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Anomalous diffusion in gelatin-surfactant solutions and gels
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A photon correlation spectroscopy study carried out on semidilute 4%~wt./vol! aqueous gelatin sols and gels
with the anionic surfactant sodium dodecyl sulphate~SDS! showed three relaxation processes in the dynamic
structure factor data. First an exponential processS(q,t);exp(2Dfq

2t) at t<20 ms, referred to as the collec-
tive mode, was observed, followed by an intermediate power-law regimeS(q,t);t2a(q) at 20ms>t<1 ms,
and finally a stretched exponential decayS(q,t);exp2(t/tc)

b was observed fort>1 ms. The power-law
exponenta and characteristic timetc in the stretched part were found to beq dependent: a;qx, with x
51.8060.09 in the sol state andx50.9860.05 in the gel state, andtc;q2y, with y52.0560.08 and 3.0
60.2 in the sol and gel states, respectively, but independently of SDS concentrations. In the fast mode the
relaxation time was measured to be the same in the pure gelatin sol and gel states. It is proposed that the
different q dependences observed in the gel and sol states with and without SDS indicate the presence of
different characteristic length scales. Our results agree with the predictions of the anomalous Gaussian diffu-
sion model in the sol state, but differ significantly in the gel state.@S1063-651X~98!03407-2#

PACS number~s!: 82.70.Gg
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I. INTRODUCTION

The relaxation and dynamics of polymers have be
widely studied by many workers recently@1–4#. Gelatin that
forms physical gels in a semidilute regime presents a to
logical hindrance to the motion of individual chains and
variety of complex phenomena have been observed@5#. The
complexity in motion starts when individual chains under
a coil-helix transition leading to the onset of gelation whe
triple helices tend to form. This physical process is sign
cantly altered when an anionic surfactant forms comple
with gelatin.

Gelatin is a polypeptide obtained from denatured c
lagen. Above;30 °C it is a linear random coil biopolyme
and when cooled it transforms to a gel state when the c
centration exceeds;0.5% (wt./vol). In the sol state, gelati
is characterized as a random coil with a persistence lengt
;20 Å, radius of gyrationRg;300 Å, and an effective hy-
drodynamic radiusRh;220 Å @6–10#. Gelation is preceded
by the formation of interconnected triple helices. As the h
lix fraction grows beyond a critical helix concentration, th
whole dynamics is governed by both intermolecular and
tramolecular hydrogen bonds formed between adjacent
tide bonds and ultimately a thermally reversible gel for
@11,12#. Around pH57 the gelatin chain is amphoteric an
some groups~e.g., lysine and argenine.7.5% of residues!
are positively charged and these make complexes with
polar head group of the anionic surfactant. About 12% of
chain, mostly comprised of glutamic and aspartic acids
negatively charged. Glycine, proline, and hydroxyproline
neutral. Other~6%! residues are strongly hydrophobic in n
ture, leaving about 58% of the chain to be neutral@6#.

Photon correlation spectroscopy~PCS! is very useful in
studying the relaxation processes in complex systems. E
PCS studies on pure gelatin sol and gel showed pure e
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nential relaxation of the correlation function in the dilu
regime, which moved to nonexponential relaxation as
semidilute regime was approached@5#. However, the detailed
relaxation study of gelatin–sodium dodecyl sulphate~SDS!
complexes in sol and gel states has not been reported, to
knowledge. Amis and co-workers observed the two-mo
relaxation phenomena where both relaxations were indivi
ally exponential and these were interpreted as fast and s
mode relaxations@13–15#. After their work, many more elu-
cidations of this problem have occurred, but no concrete
derstanding has been established to explain the origin
these modes. Borsaliet al. @16# studied the gelatin solution
and gels and detected the fast and slow modes as expone
and stretched exponential relaxations. Martin, Wilcoxin, a
Odinek @2# observed three stepwise relaxations in a syst
of colloidal particles. Renet al. @1,5# studied the quenched
gelatin system in sol and gel states and reported three t
of relaxation processes: the fast mode relaxation freque
which was inversely proportional to the solvent viscosi
cooperative diffusion due to segmental motion of the po
mer chain, and the power-law relaxation behavior in an
termediate time domain and the autocorrelation function a
stretched exponential decay at longer time scales. When
system was set to a gel the slow mode froze and only the
mode remained.

In this paper we shall be concerned with the study
relaxation in gelatin-SDS sols and gels with the objective
characterizing these complex states through PCS studies
well known that a significant change in the conformation
polymers arises due to polymer-surfactant interactions.
this work we have used PCS to study gelatin-surfactant
lutions at two temperatures:T,Tgel (Tgel.30 °C) andT
.Tgel with four SDS concentrations~0.5, 0.8, 2, and 4 mM !
both at and above CMC (0.8 mM ) of SDS. Qualitatively, our
work is similar to the work of Renet al. @5#, which reported
on pure semidilute gelatin samples forT,Tgel and T.Tgel
and that of Martin, Wilcoxin, and Odinek, which reported o
silica particles@2#. However, the quantitative features diffe
729 © 1998 The American Physical Society
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730 PRE 58SAROJ MAITY AND H. B. BOHIDAR
significantly from those reported by Renet al. @1,5#. We
have interpreted the data through anomalous diffusion
gelatin-SDS complexes in the aqueous solution environm
The physical chemistry of binding surfactants to gelatin h
been reported separately@17#.

II. EXPERIMENTAL PROCEDURE

A. Materials and methods

Gelatin was purchased from Biorad Co.~U.S.! with a
sharp molecular weightMw distribution at.107 g mol21.
Aqueous solution was prepared by soaking the sample ne
for 1 h at;50 °C to remove the historical effects@7#. The
solvent was 0.1M of NaCl in double distilled water contain
ing 0.1 mM of sodium azide to prevent bacterial contamin
tion. Noting that gelatin itself has 12% residual water,
made the sample to 4%~wt./vol!. The sample was gently
stirred for about 2 h to make a homogeneous solution. T
obtain a dust-free stock solution, the hot sol was first cen
fuged for 30 min and the aliquots were loaded directly int
5-ml cylindrical quartz scattering cell. A photon correlatio
spectroscopy study was done on these samples after 10–
of sample preparation. The quartz cell was kept in a hom
made goniometer thermostated to an accuracy of60.1 °C
@18#. An Aerotech He-Ne randomly polarized laser~10 mW!
with l56328 Å was used as light source and a Brookha
Instrument Corp.~BIC! 9000AT correlator~1024 channels!
was used to measure the intensity autocorrelation functio
the scattered light. Before starting the experiments, the g
ometer was calibrated by using a dilute suspension of s
dard polystyrene latex particles~size equal to 900 Å! kept in
an identical quartz cell supplied by the BIC. The data c
lected were analyzed through four software packages
plied by the BIC ~CUMULANT, EXPONENTIAL SAMPLING,
NNLS, and CONTIN!. The calibration was iterated until w
obtained the desired diameter with;2% error using all data
analysis softwares. During these experiments we explo
the angles from 30° to 110° by rotating the goniometer a
smoothly and repeating 3–4 times by focusing the scatte
light on a THORN EMI~B2FBK/RFI! photomultiplier tube
properly such that we obtained maximum counts. To obta
very good set of data the following precautions were und
taken. First, the count rate was maintained at 104– 105 counts
per second. Second, the pinhole size in front of the pho
multiplier tube was fixed at 100mm to minimize the sample
volume and we chose fewer coherence areas from the
tering volume to reduce the multiply scattered light. At low
scattering angles noticeable broadening of the correla
function may occur because a finite range of wave numb
contributes to the scattered light as ‘‘seen’’ by the photom
tiplier. This was minimized in our experiments by placing
narrow-band interference filter in front of the photomultipli
tube, which had a bandwidth of less than 3% of the wa
length of the incident laser source. This reduced the abo
mentioned artifact considerably.

Finally, the percentage difference between the calcula
and measured baselines was monitored continuously and
set at less than 0.1% for the correlograms to be accepta
Any correlogram that did not satisfy this criterion was r
jected. The background was estimated from measured b
line statistics. Experiments were performed in two ste
f
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First, the free gelatin sol atT555 °C @4% ~wt./vol!# was
loaded into the scattering cell and the correlograms w
recorded at different scattering angles. The sol was allow
to cool to room temperature (T520 °C) in regulated de-
creasing steps of 5 °C. As the sol cooled, correlograms w
recorded continuously at temperature intervals of 5 °C.
each of these set temperatures, the scattering intensity
measured between 30°<u<110° at an interval of 5°. Hence
at each of these temperatures, 17 correlograms were reco
to extract theq dependence of relaxations in finer deta
Again, each of these experiments was carried out at le
thrice to observe data reproducibility. Thus, at each of th
preset temperatures more than 50 correlograms were
corded. Each correlogram was recorded over a typical pe
of 10 min and over this experimental duration a good sig
statistics was seen to build up. The temperature contro
provided temperature regulation better than60.1 °C of the
preset temperature and this completed a cycle of experim
Next the temperature controller was set to a new tempera
that is lower than the previous one by 5 °C and the en
experimental cycle was repeated. The analysis that follow
based on the interpretation of more than 1000 correlogra

B. Data analysis

The salient theoretical and experimental features of P
have been discussed in detail elsewhere@19,20#. The normal-
ized dynamic structure factor was defined asS(q,t)
5@$^I (0)I (t)&2B%/(^I 2&2B)#1/2. The B was the measured
baseline. All the data were analyzed through the softw
supplied by the BIC and some developed by us. The
mode was analyzed through theCONTIN @21# analysis method
and an intermediate power law with stretched exponen
fittings was done by aFORTRAN program written by us. This
FORTRAN program is based on the least-squares minimiza
between raw data and fitting curves. The first two points
correlograms were not used in the calculation to avoid
electronic dead time effect.

III. RESULTS AND DISCUSSION

A typical set of correlation functionsS(q,t) is shown in
Fig. 1 for a free gelatin sample in aqueous solution. T
correlation function for temperaturesT.Tgel distinctly
shows three relaxation regimes, one fort<20 ms, followed
by a characteristic power-law relaxation regime up
20ms<t<1 ms, and beyond this a stretched exponential
laxation for t>1 ms. As the sol evolved to a gel state, t
intermediate relaxation mode disappeared (T,Tgel) and only
the fast and stretched exponential modes remained in
S(q,t) data.

Figure 2 shows the plot of the dynamic structure fac
S(q,t) as a function of delay time in the gel state of free a
SDS bound gelatin samples. When SDS was added to
gelatin at concentrations below and at critical micellar co
centration ~CMC! values,S(q,t) recovered its three-stag
relaxation features. For SDS concentrations above the C
S(q,t) was observed to regain the characteristic of the
state behavior where the intermediate relaxation mode
found to be absent. However, compared to the free gel
sample, the samples with SDS added~above the CMC!
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PRE 58 731ANOMALOUS DIFFUSION IN GELATIN-SURFACTANT . . .
showed a much slower relaxation in the stretched expon
tial domain of theS(q,t) data.

A. Fast mode relaxation

All the measuredS(q,t) data were fitted toS(q,t)
;e2G(q)t;e2D fq

2t up to t<20 ms, where a single exponen
tial fitting was found to be adequate. The fitting procedu
was the following. The fast modes were fitted by taking t
average value ofS(q,t) of those channels where the fa
mode almost decayed to a constant value and this was
as the base line (t;60 ms). The first three to four points
were avoided to nullify the dead time effect. Next the ent

FIG. 1. Dynamic structure factorS(q,t) as a function of delay
time t, for below and above the gelation temperatureTgel.30 °C.
The sample was pure gelatin 4%~wt./vol! in 0.1M of NaCl, pH
57 aqueous solution. The characteristic decay frequency in
stretched exponential part converges as the sol evolves to th
state.

FIG. 2. Evolution ofS(q,t) in the gel state (T520 °C) as a
function of SDS concentration. As the SDS concentration increa
the stretched exponential behavior becomes pronounced for
concentrations above the CMC (0.8 mM ) of the surfactant, indicat-
ing surfactant induced softening of the gel.
n-

e
e

ed

first mode region was normalized with respect to the ba
line value with the dead time effect almost eliminated.

The initial relaxation part in Fig. 1 implied that for fre
gelatin sols at almost all temperaturesS(q,t) followed a uni-
versal feature whereG(q) was observed to be independent
T (T.Tgel) and this showed a significant change in the g
state. This regime was analyzed through theCONTIN regres-
sion routine and the deducedG(q) values are plotted in Figs
3~a! and 3~b! for sol and gel states for various concentratio
of SDS.

For free gelatin and gelatin with surfactant sols, the f
mode relaxation frequencyG(q) was observed to show
G(q)5D fq

2 behavior with the fast mode diffusion coeffi
cient valueD f5(0.4660.06)31025 cm2 s21 for both free
gelatin and surfactant-added gelatin sols, which remai
constant for all concentrations of SDS studied. TheG(q)
5D fq

2 has the characteristic of the fast mode being dif
sive in nature. For translational diffusion of free gelat
chains in the solvent mediumD f should show an inverse
proportionality to the solvent viscosity (h0). The measured
value ofD f andh050.65 cp will yield a hydrodynamic ra-
dius Rh of the diffusing entity as.8 Å, which is an unreal-

e
gel

es
S

FIG. 3. LinewidthG(q) of the fast mode ofS(q,t) of Fig. 2 as
a function ofq2 for different concentrations of SDS in the~a! sol
state (T555 °C) and~b! gel state (T520 °C). Pure gelatin~s!,
0.5 mM of SDS~j!, 0.8 mM of SDS~h! and 4 mM of SDS~d! in
an aqueous medium withpH57 and an ionic strength of 0.1M of
NaCl.G(q) is linear withq2. A representative error bar is shown o
only one data point.
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732 PRE 58SAROJ MAITY AND H. B. BOHIDAR
istic value. If D f were to be interpreted as a self-diffusio
coefficient of gelatin and gelatin surfactant bound chains,D f

should show an inverse proportionality to the solution v
cosity h and a similar calculation withh513 cp @10# will
yield a still smaller hydrodynamic radius value.

Hence it can be conjectured that the fast mode could
the collective mode~gel mode! arising out of density fluc-
tuations occurring in the gel network of gelatin solutio
@22#. HenceD f can be defined as the diffusion coefficient
the collective mode related to the shear modulusG and os-
motic modulusK through the friction coefficientf as D f

5(K1 4
3 G)/ f . Renet al. @1,5# used thisD f value to arrive at

FIG. 4. Variation of the fast mode diffusion coefficientD f as a
function of SDS concentration. In the sol stateD f was observed to
remain independent of SDS concentration, butD f increased with
SDS concentration in the gel state, beyond the CMC of the sur
tant. The dotted line is the fitting below the CMC.
-

e

the effective hydrodynamic radius of gelatin as 170 Å. O
studies are at variance with their results to a large extent.
D f values are two orders of magnitude larger than their v
ues. It was observed that as the SDS concentration in
gelatin sol was raised from 0 to 4 mM , no significant change
in D f values in the sol state could be noticed~see Fig. 4!.

In the gel state the fast mode diffusion coefficientD f

value increased from (0.5060.07)31025 cm2 s21 at zero
surfactant concentration to (1.160.1)31025 cm2 s21 at a
SDS concentration of 4 mM ~Fig. 4!. This implied that the
gel network became more and more rigid as the SDS c
centration was increased sinceD f is directly proportional to
the rigidity modulus of the network. We shall not discuss t
fast mode relaxation further, with the remark that this sing
lar diffusive motion could be clearly observed in both s
and gel states and this cannot be attributed to either sel
mutual diffusion of gelatin chains~or gelatin-SDS com-
plexes! in the diffusion medium.D f values are listed in
Table I.

B. Intermediate power-law relaxations

In the intermediate time domain 20ms<t<1 ms the dy-
namic structure factorS(q,t) plotted in Figs. 1 and 2 clearly
shows a distinct relaxation regime that is nonexponential.
the sols were cooled and the gel state evolved this inter
diate relaxation regime slowly disappeared~Fig. 1!. On the
other hand, when SDS was added to a matured gel, this
laxation regime reappeared for SDS concentrations be
the CMC values. Beyond the CMC of SDS this relaxati
regime could not be observed~see Fig. 2!. However, the
SDS-added gelatin gel exhibited a wider dynamic struct
factor curve fort>1 ms as compared to that of the free ge
tin gel sample. ThisS(q,t) regime was least-squares fitted

c-
param-
re gelatin
TABLE I. Summary of results estimated and their specified features. In cases where the tabulated
eters showed a dependence on SDS concentrations the reported values pertain to results from a pu
sample 4%~wt./vol! in the sol state atT555 °C and corresponding to a gel stateT520 °C.

Phenomena Parameter Remarks
sol gel

Fast mode D f (cm2 s213105)

S(q,t);e2D fq
2t 0.4660.06 0.5060.07 D f is independent of SDS

concentrations in the sol state
D f linearly increases with

SDS concentrations in gel states

Intermediate mode exponentx
S(q,t);t2a(q)

a;qx
1.8060.09 0.9860.05 x is independent of SDS

concentration in both sol
and gel states

Stretched exponential
mode

exponentb

S(q,t);e2(t/tc)b 0.8560.09 0.8560.09 b is independent ofq
and SDS concentrations

exponenty
tc;q2y 2.0560.08 3.060.2 y52/b as per Refs.@1,5#

y is independent of SDS
concentrations.
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a power law S(q,t);t2a(q) and the deduced values a
listed in Table I. The deducedq dependence is plotted i
Figs. 5 and 6 for sol and gel states for various concentrat
of surfactant.

The fitting yieldeda(q);q0.9860.05 for the gel state and
a(q);q1.8060.09 for the sol state. Sincea(q) is a dimension-
less parameter, a characteristic length scalel 1 can be intro-
duced at this stage, which is defined as

a~q!5 l 1
xqx, x5 H1.8060.09 for the sol state

0.9860.05 for the gel state.~1!

When the experimental value ofq was substituted the valu
of l 1 obtained was 95 Å for the free gelatin sol and 50 Å f
the gel state. When the surfactant was added to the 4%~wt./

FIG. 5. Variation of the power-law exponentS(q,t);t2a in the
intemediate regime ofS(q,t) of Fig. 2 as a function ofq, in the sol
state of the gelatin-SDS system, atT555 °C. The fitting yieldsa
;q1.8060.09. This exponent is the average of all the curves.

FIG. 6. Variation of the power-law exponentS(q,t);t2a in the
intemediate regime ofS(q,t) in Fig. 2 as a function ofq, in the sol
state of the gelatin-SDS system, atT520 °C. The fitting yieldsa
;q0.9860.05. This exponent is the average of all the curves.
ns
vol! gelatin solution,l 1 showed a significant dependence o
the SDS concentration where its value was minimum~42 Å!
at ;0.8 mM ~the CMC of free SDS! concentration of the
surfactant. This increased to a value of;150 Å as the SDS
concentration reached 4 mM . Almost the opposite trend was
observed in the gel state, wherel 1 fell from ;65 Å at the
CMC of SDS to;15 Å as the surfactant concentration wa
raised to 4 mM .

Renet al. @1,5# showed that this length scale varied wit
the concentration of gelatin in the sol state asl 1;C20.75 ~see
Figs. 7 and 8!. When our data were combined with this, w
obtained a value ofl 1.450 Å for a diluted solution of 0.3%
~wt./vol! of gelatin. This is close to the radius of gyrationRg
value of the free gelatin chain measured below the gelat
concentration@;0.5% (wt./vol)# of this biopolymer. Hence

FIG. 7. Variation of the length scalel 1 with SDS concentration
in the sol state of gelatin atT555 °C. l 1 decreased up to the CMC
and then showed a continuous increase, implying the SDS indu
contraction of the gelatin chain due to specific binding up to t
CMC and formations of necklace-bead structures in the solut
@23,24# beyond the CMC. The crossover occurs at;0.8 mM .

FIG. 8. Variation of the length scalel 1 with SDS concentration
in the gel state of gelatin atT520 °C. l 1 increased up to the CMC
and then showed a continuous decrease. The crossover occu
;0.8 mM .
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734 PRE 58SAROJ MAITY AND H. B. BOHIDAR
l 1 can be taken as indicative of theRg value of the free
gelatin or SDS bound gelatin chains in the sol state.

SDS tends to bind to the positive polar groups~compris-
ing nearly 7.5% of the chain length!, thereby reducing thes
charge groups and screening the electrostatic interact
@23#. This continues until the saturation binding process t
occurs approximately at the CMC of SDS is completed@24#.
The net effect of this is the reduction in the chain size a
hence a lowerRg value. Beyond the CMC of SDS, micelle
form in the sol state and the interaction between SDS
celles and the gelatin chain is dominated by intermice
repulsion within the gelatin-SDS complexes resulting in
expansion of the chain. This is often referred to as the co
erative binding domain and the geometrical shape can
represented through the necklace-bead model@25#. These are
low-energy states of SDS-gelatin complexes at surfac
concentrations higher than the CMC. So as the SDS con
tration increases, a long-range correlation develops in
solution through intermicellar interactions. The expone
a(q) always had values higher than that of the sol. Renet al.
@1,5# conjectured that intermediate relaxation could be due
the motion of the polymer segment along the reptation t
of the molecule. This implies that the length scale in the
state, i.e., the diameter of the tube in the sol state, is hig
than that in the gel state. Though our values ofl 1 were found
to be larger in the sol state than in the gel state, in conform
with the assertion of Renet al. @5#, we could not ascribe the
origin of this to the reptation dynamics. For the reptati
model to be applicable, it is necessary to have either defi
or transient cross-links or entanglements in the polymer
lution giving rise to networks and the diameter of the rep
tion tube is typically equivalent to the mesh size or corre
tion length. In gelatin solutions in the absence of cross-lin
no definite networks are known to form@11,12#. Above the
gelation temperature, the molecular conformation of gela
is known to be a random coil and below this there is a p
pensity to form helices. In view of this, invoking a netwo
model to discuss the intermediate mode appears question
at this stage. This calls for further in-depth study of t
power-law domain of the structure factor.

C. Stretched exponential decay

For timest.1 ms, the measured dynamic structure fac
S(q,t) exhibited stretched exponential behavior:S(q,t)
;exp2(t/tc)

b with a characteristic time scaletc and width
parameterb. This could be observed in both the sol and g
states at all surfactant concentrations. A typical stretched
ponential curve ofS(q,t) is shown in Fig. 9. The paramete
tc and b determined through least-squares fitting ofS(q,t)
to exp2(t/tc)

b showed an interestingq and surfactant con
centration dependence.b is plotted as a function of SDS
concentration in Fig. 10 for both sol and gel states of gela
and b was found to be equal to 0.8560.09, showing no
surfactant concentration dependence. Figures 11 and
show theq dependence of the relaxation timetc(q). Least-
squares fitting to the data yieldedtc(q) scaling asq22.0560.08

andq23.060.2 in sol and gel states, respectively. Renet al. @5#
saw aq dependence of22.5 in the sol state and23 in the
gel state of free gelatin. Hence the presence of SDS did
seem to have altered the gel sate dynamic structure fa
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behavior in the long time limit. However, in the sol state w
observed a much smaller exponent (22.0560.08) as com-
pared to their value of22.5. The surfactant concentratio
dependence oftc has been plotted in Fig. 13. In the sol sta
no concentration dependence was observed whereas in
gel statetc showed a peak close to the CMC of SDS a
then it decreased substantially.

The width parameterb did not show any difference as th
sol state evolved to a gel state; unlike in the case of R
et al. @5#, b did not show any dependence on SDS conc
tration either. In case of nonthermoreversible gelsb was
measured@2# to be 0.65, whereas our value isb50.8560.05.
Renet al. @5# have measured a value much smaller than t
for free gelatin solutions and gels. Another interesting fe
ture of this slow mode is that most of the polymer solutio
were shown to exhibit aq-independent slow mode, whic
does not seem to be true in our case@16,28#.

D. Origin of power-law and stretched exponential regimes

Ren et al. @1,5# have attributed the origin of the powe
law and stretched exponential regimes to anomalous di

FIG. 9. ~a! Stretched exponential regime of the structure fac
S(q,t) for 4% ~wt./vol! gelatin solution and its fitting toS(q,t)

;e2(t/tc)b
~solid line!. For all the samples we observed an excelle

fitting. ~b! Power-law regime of the structure factorS(q,t) for 4%
~wt./vol! gelatin solution and its fitting toS(q,t);t2a(q) ~solid
line!. For all the samples we observed an excellent fitting.
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PRE 58 735ANOMALOUS DIFFUSION IN GELATIN-SURFACTANT . . .
sions, where the mean-squared displacement of a ran
walker on a fractal lattice was given as

^R2&5H l 1
2 ln~ t/t1!, t,tc

2l 2
2~ t/t2!b, t>tc ,

~2!

where the elementary time and step length of the two rand
walks aret1 ,l 1 and t2 ,l 2 . Based on simulation results, the
derived the dynamic structure factorS(q,t) assuming a
Gaussian diffusion model given by

S~q,t !;H t2a~q!, t,tc

e2~ t/tc!b
, t>tc .

~3!

FIG. 10. Width parameterb of the stretched exponentialS(q,t)
as a function of SDS concentration in sol (T555 °C) and gel (T
520 °C) states of gelatin. Within experimental errorb50.85
60.09 for both the sol and gel states. Only representative error b
are shown.

FIG. 11. Variation of stretched mode relaxation frequen
(1/tc) as a function ofq for the sol state of the gelatin-SDS syste
at T555°C. Pure~s!, 0.5 mM of SDS ~,!, 0.8 mM of SDS ~j!,
2 mM of SDS ~h!, and 4 mM of SDS ~d!. The fitting yielded
tc(q);q22.0560.08. Only representative error bars are shown.
m

m

Here the first length scalel 1 was assigned asa5 l 1
2q2 and the

second length scale came from the definitionDs5 l 2
2/t2

5t2
b21tc

2bq22. The slow mode diffusivityDs defined here
could not be determined sincet2 was not known. This model
predicts thata5 l 1

xqx with x52.0 for both sol and gel states.
Our measurements showedx51.8060.09 in the sol state,
which is not far away from these predictions. However,
the gel state this exponentx was measured to be only 0.98
60.05, which does not concur with the results of this mode

For the stretched exponential mode they predictedtc
;q22/b. Our measuredb value for both sol and gel states
wasb50.8560.09, which implied that we should have ob
served 2/b52.38. From Fig. 11, atT555 °C, the fitted ex-
ponent obtained was 2.5060.09, which is not very different
from the theoretical value. Again in the gel state this exp

rs

FIG. 12. Variation of stretched mode relaxation frequenc
(1/tc) as a function ofq for the gel state of the gelatin-SDS system
at T520 °C. Pure~s!, 0.5 mM of SDS~,!, 0.8 mM of SDS~j!,
2 mM of SDS ~h! and 4 mM of SDS ~d!. The fitting yielded
tc(q);q2360.2. Only representative error bars are shown.

FIG. 13. Variation oftc as a function of SDS concentration in
sol (T555 °C) and gel (T520 °C) states of gelatin. In the gel state
tc remained the same independently of surfactant concentrati
whereas in the sol statetc increased up to the CMC of the surfac
tant and then decreased.
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nent was measured to be 3.060.09 in Fig. 12, whereas th
theoretical value predicted for this was 2.38. Here again
observed that in the sol state the Gaussian distribution m
provided a proper description of the observed experime
data, but this failed to account for the results obtained in
gel state of gelatin in the presence of an added surfacta

The physical origin of the intermediate and stretched
ponential relaxation modes was often attributed to the m
tion of the polymer topologically constrained to a tube alo
its length due to intermolecular interactions. For average
placements comparable to the tube diameter, the segm
motion towards the walls becomes severely hindered and
dynamics has been proposed to have been reflected
S(q,t);t2a behavior @1,2#. In addition, l 1 was identified
with the mesh size of the gelatin network. The stretch
exponential mode was explained as full chain reptation al
the tube@25–28#.

Let us discuss this proposition. The dynamic struct
factor under the Gaussian approximation can be written
the Rouse, Zimm, and reptation models of relaxation@29–
31# as

S~q,t !5S~q,0!expF2S t

tc
D nG , ~4!

with

n5H 1
2 for the Rouse model
2
3 for the Zimm model
1
4 for the reptation model.

~5!

Here tc is the appropriate relaxation time constant of t
model concerned. This implies that the stretched expone
mode relaxation should behave asS(q,t);e2(t/tc)b

, with
b5 1

2 for relaxations obeying Rouse dynamics. Renet al.
have reportedb50.81 for the sol state and 0.67 for the g
state of gelatin@5#. Our values for both the sol and gel stat
were the same,b50.8560.09. Hence the stretched expone
tial decay cannot be attributed to Rouse-type relaxation
the dispersion medium. The Zimm relaxation model does
predict the appropriateb values for sol and gel states eithe
For a similar reason the dynamic structure factor given
Eq. ~5! for the local reptation of the polymer chain in the g
state fails to describe the observed gel state behavior. Ma
a hierarchically constrained dynamics where the relaxa
time at any stage depends on its precedent in a constra
way would provide an adequate description of the obser
relaxations in power-law and stretched exponential regim
@32#. Empirically, we have observed that beyond the f
mode the entire relaxation regime could be least-squares
ted to the expression

S~q,t !5
At2a

B1C exp~ t/tc!
b , ~6!

whereA, B, andC are adjustable parameters.
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IV. CONCLUSIONS

The dynamic structure factor showed three distinct rel
ation regimes for both free and surfactant~SDS! containing
sols and gels of the polypeptide, gelatin. The initial fa
mode showed exponential relaxation up tot<20ms. This
mode was found to be diffusive in nature with a diffusio
coefficientD f that was neither proportional to nor the inver
of the solvent or solution viscosity. We interpret this fa
mode as characteristic of the collective mode where the
motic bulk K and shear modulusG determine the relaxation
time throughD f5(K1 4

3 G)/ f . Hence this mode could no
possibly be interpreted as occurring due to either self-
mutual diffusion of free gelatin chains or their SDS bou
complexes.

The intermediate power-law and long time stretched
ponential power-law features observed in the measurem
of S(q,t) have been explained through anomalous diffus
by Renet al. @1,5#. Our results with SDS being present as
third component qualitatively concur with the initial obse
vation of Renet al.; we compared our results with the the
retical model reported by them. We concluded that the
namic structure factor beyond the fast mode (t>20 ms)
originates from the Gaussian diffusion of scattering entit
in the dispersion medium. Representing this diffusion
P(r ,t)5(2p^r 2&)21/2 exp(2r2/2^r 2&), S(q,t) can be com-
puted by taking the Fourier transform ofP(r ,t). Conse-
quently, a length scalel 1 can be associated with the interm
diate relaxation regime such thata(q)5 l 1

xqx. Renet al. @5#
observedx52, which is in complete disagreement with o
results, where we obtainedx50.9860.05 for gels and 1.80
60.09 for sols. For the sol state the exponent 1.80 is not
off the theoretical predictions of 2, but for the gel state t
measured exponent is almost half of this value. This imp
that the anomalous diffusion model is inadequate to exp
the gel state behavior completely. The anomalous diffus
model predicts that for stretched exponential relaxation,
relaxation timetc;q22/b. In our experimentsb was 0.85
60.09, hencetc should vary as;q22.35; in the sol state we
observed tc;q22.0560.08 and in the gel state this wa
;q23.060.2. Again, there was a discrepancy between our v
ues and the theoretical values predicted by the anoma
diffusion model.

Gelatin is known to form helices even at temperatu
aboveTgel, though the degree of helicity is small. Hence,
order to understand the dynamics of diffusion in gelatin
lutions and gels a more rigorous theoretical framework
needed. Simple polymer theory models and conjectu
would be inadequate to describe the dynamic structure fa
relaxations in this system, as has been clearly seen in
studies. Furthermore, gelation occurs due to systematic
mation of intermolecular and intramolecular hydrogen bon
between peptide linkages of adjacent gelatin molecules
percolation-type model is unlikely to address the obser
dynamics and relaxations in complete detail.
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