p, T Dependence of the Self Diffusion Coefficients and Densities

in Liquid Silicone Oils

A. Thern and H.-D. Liidemann

Institut fiir Biophysik und Physikalische Biochemie, Universitit Regensburg, Universititsstr. 31,

D-93040 Regensburg

Z. Naturforsch. 51 a, 192-196 (1996): received January 26, 1996

Self diffusion coefficients and densities from a series of commercial silicones have been studied
in the temperature range between 290 and 410 K at pressures up to 200 MPa. The densities are
fitted to a modified Tait equation. The self diffusion coefficients are discussed in terms of the rough
hard sphere model and tested against the Rouse-model.
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Introduction

Technical silicones have been applied in many
fields of science and industry because of their chem-
ical stability and their unique combination of useful
properties [ 1, 2]. In the following the densities p and
self diffusion coefficients D for a small series of low
molecular weight silicones have been measured in
a wide temperature and pressure range. The aim of
this study is to compare the density and tempera-
ture dependence of D in this class of compounds to
the one observed in a similar series of long liquid
n-alkanes [3]. In comparison to the alkanes the sil-
icones possess much lower melting pressure curves
and offer the possibility to study the liquid state in a
significantly larger temperature range, thus providing
more stringent tests for the applicability of models for
the molecular dynamics.

Experimental

Substances

The silicones are commercial products (Bayer,
Leverkusen, FRG) with molecular weight distribu-
tions as given in Figure 1. In the following they will
be characterized by their average chain length L given
as the number of —Si(CH;),-O-segments. L =137
corresponds to an experimental low temperature oil;
L =235.L =165and L =695 correspond to the
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Fig. 1. Molecular mass distribution of the silicones studied.
L is the average number of chain links (the average sum of
silicium and oxygen atoms in the chain).

commercial Baysilones M3, M50 and M500, respec-
tively (the mass distributions were provided by Dr.
Grape, Bayer, Leverkusen). These products were used
without further treatment. The densities p of these
silicones were determined in a piston-cylinder type
densimeter described in detail in [4]. The tempera-
tures given are accurate to = 0.2 K. The pressures
were determined with two precision Bourdon gauges
(Heise, Erie / Pennsylvania/ USA). At pressures up to
90 MPa they are accurate to + 0.2 MPa: in the range
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Table 1. Parameter of the modified Tait equa-
tion [9] as obtained from fitting the experimental
data.
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between 90 and 200 MPa the maximum error is £ 0.8
MPa. The overall maximum error of the densities is
+ 0.4 %.

The self diffusion coefficients D were measured
by the pulsed field gradient technique [5] of Bruker
MSL 100 and MSL 300 spectrometers in home built
probe heads. Strengthened glass cells, as introduced
by Yamada [6], were used as high pressure cells. Our
versions of this design and details of the fitting proce-
dure and the NMR experiments have been described
in [7,8]. The self diffusion coefficients are judged
accurate to = 5 %.

Results and Discussion
Densities

In Figs. 2 and 3 isotherms of the densities for the
silicone L = 13,7 and L = 695 are given.

The densities for each silicone could be fitted by a
modified Tait equation [9]:

P — Po B+ P
= Al . 1
; "<B+Po> W

po 1s the density at the lowest temperature and pressure
studied. A is a temperature independent parameter,
while B can be given by

B=by+b,T +b,T°. (2)

The parameter for the four substances are com-
piled in Table 1. The full experimental densities are
contained in the diploma thesis of Thern [10] and are
available upon request.

In Fig. 4 the isotherms of the self diffusion coeffi-
cients D for the silicone L = 165 are given. In the log
D vs. p plot they all reveal a pronounced curvature
indicating that the pressure coefficient of D is itself
a function of p. The magnitude decreases with rising
pressure.
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Fig. 2. Isotherms of the density in a liquid silicone oil with
= 13.7. The lines drawn through the experimental points

result from fitting the data to the modified Tait equation, (1)
d

and (2). The parameter derived are given in Table I.
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Fig. 3. Isotherms of the density in a liquid silicone oil with
L = 695. The broken lines, drawn through the experimen-
tal points result from fitting the data to the modified Tait
equation, (1) and (2). The parameter derived are given in
Table 1.

_ In Fig.5 isobars of D are given for the silicone
L = 165. Within the limits of experimental precision



194 A. Thern and H.-D. Liidemann - Self Diffusion Coetficients and Densities in Liquid Silicone Oils

D (m¥s),
= 437K
t " o 4134K
107+ A 3874K
] v 3831K
. 336K
+ 237K
10104 \\\
10" — T T T T
0 50 100 150 200
—~ p (MPa)

Fig. 4. Isotherms at the self diffusion coefficient D for the

silicone oil L =23.5.
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Fig. 5. Arrhenius plot of the isobars of the self diffusion

coefficient D for the silicone oil L = 165 compared to a
polyethylene wax with L = 152 [3].

the log D vs. 1/T plots are straight lines, the slope
being independent of pressure. It is customary to cal-
culate from the slope Arrhenius activation energies £,
[E(L13.5)=143 4 1 (kJ/mol), E (L 23,5)=14,9 +
I (kJ/mol), E(L 165)=16,3 + 1 (kJ/mol)]. These ap-
pear to increase slightly with increasing chain length.
The same trend is also seen in the n-alkane series [11].
where E, (0.1 MPa) increases from 16 kJ/mol for n-
hexadecane to 23 kJ/mol for a polyethylene wax with
L =78. The smaller compounds in the n-alkane series
show, contrary to the silicones, a significant increase

Table 2. Exgerimental self diffusion coefficients
D (107" m*s™") for four liquid silicones.

L=13.7
T/(K)
p/(MPa) | 2611 2936 3233 3526 3826 4121 4440
SVP|258 517 877 134 200 276 419
50113.0 263 437 644 921 122 164
100 7.61 153 269 400 587 757 10.0
150 449 940 172 274 378 3525 704
2001 273 6.04 117 190 265 384 516
L=235
T/(K)
p/(MPa) | 2937 3346 3531 3874 4134 4437
SVP | 23.7 472 664 927 133 191
50 [ 11,5 235 315 465 60.0  81.0
100 | 659 136 178 275 36.0 495
150 | 414 903 117 196 238 348
200 | 274 6.15 805 140 173 244
L =165
TI(K)
p/(MPa) | 294.1 323.6 3529 383.1 413.1 4405
SVP | 1.16  2.04 337 546 819 11.1
50 | 0.521 0,934 1.58 228  3.24 4.73
100 | 0.318 0.562  0.902 1.42  2.00 2.70
150 | 0.191 0368 0.578  0.921  1.30 1.67
200 | 0.117  0.253  0.416  0.657 0.905  1.15
L =695
THK)
p/(MPa) | 2941 3231 3534 3836 4146 4431
SVP | 0.349 0.465 0.640 0.799 1.18 1.63
50 | 0.244  0.324 0397 0.501  0.651  0.736
100 | 0.188 0.262 0.308 0.354 0.434  0.555
150 | 0.152 0.226  0.261  0.292  0.346  0.406
200 | 0.104 0.175 0.225 0.263  0.301 0.348

of E, with pressure. The experimental D’s for all four
oils are compiled in Table 2.

The D for L =695 show a very peculiar p. T depen-
dence that is not expected from an extrapolation of the
data for the silicones with a lower average molecular
weight. Inspection of Fig. 1 shows that this oil has the
widest distribution of molecular masses. It is thus to
be suspected that the experimental D is disproportion-
ally influenced by the lower molecular mass fraction
in the mixture. Similar conclusions have been drawn
previously from the ambient pressure study of a series
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of silicones [12]. The data for L = 695 will thus not
be included in the general discussion given in the
following.

In previous studies of self diffusion on several
classes of liquids, reviewed in [13], it was shown that
the rough hard sphere (RHS) treatment as proposed
by Chandler [14, 15] and the interacting sphere (IS)
model by Speedy [16] can describe the p, T depen-
dence of D for most liquids including conformation-
ally flexible chain molecules [3, 17]. In the following
we will apply the RHS model for a comparison of the
data obtained for the silicones here to the correspond-
ing results for n-alkanes [3].

In this model, D(T', p) can be expressed in terms
of the hard sphere diffusion coefficient by

D(T.p) = A-Dys(T.p.o(T))
= A'(D()/H)'P(I?). (3)
Pn) = (1—=n/1.09)

[1+n>-(0.4—-0.83-n%)] 4

with Dy the Boltzmann diffusion coetficient for a di-
lute gas (D = (3/8) - a(kg(T/p)ym)'/?). P(n) is a
polynomial in the packing fraction (n = po?, : hard-
sphere diameter) derived from a fit of all reliable re-
sults obtained from molecular dynamics simulations
[18]. P(n) accommodates manybody corrections and
backscattering effects, that must occur at liquid like
densities.
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Fig. 6. Isotherms of the self diffusion coefficient D of
L =165 as function of density. The lines drawn through

the experimental points result from a fit of the data given in
Table 1 to the RHS model, (3) and (4).
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Table 3. Parameters of the RHS model obtained for the sili-
cones L =13.7: L =23.5: L =165 by fitting the data of Table
2 to the RHS model. (3) and (4). compared to the parameters
derived for octamethylcyclotetrasiloxane (OMCTS) taken
from [19] and some n-alkanes [3].

Substance T[K] A a(107"m)

OMCTS  312-413 033 -042  0.791+£0.001
L=137 298-413 0.12 -023  1.462-1.467
L=235 294-413 006 -0.15  1.748-1.763
L=165 294-413  0.0047-0.015  3.292-3.325
n-C,Hy,  293-473 033 -0.64  0.7774+0.005
n-CsoH,»  390-476  0.11 -0.16  1.12840.003
1-Cisy 408-476  0.02 -0.03  1.615+0.004

Chandler [14, 15] argues that the difference be-
tween the predicted hard sphere diffusion coefficient
and the self diffusion coefficient is due to a coupling of
rotational and translational modes and is taken into ac-
count by introducing the parameter 4 = Dexp/DSHS'
By definition this parameter must be independent of
T and p.

A non-linear least-squares fit to the density depen-
dence of D on each isotherm yields an approximately
temperature independent hard sphere diameter ¢ and
an A-value which decreases strongly with falling tem-
perature.

In Fig. 6 the results of this fitting process are given
for the silicone L = 165. The fit parameter obtained for
this and the other two silicones are given in Table 3. In
rigid molecules o decreases slightly with increasing
temperature, while for these silicones and also for oc-
tamethylcyclotetrasiloxane (OMCTS) [19], a o that
increases slightly with 7', respectively as for OMCTS
is independent of 7', is derived. The comparison to the
n-alkane [ 13] data shows similar tendencies, although
the trend of increasing o with 7" is not evident in the
data, most probably because of the smaller tempera-
ture range accessible for this class of compounds.

The viscoelastic properties of linear polymers are
usually well described by the Rouse [20] or reptation
medel [21,22]. The data obtained here are clearly
within the range where the Rouse model should apply.
The Rouse model predicts

D~ M™° (5)
with the theoretical exponent a = 1. The data for

one temperature are given in Fig. 7 and compared to
the results obtained for n-alkanes [3]. In experiments
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Fig. 7. log D vs. log M, plot of the isobars of the self
diffusion coefficients IJ of some n-alkanes [3] and silicones.
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