every corresponding point of the curve. The curve for the highly phenyl
substituted fluid B4 evidences a great loss of compressibility and there is no longer a
point of inflection in the most compressible region. Like the DC 500 fluids, these films

on remaining in contact with water for many hours experienced a gradual change which
was evidenced by a drift in the F-A curves. The extrapolated limiting areas are 1.45 and
0.95 square meters per milligram for fluids B3 and B4 and 1.95 for the DC 500 fluid. The
ball model of a polymethylphenylsiloxane having no more than one phenyl substituent per
monomer can be arranged in a caterpillar-like configuration with all the methyl and pheny?!
groups projecting above the surface of the water. Undoubtedly this is true of fluid B3, and
it is therefore not surprising that curve 2 of Figure 6 for this fluid is so similar to curve 1.
Eventually the introduction of more phenyl side chains would be expected to prevent coiling
of the siloxane chain and to cause the disappearance of the flat collapse region of curve 1.

From the foregoing considerations the much lower area pér molecule for the fluid
B4 is understandable for the presence of so many phenyl side chains would cause the
thickness of the film to be greater than that of the methyl-substituted compound, thus
making the number of oxygen and silicon atoms in the surface smaller in the given weight
of material. Since no accurate information was available on the proportion of phenyl and

(1) Polymethylsiloxane (35 cstk)

- (2) Polymethylphenylsiloxane (B3)
= (8) Polymethylphenylsiloxane (B4)
o {4) Polyethylsiloxane (50 estk)(A2)

PRESSURE

SURFACE

04 0.8 1.2 1.6 2.0 24
SQUARE METERS PER MG.

Fig. 6 - The F-A Curves for Different Types of Linear Polyorganosiloxanes
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methyl groups in these polymers, a comparison based on the ball models could not be made
of the area occupied by each monomer.

THE FORCE-AREA RELATIONS FOR POLYETHYLSILOXANES

The F-A curve obtained with the polyethylsiloxane fluid A2 (50 cstks) is given in Fig-
ure 6 (curve 4) and again in Figure 9. Due to the lack of information on either the molar
volume or the molecular weight, it was only possible to express the areas in square meters
per milligram. Like the other polyorganoxiloxanes already described, the F-A curves were
reversible but did slowly change as the film aged while spread out on the water. It will be
noted that the F-A curve 4 of Figure 6 is very different from the others. It is similar to
the curves obtained by Harkins, Carman and Ries* from polymers of w-hydroxydecanoic
acid which were shown to lie flat on the water surface at low pressures. The polyethyl-
siloxane films did not collapse at high pressures but became thicker and more viscous
until at pressures of 17-18 dynes/cm striations appeared. At the highest pressures at-
tained (184 dynes/cm) the films were liquid and viscous.

The ball model of a polyethylsiloxane was impossible to arrange in the caterpillar-
like configuration described earlier. This is because of hindrance to the rotation of the
ethyl side chains about the silicon-to-carbon bond. However, the ball model could be ar-
ranged in configurations such that some but not all of the silicon and oxygen atoms could
emerge from the surrounding sheath of ethyl groups, to contact the surface of the water.
Therefore, only an occasional silicon or oxygen atom of the polyethylsiloxane moleculeis
able to absorb at the water-air interface, and it would be expected to behave much more
like the w-hydroxydecanoic acid polymers than the other silicones described here. The
limiting area per polyethylsiloxane monomer is not known, due to the lack of molecular-
weight data. It is very likely that the compressed films are formed by a random buckling
and folding of the monolayers to create a thick film like the "overfilm" of polyacrylates
described recently by Crisp,t

POTENTIAL-AREA RELATIONS

The Volta potential difference, A V;due to the presence of each silicone film on the dis-
tilled water of the film balance is expressed as a function of the degree of packing in Fig-
ures 7, 8 and 9. The corresponding F-A curves are given for comparison. The ordinate
of the curve marked 4, is the normal component of the dipole moment for that degree of
packing, and it is calculated as usual by

47 Nity = 4% (8)

where N is the number of molecules per unit area. Due to limitations set by the units

used in plotting the abscissae in each figure, the ordinate 4y in Figure 7 was given in
Debye units per molecule, in Figure 8 it was in Debye units per monomer, and in Figure 9
it was expressed in arbitrary units which are equivalent to Debye units per monomer multi-
plied by an unknown constant. The curve of Figure 9 was obtained by multiplying AV by each

corresponding value of the abscissa A in square meters per mg. For each substance studied

* Harkins, W.D,, Carman, E. F,, and Ries, H.E., ]. Chem. Phys. 3, 692 (1935).

t Crisp, D.]J., ]. Colloid Science 1, 49 and 161 (1946).
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on distilled water, the AV -A and Uy -A curves were reproducible and free from hysteresis.

As would be expected, the F-A and g, -A curves are similar for the heptadecamer and
the DC 500 fluid, both revealing that up is zero for all values of A for which the molecules
are not in close proximity. It rises rapidly to a maximum value as A approaches and equals
the area of closest packing of the flat caterpillar-shaped molecules. As buckling of the film
occurs at higher film pressures u, decreases nearly linearly, and it approaches zero as the
greater portion of the monolayer collapses into a thick film showing striations. The previ-
ously described geometrical rearrangements which occur in the film after buckling starts do
not cause changes of slope in the AV -A or gp -A curves. The maximum value of 4y per
monomer calculated from Figure T is 1.5/17 or 0.089 Debye units. This is to be compared
with the value of 0.087 Debye units per monomer as read from the maximum of Figure 8.
This is a good agreement for results obtained for a pure compound and a mixture of homo-
logues. It is evident irom the p,, -A curve of Figure 9 that the polyethylsiloxane fluid be-
haves quite similarly to the polymethylsiloxane fluids. The linear drop in the uy -A curve
after buckling commences is quite common in other types of films, and it is also assumed
to be caused by disorganization of the dipoles during the formation of the "overfilm." The
low-pressure electrical behavior observed is different from anything reported heretofore.
One cause may be that elecirical compensation in the caterpillar-shaped molecules exists
unless forces arising during close packing can disturb the situation. These effects may be
due to: (a) bond strains, (b) induction effects between molecules, or (c) compensating effects
due to the orientation of adsorbed molecules of water which may disappear during close
packing and buckling as the silicon and oxygen atoms are lifted out of the water. Further
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discussion of these electrical properties and their relation to structure will be given in
Part II.

DISCUSSION

The collapse phenomena found in studying the F-A relations in the silicone monolayer
explain some of the effects described earlier in connection with the search for the equi-
librium spreading pressure. In no instance could a drop of any silicone fluid exist on
water in equilibrium with the silicone monolayer. The remarkable phase transition dis-
covered in monolayers of the higher molecular-weight polymethylsiloxanes (see state C
in Figure 4) is responsible for the "critical spreading pressure." The conditions of the
polymethylsiloxane molecules in the adsorbed film at high pressures (states D and E in
Figure 43’ and at very low pressures (state A) are apparently not found in the bulk liquid.
However, the coiling of the molecule encountered in states B and C is believed to be
characteristic of the configuration of the molecules in the 3-dimensional liquid state. As
evidence it should be noted that the "critical spreading pressure" S, has been shown tobe
approximately equal to the spreading coefficient S84 g which is calculated from the surface
and interfacial tensions. Also it has been shown that 8,, like the equilibrium spreading
pressure of many of these liquids, decreases linearly as the temperature rises. The
logarithmic decrease in 8, as the viscosity rises is also indicative.
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containing 6 monomers per turn is remarkable as a phenomenon of surface chemistry, It
also can help explain some of the properties of the silicones in the 3-dimensional state,
The observed shift with temperature of the "kink point" C of Figure 4 as shown in Figure
3 means that each horizontally oriented helical molecule lengthens considerably as the
temperature rises. An order of magnitude calculation can be made of the thermal expan-
sion of the helix by assuming that the temperature change of the radius can be neglected
and that the projected area of the horizontal helix as it lies on the water is equal to that
of a rectangle of area 8 with length L equal to the length of the helix and a width equal to
the diameter of the helix. A simple calculation shows that (1/8)(dS/dT) = (1/L)(dL/dT).
From Figure 3 it was calculated that at 5° C, S was 6.7 A2 per monomer while at 20° C
it was 9.4 A2, Hence (1/5)(dS/dT) =0.0075 per degree centigrade. The coefficient of linear
expansion of such a fluid is approximately 0.3 x 10"*per degree centigrade. Hence
(1/L)(dL/dT), the linear coefficient of thermal expansion of the helix along its axis is
approximately 25 times the linear coefficient of expansion of the bulk liquid.

It is suggested that the remarkably high viscosity indices of the methyl -substituted
silicones (or the low temperature coefficients of viscosity) are caused by the opposing
actions of two molecular mechanisms: (a) the effect of increased temperature in separ-
ating the molecules causing the viscosity to decrease; (b) the effect of increasing temper-
ature in lengthening the helically coiled polymers causing the viscosity to increase. Effect
(a) is common to all ligquids while effect (b)is more evident in long-chain molecules, being
most pronounced in the linear polymers so bonded and free from steric hindrances as to
be most able to coil. Of the polyorganosiloxanes studied, the polymethyisiloxanes have
just been shown to have the most pronounced ability to coil. The low-aromaticity poly-
methylphenylsiloxanes were next, with increase in the aromaticity operating to hinder
coiling. Finally the polyethylsiloxanes exhibited the least ability to coil. This relative
order agrees with the order of decreasing viscosity indices. Hence it is concluded that
the high viscosity indices of the silicones are due to the tendency of the siloxane chain to
coil into a helix, and this property is most evident in the methyl -substituted compounds
because they are the most compact hydrocarbon side chains and cause the least steric
hindrance to the coiling of the chain.

The conclusion that the helical coil contains six silicon atoms (or six monomers) is
given support by recent work of Wilcock*® who estimated from the Kausmann-Eyring theory
of the activation energy for viscous flow that the flow units involved in the linear poly-
methylsiloxanes consisted of 6 to T silicon atoms, the former value being preferred. The
flexibility of the polyorganosiloxane chains may be increased even more than is evident
in the studying Fisher-Hirschfelder ball models if the silicon-carbon bond angle is as vari-
able as has been suggested by the x-ray work of Roth, t

CONCLUSIONS AND RECOMMENDATIONS

The linear dimethyl-substituted silicone fluids (DC 500, DC 200) can, under certain
conditions, be strongly adsorbed on water although in the bulk state they have a relatively
small affinity.

Much evidence was found for concluding that in the bulk state the molecules compris-
ing these fluids are coiled into helices which expand along their axes when heated, This

* Wilcock, D. F., J. Am. Chem. Soc. 68, 691 (1948).
t Roth, W. L., ]. Am, Chem, Soc. 69, 474 (1847).
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phenomenon may account for the very high viscosity indices of the dimethyl silicones since
such a behavior would tend to compensate for the normal decrease of viscosity with rise
in temperature.

The force-area data revealed that organic substitution other than methyl tended to
reduce ability to coil, thus preventing the compensating mechanism from operating. This
conclusion agreed with the known smaller viscosity indices exhibited by diethyl- (DC 400)
and methyl-phenyl- (DC 550, DC 700) substituted siloxanes.

The force-area curves were found to change in shape with time, pointing to a reaction
with water or substances present in the water. The surface-potentials of the silicones
were unusual in that the potential was zero until the molecules in the surface were com-
pressed to a point where they occupy two-thirds of the available area,

It is recommended that this study be pursued further to elucidate the unusual poten-
tials and especially the unusual time effect shown by the silicones on agueous solutions.
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