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Abstract
Two topics of aqueous polymer solutions are covered in this thesis.

The first

addresses gelation kinetics and dynamics of aqueous gelatin solutions. The second deals
with micelle structure changes in aqueous nonionic surfactant mixtures.
Triple helix reversion kinetics of aqueous gelatin solutions is studied with optical
rotation.

A combination of first- and second-order concentration dependence of the

reversion rate is observed and, based on this observation, a new two-step mechanism of
helix formation distinct from the Flory and Weaver theory is proposed. The rate limiting
step is formation of a two-stranded nucleus, either intramolecular (first-order) or
intermolecular (second-order). The triple helix is formed by subsequent wrapping of a
third strand onto the nucleus.
Gelation dynamics of gelatin solutions is monitored with optical rotation and
rheology. Viscosity data below the gel point are used to evaluate the gel point and the
viscosity exponent, assuming dynamic scaling theory applies. Shear modulus data above
the gel point are used to determine the dynamic scaling modulus exponent. As observed
in the time-dependent optical rotation, an initial rapid growth region where new helices
are formed is followed by a slower growth region involving helix lengthening. The
viscosity and modulus exponents depend on concentration, but not on temperature for
cases where the gel point occurs before the helix reversion slows down appreciably.
However, anomalous exponents are measured at higher temperatures, where the helix
reversion slows down appreciably before the gel point is reached.

The observed

concentration dependences of the dynamic scaling exponents are discussed in terms of
chain overlap and entanglement.
The structure of nonionic surfactant mixtures in water are probed by rheology and
small-angle neutron scattering. Small amounts of a C14 diol (Surfynol® 104) cause
enormous structural and rheological changes when added to aqueous solutions of an
iii

ethylene oxide-propylene oxide-ethylene oxide triblock copolymer (Pluronic® P105).
The hydrophobic diol incorporates into the existing copolymer micelles and causes a
cascade of changes in micelle structure, with resultant changes in rheology. Particularly
striking is the spherical to wormlike micelle transition, where the viscosity changes by a
factor of more than 104.
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Part 1
Helix Formation Kinetics and Gelation Dynamics
Of Aqueous Gelatin Solutions

Chapter 1
Gels and Gelation

1.1 Concepts
1.1.1

What are gels

Gels are a class of materials widely used in industries and commonly encountered in
our daily life.

Biopolymer gels such as gelatin or agarose gels are extensively used in

the food industry as thickeners.

Gelatin gel is also utilized as the binder in the

formulation of coatings in the photographic industry. In the pharmaceutical industry,
many of the encapsulation layers of drugs are made from gelatin gel. In our daily life,
many things we eat or use are in a gel format. Perhaps the most familiar gel in food is the
dessert Jello, which is a gelatin gel. Shampoos and cosmetics also contain gels.
Although gels have been used since prehistoric times when people boiled animal
bones, skins, or tissues in water to extract gelatin, the definition of a gel still remains a
matter of discussion.1 Nowadays study of gels becomes an active area of research and
scientists from different fields such as physics, chemistry, or biology are all working on
gels of very different types. This makes it difficult to reach a consistent definition as to
what constitutes a gel. This uncertainty in the definition of a gel is best described by the
famous statement of Jordan-Loyd2 in 1926 “the colloid condition, the gel, is one which is
easier to recognize than to define”.
Flory3, 4 and Stockmayer5-8 reached an important milestone in the definition of a gel
by attempting to include structural criteria, such as the presence of an infinite network,
three-dimensional structure, coherence, connection, etc. The currently widely accepted
topological (structural) definition of a gel is a three-dimensional network consisting of
basic elements connected in some way and swollen by a substantial quantity of solvent.9
2

This is largely consistent with the gel definition given by Hermans10 in 1949, “a coherent
system of at least two components, which exhibits mechanical properties characteristic of
a solid, where both the dispersed component and the dispersion medium extend
themselves continuously throughout the whole system”.
Flory11 proposed to subdivide gels into four types based on the following
classification of networks:
1. Well-ordered lamellar structures, including gel mesophases.
2. Covalently bonded polymer networks, completely disordered.
3. Polymer networks formed through physical aggregation, predominantly
disordered, but with regions of local order.
4. Particulate, disordered structures.
Soap gels, phospholipids and clays are examples of the first type of gels where
electrostatic and/or Van der Waals forces (long-range attractive forces between dipoles or
induced dipoles) play an important role in the gel formation. This type of gel includes
gelation of ABA triblock copolymer solutions, where the B block is insoluble in the
solvent; an example is PEO-PPO-PEO triblock copolymers (Pluronics) in water.
The so-called chemical gels belong to the second category of gels, where structural
connection is achieved through covalent bonds. Covalent links are very strong so that
these gels are ‘thermo-irreversible’: heating this type of chemical gels to the point where
covalent bonds break up causes irreversible degradation. Chemical gels are usually
formed by crosslinking of high molecular weight linear polymers or polycondensation of
oligomers with multifunctional crosslinking agents.
Many biological and synthetic polymers form physical gels, the third type of gels in
Flory’s classification. In physical gels, bonding between chains is achieved through
physical interactions (crystallization, helix formation, complex formation, etc.). The
energy involved in the crosslinking interactions is of the order of kT so that these gels
are ‘thermoreversible’. Owing to the thermoreversibility, physical gels are also called
thermoreversible gels. Disparate forces are often involved in building the crosslinks. In
3

poly(vinyl chloride), poly(vinyl alcohol), polyacrylonitrile and polyethylene, micellar
crystallites serve as the junction zones for connecting different chains. In biopolymer
gels (gelatin, agarose, carrageenans and gellan gum), helix formation is the principal
origin of crosslinking.

Phase separation causes network formation in ABA block

copolymer solutions, where the phase separated A blocks are not soluble in the solvent,
e.g., PPO-PEO-PPO (reverse Pluronics) in water.
Gels of the fourth type include flocculent precipitates, which usually consist of
particles of large geometric anisotropy (needles or fibrils); examples are globular and
fibrillar protein gels.
The topological definition of gels has yielded the mechanical (rheological)
definition: a gel should display solid-like behavior. The mechanical definition implies, in
more scholarly terms, that a gel should be characterized by an elastic modulus at zero
frequency and be self-supporting, i.e., maintaining its initial shape with time if left on its
own. However the mechanical definition does not apply in the strict sense to some of the
physical gels that deform almost permanently when subjected to mechanical stress, but
nobody would question their gel status and would immediately abandon the idea of a very
viscous solution from their macroscopic aspects. An example is gelatin, which shows
creep behavior.12, 13
1.1.2

Gelation and gel point

Gelation is the process or series of processes which leads to the formation of a gel.
During the gelation process, a linear polymer chain crosslinks either with itself to form
intramolecular cycles (‘rings’), or with another chain intermolecularly to create branched
chains. The size of the branched chains increases as more and more intermolecular
crosslinks are formed. The weight average molecular weight increases faster and faster
and eventually becomes infinite as one of the branched chains span the whole system.
This critical point for a branched chain of infinite size to appear is called the ‘gel point’.
Many physical quantities diverge at the gel point. Examples are viscosity, the longest
4

relaxation time, weight average and z-average molecular weights. The system is a liquid
before crosslinking starts and remains liquid-like until the viscosity becomes infinite at
the gel point.

After the gel point, an equilibrium modulus develops and grows as

crosslinking proceeds. A schematic of the viscosity and equilibrium shear modulus
development before and after the gel point is shown in Fig. 1.1.

η

Ge

Gel point

pc

Crosslink density p

Fig. 1.1 Schematic of viscosity and equilibrium shear modulus development during gelation.

Dynamic viscoelastic properties change drastically during the gelation process. As
shown in Fig. 1.2, at the very onset of the crosslinking process the system demonstrates a
liquid-like behavior and the storage modulus G ' vs frequency ω curve on double
logarithmic scales has a slope of 2 in the terminal zone (the low frequency end). In the
course of gelation when a network is being gradually developed, the terminal zone of the

log G '− log ω curve with slope 2 shifts to lower and lower frequencies until eventually
the whole curve becomes a straight line with a frequency independent slope of u over a
substantial frequency range right at the gel point. At this moment, both the storage and
loss modudi G ' and G " vs frequency ω curves on the log-log scale are straight lines
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with the same slope u over almost all the frequency range.14-16 Beyond the gel point, a
horizontal rubbery plateau in the storage modulus G ' gradually develops at low
frequencies and extends to higher and higher frequencies when gelation proceeds (at the
gel point, the horizontal plateau only exists in the limit of ω → 0 ). Before the gel point,
the loss modulus G " is higher than the storage modulus G ' , while beyond the gel point,
the loss modulus becomes lower than the storage modulus. Before or beyond the gel
point, the log G '− log ω curve at high frequencies has the same slope of u as at the gel

log G’

point.

u

2

2
log ω

Fig. 1.2 Development of storage modulus as a function of frequency during
gelation process. At the gel point, a straight line with slope u is found for
the log G’ vs log ω curve.

The simplest methods for determination of the gel point have been the “tilted test
tube” and “falling ball” techniques.

In the tilted test tube technique, the instant or

temperature at which the gelling system stops flowing in the tilted tube is defined as the
gel point–the gel time or gel temperature. During a temperature increase, the temperature
at which a gel starts flowing in the tilted tube is defined as the melting temperature of the
gel. In the falling ball technique, a ball of a small diameter placed on the surface of a gel
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starts falling through the system when temperature is raised to the melting temperature of
the gel. These two methods, however, are by no means accurate. Because these two
methods use direct observation to determine the gel point, it is often difficult to judge
whether the viscosity is infinite or just very high if a small stress (little tilt of the test tube
or small diameter of the falling ball) is involved in the measurement. On the other hand,
a large stress is often destructive and the measurement is inaccurate due to shear thinning
(decreased viscosity at higher shear rate).
Practical methods have been established to determine the gel point through
rheological measurements. As has been stated above, one infinite network of infinite
molecular weight spans the whole system at the gel point, resulting in divergent viscosity
and the onset of an equilibrium modulus. The determination of the gel point according to
the viscosity criterion is to measure the critical crosslink density pc at which the
viscosity diverges. However, it has been an impossible task to accurately measure pc by
direct and non-destructive methods.

The critical crosslink density pc can only be

measured indirectly by many assumptions. One practical assumption is that percolation
scaling applies for the viscosity divergence at the gel point, η ∝ ( p c − p ) .17,
−s

18

Percolation scaling is also assumed to be valid for the gradual development of the
equilibrium modulus after the gel point, Ge ∝ ( p − p c ) . These scaling relations have
t

been experimentally verified for the gelation of gelatin solutions,19 - 25 and many synthetic
polymers.

26 - 31

To utilize the scaling relation to determine the gel point, simultaneous

measurements are performed on the rheological properties and the crosslink density p .
Non-destructive methods, like the optical rotation technique, are used to determine the
crosslink density p . Since the relaxation time approaches infinity at the gel point, it is
impossible to measure the equilibrium modulus very close to the gel point. Viscosity,
however, can be measured very close to the gel point. Therefore the gel point determined
by using the viscosity scaling relation is much more accurate than the gel point
determined through the modulus scaling relation.
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The experimental observations of Winter and Chambon14-16 have provided another
practical method for the determination of the gel point of crosslinked systems by
rheological measurements. Chambon and Winter observed that the relaxation pattern of
crosslinked polymeric systems at the gel point shows self-similarity at long times,

λc < t < ∞

G (t ) = St − u

(1.1)

where S is called the stiffness and u is the relaxation exponent. The low limit λc is the
relaxation time characterizing the crossover to glass transition (or the crossover to
entanglement if present). The dynamic moduli G ' and G " , according to the theory of
linear viscoelasticity of polymers,32 are given by
∞

G ' (ω ) = ω ∫ G ( s ) sin ω sds
0

∞

G " (ω ) = ω ∫ G ( s ) cos ω sds
0

(1.2)
(1.3)

Therefore, the storage modulus G ' (ω ) and the loss modulus G " (ω ) at the gel point are
given by

 uπ 
G ' (ω ) = S Γ (1 − u ) ω u cos 

 2 

(1.4)

 uπ 
G " (ω ) = S Γ (1 − u ) ω u sin 

 2 

(1.5)

where Γ is the gamma function. The storage and loss moduli, G ' and G " , of a gelling
system at the gel point thus obey a scaling law with the same exponent, u :
G ' (ω ) , G " (ω ) ∝ ω u

(1.6)

Therefore, parallel and straight lines with slopes u are obtained at the gel point upon
plotting both dynamic moduli vs frequency on double logarithmic scales (see Fig. 1.2).
As a result, the phase angle δ c at the gel point is independent of frequency,
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tan δ c =

G " (ω )
 uπ 
= tan 

G ' (ω )
 2 

for ω < 1 λc

(1.7)

To determine the gel point, several frequency sweeps of the phase angle need to be
performed before and after the gel point (a rough estimate of the gel point is necessary at
first). The crossover of the phase angle δ lines at each frequency plotted in the way as
shown in Fig. 1.3 determines the gel time t gel and the phase angle δ c at the gel point.
The relaxation exponent u is hence obtained from Eq. (1.7). The Winter and Chambon
method has been successfully applied to both chemical33 - 36 and physical24, 25, 37-39 gelling
systems.

This method was also successfully extended to cases where the sol-gel

transition occurs at a critical concentration40 or a critical temperature41 instead of a gel
time, where the frequency dependence of the loss tangent or phase angle was measured
at different concentrations or temperatures.

tanδ

ω1
ω2
ω3
ω4

tan δc

tgel

t

Fig. 1.3 Viscoelastic loss tangent as a function of time at several
frequencies. The crossover of the lines marks the gel time.
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1.2 Theory of Gelation
1.2.1

Classical theory

In the mean field theory of gelation (the classical theory developed by Flory3, 42 and
Stockmayer5, 8), gelation is modeled as a branching process of multifunctional monomers.
The branching process is described as random crosslinking of multifunctional monomers
on the Bethe lattice (or Cayley tree) as shown in Fig. 1.4. On the Bethe lattice, each
black dot is a multifunctional monomer with functionality f , and a bond is formed
between monomers with the probability p . The mean field theory assumes that the
probability p for bond formation is the same between any pair of monomers and no
intramolecular bonds are allowed. The second assumption excludes the formation of
rings or cycles within the branched macromolecule.

Fig. 1.4 Branching process of multifunctional monomers (functionality f=3) on
the Bethe lattice. Each monomer is modeled as a black dot, and crosslinking is
formed between monomers with probability p.

The probability that a bond is formed equals the overall extent of reaction of all the
functional groups (fraction of the functional groups that have reacted). The gel point in
the mean field theory is defined as the critical extent of reaction, pc , at which the
molecular weight diverges, M w → ∞ . For polycondensation of f-functional monomers
10

described by the Cayley tree model, the mean field results for the number average and
weight average molecular weight are

Mn =

1
1 − pf 2

(1.8)

Mw =

1+ p
1 − p ( f − 1)

(1.9)

and

The critical extent of reaction, pc , at which the weight average molecular weight
diverges, is thus
1
pc =
(1.10)
f −1
For f ≥ 3 , M w diverges when p approaches pc , and the polydispersity ( M w M n )
becomes infinite at the gel point.
An extension of crosslinking similar monomers is the crosslinking of f-functional
monomers with g-functional monomers at a molar ratio r = ∑ fn f gng (the f-monomers
only react with the g-monomers), where n f and ng are the number of monomers of
functionalities f and g respectively. At the gel point, the extent of reaction for each
species of monomers is43
p f ,c =

1

(1.11)

r ( f − 1)( g − 1)

and
pg ,c =

r

(f

(1.12)

− 1)( g − 1)

Furthermore, the stoichiometric ratio of the two species of monomers must be chosen
between a lower and upper limit for the gel point to be reached before the reaction stops:
rl =

(f

1

− 1)( g − 1)

;

ru =

1
rl

(1.13)
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These stoichiometric ratio limits follow from relations (1.11) and (1.12) when
considering one of the two species fully reacted.
1.2.2

Percolation theory

Percolation theory was first introduced by Broadbent and Hammersley44 to describe
diffusion in disordered media and concerns the permeation threshold. The percolation
idea was later adapted to the gelation process by de Gennes45 and Stauffer46 and was
suggested17, 47 to possibly give a better description of gelation than the classical statistical
methods (which in fact are special percolation models on a Bethe lattice, Fig. 1.4) since
the mean field assumption of no intramolecular reactions is avoided.
The gelation process is most appropriately described by random bond percolation. In
bond percolation, monomers occupy sites on a d-dimensional lattice and bonds are
formed randomly between monomers with probability p (Fig. 1.5). At a critical pc , an
infinite cluster of bonded monomers is formed and spans the whole lattice from side to
side. Since bonds are randomly formed between monomers, intramolecular bonding is
allowed. Exact results are only known for special percolation models (for example, the
Bethe lattice) and, for most percolation models, approximate solution methods are used,

Fig. 1.5 Bond percolation on a two-dimensional square lattice. Each site is occupied by a
monomer and bonds are randomly formed between monomers with probability p, and an
infinite cluster of bonded monomers is formed at the critical pc.
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including Monte Carlo simulations, series expansions, and phenomenological
renormalization.17
1.2.3

Static scaling near the gel point

All percolation models yield unique scaling relations as a power law in the relative
extent of reaction, ε = ( p − pc ) pc , for structural (mean cluster size, size distribution)
and physical (viscosity, modulus) properties near the critical point. However, different
models yield different values for the critical exponents and different relations among
them.
The cluster mass distribution is expressed as the number fraction N ( M ) of clusters
of mass M , a power law in M that is truncated at the characteristic largest mass M char
by an exponential cut-off function f ,18
 M 
N ( M ) ∝ M −τ f 

 M char 

(1.14)

with the characteristic largest mass diverging at the gel point with exponent 1 σ ,

M char ∝ ε

−1 σ

(1.15)

The weight average molecular weight diverges at the gel point as

Mw ∝ ε

−γ

(1.16)

with γ given by

γ=

3 −τ

σ

(1.17)

The size ξ of the largest cluster defines the correlation length for gelation and diverges at
the gel point with exponent ν
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ξ∝ε

−ν

(1.18)

The exponent ν is related to the exponents τ and σ through hyperscaling,18 which
applies to critical percolation rather than the mean field theory (percolation on a Bethe
lattice),

ν=

τ −1
dσ

(1.19)

where d is the dimensionality of the percolation lattice.
The critical percolation predictions for these critical exponents18 are τ = 2.18 ,

σ = 0.45 , γ = 1.8 , and ν = 0.88 . The Flory-Stockmayer mean field theory predicts18
these exponent at the gel point as τ = 5 2 , σ = 1 2 , γ = 1 , and ν = 1 2 .

1.2.4

Dynamic scaling

Theories predict28, 48-51 and experiments confirm14-17, 19-31, 33, 48, 50, 52-56 that the zero
shear viscosity η0 and the equilibrium shear modulus Ge in the vicinity of the gel point
obey scaling laws,

η0 ∝ ε

−s

Ge ∝ ε t

p < pc or ε < 0

(1.20)

p > pc or ε > 0

(1.21)

The relaxation modes right at the gel point shows self-similarity at long times (Eq.
(1.1)),14-16
G (t ) = St − u

λ0 < t < ∞

(1.22)

The corresponding relaxation time spectrum also shows power law behavior, 15, 16
H (λ ) =

S
λ −u
Γ(u )

λ0 < λ < ∞

(1.23)

where Γ(u ) is the gamma function. The relaxation exponent u is restricted to values
between 0 and 1 (refer to Eq. (1.7)).
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Close to the gel point, the relaxation spectrum is truncated at the longest relaxation
time λmax ( p ) ,57
 S
−u
Γ u λ
H (λ ) =  ( )
0


for λ0 < λ < λmax

(1.24)

for λ > λmax

The crossover to shorter time modes for λ < λ0 is neglected since the long-time behavior
is of primary concern for gelation. Using the above spectrum, it can be shown that the
zero shear viscosity scales as a power in the longest relaxation time32
∞

η0 = ∫ H (λ )λ d ln λ
0

∝

S
1−u
λmax
(1 − u ) Γ ( u )

for λmax → ∞

(1.25)

The longest relaxation time λmax is the time needed for the largest characteristic
cluster of size ξ to fully relax and can be related to ξ through a dynamic exponent
z (see Eq. (1.18)),

λmax ∝ ξ z ∝ ε

−ν z

(1.26)

The zero shear rate viscosity thus scales as

η0 ∝ ε

−ν z (1−u )

∝ε

−s

;

s ≡ ν z (1 − u )

(1.27)

Several models28, 48, 50, 58 , 59 generalize the results of the Rouse and Zimm dynamics
for linear polymers to branched polymers by assuming a scaling law for the relaxation
time of any cluster, λ ∝ R 2 D , where R and D are the cluster size and diffusion
coefficient. The relaxation time scaling law ensures a relaxation spectrum in the format
of Eq. (1.23) or (1.24) since the clusters are percolating fractals with fractal dimension d f
(all clusters are similar and their number distribution follows Eq. (1.14)).18 In Rouse
dynamics the diffusion coefficient scales with molecular mass as D ∝ M −1 ∝ ξ

−d f

, while
15

in Zimm dynamics the diffusion coefficient scales with molecular size as D ∝ ξ 2− d in
d dimensional space. The exponent z in Eq. (1.26) is thus:

d f + 2
z=
d

( Rouse dynamics )

(1.28)

( Zimm dynamics )

The dynamic scaling model for the equilibrium modulus exponent t (Eq. (1.21)) is
based on the argument28, 60, 61 that an energy of kT is stored in a “correlation blob” of
size ξ and the modulus is the energy density of the “correlation blobs”. This argument
leads to the following scaling law for the equilibrium modulus,
Ge ∝ kT ξ d ∝ ε ν d ;

t =ν d

(1.29)

The viscosity then scales as
∞

η0 = ∫ G ( t )dt ≈ Ge λmax ∝ ε

ν (d −z)

0

 ε ν ( d −d f − 2)

∝
0
 ε

( Rouse dynamics )

(1.30)

( Zimm dynamics)

The critical exponent for the viscosity scaling is thus
v ( d f + 2 − d )
s =ν ( z − d ) = 
0

( Rouse dynamics )
( Zimm dynamics )

(1.31)

The relaxation exponent u of the Rouse dynamics and Zimm dynamics is:
u=

d (d f + 2)
d
t
=
=
z s + t 1

( Rouse dynamics )
( Zimm dynamics )

(1.32)

The Rouse dynamics model has been very successful in describing rheology near the
gel point26,

28, 55

. With the percolation exponent values on a d=3 lattice (ν = 0.88 ,

d f = 2.53 ), the Rouse dynamics predicts s = 1.3 and u = 0.66 .

The longest relaxation time λmax below the gel point based on Rouse dynamics scales
as
16

− s (1− u )

λmax ∝ ε

∝ε

−ν ( d f + 2)

(1.33)

The longest relaxation time exponent below the gel point is − s (1 − u ) (Eq. (1.33)),
while the longest relaxation time exponent above the gel point is −t u since
−u
at low frequencies above the gel point. The simple scaling
Ge ≈ G '(ω ) ∝ ω λumax ∝ λmax

relation u = t ( s + t ) thus has a significant physical implication that the longest relaxation
time must scale symmetrical in ε below and above the gel point so that s (1 − u ) = t u (it
follows from this relation that u = t ( s + t ) ). Another significant physical implication of
the relation u = t ( s + t ) is that the equilibrium modulus Ge is the counterpart of the
steady-state creep compliance J e0 below the gel point:
J e0 =

1

η

∝ε
∝

2

∫

2s

∞

0

H (λ )λ 2 d ln λ

2 −u
λmax
∝ε

2ν z (1−u ) −ν z (2 − u )

∝ε

−ν zu

∝ε

−ν d

(1.34)

1
Ge

There have been experimental situations62, 63 where the longest relaxation time does
not scale symmetrically on both sides of the gel point, and t u tends to be lower
than s (1 − u ) . Further experimental investigations are necessary to verify the validity of
the relation u = t ( s + t ) and to find out at what circumstances this relation does not
apply.

In this regard, experiments were carried out to study the thermal gelation

properties of biopolymer gelatin, and the results are discussed in the following chapters in
Part 1 of this thesis.
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Chapter 2
Kinetics of Triple Helix Formation
In Semidilute Gelatin Solutions

2.1 Introduction
Gelatin is one of the biopolymers that undergo physical gelation when the polymer
solutions are cooled below the solution melting temperature. Network formation in the
gelation of gelatin solutions is owing to hydrogen bonding that holds gelatin chains
together in helical conformation to form the crosslinks. Understanding the nature of the
helical structure and the kinetics of its formation is of fundamental importance for the
study of the gelation properties of gelatin in solutions.
Gelatin is a biopolymer made from collagen through a hydrolysis process. Collagen
is the major component of animal skin, tendons, and bones, where it is fully organized in
mechanical strong fibrils. The chemical composition of collagen varies with its origin
and as many as twenty amino-acids can be found in collagen composition in different
quantities.

However,

sequences

of

–(Glycine-X-Proline)-

or

–(Glycine-X-

Hydroxyproline)- are often repeated in collagen molecules, and in general every third
residue is Glycine. The native conformation of collagen molecules is a triple helix
formed by three individual molecular strands held together by interchain hydrogen
bonding64. The collagen unit is a rod of 300nm in length, with each of its strands having
a molecular weight of 100 000. The triple helix, which is right-handed, has a pitch of 8.6
nm while each individual strand adopts a left-handed helical form with three residues per
turn and a pitch of 0.9nm.64,

65

The collagen triple helix is stabilized by interchain

hydrogen bonds which are perpendicular to the chain axis. Additional covalent bonds
connect the chains together at both ends of collagen rods. In living tissues, the rods of
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the triple helices are arranged in fibers and a characteristic shift of 67nm between
adjacent rows is observed. The overall structure of collagen is summarized in Fig. 2.1.66
67 nm
Fibril

300 nm
Collagen
molecule
Triple
helix

1.4 nm

Single
chain
Amino acid
sequence

Gly-X-Y-Gly-X-Y-Gly-X-Y

Fig. 2.1 The structure of collagen molecules at different levels. From top to bottom:
the typical striation of 67 nm of the collagen fibrils in native tissues, observed by
electron microscopy; the collagen rod triple helix; the composition of a single chain,
revealing the repetition of the sequence –(Gly-X-Y)-, X and Y being different
amino-acids. (Redrawn according to ref [66]).

Gelatin, as denatured collagen, dissolves in water above its melting temperature, and
exists as flexible random coils67 in solution.

Upon cooling below the melting

temperature, ordered structures of the gelatin molecules are reformed. X-ray diffraction,68
scattering,69 and transmission electron microscopy70 measurements strongly suggest that
the reconstructed ordered structures have the same conformation as collagen.

In

semidilute solutions, gelatin molecules highly interpenetrate each other and this poses
topological difficulties for a complete coil-helix reversion to the collagen state. Gelatin
molecules partially revert to the ordered triple helical collagen-like sequences, separated
along the gelatin molecular contour by peptide residues in a disordered coil
19

conformation. While the coil-helix reversion is predominantly intramolecular at very low
concentrations, it becomes increasingly intermolecular in the semidilute regime and leads
to gelation at concentrations above about 0.5 g/100ml due to the formation of an infinite
molecular network in the gelatin solution.
The widespread applications of gelatin in food, pharmaceutical, and photographic
industries are directly attributed to its coil-helix transition. Consequently, study of this
coil-helix transition has attracted considerable research attention for over fifty years. The
review by Rose71 presents an outline of the research prior to 1977 and more
investigations have been carried out over the past 25 years. Kinetics of the coil-helix
transition has been studied extensively using techniques such as scanning calorimetry,
polarimetry, scattering, and rheology to determine thermodynamic parameters, reversion
rate and fraction, as well as helix conformational properties.19- 22, 67 - 92

2.2 Early Kinetic Studies
A fundamental question regarding the coil-helix transition is how fast this process
proceeds and what are the effects of solution concentration and temperature. Flory and
Weaver73 studied the reversion rate in dilute rat-tail-tendon gelatin solutions and
proposed a first-order kinetics with respect to concentration. They postulated a two-step
renaturation process, with an unstable single-chain intermediate formed first through
unimolecular rearrangement of a random coil molecule and a compound triple helix
renatured subsequently through rapid association of three single-chain intermediates. The
Flory-Weaver renaturation process may be represented schematically as
k

k

1 → I 
2→ 1 3 H
C 
( )

(2.1)

where C, I, and H represent respectively the random coil, the intermediate and the triple
helix. The first step is much slower than the second step and hence is rate controlling.
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The rate of the Flory-Weaver renaturation process is given by the product of gelatin
concentration c and the first order rate constant k1 :73
 −A 
k1 = B exp 

 kT ∆T 

(2.2)

where B and A are constants, T (in K) is the renaturation temperature, and ∆T ≡ Tm0 − T
is the degree of undercooling, with Tm0 being the equilibrium melting temperature of the
gelatin solution at the given concentration. For lime-processed ossein gelatin, Tm0 is
about 35°C for dilute solutions and increases to about 37°C at the concentration of 10
g/100ml.
While the first order kinetic analysis agrees with experimental observations for dilute
gelatin solutions,73,

78

it is contrary to the results obtained at moderately high

concentrations where a concentration dependent rate constant is usually found.75,

78, 86

Consequently, the Flory-Weaver mechanism is not valid in semidilute solutions. Several
new mechanisms have been proposed for the renaturation kinetics. Drake and Veis74
proposed that the first-order dependence on concentration of the renaturation process
could result from an “intramolecular reaction in which different segments of the same
molecular chain must interact to form stable collagen-fold units.” Harrington and Rao78
adopted the idea of Drake and Veis for renaturation in dilute solutions and suggested that
the rate-limiting step at high gelatin concentrations is the formation of a hydrogenbonded nucleus composed of chain segments belonging to three separate molecules and
hence a third-order dependence on concentration. Eagland et al.82 visualized the rate
determining step for dilute solutions as an initial formation of single turns of left-handed
helix on a single chain followed by a subsequent slow folding back of the chain upon
itself twice, bringing the single helical turns into conjunction with one another. The triple
helix is formed by the rapid “zipping up” of the chain segments contained in the loops.
This scheme is intramolecular in nature and has a first-order concentration dependence.
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All the above schemes propose either a first-order or third-order gelatin renaturation
process. Harrington and Rao78 suggested a combination of first and third order reversions
for their concentration dependent renaturation, despite an apparent combination of first
and second order reversions seen in their data for gelatin solutions up to a concentration
of 0.1 g/100ml. Ter Meer and co-workers86 observed a combination of first- and secondorder renaturation for limed bone gelatin solutions up to a concentration of 2 g/100ml at
10°C.

In view of the discrepancies between the proposed mechanism and the

experimental observations, a thorough study over wider concentration and temperature
ranges is necessary. Here, we present our experimental studies on the initial renaturation
process of bovine bone gelatin solutions at semidilute concentrations from 0.25 to 11.9
g/100ml and over a temperature range from 3 to 30°C, in an effort to elucidate the gelatin
renaturation mechanism.

2.3 Material and Experiments
In this study, experiments were performed with lime-processed ossein gelatin
(molecular weight 118 kD, SKW Gelatin and Specialties) as received without further
purification. Its solution pH is 5.7~5.8 and its isoelectric point is 4.9. This gelatin
contains 13.47% moisture by weight and the dry gelatin density is determined to be 1.45
g/cm3 by measuring the weight of an aqueous gelatin solution of known concentration
and volume. Aqueous gelatin solutions were prepared by swelling the gelatin in distilled,
deionized water at room temperature for one hour, followed by subsequent heating at
45°C for another hour under constant mild stirring. Concentration is on a dry gelatin
weight basis and 0.2 g/100ml Kathon biocide (Rohm and Haas) was added to the
solutions. No pH adjustment was made to the gelatin solutions. The prepared gelatin
solutions were stored in a refrigerator at 5°C until use. The concentration of gelatin for
this study is quoted as g/100ml at room temperature of ~25°C.
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Gelatin is an optically active material in both the random coil and helix
conformations, but has more optical activity in the helix state. The polarization of an
incident light beam passing through the gelatin sample will be rotated by an amount of
angle depending on the beam wavelength and the optical activity (more optical activity
means more rotation). The optical rotation α (in degrees) measured at wavelength λ is
normalized by the beam path length l (in decimeters) and the gelatin concentration c (in
g/100ml) to yield the specific optical rotation

[α ]λ =

100 α
.
lc

(2.3)

The reverted fraction of triple helices in the renaturation process is related to the optical
rotation change through a linear relationship between the optical rotation change and the
fraction of gelatin in the triple helix state:80a, 84
coil
α ]λ − [α ]λ
[
X=
[α ]λcollagen − [α ]coil
λ

(2.4)

where X is the fraction of gelatin in the triple helix conformation, [α ]λ is the measured
specific optical rotation, [α ]λ

coil

is the specific optical rotation if all the gelatin molecules

are in the coil state, and [α ]λ

collagen

is the specific optical rotation corresponding to

complete renaturation (the native state of collagen). [α ]λ

coil

has a non-zero value because

the peptide chain (gelatin is a polypeptide) is chiral in the random coil state. Gelatin is
levorotary and its optical rotation by definition is negative.
The wavelength dependence of the specific optical rotation of collagen and gelatin
solutions has been shown to follow the one-term Drude equation for λ > 300 nm:95

[α ]λ = D

λ02

λ 2 − λ02

(2.5)
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where the factor D depends on the conformation of the protein, and λ0 is the wavelength
of the absorption maximum. This relation has been experimentally verified for collagen
and gelatin solutions20,

87

in both the sol and gel states over a wide range of light

wavelengths, solution concentrations and temperatures.

The value of λ0 for both

partially renatured gelatin and collagen20, 87 is λ0 = 212 nm, and the value of [α ]λ

collagen

limed ossein20,

87

is [α ]436

collagen

for

= −800 ± 10 (the levorotary optical rotation of gelatin is

negative by definition). In this work, the optical rotation was measured at a wavelength
of λ = 632.8 nm and the corresponding specific optical rotation for collagen at this
wavelength is calculated according to the Drude equation ( D in Eq. (2.5) for collagen is
calculated with [α ]436

collagen

= −800 ± 10 as the reference) as:

collagen
= −327 ± 5 .
[α ]632.8

The optical rotation of the gelatin used in this work in the coil state is

[α ]623.8 = −120 , as measured at 45°C (see Section 2.4).
coil

Optical rotation was measured with a custom built polarimeter (Fig. 2.2). The
polarimeter was built93 using a He-Ne laser source of wavelength 632.8 nm, two
polarizers, a photoelastic modulator (PEM) and controller (model PEM-90™, Hinds
Instruments), a detector, and a lock-in amplifier (model SR810 DSP, Stanford Research
Systems). With a chosen retardation (usually in the range between half and quarter
wavelength of the laser beam) and modulation frequency f for the photoelastic modulator,
the ratio of the 2f component in the signal on the detector to the DC component of the
signal is directly related to the optical rotation α by

V2 f
VDC

=

C1 sin ( 2α )

1 + C2 sin ( 2α )

(2.6)

where V2f and VDC are the voltage of the 2f and DC components of the signal on the
detector, and the constants C1 and C2 depend on retardation and need to be determined by
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calibration. The derivation of Eq. (2.6) is given in Appendix 2.1 of this chapter and the
reader is referred to Fuller94 for the fundamentals of the optical rheometry technique.
The polarimeter was calibrated by rotating the first polarizer with the resulting ratio

V2 f VDC calculated by the lock-in amplifier. The calibration was then checked with
optical rotation standards (L-proline and L-alpha-bromocamphor-pi-sulfonic acid,
ammonium salt). The polarimeter can detect a rotation angle α as small as 0.001°.

PC

PEM
controller

Laser
source

Lock -in
amplifier

Detector
Sample
0°
polarizer

PEM

45°
polarizer

Fig. 2.2 Diagram of polarimeter optical train and electronics.

A jacketed cylindrical brass cell with an inner diameter of 2.5 mm and a path length
of 100 mm was used as the sample holder. The jacket is connected through a switching
system to two water baths controlled at two temperatures with a stability of ± 0.05°C.
Quenching is achieved by switching water flow from the two water baths.

Water

circulating in the cold water duct was maintained without passing through the jacket prior
to quenching by using a separate switch to ensure that the water pumped into the jacket
was at the right temperature at the start of quenching. Foamed rubber is used as thermal
insulation to wrap the whole duct system. Temperature in the water baths and in the
25

sample cell was calibrated with a thermocouple and it was found that the cell in
quenching was able to reach the target temperature with an error 1.5% of the temperature
drop in 25 sec. Fig. 2.3 shows the temperature response in the sample cell during
quenches from 45°C to various temperatures.

50

T (°C)

40

30

20

10

0
0

50

100

150

time (s)
Fig. 2.3 Temperature response in the brass sample cell on quenching to various
temperatures, as measured with a thermocouple immersed in water inside the cell.

2.4 Results
The gelatin solution was loaded into the sample cell and maintained at 45°C for 1000
sec to eliminate thermal history effects. It was then quenched to the desired low
temperature to start the renaturation process. As shown in Fig. 2.4 for a 1.0 g/100ml
gelatin solution quenched to four different temperatures (5, 10, 15, and 20°C), the
specific optical rotation is characterized by an initial jump with oscillations in the first 15
seconds from the original value of [α ]632.8 = −120° at 45°C to a higher value around
coil
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−130° , followed by a steady increase starting at about 20 sec. The oscillations in the

first 15 seconds are believed to be caused by the temperature gradient in the sample
during the quench. The big jump of optical rotation in the first 15 seconds has a
distinctively higher rate than that seen after 20 sec, and cannot be solely attributed to
helix formation. Water volume changes by only 1% when temperature is decreased from
45 to 5°C and thus also cannot account for such a large initial jump in optical rotation
(~7% at 20°C).
200
c=1.0 g/100ml

5°C

180

-[α ]632.8

10°C
160
15°C
140

20°C

120
0

100

200

300

t (sec)
Fig. 2.4 Optical rotation curves (at λ = 632.8 nm ) after quenching from 45°C
to four different temperatures for a 1.0 g/100ml gelatin solution.

The helical renaturation rate is directly related to the time-derivative of the optical
rotation (Eq. (2.4))

d [α ]632.8
dX
= −ψ
.
dt
dt

(2.7)

with

ψ=

1
collagen
[α ]632.8 − [α ]632.8
coil

= 0.0048

(2.8)
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The slope of the optical rotation curve versus time is a direct measure of the helix
renaturation rate. This slope is calculated from the optical rotation curves in Fig. 2.4,
starting at 20 sec.

For a quenching temperature close to the coil-helix transition

temperature (~35°C), the renaturation rate is low and a longer time is required for proper
slope calculation, in order to minimize the residual error introduced by the temperature
gradient in the first 15 seconds. This procedure is possible due to the long linear region
of the low slope. Fig. 2.5 shows the initial rate of optical rotation change obtained for
gelatin solutions at concentrations from 0.25 to 11.9 g/100ml quenched to temperatures in
a range from 3 to 30°C. The rate decreases with temperature but increases with gelatin
concentration. However, at low temperatures and high gelatin concentrations, the rate
decreases with concentration. This effect is believed to be caused by the limitation of the
heat transfer rate of the brass cell. Since helix formation is an exothermic process, any
deficiency in heat transfer will raise the sample temperature and decrease the helix

10
c (g/100ml)
0.25 1.0
2.52 5.08
7.68 10.3
11.9

-d[α ]/dt

1

0.1

0.01
0

10

T (°C)

20

30

Fig. 2.5 Temperature dependence of the initial rate of change in optical rotation
for gelatin solutions at different concentrations.
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2.4

5°C
7.5°C
10°C
12.5°C
15°C
17.5°C
20°C

-d[α ]/dt

1.6

0.8

0
0

4

8

12

C (g/100ml)
Fig. 2.6 Concentration dependence of the initial rate of change in optical rotation at different
quench temperatures, showing a constant slope at low concentrations and a non-zero intercept.
The solid lines are the fit, and the dashed lines are for visual guidance.

reversion rate.

This effect is more obvious when the data are plotted against

concentration as shown in Fig. 2.6. At concentrations below 5.08 g/100ml, the rate
shows a linear dependence on concentration for temperatures in the range 5~20°C. The
solid straight lines are the result of a weighted least square fit with more weight given to
lower concentrations. The concentration dependence of the fit lines can be described as

−

d [α ]
= K '1 + c0 K '2
dt

(2.9)

where c0 is the initial gelatin concentration, K '1 and K '2 are the intercept and slope of
the lines that depend on temperature only.

This result is also consistent with the

experimental observation of Ter Meer and co-workers. 86 As will be demonstrated below,
Eq. (2.9) indicates a combination of first- and second-order helix reversions.
Equations for the first- and second-order helix reversions can be written respectively
as
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d [ H ]1
dt

= [C ] K1

(2.10)

= [C ] K 2

(2.11)

and

d [ H ]2
dt

2

where [ H ]i is the moles of helices per unit volume created by the reversion process of
order i, [C ] is the moles per unit volume of amino residues in the flexible coil segments,

Ki is the rate constant for the reversion process of order i, and the subscripts 1 and 2
denote the first- and second-order reversions. The helix fraction X is related to [ H ]1
and [ H ]2 through the helix lengths l1* and l2* , which are assumed to be the minimum
stable helix lengths for each reversion process,

c0 X = M l ( l1* [ H ]1 + l2* [ H ]2 )

(2.12)

where M l is the molecular weight per unit triple helix length. The initial rate of change
of optical rotation is

−

d [α ] 1 dX M l
=
=
dt
ψ dt c0ψ

=

 * d [ H ]1 * d [ H ]2 
+ l2
 l1

dt
dt 


(

Ml *
2
l1 [C ] K1 + l2* [C ] K 2
c0ψ

)

(2.13)

Since the coil concentration [C ] = (1 − X ) c0 M res ≈ c0 M res for very small X at the
initial stage of helix reversion, where M res (=92)96 is the molecular weight per amino
acid residue, Eq. (2.13) simplifies to
−

d [α ]
dt

=

1
ψ lres

 *
l2* K 2 
l
K
c
+
1 1 0

M res 


(2.14)
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where lres (=2.86Å)97 is the length per residue. This equation has the same concentration
dependence as our experimental observations as described by Eq. (2.9). Hence the
experimental results in Fig. 2.6 represent a combination of first- and second-order
reversions. A solely first-order reversion would require the fit lines in Fig. 2.6 to be
horizontal and an exclusively second-order reversion would require the lines to pass
through the origin. Any order higher than 2 would lead to a nonlinear dependency on
concentration and hence an upwards curvature in the lines in Fig. 2.6.

2.5 Discussion
The formation of a triple helix is completed through two steps: nucleation and
wrapping.

The nucleation step involves a positive activation energy (demonstrated

below) and is thus much slower than the wrapping step (a negative energy is associated
with the wrapping step since the total energy for the whole process is zero). The slow
nucleation process is rate limiting and reaction order controlling due to the low
concentration of nuclei.
Table 2.1 shows the possible critical nucleus structures for 1st order, 2nd order and 3rd
order reversions, involving critical nuclei with one, two or three strands. Flory and
Weaver73 proposed a critical nucleus involving a single strand, for which only 1st order
kinetics is possible. Clearly the single strand nucleus cannot explain our observation of a
contribution from second order kinetics.

The three strand nucleus proposed by

Harrington and Rao78 could be formed by either one chain (first order), two chains
(second order), or three chains (third order). Harrington and Rao correctly asserted that
the most common of these would be the third order reversion, because the loops required
for 1st and 2nd order reversions of three strand nuclei cost free energy. The fact that we
see no evidence for 3rd order kinetics (nor is there any evidence in the literature) suggests
that the critical nucleus does not involve three strands.
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Table 2.1. Possible critical nucleus structures

1st order

2nd order

3rd order

1 strand

2 strands

3 strands

The only possible mechanism is thus the initiation of a two-strand nucleus. The
formation of a triple helix is realized in two steps: (1), slow initiation of a nucleus
composed of two helical strands winding together, and (2), rapid subsequent wrapping of
another coil segment to the nucleus to form a triple helix. Triple helices above a critical
length remain stable and shorter ones remelt immediately after their formation.
In the first order reversion, for which the two strands of the nucleus are from a single
molecule chain, the triple helix either contains two loops if the third wrapping coil is
from the same chain or has one loop if the wrapping coil is from another chain.
Compared to the double-looped helices, the single-looped helices are more likely to be
formed, since the formation of double-looped helices requires higher activation energy.
Hence the single-looped helices dominate in the first-order reversion.
Therefore the two-strand nucleation mechanism is more appropriate in describing the
coil-helix reversion dependence on concentration: dominant single-looped helices in the
dilute regime developed to the co-existence of single-looped and non-looped helices in
the semidilute regime and finally to dominant non-looped helices for concentrated
32

Free
Energy

or

Random coil

Critical nucleus

Triple helix

Fig. 2.7 Schematic comparison in a cross-sectional view of hydrogen bonding in a triple
helix and a two-stranded nucleus.

solutions. The triple helix formation process of the two-strand nucleation mechanism is
schematically shown in Fig. 2.7 for both the looped and non-looped helices.
The minimum stable helix length can be derived in a similar way to the treatment of
Flory and Weaver.73 The free energy of formation of a triple helix of length l at the
quench temperature T is given by
∆G = l ( ∆H − T ∆S ) + 2σ e + ε ub

(2.15)

where ∆H (<0) and ∆S (<0) are the enthalpy and entropy changes per helix length when
the helix is formed, σ e (>0) is the interfacial free energy at the two ends of the helix, ub
(>0) is the bending free energy stored in the loop, and the parameter ε takes a value of
zero for a non-looped triple helix and a value of 1 for a single-looped helix. The
minimum stable helix length l* is found by setting Eq. (2.15) equal to zero:
l* = −

2σ e + ε ub
∆H − T ∆S

(2.16)
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The approximation ∆S = ∆H Tm0 may be derived from the fact that ∆H − T ∆S = 0 at the
equilibrium melting temperature Tm0 . By denoting the undercooling ∆T ≡ Tm0 − T , the
minimum stable helix length can thus be rewritten:
l* = −

2σ e + ε ub Tm0
∆H
∆T

(2.17)

It is seen that the minimum stable helix length is inversely proportional to the
relative undercooling ∆T Tm0 . The critical helix length l1* of the first-order reversion is
longer than the critical helix length l2* of the second-order reversion because there is no
loop energy ( ε = 0 ) in the second-order reversion.
The concentration dependence of Tm0 for lime-processed ossein gelatin is plotted in
Fig. 2.8 through re-analyzing the available literature DSC data83 (shown as the inset of
Fig. 2.8). A simple linear approximation can be used for the concentration dependence of
the melting temperature,
Tm0 (°C ) = 35 + 0.18c
60
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21 g/dl
10 g/dl
5.2 g/dl

Tm (°C)

40

50

(2.18)
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Fig. 2.8 Reanalysis of the
literature DSC data83 for the
concentration dependence of
the equilibrium melting
temperature Tm of gelatin
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By using the Kratky-Porod model,98 the loop bending free energy can be calculated
with the following integration along the contour of the loop modeled as a worm-like
chain,99
2

L  ∂u( s ) 
1
ub = l p kT ∫ 
 ds
0
2
 ∂s 

(2.19)

where l p is the persistence length ( = 20 ± 3Å for gelatin),100 and u( s ) is the unit vector
tangent to the contour at length s .

Assuming a circular end loop of radius Rl , the

bending free energy is simplified as
L 1
2π 1
π l kT
1
1
ub = l p kT ∫ 2 ds = l p kT ∫
Rl dθ = p
2
0 R
0 R
2
2
Rl
l
l

(2.20)

Equation (2.20) indicates that the bending free energy is proportional to the absolute
temperature (entropic) but inversely proportional to the loop size with the assumption that
l p and Rl are not temperature dependent.

As discussed above, the formation of a triple helix of the minimum stable length l *
is realized through nucleation and subsequent wrapping. The rate limiting process is
nucleation. The rate constant for triple helix reversion is effectively given by the rate of
nucleation,
K = B exp ( − E kT )

(2.21)

where B is the collision frequency factor, and E is the free energy for the creation of the
nucleus. The energy E , which is positive, is the activation energy for nucleation.
Through assigning ∆H1 and ∆S1 as the enthalpy and entropy per unit nucleus length, and

σ e1 as the nucleus end surface energy, the total activation energy for the reversion of a
triple helix of the critical length l * can be written
E = 2σ e1 + ε ub + ( ∆H1 − T ∆S1 ) l *

(2.22)
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Since two of the three chain strands are involved in forming the critical nucleus, the
entropy ∆S1 and end surface energy σ e1 of the nucleus are 2 3 of those of the full triple
helix. The enthalpy ∆H1 for nucleus creation, however, cannot simply be assumed to be
2 3 of that of the full triple helix. Assume that the fusion enthalpy is solely due to the

energy of hydrogen bonding interactions between chain strands. As shown in Fig. 2.9,
there are three mutual interactions between the three chain strands in a triple helix. The
oxygen and hydrogen atoms bonding together are in a plane perpendicular to the helix
axis.

In a nucleus, two of the three interactions responsible for bonding the third

wrapping coil segment reorganize to form a new interaction between the two strands of
the nucleus. Owing to topological constraints, the reorganization of interactions will lead
to two out-of-plane hydrogen bonding pairs (the bonding plane is not perpendicular to the
nucleus axis), or one in-plane and one out-of-plane bonding pairs. Since the out-of-plane

(a). Hydrogen bonding in a triple helix

Gelatin backbone
Oxygen atom
(b). Hydrogen bonding in a nucleus

Hydrogen atom
In-plane bonding
Out-of-plane bonding

or

Fig. 2.9 Schematic comparison in a cross-sectional view of hydrogen bonding in a triple helix
and a two-stranded nucleus.
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bonding is weaker than the in-plane bonding, the enthalpy associated with nucleus
creation is less than 2 3 but more than 1 3 of that for the triple helix (see Fig. 2.9). A
more accurate estimation of the nucleus enthalpy requires knowledge of the topological
and hydrogen bonding features of the nucleus. The enthalpy, entropy, and end surface
energies of the nucleus are therefore given as

∆H1 = α∆H
∆S1 =

with 1 3 < α < 2 3 .

(2.23)

2
∆S
3

(2.24)

2
3

(2.25)

σ e1 = σ e

Substituting the energy estimates and the critical helix length into Eq. (2.22) and
using the relations ∆S = ∆H Tm0 and ∆T ≡ Tm0 − T , the total activation energy for the
formation of the triple helix can then be simplified as
E=

ε

T0
2

ub +  − α  ( 2σ e + ε ub ) m > 0
∆T
3
3


(2.26)

Since the overall energy for a triple helix formation at the critical length is zero (Eq.
(2.15)), the positive energy E for the nucleation process implies a negative energy for
the wrapping process. Therefore the nucleation process is thermodynamically unfavored
and thus slow, while the wrapping process is thermodynamically favored and thus fast
(see Fig. 2.7). This is consistent with the assumption that the nucleation process is slow
and rate limiting.
With the activation energy given by Eq. (2.26), the rate constant is derived as
0
 2
 ε ub 
 2σ e + ε ub Tm 
K = B exp  −

 exp  −  − α 
kT
∆T 

 3 kT 
 3


T0 
= B exp ( − A1 ) exp  − A2 m 
∆T 


T0 
= B 'exp  − A2 m 
∆T 


(2.27)
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where the two positive parameters A1 = ε ub 3kT and A2 = ( 2 − 3α )( 2σ e + ε ub ) 3kT are
assumed to be temperature-independent constants (since ub ∝ kT , Eq. (2.20), and
assuming an entropic σ e ∝ kT ). Equation (2.27) indicates that the rate constant K
depends only on the end surface energy σ e and loop bending energy ub but not on the
enthalpy ∆H and entropy ∆S at a given quench temperature. The thermodynamic
quantity ∆H or ∆S (recall that ∆S = ∆H Tm0 ) only affects the minimum stable helix
length l * (Eq. (2.17)).
Comparison of Eqs. (2.9) and (2.14) leads to the following expressions that relate the
rate constants with the intercept and slope of the fit lines in Fig. 2.6 (with ε = 1 and 0 for
the first- and second-order reversions respectively),
K '1 =

l1* K1
1 2σ e + ub Tm0
=
K
ψ lres ψ lres −∆H ∆T 1

for ε = 1;

(2.28)

K '2 =

2σ e Tm0
l2* K 2
1
=
K
ψ lres M res ψ lres M res −∆H ∆T 2

for ε = 0.

(2.29)

The intercept K '1 in Eq. (2.28) corresponds to zero concentration and hence the
single-looped first-order reversion, so Eq. (2.17) with ε = 1 is used for l1* . The slope
K '2 in Eq. (2.29) comes mainly from the contribution of the second-order reversion, thus

a value of ε = 0 for non-looped helices is used for l2* . Combining Eqs. (2.27)-(2.29)
leads to the following relations
0
 2
kTTm0
 2σ e + ub Tm 
exp  −  − α 
K '1 = B1

−∆H ∆T
∆T 
 kT
 3

(2.30)

0
 2
kTTm0
 2σ e Tm 
exp  −  − α 
K '2 = B2

−∆H ∆T
 kT ∆T 
 3

(2.31)
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where B1 and B2 are the combined constants. It should be pointed out that Eqs. (2.30) and
(2.31) are only valid for the low concentration limit due to the concentration dependent
Tm0 . Plotting the normalized intercept K '1 ∆T T and slope K '2 ∆T T logarithmically

against Tm0 ∆T should give two straight lines, and the slopes of the two lines determine
the value of the end surface energy σ e and loop bending free energy ub . Figs. 2.10 and
2.11 are such plots corresponding to zero concentration (with Tm = 35°C ) in a quench
temperature range from 5 to 17.5°C. The two straight lines have slopes of -0.6 and -0.3
respectively, leading to the value of the end surface energy and end loop energy for the
determined α value of 0.55 (see Appendix 2.2 for the α value determination by optical
rotation modeling)

σe =

0.45
kT = 1.3kT
2 − 3α

(2.32)

ub =

0.9
kT = 2.6kT
2 − 3α

(2.33)
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Fig. 2.10 Temperature dependence of the first-order rate constant plotted in
the form suggested by Eq. (2.30).
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Fig. 2.11 Temperature dependence of the second-order rate constant
plotted in the form suggested by Eq. (2.31).

The minimum stable lengths of the first-order single-looped and second-order nonlooped helices are calculated as
l1* = −

kTTm0
1.8 kTTm0
= −5.1
2 − 3α ∆H ∆T
∆H ∆ T

(2.34)

l2* = −

kTTm0
0.9 kTTm0
= −2.6
2 − 3α ∆H ∆T
∆ H ∆T

(2.35)

and

The end loop radius is deduced as
Rl =

π kT
ub

l p ≈ ( 7 − 10.5α ) l p = 25 Å

(2.36)
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With the helix melting enthalpy81 − ∆H ≈ 11 cal/g of helix, or equivalently ~1100
cal/Å/mole of helices, the critical helix length, at a quench temperature of T = 20°C and
a melting temperature of Tm0 = 35°C , for the single-looped and non-looped triple helices
is calculated as 51 Å and 26 Å respectively. In Fig. 2.12 the critical helix lengths at the
early stage of helix conversion for the single-looped helices of the first-order reversion
and the non-looped helices of the second-order reversion are plotted against quench
temperature for the melting temperature Tm0 = 35°C . The results in Fig. 2.12 indicate that
rather short helices are created in the early stage of coil-helix reversion at low quench
temperatures. At long times the short helices reorganize and extend their length, and this
will prevent our simple model from describing the long time data.

l ∗ (Å)

200

150

Single-looped
triple helix

100

Non-looped
triple helix

50

0
0

10

20

30

40

T (°C)

Fig. 2.12 Critical helix length of single-looped and non-looped
helices at the early stage of quenching as a function of quench
temperature for an equilibrium melting temperature Tm0 = 35°C .
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In addition to the helix lengthening effects, complications like network formation
also prevent our simple model from describing long time data. When a network with
high connectivity is formed, the coil segments connecting the junction zones (formed by
the second-order helices) are stretched at high helix fraction. This stretching leads to
entropy loss of the coil segments, and hence an additional energy comparable to the loop
bending free energy of the first-order helices should be included in calculating the
second-order helix length. However, this extra energy only affects coil-helix reversion at
long times.
Besides the concentration dependence of the helix reversion kinetics, temperature is
shown to also affect helix reversion order. From Eqs. (2.10) and (2.11), it follows that
d [ H ]2

d [ H ]1

dt

dt

0
 2
K2
B '
u T 
= [C ] 2 exp   − α  b m 
K1
B1 '
 kT ∆T 
 3

T0 
B '
= [C ] 2 exp  0.3 m 
B1 '
∆T 


= [C ]

(2.37)

Eq. (2.37) indicates that the second-order reversion becomes dominant when
concentration is raised, since the coil concentration [C ] is simply proportional to the
initial concentration [C ] ∝ c0 f ( X ) (the format of f ( X ) does not matter), a result
consistent with Fig. 2.6.

Another implication of Eq. (2.37) is that for the same

concentration, the ratio of second-order reversion to first-order reversion increases as
temperature is raised (smaller ∆T ≡ Tm0 − T ), indicating that a larger portion of the total
converted helix is intermolecular at higher temperatures.

2.6 Conclusions
A simple model is developed for the kinetics of the thermoreversible triple helix
formation, to interpret the temperature and concentration dependences of gelatin helix
reversion that are markedly different from the predictions of the Flory and Weaver
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model.

A combination of first- and second-order reversions was observed for the

concentration dependence of gelatin triple helix renaturation. This combined reversion
mechanism is interpreted as the formation of single-looped triple helices in dilute
solutions and non-looped triple helices in concentrated solutions. The triple helix end
surface energy and loop bending energy are estimated to be 1.3 kT and 2.6 kT
respectively. The helix length of the single-looped helices is roughly twice that of the
non-looped helices, and both are inversely proportional to undercooling. The helix end
loop radius is estimated as 25Å, comparable to the persistence length of gelatin, 20Å.

Appendix 2.1
The photoelastic modulator in the optical train setup displayed in Fig. 2.2 modulates
retardation R (t ) by oscillating at a specified frequency Ω ,
R (t ) = R0 cos Ωt

(2.38)

where R0 2π is the maximum retardation expressed as number of waves of the light
beam. We can always start counting at a particular time to neglect the initial phase angle
in Eq. (2.38). The modulator only has effect on the polarized light component that is
parallel to its axis, while the component perpendicular to the axis is not modulated.

For

the optical train in Fig. 2.2, the modulator axis is parallel to the polarized beam direction
pointing out of the paper, which is defined as the x -axis of the reference coordinates.
The perpendicular direction downward is defined as the y -axis and the light propagation
direction is defined as the z -axis. The first polarizer is along the x -axis, while the
second polarizer is at a 45° angle to the x -axis, either positive or negative depending on
the optical rotation direction to make the measurement most sensitive.
The polarized light wave after the first polarizer can be described as an oscillating
function of distance z and time t ,
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Ax = A0 cos(kz − ω t + β )

(2.39)

where A0 is the amplitude, k = 2π λ is the wave number, λ and ω ( >> Ω ) are the
wavelength and frequency of the light, and β is the phase difference from the
photoelastic modulator. The polarized beam is rotated an angle of α after passing
through the sample and the two components of the light become
Axα = A0 cos α cos(kz − ω t + β )
Aαy = A0 sin α cos(kz − ω t + β )

(2.40)

After the modulator, the component Aαy remains unchanged while Axα is modulated
with a constantly changing retardation, and the two new components are
AxPEM = A0 cos α cos( kz − ω t + β + R(t ))
AyPEM = A0 sin α cos(kz − ω t + β )

(2.41)

The second polarizer (analyzer) is placed ±45 relative to the x -axis, thus after the
analyzer the combined wave function along the analyzer axis will be
1
AxPEM ± AyPEM )
(
2
A
= 0 [ cos α cos(kz − ω t + β + R (t )) ± sin α cos(kz − ω t + β ) ]
2

A* =

=

A0 1 ± sin 2α cos R (t )
2

(2.42)

cos(kz − ω t + β + γ )

where γ satisfies
sin γ =

cos α sin R (t )
1 ± sin 2α cos R (t )

(2.43)

Since the frequency ω of the light is too high for the detector to respond, the term

cos(kz − ω t + β + γ ) in the wave function Eq. (2.42) will produce a constant intensity on
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the detector. However, the detector can respond to the change in the relatively low
frequency Ω , and the intensity measured on the detector is
I∝

A02
(1 ± sin 2α cos R (t ))
2

(2.44)

Substituting the Fourier expansion of the retardation function
cos R (t ) = B0 + B1 cos Ωt + B2 cos 2Ωt +

(2.45)

in Eq. (2.44) leads to
A02
I∝
(1 ± B0 sin 2α ± B1 sin 2α cos Ωt ± B2 sin 2α cos 2Ωt +
2

) (2.46)

Hence the amplitude ratio of the 2 Ω component to the DC component is
V2 Ω
B2 sin 2α
=
VDC 1 ± B0 sin 2α

(2.47)

The two constants B0 and B2 are determined by calibration and the orientation of the
analyzer (+/-45°) sets the sign in Eq. (2.47) and delivers different sensitivities for the
measurement. The intensity as expressed in Eq. (2.44) may fluctuate with time, but the
ratio V2 Ω VDC does not.

Hence using the ratio insures a sensitive and accurate

measurement of optical rotation.

Appendix 2.2
The fits to Eqs. (2.30) and (2.31) in Figs. 8 and 9 lead to the following relations
 0.6Tm0 
∆T
K '1 = 5.1exp  −

T
 ∆T 

(2.48)

 0.3Tm0 
∆T
K '2 = 0.78exp  −

T
 ∆T 

(2.49)
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The optical rotation at the initial stage (helix fraction X ≈ 0 ) is thus written as
−

d [α ]
dt

= K '1 + c0 K '2 = 5.1

 0.6Tm0 
 0.3Tm0 
T
T
+
exp  −
0.78
exp

−
 c0
∆T
∆T
 ∆T 
 ∆T 

(2.50)

In terms of helix fraction X (Eq. (2.7)), Eq. (2.50) is equivalent to
d [α ]
dX
= −0.0048
dt
dt
(2.51)
 0.6Tm0 
 0.3Tm0 
T
T
= 0.024
exp  −
exp  −
 + 0.0037
 c0
∆T
∆T
 ∆T 
 ∆T 

where the first term accounts for the first-order reversion, and the second term for the
second-order reversion. Here we have neglected a changing Tm in the prefactors before
the two exponentials due to the very small error introduced.
Eq. (2.51) is only valid for the initial stage of helix reversion ( X ≈ 0 ). At longer
times in the early stage, the helix reversion equation should be
dX dX 1 dX 2
=
+
dt
dt
dt
 0.6Tm0 
T
exp  −
= 0.024
 (1 − X 1 − X 2 − ξ X 1 − ζ X 2 )
∆T
 ∆T 

(2.52)

 0.3Tm0 
T
2
+ 0.0037
exp  −
 c0 (1 − X 1 − X 2 − ξ X 1 − ζ X 2 )
∆T
 ∆T 
where X 1 and X 2 are the helix fractions created by the first- and second-order
reversions. In Eq. (2.52), the term (1 − X 1 − X 2 − ξ X 1 − ζ X 2 ) is the coil fraction being
capable of making new nuclei of both the first- and second-order reversions. We assume
that when the first-order single-looped helices are formed, the coil segments contained in
the loop are not capable of making new nuclei. This coil fraction is proportional to the
fraction of the single-looped helices ξ X 1 , with ξ = 2π Rl 3l1* , a temperature dependent
constant. For the second-order helix reversion, a local network of several molecules will
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be formed with the helices acting as the junction zones. The coil segments connected by
the junction zones have hindered mobility and hence are not capable of making new
nuclei. This hindrance comes from the fact that a molecule is involved in several
junction zones and hence the hindrance should be proportional to the fraction of the
molecule being involved in the helices. Thus the coil fraction not capable of making new
nuclei due to second-order helix formation should be proportional to the fraction of
second-order helices ζ X 2 , with ζ being a universal constant valid for all concentrations
and temperatures. It is expected that ζ > 1 , since if half of the gelatin molecule has been
involved in making the second-order helices, the remaining coil segments do not have
enough length to make new helices if the existing helices are evenly distributed along the
molecule.
Eq. (2.52) can be simplified as a set of two equations
 dX 1
 dt = a (1 − θ X 1 − ϕ X 2 )

 dX 2 = b (1 − θ X − ϕ X )2
1
2
 dt

(2.53)


 0.6Tm0 
T
=
a
0.024
exp

−

∆
T
 ∆T 


 0.3Tm0 
T
exp  −
b = 0.0037
 c0
∆T

 ∆T 
θ = 1 + ξ

ϕ = 1 + ζ

(2.54)

by denoting

The solution for this set of equations with the initial condition X 1 ( 0 ) = X 2 ( 0 ) = 0 is
solved as
2
a θt
a  ( aθ + bϕ ) exp ( aθ t ) − bϕ 

X
=
−
+
ln 

 1
bϕ
bϕ 
aθ



2 2
aθ
aθ  ( aθ + bϕ ) exp ( aθ t ) − bϕ  
 X = 1 1 + a θ t −
−
ln 

2


bϕ
aθ
ϕ
( aθ + bϕ ) exp ( aθ t ) − bϕ bϕ 


(2.55)
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The total helix fraction is then
X = X1 + X 2
=

1

ϕ

a θ (θ − ϕ )
2

+

bϕ

2

t−

aθ

1

ϕ ( aθ + bϕ ) exp ( aθ t ) − bϕ

−

a (θ − ϕ )
bϕ

2

 ( aθ + bϕ ) exp ( aθ t ) − bϕ  (2.56)

aθ



ln 

with θ given by

θ = 1+ ξ = 1+

2π Rl
2 ∆H ∆Tl p
1
4
2
3
α
=
+
−
(
)
kTTm0
3l1*

(2.57)

The optical rotation, according to Eq. (2.4), is given by

[α ] = [α ]

coil

(

+ [α ]

collagen

− [α ]

coil

) X = 120 + 207 X

(2.58)

With the literature enthalpy value − ∆H ≈ 11 cal/g of helix based on DSC and optical
rotation measurements,81 and the persistence length value of a gelatin coil
l p = 20 ± 3 Å100, Eq. (2.58) fits to the experimental optical rotation data very well for the

same fitting parameters α = 0.55 and ϕ = 2.3 (or ζ = 1.3 ) for gelatin solutions at the
concentrations of 1.0, 2.52, 5.08, and 7.68 g/100ml respectively in the temperature range
5~25°C, as shown in Fig. 2.13. The melting temperature Tm0 for each concentration is
calculated using Eq. (2.18). All the fit lines have been shifted horizontally for 8 sec in
accordance with the temperature response retardation in the sample cell (see Fig. 2.3),
and vertically for about 10° of specific rotation to correct for the initial jump in optical
rotation. A value of ζ = 1.3 ( ϕ = 1 + ζ = 2.3 ) implies that at most ~45% of the gelatin
can be converted to triple helix through the nucleation process. Reversions higher than
~45% require a contribution from helix lengthening. Thus a fast helix growth region
owing to the nucleation process will terminate before a helix fraction of ~0.45 is reached
at low temperatures, thereafter a slow helix growth region owing to helix lengthening
continues, and this is often observed in literature data.

Since helix lengthening effects
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are omitted in our analysis, we under-predict long time helix reversion, and this is
obvious in Fig. 2.13 at low temperatures where many short helices are nucleated, leading
to more lengthening effects at long times. At high temperatures, the lengthening rate is
comparable to the very low nucleation rate, and there is often no obvious separation
between fast and slow helix growth regions.
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Fig. 2.13 Comparison of the prediction of the combined mechanism of first- and second-order reversions
with experimental optical rotation for four gelatin concentrations quenched to different temperatures.
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Chapter 3
Gelation Dynamics of Gelatin Solutions

3.1 Introduction
In Chapter 2 we have studied the kinetics of triple helix reversion when gelatin
solutions are quenched below the melting temperature. A combination of first- and
second-order concentration dependences is found for the reversion rate. The first-order
dependence is the consequence of intramolecular triple helix formation and the secondorder dependence is the result of intermolecular helix reversion. The results of Chapter 2
(Fig 2.6 and Eq. (2.37)) further indicate that the helix formation gradually changes from
intramolecular dominant at low concentrations to intermolecular dominant at high
concentrations. Gelation occurs at concentrations above 0.5-1.0 wt%,101 due to the
formation of an infinite network of intermolecularly connected molecules in the gelatin
solution.
As reviewed in Chapter 1, percolation theory describes the structural evolution of
branched molecules connected intermolecularly (physically or chemically) at random.
Gelation in polymer systems, either chemical or physical, is most appropriately described
by bond percolation theory, and the probability that bonds are formed between molecules
is called the bond fraction p . Bonds between gelatin molecules take the form of triple
helices, and the bond fraction in this system is proportional to the number of triple helices
per gelatin molecule at a given time. The system changes from a viscoelastic liquid to a
viscoelastic solid when a critical number of helices, or more generally, bonds per
molecule pc have formed. At this point a molecule of macroscopic size (the gel or
network) coexists with, and is swollen by, the remaining branched molecules of finite
size (the sol). At the gel point pc, the solution viscosity, the weight-average and z-average
molar mass, and the correlation length all diverge.18
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Analogous to second order phase transitions, gelation in polymer systems is a
continuous phase transition in molecular connectivity. Physical quantities diverge at the
gel point pc as power laws in the relative extent of reaction:

ε = ( p − pc ) pc

(3.1)

A value of ε < 0 indicates that the system is below the gel point, while a value of

ε > 0 implies that the system is above the gel point. The viscosity below the gel point
diverges as the gel point is approached (as ε → 0 ),

η = A ( −ε )

−s

for p < pc or ε < 0

(3.2)

Above the gel point the equilibrium shear modulus of the network grows steadily from a
value of zero at the gel point,
Ge = Bε t

for p > pc or ε > 0

(3.3)

Prefactors A and B in Eqs. 2 and 3 have the same units as viscosity and modulus
respectively. Assuming that the bond fraction is proportional to the helix fraction p ∝ X
for a given gelatin system (i.e., the average bond length does not change with time,
although it may be different at different concentrations and temperatures), the relative
extent of reaction (Eq. (3.1)) can be rewritten as (refer to Eq. (2.4) in Chapter 2 for the
calculation of X ),

(

ε = ( X − X gel ) X gel = [α ]λ − [α ]λ
where [α ]λ

gel

gel

) ([α ]

gel

λ

− [α ]λ

coil

)

(3.4)

and X gel are the specific optical rotation and the helix fraction at the gel

point, respectively. Physical gelation of gelatin is one of the rare cases for which the
extent of reaction ε can be determined very precisely and non-destructively during the
gelation process from polarimetry measurements. Hence, simultaneous measurement of
optical rotation and rheology allows direct testing of Eqs. (3.2) and (3.3). Notice also
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that the optical rotation of the purely helical state [α ]λ

collagen

does not enter into the relative

extent of reaction ε .
The validity of the scaling description for rheological properties observed during the
thermodynamically driven sol-gel transition of gelatin solutions has been well
documented by experimental studies

19-25

.

Theories based on different assumptions

predict different values for the exponents s and t. Experiments under different conditions
also give diverse values for the exponents. Some typical values found in the literature for
the exponents s and t are given in Table 3.1. The relaxation exponent u is defined for the
stress relaxation modulus at the gel point,14 - 16 G (t ) = St − u , and is related to s and t by
dynamic scaling,28, 50, 55 u = t ( s + t ) (refer to Section 1.2.4).
Table 3.1 Theoretical predictions and experimental observations for the rheological
exponents associated with the sol-gel transition
s

t

u

ref

0

3

1

3, 8, 17

electrical analogy

0.75

1.9

0.72

28, 47

Rouse model
vector percolation

1.3

2.6
3.5-4

0.67

28, 48

2.2-2.6

0.7-0.72

Theoretical Predictions:
classical mean field

102

Experimental chemical gels:
silica gels

0.8-1.3

epoxy
polyester without interchain entanglement

1.4
1.36

2.7

0.63-0.7
0.66

polyester with interchain entanglement

6.1

3.2

0.33

1.5
0.82
1.5

1.8-2.0
1.9
2.6

0.2-0.7
0.71
0.75

Experimental physical gels:
gelatin
pectin
PVC in bis(2-ethylhexyl) phthalate

29, 30
28, 31
26
27

20, 22, 24
23
103
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The particular molecular architecture of each individual system plays an important
role in affecting the critical exponents. In this Chapter, systematic experimental studies
are presented on the physical gelation of aqueous gelatin solutions at different
concentrations and temperatures.

It is found that the exponents are functions of

concentration.

3.2 Experiments
The same gelatin was used and the same procedures for preparing solutions were
followed as described in Chapter 2. The concentrations of gelatin for the study of this
chapter cover a range of 1-15.7 g/100ml, and the largest quench temperature range is
from 45 to 10°C with water volume changing less than 1%.
To simultaneously measure the rheology and optical rotation of the gelatin solutions
during thermal gelation, the custom built polarimeter which was used for the study in
Chapter 2 was installed on a Rheometrics controlled-stress rheometer.

A Peltier

temperature controller with a sample cell on the top was fabricated (see Fig. 3.1) for
computer automated temperature control. The sample cell includes an acrylic cup with
two vertical fused silica windows and an acrylic top plate with diameter 53.34 mm. An
acrylic cover with a thermal shielding layer on its inner wall was used for thermal
insulation. For each experiment, a vial containing the gelatin gel was taken from the
refrigerator and heated to 45°C until the gel is completely melted. The liquid sample was
then transferred quickly to the sample cell to minimize water evaporation. The top plate
was set to a gap of 2.5 mm to allow the entire laser beam to transmit through the sample.
The sample surface between the wall of the cup and the edge of the top plate (Fig. 3.1)
was covered with dodecane to minimize water evaporation (part of the inclined upper
surface of the top plate was also covered).
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Acrylic top plate
Acrylic cup

Dodecane

Acrylic cover with
thermal shielding
Gelatin sample

Fused
silica window

Epoxy base

Stainless
steel plate

Peltier element

Brass heat sink
Water reservoir
controlled at 20°C

Fig. 3.1 Schematic of the sample cell, rheometer fixture, solvent trap, and Peltier
temperature controller assembly.

The Peltier temperature controller consisted of a stainless steel plate with an RTD
(resistance temperature device) thermal sensor sitting in a small aperture beneath it, a
Peltier thermal element, and a comblike brass heat sink with its comb teeth immersed in a
small water bath. The small water bath was connected to a separate circulating water bath
with its temperature set at 20°C. The Peltier element was driven by a KEPCO Model
BOP 15-20 bipolar operational power amplifier with an output capability of ± 15V and
± 20A. Temperature sensing and the power supply for the Peltier temperature controller
were fully automated by interfacing with a National Instrument DAQ board in a
computer running our LabVIEW code. A temperature ramp as fast as 20K/min could be
achieved and the final temperature could be stabilized within ±0.1K.
At the start of an experiment, the gelatin solution in the sample cell was maintained
at 45°C for 1000 sec and this time was found to be sufficient for eliminating thermal
history effects in the gelatin sample. Then it was quenched to the desired gelation
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temperature (at the system maximum ramp rate of 20K/min.). Rheology and optical
rotation data were acquired simultaneously. Before the gel point, a constant small stress
was applied and the shear strain was recorded as a function of time. Viscosity was then
calculated from the local slope of the time-dependent strain. The small stress used was in
the range 1 ~ 8 dynes/cm2 depending on the solution concentration. It was verified that
the small stress utilized for the viscosity measurement did not cause alignment of gelatin
molecules, which may introduce linear birefringence and affect the optical rotation
measurement. It was also verified that the stress level chosen had minimal effect on the
viscosity results (as demonstrated in Fig. 3.2), so all the viscosity data are very close to
the zero shear rate limit. Huang and Sorensen’s viscosity measurements104 on a gelatin
solution (3% by weight) quenched to 28°C demonstrate that when the shear rate is
switched to a lower value at different times after quench, all the high-shear-rate viscosity
versus time curves converge to the one at the lower shear rate. This demonstrates that
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2

σ = 8 dynes/cm

η (cp)

1000

100

13 g/100ml @ 25°C
10
120

125

130

135

140

-[α ]

Fig. 3.2 Viscosity measured at different applied stress levels plotted against optical rotation
for a 13 g/100ml gelatin solution quenched to 25°C. Identical curves indicate that both
applied stress levels are in the zero shear rate viscosity regime.
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the viscosity of gelatin solutions during gelation does not depend on shear rate history.
Therefore, small shear stresses do not affect helix formation and the bond fraction p is not
a function of shear rate. This conclusion is confirmed by the polarimetry measurements
in which the applied shear has no effect on the optical rotation before the gel point.
Although shear has no effect on the bond fraction p , gelatin solutions do exhibit shear
thinning during gelation.

The main advantage of using controlled stress rheology to

study gelation is that at a constant low shear stress, the plate rotation slows down as the
gel point is approached due to the large increase in viscosity. Reliable viscosity data
corresponding to zero shear rate can be obtained very close to the gel point without
affecting the bond fraction p. This allows precise location of the gel point by fitting the
measured data to Eq. (3.2).
Creep and Recovery experiments were performed to measure the shear modulus
beyond the gel point. According to the gel modulus level, a particular stress level was
chosen to ensure that the shear strain was in the range from 0.003 to 0.01. The stress
could be as low as 0.5 dynes/cm2 for low concentrations slightly above the gel point and
as high as 150 dynes/cm2 for high concentrations far beyond the gel point. Unfortunately,
the large stress, which was necessary for a gel of relatively high modulus developed far
beyond the gel point, aligned the gelatin molecules and caused stress-induced linear
birefringence which was evident in the apparent optical rotation. However, since the
linear birefringence disappeared when the stress was released, the optical rotation just
after the start of the recovery curve can be used and the corresponding modulus was
calculated from the recovery curve for all the experiments (see Fig. 3.3). Modulus
measurements close to the gel point were not possible because the relaxation times were
too long, as will be discussed in detail below. In all cases, the relative extent of reaction
range 0.1 < ε < 1 was accessed for the determination of the exponent t in Eq. (3.3).
Viscosity of gelatin solutions in the coil state was measured at 45°C with a Bohlin
CS50 controlled-stress rheometer using a C2.3/26 bob-and-cup geometry in the low shear
rate regime and an Anton Paar AMVn rolling ball viscometer.
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Fig. 3.3 Time evolution overlay plot displaying the creep-recovery curve at a stress
of σ = 35 dynes/cm2 and the corresponding optical rotation for a 10.3 g/100ml gelatin
solution quenched to 25°C. The recoverable strain ∆γr determines the modulus Ge =
σ/∆γr. The interpolated optical rotation data point (filled circle) from the measured
ones (open circles) is used as the optical rotation corresponding to the modulus. Note
the optical rotation change due to linear birefringence induced by the applied stress.

The relaxation exponent u at the gel point was measured at a constant strain of 0.01
with the Bohlin CS50 or CVO120 controlled-stress rheometers thermostatted with a
water jacket surrounding the measuring cup. The u value was determined by finding the
frequency independent loss angle δ at the gel point (refer to Eq. (1.7) and Fig. 1.3 in
Chapter 1).
Remelting experiments were also performed to study the helical structure of the gel.
A gelatin solution was quenched and stabilized at a low temperature for a certain time
and then the temperature was raised at a constant heating rate. Gelatin gelation is a nonequilibrium process, as shown by the fact that the network never stops developing.87
Thus, the heating rate for remelting must be faster than the rate of helix formation. On the
other hand, too fast a heating rate creates a thermal lag and thus inaccuracy in the
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remelting curve determination. Practically, an optimal heating rate must be chosen that
minimizes both helix growth rate and thermal lag. For example in the measurements of
this study, a heating rate of 2K/min must be used for remelting a sample near the gel
point for a 1.51 g/100ml solution quenched to 15°C, and a heating rate of 0.5K/min was
best for a 5.08 g/100ml solution quenched to 25°C. Far beyond the gel point, a heating
rate as low as 0.05K/min could be used due to the slowing down of the helix growth.
However, heating rates lower than 0.05K/min would allow the melted helix to recrystallize during heating.

3.3 Results
3.3.1

Optical rotation during gel formation and remelting

Fig. 3.4 shows the time-dependent specific rotation for 5.08 g/100ml gelatin in water
after quenching to 25 and 28°C. The magnitude of the specific rotation continuously
increases with time from its initial value of [α ]632.8 = −120° at 45°C, indicating a
coil

continuous increase of triple-helix content over time in the sample at the quench
temperature. The gelation process can be divided into two distinctive stages: an initial
fast helix growth immediately after quenching and a long period thereafter with a slow
helix growth rate. Djabourov and co-workers20, 87 have proposed that the formation of a
loose network due to the nucleation of several helical segments on each chain
corresponds to the first fast process of helix growth, and the second process should be a
slow reorganization of this network striving to reach the equilibrium state of full
renaturation (collagen). Although the first fast nucleation process is a familiar idea
borrowed from polymer crystallization, the second slow reorganization or helix extension
process needs experimental proof. To the best of our knowledge, our following remelting
measurements provide the first direct experimental verification of this idea. The symbols
on the optical rotation curves in Fig. 3.4 indicate the location of the gel point, whose
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determination will be discussed later in the following section on viscosity. The time
required to reach the gel point relative to the transition time between the fast and slow
processes will prove central for understanding the exponents obtained from experiments
for gelatin solutions.
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Fig. 3.4 Specific optical rotation of a 5.08 g/100ml gelatin solution
quenched to 20 and 25°C.

Helices formed after quenching remelt again when temperature is raised.

The

specific rotation curve recorded in the remelting process contains information about the
helix fraction that has a certain melting temperature (or equivalently a certain helix
length). The melting temperature equation of a polymer (equivalent to Eq. (2.17) with
∆T = Tm0 − Tm at remelting) can be adapted to describe the remelting of gelatin triple
helices,
2σ e 

Tm = Tm0  1 +

 l ∆H 

(3.5)
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where Tm is the melting temperature of a triple helix of length l , Tm0 is the equilibrium
melting temperature at infinite helix length, ∆H (<0) is the enthalpy change per helix
length when the helix is formed, 2 σ e is the interfacial energy at the two ends of the helix
(the triple helices formed are primarily intermolecular in semidilute and concentrated
solutions, and the loop energy at the helix end for intramolecular helix formation can be
neglected). The significance of Eq. (3.5) is that helices of different lengths have different
melting temperatures, with longer helices melting at higher temperatures.

Differentiation of equation (2.4) with respect to temperature yields
d [α ]
d [α ]
1
dX
=
≈ 0.0048
,
collagen
coil
dT [α ]632.8 − [α ]632.8 dT
dT

(3.6)

so the helix fraction melted out at a certain temperature is proportional to the optical
rotation change at that temperature. A plot of dX dT versus temperature T specifies

the volume fraction distribution of helices as a function of melting temperature or helix
length (see Eq. (3.5)).

Figs. 3.5a and 3.5b show the remelting curves and their

temperature derivative (the volume fraction distribution) for a 5.08 g/100ml gelatin
sample that has been quenched to 25°C for different times. During the early stage after
quenching, the distribution curve of helix lengths simply increases in magnitude,
indicating that helices of the same length are being formed and their number density
increases with time. The distribution curve shifts to higher temperature at long times,
suggesting that the helices extend their length gradually. There may be new helices
formed at long times, but the extension of the existing helices is the main feature, as
demonstrated by the decrease of the distribution curve at the low temperature end. Fig.
3.5(c) shows the points on the helix growth curve where each remelting measurement
was taken. During the fast increase stage before the “knee” of the helix growth curve, the
helix length basically does not change, while after the “knee” the helices gradually
increase in length. Fig. 3.5(c) also shows that gelatin at a concentration of 5.08 g/100ml
and a temperature of 25°C reaches the gel point before the knee, implying a linear
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Fig. 3.5 Remelting curves (a) and their derivatives (b) for a 5.08 g/100ml gelatin solution
quenched to 25°C for different times. The heating rate is 0.5K/min. The times at which
remelting data were taken are shown as the symbols in part (c).
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relation between bond fraction p and optical rotation α .

However, remelting

experiments done at 28°C indicate that the 5.08 g/100ml gelatin solution reaches the gel
point beyond the knee. A linear relationship between p and α does not hold in this
situation due to helix lengthening and the rheological exponents determined by forced
fitting to dynamic scaling laws will be meaningless. The critical temperature Tl at which
the gel point coincides with the knee position is the maximum temperature where a linear
relationship between p and α can be still valid. For the 5.08 g/100ml gelatin solution,
Tl is between 25 and 28°C.
3.3.2

Viscosity below the gel point

Viscosity and optical rotation were measured simultaneously for gelatin solutions at
different temperatures and concentrations. A plot of viscosity against optical rotation for
a 13 g/100ml gelatin solution quenched to 25°C is shown above in Fig. 3.2.

The

viscosity data were fitted to Eqs. (3.2) and (3.4) to determine the viscosity scaling
exponent. Two fitting methods have been used to test the applicability of the scaling
ideas. One was to fit the viscosity η directly to Eq. (3.2), using the optical rotation at the
gel point [α ]632.8 , the exponent s and the prefactor A as adjustable parameters. The
gel

second method uses the same three-parameter fitting procedure with the change in
viscosity ∆η = η − η0 replacing the viscosity η in Eq. (3.2), where η0 is the initial
solution viscosity immediately after quenching. Fig. 3.6 demonstrates the results of the
two fitting approaches for 1.51 and 10.3 g/100ml gelatin solutions quenched to different
temperatures. The viscosity change ∆η approach fits the dynamic scaling model over a
wider range in ε , with the same power law exponent s observed close to the gel point as
when the solution viscosity η is analyzed.
The different slopes observed in Fig. 3.6 indicate that dynamic scaling applies for
thermal gelatin gelation, but that solutions with different concentrations have different
critical exponent s values. To further complicate the issue, different s values are obtained
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at different temperatures for solutions with the same gelatin concentration. By examining
the location of the gel point on the optical rotation curves as shown in Fig. 3.7, we
conclude that the apparent temperature dependence of the exponent s is the result of helix
length change. The gel point at 25°C is in the fast growth region and the exponent
s ≈ 2.6 . The gel point at 28°C is around the knee separating the fast and slow growth

regions. The gel point at 30°C is far beyond the knee. The apparent exponent s ≈ 2.1 at
28°C and 30°C is lowered due to the fact that significant helix lengthening occurs before
the gel point is reached.
Table 3.2 lists the experimental values determined for the exponents s and t, and also
the optical rotation [α ]gel at the gel point for gelatin solutions of different concentrations
quenched to different temperatures. The values listed in italics are for circumstances
where the gelatin solutions reach the gel point in the slow helix growth region beyond the
“knee”, where the fitted exponent values are suspect. The determination of the exponent
t for the modulus will be described in the next section. Compared to the results in Table

2, a 4.7 wt% gelatin sample studied by Djabourov and coworkers20 has a lower exponent
s = 1.48 when quenched to 27.5°C because the sample reaches the gel point beyond the

knee (their viscosity was obtained by measuring G " ω at low frequencies, the difficulty
in reaching very low frequencies owing to the very long relaxation time close to the gel
point might introduce inaccuracy in calculating the exponent s ).
As we have defined above, Tl is the temperature at which the gel point coincides
with the knee location. For any temperature above Tl , the gel point will be beyond the
knee and a linear relationship does not hold between the bond fraction p and optical
rotation α . Consequently meaningful scaling exponents cannot be extracted from the
data obtained above Tl . Quenching a gelatin solution to a temperature below Tl ensures
fast helix formation in the system so that the gel point is reached before the knee. Tl thus
is a temperature corresponding to a characteristic helix formation rate universal for all
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Table 3.2. Critical exponents and optical rotation as well as prefactors for gelatin solutions quenched to different temperatures
as determined by the scaling laws ∆η = A ( −ε )− s and Ge = Bε t . Values in italics are for conditions
where gelatin solutions gel in the slow helix growth region ( Tl < T < Tgel ).
C

T

[α]gel

s

A

t

B
2

[α]gel

(g/100ml)

(°C)

(degree)

7.68

22.5

144.2

2.3

s

A

(°C)

(degree)

1

10

216.1

1.1

1.0

15

207.2

1.34

0.80

25

142.4

2.46

1.5

15

206.9

1.35

0.62

25

142.9

2.4

2.2

20

196.3

1.5

0.47

28

141.4

1.66

3.4

10
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0.71
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2.6

2.8

10
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1.45

0.66

15
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1.45

0.75
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1.3

0.93

20
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1.4

0.79

20
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1.4
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162.0
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0.44
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t
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gelatin concentrations.

Assuming that a constant second-order (concentration

dependence) reversion rate determines Tl (see Appendix 3.1 for details), one finds


0.3
Tl ( K ) = ( 35 + 0.18c0 + 273) 1 −

 2 ln c0 + 5.66 

(3.7)

where c0 is the initial concentration of gelatin. The solid line plotted in Fig. 3.8 is the
concentration dependent Tl curve calculated according to Eq. (3.7). The data points with
error bars are estimates of Tl made according to Table 3.2. Also shown in Fig. 3.8 is the
sol-gel transition temperature Tgel determined by Michon and co-workers.24 A system
gels when quenched to a temperature below Tgel , but gelation never occurs if the quench
temperature is above Tgel . Below Tl , the gel point occurs in the fast helix growth region,
where X provides a reliable measure of the bond fraction p . Between Tl and Tgel , the
gel point occurs beyond the knee of the optical rotation curve, where helix lengthening
corrupts the relation between X and p .

The slow gelling region narrows when

concentration is raised.
40

T gel

30

Fig. 3.8 Phase diagram
for the fast and slow helix
growth regions as well as
the sol-gel regions. The
sol-gel transition
temperature ( Tgel ) data

sol

gel

are taken from Michon
and co-workers. 24 The
dashed line through the
Tgel data is drawn for
visual guidance. The
solid line is the fit
according to Eq. (3.7).
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Fig. 3.9 shows the viscosity exponent s as a function of gelatin concentration for all
the experimental situations in which the gelatin solution reaches the gel point in the fast
helix growth region ( T < Tl ). It is clearly seen that the scaling exponent s increases with
gelatin concentration and saturates above ~ 10 g/100ml. Fig. 3.10 presents the specific
viscosity measured at 45°C as a function of concentration on logarithmic scales. The
three usual scaling regimes (dilute, semidilute unentangled, and entangled) for gelatin
solutions in the coil state are clearly evident. Below the overlap concentration c∗ ≈ 3.5
g/100ml, the solution viscosity is proportional to concentration, indicating dilute
solutions where coils rarely interact.

Above the entanglement concentration

ce ≈ 12 g/100ml a power law η ∝ c 3.5 is observed, consistent with expectations for
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Fig. 3.9 Dynamic scaling exponent s determined using the procedure of
Fig. 3.6 for the viscosity change (∆η), plotted as a function of gelatin
concentration, using only data from the fast helix growth regime.
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Fig. 3.10 Specific viscosity of gelatin solutions at 45°C as a function of concentration.
Data points in open symbols were measured with a Bohlin CS50 controlled-stress
rheometer and data points in filled symbols were determined with an Anton Paar AMVn
rolling ball viscometer (Data from Andrew Howe at Eastman Kodak Company).

entangled polymer solutions.

In the intermediate concentration range of

3.5 ~ 12

g/100ml, the solution viscosity scales with concentration with an exponent of 2. This
value is expected for semidilute unentangled solutions in a θ -solvent and, for gelatin in
water, the Flory-Huggins interaction parameter χ = 0.49 ± 0.01 91, 100 is close to the θ solvent value of 1 2 . Near the overlap concentration, the viscosity exponent s is in good
agreement with the Rouse model prediction of s = 4 3 . Comparison of Figs. 3.9 and 3.10

reveals that the viscosity exponent s increases with gelatin concentration in the semidilute
unentangled regime (c <12 g/100ml), and then saturates at s ≈ 2.5 in the entangled
regime (c >12 g/100ml).
Fig. 3.11 plots the critical helix fraction at the gel point X gel against gelatin
concentration for the circumstances where the gelatin solutions gel in the fast helix
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Fig. 3.11 Critical helix fraction at the gel point plotted as a function of gelatin
concentration. The inset shows the dependence on reciprocal concentration.

growth region. It is observed that the amount of helix required to reach the gel point
decreases with concentration and approaches a stable value at high concentrations. One
possible explanation of Fig. 12 involves the transformation from intramolecular to
intermolecular crosslinks with increasing concentration. Intramolecular helices do not
connect molecules and hence a higher fraction of helix is required to reach the gel point.
A constant helix fraction at the gel point for high gelatin concentrations confirms Flory’s
idea42 that there is a constant crosslink density per polymer chain for the network to be
formed. It is also observed in Fig. 3.11 that the critical helix fraction X gel at the gel point

is lowered at higher quench temperatures for which longer and hence fewer helices are
created.

This result indicates that helices created at higher temperatures are more

efficient in connecting molecules and therefore fewer helices are needed to reach the gel
point. Since a constant average number of crosslinks per molecule is expected at the gel
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point (Flory’s idea), this result in turn implies that a larger portion of the total crosslinks
created at higher temperatures are intermolecular, because intramolecular crosslinks do
not connect molecules. This is consistent with the kinetic study in Chapter 2 where it is
found that intermolecular triple helix formation increasingly dominates over
intramolecular helix formation when temperature is raised.
3.3.3

Modulus above the gel point

Beyond the gel point, elastic modulus was correlated with optical rotation at different
concentrations and temperatures. These data were fit to the scaling prediction of Eq.
(3.3). Unfortunately, it is not possible to perform a proper creep/recovery experiment
very close to the gel point to measure the equilibrium elastic modulus because the
relaxation time is too long in the vicinity of the gel point. Consequently, the gel point
determined from viscosity measurements is significantly more accurate than the gel point
determined from modulus measurements.

Thus, to test the scaling predictions of Eq.

(3.3), the [α ] values determined from the viscosity/optical rotation measurements
gel

below the gel point are used in the analysis of the modulus data above the gel point to
determine the exponent t . Figure 3.12 shows the result of fitting the modulus for a 1.51
g/100ml gelatin solution to Eq. (3.3) for three different quench temperatures. These data
are described by power laws as expected from dynamic scaling theory, and within
experimental uncertainly, the slopes are the same. This was also observed for a 2.62
g/100ml gelatin solution quenched to 15, 20 and 25°C, yielding slopes of t = 2.16, 2.25
and 2.14, respectively. Djabourov and coworkers20 report that t = 1.82 for a 4.7 wt%
gelatin solution quenched to 7 different temperatures in the range from 24 to 28°C.
Fig. 3.13 shows the modulus data of a 5.08 g/100ml gelatin solution quenched to 25
and 28°C. The data points at different temperatures do not overlap and the power laws
expected from dynamic scaling have very different exponent values at the two
temperatures. The higher modulus level observed at 25°C compared with 28°C for the
same value of ε is due to the fact that at larger degrees of undercooling, shorter helices
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Fig. 3.12 Shear modulus of a 1.51 g/100ml gelatin solution at different temperatures fitted
to the dynamic scaling prediction Ge = Bεt, with ε given by Eq. (3.4) and [α]gel
determined from viscosity scaling fitting.
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Fig. 3.13 Shear modulus of a 5.08 g/100ml gelatin solution at different
temperatures fitted to Ge = Bεt, with ε given by Eq. (3.4) and [α]gel
−s
determined by fitting viscosity to ∆η = A ε .
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are formed and hence more helices are created ( X gel is higher at lower temperatures and
hence X is higher for the same ε , recalling that ε = ( X − X gel ) X gel ), resulting in more
elastically active strands connected by the junction zones. Since helices created at lower
temperatures are more intramolecularly involved as we have discussed above in the
viscosity section, the higher modulus observed at lower temperatures indicates that loops
formed by intramolecular crosslinks trap entanglements and contribute to the modulus
when the network is formed. A 10.3 g/100ml gelatin solution also shows different levels
of modulus with t exponents of 1.57 and 2.59 at 25 and 30°C. Fig. 3.14 and Table 3.2
show the variation in the modulus exponent t as a function of gelatin concentration for
the experimental situations where the gel point is in the fast helix growth region. At the
low concentration end, t ≈ 2.4 , but t decreases as gelatin concentration is raised.
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Fig. 3.14 Dynamic scaling exponent t , determined using the procedure of Figs 3.12
and. 3.13, plotted as a function of gelatin concentration. Data from Djabourov et al.20
and Gillmor et al.22 are also plotted.
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Due to the narrow range of the fast helix growth region and the difficulty in
performing creep/recovery measurements close to the gel point, the majority of the
modulus data were taken in the slow helix growth region, in contrast to the situation for
viscosity measurements where a much broader range of quenching temperatures was
explored at each concentration. The experimental situation is frustrating in that the
modulus measurement close to the gel point is not accurate due to the long relaxation
time and the optical rotation data far beyond the gel point do not accurately reflect the
change in bond fraction p. Hence analysis on the exponent t as determined by optical
rotation measurements can only be made with caution.
3.3.4

Relaxation exponent u

In Fig. 3.15 the relaxation exponent u (filled symbols) is plotted together with the
ratio t ( s + t ) (open symbols) for the gelatin solutions.

The ratio t ( s + t ) corresponds to

the temperatures at which the gelatin solutions gel in the fast helix growth region. The
filled circles are taken from Michon and co-workers’ data24 that correspond to their
lowest measurable temperatures, which fall into the fast helix growth region. It is
observed that the exponent u and the ratio t ( s + t ) coincide when the data are taken in
the fast helix growth region. This implies that the relation u = t ( s + t ) and also dynamic
scaling are valid for gelatin gelation in the fast helix growth region. The decrease of
u with increasing concentration is consistent with results on chemical gelation.33,

105

Lower u at higher concentration may be related to the increased amount of
entanglements and crosslink efficiency at higher concentrations, since inefficient
crosslinking increases33 and entanglement lowers27, 33, 106 u in chemical gelation without
solvent.
Our exponent u data (filled squares) taken at relatively high temperatures have
significantly higher value than the ratio t ( s + t ) that is taken at lower temperatures with
the optical rheometry apparatus. The measurements on u were mainly performed in the
slow helix growth region, owing to the time required for dynamic measurements.
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Fig. 3.15 Concentration dependence of the relaxation exponent u and ratio t/(s+t) for gelatin
samples. Filled circles are data from Michon and co-workers24 at the temperatures indicated.
(The filled squares are from data of Andrew Howe at Eastman Kodak Company).

Michon and co-workers’ u data24 at high temperatures have similar values to ours. The
observed higher u values are believed to be the consequence of the fact that the gelatin
solutions reach the gel point in the slow helix growth region at these high temperatures.
Michon and co-workers have measured the exponent u over a wide range of
temperatures for several gelatin concentrations. The exponent u is found to increase
with temperature and levels off when Tgel is approached.

This same trend of u

increasing with temperature is also observed for thermal physical gelation of isotactic
polypropylene107.
74

3.4 Conclusions
Upon cooling, gelatin undergoes physical gelation by forming triple helices. The
fraction of gelatin in the helix state is readily monitored by optical rotation with high
precision. There are two helix formation processes, which depend on temperature and
concentration, that must be considered when interpreting results: helix creation and helix
lengthening. Only in the fast gelling regime, at a temperature lower than Tl , does a
simple relation exist between optical rotation and crosslink density. Thus it is only in this
regime where scaling theories can be tested. Effective exponents determined in the slow
gelling regime are difficult to interpret physically. These findings partially explain the
wide range of rheological exponents reported from applying scaling ideas to physical
gelation of gelatin. Much of the literature data were obtained in the slow gelling regime
(with T > Tl ) where helix lengthening precludes the use of optical rotation to determine
the extent of crosslinking.
For gelatin gels formed in the fast gelling regime (with T < Tl ), the rheological
exponents show a strong dependence on concentration, but not on temperature. The
exponent for the viscosity increases with concentration, from the Rouse model prediction
of s ≈ 1.3 near the overlap concentration to s ≈ 2.5 for entangled gelatin solutions. The
exponent t describing the growth of modulus beyond the gel point decreases with
concentration, from the Rouse model prediction of t ≈ 2.6 near the overlap concentration
to t ≈ 1.6 for entangled gelatin solutions. The relaxation exponent u obeys the dynamic
scaling law u = t ( s + t ) , making u decrease as concentration is raised, from u ≈ 0.6
near the overlap concentration to u ≈ 0.3 for entangled solutions. These concentration
dependences of rheological exponents are consistent with literature observations for both
physical and chemical gels.

However, more theoretical work is needed to fully

understand these concentration dependences and in particular, no theory predicts the
exponent values observed in the entangled regime.
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Since the relation u = t ( s + t ) is valid for our gelatin system, the longest relaxation
−
∝ ( −ε )
time below the gel point, λmax

− s (1−u )

(Eq. (1.33)), and the longest relaxation time

+
above the gel point, λmax
∝ ε − t u (see Section 1.2.4), are symmetric at the gel point,

leading to identical relaxation time exponent, s (1 − u ) = t u = s + t . Our results further
suggest that the relaxation time exponent s + t is concentration independent with a value
of ~4.
Our results call for a re-examination of all the reported rheological exponents
measured on physical gels because the nature of the association may change over the
gelation process. For gelatin, helix lengthening occurs at long times at every temperature
and concentration.
systems.

Similar structural changes may occur in other physical gelling

Caution is needed in interpreting the rheological exponents measured in

systems undergoing physical gelation.

Appendix 3.1
The obvious choice for the helix creation rate is the time derivative of the molar helix
concentration. The kinetics study of Chapter 2 has shown that the helix formation
process in gelatin solutions is a combined coil-helix reversion of the first- and secondorder concentration dependences. The first-order reversion corresponds to intramolecular
crosslinking and thus does not contribute to network formation (or gelation). Primarily,
the second-order reversion corresponds to intermolecular crosslinking and is the only
process responsible for gelation.

According to Eq. (2.11), the second-order helix

formation rate during the initial stage of quenching can be expressed as

T0 
d [H ]2
∝ c 02 exp − µ m 
dt
∆T 


(3.8)
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where [ H ]2 is the second-order molar density of helices, c0 is the initial gelatin
concentration, and µ is a constant. For all the cases where the knee position on the
optical rotation curve coincides with the gel point, we expect that the helix creation rate
at different concentrations is identical, thus the right side of Eq. (3.8) is constant

T0
c02 exp  − µ 0 m
Tm − Tl



=F


(3.9)

Rearranging Eq. (3.9) leads to the expression for Tl :


µ
Tl = Tm0 1 −

 2 ln c0 − F ' 

(3.10)

The concentration dependent equilibrium melting temperature Tm0 can be described
by a simple linear relation through re-analyzing Godard and co-workers’ data83 and is
expressed as Eq. (2.18).
The kinetics study of Chapter 2 shows that µ = 0.3 for our gelatin system. Remelting
analysis finds that 25°C < Tl < 28°C for a 5.08 g/100ml solution. From Table 3.2, 7.68
g/100ml and 10.3 g/100ml solutions have Tl values in the range from 25 to 28°C.
Consequently,

Tl = 25.5 ± 0.5 (°C ) for the 5.08 g/100ml solution is a convenient

reference, and the constant F ' in Eq. (3.10) is calculated accordingly. The final result is
(all calculation for temperature should be in Kelvin):


0.3
Tl ( K ) = ( 35 + 0.18c0 + 273) 1 −
.
 2 ln c0 + 5.66 

(3.11)
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Appendix 3.2
The optical rotation technique has provided a practical method to measure the
reaction extent (or crosslink density) in thermoreversible gelation of gelatin systems.
However, in some gelling systems there is not an easy, non-destructive way for the
determination of the crosslink density. To overcome this difficult situation in the study
of gelation problems, it has been routinely assumed in the literature that crosslink density
is linear in time close to the gel point,108-110
p∝t

(3.12)

The relative extent of reaction in terms of time is thus written as,

ε t = ( p − pc ) pc = ( t − tc ) tc

(3.13)

On the other hand, the relative extent of reaction in terms of optical rotation is
denoted as,

(

ε [α ] = [α ]λ − [α ]λ

gel

) ([α ]

gel

λ

− [α ]λ

coil

)

(3.4)

As have been discussed in Section 3.1, the viscosity and modulus scaling relations
predicted by percolation theory take the following formats when the gel point is
approached (as ε → 0 ),

η = A ( −ε )
Ge = Bε t

−s

for p < pc or ε < 0

(3.2)

for p > pc or ε > 0

(3.3)

where ε stands for either ε t or ε [α ] according to the approach used for the calculation of

ε.
In Fig. 3.16, the viscosity change ∆η of gelatin solutions at several concentrations
and temperatures was fitted to Eq. (3.2) with the relative extent of reaction given by both

ε [α ] and ε t . The two fit lines corresponding to ε [α ] and ε t do not coincide and different
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Fig. 3.16 Viscosity of gelatin solutions at several quench temperatures fitted to ∆η = A ε
with ε given by Eqs. (3.4) and (3.13) respectively.
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slopes are observed for the two lines. The fit line for ε t has a higher slope and hence
higher exponent s than the fit line for ε [α ] . With the observed nonlinear relationship
between εt and ε[α] as shown in Fig. 3.17 for the fit range of ε<1 used in Fig. 3.16, it is
concluded that the actual reaction extent is not proportional to time.

Due to this

nonlinearity, it is not appropriate to calculate the reaction extent by using time as the
control parameter at least for gelatin solutions.
Fig. 3.18 shows the equilibrium shear modulus fitted to Eq. (3.3) with the relative
extent of reaction given by both ε [α ] and ε t . Again, the two fit lines corresponding to

ε [α ] and ε t do not overlap and the fit line for ε t has a lower slope, resulting in lower
exponent t . Two fitting approaches are used for the fit with ε t , one with the gel time t gel
obtained from the viscosity fit for ε t as shown in Fig. 3.16, and the other with the gel
time as an adjustable parameter. Using the gel time from the viscosity fit does not give a
good fit for the shear modulus as can be seen from the falling off of the data points from
the fit line. However, using t gel as an adjustable parameter does not lead to comparable
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Fig. 3.18 Shear modulus of gelatin solutions at concentrations of 1.51 and 10.3 g/100ml
quenched to 10 and 30°C respectively fitted to Ge = Bε with
t

ε

given by Eqs. (3.4)

and (3.13) respectively
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value as that from the viscosity fit, and also too low exponent t is obtained compared to
the fit with optical rotation.
In conclusion, using time as the control parameter to calculate the relative extent of
reaction is not a practical way in the study of gelation problems.

Appendix 3.3
The gel time of gelatin solutions can be predicted with our simple kinetic model as
discusses in Chapter 2. The experimental results of Fig. 2.6 show that the second-order
helix formation dominates over the first-order formation in the semidilute and
concentrated regimes. Because the second-order helix formation is the primary origin of
crosslinking, we neglect the first-order helix formation in the analysis to predict the gel
time of gelatin solutions, in an effort to simplify the analysis process.
The second-order helix formation is described by Eq. (2.11),
d [ H ]2

= [C ] K 2

(2.11)


T0 
K 2 = B '2 exp  − A2 m 
∆T 


(3.14)

dt

2

where

where B '2 is a constant and A2 = 0.3 (refer to Eq. (2.27) and Fig. 2.11). Taking into
account the network hindrance (see Appendix 2.2), the coil concentration available for
making new helices through nucleation is given by,

[C ] = c0 (1 − ϕ X 2 )

(3.15)

The number density of second order helices (in moles per unit volume) [ H ]2 is
related to the second order helix fraction X 2 through,
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X2 =

l2* [ H ]2

(3.16)

c0

where the critical helix length l2* for the second-order helix formation is given by (see
Eq. (2.17)),
l2* = −

2σ e Tm0
TT 0
=z m
∆H ∆T
∆T

(assume entropic σ e ∝ kT )

(3.17)

where z is a constant.
Eq. (2.11) is thus equally written through helix fraction X 2 ,

T0 
dX 2 l2* d [ H ]2
2 TTm
=
= Pc0 (1 − ϕ X 2 )
exp  −0.3 m 
dt
c0 dt
∆T
∆T 


(3.18)

where P = zB '2 . The solution to Eq. (3.18) with initial condition X 2 = 0 at t = 0 is
given as
t=


Tm0 
X 2 P ∆T
exp
0.3


∆T 
1 − ϕ X 2 c0TTm0


(3.19)

Eq. (3.19) can also be expressed as
z [ H ]2

P c0
Tm0 
1
exp  0.3
t=

H ]2 TTm0 c0
∆T 
[

1−ϕ z
c0 ∆T

(3.20)

Eq. (3.20) is rewritten as
t=


Tm0 
1
exp
0.3


TT 0 c
∆T 

1 − QN m 0
∆T
N

(3.21)

by defining new parameters,
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N ( c0 ) =

1 [ H ]2
z [ H ]2
=
P c0
B '2 c0

(3.22)

Q = ϕP

(3.23)

The parameter N ( c0 ) is a measure of the number of crosslinks per gelatin chain
needed at the gel point, which is assumed to be only concentration dependent.
Parameters Q is universal for all concentrations and temperatures. The concentration
dependence of the equilibrium melting temperature Tm0 given by Eq. (2.18) is used for
fitting Eq. (3.21) to experimentally determined gel times,
Tm0 (°C ) = 35 + 0.18c0

(2.18)

Fig. 3.19 shows the results of fitting Eq. (3.21) to the gel times of gelatin solutions
experimentally determined by Dr. Howe at Eastman Kodak Company. The fit leads to
the universal parameter Q = 2.76 ×10−5 as well as concentration dependent N ( c0 ) as
shown by Fig. 3.20. A reasonably good fit is observed.
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Fig. 3.19 Gel time
prediction by Eq.
(3.21) fitted to
experimental gel
times of gelatin
solutions (data
from Dr. Howe at
Eastman Kodak
company).
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Fig. 3.20 Concentration dependence of fitting parameter N(c0) at the gel
point for gelatin solutions

Appendix 3.4
Remelting experiments as described in Section 3.3.1 (Fig. 3.5) were also performed
on gelatin solutions at other concentrations and temperatures. Figs. 3.21a and 3.21b
show the remelting curve derivatives with respect to temperature and the location on the
helix growth curve where each remelting measurement was taken for a 2.62 g/100ml
solution at 20°C. The same features as in Fig 3.5 (for a 5.08 g/100ml solution at 25°C)
are observed: the helices only increase in number without changing their length during
the fast increase stage before the knee of the helix growth curve (the bottom 4 remelting
derivative curves only increase their magnitude), while after the knee the helices
gradually increase their length (the top two distribution curves of the remelting
derivatives shift to higher temperatures). Fig. 3.21b also indicates that a 2.62 g/100ml
gelatin solution quenched at 20°C gels before the knee of the helix growth curve,
implying a linear relation between bond fraction p and optical rotation α.
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Fig. 3.21 Remelting derivative curves (a) and the locations on the helix growth
curve where the remelting data were taken (b) for a 2.52 g/100ml gelatin
solution quenched to 20°C for different times.

The remelting derivative curves for a 5.08 g/100ml gelatin solution quenched to
28°C for different times are shown in Fig. 3.22. The derivative curves do not have
similar distribution against temperature and the distribution shifts to higher temperatures
(with resulting longer helices) at longer times of quenching. All the times at which the
remelting measurements were taken and the gel point are located in the slow helix growth
86

region. A linear relation is hence not valid between the bond fraction p and optical
rotation α.
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Fig. 3.22 Remelting derivative curves (a) and the locations on the helix growth
curve where the remelting data were taken (b) for a 5.08 g/100ml gelatin solution
quenched to 28°C for different times.
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We have examined above the remelting properties of gelatin solutions quenched to
the same temperature for different times. It is observed that at the initial stage of
quenching helix length basically does not change, while at long times the helices extend
their length. Now we want to examine the helix formation properties when the gelatin
solution is quenched to different temperatures for the same length of time. Figs. 3.23a
and 3.23b show the remelting curves for 5.08 g/100ml and 7.68 g/100ml gelatin solutions
after being quenched to different temperatures for the period of time. Quenching to
higher temperatures for the same period of time produces higher fraction of helices with
longer helix length, although the total helix amount is reduced.
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Fig. 3.23 Remelting curves for (a) 5.08 g/100ml and (b) 7.68 g/100ml gelatin solutions
quenched to different temperatures for the same length of time. Quenching to higher
temperatures produces helices with higher fraction of longer helices.

Appendix 3.5
In sections 3.3.2 and 3.3.3 only representative percolation scaling fit plots for gelatin
gelation are shown (Figs. 3.6, 3.12 and 3.13). In this appendix, all the other fit plots at
different concentrations and temperatures are presented, using the same fitting procedure
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as explained in Sections 3.3.2 and 3.3.3. Fig. 3.24 shows the results of viscosity fit, while
Fig. 3.25 shows the modulus fit.
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Fig. 3.24 Viscosity of gelatin solutions at different concentrations and temperatures fitted to
−s
∆η = A ε with ε given by Eq. (3.4). Concentrations, temperatures and fitted exponent s
are shown in each plot.
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Fig. 3.25 Shear modulus of gelatin solutions at different concentrations and temperatures fitted to
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Part 2
Interactions of Hydrophobic Nonionic Surfactants
With Water Soluble Polymers in Solution

Chapter 4
Interactions of Surfynols and Pluronics
in Aqueous Solutions

4.1 Introduction
Mixing two or more surfactants has been a common and yet beneficial practice in
industries to fabricate products with desired properties that are not achievable from the
individual surfactants by themselves.

To optimize the applications of surfactant

mixtures, research enthusiasm has never ceased in probing the properties of surfactant
mixtures.
Among other properties, the rheological properties of surfactant mixtures are crucial
in affecting their applications and the research efforts of rheologists have contributed to a
large fraction of the research activities on surfactant mixtures. Solution mixtures of some
surfactant systems have been well studied,111-115 while other systems remain less
explored. In this and the subsequent chapter of this thesis, we supplement the area of
rheological studies on surfactant solution mixtures with our investigations on
hydrophobic nonionic surfactants, Surfynol 61 and Surfynol 104, mixed with some
aqueous polymer solutions. In this chapter, we examine the rheological and structural
properties of aqueous mixtures of Surfynols® and Pluronics®.

4.2 Materials
Nonionic surfactant Surfynol® 61 from Air Products and Chemicals is a hydrophobic
yellowish transparent liquid having lower density than water at room temperature. It is a
C8 alcohol with the following molecular structure,
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CH3

CH3
CH2 C

CH
CH3

C8 alcohol
Surfynol® 61

C CH

OH

Surfynol® 104, also from Air Products and Chemicals, is a whitish solid material
with a waxy appearance at room temperature and has very low solubility in water
(roughly 0.1wt%). It is a C14 diol with a molecular structure basically double that of
Surfynol 61,
CH3
CH

CH3

CH3
CH2 C

CH3

OH

C C

C

CH3
CH2 CH

OH

CH3

C14 diol
Surfynol® 104

Water-soluble triblock copolymers of poly(ethylene oxide) and poly(propylene
oxide),

often

denoted

PEO-PPO-PEO,

are

commercially

available

nonionic

®

macromolecular surfactants commonly known as Poloxamers (manufactured by ICI) or
Pluronics® (manufactured by BASF). Tailoring the copolymer composition and
molecular weight in the manufacturing process results in a wide range of products with
optimum properties suitable for use in a variety of industrial areas. Some of the physical
properties of the Pluronic copolymers made by BASF are listed in Table 4.1 below using
the data from the manufacturer. The first letter in the copolymer name designates the
polymer state at room temperature, with “L” standing for liquid, “P” for paste, and “F”
for flake. The first one or two numbers in the name indicate the molecular weight of the
PPO block, while the last number signifies the weight fraction of the PEO block. For
example, Pluronic P105 and P103 have the same molecular weight of PPO block (in the
order of 3000), but P103 has 30% PEO and P105 50% PEO. The cloud point, i.e., the
temperature at which the copolymers phase separate from water, ranges from
approximately 10°C for polymers with low PEO content to above 100°C for copolymers
with high PEO content. The dissolution rate decreases with the increase of copolymer
molecular weight for the same composition ratio.
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Table 4.1. Properties of Pluronic surfactants. A: approximate formula of copolymer. B: name of copolymer.
C: average molecular weight. D: PEO wt%. E: melting/pour point (°C). F: surface tension at 0.1%, 25°C
(dyn /cm). G: cloud point in aqueous 1% solution (°C). H: HLB (hydrophilic-lipophilic balance).*

A

B

C

D

E

F

G

H

EO11PO16EO11

L35

1900

50

7

48.8

73

19

EO43PO16EO43

F38

4700

80

48

52.2

>100

31

EO4PO22EO4

L42

1630

20

-26

46.5

37

8

EO6PO22EO6

L43

1850

30

-1

47.3

42

12

EO10PO23EO10

L44

2200

40

16

45.3

65

16

EO6PO34EO6

L62

2500

20

-4

42.8

32

7

EO9PO32EO9

L63

2650

30

10

43.3

34

11

EO13PO30EO13

L64

2900

40

16

43.2

58

15

EO19PO29EO19

P65

3400

50

27

46.3

82

17

EO76PO29EO76

F68

8400

80

52

50.3

>100

29

EO6PO38EO6

L72

2750

20

-7

39.0

25

7

EO24PO36EO24

P75

4150

50

27

42.8

82

17

EO53PO34EO53

F77

6600

70

48

47.0

>100

25

EO19PO43EO19

P84

4200

40

34

42.0

74

14

EO26PO40EO26

P85

4600

50

34

42.5

85

16

EO61PO40EO61

F87

7700

70

49

44.0

>100

24

EO104PO39EO104

F88

11400

80

54

48.5

>100

28

EO118PO45EO118

F98

13000

80

58

43.0

>100

28

EO17PO60EO17

P103

4950

30

30

34.4

86

9

EO27PO61EO27

P104

5900

40

32

33.1

81

13

EO37PO56EO37

P105

6500

50

35

39.1

91

15

EO133PO50EO133

F108

14600

80

57

41.2

>100

27

EO13PO69EO13

L122

5000

20

20

33.0

19

4

EO20PO69EO20

P123

5750

30

31

34.1

90

8

EO100PO65EO100

F127

12600

70

56

40.6

>100

22

* Compiled from BASF data sheet 1998.
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4.3 Early Studies on Pluronics in Water
Pluronics, i.e., the PEO-PPO-PEO copolymers, have found widespread industrial
applications in such areas as detergency, foaming/defoaming, emulsification, dispersion
stabilization, lubrication, as well as some more special application fields as cosmetics,
pharmaceuticals and bioprocessing.116, 117 Owing to the application potential of Pluronics
in such widespread important areas, this product family has remained an active research
topic in recent years.

Aqueous solutions of these copolymers have been studied

extensively. The kinetics and thermodynamics of micellization have been studied,
including effects of temperature and system composition on micelle structure. 118-129
In contrast to the extensive work on Pluronic copolymers in water, their interactions
with additives have been less probed and only a few publications are available. 130-143 As
Pluronic copolymers find applications mostly in complex environments, studying effects
of various additives can be useful for optimizing their applications. In this chapter, we
report our studies by rheology and small-angle neutron scattering (SANS) on complex
aqueous mixtures of Pluronics and Surfynols.

4.3.1

Micellization of Pluronics

In a certain temperature range and at a certain copolymer concentration, Pluronic
copolymers of suitable composition and molecular weight form polymolecular aggregates
(micelles) in an aqueous environment. SANS on Pluronic F68 aqueous solutions shows a
transition at the critical micellization temperature (CMT).129 Below the CMT, a small
particle size of unimers (2.3 nm) is observed with very little temperature dependence.
Micelle formation becomes appreciable above the CMT. In the micelle region, the
measured micellar mass increases linearly with temperature, while the hydrodynamic
radius of the micelles remains nearly constant (8.0 nm). Pluronic L64 shows detectable
aggregates at 25°C when the concentration is above approximately 6%.144 The micelle
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size increases with concentration (10 nm at 8% - 12.5 nm at 20%) and exhibits significant
polydispersity. At 35°C, however, essentially invariant values for the hydrodynamic
radius are found over a wide concentration range and the micelles are roughly
monodisperse. Mortensen and co-workers121, 122, 145, 146, found that the radius of gyration
of the free copolymers (unimers) is 1.7 nm. The micellar sizes (micelle core radius and
hard-sphere interaction radius) are independent of polymer concentration, but show small
temperature dependence reflecting a change in aggregation number. The micelle core
radius and hard-sphere interaction radius are 3.8 and 6.0 nm at 20°C, respectively, and
increase to 5.1 and 7.5 nm at 50°C. The SANS results of Yang and Alexandridis147 on
2.5wt% Pluronic L64 in aqueous (D2O) solution show that the micelles are well separated
while the intermicellar interaction remains strong and a core-shell model is more
appropriate for the micelle morphology. Upon an increase of temperature in the range 3555°C, the micelle radius increases by about 10%, accompanied by the loss of water in the
micelle core.
In the analysis of SANS intensity distributions from Pluronic P84 and P104 micelles
in aqueous solutions, Liu and co-workers148 proposed a “cap-and-gown” model for the
microstructure of micelles, taking into consideration the polymer segmental distribution
and water penetration profile in the core and corona regions, coupled with an adhesive
hard sphere model for describing the intermicellar interactions. The structure of micelles
stays essentially constant as a function of concentration, but changes rapidly with
temperature.

The micellar core is not completely dry but contains up to 20% volume

fraction of solvent molecules at low temperatures (35°C). The aggregation number
increases, but the micelle contains less water with increasing temperature. Contrasting
the two polymers suggests that micelles formed by a polymer with higher molecular
weight tend to carry a larger volume fraction of solvent molecules.
Studies on Pluronic P85, F87, and F88 revealed complex states of aggregation in
solution.119 Unimer, micelles, and larger aggregated clusters coexist and their fractions
depend strongly on temperature and concentration. The unimers have hydrodynamic radii
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in the range of 1.5-3.0 nm; the micelle radii are 8-13 nm (in sequence of increasing PEO
block length), whereas the radii of the clusters are greater than 80 nm. Mortensen and
Brown121 found that the PPO concentration is the relevant parameter that determines the
CMT. The micellar core radius, RC, is essentially independent of copolymer
concentration but shows a significant increase with temperature. When RC is plotted
against reduced temperature T- TCMT, the data for solutions of the three copolymers fall
on a common master curve following an empirical scaling relation RC ~ (T - TCMT)0.2 . In
the studies of Brown and co-workers119, oscillatory shear rheological measurements were
also utilized in combination with dynamic light scattering (DLS) and SANS techniques to
probe the gelation process with increasing temperature for the three copolymers at high
concentrations. Aqueous solutions of all three copolymers are liquids (i.e., G” >> G’) at
low temperatures and gel at elevated temperatures (where G’ increases by several orders
of magnitude and becomes much larger than G”). When the temperature is increased
further, G’ passes through a maximum and eventually drops to values smaller than G”.
The entire process of gel formation and dissolution at different temperatures is thermally
reversible, showing very little hysteresis. Their DLS and SANS results indicate that the
gel consists of close-packed micelles.
Prud’homme and co-workers126 also used rheometry together with SANS to examine
the gelation and gel structure of Pluronic F127 in water. At copolymer concentrations of
less than 12.5%, the solutions are Newtonian liquids over a wide temperature range from
10 to 75°C. For higher concentration samples (c ≥ 15%), the fluids are non-Newtonian
over an intermediate temperature range that becomes wider with increasing polymer
concentration. The 15% sample is Newtonian for temperatures ≤ 30 or ≥ 50°C and nonNewtonian between 30 and 50°C, reaching a viscosity maximum at ~40°C. Gels with an
ordered structure formed by cubic packing of spherical micelles are observed over a welldefined temperature window when the copolymer concentrations are greater than 17wt%.
Low-yield stresses, very high zero shear viscosities, and shear thinning are the major
rheological characteristics of the gels. The yield stress is due to repulsive interactions of
PEO chains in the overlapped micellar shell. The transition between Newtonian and non97

Newtonian behavior becomes more abrupt for higher solution concentrations. The sharp
transition in the rheological data accompanies the structural order seen in the SANS
measurements. The proposed gelation mechanism involves repulsive interactions among
close packed spherical micelles, rather than aggregation or transitions in micelle
morphology to rods or lamellae.
Hvidt and co-workers149 observed more complicated rheology in solutions of
Pluronic P94 (EO21PO47EO21).
between 60 and 75°C.

At low concentrations (<24%) a soft gel is formed

Above 35%, these solutions form very rigid gels at all

temperatures higher than 15°C. However, at intermediate concentrations, a hard gel is
formed at low temperatures (20-45°C) and a soft gel is formed at high temperatures (5075°C), with a liquid state being present in between (45-50°C).

4.3.2

Interaction of Pluronics with additives

Jørgensen and co-workers142 studied Pluronic P85 with added inorganic salts. They
examined four characteristic transitions: cloud points, sphere-to-rod transition
temperature, soft gel formation temperature and hard gel formation temperature at the
critical gelation concentration. While the micellization and gelation of the copolymer in
salt-containing solutions follow the same pattern as the salt-free system, the temperatures
for cloud points, micellar sphere-to-rod transition, and gel formation are shifted with the
salt addition. The cloud point shifts are in good agreement with previous measurements
by Bahadur and co-workers.133 KF and KCl decrease the cloud point while the inorganic
salt K+(CNS)- gives a higher cloud point. The temperature shifts for the sphere-to-rod
transition and the soft gel formation are equal to the temperature shifts in cloud point for
the different salt types and the observed shifts are proportional to salt concentration. The
temperatures of hard gel formation do not follow the same pattern, however. Different
salts give different shifts and the shifts are inconsistent with the shifts in cloud point.
Hecht and Hoffmann137,

138

have investigated the influence of electrolytes and

surfactants on the aggregation behavior of Pluronic F88, P123, and F127. The micelle
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formation is influenced by the addition of both salts and surfactants. The CMT of the
copolymers decreases linearly as salt is added, presumably reflecting a poorer solvent
condition. Ionic surfactants strongly interact with Pluronic copolymers. Anionic
surfactant sodium dodecyl sulfate (SDS) binds to monomers of Pluronic F127 and can
suppress completely the formation of copolymer micelles. At saturation, about 6 SDS
molecules bind to one copolymer molecule. The peak observed in differential scanning
calorimetry, associated with the CMT, decreases on the addition of SDS and eventually
completely disappears.139 SDS begins to aggregate with Pluronic F88 at concentrations
less than a quarter of its own CMC.135

SDS molecules strongly interact with the

hydrophobic PPO core of Pluronic L64 and F68 to form mixed micelles at temperatures
lower than the CMT of the copolymers alone.131, 132
Recently, the ternary phase diagrams of Pluronic P105 aqueous solutions with a
variety of additives have been reported.

The additives promote micellar structural

changes, with three possible structures: spherical, wormlike, and lamellar micelles.
Structure identification was performed with small-angle x-ray scattering. The additives
studied were two esters (triacetin and propylene carbonate),140 and ethanol, propylene
glycol (a C3 diol), glycerol (a C3 triol) and glucose (a C6 polyol). 130, 141 Each additive
produced a distinct ternary phase diagram, with extensive regions having multiple
coexisting phases.

4.4 Experiments
Stock solutions of Pluronics in de-ionized distilled water were first prepared at
certain concentrations. Surfynols have a low solubility in water (up to 0.1wt% for
Surfynol 104) but can be added to the copolymer solution in much larger amounts.
Different amounts of an individual Surfynol were added to the Pluronic stock solutions to
prepare the samples studied. The samples were annealed in an oven at 80°C for more than
30 minutes and then taken out of the oven and shaken for mixing. They were then
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annealed for another 30 minutes at 80°C, followed by constant shaking when taken out of
the oven to cool down to room temperature. This heat treatment appears to accelerate the
approach to equilibrium as detailed below in Section 4.5.1.
Steady shear viscosity measurements were made using the Contraves LS 30
controlled shear rate rheometer with a concentric cylinder geometry. The cup diameter is
12.0 mm, while the bob has a diameter of 11.1 mm and a height of 5 mm. The dynamic
measurements were performed using a Rheometric Scientific SR 2000 controlled stress
rheometer with a cone and plate geometry. The cone has a diameter of 40mm and cone
angle of 0.0397 rad. In both rheometers, temperature is controlled using a circulating
water bath to ±0.1°C.
Small-angle neutron scattering experiments were performed at the NIST Center for
Neutron Research, Gaithersburg, MD. A combination of three instrumental setups was
used to cover a q range from 0.0014 to 0.27 Å-1. For the very low q range from 0.0014 to
0.005 Å-1, the neutron wavelength used is 12 Å with a 15% full-width-at-half-maximum
(FWHM) wavelength spread. The neutron source to sample distance is 16.32m and the
sample to detector distance is 13.10m. The source aperture diameter is 25mm and the
sample diameter is 9.53mm. For the low q range from 0.005 to 0.05 Å-1, a neutron
wavelength of 6 Å with a 15% FWHM wavelength spread is used. The neutron sourcesample distance is 16.32m and the sample-detector distance is 13.10m. The source
aperture diameter is 14.0mm and the sample diameter is 9.53mm. For the intermediate to
high q range from 0.05 to 0.27 Å-1, a 6 Å neutron wavelength with a 15% FWHM spread
has been used. The neutron source to sample distance is 14.77m and the sample to
detector distance is 2.35m. The source aperture diameter is 50mm and the sample
diameter is 9.53mm. For data fitting with analytical models, smearing is applied to the
whole q range with the above instrumental setups by using the resolution function
R(q,<q>) developed by Pedersen and coworkers.150 Measurements were not performed

on incoherent background scattering.

Hence in the model fitting, the background
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scattering is not subtracted. Instead, the background scattering is treated as an adjustable
q-independent parameter.

4.5 Results and Discussion
4.5.1

Effect of thermal history on Pluronic and Surfynol mixtures

Thermal history was found to affect the structure development of Pluronic and
Surfynol mixtures. Heating the sample to above 80°C promotes the structure build-up in
the solution.

In order to examine thermal effects on the structure build-up in the

Pluronic/Surfynol mixture, oscillatory shear experiments were carried out on a sample
prepared exclusively at room temperature. The sample used was 5wt% Pluronic P105
aqueous solution with Surfynol 104, the C14 diol, added at the diol/copolymer weight
ratio of 0.61. In preparing the sample, no heating process was used and the sample was
stirred for one week at room temperature before the measurement to ensure that the
components in the sample were thoroughly mixed. One set of dynamic data were first
taken at 20°C. Then the sample was heated in the rheometer and maintained at 80°C for
30 minutes. After the sample was cooled and equilibrated at the original temperature of
20°C for another 30 minutes, a second set of dynamic data were taken. Fig. 4.1 shows the
results of these measurements. It is seen from the figure that thermal history has a huge
effect on the structure build up of the diol/copolymer mixture. Before heating, the
sample has small storage and loss moduli and the loss modulus is larger than the storage
modulus, suggesting the sample is a viscoelastic liquid. However, after heating to 80°C,
the viscoelastic response shows a significant increase in the two moduli as well as a
larger storage than loss modulus over the range of frequency examined. This clearly
indicates that the structure of the mixture depends strongly on thermal history and heating
to 80°C promotes the structure build up. It is also noted that after the structure build up,
the dynamic moduli become less frequency dependent, with a response qualitatively
similar to an elastic solid.
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Fig. 4.1 Dynamic shear moduli at 20°C for 5wt% Pluronic P105 aqueous solution with added
Surfynol 104 at a diol/copolymer weight ratio of 0.61, prepared at room temperature (circles).
The diamonds are for data taken after the sample has been heated in the rheometer at 80°C for
30min and then equilibrated at 20°C for another 30min.

Steady shear measurements at low shear rate (0.02s-1) were taken at different
temperatures for the same sample as used for the above dynamic measurement. The
measurements were taken at four different times after the sample preparation. The sample
used for each measurement has only experienced room temperature before the
measurement. During each measurement, the temperature was increased step-wise and
equilibrated for 5 minutes before each data point was taken. The results are shown in Fig.
4.2. When the temperature is raised, the viscosity of the mixture has an initial small drop
and then a significant increase followed by a second steady drop with temperature.
Plotted in the same figure are the data for the pure stock solution of Pluronic P105 at
5wt%.

The diol-free sample shows a steady decrease in viscosity with increased

temperature. The data clearly demonstrate that samples at long times show the same
viscosity enhancement as heat-treated samples. Hence heat treatment accelerates the
structure build-up to the equilibrium state. The heat treatment procedure was therefore
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utilized to speed up preparing samples used in all the following measurements on the
mixtures of Pluronics and Surfynols for the study in this chapter.
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Fig. 4.2 Temperature dependence of viscosity at 0.02 s-1 for 5wt% Pluronic P105 aqueous
solution with added Surfynol 104 at a diol/copolymer weight ratio of 0.61 prepared at
room temperature, for four different waiting times at room temperature (filled symbols).
Open symbols are time-independent data for 5wt% Pluronic P105 aqueous solution
without any added diol.

4.5.2

Interactions between Pluronics and Surfynol 104

Low shear rate (0.001 s-1) viscosity was measured for the mixtures of 5wt% Pluronic
P105 in water and added Surfynol 104 at different levels and the results are shown in Fig.
4.3. Here it can be seen that up to the diol/copolymer weight ratio of 0.3, all the samples
show nearly an identical viscosity to that of 5wt% copolymer in water (1.6 cp). Above
the weight ratio of 0.3, the viscosity increases sharply and reaches a maximum at the
weight ratio of 0.61. When the diol level increases further, the viscosity begins to drop
significantly until the weight ratio of 0.80 is reached. In the diol/copolymer weight ratio
range from 0.8 to 5, the viscosity is nearly constant at ~10 cp. When the weight ratio
reaches 6, the viscosity has another sharp increase and the solution has the consistency of
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a thick paste. Fig. 4.4 shows the shear rate dependent apparent viscosity for the
copolymer solutions with different amounts of diol added.

The solutions at the

diol/copolymer weight ratio of 0.61 and 6 demonstrate strong shear thinning. This strong
shear thinning is in stark contrast to the nearly Newtonian behavior at other weight ratios.
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Fig. 4.3 Low shear rate
(0.001 s-1) viscosity at
25°C for 5wt% aqueous
Pluronic P105 solutions
with added Surfynol
104 at different levels.
The dashed line in the
plot is meant for visual
guidance.
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Fig. 4.5 shows the low shear rate (0.02 s-1) viscosity for Pluronic P84, P65, and P123
solutions with added Surfynol 104. Here it is seen again that the addition of Surfynol 104
to the Pluronic solutions causes a large change in solution viscosity, with an abrupt
maximum in viscosity that is more pronounced in the more concentrated Pluronic
solutions. For the same Pluronic species, the local maximum of viscosity occurs at
almost the same Surfynol/copolymer weight ratio for different Pluronic concentrations.
This might indicate the presence of an inherent correlation between the Pluronic
molecules and the Surfynol molecules, which causes the dramatic change of the micelle
structure that is responsible for the viscosity change in the solution.
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Fig. 4.5 Viscosity at low shear rate (0.02 s-1)
of Pluronic solutions at the indicated
concentrations as a function of the added
amounts of Surfynol 104. (a) Pluronic P84;
(b) Pluronic P65; (c) Pluronic P123.
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The interaction of Surfynol 104 with other Pluronics has also been examined. It is
found that the hydrophilic-lipophilic balance (HLB) has substantial influence on the
interaction. Fig. 4.6 shows the low shear rate viscosity at 0.02 s-1 for solutions of
Pluronics with HLB > 18 (refer to Table 4.1), mixed with Surfynol 104. There is no
large change in viscosity as Surfynol 104 is added. The turning point in the curve is the
point where phase separation occurs when more Surfynol 104 is added to the solution.
Viscosity measurements beyond the phase separation point were made with
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Fig. 4.6 Viscosity at low shear rate (0.02 s-1)
for solutions of Pluronics with HLB>18, as a
function of added Surfynol 104 levels.
(a) Pluronic L35; (b) Pluronic F38;
(c) Pluronic F88.
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the supernatant phase (rich in Surfynol 104) removed. Examining the HLB values of
Pluronics in Table 4.1, it is concluded that Pluronics with HLB < 18 have strong
interactions with Surfynol 104 and the incorporation of Surfynol molecules into the
Pluronic micelles causes great structural changes which in turn lead to dramatic viscosity
changes. However, for Pluronics with HLB > 18 there is no strong interaction between
Surfynol molecules and the Pluronic micelles.
Table 4.2 lists the solution characteristics at the viscosity peaks occurring in Pluronic
solutions with concentrations indicated in parentheses and certain levels of added
Surfynol 104. Columns 2 and 3 are the molecular weight of the PO and EO blocks;
column 4 is the weight ratio of Surfynol to Pluronic at the viscosity maximum; and
column 5 is the molar ratio of PO monomers to Surfynol molecules in the micelle core
region.
Table 4.2 Characteristics of Surfynol incorporation
at local viscosity maximum for Pluronics solutions

Pluronic Solutions

MPPO

MPEO

WS104/
WPluronic

MolePO/
MoleS104

P65 (3.2%)

1700

1700

0.58

3.36

P65 (1.6%)

1700

1700

0.65

3.00

P84(4%)

2520

1680

0.69

3.39

P84 (2%)

2520

1680

0.82

2.85

P85(3%)

2300

2300

0.67

2.91

P85(3%, 2 peak)

2300

2300

1.41

1.38

P103(3.6%)

3465

1485

0.28

9.74

P103(3.6%, 2 peak)

3465

1485

0.6

4.55

P103(3.6%, 3rd peak)

3465

1485

0.7

3.90

P105(5%)

3250

3250

0.61

3.19

P123(5.47%)

4025

1725

0.21

12.99

P123(2.7%)

4025

1725

0.19

14.36

nd

nd
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The molar ratio of PO monomers to Surfynol molecules at the local viscosity peaks
is plotted against PO block molecular weight in Fig. 4.7 for different Pluronics at
different concentrations. It is seen that for all the symmetric Pluronics with almost
identical PO and EO block molecular weights, the molar ratio of PO monomers to
Surfynol molecules falls in a narrow range around 3. However for the Pluronics with
lower EO content, the molar ratio becomes larger, indicating lower incorporation level of
Surfynol 104 into the PO core region of the micelles at the maximum in viscosity.
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Fig. 4.7 Molar ratio of PO monomers to Surfynol 104 molecules
at the local viscosity maximum for various concentrations of
different Pluronic solutions.

4.5.3

Micelle structure changes in Pluronic P105 and Surfynol 104 mixtures

The very striking rheological changes seen in Figs. 4.3 and 4.4 are a consequence of
changes in micellar structure as the hydrophobic diol Surfynol 104 is added. Below we
will present SANS evidence for the cascade of structural changes shown in Fig. 4.8. The
cascade shown in Fig. 4.8 is predicted125 to occur when an additive incorporates within
the core of the micelle and has been observed experimentally in some cases.151 We
interpret our SANS data expecting to find one of the three structures shown in Fig. 4.8.
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The form factors for these structures differ sufficiently to allow identification, if these
three structures are the only ones possible.

INCREASING C14 DIOL CONTENT
PPO Core

PEO Shell

SPHERICAL
MICELLES

WORMLIKE
MICELLES

LAMELLAR
MICELLES

Fig. 4.8 Schematic representation of the cascade of micellar structure changes in Pluronic P105
solutions as the C14 diol Surfynol 104 is added.

Small angle neutron scattering (SANS) measurements have been made on several
selected Surfynol 104/Pluronic P105 solutions in D2O. The results are shown in Fig. 4.9.
The SANS results at the diol/copolymer weight ratio of 0.3 are consistent with a
microstructure of spherical micelles composed of a PPO core and PEO shell regions.
This explains the almost identical solution viscosity to that of the diol-free solution. At
the weight ratio of 0.61, a wormlike micelle microstructure is indicated from the
scattering pattern. The local viscosity maximum as seen at this weight ratio is just the
manifestation of the wormlike micelles hindered or entangled in solution. At higher diol
levels, the scattering patterns are most appropriately described as lamellar and
microemulsion-like (large sphere with pure diol core). In the subsequent sections, we fit
the SANS intensity with known models, and explain the solution microstructure changes
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with increasing diol content. We assume that the C14 diol Surfynol 104 incorporates
within the PPO core of the micelles, because the C14 diol partitions almost entirely into
the polypropylene glycol rich phase in a ternary mixture of the C14 diol, polypropylene
glycol and water.
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Fig. 4.9 Small-angle neutron scattering intensity for 5wt% Pluronic P105 solutions
with added C14 diol Surfynol 104 at different levels.

4.5.3.1

Spherical micelles

SANS intensity for a monodisperse system of particles can be expressed as: 152-154
I (q) = N (∆ρ ) 2 V 2 P (q ) S (q ) + BG

(4.1)

where N is the number density of scattering particles, ∆ρ the scattering length density
contrast between particle and solvent, V the volume of an individual particle, P(q) the
particle scattering form factor, S(q) the structure factor describing inter-particle
interactions, and BG the incoherent background scattering. The form factor P(q) for
spherical micelles composed of core and shell regions is given as:152
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 4π 3
3 J (qR ) 4π 3
3 J (qR2 ) 
P (q )(∆ρ ) V = 
R1 ( ρ1 − ρ 2 ) 1 1 +
R2 ( ρ 2 − ρ s ) 1

qR1
3
qR2 
 3
2

2

2

(4.2)

where R1 and R2 are the core and corona radii, respectively, ρ1 and ρ2 the scattering length
densities of the core and corona regions, ρs the scattering length density of the solvent
D2O, and J1(x)=(sinx-xcosx)/x2 the first-order spherical Bessel function. In our data
modeling, we assume the C14 diol is totally incorporated into the PPO micellar core, and
the corona is D2O-hydrated PEO. It is also reasonable to assume no water content (D2O)
in the core.155 The scattering length densities of the core and the corona are hence given
by:

ρ1 = φPPO ρ PPO + (1 − φPPO ) ρ diol

(4.3)

ρ 2 = φPEO ρ PEO + (1 − φPEO ) ρ D O

(4.4)

2

where φPPO and φPEO are the volume fraction of PPO and PEO in the core and corona of
the

micelles,

ρPPO (0.347x10-6 Å-2), ρPEO (0.572x10-6 Å-2), ρdiol (0.178x10-6

Å-2), and ρ D2O (6.33x10-6 Å-2) are the scattering length density of PPO, PEO, C14 diol
and D2O respectively. The mass density used for the calculation of volume fraction for
each component is dPPO=dPEO=1.009 g/cm3, ddiol=0.898 g/cm3, and d H 2O =1 g/cm3 (in the
SANS measurements, D2O was used as the solvent, with its volume fraction kept the
same as that of H2O as used for the samples in the rheological measurements).
Assuming that the steric interactions between spherical micelles can be described by
the hard sphere interaction potential of the Percus-Yevick approximation, and the spatial
correlation

fluctuations

can

be

described

by

the

classical

Ornstein-Zernike

approximation, the structure factor S(q) can be written in the following analytical format:
122, 156, 157,

S (q) =

1
1 + 24φ G (2qRhs , φ ) /(2qRhs )

(4.5)
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where G(x,φ) is a trigonometric function of x=2qRhs and the volume fraction φ of the
hard sphere of radius Rhs (2Rhs is just the effective interparticle contact distance):
G ( x, φ ) = (1 + 2φ )

2

(1 − φ )  ( sin x − x cos x ) x 
2 ) (1 − φ )  { 2 x sin x + ( 2 − x
4

2

) cos x − 2  x }
+ (φ 2 )(1 + 2φ ) (1 − φ )  { 4 ( x − 6 x ) sin x − ( x − 12 x + 24 ) cos x + 24  x }
−  6φ (1 + φ

2

4

2

4

2

3

3

4

2

(4.6)

5

The micellar core and shell radii and the hard sphere radius are illustrated in Fig.
4.10. The significance of Rhs is that the micelles cannot come closer than a distance
defined by 2Rhs due to strong repulsion. It should be pointed out that the volume fraction

φ in Eq. (4.6) should be that of the hard spheres instead of the micelles. Only for
concentrated solutions does the hard sphere radius approach the micelle outer shell radius
and the hard sphere volume fraction converge to that of the micelles.

R1
Rhs

R2

Fig. 4.10 Schematic of spherical micelles. R1 and R2 are the radii of the micelle core and shell.
Rhs is the hard sphere interaction radius. For relatively low copolymer concentrations, the
micelles are well separated and Rhs>R2.
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The above spherical core-shell model is fitted to the SANS data for the ternary
copolymer system at the diol/copolymer weight ratio of 0.3 and the fit is shown in Fig.
4.11. Instrument smearing has been applied to the fit by using the resolution function
R(q,<q>) developed by Pedersen and coworkers150. By assuming that the C14 diol is
totally incorporated into the PPO core and there is no water (D2O) in the core, the volume
fraction of C14 diol in the core region is calculated and fixed at 0.40. The core and shell
radii as well as the hard sphere interaction radius are adjustable parameters. It is seen
that the core-shell model gives a good fit to the experimental data in the low to
intermediate q range. The fit generates a micellar core radius of 65Å, a shell radius of
80Å, and the hard sphere interaction radius of 104 Å. The average volume fraction of
PEO in the shell is thereby calculated to be 0.69. Knowing the monomer volume of PO,
VPO=95.4Å3,

(

the

micelle

aggregation number

is easily

calculated as n

=

)

0.6 4πR13 3 (56VPO ) ≈ 130 . A recent SANS study by Yang and Alexandridis155 reveals
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Fig. 4.11 SANS intensity for 5wt% Pluronic P105 solution with added Surfynol 104
at a diol/copolymer weight ratio of 0.3. The smeared fit of the spherical core-shell
model (solid line, Eqs.(4.1)-(4.4)) gives a core radius R1= 65 Å, a shell radius
R2 = 80 Å, and hard sphere interaction radius Rhs = 104 Å.
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that 8wt% Pluronic P105 in water at 30°C forms spherical micelles with a core radius of
40 Å, a shell radius of 71 Å, and the hard sphere interaction radius of 84 Å. The core and
shell radii increase weakly with temperature and the hard sphere interaction radius
basically keeps constant as temperature is raised. The core and shell radii reach the
values of 44 and 77 Å at 50°C. The corresponding micelle aggregation number changes
from ~50 at 30°C to ~67 at 50°C. Pluronic micelles usually demonstrate increased
micelle size with either increased temperature or increased concentration. Our sample
has lower concentration (5wt%) and was measured at lower temperature (~22°C) than
Yang and Alexandridis’ sample155 but has much larger aggregation number by a factor of
almost 2.

This clearly indicates that the highly hydrophobic C14 diol promotes

aggregation of the copolymers. It is also noted that the core size of our sample has
increased more than the shell size, consistent with our earlier assumption that the C14 diol
is incorporated into the core region.
The limited smearing from the instrument resolution still leaves some wiggles in the
high q range which do not fit the experimental data very well (Fig. 4.11). Extra smearing
would be expected from two sources: polydispersity of the micelle size and smoothly
decaying density profile in the corona.

In our data fitting, we have assumed a sharp

interface between the micelle shell and the surrounding water environment and used the
simple core-shell model. In reality, the corona of hydrated PEO has a slowly varying
density of monomers from the core boundary to the pure solvent water. The “cap-andgown” model proposed by Liu and co-workers148 has a diffuse scattering length density
distribution in the shell region and is expected to describe the large q data better.
4.5.3.2

Wormlike micelles

At the C14 diol/copolymer weight ratio of 0.61, which corresponds to the local
viscosity maximum, the SANS pattern suggests a semiflexible wormlike micellar
structure in the solution (a slope around –1 in the low q region in Fig. 4.9). In the large q
range, the local dimension of the wormlike micelles is probed and the wormlike micelles
appear rigid. The cross-sectional dimension of the locally rigid rod can be estimated as
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follows. For a cylindrical structure of length L and radius of the transversal cross-section
Rcyl such that L>>Rcyl, the SANS intensity for small values of qRg,c, where
R g ,c = Rcyl / 2 , is the cross-sectional radius of gyration, is given by:152, 158-161
qI (q ) = π n pVAt ( ρ − ρ s ) 2 exp(− Rg ,c 2 q 2 / 2)

(4.7)

where np is the number density of the cylinders, At=πRcyl2 the area of the transversal
cross-section of the cylinder, and V=LAt the total volume of the cylinder. A plot of ln(qI)
against q2 will give the cross-sectional radius of the cylinder from the slope of the straight
line fitted to the SANS data. Such a plot for the C14 diol/copolymer weight ratio of 0.61
is shown in Fig. 4.12 and the cross-sectional radius of the locally rigid rod is estimated to
be 72Å from equation (4.7).
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Fig. 4.12 Guinier plot for 5wt% Pluronic P105 in water with added C14 diol Surfynol
104 at a diol/copolymer weight ratio of 0.61. The cross-sectional radius of the locally
rigid rod is estimated to be 72 Å from the slope of the straight line fit to Eq. (4.7).

In order to extract information of the overall micelle dimension and the cross section
structure detail, a model fitting over the whole q range is necessary. In the model fitting,
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we neglect inter-micellar interactions and the structure factor is taken to be S(q)=1. The
scattering form factor P(q) for semiflexible wormlike chains in the low q regime can be
modeled by the Sharp and Bloomfield approximation:162
2[exp(− x) + x − 1]  4
7  11 7 
b
+ +
− +
 exp(− x) 
2
x
15 15 x  15 15 x 
L

PSB (q) =

(4.8)

where b is the Kuhn length, L the chain contour length, and x=q2Rg2 with Rg being the
radius of gyration of the chain with excluded volume effects. Assuming the root-meansquare end-to-end distance for the flexible chain takes the form of a self-avoiding walk,
<R2>1/2=nν b, where n is the number of Kuhn segments in the chain and ν = 0.588, the
radius of gyration for the expanded chain can be calculated through the following
formula:99
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The Sharp and Bloomfield approximation agrees with the correct function for
L/b>10 and qb<3.1 to about 1%.163, 164 At higher q values, a crossover from the Sharp
and Bloomfield approximation to the rod scattering function is accomplished by means of
a simple empirical crossover function. For an assembly of disordered, monodisperse
cylindrical objects with radius R and length L, the scattering intensity can be written
as:165
V 2  J1 (qR) 
I (q) = 4π N (∆ρ )


qL  qR 
2

2

(4.10)

We generalize this equation to account for a varying scattering length density profile
across the cylinder radial direction. The scattering intensity for a cylindrical core-shell
model can be expressed as:
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L
2 J (qR )
2 J (qR2 ) 
I cyl (q) = π N  π R12 ( ρ1 − ρ 2 ) 1 1 + π R22 ( ρ 2 − ρ s ) 1

q
qR1
qR2 

2

(4.11)

where N is the number density of the cylinders of length L, ρ1 and ρ2 the scattering length
density of the cylinder core and shell with radii R1 and R2, and ρs the scattering length
density of the solvent D2O. J1(x) is the first-order Bessel function.

We assume again

that Surfynol 104 is totally incorporated into the core region and the shell is composed of
hydrated PEO blocks. Eqs. (4.3) and (4.4) can then be used to calculate ρ1 and ρ2. The
scattering intensity for the whole q range is modeled by the following equation:
I (q ) = N (∆ρ ) 2 V 2 PSB (q ) w(qb) + I cyl (q )[1 − w(qb)] + BG

(4.12)

where PSB(q) is given by Eq. (4.8) and Icyl(q) by Eq. (4.11). In the low q regime, SANS
probes large length scales and the cylinders are seen as thin flexible chains.

The

difference between the core and shell can be neglected and a uniform scattering length
density can be assumed. Accordingly, the volume V in Eq. (4.12) for the flexible chain is
taken to be πR22L and (∆ρ)2 is calculated using the following relation:
 R2

 R2 
(∆ρ ) =  ρ1 12 + ρ 2 1 − 12  − ρ s 
 R2 
 R2


2

2

(4.13)

The empirical crossover function w(qb) in Eq. (4.12) is chosen as: 163, 166
w(qb) = exp[−(qb / A) B ]

(4.14)

where A and B are empirical constants determined by the model fit. Fig. 4.13 shows the
fit of the model given by Eq. (4.12) to the SANS data for our ternary mixtures at the
diol/copolymer weight ratio of 0.61. A good agreement between the fit and the SANS
data is achieved in the low to intermediate q range.

Extra smearing from the

polydispersity of the cross-sectional size of the semiflexible worm micelles and the lack
of sharp interface between the shell and the surrounding water would be expected to
correct the wiggles of the fit at high q values. The volume fraction of Surfynol 104 in the
cylinder core is calculated first and fixed at 0.58 in the fitting process. Adjustable
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parameters, the core and shell radii, are deduced from the fit as 55 and 68 Å, respectively.
The shell radius agrees well with the value of 72 Å as obtained previously through the
Guinier analysis for the overall cross-sectional size of the locally rigid worms. Compared
to the radii of the spherical micelles, the cylindrical micelles have smaller size in both the
core and shell dimensions. The volume fraction of the PEO blocks in the shell is
calculated as 0.79, a value significantly higher than that for the spherical micelles (69%).
The model fit leads to a persistence length of 425 Å.
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Fig. 4.13 SANS intensity for 5wt% Pluronic P105 solution with added C14 diol Surfynol
104 at a diol/copolymer weight ratio of 0.61. The solid line is the fit from the semiflexible
chain model given by Eq. (4.12) A core radius R1 = 55 Å, a shell radius R2 = 68 Å, and
the persistence length lp = 425 Å are deduced from the fit.

In our model fitting, we have, for simplicity, neglected the intermicellar interactions
and taken the structure factor S(q) to be 1. With the persistence length and cylinder
radius calculated above, we estimate the correlation length to be of the order of 1µm at
the diol/copolymer weight ratio of 0.61. With such a large typical distance between
worms, our assumption of S(q) = 1 is valid.
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4.5.3.3

Lamellar micelles

At the diol/copolymer weight ratio of 1, the most likely micellar structure is a
lamellar structure as manifested by the near -2 slope of the SANS intensity curve in the
low q range (see Fig. 4.9). For a lamellar structure with layer thickness t, the SANS
intensity at small values of qRG,C, where RG ,C = t / 12 , is described by the following
equation:152, 158- 161
q 2 I (q ) = 2πφ t ( ρ − ρ s ) 2 exp(− RG ,C 2 q 2 )

(4.15)

where φ is the volume fraction of the lamellar structure in the sample. A plot according
to Eq. (4.15) is shown in Fig. 4.14 for the SANS data for a diol/copolymer weight ratio of
1. The thickness of the lamellar micelles is estimated from the slope of the straight line
to be t = 99Å, a value much less than the diameter of both the sphere and worm structures
discussed earlier.
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Fig. 4.14 Guinier plot for 5wt% Pluronic P105 in water with added C14 diol Surfynol
104 at a diol/copolymer weight ratio of 1. The thickness of the lamellar micelles is
estimated to be t = 99 Å from the slope of the straight line fit to Eq. (4.15).
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The local structure of the lamellar arrangement of these micelles can be analyzed by
model-fitting the SANS data. We assume the solution to be composed of randomly
distributed and oriented microdomains of parallel lamellae.

Within each of the

microdomains, the lamellae are stacked parallel to form layers with a preferential repeat
distance. A periodic multilamellar structure of infinitely extended layers is analyzed on
the basis of a periodic equation:152, 167
 sin(qt / 2) 
q I (q) = (2π t / D)( ρ − ρ s ) 

 qt / 2 
2

2

2

2

(4.16)

where t is the thickness of the layer, and ρ-ρs the mean coherent scattering length density
difference between micelle and solvent. D is the repeat distance of the layers. Eq. (4.16)
assumes a uniform scattering length density across the thickness of the layer. In our
analysis, we consider a varying scattering length density across the thickness of the layer.
We assume that the lamellar micelles are composed of one center PPO layer presumably
incorporating the C14 diol and two identical outer hydrated PEO layers (see Fig. 4.15).
We therefore generalize Eq. (4.16) to the follow form:
2

sin(qd 2 / 2)
sin(qd1 / 2) 
2π 
I (q) =
d ( ρ2 − ρs )
+ d1 ( ρ1 − ρ 2 )
 + BG
2  2
Dq 
qd 2 / 2
qd1 / 2 

(4.17)

where d1 is the center layer thickness, d2 the total thickness of the layer, ρ1 the scattering
length density of the center layer, ρ2 the scattering length density of the two outer layers,
and ρs the scattering length density of the solvent. BG is the incoherent background
scattering. ρ1 and ρ2 are calculated by using Eqs. (4.3) and (4.4).
In the current analysis, we neglect intermicellar interactions and hence the structure
factor S(q) is taken to be 1. Fig. 4.16 demonstrates the model fit according to Eq. (4.17)
to the SANS intensity at the diol/copolymer weight ratio of 1. It is seen that the overall
shape of the fit coincides with the experimental data. The deviation at q around 0.02 Å-1
may be interpreted as the effect of the presence of a small quantity of worm or sphere
micelles. The volume fraction of PPO blocks in the center layer is calculated first and
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Fig. 4.15 Schematic of a multilayer microdomain composed of periodically stacked layers.
The center layer has a thickness d1 and the total thickness of the layer is d2. The repeat
distance of the layers is D.
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Fig. 4.16 SANS intensity for 5wt% Pluronic P105 solution with added C14 diol Surfynol 104 at
a diol/copolymer weight ratio of 1. The solid line is the fit from the lamellae model (Eq. (4.17)).
The center layer has a thickness d1 = 65 Å, and the total thickness of the layer is d2 =95 Å.
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fixed as 0.308. The fit leads to a center-layer thickness d1 = 65Å and a total layer
thickness d2 = 95 Å, a value very close to that obtained by Guinier analysis (t = 99Å from
Fig. 4.14). The PEO blocks account for 67% of the two outer layers according to the fit.
The repeat distance D can be calculated according to the following formula:
d1
= φdiol + φPPO
D

(4.18)

where φdiol is the volume fraction of C14 diol and φPPO the volume fraction of PPO in the
solution. The calculated D is 855 Å and the corresponding Bragg peak should occur at
qmax = 2π D = 7.35 × 10−3 Å −1 . As we do not observe the peak in the experimental SANS
intensity around the supposed qmax in Fig. 4.16, we would say that there is no preferential
repeat distance among the lamellar micelles or different microdomains have different
repeat distance. This may indicate large fluctuations in these membranes.168, 169
We omit the analysis for the SANS intensity at higher C14 diol levels due to the lack
of certainty of the overall shape of the data at low q. The samples at these high diol levels
are so concentrated that the neutron transmission is only 1% at the very low q range with
the 12Å neutron wavelength configuration.

The scattering at this very low q range

would be influenced by multiple scattering. Hence SANS data were not taken in the very
low q range for the two samples at the diol/copolymer weight ratios of 3 and 6. The
higher-q data (shown in Fig. 4.9) are roughly consistent with a microemulsion structure
with radius of order 370 Å. The interior of the microemulsion core is presumably nearly
pure C14 diol.
To summarize, the addition of the C14 diol Surfynol 104 to the copolymer Pluronic
P105 solutions causes the cascade of structural changes of the micelles summarized in
Fig. 4.8. The viscosity change in Fig. 4.3 is the manifestation of these structural changes
in solution. Up to the diol/copolymer weight ratio of 0.3 spherical micelles exist, which
presumably incorporate the hydrophobic C14 diol into the PPO core of the micelle. This
incorporation is known to lead to shape transitions of the aggregates.125 The first shape
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transition corresponds to one-dimensional growth, forming wormlike micelles. The
wormlike micelles form crosslinks or entanglements and an extremely enhanced solution
viscosity is observed at a diol/copolymer weight ratio of 0.61. Further addition of diol to
the solution apparently induces formation of lamellar micelles that can grow twodimensionally. Owing to the orientation of the lamellae during shear, a significantly
lower solution viscosity is seen at a diol/copolymer weight ratio of 1. At diol/copolymer
weight ratios above 3, the solution is a white opaque liquid without macroscopic phase
separation. As the C14 diol content exceeds the copolymer content in the solution, the
structure in solution is most likely a large diol core enveloped by a thin copolymer corona
(a microemulsion). Teixeira and coworkers151 have observed a similar micellar geometry
transformation in aqueous solutions of sodium dodecyl sulfate (SDS) with the addition of
decanol. At low decanol/SDS molar ratio Md, the micelle geometry is spherical. At
molar ratio Md=0.20, the micelle structure changes from spherical to cylindrical.
Micellar aggregates self-assemble into cylindrical aggregates with Md ratios of up to 0.40,
where a cylinder-to-lamellar shape transition is observed. Stradner and coworkers170, 171
also observed sphere-to-worm micelle transition in aqueous alkyl polyglucoside (APG)
solutions upon the addition of hexanol. Hexanol acts as a “co-surfactant” and dissolves
mainly in the interfacial layer, resulting in a structural evolution from small globular
APG micelles to short cylindrical and finally giant, flexible wormlike structures. The
micelle growth is one-dimensional with an unchanged local cross-sectional size.
Consistent with the concept of the interfacial curvature,172 Pluronic P105 micelles
adopt a spherical geometry at low copolymer concentration (in our case 5wt%) due to the
highly swelling of the PEO blocks by water molecules. The interfacial curvature is high.
When the hydrophobic C14 diol Surfynol 104 is introduced into the solution, it
incorporates within the PPO core region. This decreases the interfacial curvature due to
the swelling of the PPO core by the C14 diol. This swelling promotes transformation of
the micelles into a morphology with lower interfacial curvature. Hence when the content
of C14 diol is increased, the initial spherical micelles will develop into cylindrical and
finally lamellar micelles.
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4.5.4
4.5.4.1

Interaction of Pluronic P105 with Surfynol 61
Rheological properties

As seen in the above section, the addition of the C14 diol Surfynol 104 into the
micellar solutions of Pluronic P105, (EO)37(PO)56(EO)37, causes a cascade of micelle
morphology changes due to the incorporation of the hydrophobic diol into the micelle
core region. The micelle morphology changes have been interpreted as the result of
interfacial curvature modification caused by the swelling of the PPO core with the C14
diol. In this section we examine the interaction of Pluronic P105 micelles with another
surfactant of the Surfynol product family, the alcohol Surfynol 61. As has been described
at the beginning of this chapter, Surfynol 61 has half the structure of Surfynol 104 and
appears yellowish liquid at room temperature. Surfynol 61 has low solubility in water
(1.2%) but easily dissolves in Pluronic P105 aqueous solutions due to its incorporation
into the PPO block of Pluronic micelles.
Aqueous solutions of 5wt% Pluronic P105 with Surfynol 61 added at different levels
were prepared by following the heat treatment procedure described in Section 4.4.
Solution viscosity was measured at the low shear rate of 0.02 s-1 at 25°C and the results
are show in Fig. 4.17. The aqueous Pluronic P105/Surfynol 61 mixture demonstrates a
viscosity maximum at the same Pluronic/Surfynol weight ratio as that for the Pluronic
P105/Surfynol 104 mixture. The addition of the two Surfynol species to the Pluronic
solutions lead to the same level of local viscosity maximum. This may indicate that
Surfynol 61 basically has the same effects as Surfynol 104, due to the similarity of
molecular structure that causes comparable incorporation between Surfynol molecules
and PPO molecules. However, the Pluronic P105/Surfynol 61 aqueous mixture shows a
second viscosity peak at a higher level of added Surfynol.

This implies that the

interactions between Pluronic P105 and Surfynol 61 are more complicated than those for
the Pluronic P105/Surfynol 104 mixture. The higher swelling ability (more incorporation
into the Pluronic molecules) of Surfynol 61 than Surfynol 104 due to lower molecular
weight may be responsible for the increased interaction.
124

100000

5wt% Pluronic P105
EO37PO56EO37

Viscosity (cp)

10000

with Surfynol 61

1000
with Surfynol 104

100

10

1
0

0.5

1

1.5

2

Surfynol/P105 wt ratio

Fig. 4.17. Low shear rate viscosity at 0.02 s-1 for aqueous mixtures of 5wt% Pluronic
P105 with Surfynol 61 (filled symbols) and Surfynol 104 (open symbols).
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Fig. 4.18. Shear rate dependent viscosity of 5wt% aqueous Pluronic P105
solutions with added Surfynol 61 at different levels.
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The shear rate dependent viscosity data of the aqueous Pluronic P105/Surfynol 61
mixtures at several typical mixing ratios are shown in Fig. 4.18. At the Surfynol levels
where a solution viscosity peak is found at low shear rate (as shown in Fig. 4.17), the
solution viscosity demonstrates a non-Newtonian shear thinning behavior, indicating the
break-up of solution structure or disentanglement of wormlike structure under shear.
Newtonian, shear rate independent viscosity is observed for Surfynol levels where the
solution viscosity at low shear rate is low, indicating that there are no structural changes
under shear.
The solution viscosity of 1.25wt% Pluronic P105 with the addition of Surfynol 61
was measured at the low shear rate of 0.02 s-1 at 25°C and the results are shown in Fig.
4.19. A viscosity peak is observed at the Surfynol mixing ratio where the 5% Pluronic
P105 solution demonstrates the second viscosity peak when Surfynol is added. However
the first viscosity peak seen in the 5wt% Pluronic solutions mixed with Surfynol 61 is
missing in the aqueous mixtures of 1.25wt% Pluronic P105 with Surfynol 61. This
indicates that dilution affects thermodynamics that fundamentally determines the micelle
morphology. Thermodynamics is less affected at higher levels of added Surfynol 61.
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Fig. 4.19. Low shear rate viscosity at 0.02 s-1 for aqueous mixtures of 1.25wt%
Pluronic P105 with Surfynol 61 measured at 25°C
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4.5.4.2

SANS measurements and micelle structures

SANS measurements were performed on the aqueous mixtures of 1.25wt% Pluronic
P105 with Surfynol 61 at several typical mixing ratios.
scattering vector q is shown in Fig. 4.20.

The SANS intensity vs.

At the Surfynol 61/Pluronic P105 weight

ratios of 0.61 and 0.67, the SANS intensity curves are almost identical, with a low q
slope less steep than -1.

The curves at these two low Surfynol levels do not have the

trend of spherical objects; the most likely micellar shape is an elongated ellipsoid. At the
Surfynol 61/Pluronic P105 weight ratio of 0.89, the SANS intensity curve has slope close
to -1 at low q and the slope becomes somewhat steeper at very low q values, indicating
worm-like micellar shape. The wormlike morphology is confirmed by the bending rod
plot as shown in Fig. 4.21, where a plateau connects two curves with negative slopes,
typical of wormlike structures. The characteristic q* = 0.003 Å −1 gives a persistence
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Fig. 4.20 SANS intensity for aqueous 1.25wt% Pluronic P105 solutions
with added Surfynol 61 at different levels
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Fig. 4.21 Holtzer (bending rod) plot for 1.25wt% Pluronic P105 solution
with added Surfynol 61 at the S61/P105 weight ratio of 0.89,
corresponding to the viscosity maximum.

length for the worm l p ≈ 1.9 / q* ≈ 630 Å , which is about 1.5 times the persistence length
of the worms found for the 5wt% Pluronic P105 with added Surfynol 104. The crosssectional dimension can be determined by Guinier fit according to Eq. (4.7), which is
shown in Fig. 4.22. From the slope, the cross sectional radius of the worm is found to be
Rw = 67 Å , which is slightly smaller than the radius of 72 Å for the wormlike micelles in
the 5wt% Pluronic P105 solution with added Surfynol 104.
At the two high S61/P105 weight ratios of 1.1 and 1.2, identical SANS curves are
found with a slope of -2, indicating a lamellar structure (it is not possible to have a
Gaussian chain morphology owing to the low viscosity found at these two Surfynol
levels). The Guinier analysis in Fig. 4.23 according to Eq. (4.15) gives a total thickness
of the lamellar micelles of t = 92 Å , which is slightly smaller than the 99 Å for the
lamellar micelles of the 5wt% Pluronic P105 solution with added Surfynol 104.
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Fig. 4.22 Guinier analysis for the 1.25wt% Pluronic P105 solution with
added Surfynol 61 at the S61/P105 weight ratio of 0.89.
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Fig. 4.23 Guinier analysis for the 1.25wt% Pluronic P105 solution with added
Surfynol 61 at the S61/P105 weight ratio of 1.1.
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4.6 Conclusions
The addition of Surfynol 104 to aqueous Pluronic solutions can cause a dramatic
viscosity change in solution, which is attributed to a structural change of the surfactant
micelles. A hydrophilic-lipophilic balance less than 18 ( HLB ≤ 18 ) is required for the
Pluronic to exhibit an adverse viscosity effect when Surfynol 104 is added.

For

symmetric Pluronics, the viscosity peak occurs when roughly 0.3 Surfynol 104 molecules
per propylene oxide monomer have been added
The increased miscibility of Surfynols 61 and 104 in water with Pluronics present is
attributed to the incorporation of the alcohols into the core of the copolymer micelles.
The micelle structure has been determined with SANS by assuming that the structure is
either a spherical (or elongated ellipsoidal), wormlike or lamellar micelle. Small amounts
of alcohols simply incorporate into the existing spherical (or ellipsoidal) micelles without
changing the micellar shape, but when enough alcohols are added, the micelles undergo a
structural change to form wormlike micelles, accompanied by a great enhancement in
solution viscosity. The wormlike micelles then transform into two-dimensional lamellar
structures when more alcohols are added. This results in a significant drop in viscosity,
presumably due to the orientation of the lamellae under shear.
Heating to 80°C is shown to promote structure build-up in the solutions of Pluronic
copolymers with added Surfynols. Since the 25°C viscosity of the unheated solution
gradually approaches that of the solution heated to 80°C, we surmise that the heattreatment merely accelerates the system to the equilibrium state.

Appendix 4.1
In addition to the experimental studies by rheology and SANS on the interactions
between Pluronic solutions and Surfynols, some preliminary experiments were also
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carried to examine interaction of Pluronic solutions with other surfactants. The results
are summarized below.
Surfynol 420 is one of the Surfynol 400 family products which are ethoxylated
Surfynol 104 with the following structure,
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The molecular weight of Surfynol 420 is measured173 to be M ≈ 280 ∼ 390 , so the
overall average exthoxylation number is n = x + y = 2.5 . 5wt% Pluronic P105 solutions
with added Surfynol 420 at different levels were prepared by following the heat treatment
procedure described before. The solution viscosity was measured at low shear rate of
0.02 s-1 and the results are show in Fig. 4.24.

Phase separation occurs at the

Surfynol/Pluronic copolymer weight ratio above 0.8 and the solution viscosity was
3

Viscosity (cp)

5wt%Pluronic
SurfynolP105
420
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Fig. 4.24 Viscosity at low shear
rate (0.02 s-1) for 5wt% Pluronic
P105 solutions with added
Surfynol 420 at different levels.
Phase separation occurs at the
Surfynol/Pluronic wt ratio above
0.8 and the solution viscosity was
measured with the Surfynol rich
supernatant phase removed.
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measured after the Surfynol-rich supernatant phase was removed. Here we can see that
the very slight ethoxylation of the parent Surfynol 104 can greatly alter the interaction
between Surfynols and Pluronics. No substantial viscosity change is observed when the
ethoxylated Surfynol is added to Pluronic solutions. This result is most likely due to the
incompatibility between the hydrated exthoxylates and the hydrophobic PPO core of
Pluronic micelles, leading to the tendency of Surfynol 420 molecules sticking to the
micelle interface. This incompatibility partially explains the observed phase separation
when large amounts of Surfynol 420 are added to the Pluronic micellar solutions.
Dynol 604, a nonionic wetting agent, has a low solubility in water (<0.1% at 25°C)
but can be added to Pluronic P105 solutions to very large amounts. Fig. 4.25 shows the
viscosity measured at 0.02 s-1 for 5wt% Pluronic P105 solutions with added Dynol 604
at different levels prepared by following the heat treatment procedure.

Dynol 604

dissolves in Pluronic P105 solutions easily and no phase separation was observed. The
continuous viscosity increase with the addition of Dynol 604 indicates that there is no
micelle structure change except that the spherical micelles grow bigger with the
incorporation of Dynol 604 into the micelle PPO core.

Viscosity (cp)

4
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2

Fig. 4.25 Viscosity at low shear
rate (0.02 s-1) for 5wt% Pluronic
P105 solutions with Dynol 604
added at different levels.
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1
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Makon 10 (Nonylphenol Ethoxylate) is a water soluble surfactant. The viscosity
measured at low shear rate (0.02 s-1) for 5wt% Pluronic P105 solutions with added
Makon 10 at different levels (Fig. 4.26) has the same trend as that for the Dynol
604/Pluronic P105 solutions as seen above. The only difference is that the Makon
10/Pluronic P105 mixture in water shows a linear increase in viscosity as the surfactant is
added, while the Dynol 604/Pluronic P105 solutions demonstrate an accelerated increase
in viscosity at high levels of added surfactant.
4

5wt% Pluronic P105
EO37PO56EO37
with Makon10

Viscosity (cp)

3

2

1

C9H19

(OCH2CH2)10OH

0
0

0.5

1

1.5

M10/P105 wt ratio
Fig. 4.26 Viscosity at low shear rate (0.02 s-1) for 5wt% Pluronic P105
solutions with added Makon 10 at different levels.

Appendix 4.2
The SANS study in Chapter 4 shows that wormlike micelles are formed in the
aqueous mixture of Surfynol 104/Pluronic P105 at the S104/P105 mass ratio of 0.61.
Due to entanglements and possible junctions between the wormlike micelles, the solution
viscosity demonstrates significant enhancement over that of the Pluronic P105 solution
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that contains no Surfynol 104. Of particular interest is whether the Surfynol 104/Pluronic
P105 mixture will maintain wormlike micelles in solution upon dilution with water. Fig.
4.27 shows the solution viscosity measured at the low shear rate of 0.02 s-1 and the
temperature of 25°C for aqueous mixtures of Surfynol 104 and Pluronic P105 at
S104/P105 mass ratio of 0.61 but with different total solid content in water.

The

mixtures were prepared in deionized distilled water subjected to heating at 80°C for more
than 30 min. The mixtures were then cooled to room temperature with constant mild
shaking and equilibrated at room temperature for two days before measurements were
taken. In Fig. 4.27 the concentration is quoted as the total solid concentration in water.
At total solid concentration above about 1 g/100ml, the solution viscosity versus
concentration curve in log-log scale has a slope of 3.5, similar to entangled polymer
solutions, indicating that wormlike micelles are maintained down to the concentration of
1 g/100ml total solids in solution. Fig. 4.27 suggests that the overlap concentration of the
wormlike micelles is at a total solid concentration of 1g/100ml, suggesting an average
molecular weight of 3x107 g/mol for the wormlike micelles.

10000

Fig. 4.27 Solution viscosity at
0.02 s-1 for aqueous mixtures of
Surfynol 104 and Pluronic
P105 at S104/P105 mass ratio
of 0.61 versus total solid
concentration in solution,
measured at room temperature
25°C.
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Chapter 5
Interactions Between Surfynol 104 and Associative Polymers

5.1 Introduction
In Chapter 5, we have seen that Surfynols incorporate into the hydrophobic PPO core
of Pluronic micelles and cause a cascade of micelle structure changes, leading to
substantial rheological changes. Associative polymers also form micelle-like assemblies
of the hydrophobic blocks attached to the polymer backbone.

The only difference

between associative polymers and common macromolecular copolymer surfactants lies in
the fact that the hydrophobic blocks of associative polymers are usually small and are
distributed along the polymer backbone. For a comparison study, we examine in this
chapter the interactions between Surfynol 104 and some chosen associative polymers
from Rohm and Hass.

5.2 Experimental Results
5.2.1

Acrysol RM-2020 NPR

Acrysol RM-2020 NPR (Rohm and Hass) is a hydrophobically modified
polyurethane type associative polymer (HEUR). 5wt% HEUR RM-2020 NPR solutions
were prepared in deionized distilled water and Surfynol 104 was added at different levels,
using the same heat treatment procedure described in Chapter 4 to make Surfynol quickly
dissolve. Samples were then equilibrated at room temperature for several days. Phase
separation was observed when the Surfynol/RM-2020 NPR weight ratio was above 0.1.
The Surfynol rich phase forms a whitish thin layer on top of the sample. The solution
viscosity was measured at 25°C on the Surfynol poor phase after the supernatant phase
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had been removed. The results are shown in Fig. 5.1. The viscosity increases sharply as
the Surfynol/RM-2020 NPR weight ratio is increased from 0 to 0.1, and then levels off
when more Surfynol is added. This result indicates that the associative polymer solution
is saturated with Surfynol 104 and any further addition of Surfynol just causes phase
separation.
160
5wt% HEUR RM-2020 NPR
Viscosity (cp)

120

80
phase
separation
40

0
0

0.2

0.4

0.6

0.8

S104/RM-2020 NPR wt ratio
Fig. 5.1 Viscosity at low shear rate (0.02 s-1) for 5wt% HEUR RM-2020 NPR
solutions with added Surfynol 104 at different levels. Phase separation occurs
at Surfynol/RM-2020 NPR weight ratio higher than 0.1.

5.2.2

Acrysol RM-825

Acrysol RM-825 is another HEUR associative polymer from Rohm and Hass.
0.75wt% Acrysol RM-825 solutions with added Surfynol 104 at different levels were
prepared the same way as described in Chapter 4. All samples at the added Surfynol
levels (weight ratio from 1.4 above) have phase separation. The viscosity measurements
were made on the bottom Surfynol-poor phase at 25°C and the results are shown in Fig.
5.2. The solution viscosity has a big jump when Surfynol 104 is added at the very
beginning, but does not show much change over a wide range of Surfynol content. This is
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because at the Surfynol/RM-825 weight ratio of 1.4, the bottom phase is already saturated
with Surfynol 104 and phase separation occurs.
50

Viscosity (cp)
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0.73wt% Acrysol RM 825
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8

S104/RM-825 wt ratio
Fig. 5.2 Viscosity at low shear rate (0.02 s-1) for 0.73 wt% Acrysol RM 825
solutions with added Surfynol 105 at different levels.

5.2.3

Acrysol RM-5

Acrysol RM-5 is an alkali soluble emulsion (ASE) polymer of acrylic type from
Rohm and Hass. This type of polymer needs neutralization with a base to a pH usually in
the range 8.5-10 to fully develop viscosity. 2wt% Acrysol RM-5 solutions were prepared
in deionized distilled water and neutralized with concentrated NaOH to a pH of 7.25 (this
pH is a little lower than desired). The preparation procedure for the Surfynol containing
samples was the same as for the other polymers described in Chapter 4. The Surfynolfree sample is clear, while all the Surfynol containing samples are turbid and nontransparent with a slightly whitish color. All of the Surfynol containing samples show
phase separation with a whitish Surfynol-rich phase as the supernatant layer.

The

viscosity was measured at low shear rate of 0.02 s-1 at 25°C on the solutions after the
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supernatant Surfynol rich phase has been removed and the results are shown in Fig. 5.3.
The viscosity of the sample shows an initial jump and then levels off when Surfynol is
added to the samples.

The sample is already saturated with Surfynol at the

Surfynol/RM5 weight ratio of ~0.25 and phase separates at higher weight ratios.
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Fig. 5.3 Viscosity at low shear rate (0.02 s-1) for 2wt% Acrysol RM5 solutions
with added Surfynol 104 at different levels.

5.2.4

Acrysol TT-615

Acrysol TT-615 is a hydrophobically modified alkali soluble emulsion (HASE)
associative polymer of the acrylic family. Upon neutralization with a base, the polymer
backbone unfolds and the hydrophobic side chains associate intermolecularly to form a
network structure of the polymer in aqueous solution. The optimum pH is usually in the
range from 8.5 to 10.
0.15wt% Acrysol TT-615 solutions were prepared in deionized distilled water
followed by neutralization with concentrated NaOH to pH 7.88 and then Surfynol 104
was added at different levels. The same sample preparation procedure was followed as
for the other polymers. Phase separation begins at the Surfynol/TT-615 weight ratio of
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~1.4. 0.3wt% Acrysol TT-615 solutions were also prepared and neutralized to a pH of
11.15. Phase separation begins at the Surfynol/TT-615 weight ratio of ~2. The results of
viscosity measurements on the solutions with supernatant Surfynol rich phase removed
are shown in Fig. 5.4 It was discovered in the experiment that the Surfynol containing
0.3wt% TT-615 samples developed viscosity over a relatively long period of time of
about 2 minutes.
10000
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pH11.15
1000
phase separation
100

0.15wt% TT615, pH7.88
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5

10

15

S104/TT615 wt ratio
Fig. 5.4 Viscosity at low shear rate (0.02 s-1) for Acrysol solutions
with added Surfynol 104 at different levels.

5.2.5

Acrysol TT-935

Acrysol TT-935 is another HASE type associative polymer from Rohm and Hass.
0.75wt% solutions were prepared in deionized distilled water and neutralized to pH=11.4
and then Surfynol 104 was added at different levels, following the same sample
preparation procedure described before. Phase separation begins at the Surfynol/TT935
weight ratio of 0.63. Viscosity was measured at the low shear rate of 0.02 s-1 at 25°C on
the solutions after the supernatant Surfynol rich phase has been removed and the results
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are shown in Fig. 5.5.

The viscosity reaches a maximum when phase separation starts

and then decreases gradually with increasing Surfynol content in the sample.
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Fig. 5.5 Viscosity at low shear rate (0.02 s-1) for 0.75wt% Acrysol TT935
solutions with added Surfynol 104 at different levels.

5.3 Conclusions
All of the associative polymers studied can incorporate Surfynol 104 up to the point
where phase separation occurs. Surfynol increases the viscosity up to the phase
separation point, and then either remains constant (for HEUR, ASE) or decreases (for
HASE) with further addition of Surfynol.
Surfynol 104 has low solubility (0.1%) in pure water and slightly increased solubility
in aqueous solutions of associative polymers due to limited incorporation into the
hydrophobic assemblies.

The limited incorporation is due to the small size of the

hydrophobic assemblies which is the result of the small hydrophobic/hydrophilic volume
ratio for associative polymers. It is possible to add large quantities of Surfynol 104 to
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associative polymer solutions, but the consequences are that large particles of Surfynol
104 are surrounded by associative polymer molecules with their hydrophobic blocks
residing at the surface to form macroemulsion-like assemblies and phase separate from
those with smaller size and being still soluble. The limited incorporation of Surfynol 104
enhances the association of the hydrophobic blocks of associative polymers and thus
delivers the initial viscosity increase.

When Surfynol 104 is added to exceed the

maximum incorporating ability of the hydrophobic assemblies (that are still soluble),
phase separation occurs and the solution viscosity of the Surfynol-poor phase remains
stable or slightly decreased due to the competition of Surfynol 104 molecules with the
hydrophobic blocks to associate with other hydrophobic blocks which effectively reduces
the association among the hydrophobic blocks themselves.
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