
PHYSICAL REVIEW E 69, 021902 ~2004!
Anomalous self-assembly of gelatin in ethanol-water marginal solvent

H. B. Bohidar* and B. Mohanty
School of Physical Sciences, Jawaharlal Nehru University, New Delhi-110067, India

~Received 25 November 2002; revised manuscript received 16 July 2003; published 19 February 2004!

Light scattering, rheology, and atomic force microscope~AFM! studies have been performed on solutions of
a polyampholyte~gelatin! prepared in water-ethanol marginal solvent. At ethanol concentration'45
62% v/v anomalous aggregation led to formation of fractal~on hydrophilic substrates; glass, quartz and
silicon! aggregate of polypeptide molecules having fractal dimensiondf in 2D51.6060.08. The time evolu-
tion morphology of these self-assembled and self-organized structures formed on hydrophilic substrates was
driven by selective ethanol evaporation and was observed by an AFM. These fractal aggregates eventually
transformed into near-spherical clusters with fractal corona having same fractal dimension (df51.5860.05)
and finally, the corona separated and regular aggregates were formed. The kinetics of aggregation on substrates
could be modeled through random sequential adsorption of particles with continuum power-law size distribu-
tion. The temporal growth of aggregate hydrodynamic radiusRh(t) and scattered intensityI s(t) measured in
the bulk were observed to exhibit;Rh;tz and I s;tz-with z51/df , giving a fractal dimensiondf in 3D
'2.660.2, which is discussed within the framework of Smoluchowski aggregation kinetics. This growth inRh

is accompanied by narrowing down of the particle size distribution. Solution rheology at this ethanol concen-
tration revealed minimum thixotropy and maximum infinite shear viscosity features.

DOI: 10.1103/PhysRevE.69.021902 PACS number~s!: 87.14.Ee, 05.70.Ln, 82.70.Gg, 87.15.He
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I. INTRODUCTION

The phenomenon of aggregation is of significant inter
to biology, immunology, polymer science, colloidal chem
try, metallurgy, and nucleation processes close to phase
sitions. Such aggregations in polyelectrolytic solutions p
duce polymer-rich solvated condensates, called coacerv
that have rich biological implications@1,2#. Self-organization
and aggregation processes have been described throug
fusion limited cluster aggregation~DLA ! @3#, reaction lim-
ited cluster aggregation~RLA! @4#, random sequential ad
sorption ~RSA! @5,6#, etc. The quantification of thes
aggregates is done through the Hausdorff mass fracta
mensiondf , which is much smaller than the correspondi
Eucleadian dimension~D!. In this picture, the density
density correlation function,g(r )5^r(r )r(0)&;r 2A, where
A5D2df . Diffusion driven processes rapidly coagulate
yield DLA clusters of fractal dimension,df>1.7 for D52
and 2.6 forD53 which is strongly supported by simula
tions and experimental results@6#. On the other hand RLA
clusters grow rather slowly because of reduced collis
probability between particles and the growth is through
terparticle reactivity involving equilibrium constant. The co
responding fractal dimensions are much higher than tha
DLA clusters. Though the crossover from DLA to RSA h
been observed, the intermediate region remains relatively
explored@7#.

Adhesion of macromolecules onto surfaces, polym
chain reactions, association of noncrystalline granular m
rials and arrangement of nanostructures, quantum mem
devices, biosensors on substrates, car parking, etc. fall
the category of a random sequential adsorption proc
These processes are generated with sequential additio
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particles at a constant rate to a substrate where overlap
and leaving the cluster once a part is forbidden. Brilliant
et al. @8# have shown that geometric and kinetic features
the RSA clusters for a system showing polydispersity in s
are governed by the smallest size particles but prior to this
intermediate asymptotic regime prevails.

Gelatin, a polyampholyte obtained from denatured c
lagen, is a polypeptide and is an ideal case for such stud
Aqueous solutions properties of gelatin have been well st
ied and characterized in the past@9,10#. Depending on the
process of recovery the gelatin molecules bear differ
physical characteristics. Type-A gelatin is acid processed,
an isoelectric pH, pI'9 whereas the alkali processed type
gelatin has pI'5 @11#. The monomeric representation of th
polypeptide is (Gly-X-Pro)n , whereX is an amino acid. The
detailed chemical composition of this biopolymer is as f
lows ~as per Merck index!: Glycine constitutes 26%, alanin
and arginine are in a 1:1 ratio together constitute'20%,
proline is'14%, glutamic acid and hydroxyproline are in
1:1 ratio constituting'22%, aspartic acid'6%, lysine
'5%, valine, leucine, and serine constitute'2.0% each, rest
1% is comprised of isoleucine and threonine, etc. In the p
all the coacervation studies on gelatin involved complexat
between type A and type B, or gelatin and acacia molecu
@12,13#.

The present work uses an array of experimental te
niques to study self-association phenomenon of type-B g
tin ~a low charge density biomolecule! in a marginal ethanol-
water solvent close to the isoelectric pH of the protein. T
self-assembly was observed in a very narrow range of e
nol concentration. No such study has ever been underta
despite the fact that such an understanding may serve
precursor to the mapping of the complexities of bi
polymeric self-organization as a whole. Though multivale
salt induced complexation of gelatin has been reported in
past @14#, the universality of surface adsorbed growth dn
©2004 The American Physical Society02-1
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namics of this biopolymer where aggregation is driven
dehydration of the gelatin molecules was never establis
conclusively, which is the main objective of this paper.
addition, we study the time-dependent aggregation in
bulk of the solution and the solution rheological properties
an attempt to understand this anomalous aggregation
nomenon. In this paper, we first look at the two-dimensio
~2D! behavior of gelatin aggregates, and next move to
the 3D features~aggregation in bulk! and to seek the answe
to the anomalous self-assembly; we probe~through rheol-
ogy! the role of hydrogen bonding@15#.

II. MATERIALS AND METHODS

Ethanol was obtained from Merck, Germany. Gela
~Type B, microbiology grade devoid of E. Coli and liquifie
presence! and sodium chloride were bought from E. Merc
India. The gelatin sample was bovine skin extract, and
bloom strength was 75 and had a molecular weight'(90
610) kDa determined from SDS/PAGE. All other chemica
used were bought from Thomas Baker, India. All the che
cals were of analytical grade. The gelatin samples were u
as supplied. The solvent used was deionized water, pH~using
0.1M HCl or 0.1M NaOH!, and the ionic strength of the
solvent was first set as per the experimental requirem
~0.1M NaCl! and the gelatin solutions~1% w/v) were pre-
pared by dispersing gelatin in this medium at 60 °C and
pH set to 5.01. The macromolecules were allowed to hyd
completely, this took 30 min to 1 h. The final stock soluti
was a transparent liquid. The gelation concentration of g
tin in water is'2% (w/v), the gelatin concentration chose
in these experiments was deliberately kept lower than thi
avoid the formation of gels. Samples were checked at v
ous stages by passing these through SDS/PAGE to en
absence of gelatin degradation.

The time dependent particle sizing measurements w
done by the dynamic laser light scattering~DLS! technique,
using a Brookhaven-9000AT digital autocorrelator~Brook-
haven Instruments, USA! and a homemade goniometer. Th
excitation source was a diode pumped solid state la
~Model-DPY 305-II, Adlas, Germany! emitting 50 mW of
power at 532 nm in linearly polarized single frequen
mode. The scattering angle was fixed at 90° and the d
analysis was done usingCONTIN software provided by
Brookhaven Instruments. More on DLS and data analy
can be found elsewhere@16#. During the course of size mea
surements the intensity of the scattered light was monito
continuously as a function of time over a period of 12 h.

During the experiment, a drop of the solution was
moved from the reaction beaker and allowed to spread
uniformly on a degreased glass cover-slip plate over a pe
of 20 to 30 min. Atomic force microscope~AFM! pictures
were taken using a Autoprobe CP Research AFM syst
model AP-2001~Thermomicroscopes, USA! using a 90-mm
scanner and a tapping mode. These experiments were
peated with the gelatin sample~type B! resourced from
Sigma chemicals~a bloom of 75! and for each of these two
samples four different substrates were chosen, namely, g
quartz, silicon, and mica.
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The rheology experiments were performed using a A
500 stress controlled rheometer~T. A. Instruments, UK!. The
steady state shear flow and dynamic rheology of the s
tions were studied using a cone plate geometry of radius
mm and angle 2°. Appropriate inertial corrections were ma
prior to accepting data. Sponges were used as solvent tra
prevent loss of solvent due to evaporation. Thixotropic m
surements were performed~in flow mode! on water-ethanol
and water-ethanol-gelatin system at ethanol concentra
fixed at 4562% v/v. In this procedure, starting at the low
est shear rate (g •) available, one obtains the shear stress~s!
developed in the system. After a given time, the shear rat
increased to its next higher value and shear stress meas
again. This is repeated until the highest shear rate is reac
and the system is sheared to its equilibrium shear stress.
process is reversed in the next step. The shear rate is red
stepwise and stress measured continuously until the m
mum shear rate is reached. A plot of shear stress as func
of shear rate reveals the thixotropic behavior of the syste

III. RESULTS AND DISCUSSIONS

A. Random sequential adsorption and transient morphology
of aggregates

These processes are generated with sequential additio
particles at a constant rate to a substrate where overlap
and leaving the cluster, once apart, is forbidden. Brilliant
et al. @7# have shown that geometric and kinetic features
the RSA clusters for a system showing polydispersity in s
are governed by the smallest size particles, but prior to
an intermediate asymptotic regime prevails. Brilliantovet al.
@8# assumed the particle size distribution to be continuo
and represented it as a power-law distribution functionP(R)
given by

P~R!5H aRa21, R<Rmax

0, R.Rmax.
~1!

The system is assumed to have very large polydispersit
size with the maximum size given byRmax. The geometrical
structure of the resultant RSA cluster evolving from a syst
with characteristics defined by particle size distribution as
Eq. ~1! is fully governed by the spatial correlations inside t
system, which is accounted for by the parametera (a.0).
As a increases from 0 tò , df reduces from 2 to 1.305. Fo
smaller a fractal clusters are formed while the Apollonia
packing limit is reached asa→`. If n(R) is the number of
adsorbed particles per unit area, it can be shown that@8#

n~R!;Ra211~z11!/v. ~2!

In the RSA formalism, as the particles are added sequent
the fraction of the uncovered area decreases with timt,
following the power-law;t2z, which results in the reduc
tion of the typical gap between two neighboring adsorb
particles following the power law;t2v. One gets the fracta
dimension of the resultant cluster as@8#

df5D2z~D1a!. ~3!
2-2
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ANOMALOUS SELF-ASSEMBLY OF GELATIN IN . . . PHYSICAL REVIEW E69, 021902 ~2004!
Thus the fractal dimension is dependent on the kinetics
the pattern formation process represented by thez parameter
in Eq. ~3!. For a one-dimensional system one can solve foz
exactly. Numerical solutions for thez parameter forD>2
has been discussed by Brilliantovet al. @8#, and an explicit
dependence of the fractal dimension ona has been shown
over a wide range ofa values.

The theoretical concepts recapitulated above necess
three requirements:~i! the system has a wide size partic
distribution,~ii ! the fractal state is an intermediate phase, a
~iii ! the final state is a state where the smallest particle
‘‘wins,’’ giving rise to a regular cluster. These conditions a
sufficiently met in our experiment; thus the formalism d
scribed above is a suitable model for the analysis of
following experimental results.

The AFM pictures taken at titration points correspondi
to ethanol concentration50% (v/v) and 45% (v/v) were
very revealing. Figure 1 shows the size distribution of gela
molecules and small aggregates of various sizes dispers
the solution in the absence of ethanol. Particles of sizes'65,
190, and 380 nm are clearly visible in the presence of lar
aggregates and tiny particles, indicating a large polydisp

FIG. 1. Scanning probe micrograph (535 mm2) of a 1%w/v
aqueous gelatin solution with 0.1M NaCl taken at 25 °C in the
tapping mode. The picture shows gelatin aggregates of sizes 65
190 nm, 380 nm, and larger clusters. Tiny particles seen in
background are single molecules of typical size 30 nm.
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sity in size and shape. The corresponding particle size di
bution ~Fig. 2! was estimated from dynamic light scatterin
~Brookhaven Instruments, USA! and the wide particle size
distribution is consistent with the requirement of Eq.~1! and
least-squares fitting, yieldinga54.01. At ethanol concentra
tion '45% (v/v) the AFM scan taken from two differen
surfaces yielded micrographs shown in Figs. 3~a! and 3~b!.
One observes beautiful fractal trees with branches emer
from large aggregates. There is a swarm of small partic
and a 650-nm aggregate near one end of these trees in
3~a!. Interestingly in the close vicinity of these fractal tre
no free particles are present, implying the participation of
smaller gelatin aggregates available in that space in the
mation of the fractal structures. The swarm of approximat
200-nm size particles seen is plausibly in the process of jo
ing the fractal tree or starting a new structure from t
1300-nm cluster available nearby. Figure 3~b! shows neither
a direction dependent affinity nor an isotropic self-similari
though in Fig. 3~a! a direction dependent affinity is clearl
seen.

The stochastic self-similarity and scaling of the rando
fractals observed in Figs. 3~a! and 3~b! was ascertained from
the fractal dimension,df . This is defined as@17#

df~s!5 lim«→0

ln M ~«!

ln~1/«!
, ~4!

wheres is a subset ofN-dimensional space occupied by th
fractal object andM («) is the number ofN-dimensional
cubes required to cover the subsets. Our analysis yielded
df51.6060.05 for Fig. 3~a! and 1.5860.05 for Fig. 3~b!.
Except in the case of mica the formation of fractal aggrega
with identicalD f values were observed on all other surfac
implying the universality of surface adsorbed dynamics
gelatin aggregation. The self-similarity of the fractals cou
be established over five decades of the length scale, as sh
in Fig. 4. For illustrating self-similarity of gelatin aggregate
we have shown two AFM pictures, one with a 10-mm scan
and another with a 95-mm scan, both yielding the same frac
tality. The fractal aggregates formed under stringent prep
tion protocols. No fractal aggregates could be formed wh
both ethanol and salt were absent in the solution. Again
fractal aggregates were observed only in a extremely nar
range of ethanol concentration@5~4562!%# in all cases.

m,
e

e

.

FIG. 2. Dynamic light scatter-
ing measurement of the particl
size distribution of the same
sample as in Fig. 1. Fitting to Eq
~1! givesa54.01.
2-3



a

a

h

e

ro-

on-
ot

and
ol-

o a
lly
oid

le
he

the
cro-
res
we
n in
that

n
m

rm
n

ce
o-

s

ed
ore.

H. B. BOHIDAR AND B. MOHANTY PHYSICAL REVIEW E 69, 021902 ~2004!
In the RSA model, a fractal dimension of 1.6 will yield
value for the spatial correlation terma'4 self-consistent
with the result of fitting of Eq.~1! to the DLS particle size
distribution, and a spatial coverage termz'0.07 @8#. Conse-
quently, the fraction of the uncovered area would decre
with time t following the power law;t20.07 which would
result in a reduction of the typical gap between two neig
boring adsorbed particles following the power law;t20.2.
The measureddf51.6 is close to the theoretical value for th
fractal dimension of DLA clusters~51.7 in D52) implying

FIG. 3. ~a! Scanning probe micrograph (10310mm2) of the
solution adsorbed on a glass substrate having an ethanol conce
tion of '45% (v/v). The fractal trees are seen to emerge fro
1300-nm clusters. Swarm of free particles~size'200 nm! are seen
along with a 1300-nm aggregate, which are yet to join to fo
another fractal tree. Notice the propensity of directional affinity a
the absence of isotropic self-similarity; the fractal arms havedf

51.6060.5. ~b! Scanning probe micrograph (95395mm2) of the
solution adsorbed on a silicon substrate having an ethanol con
tration of '45% (v/v). Notice that the assembly has a more is
tropic self-similarity as compared to Fig. 3~a!, though both have the
samedf51.5860.5.
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that the aggregation dynamics was driven by a diffusion p
cess. The experiments were performed at pH55 very close to
the isoelectric pH of gelatin~54.9! where the individual
molecules carried nearly a zero net charge, which only c
firms zero electrophoretic mobility. However, this does n
preclude electrostatic interactions between positive
negative charged segments of same or different gelatin m
ecules leading to aggregation.

Ethanol evaporates selectively and slowly, giving rise t
solvation instability because of which, for example, a fu
solvated molecule or aggregate finds itself suddenly dev
of a solvation layer either partially or fully. The availab
solvent reorganizes to provide optimum solubility to all t
gelatin aggregates, which leads to a reorganization inside
aggregates leading to morphological changes at the ma
scopic level. In order to study this, these fractal structu
were allowed to evolve with time for several days, and
obtained AFM pictures taken after seven days as show
Fig. 5, where one clearly sees more regular structures

tra-

d

n-

FIG. 4. Double-logarithmic plot ofN(«) vs 1/« for the gelatin
aggregates shown in Fig. 3~a! for the aggregates formed on glas
substrate. The fractal dimension is deduced from the slope.

FIG. 5. Scanning probe micrograph (10310mm2) of the same
sample as in Fig. 3~a! after seven days. Notice the popcorn shap
aggregates, which typically have 500-nm aggregates at the c
The corona has a fractal dimensiondf51.5960.5.
2-4
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ANOMALOUS SELF-ASSEMBLY OF GELATIN IN . . . PHYSICAL REVIEW E69, 021902 ~2004!
look like popcorn tunnels with fractal coronas of a core s
of 500 nm. The fractal dimension of the corona wasdf
51.5960.5 not very different from that of the fractal aggr
gates seen initially. After about 14 days, the AFM image
the structure appears as shown in Fig. 6. All the fractal str
tures have disappeared, giving rise to near-spherical ag
gates of a typical size 500 nm qualitatively. But the 650- a
1300-nm clusters, that served as bases of these trees, ar
present minus their fractal arms. These features were
served universally on hydrophilic surfaces like glass, silic
and quartz for both Sigma and Merck gelatin samples wh
as a hydrophobic surface, mica did not support the forma
of such clusters.

The df values obtained were not very different from th
of DLA clusters though it appears that sometimes@see Fig.
3~a!# seeding particles are present on the surface that pro
nucleation sites for growth. However such seeding partic
were not observed in other AFM pictures@see Fig. 3~b!#. We
believe that our system is closer to RSA because~i! it has
followed Brilliantov et al.’s @8# RSA dynamics faithfully,~ii !
DLA produces smaller aggregates of low polydispers
where as in our case the aggregate size and polydispe
were both large, and~iii ! DLA clusters exhibit a direction
dependent affinity which was not observed universally.
the contrary, isotropic self-similarity is not shown by DL
whereas most of our fractal aggregates did so.

B. Growth of aggregates in bulk

Smoluchowski aggregation kinetics, which is a versa
and powerful tool to model aggregation phenomenon,
been successfully used to describe the time-dependent
lution of aggregate size in biopolymeric systems@4#. In an
earlier work @9# involving the sol-gel transition in aqueou
gelatin solutions, the Smoluchowski aggregation kinetics
equately described the temporal growth of gelatin under
ing a gel transition. In this model, the temporal evolution
size distributionni(t) is given by

FIG. 6. Scanning probe micrograph (10310mm2) of the same
sample as in Fig. 3~a! after 14 days. Notice that the popcorn shap
aggregates seen earlier in Fig. 5 have melted to give rise to typic
500-nm aggregates all over.
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dt
5 (

i 1 j 5k52

`

niAi j nj22(
j 51

`

nkAk jnj . ~5!

Here, the reduced timet is defined through a collision rat
constant (gs) as t5gs«t. Smoluchowski assumed that th
i-mer andj-mer bind irreversibly on collision and the prob
ability of their collision is given by« ~also called sticking
coefficient!. The transition matrixAi j is given as

Ai j 5
~Di1D j !~Ri1Rj !

4D0R0
. ~6!

Smoluchowski assumedAi j '1 and came up with a cluste
size distribution as function of timet as

ni5
t i 21

~11t! i 11 , i 51,2,3... . ~7!

In this picture, the clusters grow with a power law behav
where the radius ofi th cluster~a cluster withi monomers in
it! will show Ri; i b with b51/df . The cluster exponentb
51/3 for spherical closely packed cluster, 1/2 for a line
random coil polymerlike cluster and 6/5D for diffusion lim-
ited clusters, whereD is the Eucleadian dimension.

The intensity of the light scattered from such a syst
will be

I s5I 0(
i

ni i
2, ~8!

and the same for radius of the aggregate will be given a

Rh
25(

i
niRi

2i 2. ~9!

WhereR0 andI 0 are radius of the monomer and intensity
light scattered by a monomers in solution. Equations~8! and
~9! with Eq. ~7! will yield

I s5I 0~112t! ~10!

and

Rh5R0~11t!. ~11!

A more generalized approach gives

I s5I 0~11G It!d I ~12!

and

Rh5R0~11GRt!dR, ~13!

where G I and GR are the intensity and radius growth ra
parameters.dR can be approximated to the cluster expone
b51/df . However ford I no such clear relationship can b
established.

lly
2-5
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The temporal growth of aggregates in the bulk of the
lution was measured through intensity of light scattered (I s)
at 90° and effective hydrodynamic radiusRh . The variations
are shown in Fig. 7. The corresponding polydispersity~P!
that characterizes the width of the particle size distribution
shown in Fig. 8. The experimental data could not be fitted
Eqs. ~12! and ~13!, if we follow the data treatment alike in
Ref. @9#. In fact, the temporal growth of hydrodynamic r
diusRh(t) and scattered intensityI s(t) measured in the bulk
were observed to exhibitRh;tz and I s;tz, with z51/df ,
giving a fractal dimensiondf in 3D'2.660.2. Based on
this, one can argue that in Eqs.~12! and~13! the second term
in the bracket is the dominant term (GRt andG It@1) giving
the observed power-law features to measuredRh and I s ver-
sust data. A second inference is that though Smoluchow

FIG. 7. Temporal growth of effective diameterRh(t) ~s! and
intensity ~d! of light I s(t) scattered from aggregated gelatin mo
ecules in aqueous solutions measured by dynamic light scatte
The data fitting toRh(t);I s(t);t1/df gavedf52.660.2.

FIG. 8. Temporal variation of the polydispersity parameterP of
aggregated gelatin molecules in aqueous solutions measured b
namic light scattering. The data fitting yieldedP;t20.2.
02190
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aggregation model adequately describes the gelation kine
in this biopolymer ~Ref. @9#! its applicability to self-
association remains rather qualitative.

For the present system, the scattering wave vector,q that
defines reciprocal of the probe length scale, implies t
q Rh'1. Hence, we are not deep inside the Porod reg
and would liberally interpret our light scattering data with
the Guinier scattering model frame work. In this domain, t
aggregates scatter as the square of their massm, and for
fractal objectsRh determines noninteger moments of the a
gregate distribution. Thus@18#

I s;^m2&/^m&, ~14!

Rh;^m2&/^mf
~2-1/d!&. ~15!

If one assumes scale invariance of aggregate distribut
Eqs.~14! and ~15! reduce to

I s;^m&, ~16!

Rh;^m&1/df , ~17!

leading toRh;^I s&
1/df , consequently a plot of logRh against

I s should yield the fractal dimension of the cluster, whi
was not observed in our case implying absence of such s
invariance in aggregate size distribution.

The polydispersity parameter~P! deduced from the nor-
malized second moment@16# of the correlation function,
showed a remarkable decrease with time~Fig. 9!, implying
that larger aggregates were selectively formed at the cos
smaller ones alike, as was seen on the substrates. The
poral dependence exhibited,P;t20.2. During the association
process, the highly polydisperse aggregates are driven
wards a close to monodisperse solution. DLA processes
known to produce smaller aggregates formed rapidly wit
wide particle size distribution. In contrast RCA aggrega

g.

dy-

FIG. 9. Variation of the solution thixotropy as a function of th
ethanol concentration for aqueous solutions with the without g
tin. Notice that the presence of ethanol increases the solution t
otropy significantly.
2-6
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ANOMALOUS SELF-ASSEMBLY OF GELATIN IN . . . PHYSICAL REVIEW E69, 021902 ~2004!
grow slowly into large clusters and exhibit a low polydispe
sity in size distribution. The fractal dimension observed
the bulk (df in 3D'2.660.2) is close to that of the DLA
whereas the polydispersity feature and aggregate size gr
mimics that of a RCA process, which appears anomalou

The physical mechanism of aggregation in the bulk can
visualized as follows. Gelatin is not soluble in alcoho
whereas water is a good solvent. As ethanol is added to
ter, the water molecules will preferentially bind to the alc
hol molecules through hydrogen bonding~we will see this
more explicitly in Sec. III C! and the resultant binary mixtur
becomes a marginal solvent for gelatin molecules. Seco
the dielectric constant~«! decreases@19# significantly, facili-
tating stronger electrostatic interactions between char
segments~both intra and inter! of gelatin molecules. The
strength of electrostatic interactions between two opposi
charged particles increases as«23/2 at a given temperature a
per the Debye-Huckel theory@20#. Since the solution pH was
close to the isoelectric point of gelatin, there is no net cha
on the polypeptide. Nonetheless, as mentioned already
chemical structure of this biopolymer indicates almost a
positive and negatively charged patches on this linear
dom coil molecule. These overlap as the chain contracts
to the decrease in the Flory-Huggin solute-solvent interac
@21# brought in by the presence of ethanol, resulting in brin
ing charged segments to each other’s vicinity through e
trostatic interactions yielding chain collapse.

C. Rheology of the solution

Structure evolutions~disintegration and reformation o
structures! are not instantaneous, which gives rise to thix
ropy. There are several model methods to evaluate the t
otropy parameter for a given complex fluid. The rheolo
data were fitted to Herschel-Bulkley, Cross, power law, a
Carreau models@22#, but the model that provided the be
data fitting was Cross model, defined as

h2h`

h02h`
5

1

11~cg •!d ,

whereh0 and h` indicate zero and infinite shear rate vi
cosities,c is a consistency coefficient, andd is the rate index.
However, the Cross and Herschel-Bulkley models gave id
tical thixotropy values. The software provided by T. A. I
struments, UK was used for all the data analysis repo
here.

The thixotropy evaluated from shear stress versus s
strain data is plotted as a function of ethanol concentratio
Fig. 10, which reveals shear thinning or pseudoplastic fl
features. The thixotropy of the ethanol-water binary mixtu
decreases with increased ethanol concentration and reac
minimum at an ethanol concentration'4563% v/v. Be-
yond this, the thixotropy value rises again. When gelatin w
added as a third component the thixotropy fell by typica
20% of its value compared to that of ethanol-water bin
mixture value. Regardless, the minimum was still located
an ethanol concentration'4563% v/v.
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The viscosity versus shear rate plot is given in Fig. 11
various ethanol concentrations, which again exhibits pseu
plasticity. Shear thinning, which is the essential feature
many complex fluids, is clearly seen here, and this ari
from the elongation of the structures along the direction
the shear.h` of the ethanol-water binary mixture increas
with increased ethanol concentration and reaches a m
mum at an ethanol concentration'4563% v/v. Beyond
this, theh` value falls. When gelatin was added as a th
componenth` increased by typically 50% of its value com
pared to that of ethanol-water binary mixture value. Rega
less, the maximum was still located at an ethanol concen
tion '4563% v/v.

The rate index parameterd that defines the sharpness
viscosity change typically varied in the narrow range 0.

FIG. 10. Variation of the solution viscosity at infinite frequenc
as a function of the ethanol concentration for aqueous solut
with and without gelatin. Notice that the presence of ethanol
creases the solution thixotropy significantly, and close to an etha
concentration of'4562% v/v there is a dip in the viscosity value
This is the region where fractal aggregates are formed on hy
philic substrates.

FIG. 11. Comparison of the solution viscosity at an infinite fr
quency as a function of the ethanol concentration for aqueous g
tin solutions. Notice that the solution thixotropy rises close to
ethanol concentration of'4562% v/v, where there is a dip in the
viscosity value. This is the region where fractal aggregates
formed on hydrophilic substrates.
2-7



at

ol
h

as

ot

g
h
fa
e
r.
th
e
o
io

a
no

e
rm

A
fo
io
r
e

es
su
tio
rre

ler
ro-
ach
s to
olu-
ed
rgy
n of
ures
m-

for
SA
D
on

ion
a
or-

but
lf-

here,
of

ould
del,
o
ich
te.

e-

n-
m-
to
or

g-
par-

lec-
lity
of

H. B. BOHIDAR AND B. MOHANTY PHYSICAL REVIEW E 69, 021902 ~2004!
0.8 for all the solutions regardless of the presence of gel
~for pure waterd'0.75). The consistency coefficientc on
the other hand, remained close to 3.5 for solutions~which is
the pure water value! with gelatin whereas for water-ethan
mixtures the same was an order of magnitude larger. T
implies that the presence of ethanol does change viscoel
nature of the solution rather significantly.

The infinite shear rate viscosity (h`) was found to be
very sensitive to ethanol concentration and this is shown
Fig. 10 along with the corresponding thixotropy values. N
that close to ethanol concentration'4562% v/v, thixot-
ropy shows a minimum whereash` shows a maxima. We
could not obtain reproducible zero shear rate viscosity (h0)
values. Since gelatin molecules are several orders of ma
tude larger in size than ethanol molecules, energetically
drogen bonding between ethanol and water will be more
vorable. This results in the formation of hydrogen bond
ethanol-water clusters that support a thixotropic behavio
is plausible that at this specific concentration of ethanol,
stoichiometric condition for maximum hydrogen bonding b
tween alcohol and water molecules is achieved. The
served thixotropy reflects the disintegration and reformat
of such hydrogen-bonded ethanol-water structures.

IV. CONCLUSION

It has been shown that the binary liquid mixture of eth
nol and water exhibit maximum hydrogen bonding at etha
concentration'4562% v/v which is supported by thixo-
tropic and viscosity data. This provides the appropriate th
modynamic environment for the gelatin molecules to fo
self-assembled clusters of fractal dimension'2.6 in the bulk
~3D! and 1.6 on surfaces~2D!. We have proposed a RS
model for surface aggregation of gelatin because of the
lowing reasons. Exposing a surface to a polymer solut
~polydispersity assumed! containing absorbable polyme
molecules and aggregates creates an instantaneous non
librium situation. Thermodynamically, the larger particl
have a higher surface affinity because they make more
face contact per molecule. Since the free energy of hydra
is also negative, larger particles on the surface are prefe
.

o

.
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However, due to their higher diffusion coefficients smal
particles will reach the surface first and there will be a p
pensity of these initially on the substrate. Once these re
the surface there is kinetic rearrangement of the particle
minimize the total surface free energy of the adsorbed s
tion layer. At equilibrium the smaller particles are desorb
and coalesce into larger particles to minimize the free ene
of hydration. In the present case, the selective evaporatio
ethanol expedites this process and various microstruct
evolve with time. The size polydispersity imparts rando
ness to the whole process, which is a necessary condition
RSA. Above constitutes a generalized description of R
model@5,6#, and this is exactly what was observed in our 2
experiments. Specifically, the fractal aggregates formed
hydrophilic surfaces followed random sequential adsorpt
kinetics with the initial particle size distribution given by
power law. These aggregates followed a sequence of m
phological time dependent changes, driven by selective
slow evaporation of ethanol, to yield several types of se
organized aggregates. Surface tension does play a role
which needs to be explored. The aggregation in the bulk
the solution appears to be an anomalous process and c
be explained through a Smoluchowski aggregation mo
albeit qualitatively. It gives a DLA type fractal dimension t
the cluster but shows an extremely low polydispersity, wh
in fact is a signature of a slowly growing RCA aggrega
The coherent picture that emerges is as follows.~i! At this
specific alcohol-water mixture, the hydrogen bonding b
tween the two liquids is at its maximum.~ii ! Since such a
solvent is a marginal one for gelatin, which is a linear ra
dom coil polymer, the charged segments of this polya
pholyte overlap due to electrostatic attractions leading
contraction of the chain. This can be both intermolecular
intramolecular, which results in the formation of fractal a
gregates. In the bulk this produced aggregates of narrow
ticle size distribution.~iii ! The morphological evolution of
aggregates on hydrophilic surfaces owes its origin to se
tive evaporation of ethanol, that leads to solvation instabi
of the gelatin molecules and the concomitant optimization
sharing of the available solvent.
s
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