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Anomalous diffusion in gelatin-surfactant solutions and gels
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A photon correlation spectroscopy study carried out on semidilutéM%vol) aqueous gelatin sols and gels
with the anionic surfactant sodium dodecyl sulph@®S showed three relaxation processes in the dynamic
structure factor data. First an exponential procg@gt) ~exp(— Dot) att<20 us, referred to as the collec-
tive mode, was observed, followed by an intermediate power-law re§img)~t~ *® at 20 us=t<1ms,
and finally a stretched exponential decgt,t)~exp—(t/7.)?® was observed fot=1 ms. The power-law
exponenta and characteristic time, in the stretched part were found to bhedependent: a~q*, with x
=1.80+=0.09 in the sol state ankl=0.98+0.05 in the gel state, ang.~q~Y, with y=2.05-0.08 and 3.0
+0.2 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 g 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 stg8d.063-651X%98)03407-2

PACS numbdis): 82.70.Gg

[. INTRODUCTION nential relaxation of the correlation function in the dilute
regime, which moved to nonexponential relaxation as the
The relaxation and dynamics of polymers have beersemidilute regime was approach&d. However, the detailed
widely studied by many workers recenfly—4]. Gelatin that relaxation study of gelatin—sodium dodecy! sulph&é®9
forms physical gels in a semidilute regime presents a topoeomplexes in sol and gel states has not been reported, to our
logical hindrance to the motion of individual chains and aknowledge. Amis and co-workers observed the two-mode
variety of complex phenomena have been obsef&¢dThe relaxation phenomena where both relaxations were individu-
complexity in motion starts when individual chains undergoally exponential and these were interpreted as fast and slow
a coil-helix transition leading to the onset of gelation wheremode relaxationf13—15. After their work, many more elu-
triple helices tend to form. This physical process is signifi-cidations of this problem have occurred, but no concrete un-
cantly altered when an anionic surfactant forms complexeslerstanding has been established to explain the origin of
with gelatin. these modes. Borsadt al. [16] studied the gelatin solutions
Gelatin is a polypeptide obtained from denatured col-and gels and detected the fast and slow modes as exponential
lagen. Above~30 °C it is a linear random coil biopolymer and stretched exponential relaxations. Martin, Wilcoxin, and
and when cooled it transforms to a gel state when the conodinek[2] observed three stepwise relaxations in a system
centration exceeds 0.5% (wt./vol). In the sol state, gelatin of colloidal particles. Reret al. [1,5] studied the quenched
is characterized as a random coil with a persistence length afelatin system in sol and gel states and reported three types
~20 A, radius of gyratiorR,~300 A, and an effective hy- of relaxation processes: the fast mode relaxation frequency,
drodynamic radiufk,~220 % [6-10. Gelation is preceded which was inversely proportional to the solvent viscosity;
by the formation of interconnected triple helices. As the he-cooperative diffusion due to segmental motion of the poly-
lix fraction grows beyond a critical helix concentration, the mer chain, and the power-law relaxation behavior in an in-
whole dynamics is governed by both intermolecular and intermediate time domain and the autocorrelation function as a
tramolecular hydrogen bonds formed between adjacent pegtretched exponential decay at longer time scales. When the
tide bonds and ultimately a thermally reversible gel formssystem was set to a gel the slow mode froze and only the fast
[11,12. Around pH=7 the gelatin chain is amphoteric and mode remained.
some groupge.g., lysine and argenine 7.5% of residues In this paper we shall be concerned with the study of
are positively charged and these make complexes with theelaxation in gelatin-SDS sols and gels with the objective of
polar head group of the anionic surfactant. About 12% of thecharacterizing these complex states through PCS studies. It is
chain, mostly comprised of glutamic and aspartic acids, isvell known that a significant change in the conformation of
negatively charged. Glycine, proline, and hydroxyproline argpolymers arises due to polymer-surfactant interactions. In
neutral. Othe6%) residues are strongly hydrophobic in na- this work we have used PCS to study gelatin-surfactant so-
ture, leaving about 58% of the chain to be neuffl lutions at two temperaturest <Tge (Tye=30°C) andT
Photon correlation spectroscopiCS is very useful in  >Ty with four SDS concentration®.5, 0.8, 2, and 4 i)
studying the relaxation processes in complex systems. Earlyoth at and above CMC (0.8Ivh) of SDS. Qualitatively, our
PCS studies on pure gelatin sol and gel showed pure expaevork is similar to the work of Reet al. [5], which reported
on pure semidilute gelatin samples forKTye and T> Ty
and that of Martin, Wilcoxin, and Odinek, which reported on
*FAX: +91-11-6165886 and-91-11-6198324. silica particleg 2]. However, the quantitative features differ
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significantly from those reported by Restal. [1,5]. We  First, the free gelatin sol af =55 °C [4% (wt./vol)] was
have interpreted the data through anomalous diffusion ofpaded into the scattering cell and the correlograms were
gelatin-SDS complexes in the aqueous solution environmentecorded at different scattering angles. The sol was allowed
The physical chemistry of binding surfactants to gelatin hasy ¢ool to room temperatureT& 20 °C) in regulated de-

been reported separatgly7]. creasing steps of 5 °C. As the sol cooled, correlograms were
recorded continuously at temperature intervals of 5 °C. At
ll. EXPERIMENTAL PROCEDURE each of these set temperatures, the scattering intensity was

measured between 38¥9<110° at an interval of 5°. Hence,

) ) ) at each of these temperatures, 17 correlograms were recorded
Gelatin was purchased from Biorad C@J-;Q’-) with @ o extract theq dependence of relaxations in finer detail.
sharp molecular weight,, distribution at=10" g mol*. Again, each of these experiments was carried out at least
Aqueous SO'““?” was prepared by soaking the sample nearfrice to observe data reproducibility. Thus, at each of these
for 1 h at~50 °C to remove the hISFOI‘_Ical effedtg]. Thg preset temperatures more than 50 correlograms were re-
§olvent was 0.0 O.f NaCI. in double distilled wgter conta|_n- corded. Each correlogram was recorded over a typical period

ing 0.1 M of sodium azide to prevent bacterial contaming- ¢ 1 min and over this experimental duration a good signal

. . I 0 ”

tion. Noting that gelatin itself has 12% residual water, Westatistics was seen to build up. The temperature controller

made the sample to 4%wt./vol). The sample was gently ; ; N

stirred for aboti2 h to make a homogeneous solution. To provided temperature regulation better thad.1°C of the
preset temperature and this completed a cycle of experiment.

obtain a dust-free stock solution, the hot sol was first centriN tthe t i troll (1 i t
fuged for 30 min and the aliquots were loaded directly into a ext the tempeérature controfler was set {o a new temperature

5-ml cylindrical quartz scattering cell. A photon correlation that is lower than the previous one by 5°C and the entire

spectroscopy study was done on these samples after 10_1iﬁpegmerﬁll c;y:;le Wis trepea:cted. Thti ana%zg that f?IIOWS IS
of sample preparation. The quartz cell was kept in a home?2s€d On the interpretation of more than correlograms.

made goniometer thermostated to an accuracy-6f1 °C )
[18]. An Aerotech He-Ne randomly polarized laggéd mw) B. Data analysis
with A =6328 A was used as light source and a Brookhaven The salient theoretical and experimental features of PCS
Instrument Corp(BIC) 9000AT correlator(1024 channels  have been discussed in detail elsewH&&20. The normal-
was used to measure the intensity autocorrelation function dked dynamic structure factor was defined &§q,t)
the scattered light. Before starting the experiments, the goni=[{(I(0)I(t))—B}/({12)—B)]*2 TheB was the measured
ometer was calibrated by using a dilute suspension of starpaseline. All the data were analyzed through the software
dard polystyrene latex particlésize equal to 900 Rkeptin  supplied by the BIC and some developed by us. The fast
an identical quartz cell supplied by the BIC. The data col-mode was analyzed through thenTin [21] analysis method
lected were analyzed through four software packages sugind an intermediate power law with stretched exponential
plied by the BIC (CUMULANT, EXPONENTIAL SAMPLING, fittings was done by &ORTRAN program written by us. This
NNLS, and CONTIN). The calibration was iterated until we rorTRANprogram is based on the least-squares minimization
obtained the desired diameter with2% error using all data between raw data and fitting curves. The first two points in
analysis softwares. During these experiments we exploregorrelograms were not used in the calculation to avoid the
the angles from 30° to 110° by rotating the goniometer armelectronic dead time effect.
smoothly and repeating 3—4 times by focusing the scattered
|Ight on a THORN EM'(BZFBK/RFD photomultiplier tube IIl. RESULTS AND DISCUSSION
properly such that we obtained maximum counts. To obtain a
very good set of data the following precautions were under- A typical set of correlation function§(q,t) is shown in
taken. First, the count rate was maintained 41100 counts  Fig. 1 for a free gelatin sample in aqueous solution. The
per second. Second, the pinhole size in front of the photocorrelation function for temperature$>Tg distinctly
multiplier tube was fixed at 10@m to minimize the sample shows three relaxation regimes, one fe¥ 20 us, followed
volume and we chose fewer coherence areas from the scdly a characteristic power-law relaxation regime up to
tering volume to reduce the multiply scattered light. At lower 20 us<7<1 ms, and beyond this a stretched exponential re-
scattering angles noticeable broadening of the correlatiotexation for 7=1 ms. As the sol evolved to a gel state, the
function may occur because a finite range of wave numbergtermediate relaxation mode disappear€et(T,.) and only
contributes to the scattered light as “seen” by the photomulthe fast and stretched exponential modes remained in the
tiplier. This was minimized in our experiments by placing aS(q,t) data.
narrow-band interference filter in front of the photomultiplier ~ Figure 2 shows the plot of the dynamic structure factor
tube, which had a bandwidth of less than 3% of the wave$(q,t) as a function of delay time in the gel state of free and
length of the incident laser source. This reduced the aboveSDS bound gelatin samples. When SDS was added to the
mentioned artifact considerably. gelatin at concentrations below and at critical micellar con-
Finally, the percentage difference between the calculatedentration(CMC) values, S(q,t) recovered its three-stage
and measured baselines was monitored continuously and preelaxation features. For SDS concentrations above the CMC,
set at less than 0.1% for the correlograms to be acceptabl&(qg,t) was observed to regain the characteristic of the gel
Any correlogram that did not satisfy this criterion was re- state behavior where the intermediate relaxation mode was
jected. The background was estimated from measured bast®und to be absent. However, compared to the free gelatin
line statistics. Experiments were performed in two stepssample, the samples with SDS addé@bove the CMC

A. Materials and methods
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FIG. 1. Dynamic structure factd®(q,t) as a function of delay
time t, for below and above the gelation temperatligg=~30 °C.
The sample was pure gelatin 4@4t./vol) in 0.IM of NacCl, pH N
=7 aqueous solution. The characteristic decay frequency in the «— ©° ¢ 7
stretched exponential part converges as the sol evolves to the gt o : * v '
1S a
state. S ] . i
&
. . - -8 L .
showed a much slower relaxation in the stretched exponen — *™
tial domain of theS(q,t) data.
A. Fast mode relaxation 3x10°% . L
-0.6x10% 15x10% 3.5x10% 5.5x10%
All the measuredS(q,t) data were fitted toS(q,t) (b) q% (cm?)

~e T@t—g=Di@t yp tot<20 us, where a single exponen-

e .= FIG. 3. LinewidthI'(q) of the fast mode of(q,t) of Fig. 2 as
tial flttﬂngf VI\IIaS .foun_lqhtofbet adeéquate. Thﬁttflglrg)g ErE.CEd;Jhrea function ofg? for different concentrations of SDS in tha) sol
was the foflowing. The fast modes were Tited by taxing €., T=55°C) and(b) gel state T=20 °C). Pure gelatifO),

average value of5(q,t) of those channels where the fast 5\ of SDS(M), 0.8 MM of SDS(CJ) and 4 nM of SDS(®) in
mode almost decayed to a constant value and this was usgg aqueous mediu’m withH=7 and an ionic strength of (M. of

as the base linet{-60 us). The first three to four points Nacl.T(q) is linear withg?. A representative error bar is shown on
were avoided to nullify the dead time effect. Next the entiregnly one data point.

10 . . . r . r first mode region was normalized with respect to the base-
k;:: 4%+0.5mM SDS line value with the dead time effect almost eliminated.
% Aot oS The initial relaxation part in Fig. 1 implied that for free
0o b 4% gelatin 1 gelatin sols at almost all temperatui®(sy,t) foII_owed a uni-
' versal feature wherE(q) was observed to be independent of
T (T>Tge) and this showed a significant change in the gel
. g state. This regime was analyzed through doaTIN regres-
::Z' 08| " . sion routine and the deducéqq) values are plotted in Figs.
2] A S 3(a) and 3b) for sol and gel states for various concentrations
E of SDS.
o For free gelatin and gelatin with surfactant sols, the fast
0.7 b a g .
\ ] mode relaxation frequency'(q) was observed to show
“ I'(q) =D¢qg? behavior with the fast mode diffusion coeffi-
cient valueD;=(0.46+0.06)x 10 ° cn? s ! for both free
08 . 1(;2 ! 16‘ : 16‘ gelatin and surfactant-added gelatin sols, which remained

constant for all concentrations of SDS studied. Thg)
t{ps) =Dqg? has the characteristic of the fast mode being diffu-
FIG. 2. Evolution ofS(q,t) in the gel state T=20°C) as a Sive in nature. For translational diffusion of free gelatin
function of SDS concentration. As the SDS concentration increaseghains in the solvent mediur®; should show an inverse
the stretched exponential behavior becomes pronounced for SDRFoportionality to the solvent viscosityn). The measured
concentrations above the CMC (0.8h) of the surfactant, indicat- value of D and 79=0.65 cp will yield a hydrodynamic ra-
ing surfactant induced softening of the gel. diusR;, of the diffusing entity as=8 A, which is an unreal-
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129007 the effective hydrodynamic radius of gelatin as 170 A. Our
studies are at variance with their results to a large extent. Our
Losx 155L D¢ values are two orders of magnitude larger than j{heir' val-
‘ GEL ues. It was observed that as the SDS concentration in the
- gelatin sol was raised from 0 to 4Wh no significant change
T 0.85x10°% CMC in D; values in the sol state could be noticege Fig. 4.
s | In the gel state the fast mode diffusion coefficidnt
S eserSL value increased from (0.500.07)x10 ° cn?s ! at zero
+ surfactant concentration to (¥D.1)x10 ° cnPs ™! at a
. 1 1 I SDS concentration of 4 M (Fig. 4). This implied that the
0-45x10 7 3 ¥ o gel network became more and more rigid as the SDS con-
centration was increased sinbg is directly proportional to
0.25x16° : . ! the rigidity modulus of the network. We shall not discuss the

fast mode relaxation further, with the remark that this singu-

lar diffusive motion could be clearly observed in both sol
FIG. 4. Variation of the fast mode diffusion coefficieDt as a  and gel states and this cannot be attributed to either self- or

function of SDS concentration. In the sol stéig was observed to mutual diffusion of gelatin chaingor gelatin-SDS com-

remain independent of SDS concentration, Bytincreased with plexes in the diffusion medium.D; values are listed in
SDS concentration in the gel state, beyond the CMC of the surfacTgp|e |.

tant. The dotted line is the fitting below the CMC.

SOS Conc.(mM)

B. Intermediate power-law relaxations
istic value. If D¢ were to be interpreted as a self-diffusion
coefficient of gelatin and gelatin surfactant bound chdns,
should show an inverse proportionality to the solution vis-
cosity » and a similar calculation withy=13 cp[10] will
yield a still smaller hydrodynamic radius value.

In the intermediate time domain 20s<t<1 ms the dy-
namic structure facta®(q,t) plotted in Figs. 1 and 2 clearly
shows a distinct relaxation regime that is nonexponential. As
the sols were cooled and the gel state evolved this interme-
Hence it can be conjectured that the fast mode could by et PSSOy ERROSTER [ GO TR
the collective modégel modg arising out of density fluc- |5 ation regime reappeared for SDS concentrations below
tuations occurring in the gel network of gelatin solutionsihe cMC values. Beyond the CMC of SDS this relaxation
[22]. HenceD; can be defined as the diffusion coefficient of regime could not be observe@ee Fig. 2 However, the
the collective mode related to the shear modWlusnd os-  spS-added gelatin gel exhibited a wider dynamic structure
motic modulusK' through the friction coefficienf as Dy  factor curve fot=1 ms as compared to that of the free gela-
=(K+3G)/f. Renet al.[1,5] used thisD; value to arrive at  tin gel sample. Thi$(q,t) regime was least-squares fitted to

TABLE I. Summary of results estimated and their specified features. In cases where the tabulated param-
eters showed a dependence on SDS concentrations the reported values pertain to results from a pure gelatin
sample 4%wt./vol) in the sol state aT =55 °C and corresponding to a gel state 20 °C.

Phenomena Parameter Remarks
sol gel
Fast mode D¢ (cn? s X 10°)
s(q,t)fve*DfﬂlZt 0.46+0.06 0.50-0.07  D; is independent of SDS

concentrations in the sol state
D¢ linearly increases with
SDS concentrations in gel states

Intermediate mode exponext
S(q,t) ~t~ @ 1.80+0.09 0.98:0.05  x is independent of SDS
a~q* concentration in both sol
and gel states
Stretched exponential exponents
mode
S(q,t)~e” W7” 0.85+0.09 0.85-0.09  gis independent of
and SDS concentrations
exponenty
T7~q Y 2.05+0.08 3.0:0.2 y=2/B as per Refs[1,5]

y is independent of SDS
concentrations.




PRE 58 ANOMALOUS DIFFUSION IN GELATIN-SURFACTANT . . . 733
2 160 T
<
-3
120 - -
3 <
- c
e = J omc
° 80 - =
-5 v
[ ]
o -
(] 4mM
-6 ! ]
10 11.5 120 125 40—1 1 3 5

In q (cm™) SDS conc.(mM)

FIG. 5. Variation of the power-law exponesfq,t) ~t~ * in the
intemediate regime db(q,t) of Fig. 2 as a function of, in the sol
state of the gelatin-SDS system, &t 55 °C. The fitting yieldsa
~q18%009 This exponent is the average of all the curves.

FIG. 7. Variation of the length scalg with SDS concentration
in the sol state of gelatin &t=55 °C. |, decreased up to the CMC
and then showed a continuous increase, implying the SDS induced
contraction of the gelatin chain due to specific binding up to the
CMC and formations of necklace-bead structures in the solution

a power IaWS(q,t)~t_“(q) and the deduced values are [23,24] beyond the CMC. The crossover occurs~&d.8 mM.

listed in Table I. The deduced dependence is plotted in
Figs. 5 and 6 for sol and gel states for various concentratio
of surfactant.

The fitting yieldeda(q) ~ g% for the gel state and
a(q)~qt8%908for the sol state. Since(q) is a dimension-
less parameter, a characteristic length stalean be intro-
duced at this stage, which is defined as

vol) gelatin solution]; showed a significant dependence on
M$e SDS concentration where its value was minimdid A)
at ~0.8 MM (the CMC of free SD¥ concentration of the
surfactant. This increased to a value-oi50 A as the SDS
concentration reached 4vh Almost the opposite trend was
observed in the gel state, whergfell from ~65 A at the
CMC of SDS to~15 A as the surfactant concentration was
raised to 4 M.
Renet al.[1,5] showed that this length scale varied with

the concentration of gelatin in the sol statd asC~%">(see
Figs. 7 and 8 When our data were combined with this, we

. i obtained a value df;=450 A for a diluted solution of 0.3%
When the experimental value gfwas substituted the value (wt./vol) of gelatin. This is close to the radius of gyratify

of I, obtained was 95 A for the free gelatin sol and 50 A for5)e of the free gelatin chain measured below the gelation
the gel state. When the surfactant was added to théw%  concentratior ~0.5% (wt./vol)] of this biopolymer. Hence

g B 1.80+0.09 for the sol state 1
@(@)=ha’ X=1098+0.05 for the gel state.V)

-2 70 T T

In o

2mM

e 4« 0OBN

0.5mM

i

-7
11.00 127

11.54

In q (cm™)

181

12.08

12.35

FIG. 6. Variation of the power-law expone8fq,t)~t~“ in the
intemediate regime d®(q,t) in Fig. 2 as a function of, in the sol
state of the gelatin-SDS system, &t 20 °C. The fitting yieldsa
~q®98+005 This exponent is the average of all the curves.

SDS conc. (mM)

FIG. 8. Variation of the length scalg with SDS concentration
in the gel state of gelatin &ti=20 °C. |, increased up to the CMC
and then showed a continuous decrease. The crossover occurs at

~0.8 mM.
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I, can be taken as indicative of th, value of the free 100 ' -
gelatin or SDS bound gelatin chains in the sol state.

SDS tends to bind to the positive polar groypsmpris-
ing nearly 7.5% of the chain lengththereby reducing these
charge groups and screening the electrostatic interactions
[23]. This continues until the saturation binding process that 050 |
occurs approximately at the CMC of SDS is compleiadi.
The net effect of this is the reduction in the chain size and g,
hence a loweR, value. Beyond the CMC of SDS, micelles el
form in the sol state and the interaction between SDS mi- ke
celles and the gelatin chain is dominated by intermicellar oL
repulsion within the gelatin-SDS complexes resulting in the
expansion of the chain. This is often referred to as the coop-

RMS error=0.0102

—_
bt
o
[ust
w

erative binding domain and the geometrical shape can be 2 p o s
represented through the necklace-bead mgl These are a t (us)

low-energy states of SDS-gelatin complexes at surfactant

concentrations higher than the CMC. So as the SDS concen- 10 ' : :

tration increases, a long-range correlation develops in the

solution through intermicellar interactions. The exponent

«a(q) always had values higher than that of the sol. Beal. 09 .

[1,5] conjectured that intermediate relaxation could be due to

the motion of the polymer segment along the reptation tube

of the molecule. This implies that the length scale in the sol

state, i.e., the diameter of the tube in the sol state, is higher

than that in the gel state. Though our value$,ofrere found

to be larger in the sol state than in the gel state, in conformity

with the assertion of Reat al.[5], we could not ascribe the

origin of this to the reptation dynamics. For the reptation

model to be applicable, it is necessary to have either definite

or transient cross-links or entanglements in the polymer so- %60 3 o pres 160

lution giving rise to networks and the diameter of the repta-  (b) t (us)

tion tube is typically equivalent to the mesh size or correla-

tion length. In gelatin solutions in the absence of cross-links FIG. 9. (& Stretched exponential regime of the structure factor

no definite networks are known to forfa1,17. Above the  S(a:1) foﬁr 4% (wt./vol) gelatin solution and its fitting t&5(q,t)

gelation temperature, the molecular conformation of gelatir-€ /™" (solid lin). For all the samples we observed an excellent

is known to be a random coil and below this there is a profitting. (b) Power-law regime of the structure factsfq,t) for 4%

pensity to form helices. In view of this, invoking a network (Wt./vol) gelatin solution and its fitting t&(q,t)~t"*@ (solid

model to discuss the intermediate mode appears questionai@®): For all the samples we observed an excellent fitting.

at this stage. This calls for further in-depth study of the

power-law domain of the structure factor. behavior in the long time limit. However, in the sol state we

observed a much smaller exponentZ.05+0.08) as com-

pared to their value of-2.5. The surfactant concentration

dependence of, has been plotted in Fig. 13. In the sol state
For timest>1 ms, the measured dynamic structure factormo concentration dependence was observed whereas in the

S(q,t) exhibited stretched exponential behavio(q,t)  gel stater, showed a peak close to the CMC of SDS and

~exp—(t/7,)? with a characteristic time scale, and width  then it decreased substantially.

parameteB. This could be observed in both the sol and gel  The width parameteg did not show any difference as the

states at all surfactant concentrations. A typical stretched eXy)| state evolved to a gel state; unlike in the case of Ren

ponential curve 08(q,t) is shown in Fig. 9. The parameters gt | [5], 8 did not show any dependence on SDS concen-

7c and B determined through least-squares fittingSf),t)  tration either. In case of nonthermoreversible gglsvas

to exp-(t/7)° showed an interesting and surfactant con- measuredi2] to be 0.65, whereas our valuefs=0.85+0.05.

centration dependenc is plotted as a function of SDS panet al.[5] have measured a value much smaller than this

concentration in Fig. 10 for both sol and gel states of gelatlr}or free gelatin solutions and gels. Another interesting fea-

and g was found to .be equal to 0.83.09, showing no tEre of this slow mode is that most of the polymer solutions
surfactant concentration dependence. Figures 11 and 1 o . .
show theq dependence of the relaxation timg(q). Least- Were shown to exhibit a&-independent slow mode, which
. . ) /. ose00s  does not seem to be true in our c4$6,28.
squares fitting to the data yieldeg(q) scaling asy
andq~3%%2in sol and gel states, respectively. Raral.[5]
saw aq dependence of-2.5 in the sol state and 3 in the
gel state of free gelatin. Hence the presence of SDS did not Renet al. [1,5] have attributed the origin of the power

seem to have altered the gel sate dynamic structure factéaw and stretched exponential regimes to anomalous diffu-

C. Stretched exponential decay

D. Origin of power-law and stretched exponential regimes
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FIG. 10. Width parametes of the stretched exponentig(q,t) FIG. 12. Variation of stretched mode relaxation frequency

as a function of SDS concentration in s@=£55 °C) and gel T (1/7;) as a function ofj for the gel state of the gelatin-SDS system
=20°C) states of gelatin. Within experimental err=0.85 atT=20°C. PurgO), 0.5 M of SDS(V), 0.8 ™M of SDS (M),

+0.09 for both the sol and gel states. Only representative error bazmM of SDS (CJ) and 4 nM of SDS (@). The fitting yielded
are shown. 7.(9)~q~3=%2 Only representative error bars are shown.

sions, where the mean-squared displacement of a randopjere the first length scalg was assigned as=12g? and the
walker on a fractal lattice was given as second length scale came from the definitibR=1%t,
12In(tity), t<r, =t8"17_Pq 2. The slow mode diffusivityD4 defined here
(R? ={ 9 s (2)  could not be determined sintgwas not known. This model
23ty =1, predicts thate=17g* with x= 2.0 for both sol and gel states.
Our measurements showed-1.80+0.09 in the sol state,
where the elementary time and step length of the two randorwhich is not far away from these predictions. However, in
walks arety,l, andt,,l,. Based on simulation results, they the gel state this exponertwas measured to be only 0.98
derived the dynamic structure factd(q,t) assuming a +0.05, which does not concur with the results of this model.
Gaussian diffusion model given by For the stretched exponential mode they predicted
~q~?P. Our measure@ value for both sol and gel states
was 8=0.85+0.09, which implied that we should have ob-

7@ <,
S(q,t)~[ WU 1= ¢ (3)  served 28=2.38. From Fig. 11, aT=55 °C, the fitted ex-
e e, FT. ponent obtained was 2.5.09, which is not very different
from the theoretical value. Again in the gel state this expo-
'7 T T
1.25x10°
.8 - -
"o
2 T 0.75x10° [— -
e 3
E -10 | B o
< 5
0.25x107 — _‘
,11 b -
_ I 1 o | |
1211.0 1.5 12,0 12.5 025x10° p 3 5
Inq (cm'1) SDS conc. (mM)

FIG. 11. Variation of stretched mode relaxation frequency FIG. 13. Variation ofr, as a function of SDS concentration in
(1/7¢) as a function ofy for the sol state of the gelatin-SDS system sol (T=55 °C) and gel {=20 °C) states of gelatin. In the gel state
at T=55°C. PureO), 0.5 mM of SDS(V), 0.8 nM of SDS (M), 7. remained the same independently of surfactant concentration,
2mM of SDS (OJ), and 4 nM of SDS (@). The fitting yielded whereas in the sol state increased up to the CMC of the surfac-
7.(q)~q 29509 Only representative error bars are shown. tant and then decreased.
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nent was measured to be 2.0.09 in Fig. 12, whereas the IV. CONCLUSIONS
theoretical value predicted for this was 2.38. Here again we . -
observed that in the sol state the Gaussian distribution model_ ' "€ dynamic structure factor showed three distinct relax-

provided a proper description of the observed experimentaﬁltion regimes for both free and surfact4BDS containing

data, but this failed to account for the results obtained in th&©!S and gels of the polypeptide, gelatin. The initial fast
gel state of gelatin in the presence of an added surfactant. Mode showed exponential relaxation uptte20 us. This
The physical origin of the intermediate and stretched ex/node was found to be diffusive in nature with a diffusion
ponential relaxation modes was often attributed to the mocoefficientD; that was neither proportional to nor the inverse
tion of the po|ymer top0|ogica||y constrained to a tube a|0ngOf the solvent or solution ViSCOSity. We interpret this fast
its length due to intermolecular interactions. For average dismode as characteristic of the collective mode where the os-
placements comparable to the tube diameter, the segmentabtic bulk K and shear moduluS determine the relaxation
motion towards the walls becomes severely hindered and thisme throughD;=(K+ 3G)/f. Hence this mode could not
dynamics has been proposed to have been reflected Ipossibly be interpreted as occurring due to either self- or
S(g,t)~t~* behavior[1,2]. In addition, |; was identified mutual diffusion of free gelatin chains or their SDS bound
with the mesh size of the gelatin network. The stretcheccomplexes.
exponential mode was explained as full chain reptation along The intermediate power-law and long time stretched ex-
the tube[25-28. _ N _ ponential power-law features observed in the measurements
Let us discuss this proposition. The dynamic structuréy s(q,t) have been explained through anomalous diffusion
factor under the Gaussian approximation can be written fopy Renet al. [1,5]. Our results with SDS being present as a

the Rouse, Zimm, and reptation models of relaxafi®8—  thirg component qualitatively concur with the initial obser-
31] as vation of Renet al; we compared our results with the theo-
retical model reported by them. We concluded that the dy-

(4)  originates from the Gaussian diffusion of scattering entities
in the dispersion medium. Representing this diffusion as
P(r,t)=(2m(r?)) Y2 exp(-r%2(r?)), S(q,t) can be com-

with puted by taking the Fourier transform &f(r,t). Conse-

quently, a length scalg can be associated with the interme-
diate relaxation regime such tha{q)=17g*. Renet al.[5]

for the Rouse model observedx= 2, which is in complete disagreement with our

for the Zimm model (5)  results, where we obtained=0.98+=0.05 for gels and 1.80

+0.09 for sols. For the sol state the exponent 1.80 is not far

off the theoretical predictions of 2, but for the gel state the
measured exponent is almost half of this value. This implies

Here 7. is the appropriate relaxation time constant of thethat the anomalous diffusion model is inadequate to explain

model concerned. This implies that the stretched exponentidhe gel state behavior completely. The anomalous diffusion
mode relaxation should behave 86q t)Ne—(t/TC)B with model predicts that for stretched exponential relaxation, the

B=13 for relaxations obeying Rouse dynamics. Refal. relaxation timer.~q 2%, In our ?é%?”.me”tﬁﬁ was 0.85
have reportegB=0.81 for the sol state and 0.67 for the gel ib0.09, Zence'cgho‘;ﬂf_’og’ ary das.vq h. ’ |nlthe sol Sﬁ;’%‘te we
state of gelatiri5]. Our values for both the sol and gel states®PS€IVe0 e~ d and in the gel state this was
were the same@=0.85+ 0.09. Hence the stretched exponen- ~9 - Again, there was a discrepancy between our val-

tial decay cannot be attributed to Rouse-type relaxation if€S and the theoretical values predicted by the anomalous

the dispersion medium. The Zimm relaxation model does nog|ffu3|on. mpdel. .
Gelatin is known to form helices even at temperatures

predict the appropriat@ values for sol and gel states either. e :
For a similar reason the dynamic structure factor given byPOV€Tgel, though the degree of helicity is small. Hence, in
Eq. (5) for the local reptation of the polymer chain in the gel orc_ier to understand the dynamlcs of dlffu$|on in gelatin SO-
state fails to describe the observed gel state behavior. Mayditions and gells a rlnore rlgr:)rous theor?tlcal framework is
a hierarchically constrained dynamics where the relaxatiof€€ded. Simple polymer theory models and conjectures
time at any stage depends on its precedent in a constraind¢Puld be inadequate to describe the dynamic structure factor
way would provide an adequate description of the observeffaxations in this system, as has been clearly seen in our
relaxations in power-law and stretched exponential regime§tUd'eS' Furthermore, gelation occurs due to systematic for-

[32]. Empirically, we have observed that beyond the faslgwation of intermolecular and intramolecular hydrogen bonds
mode the entire relaxation regime could be least-squares figetWeen peptide linkages of adjacent gelatin molecules. A
ted to the expression percolation-type model is unlikely to address the observed

dynamics and relaxations in complete detail.

ﬂ namic structure factor beyond the fast mode=20 us)

t
S(q,t)=8(q,0)exr{—(7—

o}
Il
Bl WIN NI

for the reptation model.
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