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Abstraet Rayleigh-Brillouin light 
scattering experiments were 
performed on gelatin gels in order to 
obtain the (hypersonic) sound velocity 
and sound attenuation as a function 
of gelatin concentration. The results 
show that in the high frequency 
regime there is a strong coupling in 
the gel between the dynamics of the 
network and that  of the fluid. The 
network sound velocity varies with 
q~l/2. Sound attenuation increases 
with increasing gelatin concentration. 
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Introduction 

Many of the static and dynamic properties of the gelatin 
network have been studied extensively using scattering 
techniques. Static light scattering experiments have re- 
vealed the phase diagram and the kinetics of gelation 
[1,2]. From small-angle neutron scattering experiments 
and static light scattering experiments the dynamic mesh 
size of the network has been found to be typical of the 
order of several nanometers [3,4]. Correlation spectro- 
scopy reveals that two types of diffusion take place in the 
gel: a fast mode due to diffusion of individual gelatin coils 
and a slow mode due to diffusion of groups of entangled 
coils [5]. 

A question that has not been studied is to what extent 
the dynamics of the network and that of the solvent are 
coupled in a gelatin gel. A suitable technique to study this 
question is Brillouin light scattering (see, e.g., Berne and 
Pecora [6]). With this technique it is possible to study 
phonon-like thermal excitations in the gel. Marqusee and 
Deutch have proposed a hydrodynamical model that de- 

scribes the dynamics of a gel [7]. They state that if there is 
a weak coupling between the dynamics of the network and 
that of the solvent, two sound modes can be observed: one 
carried by the network and one by the solvent, neither with 
much concentration dependence. On the other hand, if 
there is a strong coupling between the dynamics of the 
network and that of the solvent (i.e., the gelatin and the 
aqueous buffer solution), a single sound mode is predicted 
with a propagation frequency that is strongly dependent 
on the concentration. Two cases for this strong coupling 
limit can be distinguished. In one case there is only fric- 
tional coupling and sound modes in the network are 
dampened by the presence of the fluid (no elastic coupling), 
in the other case a sound wave in the network can also lead 
to sound waves in the fluid or vice versa (elastic coupling). 

We have performed Rayleigh-Brillouin light scattering 
experiments on gelatin gels to obtain the hypersonic sound 
velocity and sound attenuation as a function of the gelatin 
concentration. Data obtained have been interpreted in 
terms of a hydrodynamicat model proposed by Marqusee 
and Deutch [7] and compared with results of earlier work 
on gels. We have applied data analysis techniques which 
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were developed for the analysis of Rayleigh Brillouin 
spectra of fluids, and which have proven to be very sensi- 
tive tools in the study of Brillouin lines [8]. 

Rayleigh-Sdllouin light scattering 

In a light scattering experiment an incoming light wave 
with ki = I ki[ = 2~/2~ is partially scattered by local fluctu- 
ations in the dielectric constant of the sample. Here, ki is 
called the (angular) wavevector and 2i is the wavelength of 
the incoming beam. Part of the scattered light, character- 
ized by kf, is analyzed. The vectors ki and kf determine the 
scattering angle 0 and the scattering geometry. The 
wavevector k = kf-ki is associated with the fluctuations 
that cause scattering. Since I k~l ~ ]ke], it follows that 

4rcn.  0 
k = Ikl = - - s i n -  (1) 

,;ti 2 '  

where n is the refractive index of the scattering medium. 
The frequency distribution of light is changed by the 

scattering process. If the spectrum of the incoming beam is 
a narrow single peak, the spectrum of the scattered light 
may have completely different characteristics. In a typical 
dynamic light scattering experiment on a liquid or a dense 
gas one observes the so-called Rayleigh-Brillouin triplet: 
a symmetric spectrum around the (angular) frequency of 
the incoming light, coi = 2rcc/2~, consisting of a central or 
Rayleigh line and two shifted or Brillouin lines. Here, c is 
the speed of light. 

The triplet is described in hydrodynamic fluctuation 
theory as the sum of Lorentzians and a pair of associated 
asymmetrical terms. Line widths, positions and intensities 
in the spectrum are determined by the thermodynamic and 
transport properties. Furthermore, in the limit of small k, 
shifts are proportional to k and widths are proportional to 
k a. The Brillouin peaks can be interpreted as Doppler 
shifted lines, and the shift with respect to the Rayleigh line 
is proportional to the product of adiabatic velocity of 
sound and wavevector [6]. A hydrodynamical model for 
gels predicts similar behavior for the Brillouin line shift 
and line width [7]. The linear k dependence of the shift has 
been tested by Mallamace et al. [9] in methyl(2-methyl- 
propenoate) + 1,2-ethanediyl(2-methylpropenoate) gels. 

Experiment and data analysis 

Experiment 

A Coherent CR-4 argon-ion laser was used operating 
single mode at wavelength of 514.5 nm and an output 
power of approximately 200 mW. The main part of the 

beam was focused in a 10 mm cuvette. Light scattered at 
an angle of 90 ~ was analyzed by a single-pass Fabry-Perot 
interferometer. The interferometer was equipped with flat 
plates, one of which could be translated piezoelectrically. 
A Centronic Q4249B photomultiplier served as a detector 
and the signal was fed into a Burleigh-DAS 1 data acquisi- 
tion and stabilization system. A smaller part of the beam 
was diverted and was used as a signal m monitor the 
instrumental profile of the interferometer simultaneously. 

In each experiment three orders of the interferogram 
were monitored. The first order consisted predominantly 
of the trigger pulse, and was used for stabilization pur- 
poses by the data acquisition system. The second and third 
order of the spectrum were used to determine the free 
spectral range COFS R of the interferometer. The free spectral 
range of the interferometer was 1.35-1011 rad.s -1, the 
finesse was typically 40, and the contrast was typically 900. 
More details on the equipment can be found elsewhere 
[10]. 

The gelatin used was obtained from Gelatin Delft~ The 
Netherlands (Bacteriological gelatin, Bloom strength 245, 
weight loss on drying 11.8%, ash content 0.78%). The 
gelatin gels were prepared by dissolving the gelatin in 
a pH = 5.6 potassium hydrogen phthalate + sodium hy- 
droxide buffer while stirring and heating for approxi- 
mately 10 rain, and then leaving it for 1 h at 60~ As 
a germicide 0.02% w/w sodium azide was added. Gels 
were prepared with gelatin weight fractions ~b = 0.01, 0.04, 
0.10, 0.14, and 0.20. Light scattering spectra were meas- 
ured at room temperature (21.5+0.5~ A single 
spectrum was taken in 15 rain for gels with the most 
pronounced Brillouin lines, and in other gels in typically 
1 h. For every gel the spectrum was followed for a day. 

The refractive index measurements for the gelatin solu- 
tions were made with a Zeiss 51592 refractometer. No 
effect of ageing on the refractive index was observed. 

Data analysis 

An experimentally obtained light scattering spectrum is 
convolution of the instrumental profile of the experimental 
set-up, and an intrinsic line shape due to the processes 
which are probed: 

Iexp(k, co) = Iins(co)*I(k, co), (2) 

where * denotes the convolution and I(k, e)) represents the 
Fourier-Laplace transform of the dielectric autocorrela- 
tion function. For l(k, oJ) we have used the sum of an 
unshifted Lorentzian and two pairs of shifted Lorentzians 
with corresponding asymmetrical line shapes (cf. Schram 
et al. [11]): 

I(k,e)) oc R e ~  A'jz'j - A]'(co z;) + , ( 3 /  
T �9 Z j  
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where A] and A]' are amplitudes of the symmetrical Loren- 
tzian and that of its associated asymmetrical line. For an 
unshifted Lorentzian A] '= 0. The parameters z] and 
z~' denote the width (HWHM) and shift of the Lorentzian 
under consideration. Most of the parameters in this fit 
were used to obtain a good fit for the wings of the Rayleigh 
line, which allowed us to determine reliable parameters for 
the Brillouin lines. The instrumental profile is given by the 
Airy formula [12]. For an Airy profile the intensity at 
+ coFSR/2 is still over 0.1% of the intensity at the max- 

imum for a finesse of 40. Since the Rayleigh line is much 
more intense than the Brillouin lines in these experiments 
(see Fig. 1), a background (relative to the Brillouin inten- 
sity) is caused at co = + coFSR/2. One way to decrease this 

Fig. 1 Rayleigh-Brillouin light-scattering Io,,p(k,o.)) of a q5 = 0.10 
gelatin gel. The spectrum is dominated by the Rayleigh line 
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Fig. 2 Current autocorrelation spectrum 03 2 Iexp(k, co) for a q5 = 0.10 
gelatin gel. The Brillouin lines are clearly visible 
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background would be to increase the finesse of the inter- 
ferometer, or alternatively to use a multi-pass inter- 
ferometer and thus increase the contrast. Adjusting the free 
spectral range of the intefferometer does not decrease this 
background contribution [13]. 

The presence of the background is a problem since the 
Rayleigh line is so much more intense than the Brillouin 
lines (see Fig. 1), a fitting procedure will optimize essen- 
tially the Rayleigh line only. This can be circumvented 
by analyzing the current autocorrelation spectrum 
co2Iexp(k, co) rather than the spectrum Iexp (k, co) itself (see 
Fig. 2). However, the presence of the additional back- 
ground due to the instrumental profile results in an un- 
physical current autocorrelation spectrum which diverges 
rather than vanishes for large co. To prevent this we need 
to subtract the background contribution. By taking the 
intensity halfway two orders of the interferogram as the 
background and subtracting that from the spectrum, we 
essentially modify the instrumental profile by performing 
a background correction [14]. This procedure solves the 
background problem in the data analysis. 

Using this background correction, we fitted the current 
autocorrelation spectrum by Eq (3) multiplied by co2. We 
fitted co2/exp(k, co ) until fits were satisfactory on visual 
inspection. Our automatic fitting procedure made use of 
a simple fitting routine (see, e.g., Press et al. [15]). An 
example of co2 Iexp(k, co) and a typical fit are shown in 
Fig. 2. 

The data analysis techniques described above were 
developed for the analysis of Rayleigh-Brillouin spectra of 
fluids, and have proven to be very sensitive tools in the 
study of phonon lines shifted with respect to a dominant 
elastic peak [13]. 

Results 

We have obtained hypersonic sound velocities and attenu- 
ations from fits like that in Fig. 2 by dividing the observed 
Brillouin line shift by the wavevector, and by dividing the 
observed line width by the square of the wavevector. The 
value of the wavevector has been corrected for the concen- 
tration dependence of the refractive index n, which we 
found to be represented by the relation n = 1.3350 
( _+ 0.0003) + 0.1794( _+ 0.0018) _+ ~b at 25 _+ 0.5 ~ 

From Fig. 3, we can see that the velocity of sound of 
the gel increases slightly with increasing gelatin concentra- 
tion. Each point represents an average over several spectra 
taken at different ageing times, since we did not observe 
a trend in the Brillouin shifts due to ageing of the gelatin gel. 

The data in Fig. 3 may be compared with a hy- 
drodynamical model by Marqusee and Deutch [7]. We 
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Fig. 3 Square of the observed hypersonic sound velocity as a func- 
tion of gelatin weight fraction ~b 

denote the high-frequency velocities of sound in the un- 
coupled fluid, in the uncoupled network, and in the gel by 
cf, Cn, and Cg respectively. Analogously, we denote the 
densities in fluid, network and gel by pf, Pn and pg respec- 
tively. Furthermore, we assume explicit concentration 
dependencies for these densities (see Table 1) and the 
network velocity of sound: cn = 051nVn. Here, v, is the 
hypothetical sound velocity for pure gelatin. In the limit of 
strong frictional coupling of the Marqusee-Deutch model, 
we then obtain the expression 

2 =  1 
cg - -  (p f  c g + p,V2n 05 + 2,,f2-p,pf CfVn05 1/2) (4 t 

Pg 

In other words, for low concentrations the high-frequency 
sound velocity of the gel is determined mainly by the 
sound velocity of the fluid, and only corrections originate 
from the presence of the network. The parameter 2 in Eq. 
(4) gives the elastic coupling between fluid and network, 
varying between 0 (weak elastic coupling) and 1 (strong 
elastic coupling). In a fit of the data according to Eq. (4) we 
found 2 = 0.333. The resulting fitting parameters have 
been listed in Table 1, the fit has been plotted in Fig. 3. It 
can be seen that the fit gives a qualitatively good descrip- 
tion of the data. 

In Table 2 we have listed results for the observed 
Brillouin line width divided by k 2. It can be seen that the 
damping of the sound mode initially stays roughly con- 
stant and then increases with increasing gelatin concentra- 
tion. However, since the errors in the Brillouin line widths 
are larger (because these widths are much more sensitive to 
the exact fit to the wing of the Rayleigh line than the 
Brillouin line shifts), the data should be considered not 
accurate enough to test the Marqusee-Deutch theory for 
the Brillouin line width under the present experimental 
conditions. 

Table 1 Fitting parameters 
used in Eq. (4). Densities were 
extrapolated from ref. [2]. 

Parameter Value 

cf 1499 m/s 
v. 2143 m/s 
2 0.333 
pg 1 +1.48q~ g/cm 3 
pf 1 - 4  g/cm3 
Pn 2.48~ g/cm 3 

Table 2 Experimental results for the square of the hypersonic sound 
velocity (c 2) and sound mode damping (FFwHM/k 2) as a function of 
gelatin weight fraction ~b. 

(b c 2 (kmZ/s 2) FFWnM/k 2 (mm2/s) 

0 2.250 • 0.014 3.8 • 0.7 
0.01 2.250 • 0.014 3.1 • 0.7 
0.04 2.268 • 0.016 3.9 • 0.9 
0.10 2.335 • 0.036 3.7 • 1.0 
0.14 2.427 • 0.045 5.8 +_ 1.4 
0.20 2.541 • 0.068 6.6 • 1.5 

Discussion and conclusions 

To our knowledge only three other Brillouin light scatter- 
ing studies on biopolymers have been made. In the first 
study, Hosea et al. [16] followed the Brillouin shift as 
a function of temperature and used that to identify the 
glass transition of sucrose. The nature of their study is 
therefore quite different from that of ours. In the other two 
studies, the dynamics of wet spun films of oriented poly- 
mer chains has been investigated as a function of polymer 
concentration in the film: Tao et al. [-173 studied Na- and 
Li-DNA films and Lee et al. [18] studied films of the 
polydisaccharide hyaluronic acid. Although these studies 
are more related to the present subject, both are dealing 
with oriented chains and film-shaped samples, which ham- 
pers comparison with the present results. 

In order to compare our results with those of other 
works, we had better look at a study on a synthetic 
polymer gel in water. For example, Ng and Li [19] have 
studied the Brillouin line shift and line width for 
poly(ethenol) and poly(chloroethene) gels as a function of 
polymer concentration. They found that their results are 
consistent with a model that predicts a sound mode that is 
characteristic of the average elastic properties of the gel, 
or in other words with the strong friction limit of the 
Marqusee-Deutch theory. To get a satisfactory agreement 
between theory and experiment, they assume a velocity of 
sound for the network that is proportional to 4) 1/2 [19, 20]. 
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Our results indicate that the dynamics of a gelatin gel is 
also described by the Marqusee-Deutch model in the limit 
of strong friction. Like Ng and coworkers [19, 20], we find 
that the network velocity of sound is proportional to 4b ~/2, 
and that the agreement between theory and experiment 
is very good. Remarkably, the explicit concentration de- 
pendence assumed above for the network (longitudinal) 
high-frequency sound velocity is in agreement with the 
observed concentration dependence of the low-frequency 
shear modulus of gelatin, G', which is proportional to the 
square of the gelatin concentration [21]: the low-frequency 
(shear) velocity of sound must be proportional to ~1/2 
then, since it is proportional to (G'/pn) 1/2 and since the 
network density is proportional to ~b. (It is interesting to 
note that from scaling theory it is found that for swollen 
gels that G oc ~b 2'25 for a given solvent and fixed function- 
ality [22]. The power 2.25 is slightly higher than the value 
2 usually attributed to gelatin [21]. As a consequence, 
the resulting power for the concentration dependence of 
the network sound velocity would be somewhat higher 
than 0.5) 

It is now tempting to explain the ~b 1/2 dependence of 
the network sound velocity obtained from these experi- 
ments in terms of the structure of the network. If we 
assume that the gelatin network may be treated in the 
same way as the aerogel network studied by Courtens et al. 
[23], we can write 

oc <b " (5) 

In this equation Dac is the acoustical fractal dimension of 
the network, which is a probe of the connectivity of the 
network, and c$ is the spectral dimension, which defines the 
phonon density of states in terms of a power of co. If we use 
the elastic scalar prediction for the spectral dimension, 
6 = 4/3, which is consistent with the results for the silica 
aerogels [-23], we obtain Dac = 2. In this way it would be 
possible to probe the connectivity of the network, using 
the 4b dependence of the high-frequency velocity of sound. 
However, the validity of this analysis has not been tested 
for gelatin. Especially the fractal nature of the network on 
short scales has not been demonstrated, and can only be 
established by extensive wavevector dependent measure- 
ments. This is a task well beyond the aim of this study. 

The values obtained for the sound velocity indicate 
that the bulk modulus of the gel is dominated by the bulk 
modulus of the fluid. Similar values for the sound velocity 
in gelatin were obtained in ultrasonic experiments (see, 
e.g., Reddy [24]). 

Finally, we would like to add that a combination of our 
data analysis methods with multi-pass interferometric 
techniques should make it possible to study some systems 
where the presence of a very strong Rayleigh line has 
previously prevented analysis of Brillouin light scattering 
data. 
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