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The above analysis, although tentative,3! does provide a
consistent interpretation of both the equilibrium elastomeric
behavior and the viscoelastic properties of solution cross-
linked networks of PDMS.
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ABSTRACT: The depolarized Rayleigh intensities of n-hexadecane and n-docosane are measured as a function of
temperature above the melting point. A parameter directly proportional to the magnitude of the orientation correla-
tions is determined from the intensities. The results are then analyzed in terms of the general theory of orientation
correlations in isotropic fluids developed by deGennes. We conclude that near their melting point the n-alkanes are
far above a hypothetical rotational ordering transition comparable to an isotropic-nematic phase transition.

It is known!? that the depolarized Rayleigh scattering
intensities of n-alkane liquids indicate that there are orien-
tation correlations between the chains for the higher alkanes.
It has also been reported3-6 that the intensities decrease with
increasing temperature near the melting point. It has recently
been suggested” that such effects are due to a near second-
order transition comparable to the isotropic—nematic transi-
tion in liqud crystals which would occur below the melting

point of the n-alkanes. This transition was predicted” to occur
at 270 K for n-hexadecane. In the present work, new mea-
surements of the depolarized Rayleigh ratio Ryvy are reported
as a function of temperature for n-hexadecane and n-docos-
ane. The various contributions to Ry are discussed in detail
and evaluated either theoretically or experimentally. The
results are discussed in terms of the general theory of orien-
tation correlations in fluids developed by deGennes.8



668 Patterson et al.

Theory

Depolarized Rayleigh scattering in liquids is due to fluc-
tuations in the mean-squared optical anisotropy of the ele-
ments of the fluid.?~1! To each unit of the medium we assign
an effective polarizability tensor, «;. The effective anisotropy
tensor is then given by

& =a—aE; (1)

where @ = (33)Tra is the scalar mean effective polarizability

and Ej is the unit tensor. The depolarized Rayleigh ratio Ryy

is

167* 3 N .

= @277% (&% &;Cexp(ik - ry)) (2
where ) is the incident wavelength in a vacuum, &;E is the row
form of the effective anisotropy tensor for unit i, &;C is the
corresponding column form, k is the scattering vector with
magnitude (477/\) sin 8/2, where 6 is the scattering angle in
the scattering plane and 7 is the refractive index, r;; is the
vector from unit ; and j, and the sum is over all pairs of units
in volume V.

The effective anisotropy tensor in a dense medium differs
from the inherent equilibrium anisotropy tensor of an isolated
unit in the gas phase. In a dense medium, the unit is polarized
by a socalled effective field. The effective field in the medium
differs in a complicated way from the incident field outside
the fluid. Since an exact solution to this problem is not
available, we introduce a phenomenological effective anisot-
ropy. Also, at any particular time, the actual effective an-
isotropy will differ from the mean effective anisotropy due to
local distortions of the unit itself!? and to the anisotropic
motions of neighboring units.13 The existence of transient
local anisotropy leads to depolarized Rayleigh scattering in
all fluids.

The depolarized Rayleigh scattering due to transient an-
isotropy may be separated from that due to the inherent

“equilibrium anisotropy by examining the spectrum of the
scattered light. In general the transient anisotropy fluctua-
tions relax much faster than the inherent anisotropy fluctu-
ations. This leads to a spectrum with a broad line due to the
transient anisotropy and a narrower line due to the equilib-
rium anisotropy.

If the scattered intensity due to transient anisotropy is
subtracted, the inherent depolarized Rayleigh ratio is given
by

Ruv

1674 p
M o115
where p is the number density of units, (y2)¢ is the effective

inherent mean-squared optical anisotropy of an isolated unit,
and

ARpv = (v2) 082 (3)

N
3/2 > (&R - &)
ij
§o= " (4)
N{v%)o
The quantity g is a direct measure of the orientation corre-
lations between units in the fluid. In the case of n-alkanes we
will choose the unit to be the whole molecule.
It has been shown by deGennes8 that for liquids in the iso-
tropic phase the quantity g2 can be represented as

g2="T/(T — To) 6)

where T is a hypothetical second-order transition tempera-
ture. Even if a first-order transition occurs above T, the fluid
will still obey eq 5 above the transition temperature. If g5 or
a quantity directly proportional to it can be measured as a
function of temperature, then T can be determined by plot-
ting 1/go vs. 1/T.
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Figure 1. Diagram of the light-scattering photometer.

There will be at least three reasons why ARyv decreases
with increasing temperature for the n-alkanes: (1) the number
density p is a decreasing function of temperature, (2) the
quantity {y2)o will decrease with temperature for the n-al-
kanes, and (3) the orientation correlations should decrease
with increasing temperature.

Although absolute values of {y?)o cannot be reliably cal-
culated at this time, a dimensionless quantity

C,={y%o/nI? (6)

where n is the number of carbon—carbon bonds and I'2 is the
effective mean-squared optical anisotropy per main chain
bond can be obtained as a function of temperature. A pa-
rameter proportional to g2 can then be calculated according
to

g2 = ARnuv/pC, (1)
Experimental Section

Materials. N -Hexadecane (99%) and n-Docosane (97%) were ob-
tained from the Chemical Samples Co. They were filtered through
0.2 um membrane filters directly into square quartz scattering
cells.

Apparatus. A diagram of the depolarized Rayleigh scattering
photometer is shown in Figure 1. The light source is a Spectra-Physics
Model 162 argon ion laser operated at 4880 A. The typical incident
power level is 15 mW. The incident polarization can be adjusted with
a double Fresnel rhomb polarization rotator. The sample cell is held
in a temperature controlled aluminum block with holes drilled at right
angles to allow the incident beam to pass through and to observe the
scattered light at 90°. The scattered light is collimated with a cylin-
drical aperture followed by a Glan-Thompson polarizer with extinc-
tion of 10%:1. The Rayleigh scattering is isolated with a narrow
bandpass filter (35 A half-width) at 4880 A. The scattered light is
detected with a cooled RCA 8850 photomultiplier and an SSR Model
1108 photon counter. The number of photocounts in a fixed time in-
terval is displayed digitally. The typical counting period was 10 s. The
incident intensity is stabilized to better than 1%. The dark count
fluctuations and stray light were typically less than 0.1% of the total
depolarized signal and were subtracted from the observed intensity.
The inherent photon counting statistics yield a fluctuation of +N/2,
Typical values of N were 10* to 106 counts/s. Thus, the scattered in-
tensities were known with a precision of 1% in all cases.

Data Analysis

The determination of absolute Rayleigh ratios requires that
some standard be known to a high absolute accuracy. Unfor-
tunately, there is no universally accepted standard for Ray-
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Figure 2. Dimensionless optical anisotropy parameter C, vs. tem-
perature for n-hexadecane.
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Figure 3. Dimensionless optical anisotropy parameter C, vs. tem-
perature for n-docosane.

leigh scattering. One of the most widely used standards is
benzene. In this work we adopt the values of Rgg for benzene
reported by Coumou,* interpolated to 4880 A. This value also
agrees with that determined by Finnigan and Jacobs!® directly
at 4880 A.

The raw depolarized intensities are corrected for differences
in scattering volume and converted to absolute Rayleigh ratios
according to

uv(2) /A(2)\2
Rire(2) = 205 (25) - RuviD) (8)
where 7 is the refractive index, 2 denotes the sample, and 1
denotes the standard. The initial standard was benzene (as
noted above), but for the temperature-dependent studies, the
standard was chosen to be Ryy for the pure n-alkane at a fixed
temperature.

The total depolarized Rayleigh ratio Ry was corrected for
scattering due to transient anisotropy as described pre-
viously.l* The value of Ryv for carbon tetrachloride was
subtracted from the total to give ARyy. This approximation
is undoubtedly crude, but it was found to be acceptable in the
determination of the mean-squared optical anisotropies {v2)g
of n-alkanes in solution. Also, for the longer pure liquid n-
alkanes near the melting point the scattered intensity due to
transient anisotropy is less than 20% of the total. If the cor-
rection is made consistently the relative excess intensities
should be reasonably accurate for each n-alkane as a function
of temperature.
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Figure 4. Depolarized Rayleigh ratio Ryv vs. temperature for n-
hexadecane.
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Figure 5. Depolarized Rayleigh ratio Ryy vs. temperature for n-
docosane.
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The densities of n-hexadecane and n-docosane as a function
of temperature were obtained from the work of Orwoll and
Flory.18 The refractive indices were calculated from the known
densities and molecular polarizabilities according to the
Clausius-Mosotti relation

n?—1 4r _
IR ©

The mean-squared optical anisotropies of isolated n-alkane
molecules were calculated according to the rotational isomeric
state theory outlined previously.!* Values of the dimension-
less parameter (v2)o/nI'2 were computed as a function of
temperature for tetrahedral model chains. The statistical
weights were those used previously in the analysis of n-alkane
chains.1417 The trans-gauche energy difference was taken to
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Figure 6. Angular correlation parameter 1/gy’ vs. 1/T for n-hexa-
decane.

be 500 cal/mol, and the excess energy due to steric overlap in
gtg™ conformations was set equal to 2000 cal/mol. The results
are shown in Figures 2 and 3.

Results and Discussion

The values of Ryvy for n-hexadecane and n-docosane are
plotted vs. temperature in Figures 4 and 5. The usual decrease
in Ryv with temperature is observed. The quantity 1/go’ is
plotted vs. 1/T for n-hexadecane and n-docosane in Figures
6 and 7. The values of T’y obtained from the graphs are 172 +
10 K for n-hexadecane and 216 + 10 K for n-docosane.

The melting point of n-hexadecane is 291 K and for n-
docosane Tr, = 317 K. Thus, near their melting points, both
n-alkanes appear to be far above a hypothetical second-order
transition temperature. The extrapolations necessary to ob-
tain T are quite long, but the present results should rule out
the range of T suggested by Bendler.”

Further evidence that the n-alkanes are not near an iso-
tropic-nematic transition at their melting points is provided
by examining the depolarized Rayleigh spectra.!®19 The line
width is proportional to 1/g2. The spectra are much too wide
at T’ to be near a rotational ordering transition. This is also
confirmed by the observation of the central shear dip?° in the
depolarized Rayleigh spectrum of the n-alkanes. A detailed
analysis of the depolarized spectra of the n-alkanes is in
preparation.?!
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Figure 7. Angular correlation parameter 1/g2’ vs. 1/T for n-docos-
ane.

Although the present results cast doubt on the existence of
an isotropic-nematic transition in the n-alkanes near the
melting point, they do suggest that such a transition is possible
at much lower temperatures. If such a concept proves to be
valid, it should have important consequences for the under-
standing of the nature of the amorphous regions in semi-
crystalline polyethylene at temperatures well below T,
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