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In connection with a contrast variation small angle neutron scatter-
ing (SANS) study of water-in-oil microemulsions, mixtures of hydro-
genated and deuteratedn-decane and similar mixtures of iso-octane
have been measured as backgrounds. For the pure deuterated and hy-
drogenated solvents the spectra were flat but for all the mixtures the
large molecular size of the alkanes give rise to a scattering vector de-
pendence in the small angle scattering region. An explanation of this
can be given based on the scattering contributions which have been
identified for mixtures of water. The intensity is proportional tox(x�1)
wherex is the volume fraction of deuterated molecules. Using the anal-
ogy to scattering from polymer blends of hydrogenated and deuter-
ated chains, the scattering spectra are analysed using the model for
random gaussian coils. For the solvent mixtures investigated in the
present study, the radius of gyration was determined to be 3.8Å for
decane and 2.9̊A for iso-octane, independent of the fraction of deuter-
ated molecules.

1. Introduction

Water is the most frequently used solvent for studies of soft materials.
Water furthermore has the advantage of giving rise to a flat spectrum
in the small angle scattering (SAS) region and is often used for nor-
malization of detector efficiency and to convert the data to an absolute
scale. In small angle neutron scattering (SANS), mixtures of D2O and
H2O are widely used in contrast variation studies. Due to the exchange
of H and D in such mixtures the coherent entity is almost point-like,
and no scattering vector dependence is observed in the SAS region.
The scattering vectorqi s defined asq = 4� sin(�)=�; where� is half
the scattering angle and� is the wave length. The absense of aq depen-
dence has the consequence that the scattering from a mixture of D2O
and H2O is simply a linear combination of the scattering spectra from
pure D2O and pure H2O.

In connection with a contrast variation SANS study on Sodium di(2-
ethyl hexyl) sulfosuccinate (AOT) microemulsion droplets, mixtures of
hydrogenated and protonated decane and similar mixtures of iso-octane
have been measured. The data showed that for the alkane mixtures the
situation is less simple than for water. For the pure deuterated (d) and
hydrogenated (h) solvents the spectra are still flat, but for all the mix-
tures a scattering vector dependence was observed. This was somewhat
unexpected as we usually presume that solvent backgrounds are flat.

In the first analysis we assumed that theq dependence was negli-
gible and that the backgrounds could simply be estimated as a linear
combination of the scattering from the pureh andd alkanes. But when
doing a careful analysis of the microemulsion spectra it became evi-
dent that the information we aimed at extracting on size distributions
and shape fluctuations of the droplets was strongly influenced by theq
dependent backgrounds. For this reason we decided to perform a more
thorough study of the scattering from alkane mixtures.

The reasons that the small angle scattering of the alkane mixtures,
contrary to water, isq dependent are that the alkane molecules are rel-
atively large and that there is no exchange of H and D as there is for
water. In the following the different contributions to the scattering from
the alkane mixtures will be identified and it will be shown how the anal-
ogy to polymer blends of hydrogenated and deuterated chains allows us
to make a more quantitative analysis of the SANS spectra from alkane
mixtures.

2. Materials and experiments

The SANS measurements were performed at the SANS facility at Risø
National Laboratory (Mortensen, 1994, Pedersen, 1995). Using dif-
ferent combinations of neutron wavelengths and sample-to-detector
distances, aq range from 0.02Å�1 to 0.26 Å�1 was covered. All
measurements were performed at room temperature. The SANS data
were azimuthally averaged and normalized by the standard approach
by division of the scattering spectrum of H2O as described by Jacrot
(Jacrot,1976). Resolution effects due to the spread in wavelengths of
the neutrons and the finite collimation were neglected in the present
work due to the relatively weakq dependence of the spectrum (Peder-
sen, Posselt & Mortensen, 1990). The samples were contained in 1 mm
Hellma quarts cells. We used deuterated iso-octane andn-decane from
Cambridge Laboratories. The decane has a purity ofd at 99% and the
iso-octane has a purity ofd at 98%.

Figure 1
Small angle scattering spectra from mixtures ofh andd decane (top) andh and
d iso-octane (bottom). The results of fitting a Debye function to the scattering
data are also shown.
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3. Measurements and analysis

In Fig. 1 the scattering spectra obtained from the decane and iso-octane
samples are shown. While the spectra from the pure deuterated or pro-
tonated alkanes are flat, it is clearly seen that all the mixtures of deuter-
ated and protonated alkanes display aq dependence of the small angle
scattering.

3.1. Analysis of I(0) data
A simple explanation of the scattering intensity at zero angle from

mixtures of D2O and H2O is given by J.P. Cotton (Cotton, 1991). The
explanation is easily generalised to mixtures of deuterated and proto-
nated alkanes. The scattering as a function of the volume fractionx of
deuterated solvent is described by:

� =
1
v
(xb2

D;inc + (1� x)b2
H;inc)

+
1
v2
(xbD;coh+ (1� x)bH;coh)

2kBT�T (1)

+ x(1� x)
1
v
(bH;coh� bD;coh)

2
;

wherev is the molecular volume,b is the scattering length and�T is
the isothermal compressibility.

The first term is from the incoherent scattering and the second and
third term are from the coherent scattering. The second term is the
structure factor of the liquid and describes the scattering due to density
fluctuations in the liquid. It is proportional to the isothermal compress-
ibility of the liquid. The third term is due to compositional fluctuations
and is proportional tox(x�1). Note that this term corresponds to Laue
scattering for alloy crystals.

Figure 2
The scattering intensity at zero angle as a function of the D2O contentsx in a
mixture of H2O and D2O. Experimental points, Composition fluctuation (bold
dashed line), isothermal compressibility (thin dashed line), calculated back-
ground (thin line) and fitted background (bold line) The empirical expression
for the incoherent background is based on the fit of a straight line to the experi-
mental points shown in the figure.

For water there is exchange of H and D. For this reason the molec-
ular volumev and scattering lengthb used should be for half a H2O

(D2O) molecule. The three contributions, their sum and the correspond-
ing experimental points are plotted in Fig. 2 for a mixture of H2O and
D2O.

As seen in the figure the experimental points follows a straight line
which lies far above the theoretical prediction forI(0). We believe that
the reason for the difference is that the experimental incoherent back-
ground also has contributions from multiple scattering and thermaliza-
tion effects which are not included in the theoretical expression.

Figure 3
The scattering intensity at zero angle as a function of thed contentsx in mix-
tures ofh andd decane (top) andh andd iso-octane (bottom). Experimental
points, Composition fluctuation (bold dashed line), isothermal compressibility
(thin dashed line), empirical background (thin line) and calculatedI(0) (bold
line)

For the analysis of theI(0) data for the alkane solutions we decided
to use an empirical description of the incoherent background, which
is based on the measurements of the H2O/D2O mixtures. The coherent
contributions are negligible for water and it is therefore assumed that
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the experimentalI(0) data shown in Fig. 2 are basically the incoherent
background as a function of the H2O contents. Since only the hydro-
gen give rise to incoherent background for both water and alkane, a
good estimate of the incoherent background for the alkane mixtures
can be obtained by scaling the measurements for water with the dif-
ference in hydrogen density�H between water and alkane. We did this
by fitting a straight line to the experimental points from the water mix-
tures and multiplying the slope of this line with�H;alkane=�H;water. The
estimates of the incoherent backgrounds obtained by this procedure are
plotted in Fig. 3. The two coherent contributions are calculated accord-
ing to expression (1), and added to the empirically determined inco-
herent background. We used the following table values for the isother-
mal compressibilities (Weast, 1982):�T;decane= 0:001163 cm3=J and
�T;iso�octane = 0:001198 cm3=J1. The terms, their sum and the exper-
imental points are plotted in Fig. 3. There is a very good agreement
between the experimental values forI(0) and the calculated ones.

3.2. Analysis of I(q) data
A simple analysis of the data in the fullq-range can be carried out

by regarding the alkane mixtures as a polymer blend. For a mixture of
fully deuterated and fully protonated polymers and assuming incom-
pressibility of the blend it can be shown that the coherent scattering is
given by (see e.g. King et al, 1985):

I(q) = (bH � bD)
2 x(1� x)

1
v

Ss(q); (2)

where the single-chain structure factorSs(q) is normalised to unity at
q = 0. This means that the measured small angle scattering from a
polymer blend is proportional to the scattering from a single chain and
that the best choice for measuring the single chain scattering function
is at x = 0:5 where there is a maximum of scattering intensity. The
Gaussian random coil model is widely used to model the structure of
polymers. The small angle scattering from such a coil is given by the
Debye function (Debye, 1947):

FD(x) =
2
x2
(x� 1+ e�x) (3)

wherex = q2R2
G andRG is the radius of gyration.

Following the above considerations we decided to fit the following
expression to the experimental data:

I(q) = c1 FD(x) + c2; (4)

wherec1 andc2 are, in principle, fitting parameters. We took the pref-
actorc1 and the radius of gyrationRG to be fitting parameters.c1 could
in principle be calculated from eq. (2), but was fitted in order to com-
pensate for uncertainties on the absolute scale of the data. The constant
c2 is the incoherent background. We fixed it to the one obtained from
the analysis of theI(0) data. The radius of gyration is expected to be
the same for all mixtures. Therefore the data obtained for the different
mixtures of iso-octane and decane, respectively, can be fitted simulta-
neously with one common radius of gyration but separate scale param-
eters (c1) and values for the backgrounds (c2). The result of the fit is

shown with the experimental data in Fig. 1. We obtained a radius of
gyration of 3.8Å for the decane and 2.9̊A for the iso-octane.

These values should be compared to the radii of gyration that can
be calculated directly from the molecular structure of decane and iso-
octane. We calculate the radius of gyration of a scattering object as:

Rg =

rP
i bi(r i � R)2

B
; (5)

wherebi is the scattering length of thei’th atom, r i is the position of
thei’th atom,R =

P
i bi r i=B is the center of mass of the molecule and

B is the total scattering length of the molecule. We take the molecules
as having a regular structure on a diamond lattice with bond angles of
109.5Æ. The C-C bond length was taken as 1.54Å, whereas the hy-
drogen atoms were displaced along the bonds to a distance of 1.11
Å (March, 1985) from the C atom to which they bond. In the calcu-
lation the scattering length of D was used for the hydrogens and the
decane molecule was taken as being straight. We obtainRg;theo=4.0 Å
for decane andRg;theo=2.6 Å for iso-octane. These are in reasonable
agreement with the observed values.

4. Conclusion

The relatively large size of the decane and iso-octane molecules re-
sults in aq dependence in mixtures of heavy and light alkanes. For
water there is exchange of H and D and the coherent entity is therefore
almost point-like, and thus noq dependence is observed in the small
angle scattering region.

The coherent scattering intensity at zero angle can be analysed using
a simple model. The scattering is descibed as the sum of coherent and
incoherent scattering. We used an empirical approach for describing
for the incoherent background based on the observed scattering from
water mixtures. The coherent background is a sum of scattering due to
density fluctuations, which is proportional to the isothermal compress-
ibility, and scattering due to composition fluctuations, which is pro-
portional tox(x� 1), wherex is the volume fraction of the deuterated
alkane. For the studied alkane mixtures the term due to composition
fluctuations is by far the dominating of the two coherent terms.
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1 The value used for iso-octane is the value stated forn-octane. We have not succeeded in finding the isothermal compressibility of iso-octane.


