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Abstract
My doctoral studies deals with model systems in soft matter. In these model systems, we
address questions that are on the interface between physics and biology. The primary focus of
the studies is to explore the dynamics and structural changes of aggregations of biologically relevant multi-component polymer, protein, peptide, and micellar systems using nuclear magnetic
resonance (NMR) based techniques. Diffusometry, relaxometry, and deuterium NMR techniques
were chosen since they complement one another in understanding the dynamics and structure in
the process of macromolecular self-assembly. Moreover, identifying the size of nanoparticle clusters in these model systems is a challenging problem and there is no technique that gives complete
answers . Therefore, my doctoral work is a systematic attempt to use NMR as a tool to make
quantitative statements about the nature of macromolecular clustering.
During my PhD, we used a model polymer-surfactant solution in order to identify surfactant concentration regimes relevant to understanding the behavior of biomolecules in a "crowded
environment" consisting of multiple species of macromolecules. Such crowded environments

..

are a characteristic of intracellular plasma . We studied a system composed of nonionic polymer poly(ethylene glycol) (PEa) and an anionic sodium dodecyl sulfate (SDS) at different SDS
concentrations. Using NMR diffusornetry, we measured the self-diffusion coefficients of the polymer (PEa) and surfactant (SDS) components simultaneously as a function of SDS concentration.
Also, we obtained NMR relaxation rates for PEa and the chemical shifts as a function of SDS
concentration. Using a simple model to interpret our experimental results, we developed a precise

method to identify the onset of aggregation of SDS on PEa chains (critical aggregation concentration CAC=3.5 mM) and a crossover concentration (C 2 = 60 mM) which is associated with a
sharp change in the relaxation behavior, as well as an increase in free surfactant concentration.
Moreover, in the context of a simple model, we identified the SDS concentration (C m = 145 mM)
beyond which the diffusion of the aggregates was strongly hindered by the presence of other structures such as free micelles.
Another source of hindered diffusion, apart from macromolecular crowding, is diffusion in the
presence of geometrical constraints. In the case of cylindrical or wormlike micelles, the constraint
is to diffuse within the cylinder. Aggregates in a multi-component wormlike micelle are difficult
to study via scattering techniques because they would require contrast matching. Therefore, We
studied a system composed of a zwitterionic surfactant N-tetradecyl-N, N-dimethyl-3-ammonio-lpropanesulfonate (TOPS) and an anionic surfactant SDS in brine. NMR diffusometry indicates that
the self-diffusion coefficients of surfactant is consistent with restricted diffusion within a reptating
micelle. Using a simple model to interpret our diffusometry results, we estimated the average
end-to-end micellar distance to be

~

I J-lm. Using NMR relaxometry, we obtained the wormlike

micelle overlap concentration (a characteristic concentration Chreshold = 4.5 mM). Deuterium NMR
spectra indicate that the internal structure of the wormlike micellar system includes domains with
different orientation orders with slow exchange between domains. Our experimental results (NMR
diffusometry and rheometry) revealed that the wormlike micelles exhibit remarkable polymer-like
scalings with a crossover from Zimm-like (diffusion) to Rouse-like (rheology) regimes .
During the latter part of my PhD, we explored protein solutions . We were motivated by the fact
that scattering techniques in concentrated lysozyme protein solutions show conflicting reports over
the existence of an equilibrium cluster phase. It is recognized that protein aggregation is essential in understanding the biophysics of proteins. Also, it must be noted that protein aggregations
and misfoldings, which are implicated as a root cause of some diseases that are thus sometimes
called "conformational diseases" are technically challenging to quantify. To address this problem,
iii

we worked on diffusion of lysozyme proteins in concentrated lysozyme solutions. Lysozyme is a
common mammalian protein, which is found in human amylases. Using NMR diffusometry, we
obtained the self-diffusion coefficients of lysozyme in concentrated lysozyme solutions. Diffusometry and relaxometry showed that both the observed diffusion coefficient and relaxation rates are a
weighted average of monomer and aggregate fraction s. Therefore, our studies gave a strong evidence for both lysozyme monomers and thermodynamically stable lysozyme clusters in the protein
solution with a rapid exchange between monomer and aggregate on the NMR time scale.
Finally, we addressed a practical problem of relevance to biochemists and biophysicists. Studying the dynamics of macromolecules and aggregates in multicomponent systems composed of peptide or protein and surfactants is challenging. Many peptides and proteins are synthesized in tiny
quantities. We used NMR diffusometry and relaxometry to explore systems composed of peptides
that are very long compared to the surfactant, dissolved with an anionic surfactant in an aqueous
solution. We compared the results to those for shorter dipeptides whose size is comparable to the
surfactant. Diffusometry shows that the longer peptide behaves as if there is no free fraction of
peptide molecules in the solution. Based on that, we extracted reliable physical quantities such
as the true hydrodynamic radius of long peptide-surfactant aggregate as a function of surfactant
concentration. On the other hand, the smaller dipeptides are partitioned between the bound and
free state such that the fraction of the bound peptide varies with surfactant concentration.
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(left error bar s). (c) Illustration of the effect of aggregate formation on the free
volume see n by monomers
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versu s reciprocal of lysozyme concentration I [ C. Both relaxation rate s show a
systematic decrease as a function of I/C.
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(a) Lyso zyme self-diffusion coefficient 0 versus diffu sion time Li for lysozyme
concentrations C = 169 mg/ml (ll> = 0.14 3) and 254 mg/ml (ll> = 0.215) . The
values of Om obt ained from the fit are show n to the right of the data . (b) Meansq uared displa cement Z2

= 2DLi as a funct ion of Li for C = 70 , 100, 169, and

mg/ml.
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(a) The hydrodynamic radius (R H ) , extracted from the peptide diffusion coefficient,
of Gad2-SDS complexes versus SDS concentration C SDS. The dashed line is the
value obtained via the SDS diffusion coefficient at lower SDS concentrations. (b)
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(a) Self-diffusion of Ala-Gly and SDS for Ala-Gly-SDS-b samples versus SDS
concentration CSDS (b) self-diffusion of SDS for Ala-Gly-SDS-b versus reciprocal of SDS concentration I/CsDS (c) fraction (f p ) of free Ala-Gly (d) the ratio (r)
of SDS molecules to peptide molecules in a complex versus SDS concentration
(C SDS) for Ala-Gly-SDS-b samples.

.

190

7.9
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of SDS concentration I/C sDS (c) fraction (fp ) of free Tyr-Leu (d) The ratio (r)
of SDS molecules to peptide molecules " in a complex "versus SDS concentration
(CSDS) for Tyr-Leu-SDS -b samples.

.

xxi

191

List of Abbreviations
0 20

Deuterium oxide

SDS

Sodium dodecyl sulfate

Ala-Gly

Alanine-Glycine

CHAPS

3-[(3-Cho lamidopropyl)dimethylammonio]-I-propanesu lfonate

CPMG

Carr-Purcell-Meiboom-Gill

DPC

dodecylphosphocholine

ITC

Isothermal titration calorimetry

NMR

Nuclear magnetic resonance

POI

Polydispersity index

PEa

Poly(ethylene) oxide

PFG

Pulsed field gradient

PFG-STE

Pulsed field gradient stimulated echo

RF

Radio frequency

Rheo-SANS

Rheology and small angle neutron scattering
xxii

SAXS

Small angle X-ray scattering

TDPS

N-tetradecyl-N,N-dimethyl-3-ammonio-l -propanesulfonate

TMS

Tetramethylsilane

Tyr-Leu

Tyrosine -Leucine

UV

Ultraviolet-visible

xxiii

Chapter 1
Introduction
Macromolecules, such as protein s, and amphiphilic molecules, such as lipids , repre sent the
main components of biological membranes in the living cell. The biological membrane separates
the internal components of a biological cell from the out side environment and it acts as a selectively permeable barrier that control s the traffic of the molecules in and out of the biological cell. I
Biolog ical molecule s such as protein s also represent important components in the "crowded environrnentof the biological cell where their concentration can reach 300-400 g/1. 2•3

Macromolecules such as protein s and amphiphilic molecules show a tendency to form aggrega tes, with an average size based on the interactions among different species of the macro molecules. As an example , systems of charged surfactants or amphiphilics form spherical. v '' cylindrica l.t' and wormlike micellar aggregates.v " a behavior that is attributed to the balance between
the hydrophobic interaction and electrostatic repul sion." The se micellar systems find app lication s
not only in biology, but also in technolo gical applications such as heat-transfer fluids, oil-field
drilling and drain openers.' :' Moreo ver, systems composed of polymer- surfactant molecule s that
form molecular aggregates and comple xes have implementations in cosmetic a nd pharmaceutical

applicattons.r':" On the other hand , many studies have been accomplished in the field of protein
cluster forma tion (e.g. lysozyme clu ster form ation ). 17-25 Protein aggregates are thought to playa

significant role in so called "conformational diseases".26-28 These protein clusters are technically
hard to quantify. It has been shown that the balance between a short-range attraction and longrange repulsion is responsible for the formation of mesoscopic clusters

I 7• 18,20,22,24,25

with finite

size. However, conflicting reports over the existence of an equilibrium protein aggregate phase
have emerged.I''"?
The goal of this thesis is to investigate biologically relevant soft matter systems such as polymersurfactant.i? micellar, and protein systems'? at different conditions of the system environment (i.e.
dilute, semidilute, and concentrated molecular environment that partially mimics the intracellular
environment) using nuclear magnetic resonance (NMR), where we provide quantitative answers
for some important open questions: When do crowding effects become significantly important?
What is the partitioning of different molecular species (i.e. monomers, aggregates, or micelles)
in multi-component aggregates? What is the average size of the molecular aggregates? We address these questions by creating systems that partially mimic the intrace llular "crowded environment" at which the dynamics and structure of macromolecular components are influenced, The
Stokes-Einstein-Sutherland equation.I'<" D
the solvent viscosity

T] and

= 6~'~~~ relates a measured diffusion coefficient

D with

a physical quantity knows as the hydrodynamic radius R H where K B is

the Boltzmann constant and T is the absolute temperature. This relation is strictly only valid at infinite dilution. For realistic, dense systems, one needs to work hard to obtain meaningful physical
parameters from measured diffusion coefficients.
Scattering techniques such as dynamic light scattering 21, 33, 34 an~ neutron spin echo/" can be
used to analyze molecular motions and to extract molecular diffusion coefficients, However, there
are unique aspects to NMR that can be both a complication and be used to one's advantage,
such as combinations of chemical shift measurements, relaxation measurements (relaxometry),
and diffusion measurements (diffusometry), As an example, chemical shift measurements (the
one-dimensional spectrum) provide information about the chemical and electronic environment of
detected nuclei (section 2.1.1) . Relaxometry can be used to determine the relaxation mechanism

responsible for the relaxation process of the sample magnetization (sec tion 2.1.2) . Diffusometry is
used to study the dynamics of molecules with spectral resolution in the chemical shift dimension
(section 2.1.5.3) .
Chapter 2 explains the basic concept s in NMR spectrometry. We present the density matrix
formalism (density operator formali sm) which is mainly used to describe the evolution of the mag netization during the pulse sequence. We discu ss the two main relaxation processes (longitudinal
and tran sverse relaxation proce sses) and the mechanism behind these relaxation processes. We
then present the two-step relaxation mechanism, which is responsible for the relaxation process in
micellar systems. Discussed next are two techniques (inversion recovery and spin echo technique)
which are used to measure the longitudinal and transverse relaxation times of the molecules. We
outline the main pulse sequences (pulsed-field gradient (PFG) spin echo and pulsed field gradient
stimulated echo (PFG-STE» which are used to measure the molecular self-diffusion coefficient.
Finally, we discuss basic concepts in rheology including flow curve s, oscillatory shear, and stress
relaxation as well as a description of rheometer experimental detail s.
Chapter 3 includes an overview of the building blocks of self-assembly in polymers, surfactants, micelle s, and protein s. We begin with general definition s for polymers, surfactants, and
protein s. We then present the physical parameters which are used to characterize the average size
of eac h of these building block s (i.e. radiu s of gyration and hydrodynamic radius ). In addition ,
we explain the self assembl y of amphiphilic molecules to the micell ar phase (i.e. spherical or
cylindrical micelle s).

In chapter 4, we elucidate the nature of polymer-surfactant aggregates in a model system com posed of anionic surfactant sodium dodecyl sulfate (SDS) and nonionic polymer polyethylene oxide (PEO) in aqueous solution . We present the diffusion mea surements, the relaxation mea surement s, and the chemical shift measurements of the PEO-SDS system in an aqueous solution over
a wide range of SDS concentration. We introduce a self-con sistent model that takes into account
the fact that the surfactants are found in monomeric, aggregate, and micellar form . We use the

experim ental data and the model to obtain the variation of the free monomer concentration and the
free micellar concentration over the entire range of SDS concentration .
In chapter 5, we explore the dynamic s and the structure of a micellar system compo sed of
a zwitterionic surfactant N-tetradecyl-N,N-dimethyl-3-ammonio-l-propanesulfonate (TDPS ) and
anionic surfactant SDS in brine solution . We present complementary measurements diffusometry ,
relaxometry, deuterium NMR , and rheometry to explore the micro structure of this system. Also ,
we merge our experimental data with a restricted diffusion model and polymer theoretical model s
to obtain the average size of micelles and to show that these systems have properties very dependent
on the length scale.
In chapter 6, we investigate evidence for the presence of an equilibrium phase composed of
lysozyme monomers and aggregates in concentrated protein solutions. Therefore, we introduce
previous work done on the lysozyme system in an aqueous solution, which includes form ation
of lysozyme aggregates, crystallization, and formation of equilibrium clusters. In addition, we
prese nt our diffusion and relaxation mea surements for the lysozyme system. In all the work done,
we obtain weight-averaged diffusion coefficient s which must then be coupled with a reasonable
model (for example monomer and aggregate states).
In chapter 7, we study the nature of peptide-micelle complexes in a 19-residue antimicrobial
peptide (Gad2)-anionic surfactant (SDS), smaller dipeptides (Ala-Gly and Tyr-Ieu)-anionic surfactant (SDS) system, and anionic surfactant (SDS) system in an aqueou s solution. We present the
diffusion measurements and the relaxation measurements for the above mentioned systems over a
range of SDS concentration. Using NMR -diffusometry we identify the onset of surfactant crowding on a peptide molecule beyond which hydrodynamic corrections to the diffusion coefficient
are extremely important. Based on that , we extract the true hydrodynamic radius of Gad2-SDS
aggrega te over a range of SDS concentration below the SDS concentration at which crowding effects become important. For smaller dipeptides (Ala-Gly and Tyr-Leu )-SDS systems, diffusometry
shows that dipeptides (Ala-Gly and Tyr-Ieu ) do not affect significantly the aggregate nature of SDS

micelles. In addition. we compare the dynamics of a buffered SDS system with an unbuffered
SDS/ D20 system. Diffusometry shows that the presence of a buffer in such an anionic surfactant
system promotes the form ation of SDS micelle s.
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Chapter 2
Experimental Techniques
Nuclear magnetic resonance (NMR) based techniques are used to study the dynam ics and the structure of the macromolecules in multi-component polymer-surfactant (chapter 4), mice llar (chapter 5), protein (chapter 6), and peptide -surfactant (chapter 7) solutions. Co mpleme ntary techniques,
including chemical shift measurement, NMR relaxornetry, and NMR diffuso metry are utilized to
extract quantitative information about the chemical environment of the detec ted nuclei, and the
dynamics and structure of macromolecular self-assemblies in the above mentioned sys tems. In
one of the studies (chapter 5), we have used rheology as well as NM R-base d techniques in order
to construct a comprehensive picture of the microscopic structure in a mixed-s urfacta nt wormlike
micellar system.

2.1 Nuclear magnetic Resonance (NMR)
Nuclear Magnetic Resonance (NMR) is the study of the mag netic interaction between an osci llating magnetic field with atomic nuclei inside a samp le that is exposed to a stro ng externa l unifor m
magnetic field. All atomic nuclei contain protons and neutrons which possess spi n a ngular momentum (I) with 21+ I degenerate sublevels. In a magnetic field 8 0 , dege neracy is bro ken such that
II

each energy state of 21+ I sublevels will possess slightly different energ y E =
where y is the nuclear gyromagnetic ratio,

!t = nyl is the magnetic

-!t.s:, = -ynmrBo

dipole moment , and m, is

the magnetic dipole moment quantum number of the energy state in each sublevel. Atomic nuclei
with an even number of protons and an even number of neutron s are classified as non-detectable
nuclei because the ground state nuclear spin 1=0 (examples are 12C and 160 ). Detectable nuclei
can be further cla ssified into nuclei with even mass number but an odd number of protons and an
odd number of neutrons (where the ground state nuclear spin 1 is an integer) such as 2H and nuclei
with an odd mass number (where the ground state nuclear spin 1 is a half integer) such as 1H, 15N,
13c.I.2
The experiments in the thesis focus on " proton NMR ", i.e. with samples containing IH nuclei
(with spin 1/2) as the primary detected nuclei . Many of our experiments are also conducted with
deuterated solve nt (i.e. containing 2H nuclei with spin I ), and some experiments are carried out
with samples containing 2H labeled nuclei .
A typical NMR sample containing water has on the order of 1023 spin -1/2 nuclei, and the
nuclear spin orientation (magnetic dipole moment) is either parallel ("spin up " state) or antiparallel ("s pin down " state) with respect to the direction of applied magnetic field. This magnetic
field is by convention cho sen to be along the z-axis (B; = Bok). However , the alignment of
the nuclear spins with respect to the direction of the magneti c field is perturbed by the thermal
motion of the molecules which are responsible for the random orientations of the nuclear spins
inside the sample. Thu s, in the pre sence of an external applied magnetic field, the magnetic dipole
moment of a nuclear spin might align in such a way as to posses s three different components:
a longitud inal component along the z-axis and two transverse components in the xy-plane. The
transve rse components for all nuclear spins over the entire sample cancel out whereas there is a
slight net orientation of longitudinal components parallel to the applied magnetic field. This is
responsible for a small net bulk magnetization. Under these circumstances, the population ratio of
12

nuclear spins in the spin up and the spin down states is given by the Boltzmann distribution: I

(-LlE)

np,eq = exp
na,eq
KBT

(2 ,1)

where na,eq and np,eqare the equilibrium populations in the spin up state (o) and spin down state
(/3) respectively,

LlE is the energy difference between both states, K B is the Boltzmann constant,

and T is the absolute temperature. In addition, the z-component of the sample magnetization is
proportional to the difference in populations between the spin up and spin down state : I
(2.2)

At equilibrium, the net magnetization of the sample is along the direction of B-:' (the z-axis). How ever, if the magnetization is flipped away from the z-axis, the sample mag netization will experience a torque from the magnetic field B, which drive s the magnetization vector to preces s about
the direction of the magnetic field at the Larmor frequency,

Olo

= -yB o •

Our NM R experiments

have been carried out using a NMR spectrometer that operates with a mag netic field B,

= 14 T.

Therefore, the Larmor frequency of I H nucleus is ;:;600 MHz while the Larmor frequency of the
2H nucleus is ;:; 91 X 106 Hz. The frequency of the radio waves is in the range

.e

0 .3 MHz to

;:; 300 GHz; thus magnetic resonance experiments such as electron spin resonance and NMR are
possible with electromagnetic fields oscillating at radio frequency .

2.1.1 One Dimensional NMR Spectroscopy
One of the simplest magnetic resonance experiments is one in which the sample magnetization
experie nces a short radio-frequency (RF ) pul se in the tran sver se direction of the sample magnetization with a frequenc y close to the Larmor frequency . This RF pul se tilts the magnetization away
from the z-axis. After turning off the RF-pul se, the preces sional motion of the sample magnetization about

B: create s an oscillatory electric current in a radio-frequency tuned receiver coil. This
13

current is digitized and recorded as a " free induction decay T(Flfr) signal in the time domain . This
signal has two (x and y) components. One can alternatively and equivalently write the signal as a
complex time domain signal. Using the Fourier transform, the FID is tran sformed to a frequency
domain signal that has a real and an imaginary component. The real component of the frequency
domain signal represents the one dimensional I D NMR spectrum. It include s peaks of one type of
nucleus at different frequency positions based on the chemical and electronic environment of the
detected nucleus . J,2

2.1.1.1 Chemical Shift and ID Spectrum
~

The external magnetic field B, in an NMR spectrometer interact s indirectly with detectable sam~

pIe nuclei through the electron cloud s around the nuclei . The magnetic field B, induces electronic
currents in the chemical environment around the nuclei . These electronic currents create an induced magnetic field that is called secondary magneti c field at the nuclear spin sites, which affects
slightly the value of the nuclear Larmor frequency wo. Thus , nuclei of the same isotope in different
che mical environments can have slightly different value s of Larmor frequency. Nuclei which are
bonded or close to electronegative chemical groups or electronegative elements are more exposed
to the NMR external magnetic field B". Thus, these are referred to as deshielded nuclei. Nuclei
which are not bonded to any electronegative chemical group s or electronegative elements are less
exposed to the NMR external magnetic field. Thu s, these are referred to as shielded nuclei . J,2
Since the value of a nuclear Larmor frequency Wo depends on

th~

value of the operating mag-

netic field strength B" of the NMR spectrometer, then for different NMR spectrometers which
operate at different field strengths, the same nuclei at the same chemical environment have different values of Larmor frequency and so different peak positions on the frequency scale. In order to
compare the peak position s in the ID spectra between NMR spectrometers which operate at different fields, a chemical shift scale is defined as a magnetic field independent scale . On this scale,
the peak position is reported by mea suring the peak' s frequency
14

Vi

relative to a reference peak

frequency

Vref

of a known compound. Tetramethylsilane (TMS ), with chemical formula (CH 3)4Si,

is the most common standard reference compound for proton NMR . TMS is typically chosen as a
reference in organic solvents because it is chemically inert and has a single peak NMR spectrum.
Thu s, the peak position in the chemical shift scale is defined by the following equation ' '?

8(ppm)

=

Vi - Vre f X

I0 6

(2.3)

Vspectr om eler

where

V, peclTOmetcr

is the NMR spectrometer frequency and the position of the standard reference

compound is defined to be at 0 ppm on the chemical shift scale.
In an NMR ID spectrum, the more shielded nuclei have lower chemical shift values than the
less shielded nuclei . Thus, on the chemical shift scale when the chemical shift value of a peak
increases (more leftwards by convention), this indicate s that the chemical environment of the detected nucleus is changing such that the nucleu s is being less shielded.
Figure 2.1 shows the I D NMR spectrum of protons in a polymer-surfactant solution that is
discussed and presented in chapter 4. The spectrum includes six peak regions which have different
chemical shift values . The one with the lowest chemical shift value represents the peak of protons
in the CH 3 chemical group (SDS4) which are the most shielded protons. The peak with the highest
chemical shift value represents protons on the OH chemical group which are less shielded since
they are bonded to an electronegative element O . All the peaks in the spectrum are broad peaks
that co nsist several peak s.

2.1.1.2 The Radio-Frequency Pulse and the Rotating Frame
The equilibrium sample magnetization is perturbed by applying a radio-frequency (RF) pulse that
generates an oscillating magnetic field. Assuming that the oscillating magnetic field BRF(t) is along
the x-ax is.? we may write (following Levitr' )
~

BRF(t)

= B RF cOS(Wrejl
15

~

+ <pp)i

(2.4)

Pk5=SDS3

14

·SO. -

CHz SDSI

CHz- (CHz)' SDS!
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l
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Figure 2.1: One-dimensional I H - NMR spectrum for a solution containing a polymer (polyethylene oxide) and a surfactant (sodium dodecyl sulfate) in D20 solvent at a sample temperature
298 K. Inset: the chemical formula of the SDS molecule. A I ppm chemical shift corresponds to
a 600 Hz frequency shift.
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where

BRF

has a maximum radio frequency amplitude, Wrej is the frequency of the RF pulse,

and </Jp is the phase shift of the radio frequency pulse. As stated in section 2.1, as soon as the
RF pulse is turned off, the sample magnetization will experience a precessional motion about the
~

direction of the magnetic field B; with a Larmor frequency Wo = -yBo. We therefore write BRF(t)
as a linear combination of two counter-rotating (clockwise and counterclockwise) magnetic fields
components. One of the components is rotating in the same sense as the nuclear spin does and is
known as the resonant component Eif!(t) of the oscillating magnetic field B;;(t) while the other
component is rotating in the opposite direction of the spin precession and is termed as non-resonant
component ~(t) of the oscillating magnetic field B;;(t). We write !

B;F [cos(w ,,'jt + </Jp)f + sin(w rejt + </Jp)J]

B;;(t)
+

where Eif! (t)

B;F [COS(Wrejt + </Jp)f - sin(w rejt + </Jp)J]

= l1f!s(t) + ~(t)

(2.5)

= !!..ttcOS(wrejt+</Jp)f+!!..ttsin(wrejt+</Jp)Jand~(t) = !!..ttCOS(Wrejt+</Jp)f-!!..tt

sin(wrejt + </Jp )].
In the presence of a strong external static magnetic field Bs, the resonant component B~:'(t) has
the dominant direct effect on the orientation of the nuclear spin, while the effect of the non-resonant
component is negligible .?
~

~

In the presence of both B; and BRF(t) ~ B~:'(t) , the spin Hamiltonian in the laboratory frame is
written as

(2,6)

where

n is considered to be one and y is the gyromagnetic ratio of the nuclear

spin i.

t; in and I\'

are quantum mechanical operators which represent z, x, and y components of the nuclear angular
momentum. In the matrix representation, and including the unit matrix, they are 2
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--t 0]
--t ,]
--t -;]

t, -

2

(2.7a)

0 _I

t, - 2

I 0

I.,.-

i

2

(2.7b)

(2.7c)

0

[~ ~]

(2.7d)

1=

We can see clearly from equation 2.6 that the spin Hamiltonian is a time dependent Hamiltonian.
In order to simplify the spin Hamiltonian expression, a mathematical trick is considered by assuming that the xy-plane is rotating in the same the sense as the resonant component B~:' of the RF
pulse (i.e. the same sense as the nuclear spin precession). In this reference frame. the resonant
component B~:' of the RF pul se appears to be static and aligned along x-axis. This is the " rotating
frame T n NMR. In the rotating frame , the wave function of the spin

Iw> is related to the wave

function 1\jI> of the spin in the laboratory frame by a rotation operator. "

_

•

1\jI> = exp(i<D/zl\jl»
where <D

= w " ,!f + cPre!

=

[ exp(i<D/2)

o

0

]

1\jI>

•

= Rz(-<D)I\jI>·

(2.8)

exp (-i<D/2 )

and w re! is the frequency of the resonant component B~:' of the RF pulse.

Using the time-dependent Schroedinger equation in the rotating frame ?
(2.9)

it can be shown that the relation between the spin Hamiltonian in the rotating frame fj and the
laboratory frame fj is given as2
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(2.10)
Combinin g both equation 2.6 and equation 2.10, we obtain the spin Hamiltonian in the rotation
frame as a time independent Hamiltonian/

(2.11)
where n o =

WO- w re!

is called the relativ e Larmor frequency or the offset frequency and WIlII/=I~y BRFI

= I~BRFW "I B"I is called the nutation frequenc y.

cPre!

is the pha se of the rotating frame , which is

defined to simplify mathematical calculations. For nuclear spin s with y > 0, both the Larmor frequency Wo and

wref

(i.e; the frequenc y of reference frame) are negative , while for nuclear spin s

with y < 0, both the Larmor frequency Wo and wre! are positive . Therefore, cPref is considered by
convention to be either

If

for y > 0 or 0 for y < O. Based on that, equation 2.11 is written as 2
(2.12)

2.1.1.3 The Density Operator and Phase Coherence
Any sample include s a large number of nuclear spin s which contribute to create both the longitudinal magnetization M; and transver se magnetization M x and My. The wavefunction 1'1'> of a
sing le spin- L'Z nucleu s is given by a linea r combin ation of the spin-up and spin-down eigenstates,
i.e. 1'1'>

= Cala

(1- 1/ 2

» state.'

> +Cf31f3 >, where la > and If3 > are the spin up (I + 1/2 » and the spin down

For a sample with spin-I/Z nuclei, the lon gitudinal z-component of the bulk magnetization and
the transve rse xy magnetizations M , and MI'are proportional to the sum of an average contribution
of each spin in the longi tudinal magneti zation M, and transver se magnetization components M ,
and My'
(2.13a)
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N

Mf =

I

__

~ y < t, >;= Ny < I f > = 2 yN(C~ Cp + c;ee,)
N

My = ~ y <

I

__

t, >;= N y< t, > = 2iyN (CaC; - CpC~)
2

(2. 13b)

(2. 13c)

2

where < I, >= <'I'l/ zl'l'> . Also, ICa l and ICp l are the prob abilitie s of finding a spin in the spin up
state la > (i.e. I + 1/2 > state) and spin down state lB > (i.e. I - 1/ 2 > state) respecti vely. The
population of the a or f3state is proportional to the sum of probabilities ICa l2 or ICp l2 of each spin
respec tively.
Since we are dealing with a huge number of nuclear spins, the density matrix formali sm is used
to simplify the prediction proce ss of the sample magneti zation components during the NMR pulse
seque nce. An operator called the den sity operator p is introduced and can be represented in matrix
form I
A

-

P = 11ft >< 1ftI =

[paa pap]

=

PPa Pf313

[ ICa l2 CaC; ]
CpC~

(2. 14)

ICp l2

Based on equation 2.14 , we are able to write the sample magneti zation components (e.g equation s
2.l 3a, 2.13b and 2.13c ) in term s of the den sity matri x elements I

Mz

= ~YN (paa -

PPp)

(2. 15a)

(2.l5b)

My = ~iYN(Pap - Ppa)

(2. 15c)

Also, the population of the nucle ar spins in the spin up and spin down states are given in term
of the de nsity matri x elements: na = N Paa and np = N ppp. However, we mentioned in
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section 2. 1 that at the equilibrium,
ll a .eq

= (1/2)N

/l "

and

/l p

are given in term s of the Boltzmann di stribution:

exp (-Ea/K BT) and /lp.eq = (I /2 )N exp(-Ep/K BT ).I

We co nclude from the mathematical repre sentation of M, , M... and M,. (i.e. equation 2.15a
to equat ion 2. 15c) that a combination of the den sit y operator diagonal elements is proportional to
the sample longitudinal magneti zation . On the other hand , combinat ions of the den sit y operator
off-diagonal e lements are proportional to the sample tran sverse magneti zation . More specifically,
the diago nal elements Paa and Ppp repre sent the " population "of the

la > state

and the

V3

> state

respective ly. while the off-diagonal elements PPaand p"p are call ed "c oherencesr.l -?
Each e lement in the densit y matrix conn ect s one state (Ia > or

V3 »

with another. As noted

in section 2. 1.3. where coherence order is defined, the coherence order of both Paa and Ppp are
zero, while the coherence order s of Pp" and p"p are -I and + I respectively. At equilibrium, the
net magneti zation of the sample is along the z-axi s (Meq

= M~q) .

while there are no tran sver se

components M~q and M.~lf . Thu s, at eq uilibrium, the amplitude of + I and -I coherence order
elements Pp" and Pap are zero,' ·2

elf
pelf = Paa
[

o

where P~~ and

0]

elf
Ppp

(2. 16)

P;; repre sent s the population of la > and V3 > states at equilibrium. They are given

as follows?
(2. 17)

P;; =

where E;

= -rlf and

Ep

p/
exp (-E KBT)
::::: ~ (I _ Ep/ KBT)
exp (- E,,/KBT) + exp(-Ep/KBT)
2

= rlf, so equation 2.16 can be modified
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(2. 18)

According to equations 2.13a, 2.13b, and 2.13c :

Meq = (y) 2NB o
z

4K BT

M~q=M~q=O

(2.20)

Equation 2.14 can be rewritten in order to use it in the rotating frame. 1.2 As we mentioned, in
the rotating frame the xy-pl ane rotates in the same sense as the resonant component of the RF-pulse
B~:' and in the same sense as the nuclear spin prece ssion. According to this approach,

to be oriented along x-axi s while the relation between the spin wave function

B':[, appears

IV;;in rotating

frame

and the spin wave function IIf! > in laboratory frame is given by equation 2.9. Based on equation

2.9, we can write a general evolution expression of the density operator {Jin the rotating framel-?

Equation 2.2 1 is used to detect the evolution of the sample magnetization components at any time
period during the NMR pulse seque nce.
As an example, one can easily identify the evolution of the sample magnetization during the
pulse sequence for the basic pulse-acquire experiment. The sample magnetization at equilibrium is
represented by the den sity operator Iz which experiences a (lCI 2), pulse. Equation 2.21 then gives

{J2

=exp (-i( lC12) 1,) t, exp (i (lCI 2) 1,) =cos(lCI2) 1: - si n(lCI2) t, = -1)'.

2.1.2 NMR Relaxation
Relaxation is the process by which the density operator (equation 2.14) returns to its equilibrium
value (equation 2.16) and the sample magnetization (given by equation 2.13a, 2.13b, 2.13c) recov ers its equilibrium value along the direction of the applied magnetic field in the absence of an RF
pertur bation. In general, relaxation proce sses in NMR are cla ssified into two types: longitudinal
relaxation and tran sverse relax ation proce sses. 1.2
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2.1.2.1 Longitudinal T I Relaxation
Longitudinal relaxation is the proce ss dur ing which the longitud inal co mpo nent of the sample mag netization re-es tablishes its maximum value alon g the direction of the applied magnetic field. I A
nuclear spin inside the sample experiences both an external unif orm magnetic field B; and internal
oscillating local fields B,o(" One of the origin s of these local fields is the magnetic fields which are
created and associated with magnetic dipole moment s of nearb y nucle ar spins inside the sample.
Because of resonance . local fields that happen to be oscill atin g at clo se to the Larmor frequency
have a dispro portionately large effect in rotatin g a magneti c moment to new dire ction s ju st like
an applied resonance pulse.' In addition, the dire ction and the magnitude of these local fields at
nuclear sites change continuously due to the thermal motion of molecules. According to the Boltzmann distribution in equation 2.1, the popul ation of nucle ar spins in the lower energy state is higher
than in the higher energy state. The local fields will eith er rotate a given spin toward s or away from
the z-axis . However, the Bolt zmann distribution (equation 2. \) ensure s that the rotation toward s
the z-axis are more frequent than the rotation away from the z-axis. I Thu s, the magnetization is
driven to equilibrium by thermal motions .
The above termed mechani sm is often refer as " non-secularr contribution (i.e. arising from
local fields oscillating at frequencies clo se to the Larmor frequency) to transverse relaxation ; when
the longit udinal magnetization relaxe s back to equilibrium, so doe s the tran sver se magnetization.

2.1.2.2 Transverse Magnetization and T2 Relaxation

In equilibri um, there is a net longitudinal magn eti zation , which is practically undete ctable in comparison with the diamagnetic effect. NMR therefore typically involve s (~).. or (~ ))' pulse s which
rotate the nuclea r spins into the xy- plane. In the presence of uniform external magnetic field Bo ,
these spins prece ss in synchronization with the Larmor frequency and thu s the macroscopic transverse magne tiza tion also under goe s precessional rnotion .l -?
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Transverse relaxation is the process during which the transverse (x and y) components of the
sample magnetization (M, and My in equation 2.13b and equation 2.13c) decay to zero. I In
the presence of nearby nuclear spins. a nuclear spin will precess about the direction of the uniform magnetic field with a frequency which is proportional to the sum of both B; and the net
z-component of the local field Bz•loe I

w

where B; »

= - y( Bo + Bz•loe )

(2.22)

B z•loe but the amplitude of the local field and the z-component of the local field

Bz•loe vary at different nuclear spin locations in the sample. The nuclear spins will precess at

slightly different values of Larmor frequency. This causes a loss in synchronization. and results
in an irreversible decay in the macroscopic transverse magnetization. This mechanism is often
called "sec ularTcontribution to transverse relaxation that arises from the z-component of local
fields varying from one spin to spin. In NMR. the peak width is directly proportional to transverse relaxation rate. Therefore. losing synchronization due to secular contribution caused a peak
broadening that is called homogeneous broadening. However. another broadening in a NMR peak
might be caused due to the existence of an inhomogeneous magnetic field. This peak broadening
is called inhomogeneous broadening. I
Both the longitudinal T 1 relaxation time and the transverse T z relaxation time are related to a
fundamental molecular rotational correlation time r.. In all cases T jfrns - s)

~ Tz(ms -

s) » >

Tc(pS - ns). We discuss the relationship of the relaxation times (or rates) to the molecular mechanism in section 2.1.2.3.

2.1.2.3 Relaxation Mechanisms, the Correlation Function, and Spectral Density
There are three dominant relaxation mechanisms in spin- I/Z nuclei. They are: I.Z
• Dipole-dipole relaxation. This is attributed to the creation of local fields at nuclear spin sites
24

due to the direct dipole-dipole interaction between the nuclear spins.
• Chemical shift anisotropy relaxation. This is attributed to the cre ation of local fields at
the nuclear spin sites due to the presence of a non- spheri cal distribution of electron clouds
around the nuclear spin s. Thus , in the presence of the extern al static NMR magnetic field Bs,
an induced electrical current (in the electronic cloud s) is cre ated which itself create s local
fields at the nuclear spin sites (tran sver se and longitudinal local field components).

• Relaxation due to paramagnetic impurities. This is attributed to the creation of local fields at
the nuclear spin sites from the unpaired electron s in a dissolved impurity such as O 2 •

In all cases, the mechani sm generates local fields which then fluctuate due to molecular motions. The rotational diffusional motions of molecules are in the frequency range between 107 and
10 10 Hz, which spans the range of the typical Larmor frequency . I This is an indication that molecular rotatio nal diffusion is the most effective molecular motion in the relaxation process. In order to
identify and characterize the random molecular rotational diffusion quantitatively, a mathematical
function ca lled the correlation function G(r) is used to identify how rapidly the oscillating local
magne tic field is fluctuating with time :

G(r)

=~

L

B/oc.i(t)B/oc,;(t + r )

= B/oc(t)B/ oc(t + r)

(2.23)

Equa tion 2.23 repre sents the ensemble average over all nuclear spin s in the sample volume . For
rotationa l diffusion in a simple viscou s solvent this correlation function exhibits a simple exponential decay G(r)

= B7,,/t) exp (- Ir l/ r,.). r, is the correlation time of the molecular motion and can be
= 4ml(RII )3/ (3KBT). 3 The molecular rotational diffusion is

related to the solve nt viscosity 11,: r c

attributed to the colli sion s of a molecule with other nearb y molecules in the solution such that with
the passage of time and after few colli sions, the molecule shows a non-steady rotational motion
associated with a cha nge in the orientation of the molecule.
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In order to be able to quantify the frequency of molecular rotation al diffusion which dominates
the relaxa tion proce ss, another function called the spectral den sity j ew ) is defined as the Fourier
transform of the correlation function G(T) (equation 2.23 )
jew)

= 2fOO G(T)exp(-iwT) = B2, . ( t)~2 '
o

oc

I + (WTc )

(2.24)

Based on equation 2.24. we define the normalized spectral den sity function at the Larmor
frequency,: J (w o)

= Tc/(l

+ (W"Tc)2).

J (w ,,) is maximum at Tc

=

I /w ". Local fields are most

effective at causing relaxation if they are oscillating at frequency clo se to the Larmor frequency. A
maximum in the value of J (w o) thus result s in a maximum in the relaxation rate as well.

2.1.2.4 Direct Dipole-Dipole Coupling
For spin- 1/2 nuclei. the dominant relaxation mechanism is dipole-dipole coupling.' The nuclear
spin has a magnetic dipole moment which create s a local magnetic field that directly affects another
nearby nuclear spin. The dipole-dipole interaction U DD mainl y depend s on the distance, between
the two nuclear spins and the angle

(I

between the vector joining the two nuclear spins and the

external uniform magnetic field B}
2
U DD ex (3 cos (I - I)

,3

(2.25)

According to this relaxation mechani sm the characteristic time T 1 (or the associated relaxation rate

*

I IT)) assoc iated with the relaxation proce ss of the longitudinal magnetization is given by2

= ~/i(J(W,, ) + 4J (2w ,,))

(2.26)

while the characteristic time T 2 (or the associated relaxation rate I IT2 ) associated with the relaxation process of the tran sverse magneti zation is given by:2

(2.27)
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In equations 2.26 and 2.27, J(w,,) is the normalized spectral densit y defined in equation 2.24,
and b = (- J1j 1y2) / (41fr 1 ) . For proton NMR with r=5
value of b2 ~ 2x I0 4

S- 2.

A and

y = 2.674 x10 8 rad/s.T, the typical

One can get an estimate of correlation time that is independent of b 2 by

ca lculating the ratio of T] /T 2 , which is independent of b2 .
In our study, the relaxation measurements for T] and T 2 were performed for the polymer species
in a polymer (polyethylene oxide)-surfactant (sodium dodecyl sulfate) system (chapter 4), the surfactant spec ies in a wormlike micellar system (chapter 5, lysozyme in lysozyme-buffer system
(chapter 6), and the peptide and surfactant specie s in an antimicrobial peptide-surfactant (sodium
dodecyl sulfate) sy stem (chapter 7).

2.1.2.5

Two-Step Relaxation

We have mentioned in previous sections that the fluctuations in the local magnetic fields at the nuclear spin sites, which are created from direct dipole-dipole interactions, give rise to the dominant
relaxation mechanism in spin-I/2 nuclei systems.
In a solution which includes surfactant aggregates or polymer/surfactant complexes, the mech anism of relaxation is explained according to the two-step relaxation model.r" According to this
model, the fluctuations in the local magneti c fields at nuclear spin sites arise from vibrational
motions in a rapid motion regime on the 10- 12 s time scale , of hydrocarbon chains and torsional
motion of molecules in the hydrophobic core of a micelle or aggregate, and a slow motion regime
in the 10-9s time scale arising from the tumbling motion of a micelle or aggregate." Based on this
model, the dependence of the spin-lattice relaxation rate I/T] on the normalized spectral den sity
J (w ) which is shown in equation 2.26 , is modified to include the contribution of the normalized

spectra l densitie s from both the fast motion regime J fast(W) and the slow motion regime JsJow(w) ,
J(w)

= aJ sJow(w ) + (I

- a)Jf ast(W)

(2.28)

where a and ( I-a) are the fractions that quantify the relative contribution of slow and fast mo27

tions respectively. In such circumstances, extracting a single rotational correlation time from the
relaxation measurements is not usually feasible .

2.1.3 Coherence Order and Phase Cycling
The coherence order is a number that identifies the new phase shift of an operator S that experiences
an evolution (rotation) by an angle <1> around the z-axis . Therefore , the coherence order is a mathematical tool that is used to describe what happens to an operator (particular state) that undergoes
a z-rotation through an angle <1>.' Mathematically, the coherence order is defined by the symbol P,

,

<I>i.

,

while the z-rotation through angle <1> of an operator S is given as: SP ~ exp( -i P <1» SP.
As an example, the raising operator is a combination of two operator s t, and

t..so t, = I, + i t;

,

<I>i.

,

If the raising operator goes through a z-rotation by angle <1>, then as a result: 1+ ~ exp(-i <1» 1+.
This indicates that the operator acquires a phase of -<1> and has + I coherence order. Similarly,

t. has - I coherence order, while

t, has zero

coherence order. Also , this formalism is used in

section 2.1.5.2 to determine the evolution (equation 2.30) of the sample magnetization during the
spin echo pulse sequence (figure 2.8).'
Consider a particular state, an operator that experiences a change in the coherence order from
PI to P2 due to the application of an RF-pulse that has f1<1> phase shift. The phase shift acquired by

the coherence due to this proce ss is -f1<1> x Sp where Sp

= P2- P: is called the coherence

pathway

(CPW). Therefore, in order to select a particular pathway in an NMR experiment, the phase shift
of the receiver coil must be tuned to match the phase shift acquired by the coherence pathway. I
As an example of this, if we assume that the phase shift of an RF-pulse changes in four steps
as 0

-x

~

~

(n I 2) ~ 2 (nI2) ~ 3 (nI2) (in more geometric notation , this is written as x ~ y ~

- y). Then the evolution in the phase shift acquired by a coherence pathway f1p due to an

application of the RF-pul se is given as: 0

~ - (n I 2)

x f1p

~

-2 (nI2) f1p

~

-3 (nI2) Sp .

Therefore, in order to select this pathway, the phase shift of the receiver coil <1>r must be tuned
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to match the acquired phase shift values of the coherence during the evolution process . If the
evolution of the phase shift matches the receiver phase in each step, then the signals in each step
will co-add . In order to reject a particular pathway, one must have cancellation, for example,
between pairs of steps. This process is called phase cycling . The phase cycles are presented in the
captions for the different NMR techniques in section 2.1.5.
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Figure 2.2: Coherence pathway of a) a one dimensional NMR b) an inversion recovery and c) a
spin echo pulse sequence.

Figure 2.2 shows the coherence pathway of a one dimensional NMR (often called the zg or
" zero go " ), an inversion recovery, and a spin echo pulse sequence respectively. The phase cycle
(table 2.1) of a one dimensional pulse sequence of the coherence pathway t1p=-1 is <I>=x,-x,-x,x,y,29

y,_y,y, <D(receiver)=x,-x,-x,x,y,-y ,-y,y. This phase cycle rejects other cohere nce pathways such as
~p=+2,-2 , and O.

Consider table 2.1 for an example of phase cycling that select s the

~p=-I

coherence transfer

pathway. Comparison of column 4 (for

~p=-I

pathway) with column 7 shows that each step co-

adds, while comparison of column 6 (for

~p=-2

pathway) with column 7 shows that alternate steps

(e.g., I and 2) will have exactly opposite sign and give zero signal when added . The first 4 steps
of the 8-step phase cycle in table 2.1 are identical to the last 4 steps. The 8-step (instead of 4-step)
phase cycle is used to average over possible in-plane (x-y) asymmetries in the receiver hardware.
Table 2.1: Phase cycling that selects for the coherence pathway with
4

2

3

step

~<D

-~<D

!':..p = -1

!':..p =-1

~p

J

0

0

0

0

0

O=x

2

2rr/ 2

2rr/2

2rr/2

4rr/2

0

2rr/2 =-x

3

2rr/2

2rr/2

2rr/2

4rr/2

0

2rr/2 =-x

4

0

0

0

0

0

O=x

5

rr/2

rr/2

rr/2

2rr/2

2rr/2

rr/2 =y

6

3rr/ 2

3rr/2

3rr/2

6rr/2

2rr/2

3rr/2 =-y

7

3rr/ 2

3rr/2

3rr/2

6rr/2

2rr/2

3rr/2 =-y

8

rr/2

rr/2

rr/2

2rr/2

2rr/ 2

rr/2 =y

x

~p

equiv(-~<D

5

~p= -I.

J

x

~p)

6

-~<D

x Sp

=-2

7

equiv(-~<D
~p

x !':..p)

<D receil ,,"

=-2

2.1.4 NMR Instrumentation
In this section, a brief outline of NMR instrumentation is provided. The NMR spectrometer consists of several elemenrs.l-v" A few important elements are discussed below .
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I . A primary component in NMR is the superconducting magnet. The superconducting magnet consists of a solenoid of wire (i.e. coil) made of a material that is superconducting (e.g
a niobium and tin alloy) at liquid helium temperature so that a current flows without any
resistance . This cable of wire is shielded by a cylindrical tank of liquid helium at a temperatur e 4 K which itself is shielded by another cylindrical tank of liquid nitrogen at 77 K.
The cy lindrical tank of liquid nitrogen is also surrounded by an evacuated cylindrical tank
to reduce heat transfer and heat exchange. Other coil s called shimming coils are located at
the bottom of the magnet and they are used to produce a homogeneous magnetic field at the
sample location .
2. The probe is the interface between the NMR spectrometer and the sample. It is used to produce radio-frequency excitations within the sample and to receive the sample signal as well.
So the probe includes two main electronic parts of the NMR spectrometer: the transmitter
circuit and the receiver circuit. Also the probe hold s a coil (figure 2.3) wrapped close to the
sample to enhance the sensitivity of the receiving and excitation process, which is connected
to a tuning and matching capacitors. In the tuning proces s, we change the capacitance of
the tuning capacitor which causes a change in the resonance frequency of the tuning circuit
(i.e. coil-tuning capacitor circuit) to match synthesizer frequency. The matching capacitor
allows you to match the impedance of the resonant circuit to the impedance of the transmission line that it is attached to. In addition, the probe includes field gradient coils that
are used to create an inhomogeneous magnetic field (field gradient) in order to measure the
diffusio n coefficient value s of different molecular species in a sample. The field gradients
can be along one axis as in the diffusion probe (Diff 30, l-axis gradient) or along three axe s
as in the Micro-5 imaging (3-axis gradient) probe .
3. The transmitter circuit (figure 2.4 ) is mainly used to produce the radio-frequency (RF) pulse .
The mai n part of this circuit is the synthesizer which is used to produce low power level
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receiver
coil

Figure 2.3: Schematic diagram of the receiver coil, the tunning capacitor, and the matching capacitor.
(few mW) RF-pulses . In order to control the time of the pulse , the synthesizer is connected
to a gate, attenuator and high-power amplifier, all of which are computer controlled. The
attenuator is used to reduce the power level to create soft RF pulses and the high-power
amplifier is used to to increase the power level for the RF pulse to create hard pulses .
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Figure 2.4: Schematic diagram of the transmitter circuit.

In addition, the transmitter circuit can change the orientation of the RF-pulse in the xyplane by changing the phase shift of the magnetic field BRF associated with the RF-pul se.

In the laboratory frame, we know from equation 2.5, the RF pulse is given in terms of the
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resonance component of the RF-pul se

S;; ~ fiif! = !¥ (COS(WRf"t + ¢p)i + sin(wRf"t + ¢ p)]).

Having ¢ p = 0, in the rotating frame BRF acts as a statio nary magneti c field which is oriented
along the x-axis (i.e. at t

= 0, S;; ~ !¥i) since the xy-plane rotate s at the same

frequency as

the frequency of RF-pulse. Changing the pha se shift of the RF-pul se in the laboratory frame
~

from zero to n /2, BRF acts as a statio nary magnetic field which is oriented along the y-axi s
in the rotating frame (i.e. at t

= 0, S;; ~ !¥]).

4. The receiver coil is used to detect small amplitude sample magnetization (i.e. the NMR
sig nal) which is amplified using a high performance pre-amplifier (HPPR). The HPPR is
co nnec ted to the bottom of the probe by a short cable and it is located close to the bottom of
the probe to minimize any attenuation or loss in the signal due to the transmission through
the cable. The receiver and the tran smitter circuits are connected to a diode called a duplexer.

It is used to switch off and on the receiver and the transmitter circuits.
5. A varia ble temperature unit is used to increase, decrease , and control the temperature of the
samp le.
6. The " loc king " system is respon sible for preserving the stability of the magnetic field during the experiment. For example, a typical experiment in this work will involve detectable
spin- 1/2 proton s in a deuterated so lvent (so it includes man y 2 H nuclei as well). The ratio of
proton to deuterium Larmor frequencies is given by ~ ~ 6.5. The locking system detects
the sig nal of the deuterium nuclei in deuterated solve nt. If the Larmor frequency of deuter ium signal changes, (e.g. due to a drift in the B,,) a special current carrying coil at the base
of the magnet creates a current to adjust the value of the external magnetic field BO" Since
one should average over many sca ns in NMR , it is the best that all scans to be carried out at
the same Larmor frequency.
7. The quadrature receiver (figure 2.5 ) is used to detect the x and y-components of the tran s33

verse magnetization. The x and y-components of the tran sverse magnetization are proportional to the x and y-components of the time domain NMR signal that is presented in a
complex form : S(t ) = S -' + i S y. In order to detect both components of the time domain signal separately, the NMR signal with frequency Wo is manipul ated in a mixer by multiplying
it with the signal from the receiver reference with a frequency

Wrcf .

The receiver reference

signal is split into two different path s, at two separate mixer s. that have n/2 difference in the
phase shift. The output signals (manipulated NMR signals) from the mixers are a combination of two signals at frequencie s Wo + Wref and Wo -

W rcf '

low-pass filters which retain s the low-frequency (wo -

The se output signals pass through

W ref )

components that represent the

x and y-components of the NMR signal. Despite the fact that both the x and y-components
of the tran sverse magnetization are detected. p=-I is the only observable coherence after the
above mentioned manipulating proces s for the signal. The low-frequency components of the
NMR signal can be received by the analogue-to-digital converter (ADC) that converts the
analogue NMR signal to a digital signal which can be stored in the computer.

i eal part ef
tirne domain

imaginal:"

part of rime
domain

Figure 2.5: Schematic diagram of the quadrature receiver circuit.

In my work. one dimen sional spectra, relaxation mea surements, and diffusion measurements
were obtained on a Bruker Avance II spectrometer with either a diffusion probe (Diff30. I-axi s
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gradient) with maximum field gradient (1800 G/cm), a Micro -5 imaging (3-axis gradient) with
maximum field gradient (200 G/cm), or a high resolution (TXI) probe with maximum field gradient
(50 G/ cm ). In pulsed-field gradient NMR experiments (section 2.1.5.3), it is necessary to create
pulsed gradients in the static magnetic field. For this 14 T spectrometer, the proton

IH

resonance

frequen cy ""600 MHz and the deuterium 2H resonance frequency e 92 MHz . Note that the gradient
strengths in the Diff30 probe and the Micro-S imaging probe are much higher than those in a
standard liquid probes such as Bruker high resolution (TXI) probe.

2.1.5 NMR Techniques
Three main techniques have been used to measure three physical quantities: the longitudinal relaxation time T 1, the transverse relaxation time T 2 , and diffusion coefficient D of different species
in the solution.

2.1.5.1 Inversion Recovery Technique
Thi s technique is used to measure the longitudinal relaxation time T 1 associated with different
chemi cal groups inside a sample. The pulse sequence, figure 2.6 , includes two successive pulses,
(zr), and (~ )x pulses with a delay time

T

between both pulses. "

The first (Jr)x inverts the magnetization of the sample, which is initially at equilibrium, from
the +z -ax is to the -z-axis. As soon as (zr); is turned off, the magnetization vector starts to relax
back to its previous orientation along the z-axis during the delay time. No signal can be detected
by the NMR device because there is no available magnetization component in the xy-plane. Then,
the sample is exposed to a ( ~)x pulse which is responsible for creating a transverse magnetization
in the xy-plane which can be detected by the receiver coil and recorded as a peak with specific
intensity and polarity.
The pul se sequence is repeated at different values of delay time
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T.

The intensity of the signal

~
(nh.(l)

(n/2h.(2)

Figure 2.6: Inver sion recovery pulse sequence. The phase cycle is: cI>( 1)= x, -x, x, -x, x, -x, x, -x ;
<1>(2)= x, x, -x, -x, y, y, -y, -y; cI>(receiver)= x, x, -x, -x, y, y, -y, -yo cI>(I)and cI>(2) are the phase
shifts of the first and second pulses in the pulse sequence respectively.

measured is proportional to the magnitude of the sample longitudinal magnetization Mz(T) in the
time T after the (zr), pulse, "
(2.29)
where M" is the magnitude of sample magnetization at equilibrium and T, is the longitudinal
relaxation time . Based on equation 2.29, turning on the (n/2)", pulse immediately after turning off
the (zr), pulse (i.e. T = 0) would give magnetization amplitude with a negative polarity -M" that is
detected by the NMR receiver coil. On the other hand, turning on the (rr/ 2), pulse at large value of
T (i.e. T = 00) after turning off the (rr)",would give magnetization amplitude with a positive polarity

+M" .
Figure 2.7a shows the variation in the intensity (i.e . the longitudinal magnetization Mz(T» of
the PEa peak as a function of delay time T, while figure 2.7b shows the variation in the intensity (i.e. the transverse magnetization MiT)) of the PEa peak as a function of delay time for
PEO (0.5 % w /v)/SDS(20 mM)/D 20 . According to equation 2.29 , the longitudinal relaxation time
T I is defined as the value of delay time at which the longitudinal sample magnetization recovers to
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PEO(0.5% wlv )/SOS(20 mM)/O,o
fit
T,(PEO)" 0.67(2) 5

4

6
t (5 )

(a)

PEO(0.5% wlv)/SOS(20mM)/O zO
fit
Tz(PEO)" 0.23(1) 5
~o 0.6

:t

0.4

O .O -t,-----,----.------,---.-~

0.0

0.4

0.6

r Is]
(b)

Figure 2.7: (a) The variation in the inten sity (i.e. the longitudinal magnetization Mz(T» of the PEO
peak vers us a de lay time

T

and (b) the variation in the inten sity (i.e. the tra nsverse mag netiza tion

My(T» of the PEO peak versu s a dela y time for PEO (O.5% w/v) / SDS(20 mM) /D zO sa mp le at
T=298 K
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""0.26 of its equilibrium magnetization value Mo.

2.1.5.2 Spin Echo Technique
The spin echo is very useful. It is used to measure the transverse relaxation time T 2 .9 A modified
spin echo is also used to measure translational diffusion (section 2.1.5.3). The pulse sequence
(figure 2.8) includes two successive pulses,

(~) x

and (JrL pulse with a delay time

T

between these

two pulses and same period of delay time between (JrL and the signal acquisition.

I

T

T

Figure 2.8: Spin echo pulse sequence. The phase cycle is: <D(\)= x, x, -x, -x, y, y, -y, -y; <D(2)=y,
-y, y, -y, x, -x, x, -x; <D(receiver)= x, x, -x, -x, y, y, -y, -yo <D(\) and <D(2)are the phase shifts of the
first and second pulses in the pulse sequence respectively.

The evolution of the sample magnetization (neglecting relaxation and assuming no field inhomogen eit y) during the spin echo pulse sequence (e .g figure 2.8) is given as follows :'

t, ~ -t, ~ -COS(DT)I

y

+ sin(DT)ix

~-

COS(DT)Iv - sin(DT)ix

~ -I;

(2.30)

As shown in equation 2.30, the first (~)x pulse disturbs the equilibrium magnetization and
creates a tran sverse magnetization along the y-axis. After turning off the (~)x pulse and during the
first delay time

T

between ( ~L and (Jr)x pulses, the nuclear spins start precessing slightly at different
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frequencie s (eq uation 2.22) such that some nuclear spins preces s faster than the Larmor frequency
while some others precess slower than the Larmor frequency (i.e. with values of

n greater and less

than zero in the rotating frame reference).
In discussing transverse relaxation, we introduced the idea that the transverse magnetization
deca ys to zero due to loss in synchronization (secular contribution) of precessional motions of
nuclei due to local field variations (caused by molecular motions). Such a decay in transverse
magnetization is irreversible. However in the presence of non-random local field variations (such
as a stray field gradient or an applied field gradient) the loss in transverse magnetization is at least
partially reversible. The next (zr); inverts the orientation of individual nuclear spins to the opposite
side in the xy plane. At the end of a second evolution period time

T,

the dephasing in the transverse

component of the sample magnetization due to the existence of inhomogeneous magnetic field is
exactl y reversed and results in a " spin echo " .
The pulse seq uence is repeated at different values of delay time

T

in order to detect the time

depend ence of peaks intensities which is proportional to sample tran sverse magnetization M y (T):9

M y(T)

-2T)
= My(O)exp (~

(2.31)

where My(O) is the magnitude of the transverse magneti zation right after turning off (~ ). pulse .
Accord ing to equation 2.31, the tran sver se relaxation time T z iS,defined as the value of delay
time at which the transverse component of sample magnetization decays to ~ 0.37 of its maximum
value My{O).
In our ex periments, separate experiments were carried out at different
two dimensional "experiment, the second dimension is
experiment with multiple

If

T.

pul ses and an acquire after each

Purcell- Meiboom-Gill (CPMG) pul se sequence.
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T

values . In this "quasi-

T: can also be measured in a single
If

pulse , this is known as the Carr-

2.1.5.3 Pulsed-Field Gradient (PFG) Spin Echo
Translationa l self diffusion of a molecule in a liquid is a random walk in a sequence of steps or
hops of a molecule in the absence of concentration gradient. Th ese molecul ar steps are attributed
to the random thermal colli sions with other mole cule s in the liquid such that over a sequence of
molecular steps the net force impacting the molecule is zero due to symmetry. Yet at each time step
collisions on an individual molecule are asymmetric .!" Thi s drive s the mole cule to move randomly
under the influence of fluctuating force s.
There are two widel y used techniques that empl oy pul sed magnetic field gradients. Magnet ic
resonance imag ing (MRI) has been utilized vastly as a nondestructive and direct technique to study
the structure of material s in indu strial and medical fields, and diffusometry has been used as an
effective tool to investigate the dynamic s and anal yze the diffusion of water molecules in porous
materials. Diffusometr y repre sent s an indirect technique that is used to explore the effect of the
walls of a restricted geometry (pores) on the flow and dynamic s of water molecules. This provid es
quantitative information about the pore- size. I I
Pulsed-fie ld gradient (PFG) nuclear magneti c resonance is one of the techniques used to measure the translational diffusion coefficient s of different molecular species inside a liquid . The
sample is exposed to both strong uniform magnetic field B; along the z-direction and a pulsed
field gradie nt gz

= dB o/dz

along the direction of the uniform magneti c field which modifie s the

precession frequency ca,of a nucle ar spin '?

co, = y Bo + yif.r

= y Bo + ygzZi(t)

I

(2.32)

where Zi(t) is the position of a nuclear spin i at time t and gz = dB o/d z.
As in the spin-echo pul se sequence, a

(~)x

pul se rotate s the sample magnetization from the z-

axis to the xy-plane." At the end of the first delay time period , the nuclear spin possesses a phase
shift «(,bi(r))1 due to the appl ication of a field gradient pul se of magnitude g and duration 0 at time
(I.

At the end of the first dela y time period , a (zr), pulse is applied which invert s the orientation
40

g

Figure 2.9: Hahn spin echo pulse sequence. The hashed pulses are radio-frequency electromagnetic pulses. The solid black pulses are magnetic field gradient pulses . The phase cycling is: <1>( 1)=
x, x, -X,

-X ,

y, y, -y, -y; <1>(2)= x, y, x, y, -y, -x, -y, -x; <1>(receiver)=x, -x, -x, x, y, -y, -y, y. <1>( I) and

<1>(2) are the phase shifts of the first and second RF-pulses in the pulse sequence, respectively.

of individu al nuclear spins to the opposite side of xy plane (i.e. rephasing the dispersion of the
individual nuclear spins which is attributed to nonhomogeneity in the applied uniform magnetic
field Bo ) . During the second delay time period at time tl + !:J. another field gradient pulse with the
same dur ation and magnitude is applied. Assuming that a nuclear spin moves from one position to
a new position along the z-axis during the time period !:J., then at the end of the PFG sequence the
nuclear spin posses a total pha se shift ¢; (2T)12

¢;(2T)
{

yB oT + yg

f z;(t )dt

11+6

}

{

-

yB oT + vs

II

rs {

f

11+£\+6

}

z;(t' )d t'

11+£\

Jz;(t )d t - J z;(t')dt'

l l +6

11+£\+6

II

11+£\

}

(2.33)

The first and the second integral terms in equation 2.33 represent the phase shift of the nuclear
spin (¢;(T»I and (¢;(T)h at the end of the first delay time and at the end of the second delay time
periods, respectively. In the ab sence of nuclear spin diffusion (i.e. when the net displacement of
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nuclear spin along the direction of field gradient pulse is equal to zero) the total pha se shift ¢>i(2T)
is equal to zero.
The sample contains a large number of nuclear spins which have different starting and finishing
positions and so they possess different values of pha se shifts . Th e res ulting signal attenuation at
the end of the pul se sequence is S (2T): 12
S (2T)

tI

= S (2T)II=O

PC¢>, 2T) eXP(i¢»d¢>}

(2.34 )

where S (2T)II=O is the signal intensity in the absence of field gradient pul ses, and P(¢>,2T) is the
phase distribution function, which is a Gaussian function with respect to ¢> because the molecular
self-diffusio n is a random varying quantity,

P

2
(¢>, T)

I

= 2Jr «(¢>(2T) 2) exp

( -(¢>(2T))2 )

(2.35)

2 «(¢>(2T) 2)

Therefore, equation 2.34 can be written in terms of PC¢>, 2T)

S (2T)

= S (2T)II=oexp

[

- ( (¢>(2T» 2) )
--2--

(2.36)

In order to be able to derive the signal attenuation function S (2T) in equation 2.36, we need to
evaluate ((¢>(2T))2). Let us assume (fo llowing Callaghan ':') a one dimensional displacement Z of
a nuclear spin during the time period of a field gradient includes con secutive steps . The average
displacement between any two succe ssive steps is A and the average time is

Tp

Based on that , the

average displa cement of a nuclear spin after n hops is given as

Z(t)

where a,

= Z(nT s ) =

= + I or - I indicates the diffusion

t

Aa;

(2.37)

of a nuclear spin along or in the opposite direction of

the field gra dient respectively. Using equation 2.37, we evaluate the one-dimensional mean square
displacement
(2.38)
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where D is the self-diffusion of a nuclear spin.
Using equation 2.38, one can show that the mean-square value of the accumulative phase shift

( ¢J(2T))Z) in the pulsed-field gradient spin echo is given as follow s

(2.39)
By substituting equation 2.39 into equation 2.36, we evaluate the attenuation in the signal intensity

S(2T)

S(2T)II=oexp(-lgZD6Z(~- ~»)
S (0) exp ( -}ZT)exp ( _y ZgZD6z(~ -

~»)

(2.40)

where S (0) is the intensity of the signal in the absence of attenuation due to transverse relaxation
and due to diffusion of nuclear spins.

2.1.5.4

Pulsed Field Gradient Stimulated Echo (PFG-STE)

This pulse sequence is preferable to measure the diffusion coefficients of molecules which have
long longitudinal relaxation time T 1 compared to their transverse relaxation time T z ;T 1 »
The pulse sequence (figure 2.10) includes three successive
the first two

(~ )x

(~) x

pulses, delay time

pulses and same period of delay between the third

acquisition, delay time TZ between the second and third

(~)x

(~L

T]

T z. 14

between

pulse and the signal

pulses and two field gradient pulses

each with duration 6 and magnitude g inserted separately in the first and last TI periods."
The signal is subjected to attenuation due to diffusion, Tz relaxation during TI periods and T 1
relaxation during TZ period : 14
S(g)

S(O)
(-2T
= TexP
T;I) exp (-TZ)
-:r: exp (-yzg ZD6z(~- '3)6 )

(2.4 1)

The main advantages of using PFG-STE are summarized as follow s: 14
I. The longer part of diffusion time ~ is included in TZ period during which the magnetization
is subjec ted to the T 1 relaxation with longitudinal relaxation time T 1 which is commonly
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Figure 2. 10: Pulsed field gradient stimulated echo pulse sequence. The phase cycle is: <1>( 1)= x, x,
x, x, -x, -x, -x, -x, y, y, y, y, -y, -y, -y, -y; <1>(2)= y, -y, x, -x; <1>(3)= y, -y, x, -x; <1>(receiver)= x, x, -x,
-x, -x, -x, x, x, -y, -y, y, y, y, y, -y, -yo <1>( I), <1>(2), and <1>(3) are the phase sh ifts of the first, second ,
and third RF-pulses in the pul se sequence respectively.

longer than T 2 for macromolecules in solution. So there is more opportunity to increase the
value of A in order to mea sure more accurately the diffusion coefficient of macromolecules.
2. The attenuation due to T 2 rela xation in PFG-STE is smaller than the attenuation due to

T 2 relaxa tion in Hahn- spin echo PFG since the period durin g which the magnetization is
subjected to T 2 rela xation in PFG-STE is smaller than that in Hahn -spin echo PFG .
3. We are able to incre ase

T)

period s in order to minimize the effects of eddy current s which

are assoc iated with the field gradient pulses.

2.2 Rheology
Rheology is a branch of science which is directed at investigating the mechanical respon se of matter to an external stress or strain . Matter is classified based on its mechanical respon se into simple
liquids, simple solids, and complex fluids. While simple fluids exhibit s viscou s flow as a me-
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chanical response to an applied stress and simple solids shows ela stic instantaneous deformation,
complex fluids have been found to exhibit remarkable viscoelastic behavior that combines both
viscous and elastic response intermediate between simple liquid s and simple solids. IS
Viscoelastic behavior is seen in many materials such as polymer solutions, gels, micellar solutions, and colloidal suspensions used in cosmetics, detergents, inks, lubricants, paints, food, and
pharmaceuticals. Moreover, complex fluids include biomaterials such as blood as well as personal
care products used in daily life such as shampoo and toothpaste .
Silly putty is a good example of a complex fluid." It exhibits viscoelastic behavior at different
time scales. If silly putty experiences a stress on a slow time scale, it flows in a similar way as
simple liquids, while if it experiences a stress on a short time scale, by rolling it up into a ball and
drop it on the ground, it behaves like a simple elastic solid. In rheology, the scaling parameter that
separates the liquid-like behavior from the solid-like behavior of viscoelastic materials, is called
the Deborah number De. It is the ratio of the material relaxation time

T,

that separates the liquid-

like behavior from the solid-like behavior , to the time T of the applied stress or strain, De = TIT.
Therefore. high Deborah number indicates solid-like behavior while low Deborah number indicates
liquid-like behavior."

2.2.1 Rheometer
A rheometer is a laboratory device which is used to study the

mech ~nical

response of fluids to a

stress or strain." Our rheological measurements have been carried out on an Anton Paar Physic a
MeR 30 I rheometer, where the cone-plate measuring system (figure 2.11) has been used to extract
the stress relaxation measurements, flow curves , and oscillatory shear curves (i.e. dynamic curves).
0

The cone-plate geometry used in this Thesis is of R = 50 mm diameter and 0 = 0.5 cone angle.
The main advantage of using cone-plate geometry is that we only need to use a small sample
amount in order to run our experiments. Also, the shear rate is homogeneous and it remains
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constant throughout the sample."
For this kind of rheometer, the cone is rotating with respect to a stationary plate . In a stress
driven experiment, applying a torque M generates an angular displacement <D that can be measured
where

'I = ~ , while

in a strain driven experiment applying an angular displacement <D generates

a torque M that can be measured where

(T

= ~. The rotational

motion of the cone is resisted by

a " torsion bar " which represents an elastic piece of metal that stores more mechanical energy as it
is twisted. Therefore, the degree of torsion is an indicator for the shear stress , while the rotational
speed of the cone and its dimension (i.e. the gap width) is an indicator for the shear rate

'1. 17

Figure 2.1 I : Cone-and-plate measuring system

2.2.2 Flow Curves
The viscous flow of simple liquids is characterized by the viscosity n while the elastic response of
simple solids is characterized by the shear modulu s G which reflects the energy stored .l'v" These
two parameters can be measured in a complex fluid by either applying steady or oscillatory stress
or strain using the rheometer . Applying a stress on a simple liquid will produce a time-dependent
strain which is equivalent to a constant value of strain rate in Newtonian liquids . Therefore, in
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Newtonian liquids, the shear stress

(T

is linearly proportional to the strain rate

y
(2.42)

such that the liquid viscosity represents the proportionality constant. On the other hand, simple
solids respon se to a constant applied stress

by producing a shear strain y which is linearly pro-

0

portional to the applied stress
0=

Gy,

(2.43)

in the case of Hookean solids , such that the shear modulus G represents the linearity constant.
The viscosity of complex fluids is not constant but it is a shear rate-dependent parameter. As
an example , the viscosity of paint or yogurt decreases as the shear rate increases . 10. 18 Complex
fluids that exhibit this behavior are called shear thinning materials. On the other hand, the viscosity of whipped cream increases as the shear rate increa ses. Thi s is knows as shear thickening.
While some complex fluids undergo irreversible deformations under an applied shear stress (large
stresses) which is known as plastic behavior, other complex fluids called Bingham fluids require
a threshold yield stress in order to flow and exhibit linear shear stress/shear strain relationship.
Example s of Bingham fluids are toothpaste, mayonnaise, and mustard.

2.2.3

Oscillatory Shear

Mechanical models are used in order to simplify our under standing of complex fluids viscoelastic
behavior. 18 In these models, the viscous behavior is repre sented by a dashpot that include s a
piston inside a cylinder filled with a liquid. A force F on the dashpot causes the piston to move
with a speed V=dX pist/dt that is proportional to the applied force (F=llV). 11is the liquid viscosity
inside the cylinder and X piSI is the piston displacement. This equation is quite similar to that
of a Newtonian liquid where the shear stress

(T

is linearly proportional to the shear strain rate

(equation 2.42) .
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y

On the other hand, the elastic behavior of a complex fluid is represented by spring which has a
spring constant G. 18 An applied force F cau ses a displacement Xsp in the spring that is proportional
to F (Xsp=F/G). Thi s equation is analogou s to the equation for Hookean solids where the shear
stress is linearly proportional to the shear strain y (equation 2.43).

Figure 2.12: A spring and a dashpot connected in series. Maxwell model.

The Maxwell model is a mechanical model that include s a spring and dashpot connected in
series (figure 2.12). If a displacement is imposed on the top end of the system in figure 2.12, this
causes stretching of the spring." The piston in the dashpot will be pulled out slowly since the
viscous liqu id in the cylinder resists the movement. Therefore . the total displacement X of this
model is a combination of the displacement in the spring X sp and the displacement in the piston
XpiSI ' Based on that,
dX
ax; dX l'isl F F
- = - + - =-+-.
dt
dt
dt
G 11
Equation 2.44 can be written in term s of shear strain rate

.
0 0
Y = - +- .

G

11

(2.44)

y • shear stress o, and shear stress rate 0

(2.45)

In practice. the mechanical respon se of viscoelastic fluids to an oscillator y shear strain y =

Yo sin(wt) can be explored using a rheometer, where Yo is the amplitude of the shear strain. If this
is substituted in equation 2.45, a first order linear differential equation is obtained . Based on that.
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the resulting shear stress

0=

'Y" (d sin(wt) + a' cos(wt))

(2,46)

includes two components, in phase and out of phase with respect to the applied oscillatory strain.
Here G' and G" are called the storage and loss modulus respectivel y
(2,47a)

G"

= G" I +~:T)2

(2,47b)

The storage modulus G' reflects the deformation energy stored in a test sample under an applied
stress. As soon as the applied stress is removed, the stored energy is used to reform the structure
of the sample partially or completely. On the other hand , the loss modulus G" reflects the deformation energy dissipated to change the structure (flowing of a test sample) of a test sample under
the applied stress. A Maxwellian viscoelastic material will thus behave more solid-like at high
frequencies (G' »G" at high w) and more liquid-like at low frequencies (G" »G' at low w).
By eliminating WT from the expressions of the moduli in both equation 2,47a and equation 2,47b,
the loss modulu s G" can be presented and expre ssed in term s of the storage modulus G'

+ (~ _ ~)2 = (~)2 .
( ~)2
G"
G" 2
2

(2,48)

Equation 2,48 is valid for complex fluids which exhibit a single value of relaxation time. These
fluids are called Maxwellian fluids. Based on equation 2,48, we can see that for Maxwellian
fluids the functional behavior of G" /G" versus G' /G" (the so called Cole-Cole diagram) exhibits a
semicircle of radius ( 1/2). Thi s Cole-Cole diagram can be used to extract parameters such as the
shear modulus (Go) for a Maxwellian fluid.
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2.2.4 Stress Relaxation
The stress relaxation measurement is anoth er practi cal test that can be used to anal yze the timedependen t beha vior of different materi als.Iv" The tested material experie nces a shear strain y that
is held consta nt for a period of time (a step-strain). The mechanic al respon se of the material is then
detected by measuring the shear stres s otr) over the same period of time:
oCt)

= G(t)y.

(2.49)

Differen t material s exhibit different stress relaxation behavior. As an example , the Hookean
solid shows time-indepe ndent behavior for the stress relaxation (shows no stress relaxation), the
Newtonian liquid shows a quick relaxation that is too short to observe in rheology as soon as the
shear strai n held con stant, and viscoelasti c fluids exhibit relaxation over the entire time period in
ms-s time scales of the applied strain (figure 2.13 ).

(a)

(b)

Figure 2.13: (a) An applied shear strain y (b) the shear stress (T versus time in the time duration tl
to t2 for Hookean solid , viscoela stic fluid, and Newtonian liquid.

The stress relaxation function of viscoelastic fluids might be either an exponential decay with
a single relaxation time

(T

=

(T o

exp(- t / T)
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(2.50)

or a function with several relaxation times
N

(T =

~(Tk

exp(-t/Tk).

(2.51)

The wormlike micellar system that has been studied in detail s in chapter 5 is an example of a
viscoelastic fluid that exhibits a stress relaxation function with more than one relaxation time.
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Chapter 3
An Overview of Self-Assembly: Polymers,
Surfactants, and Proteins
Soft matter physics is a branch of science which represents a class of materials that are neither
simple liquids nor crystalline solids. These materials can be easily defor med under thermal fluctuations at room temperature. Soft materials are very common in our dai ly life and they have wide
applications.L? Materials composed of polymers and surfactants have applications which include
laxatives. lubricants. skin creams. cosmetics. and detergents . Proteins represent an essential component of the biological cell. Small-molecule liquid crystals. too. fall unde r the category of soft
materials. However. the systems we are discussing in this chapter are macro molecular systems
such as polymers. micelles. and proteins.

3.1

Polymers

A polymer is a giant molecule or macromolecule composed of many repeat units which are bonded
to each other via covalent bonds. Each single structural unit is called a monomer. Based on the type
of repeat unit or monomer. a polymer is classified as homopolymer or copolymer. A homopolymer
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is constructed from only one type of monomer while a copolymer 's struc ture include s two different
types of monomers or more .?
Polymer molecules are characterized using variou s physical and chemical parameters. Some
physical parameters are the degree of polymeri sation , the numb er averaged molecular weight,
the weight average molecul ar weight , and the polydispersity? The degree of polymeri sation is
the number of structural repeat unit s or monomers in a polymer chain. Unlike atom s, or smallmolecule synthesis, polymer synthesis never yields molecule s with identical degree of polymerization. The number average molecular weight
weight

M:: = I

N;M; /

I N;M; and

Ai;, = I N;M;/ I N;, the weight

the polydi sper sity index POI

average molecular

= M::/Ai;, are

used to charac-

terize a polymer solution or a polymer melt that consists of the same type of molecules but with
different chain lengths, where N; is the number of polymer chain s (molecules) of molecular weight

In addition , as a chemical parameter, the functionality of a monomer controls the number of
its chemical bond s with other monomers. If the functionality of each monomer in a polymer chain
is two then the polymer is con sidered to be a linear polymer (i.e. single chain polymer) while if
the functionality of each monomer is more than two then the pol ymer is classified as a branched
polymer.

3.1.1

The Hydrodynamic Radius and Brownian Motion

A common feature of all cla sses of molecules described in this chapter is that , in solution, they are
Brownian objects . The hydrodynamic radius RII is a parameter acce ssible to a variety of experimental techniques. Some techniques used are nuclear magnetic resonance (NMR), 3 dynamic light
scattering (DLS),4 and small angle X-ray (SAXS), and neutron scattering.S" The hydrodynamic
radius is used to characterize the size of any molecule or aggregate: polymer, protein , or micelle. It
is broadly defined as a radiu s of a sphere which diffuses in the same way as the suspended diffusive
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molecule in a bulk solution .
Con sider a suspended solute molecule in a bulk solution . Thi s molecule is exposed to random
collisions with solvent molecules due to thermal energy . Thi s creates a force which is fluctuating
as a function of time, which forces the suspended molecule to move randomly with the passage
of time. Thi s random motion is called Brownian motion. Since the molecule moves randomly
between the time steps then the mean displacement of the molecule is zero (i.e. (R(t»

= 0). while

the mean-squared displacement is 2, 7
(3 .1)

Einstein! and Sutherland? independently found that the diffusion coefficient can be related to
the Stoke s drag of the suspended particle , D = (K B T)/gStok es' For an isolated sphere !;St"k,.s

=

6Jr'7RII and

(3.2)
where D is the diffusion coefficient of the suspended molecule and '7 is the viscosity of the solution. Equation 3.2 is known as Stokes-Einstein-Sutherland relation . We see from equation 3.2
that the hydrodynamic radiu s R II is inversely proportional to the diffusion coefficient D of the suspended molecule. So we are able to estimate the size of a suspended particle in a solution by
measuring the diffusion coefficient of the molecule itself. A key challenge in a real solution is that
Stokes-Einstein-Sutherland equation is only truly valid at infinite dilution . Therefore, extracting
the hydrodynamic radii in solutions that are not in the dilute limit is not always straight forward.

3.1.2

Obstruction Effects and Hydrodynamic Corrections

In the dilute regime . the interactions between suspended particles are negligible. The only available interac tion is the interaction between suspended particles and the small size solvent molecules
which cause a motion of a suspended molecule in a random walk path. At higher concentrations,
57

the situation is more complicated. In these systems, the suspended macromolecules are in a regime
where there are significant interactions between macromolecules. These interactions hinder the
random walk motion of macromolecules inside the bulk solution. So in addition to the interaction between macromolecules and solvent particles in the solution, the hydrodynamic interaction,
which is an indirect interaction, takes place at least between the nearby macromolecules, where
simply, the motion of a suspended macromolecule creates a solvent flow field which can affect the
random walk path of other macromolecules in the solution. In addition, the existence of charged
suspended macromolecules creates an excess hindrance to the random walk motion due to the existence of electrostatic interactions. The strength of this hindrance decreases with increasing the
ionic strength of the solution between charged macromolecules. 10
The diffusion of a macromolecule on a time scale at which the hydrodynamic interaction dorninates over direct interactions (Coulomb, van der Waals, etc.) is defined as a short-time self diffusion II Ds • In the long time limit, the macromolecule diffuses over a distance lager than the
interparticle distance. In addition to the direct interactions between macromolecules, direct collisions take place between nearby macromolecules. I I In this long-time limit, the macromolecular
diffusion is defined as long-time self diffusion D L •
A few theories have been established which consider the reduction in the self-diffusion of
macromolecules due to either obstruction effect or direct interparticle interactions. One model, due
to Han and Herzfeld.'? finds that the reduction in the self-diffusion (equation 3.3) of a biological
macromolecule (i.e. protein molecule) due to the effect of crowding takes the form

(3.3)
where Do is the self-diffusion of a macromolecule in the dilute limit and <I> is the macromolecule
volume fraction. This model treats the self-diffusion of a globular protein molecule as a hard sphere
diffusing among other spherocylinder proteins ~ith different sizes and with an isotropic distribu58

tion. The formation of protein aggregates in the solution cause s a reduction in the hindrance of
a globular protein by other protein molecules. Moreover, anisotropic alignment of spherocylinder
proteins cause an extra reduction in the hindrance.
Two other models, due to Medina-Noyola et al.!' (equation 3.4) and Tokuyama and Oppenheim' :' (equation 3.5), have been derived to deal with a reduction in the self-diffusion D L of the
colloidal particles as hard spheres in the long-time diffusion limit. Medina-Noyola model deals
with the self-diffusion in the long time limit in a system of charged hard sphere particles. Both
direct interactions (van der Waals and Coulomb interactions) and hydrodynamic interactions are
included . Medina -Noyola et al. found an expression of the form

(3.4)
, Tokuyama and Oppenheim show that in the long-time limit the hydrodynamic interactions dominate the dynamics of uncharged hard-sphere particles more than the direct interactions (van der
Waals), and find an expression of the form

(3.5)

where H(<1»

= (;~:) - (I +~B) - ( 1+~~g~~~B) ' A = V9cD18, and B = 11<1>/16.

Figure 3.1 shows the variation of the scaled diffusion

coefficie ~t

as a function of molecular

volume fraction in three different models . The self-diffusion coefficient is scaled by the theoretical
value at zero volume fraction . 14. 15 Based on these models , figure 3.1 shows that the reduction in the
self-diffusion in a system composed of a globular protein (black line) is smaller than the reduction
in systems composed of charged (line) or uncharged colloids (red line) . Also, as can be seen from
figure 3.1, the models differ significantly from each other even in the limit of low volume fraction
<1>.
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Figure 3.1: The long-time self-diffusion coefficients obtained in the works of Han and Herzfeld
black (solid) (globular protein) , Tokuyama and Oppenheim blue (dotted) (charged colloids), and
Medina-Noyola red (dashed) (uncharged colloids) line .

3.1.3

Radius of Gyration

The size of either a linear or branched polymer can be characterized by a useful quantity called the
radius of gyration RI(o The squared radius of gyration is defined by the equation

(3.6)

---+

where Rem

=

I N_ I

Mjl?;

I.7=,~

=:

N

L, j=1

-+

Rj

0 ,
•
IS the polymer s center of mass vector for a specific polymer

conformation and R; and R, are the position vectors of the i-th and j-th monomers, respectively,
for a specific polymer conformation. A polymer chain in melt or solution changes conformation
rapidly in time . The quantity that is accessible experimentally is the ensemble average of the square
radius of gyration over all possible configurations: (R~) .
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3.1.4

Persistence Length

Many models have been used in order to estimate physical volume occupied by a polymer chain .
One of the simplest is the freely rotating chain model. which assumes that a polymer chain consists
of

11 backbone

monomers which are connected to each other with bond vectors

All bond vectors have the same length

(i):r;.0.....r:....).

ewith different orientations such that the angles between any

two nearby bond vectors is the same (i.e. 0) (figure 3.2) . The mean-square-end-to-end distance?

(R 2 ) = (It.It) = I;~I I'j=1 (r:.r;). where r: and r; are two bond vectors which are separated by
j - i other bond vectors.

~

Figure 3.2: A schematic representation of a polymer chain in the freely rotating chain model.

Simply.

r; has two components: one that is perpendicular and one that is parallel to the nearby

bond vector

rjj.

The average of the normal component ofr; is zero since this component can

rotate freely in any direction perpendicular to

rjj. i.e.• there is an equal probability of finding the
rjj. This assumption is an essential part

component oriented along any direction perpendicular to

of a freely rotating chain model. The other component. which is along
correlation between bond vectors

r: and r; is (r: .r;) =

[2(COS

r;::-t. is equal to [cos O. The

O)(j- il • For large (j - i). (cos O)(j-i )

becomes very small. Indeed. the correlation can be written in an exponential form:

-+ '--+) = e2 exp
('-r;.rj
where [" is the persistence length.
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(ji)[)
---e;-

(3.7)

3.1.5

Freely Jointed Chain Model, Equivalent Freely Jointed chain model,
and Kuhn Length

The freel y jointed chain model assume s that a polymer chain is composed of n segments (i.e.

e such

monomers) each with length

that each segment rot ate s freel y, independently, and it is un-

correlated to any other segment's orientation. Based on thi s model , each segment (monomer) in
a polymer chain with n monomers has n random possible step s which are not correlated to each
other. i -? According to thi s model, the mean- square end-to-end di stance is simply given as 2• 7

(R 2 ) =

t t (~.r;) = e t t
2

i= J j =J

(cosSij)

= ne2

(3.8)

i=1 j = 1

where (cos Sij) measures the angular correlation between i-th and j -th segment and is zero for i

*- j .

Equation 3.8 can be written in a more general form (not assuming uncorrelated bond angles):

(R

2

)

=e

tt

(co sS ij)

i= 1 j = 1

where: C;

= L:j=1 (COSSij)

and CII

t c, =

nC Il

e2

(3.9)

i= 1

= ~ L:;'=I C;

ratio. For a long polymer chain (i.e. n ~ 00),

= e2

The quantity

C II

is called Flory's characteristic

(R 2 ) = ne2Cc" .

Another simple model is the equivalent freely jointed chain model. This model is based on
the freely jointed chain model and it assumes that the polymer chain includes N (where N < n)
subsegme nts called Kuhn monomers which are not correlated to each other. Each subsegment has
a length b, called the Kuhn length , where b >

e.

Each Kuhn monomer includes several monomers

in it. Based on this , the Kuhn length b of a long pol ymer chain can be written in terms of mean
square end-to-end distance

(R 2 )

equation 3.9 and the end-to-end di'stance

R

I1I(/ x

of the equivalent

freely pol ymer chain:

(3.10)

As an example, let us con sider a linear chain, non-ionic polymer polyethylene oxide , one of
the components in our study of polymer-surfactant aggregates (Chapter 4). The PEO chain in the
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study has ~ 450 monomers (each of length ~ 0.44 nm). The Kuhn length! " b ~ 1.8 nm and the
Flory characteristic ratio ? Coo

3.1.6

= 6 .7.

Polymer Solutions and Models of Polymer Dynamics

Polymer solutions are classified into either dilute, semidilute, or concentrated solutions depending
on the volume fraction of the polymer molecules in the solution. In the dilute regime, the average
distance between polymer chains is larger than the average size of a polymer chain. So a polymer
chain diffuses freely without any obstructions from other polymer chains. In the semidilute regime,
the pervaded volume of a polymer chain includes both solvent molecules and other polymer chains
which form entangled network. In this regime the polymer exhibits strongly viscoelastic behavior,
it is therefore very interesting to be considered in some detail.'

In the semidilute regime, there is a characteristic length below which a monomer in a polymer
chain is completely surrounded by solvent molecules and some monomers from the same polymer
chain. This characteristic length is called the correlation length ~. Beyond this length the monomer
is surrounded not only by solvent and monomers from the same polymer chain. but also monomers
from other nearby chains. A "blobtof diameter ~ contains a number g of Kuhn monomers in it. A
schematic diagram is shown in figure 3.3. The correlation length ~ scales as

(3.11)
where b is the Kuhn monomer length and v is a scaling exponent that has a value of 1/2 for a
random walk and 0.588 for a self-avoiding walk. 2.7 At length scales which are much smaller than
the correlation length. a thermal blob of characteristic length ~T can be defined. We can think of a
polymer chain as a coil which includes a number of thermal blobs. At length scales smaller than the
thermal blob, the cumulative interactions (i.e. the hydrodynamic interactions and excluded volume
interactions) between the polymer section and the solvent molecules is less than the thermal energy.
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Therefore, when coarse-grained at this length scale, the pol ymer chain exhibits a random walk .

Figure 3.3: Schematic diagram of a pol ymer chain. Th e plot shows the end-to-end distance R, the
blob correlation length ~ , and the correlation length ~T of the thermal blob.

For length scales larger than the thermal blob but smaller than the correlation length (i.e .
length scale <

o. the net interactions between

~T

<

the polym er sec tion and the solvent molecules

dominates and becomes larger than the thermal energy. At this len gth scale, the excluded volume
effect becomes important and the pol ymer chain section exhibit s a se lf-avoiding walk . On length
scales larger than the correlation length

~,

at which the overlap between the polymer chains is seen ,

the polymer chain exhibits a random wa lk again with the excluded volume interactions scree ned
due to overlapping betwe en chain s.
The overlap volume fraction <1>* separating the dilute regim e from the semi-dilute regime is
defined as?
(3. 12)
where R

= bN v

is the root mean square e nd to end distan ce of a pol ymer chain with N Kuhn

monomers and Kuhn length b and V ~ R 3 is the volume of the solution spanned by a polymer
chain (known as the pervaded volum e). Equation 3.12 shows that the overlap concentration <1>*
measures the volume fraction of a pol ymer chain inside the per vaded volume (V) .
Ba sed on the schematic dia gram ? of a pol ymer chain in figur e 3.3, we may write the end-to-end
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distance R in terms of the number of thermal blobs (N/ gT) and the thermal blob size

(~T)

(3. 13)

where gT is the number of Kuhn monomers in the thermal blob.
However. we mentioned that on length scales smaller than the thermal blob size ~T the polymer
segment exhibits a random walk with ~T

= b g~5. On the other hand. on length scales on the order

of magnitude of the thermal blob size or bigger than the thermal blob size ~T . the excluded volume
interaction takes place. This entropic interaction is in the order of magnitude of the thermal energy

g}

KBTvrJ;. ~ KaT

(3.14)

where v is the volume occupied by the Kuhn monomer.
Combining equation 3.14 with the fact that ~T

= b g~s. we may write the thermal blob size ~T

and the number of Kuhn monomer Sr in terms of the Kuhn length b and the volume occupied by
the Kuhn monomer v

(3. 15)

By combining both equation 3. 15 and equation 3.13. we may write the end to end distance in
terms of the volume occupied by the Kuhn monomer v, the length of the Kuhn monomer b. and the
number of Kuhn monomers

V)2V-1
s e » (/;3 W.

(3.16)

By substituting equation 3.16 in equation 3.12. the overlap volume fraction can be presented as
follow

(3. 17)
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semi-dilute regime and concentrated regime of a polymer solution on length scales larger than the
blob correlation length 1;.In these regime s. a polymer chain exhibits a random walk.
Each monomer in a polymer chain experiences friction with an associated friction coefficient
such that the total friction experienced by the whole chain is ~R

= Nf

~

Using the Stokes-Einstein-

Sutherland equation DR = (K BT)/(N~) . where DR represents the diffusion coefficient of the Rouse
chain. we may write ?

(3.22)
where

'tR

is called the Rouse time. Once again using the scaling relation. the Rouse time can be

written

(3.23)
Here.
't o.

't o

= (~b2)/(KB T) is the Kuhn monomer characteristic time.

On a time scale smaller than

the Rouse polymer chain shows elastic behavior while on a time scale longer than the Rouse

time

'tR

of the polymer chain. Rouse polymer chain is diffusive and shows viscous behavior. In the

intermediate time scale (i.e . 't o < t < 'tR). the polymer chain exhibit s viscoelastic behavior. "
The Zimm modeJ7·18 considers the hydrodynamic interactions between monomers on the polymer chain and between monomers and solve nt molecules in the pervaded volume . This is valid for
length scales smaller than the blob correlation length. The Zimm model is valid for a dilute polymer solution where only monomers from the same chain interact with each other through strong
hydrodynamic interactions. In this regime . a polymer chain exhibits a self-avoiding walk.

In the Zimm model. a polymer chain diffuses as one unit and drags with it solvent molecules
which are highly affected by the hydrodynamic interactions associated with monomers in the chain .
The total friction

~z

experienced by a chain is on the order of 11.Rwhere 11.is the solvent viscosity

and R is the end to end distance of a polymer chain. Based on the Stokes-Einstein-Sutherland
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equation . the Zimm chain diffuses a distance of the order of the ch ain size R during the Zimm time
scale LZ and we can write

(3.24)
Back to the Rouse model. the Rouse time can be written in term s the characteristic time

( T~

= (TJslK BT ) ~3 )

of the blob

LR

= T~

(N/g) I + 2v

where v

= 0.5

since in the Rouse model a

polymer chain exhibits a random walk . On length scales smaller than the blob correlation length

t; we are in the regime where the Zimm model is valid. Therefore. using equation 3.21. the characteristic time of the blob is 7

T~

::::

(~)3 ~

KBT

::::

~b3
KBT

3 ) 3(2V- I)/(3V- I)

(

!!.-

<1>- (3v)/ (3v- l).

v

Using both equation 3.25 and equation 3.20, the Rouse time

LR can

(3.25)

be written in terms of Kuhn

monomer length b. number of Kuhn monomers N. and the volume fraction of polymer solution <1>

(3.26)

In addition, using equation 3.19 and equation 3.20 . the polymer chain end to end distance R in
the semi-dilute regime is given as :?

R ::::

~ (~)1 : :

bN 1/ 2<1>- (2v- l )/ (6v- 2) .

(3.27)

Using equation 3.22 . equation 3.27, and equation 3.26. the diffusi ~n coefficient D of a polymer
chain in semi-dilute regime can be written in term of the polymer volume fraction

D :::: ~~:<1> -( I -" )/(3V- 1) == D z

( <1>/ <1>* r ( I - V)/ (3v- l )

(3.28)

where the total polymer volume fraction and the correlation volume fraction must be the same for
densely packed correlation volumes . The total polymer volume fraction <1> and the overlap volume
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fraction cD* are related to the polymer mass concentration C and to the overlap concentration C*
respectively?

cD = ~ = C vII/o/lNA,·
P
M"' o/l

(3.29a)

cD* = ~ = NVII/o/l

(3.29b)

P

V

where the polymer mass concentration is the ratio of the mass of the polymer dissolved in a solution
and the total volume of a solution, NAI' is Avogadro's number ,

V mon

is the volume occupied by a

single chemical monomer, V is the pervaded volume of a polymer chain, and p is the polymer
density or the ratio of the monomer molar mass (MouII/)and monomer molar volume (vmonNA ,.) .
Equation 3.28 allows a comparison between the dynamics of a polymer chain in the Rouse
model and Zimm model. Both models predict a power law scaling as a function of the volume
fraction. In the Zimm model, a polymer chain exhibits a self-avoiding walk with v
pred icts an exponent (I - v)/(3v - I)

= 0.54

model, a polymer chain exhibits a random walk with v
( I - v)/(3v - I )

= I in equation

= 0.588.

This

in equation 3.28. On the other hand, in the Rouse

= 0.5.

Thi s would predict an exponent

3.28.

Equation 3.28 is used in chapter 5 to extract information about the dynamics in the semidilute
regime of a " living polymer" wormlike micellar solution.

3.2 Surfactants and Micelles
Surfactant s or amphiphiles belong to a category of molecules that have two attached chemical
groups with completely different tendencies to form bonds with water molecules. Typically one of
the chemical group s is hydrophobic and is non-soluble in water, while the other chemical group
is a hydroph ilic head-group which is soluble in water and has the ability to form hydrogen bond s
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with water molecule s.' Often the hydrophobic group is a hydroc arbon-rich chain (such as an alkyl
chain) and it is called the hydrophobic " tail" .
According to the chemical properties of both hydrophobic and hydrophilic sections. simple
surfactants (amphiphiles) can be clas sified into four categories.! First. these are anionic surfactants
which have single hydrocarbon chain bonded to anionic head -group.

One example is sodium

dodecyl sulphate (SOS) which dissociate s in an aqueou s medium into the C 1zH zs - (S0 4)- 1 ion
and Na" ion. and sodium stearate where the surfactant ion is C 1sH37 - (COO)-I . These kind of
surfactants are commonly used in detergent products. SOS self-a ssembles into almost spherical
as well as rodlike micelles. A system composed of anionic surfactant SOS and non-ionic polymer
polyethylene oxide PEO is studied extensively in chapter 4 using NMR .
The second category of surfactants are cationic surfactants. A cationic surfactant has a single hydrocarbon chain bonded to a cationic head-group. One example is hexadecyltrimethylammonium bromide (CTAB ) which consists of C I 6H33 - N+1(CH 3h ion and a Br" ion. CTAB
has a tendency to form elongated cylindrical micelle s.
The third category of surfactants are non-ionic surfactant. These have single hydrocarbon
chains bonded to a non-ionic head-group such as C1zHzs - (OCHzCHz)s. Also surfactants which
includes two hydrocarbon chain s bonded to a non-ionic head-group such as pluronic PI 05. Pluronic

PI05 includes two hydrocarbon chain s (OCHzCzHs)ss attached to (OCH zCH z)37 head group. where
these kind of surfactants are used in cosmetic s and some pharmaceuticals.
The fourth category of surfactant are zwitterionic surfactants. The surfactant ion has zero net
charge such as tetradecyl dimethyl ammonium propane sulfonate (TOPS) CI9H4IN03S. It has recently been shown to form long cylindrical micelles . The structure and dynamics of an elongated
cylindrical micellar system composed of zwitterionic surfactant TOPS and anionic surfactant SOS
in brine is studied in studied in chapter 5. Complementary techniques are used. including diffusom etry, relaxometry. deuterium NMR, and rheometry to extract information about the microscopic
structure of this system.
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3.3

Micellar Aggregates and Cluster Phases

An amphiphilic molecule include s a hydrophobic chain and a hydrophilic head-group. Its hydrophilic groups energetically prefer maximal expo sure to water molecule s while its hydrophobic
groups prefer other hydrophobic groups .

a)

b)

Figure 3.4 : Micellar Shapes: a) Spherical micelle and b) Cylindrical micelle

The presence of an amphiphilic molecule in aqueous solution breaks the nearby hydrogenbond network between water molecule s because this molecule has a hydrophobic component that
is not able to form hydrogen bonds with the nearby water molecule s. It forces the nearby water
molecules to rearrange themselves into configurations that maximize the hydrogen bonds . The
number of configurations will be less than the number of available arrangements in the absence of
an amphiphilic molecule . As a result , the number of available configurations of water molecules
in the presence of an amphiphilic molecule decreases, which cause s a decrease in the entropy
and so an increase in the free energy. This imposes amphiphiles to form finite size aggregates.
The simp lest of these aggregates are micelles . A micelle is a fluid-like object which is suspended
in an aq ueous solution. Micelles can be spherical (figure 3.4a) or cylindrical (figure 3.4b). 2 More
ge nera lly, surfactants " rnicro-phase-separate Tn solution with a large number of possible aggregate
structures. The amphiphilic nature of the surfactant molecule is crucial to micro-phase-separate.
The balance between molecular shape and size as well as different interactions (electrostatic
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repulsion and hydrophobic interactions) plays a crucial role in specifying the preferred micellar
shape and the geometry of the amphiphilic aggregates . The geometry of a micellar amphiphilic
aggregate defines by the surfactant packing parameter p

= v1«(Qo), where

a., is the optimum

head-group area of an amphiphilic molecule, t; is the chain length of the hydrocarbon chain, and
v is the hydrocarbon chain volume. Consider a spherical micelle of radius r composed of M
molecules each with volume v. The total micellar volume V
A = 4JTr2

= Ma., with r = 3v 1a.; The condition

= 4JTr3/3 = Mv and the surface

area

for the formation of a spherical micelle is satisfied

when the radius r of the micelle is less than the critical chain ( ., v/(ecQo) ~ 1/3. On the other hand,
increasing the ionic strength of the solution causes an increase in the screening of the electrostatic
repulsion interaction between the ionic head groups which reduces the optimum head-group area
a.; As a result, the surfactant packing parameter vl(ecQo)increases and then the spherical micelles
transform to cylindrical micelles when (1/3) < p ~ (1/2).19
The tendency of molecules to form equilibrium aggregates has not been observed only in surfactant solutions . It has been shown that protein and colloid systems form equilibrium mesoscopic
aggregates that have finite size. 2o However, inspite of the large number of studies that have been
accomplished in the field of "equilibrium clusters" in the last few years, important questions have
not fully answered. What are the exact potentials responsible for the formation of the clusters?
What is the origin of these potentials? Finally, what are the factors that impact the cluster size?20
Therefore, the formation of what are called "equilibrium clusters" in colloidal systems and
macromolecular systems have been investigated extensively. Despite the fact that recent studies
investigate cluster formation in different systems, we will explain in more detail the studies that
explore cluster formation in systems that are more relevant to our research field.
Recently, NMR-based studies constituting chapter 6 of this thesis have revealed strong evidence for the formation of a coexistent phase that consists of lysozyme clusters and monomers."
Cardinaux et al. 22 also find that the fraction of lysozyme monomers in the cluster phase increases
by increasing the lysozyme volume fraction. Computer simulation studies-' also find the existence
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of protein clusters inside the lipid biomembrane. These protein ass emblies are formed due to the
balance between short-range attraction and long-range attraction. Within the lipid membrane there
are hundred s of different types of protein. Each type of protein molecule has an affinity to form
clusters of the same type. In charged colloid systems.i" computer simulation showed an evolution
of the cluster shape and size from small finite size clusters at low volume fraction to one large
cluster that spans all the colloids in the system.
Another example is a theoretical study by Groenewold et al. 25 They showed in particular that
head-tail anisotropic interactions (such as those that result in micelle s and other micro-phases) are
not necessary in order to form stable, finite-size clusters in equilibrium. The stability of this cluster
phase is attributed to the balance between the long-range repulsion and short-range interactions.
This co nclusion was confirmed experimentally by Stradner et al.,26 but questioned by experimental
work by Shukla et al. 27 Our experiments in chapter 6 are designed to resolve these questions.
Stradner et al. 26 reported the formation of finite size clusters in a colloidal system. The equilibrium cluster formation in this syste m was driven by the combination of long-range electrostatic repulsion due to the charge on the colloid s and short-range attraction due to non-adsorbed polymers.
Similar aggregates were detected experimentally in solution s of globular protein lysozyme.22.26.28
The hypothesis of two combined potenti als was supported by computer simulation studie s in
colloidal-? and protein 22.3o.31 systems.

Moreover, exten sive studies including scattering tech-

niques,27.32-35 nuclear magnetic resonance, 14,33,36,37 and computer simulation studies 31.38 have been
acco mplished in the field of irreversible, non-equilibrium clu ster formation for lysozyme solution s.

3.3.1

Spherical Micelles

In order to make our understanding of micelle formation quantitative, let us consider a solution
which con tains solute molecule s with volume fraction <j> such that at equilibrium <j>

= I~= I XN ,

where XN is the volume fraction of solute molecules in aggregates which includes N molecule s. At
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equilibrium, the chemical potential /IN of a molecule in an aggre gate which includes N molecules

/IN =

where

/l~

/l~ + K~T log ~

(3.30)

is the free energy per molecule in an isolated aggregate of N molecules. Rewriting

equation 3.30, the volume fraction XN is given 2• 39

r

N (J1 N - /l~»)
r
(J1': - /l~)
XN=Nexp ( ~ =N xlexp~J

(3.31)

where XI is the volume fraction of individual solute molecules in the bulk solution (i.e. aggregates
of size one or monomers). So according to equation 3.31, if the free energy /l': per molecule or
monomer in monomeric state is equal to the free energy

/l~

per molecule in an N-molecules aggre-

gate, then X N = N [Xlt. Since XI is always less than one so X N «

I. Under this condition most

of molecules are in a monomeric state. According to equation 3.31, the main condition to form
aggregates of N monomers is /l~ < /l': for some value of N (e.g. having a minimum value of /l~ as
a function of N ). At this point, for any amphiphile added to the solution, the volume fraction XI
of the amphiphilic in the monomeric state stays approximately con stant, while the volume fraction

XN of the amphiphilic in the aggregate state starts increa sing gradually (figure 3.5). Interestingly,
this picture, while sketched in text book s has not been directly demon strated in experiments. Such
a direct demonstration is presented in chapter 4.
As described above, the formation of a spherical micelle is based on the fact that the radius

r of the micelle is less than the critical chain length t.: Also, the micelle must include a number
of surfactant molecules N = M at which the free energy per molecule in isolated N-molecule
aggregates

/l~

=

/l~

is minimum. If the number of surfactant molecules N is smaller than the

optimum M , this cau ses an increase in the area per head-group which exposes the hydrophobic
chains more to the water in bulk solution which cause an increase the free energy . On the other
hand, if the number of molecule s N is larger than the optimum number M , this causes an increase
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Figure 3.5: The volume fraction of amphiphile molecules in monomeric state X I (black line)
and micellar state X M (red dashed line ) as a function of total volume fraction of amphiphile. The
critical micellar concentration (CMC) is both the plateau value of XI curve (on the y-axis) and the
volume fraction value (on the x-axis ) where X M become s non-zero .
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in the electrostatic repulsion between the head-groups since they are highly packed on the surface
of the micelle which force some head-groups to enter the core of the micelle which causes an
increase in the free energy.
By rewriting equation 3.31 in term s of the volume fraction X M of amphiphile molecules in optimum spherical aggregates, we get the relation between the volume fraction XI of free amphiphile
molecules in the bulk solution and the volume fraction of amphiphile molecules in the optimum
spherical agg regates:"

exp(~)

M

XM=M _X_l_
[

where 11J1

= J17 -

=M
]

~

M

[<pJ

(3.32)

J1~ and <Pc = exp (~) is the total volume fraction of amphiphiles above which

optimum size micelles start forming inside the solution. <Pc is the characteristic value for the
critical micellar concentration CMC. The total volume fraction <P

= L: ~=I XN of amphiphiles is

either equal to XI if <P < <Pc (i.e . no micelles below <Pc) or it is equal to <Pc + X M if <P > <Pc.
Thus, <Pc also represents the maximum volume fraction of free amphiphiles in the bulk solution.
According to equation 3.32, if the concentration X l is small, XI < <Pc then the volume fraction X M
of the spherical micelles is approximately zero. When XI approaches <Pc then X M starts to increase
gradually (figure 3.5).

3.3.2 Cylindrical Micelles and Wormlike Micelles
We have mentioned in section 3.3 that the balance between the electro static repulsion interaction
and hydrophobic intera ction between surfactant molecules in a micelle plays a role in specifying a
shape of amphiphilic aggregates.
Ionic amphiphiles repre sents a category of surfactant molecule s which have an ionic head
group; an example is sodium dodecyl sulfate (SDS) which is used in household soaps. It has
an anion ic SO; head group and release s Na" ion into solution . These molecules form spherical
micelles with p ~ 1/3 at the critical micelle concentration CMC. As the total concentration of
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molecule s increases above the CMC value, the concentration of sodium ions increases in the solution (i.e. an increase in the ionic strength of the solution ). Thi s cause s a transformation from a
spherical to a cylindrical micellar state.'?
Cylindrical micelles behave like charged rigid rods. Adding salt or increasing the surfactant
concentration cause an increase in the concentration of counterions in the solution. This causes a
decrease in the electrostatic repulsions among charges on a micellar backbone.:'" This is associated
with an increase in the energy required to create two hemi spherical end-caps (known as the scission
energy) of a micelle ."

As a result , this might promote the growth of a micellar chain either

by association of monomers at the chain ends or by recombining with other neaby chain end s.42
Longer micelles can behave like flexible polymer chains with a length larger than the persistence
length (see section 3.1.4) . This kind of micellar structure is called a wormlike micelle . Therefore,
a new category of surfactant self-assembly emerges.
A typical wormlike micelle is an elongated semi-flexible aggregate with a persistence length on
the order of 400

A, a total length

up to a few micrometers and a diameter of a few nanometers.t'v'"

The micellar aggregate behave s as a rigid rod at length scale s shorter than its persistence length,
while at length scales much longer than the persistence length, it behaves like a polymer chain (i.e.
it can be modeled as a three dimensional random walk). However, if the scission energy is small
enough, then the micellar chain can break and recombine.v" So, while a polymer solution includes polymer molecule s that have same length s, a wormlike micellar solution contain s dynamic
aggregates of chain s with different contour lengths .4O.41 It is sometimes called a living polymer for
this reason. In the concentration regime above the overlap volume fraction <1>* (equation 3.12) , a
network of entangled wormlike micelles formed inside a micellar solution . Dynamics of a wormlike micelle is thought to be similar to polymer dynamics, exhibiting curvilinear motion along a
tube-like contour that is defined by the locu s of its entanglements with other nearby wormlike
micellar chains. Thi s motion is called reptation.f
We mentioned in section 2.2.4 that the Cole-Cole diagram (i.e . G" /G" versus G' /Go ) of a
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Maxwellian fluid exhibits a semicircle of radius ( 1/2). Also , Max wellian fluids show a monoexponential stress relaxation function with a single relaxation time

T.

In a wormlike micelle

T

is

defined as:

T

= ..;:t;;tR

(3.33)

where Lh is the time required for a micellar chain to break into two segments and

LR

is time required

for the micellar chain to leave its tube -like conrour.t'' r" Also , the breaking and recombination time
Th

is give n in term of the average length of the micellar chain L

(3.34)
where kh is the rate constant for the breakage.P"
At the low frequencies window of dynamic measurements (section 2.2.3), the wormlike micellar chains response to an applied stress by reptating out of their original tube-like contours.
During the reptating proce ss, each micellar chain in a wormlike micelle breaks and recombines
many times. This is due to the fact that at low frequencies

Lh

«

LR.

Based on that, no mem-

ory for the initial length and the position of a chain in the tube-like contour." Therefore, the
stress rela xation function is mono-exponential (equation 2.50). However, at high frequencies these
wormlike micellar systems show a deviation from the Maxwellian model.

In this regime , the

breakin g and recombination proce ss is not the dominant relaxation mechani sm . This is attributed
to the existe nce of additional faster relaxation mechanism s such as Rouse and breathing relaxation
mechanisms.t" The Rouse relaxation mechanism is attributed to stretches that are experienced by
micellar chains segments that are shorter than the entanglement length (i.e. the length of micellar
chain segme nt between two entanglement points), while the breathing relaxation mechanism is attributed to the fluctuations in tube-like contours." The crossover from Maxwellian model regime
to Rouse regime take s place at a frequency value of the order of the inverse of the breaking and
recombi natio n time

Lh

of micellar chain s.
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If the average length of micellar chains is not long enough, thi s causes an expected increase
in

th

(i.e. equation 3.34) . This causes an increase in the ratio

t h/tR.

Under this circumstance, a

wormlike micellar system shows deviation from Maxwellian behavior at low frequencies (Inset:
figure 5.5a). In addition, the stress relaxation function exhibits multi-exponential behavior. Chapter 5 includes a thorough study for a wormlike micellar system that does not exhibit Maxwellian
behavior at low frequencies.
Because of their distinctive and remarkable rheological behavior, wormlike micellar solutions
have bee n a target of many theoretical and experimental research studies that are summarized in
the introduction of chapter 5. A wormlike micellar solution shows viscoelastic properties similar
to polymer solutions above the overlap concentrations, either in the regime at which the hydrodynamic interactions take place between the nearby micelles (i.e. the semidilute regime) or the
regime at which the micelles start occupying the pervaded volume s of other nearby wormlike micelles (i.e. entanglement or concentrated regime). Moreover, wormlike micelles are used widely
in many industrial and commercial applications such as drag reduction in fluid flow (enhancing
smooth flow in pipes which provides fluid s for heating and cooling purposes), detergents, and
c1eaners.4o•44 ,45 Therefore, complementary measurements are pre sented in chapter 5 that are incorpora ted to investigate the dynamics and the structure of a new wormlike micellar system. The
chose n system is composed of a mixed zwitterionic TOPS surfactant and anionic SOS surfactant
in brine solution. Zwitterionic surfactant aggregates are one step closer to the complexity of the
(ofte n zwitterio nic) protein-lipid complexes in biophysical systems.

3.3.3

I

Proteins

Proteins are organic macromolecules which consist of a sequence or a linear array (i.e. unbranched)
of chemical groups called amino acid s which are covalently bonded to each other. These covalent
bonds are ca lled peptide bond s. An amino acid (figure 3.6) represents the building block in a
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protein molecule. Its generic structure is composed of a carbon atom called the a carbon atom,
which is covalently bonded to a hydrogen atom. carboxyl group (COO-). amino group (NH;). and
side chain group (R groupj .i"

Amino Group

Carboxyl Group

H

o
Side-Chain Group

Figure 3.6: A schematic representation of an amino acid.

The variation in the chemical properties of different amino acid groups is characterized by
the side chain group (R group) which can be nonpolar and hydrophobic. polar, or charged and
hydrophili c. Different chemical structures of side chain groups create twenty different amino acid
groups which are used to build proteins.
The structure of a protein is characterized through different levels: primary structure. secondary
structure, tertiary structure. and quaternary structure. The primary structure represents the backbone or the linear array of amino acid s (or polypeptide) which build up the protein molecule. So
the number, the chemical composition of the side chain group s, and the sequential arrangement
of the amino acid building block s characterize the primary structure and determine the chemical
propertie s of the protein molecule . The secondary structure represents the three dimensional shape
of a protein segment. Thi s shape can be affected by hydrogen bonds between nearby parts . For
examp le, the hydrogen bond between N-H on the i-th amino acid and C=O chemical groups on
the (i+4)- th amino acid in the protein chain s in the amino acid s of a protein chain gives rise to the
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alpha-helical shape of a protein segment. Another category of secondary structure is the B-sheet.
The tertiary structure represents the three dimensional structure of the entire protein molecule,
the orientation, and the arrangement of the protein side group s." It include s the intramolecular interaction s between a-helix and B-sheets segments on the same protein molecule. The intrarnolecular interactions in this structure category are non-covalent interactions such as ionic bonds, van
der Waals bonds, hydrogen bonds, and hydrophobic interactions. According to this, each protein
molecule has its unique three dimensional structure with a single well defined conformation of
amino acids as well as side group orientations.
The van der Waals interaction (equation 3.35 ) dominates in non-polar molecules." It is an
attractive interaction that is attributed to the combination of the interaction between instantaneous
electric dipole moments that result s from electron cloud fluctuations in the molecule and the interaction between electric dipole moments in the molecules,

U(r)

where

E",

a2
= --3 ( - I )2-tiw,
4 4JrEo

r6

(3.35)

a and tuo are the dielectric con stant of free space, the polarizability, and the ionization

energy. respectively.
Another interaction which is dominant among non-polar molecules or non-polar segments of
molecules is called the hydrophobic interaction." This interaction was discussed in the introduc tion to section 3.3 . The existence of non-polar side chains (hydrophobic amino acids residues)
in the protein molecule drives the non-polar side chains to associate in order to minimize contact
with water molecules in the aqueous environment." Therefore. the hydrophobic interaction play s
a crucial role to the stabilization of tertiary structure in proteins .
Lysozyme repre sents an example of a globular protein which contains both hydrophobic and
hydrophilic amino acid group s. The globular shape of lysozyme in an aqueous solution is attributed
to the tendency of amino acid units to arrange themselves in a special structure to minimize the
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contact between hydrophobic groups and water molecules, and maximize the contact between
hydrophilic segments and water molecules. The protein molecule has one configuration which
reduces its free energy to the minimum value, this configuration is called the protein native state .
In addition, proteins such as lysozyme have an ability to associate into aggregates (dimers ,
trimers, or high-order aggregates) in an aqueous solution. Some studies have shown that the formation of protein clusters or aggregates are attributed to the combination between a short-range
attraction and a long-range repulsion . The short-range attraction component has the 1/ r 6 distance
dependent van der Waals attraction.i-" The long range interaction is sometimes represented by a
scree ned Yukawa electrostatic repulsion ,2.3o.31.4 8

e-K(r-ro )

(3 .36)

Uy(r)=Ar-

where r., is the average diameter of a protein molecule that is represented as a hard sphere-like
object, A

= ( ze)2/(4JrErE o ( 1 + 1\.ro / 2)2)) represents the overall strength

of the interaction and

1\.-1

is

the Debye screening length ,

1\.-1

= (ErEoKBT)O.S
2no( ze)2

(3.37)

where ze is the charge of a protein molecule , Eo and e, represent the permittivity of the vacuum and
the relative permittivity of the solvent respectively.
From equation 3.37 it is clear that both temperature and the concentration of dissolved ions in
solution play a crucial role in modifying the nature of the electrostatic interaction between protein
molecules. Therefore, both temperature and ionic concentration can be used to control aggregate
formation in a protein solution.26.28 Many studie s have revealed formation of protein aggregates
and crys tals. The study of equilibrium protein aggregates is the subject of chapter 5.
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Chapter 4
An NMR Study of Macromolecular
Aggregation in a Model Polymer-Surfactant
Solution
Reprinted with permission from Suliman Barhoum and Anand Yethiraj . J. Chern. Phys . 132:024909/ 19, 2010. Copyright 20 I 0, American Institute of Physics. (Some sections have been modified to fit
this format) .

4.1 Abstract
A model complex-forming nonio nic polymer-a nionic surfactant system in aq ueo us so lution has
been studied at different surfactant concentrations. Using pulsed-field-gradient diffusion NMR
spectroscopy, we obtain the self-d iffusion coefficients of poly(ethy lene glyco l) (PEO) and sodi um
dodecyl sulfate (SDS) simultaneously and as a funct ion of SDS conce ntration. In addition, we
obtain NM R relaxatio n rates and chemical shifts as a function of SDS co nce ntration. Within the
context of a simp le model, our experimental results yie ld the onse t of aggrega tion of SDS on PEO
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chains (CAC=3.5 mM), a crossover concentration (C 2=60 mM) which signals a sharp change in
relaxation behavior, as well as an increase in free surfactant concentration, and a critical concentration (C m=145 mM) which signals a distinct change in diffusion behavior and a crossover to a
solution containing free micelles. C m also marks the concentration above which obstruction effects are definitely important. In addition, we obtain the concentration of SDS in monomeric form
and in the form of free micelles, as well as the average number of SDS molecules in a PEO-SDS
aggregate (N A ggr ) . Taken together, our results suggest continuous changes in the aggregation phenomenon over much of the concentration but with three distinct concentrations that signal changes
in the nature of the aggregates.'

4.2

Introduction
Multicomponent solutions consisting of polymers, surfactants, proteins, and other macro-

molecules are common to many biological systems as well as cosmetic and pharmaceutical preparations

.2-4

The understanding of the nature of macromolecular aggregates and complexes is conse-

quently of great technological relevance. The poly (ethylene oxide) (PEO)-sodium dodecyl sulfate
(SDS) polymer-surfactant system in aqueous solution is a useful model system for the study of
macromolecular complex formation.
A quantitative study of complex formation in the PEO/SDS system is a starting point to study
more complex biological systems with crowded environments, e.g., cellular environments composed of different kinds of macromolecules at high concentration. 5- / Diffusion processes in cells
are likely to be strongly influenced by macromolecular crowding effects .8, 9

In spite of the wealth of knowledge about the PEO-SDS system 4 , lO. 11 (summarized in Sec. 4.3),
important questions have only partial answers . Are SDS conformations in the surfactant-polymer
aggregate quantitatively different from those in the SDS micelle? Where in the aggregation regime
do free micelles also form (and is there a distinct transition)? When do crowding effects become
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important? The partitioning of the SDS conce ntration between the monomeric state, the surfactantpolymer aggregate, and free micelles as a function of the total SDS concentration remains unqu antified. In this study we use NMR spectroscopy to addre ss these question s with high experimental
prec ision.

4.3

Background

The interaction between PEO and SDS molecules in aqueou s solution has been studied by many
researchers .12-20 We summarize below briefly what is known via a variet y of techniques 12.13.15-23
including NMR relaxornetty '?:24.25and diffusometry. II. I3.19.20.26
I . The critical micelle aggregation (CMC) is a critical concentration above which SDS mi-

celles begin to form in a pure surfactant solution .27·28 SDS micelle s have been shown in a
neutron scattering stud y to be best fit to an oblate ellip soid shape ( or a disk-like shape) at
C SDS ~ 39 mM, with half axes a = 12 Aand b = 20.3 A.29

2. The critical concentration abo ve which PEO-SDS aggreg ate s begin to formI 3.16.19.2I,26 is
called the critical aggregation concentration (CAC).
3, There is a second higher SDS con centration termed as C 2 that signals a change in the nature
of the PEO-SDS aggregat es. Thi s has been identified either as the concentration where free
micelle s coexi st with PEO -SDS aggregates' v " or the concentration that signal s the saturation in the number of SDS molecules N A ggr that aggregate on a PEO molecu le' v " (the
notation C m has been employed for the former to distinguish it from C 2).18 Pulsed gradient
spin echo NMR spectroscopy has been used!' to measure the self diffusion coefficient of
PEO molecules at different SDS concentrations: Progre ssive changes in the value s of the
PEO diffusion coefficient s with increa sing concentrations were observed, attributed to the
aggregation of SDS mole cule s on PEO molecules, the saturation of the polymer molecule s
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with surfactant, and the transition of SDS micelles from sphere to rod-like micelles, respectively. "
4. Finally, a non-monotonic viscosity maximum has been observed at SDS concentration near
or above C2.24.31 While small angle neutron scattering has provided strong evidence for the
SDS aggregating on the polymer in the form of micelle subunits," but the nature of the
surfactant-polymer interaction is not yet clear.

Table 4.1: Critical aggregation concentration values for PEO/SDS systemI2 .13.17-20 using NMR,
conductivity measurements, and Isothermal Titration Calorimetry (ITC).
Experiment

PEa Mw(g/mole)

PEa Conc. %w/v

T(0C)

CAC(mM)

NMR I2

300,000

"" 0.2

20

4.5

Conductivity 17 20,000

0.2

25

4.5

ITC I 8

20,000

"" 0.1

25

"" 4.4

NMR I3

20,000

"" 0.2

25

"" 5.7

NMR I9

4000

0.2

25

3.3

NMR 20

20,000

"" 0.2

25

4.6

C 2(mM)

15-25

Table 4.1 shows the values of critical aggregation concentration (CAC) for the PEO/SDS systern in aqueous solution that have been measured using different techniques. For the purpose of
comparison, we converted some CAC concentration values from mass percentage (weight percent)
to molar concentration (C) usingr" C

= ~ IO;~~I%

where P D20 and M, are the density of deu-

terium oxide in (g/L) and the molecular mass of surfactant, respectively. There is a spread of about
30% in both the CAC and C 2 values reported.
NMR spectroscopy has been used as a powerful technique to study macromolecular dynamics 32in polymer-surfactant systems (and the PEO-SDS system in particular) since it can report on
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molecular motion inside aqueous solutions via the longitudinal relaxation time T, and the transverse relaxation time T2.12.33 In addition, pulsed-field-gradient diffusion NMR spectroscopy is
used to measure the molecular self-diffusion coefficient .34.35 All of these physical quantities will
change due to the interaction between molecules, molecular aggregation. and micellization .36
A key feature of the current study is the simultaneous measurement of diffusion coefficient of
SDS, PEO, and DOH components. in addition to relaxation rates. in samples that span the entire
concentration range from below the CAC to just below the sphere-rod transition . The simultaneous
measurement of diffusion coefficients of all components allows us to pinpoint the different regimes
quantitatively, to establish regimes of absolute validity of a simple model. and to make a strong
quantitative statement in the same system about the CAC. the saturation concentration C 2• and the
micellization concentration C m •

4.4

Experimental

Poly(ethyleneoxide) (PEO) with 20.000 average molecular mass and sodium dodecyl sulfate
(SDS, > 99% purity) with 288.38 average molecular mass were purchased from Sigma-Aldrich
Canada and were used as received without purification. The PEO chain in the study has e 450
monomers (each of length e 0.44 nm). The Kuhn length

ek

:::

1.8 nm." Deuterium oxide D 20

with 99 .9% isotopic purity was purchased from Cambridge Isotope Laboratories.
We prepared three different solutions: PEO(0.5 %w jv)jD 20, SDS(455mM)jPEO(0.5%w jv)jD 20.
and SDS(794mM)jPEO(0.5%w jv)jD 2 0 . Samples with SDS concentration below 455 mM were
prepared by mixing PEO(0 .5%w jv)jD 20 stock solution with SDS(455mM)jPEO(0.5%w jv)jD 20
stock solution, while we used SDS(794mM)jPEO(0.5% w jv)jD 20 stock solution to prepare the
samples with SDS concentrations larger than 455 mM.
The one dimensional (I D) proton NMR spectrum has been observed for different species in all
samples at a resonance frequency of 600 MHz on a Bruker Avance II spectrometer.
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Figure 4.1: One-dimensional I H - NMR spectrum for PEO(O.5% w j v)j SDS(455 mM)jD 20 sampIe at a sample temperature 298 K. Inset: the chemical formula of SDS molecule .
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Figure 4.1 shows six well-separated peak related to this system . Peak I is the DOH peak created
due to the quick exchange of protons between 0 2 0 and H2 0 molecules in solution. Peaks 2 and
4-6 are associated with protons of sodium dodecyl sulfate (SDS) molecule SDS I, SDS2, SDS3,
and SDS4 as shown in figure 4.1. Peak 3 is associated with protons of the Poly(ethylene oxide)
molecule. The 10 spectrum of the SDS/D 2 0 system similarly includes only five peak regions
because it is polymer free. All NMR experiments were performed at T

= 298 K.

The self-diffusion measurements were carried out in a diffusion probe (Diff 30) and with maximum field gradient (1800 G/cm). Diffusion was measured with a pulsed field gradient stimulatedecho sequencer' with (almost square) trapezoidal gradient pulses. The diffusion coefficient of a
molecule in aqueous solution is obtained from the attenuation of the signal according to the equa-

tion;"
In (S(k»)
S(O)

= -Ok

(4.1)

where S(k) is the "intensityof the signal (the integration of the relevant peak region) in the presence of field gradient pulse, S(O) is the intensity of the signal in the absence of field gradient pulse,
k

= (yog)2(~ -

0/3) is a generalized gradient strength parameter, y

is the gyromagnetic ratio of the I H nucleus, 0
~

= 100 ms is the time period

= yll = 2.6571

= 2 ms is the duration

X

108 T-1.s- 1

of the field gradient pulse,

between the two field gradient pulses, and g is the amplitude of the

field gradient pulse.
Figure 4.2 shows the signal attenuation and the self-diffusion

~oefficients

for five peaks cor-

responding to Pk2, Pk4, Pk5, Pk6 (SDS I, SDS2, SDS3, SDS4) and Pk3 (PEO). It is clear from
figure 4.2 that the signal attenuation is mono-exponential for all peaks over the whole range of
SDS concentration. The values of the self-diffusion coefficients 0 for different molecules were
calculated from the slopes of the curves in figure 4.2. The gradient pulse duration was 0
while the time period between the gradient pulses was

~

= 100 ms. The gradient pulse

= 2 ms.

strength g

was increased in a linear sequence of 16 steps up to 480 G/cm for PEO diffusion while for SDS
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Fig ure 4.2: The attenuation of the signal S(k)/S (O) on a log scale versus k
PEO (O.5% w/v )/SDS (455 mM )/D zO sample with b

97

= (yog)z(f:..-

= 2 X 10- 3s, f:.. = 100 X

10- 3s.

0/ 3) for

diffusion g was increased in a linear sequence of 16 steps up to 350 G / cm .
The relaxation measurements were performed using a Bruker high resolution (TXI ) probe . The
inversion recovery technique was used to measure T ), eight time delays were used to measure T 1
for the PEO peak region , and the intensity data were fitted to the equ ation I(t)

=1 0 0

2 exp( ~ )).38

A (~), -t/2 - (]f ), -t/2-acquire spin echo experiment was used to measure T 2 , 16 values, at delay
times t, of the integrated inten sity of the PEO peak were taken to mea sure T2 and the intensity data
were fitted to the equation I(t)

=1

0

exp( ~). 38

4.5 Results and Discussion
4.5.1

Chemical shift measurements

Chemical shift studies are a well-establi shed method to characteri ze critical concenrrations.W' "
Figure 4.3a shows the variation in the chemical shift difference between the protons of SDS I
and SDS4 chemical group s for each SDS/D 20 and PEO(0 .5%w/v)/SDS/D 20 sample over the
whole range of SDS concentration. The chemical shift difference is sensitive to the average local
environment of the SDS molecule. Assumin g fast chemical exchange, the observed chemical shift
is a weighted average of the SDS in free and in micellar form. Below the CMC/CAC this results
(see Gao, Wasilyshen and Kwakr' ? equation I, and Cui et a128) in a reciprocal relationship between
the observed chemical shift and the total SDS concentration. In particular,
C SDS ~C·
Ooh s

= (C~:s ) Ofree + (I

-

C~:s ) 0',

where: C* denote s CMC or CAC and o' denotes

Omicelle

C

SDS

> C·

(4.2)

or Oaggreg3le for SDS/D 20 or PEO(0.5 % w/v)/SDS

/ 020, respect ively.
By linearly fitting the plot of the chemical shift difference again st I/C sDS using the piecewise functio n in Equation 4.2 (figure 4.3a, inset), we obtained the critical micelle concentration
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[CMC =5 .1(4) mM] and the critical aggregation concentration [CAC =3. 5(1) mM] .
The SDS I group is more susceptible to the extra-micellar environment than SDS4 group . A
lower 1:J.6 (e.g., figure 4.3a ) indicate s better shielding of the SDS I group. Thi s indicate s that for a
fixed C SDS , the SDS I group is better shielded in the presence of PEO .
Figure 4.3b shows the variation in the difference in the value of l:J.o1 for SDS /D 20 samples and
the corresponding l:J.o 2 for PEO(0 .5% w/v)/SDS/D 20 samples. The difference (I:J.o 1 -

l:J.o 2 ) reports

on the effect of PEO on the local environment of SDS at any given concentration. Thi s difference
is smallest at very low « 3mM) and at very high (> 400mM ) SDS concentration and largest at
10mM.

4.5.2 Self-diffusion measurements
We have prepared 20 samples each of SDS /D 2 0 and SDS /PEO/D 20 with con stant PEO
concentration of 0.5 % w/v at different SDS concentrations (CSDS ) .
Figure 4.4a shows the self-diffusion coefficient of SDS in a solution of SDS/D 2 0 (no polymer).
For C SDS < 100mM we can fit the self-diffusion coefficient curve of SDS in SDS/D 2 0 solution,
the model used is described in the discussion . From this fit the value of CMC agree s well with the
value obtained from the chemical shift measurement s [e.g, figure 4.3a].
Figure 4.5a (a) shows the self-diffusion coefficient of SDS, PEO , and DOH in SDS(794mM)/PEO
(0.5%w/ v)/ D 2 0 . The self-diffusion coefficient of SDS in SDS /PEO /D 2 0 remain s constant up to
about C SDS =3.5 mM. On the other hand, the self-diffusion coefficient curve of PEO begins to
exhibit a noticeable decrea se only at a higher value of SDS concentration ("" 10 mM) . Thi s behavior is con sistent with SDS molecul es associating with PEO. The effect of this association should
affect the dynamics of the smaller SDS molecule more strongly than it affects much larger polymer
chains.i? Upon increasing the SDS co ncentration, the diffusion coefficient of both PEO and SDS

decreases sharply for C SDS < 100 mM. For C SDS > 100 mM, the SDS and PEO diffusion coeffi100
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Figure 4.4: (a) SDS self-diffusion coefficient in SDS jD zO versus SDS co ncentration. Error bars
smaller tha n the symbol size. The fit to the minimal model breaks down above e 100 mM due to
obstruction e ffects (see text ) and (b) schematic dia gram for the part itioning of SDS molecules in

SDSjDzO. Monomers for C SDS < CMC and micelle s and monom er s for CMC < C SDS .

101

(a)

..................
SDSlPEO fD,O
o D[PEO )
o D[SDS)
I).
D[DOH)

ee
~o"1 08
O!
I

~J

:

(b)

e.
e"'e_ee_

~'

e

1 ,

,

•

88

i

10

8'
CSDs(mM) 100
2

••

,

•

8

00
10'

(a)

(b)

Figu re 4.5: (a) Self-diffusion coefficient of PEO , SDS, and DOH in PEO(O.5% w/v)/SDS/D20
versus SDS concentration (b) Ratio of SDS self-diffusion coefficient (D~~~ ) to PEO self-diffusion
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cients show a slower functional dependence on SDS concentration, and both curves in this regime
have a remarkably similar shape (the ratio of observed SDS and PEO diffusion coefficients is not
co nstant above 100 mM, but the variation is much weaker).

4.5.3

Relaxation measurements

According to the two-step model for relaxation in surfactant sys te ms,33.40-42 both the proton
longitudinal relaxation rate R, and the transverse relaxation rate R 2 at different SDS concentrations
are sensitive to fast local motions (" free state " ) as well as slower aggregate motions ("aggregate
state " ), The difference 1'1R= R 2 - R, reports" on the slower (aggregate) motions.
Longitudinal T, and transverse T 2 relaxation measurements were made for the PEO peak at
different SDS concentration. Figure 4.6 shows the variation of proton longitudinal relaxation rates
R,

= I IT,

(e.g. , figure 4 .6a), transverse relaxation rates R 2 = I/T 2 (e.g., figure 4.6b) , and the

difference 1'1R= R 2 - R, (e.g., figure 4.6c) for PEO molecule at different SDS concentrations.
The relaxation rates measurements share a characteristic of a plateau above 60 mM, which
coincides roughly with what we ob serve from the diffu sion mea surements. It represents an onset
of the regime at which PEO chain s saturate with SDS molecules. As has been noted before'' ?
the interpretation of NMR relaxation data is somewhat more involved than that of NMR diffu sion
data . We thus use the polymer relaxation rate measurements only as independent confirmation of
the diffusometry results.

4.5.4 Discussion
We begin by discussing the chemical shift results . Below the CAC and CMC respectively, the
chemical shift difference between the SDS4 and SDS I group (representing difference in shielding
between the group least and most proximate to the SO,t ion) is

~

3.2 ppm for both pure SDS and

the SDS /PEO system. At a given C SDS , the difference 1'10 , - 1'102 represents the difference in the
103

(a)

1.7

.~ ::: !I II!I!I! I I I ! ! !
rE

1.41
100

200

300

400

500
(b)

6.0

1Il

5.5
";": ; 5.0
rt,N 4.5

4.0

e

1
W

3.5

""r""""""T""-+-r"""T"""""T""""T"""""T~r-r-"""""-T"""""T"""""r""""""T"""'T"""""T'"""T"""""T""""T"""""T~

LTr

o

100

200

300

400

500
(c)

5.0

100

200

300

400

500

CSDs(mM)

Figure 4.6: (a) Proton longitudinal relaxation rates R I , (b) Transverse relaxation rates R z and (c)
The difference

~R

= Rz -

R I for PEO versu s SDS concentration.

104

chemical environment due solely to the presence of the polymer. The difference is maximum at
about 10 mM and decreases continuously for large C SDS.
Next we discuss the diffusion results , beginning with the most dilute samples. From the SDS
diffusion at the lowest SDS concentration (e.g . figure 4.5a and figure 4.4a), we note no difference here due to the presence of PEO. We estimate the corre sponding hydrodynamic radius Rill
radius of gyration Ro using value s of the SDS and PEO diffusion coefficients at the lowest SDS
concentration and the relevant forms of the Sutherland-Stokes-Ein stein equationr'?
R

-~
6mlD '

H -

R

-&!.
. ,

0-

(4.3)

07

where K B is Boltzmann's con stant, T is the absolute temperature, and 77 is the solve nt viscosity
(77 D20 ~ 1.1 mPa.s). For the SDS mole cule this yields a hydrodyn am ic radiu s R H is ~ 4.0 I(3)
This is comparable to the hydrodynamic radiu s of 3.9
hydrodynamic radiu s is defined as

t

A of an all-trans

= :& L~=I .N,j ( ~),

N

= 12 carbon

A.

chain. The

where rij is the distance between sites i

and j on the chain , e.g., see Yethiraj. 43 We also obtain the radiu s of gyration of the PEO molecule
Ro is ~ 7 .43 (1 ) nm. This agrees with the calculated value in the previous studies .i?
The concentration of free surfactants above the CMC in SDS/D 20 solutions is expected to
be constant (C~r~~<; = CMC), while below the CMC concentration of free surfactants equals the
total concentration of surfactants, C~r~~

= CSDS.

The standard minimal model for pure surfactant

systems is thus

I

SDS (CMC) SDS (
CMC) SDS
DObs = CSDS Drree + 1- CSDS Dmicelle'

C SDS:::; CMC,
C SDS > CMC .

(4.4)

We assume that D~~c~lIe is constant for small enough SDS concentrations. Fitting to the above
model we obtain a good fit for C SDS < 100mM (e.g., figure 4.4a), yielding the following parameter s: D~r~~

= 4.7(1) X

10- 10 m2/ s, D~~c~lIe

= 6.0(9) X

10- 11 m 2/ s, and CMC

= 5.2(2)

mM. The

CMC thus obtained is con sistent with the value obtained from the chemical shift results (e.g.,
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figure 4.3a).
For surfactant-polymer aggregates, the situation is more complicated because aggregate size is
expected to change a lot. Because the pulsed -field-gradient signal attenuation is mono-exponential,
we conclude that the exchange of SDS molecules between the SDS/PEO in aggregates and in free
solution must be very rapid on the NMR time scale. Thu s, we postulate a minimal two specie s:
free SDS and SDS in an aggregate) model : that the observed self-diffu sion coefficients for SDS is
a linear combination of the self-diffusion coefficient of the free molecules in bulk solution and that
of the bound molecules associated with the complexes,2o.26
(4.5)
where f is the fraction of free surfactant in the monomer state in the aqueous solution, D~r~; and
D~~;regnte are the self-diffu sion coefficient of free SDS molecule s (free "rnonomers Tn the bulk

solution) and the SDS specie s associated with the polymer, respectively. Since we know that there
is unlikely to be free PEO, we assume that D~~;reg3Ie in equation 4.5 is identical to the observed
PEO diffusion coefficient D6~~
(4.6)

In the intermediate (C SDS > 100 mM ) regime , we note that the functional form of the SDS and
the PEO diffusion coefficient s are remarkabl y similar (e.g., figure 4.5aa) . However a close look at
the ratio D~~~ /D6~~ (e.g, figure 4.5ab ) show s a minimum just abo~e 100 mM, and then a small
steady increase . Using equation 4.6 we calculate the SDS free fraction over the entire range of
SDS concentration. This is shown in figure 4.7 .
We can see clearly from figure 4.7 that the fraction of free SDS in the bulk solution starts
decreasing rapidly at the critical aggregation concentration up to ~ 100 mM where about 4% of free
SDS is available in the bulk solution. At the highest SDS concentration (where a transition to rodlike micelle s is thought to take place) the free SDS fraction is f
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2%. In addition , the functional
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dependence of the free SDS fraction f on SDS concentration CSDS shows a linear behavior in the
regime where charged SDS/PEO aggregate s are expected to form. log(t)
Thu s. f

<X

= _ log(C sDs) + 0.56 ( I).

I/C sDS in this concentration range. In figure 4.8. we therefore plot the concentration of

free SDS . C n

= f.C SDS. The concentration of free SDS molecule s Cn

in the 3.5-60 mM range is

almost constant. Fitting this range to a flat line repre sents an acc urate way to estimate the value
of CAC. CAC

= qr~es = 3.53(8) mM. Thi s is the most preci se method

to determine the CAC that

we know of. Thi s result is not con sistent with surfactant- specific electrode data'" that suggest
that the free SDS concentration is not con stant in this region. Interpretation of these latter results
above the CAC. however. involves an additional calibration procedure . The ditfusometry result s
for SDS/PEO solutions are very analogou s to what is expected for pure SDS solutions. where the
SDS monomer concentration reache s a plateau value that is close to the CMC. 27
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Figure 4.8: Minimal two-species model: the dependence of the concentration of free SDS C n on
the total SDS concentration. Error bars smaller than symbol size.

Sample s at concentrations above the one at 64 mM exhibit a sharp increase in C n (e.g.• fig108
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Figure 4.9 : (a) Three -species model : the dependence of the concentration of free SDS monomers
C O,monomer

and SDS molecule s in the micelles
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on the total SDS concentration and (b)

The apparent radiu s of gyration of PEO-SDS aggregates, Rg , versus SDS concentration. The
concentration C z is shown as a guide. Inset: Number of SDS molecule s per PEO molecule in an
SDSjPEO aggregate , N Aggr , versus SDS concentration, Error bars smaller than symbol size.
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ure 4.8). The sharp increase in C f2 is clearly not physical. The minimal model for the pure SDS
system implies that the free SDS concentrations never exceeds the CMC. We may thus assume
that all the excess SDS in the PEO/SDS/D 2 0 system is actually in the form of free micelles. If
we denote the total SDS concentration when the free SDS concentration reaches CMC as C m, then
clearly the two-species model, which is valid below C m, breaks down above Cm.Thus our minimal
three-species model is summarized as follows:

DSDS = (C f..J.monomer) DSDS (C o,aggregate) DPEO
Obs
CSDS
free +
CSDS
Obs '
DSDS = (CMC) DSDS (C o.micelle) DSDS
(C o.aggregate) DPEO
Obs
CSDS free + CSDS
micel le +
CSDS
Obs '

(4 .7)

where Cn,monomer is the concentration of free SDS molecules and Cn.micelle is the concentration of
SDS molecules in the micelles, and
Cn,aggregate[mM] = CSDS - Cn,monomer>
Cn,aggregate[mM] = CSDS - (CMC + Cn,micelle),

(4.8)

From the observed diffusion coefficients (D~r~; ' D6~~' and D6~~ ) and having a reasonable estimate D~?c~lIe from the pure SDS solutions we can calculate Cn.monomer below Cm and Cn.micelle
above Cm. This is depicted in figure 4.9a. We can also estimate the radius of gyration of the
PEO - SDS aggregates using equation 4.3 (e.g., figure 4.9b). This is only valid when crowding
effects are negligible. This is clearly the case for CSDS < C2 ~ 60 mM when the volume fraction
<I> in a system of pure spherical SDS micelles is ~ 0.04 mM); C2 is the concentration where the

SDS monomer concentration starts to increase above the plateau CAC value (e.g., figure 4.9a), and
the polymer relaxation rate has reached a plateau value (e.g, figure 4.6). Figure 4.9b (inset) shows

= CI1~~~~[I~,~~Ml, where we have used
= 20,000 , for an SDS/PEO aggregate over the whole

the variation of the average number of SDS molecules NAggr
a PEO concentration of 5 mg/ml and M,
range of SDS concentration.
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Fitting model to data yield s

C m ""

145 mM. The logarithmi c increase in

C O.micelle

above

Cm

is

consistent with the modest increase in the ratio of observed SDS to PEO diffusion coefficients .
Finally, the top curve in figure 4.5a shows the variation of the measured self-diffusion coefficient of DOH molecule at different SDS concentrations. The DOH self-diffusion coefficient is
almost constant for C SDS < 100 mM where both PEO and SDS self-diffusion coefficients are decreasing. For C SDS > 100 mM there is a decrease in the DOH self-diffusion coefficient. This could
arise from DOH molecules that associate with the surface of charged SDS micelles or SDS-PEO
aggregates, as well as obstruction effects (in a system of pure spherical SDS micelles we estimate
the volume fraction to be <D "" 0.07 at C SDS

= 100 mM.

Figure 4.10 shows the variation of DOH relative diffusion coefficient y as a function of SDS
concentration, where y is defined by:

(4.9)
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Figure 4.10: Relative DOH diffusion coefficient exhibits a noticeable decrease above e 100mM

III

We find in this study that there are two distinct concentrations above the CAC:

I. From diffusion mea surements, we infer that when the SDS free concentration C~r~es rises
above CAC, this indicate s the onset of more crowded surfac tant e nvironment. We denot e
this first concentration as C 2 • Thi s coincides with the crossover concentration for relaxation
behavior (e.g., figure 4.6), C 2

= 60 mM . Thi s corresponds to NAggr ~ 240.

2. The ratio of SDS to PEO diffusion coefficient s exhibit s a minimum at

~

100 mM . Applying

the minimal model (equation 4.7 ) to our diffusion result s for PEO-SDS yields a critical
concentration C m

~

145 mM , above which free micelle s must exist. The increase in the ratio

of observed SDS and PEO diffusion coefficient s above C m is therefore simply attributable to
the proliferation of free micelle s (which are smaller and more mobile than the the polymersurfactant aggregate).

The chemical shifts, diffusornetr y, and relaxometry result s present a coherent picture . The SDS
monomer concentration saturates at the CAC value, while N Aggr (number of SDS molecules aggre gated on the polymer) gradu ally increases. At C 2 , the incre ase in SDS monomer concentration is
sharp, howe ver the aggregat ion number continues to incre ase. The relatively broad cro ssover as
see n by the polymer is thus con sistent with a sharper cro ssover in the free SDS concentration.

4.6

Conclusion

The study of the molecular dynamic s in the SDSjPEO system using the NMR technique give s
us an opportunity to make quantitative statements about macromolecular aggregates in a model
polymer- surfactant system. The ratio of SDS and PEO diffusion coefficients in PEO(0 .5%w /v)/SDS/D 20
so lution (e.g, figure 4.5a) revealed a sharp decrea se below 100 mM followed by a slight increa se for
C SDS > 100 mM. Moreo ver, for C SDS > 100 mM the DOH diffusion coefficient decrea ses, likely
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indicating an increase in the fraction of water associated with the cha rged surfactant (e.g., figure 4.10 ), as well as an increase in obstruction effect s.
Relaxation rate difference mea surements report on slower aggregate motions . Proton NMR
relaxation rate measurements show a clear separation between two regime s of aggregate motion s
with a cro ssover at a concentration C 2

=60 mM.

We assumed that the self-diffusion coefficient for SDS is a linear combination of the selfdiffusion coefficient of both free SDS molecules and the polymer-associated SDS molecules below
C 2 while it include s a third species (free micelles) above Cm' Our analysis revealed that the concentration of free SDS molecule s is almost con stant (±3 %) from 3.5 mM up to a concentration
C2

=60 mM (e.g.,

figure 4.8). Self-consistently, this plateau concentration value coincides with

the CAC , giving us additional confidence in the model in this range . Indeed, the average free
SDS concentration in this range is a very accurate way to locate the CAC, we obtain a value of
3.53(8) mM.
Allowing for a third species (free micelle s) when Co > CMC, we find that CO.micelie increase s
sharply at C S DS

= C m (e.g., figure

4.9a). The average number of SDS molecules for each PEa

molecule N Aggr increase s over the entire range of SDS concentration (e.g., figure 4.9b) i.e. it never
saturates.
We were able to calculate the concentration of free SDS molecules CO.monomw the SDS con centration in the PEa - SDS aggrega tes CO.aggregate, and the concentration of SDS molecule s in the
micelle s CO,micelie over the entire range of SDS concentration. To summarize:

I . The concentration of free (monomeric) SDS CO.monomer is constant at CAC for a range of
total SDS concentrations below C 2

= 60 mM (e.g ., figure 4.8).

We can make a strong state-

ment here, no free micelle s exi st below 60 mlvl. Above C 2 , the free monomer concentration
CO.monomer begin s to increa se. Thi s indicates the onset of surfactant crowding environment
on the polymer chain. Since the monomer concentration is still below the CMC value for
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pure SDS solutions, micelles are still not expected.
2. Above C m = 145 mM, free micelles form (e.g., figure 4.9a). Cn.monomer stays at the CMC for
concentrations above Cm, while the concentration of SDS molecules in the micelles Cn.micelle
increases from zero to over 100 mM.
3. In the range between CAC and Cz, the chemical environment for the SDS molecules in
SDS - PEO solution (as seen from the chemical shift differences labeled in figure 4.3) is
maximally different from that at identical concentration in pure SDS solution. This indicates
that the SDS conformations in the micelle in pure SDS solution are different from those in
the SDS - PEO aggregate (e.g., figure 4.3); in particular, the SDS I group (closest to the ionic
head group of the surfactant) is less well shielded than in SDS-PEO aggregates. Our NMR
results do not provide a more detailed geometric picture of the nature of the aggregates.

4. The PEO-SDS aggregate keeps increasing in size (e.g. figure 4.9b and inset). While Cn .micelle
increases logarithmically, the number of SDS molecules attached to the aggregate increases
roughly linearly with SDS concentration. Our three-species model is likely an under-estimate
of the micellar concentration, as it assumes D~?;"lIe is a constant (which is an overestimate at
higher concentrations due to obstruction effects).
5. There is a clear unambiguous distinction (e.g. figure 4.9a) between C z (the onset of surfactant crowding on the polymer chain) and C m (the onset of free micelles in solution). This is
seen qualitatively from relaxation and diffusion data and quantitatively from fits to a minimal
model to interpret the diffusion coefficients.

6. The validity of minimal models is unambiguous and clear below Cz. Above C m (rp ;::; 0.1),
all results (e.g., figure 4.3b, figure 4.4a, figure 4.9b,and figure 4.10) point to the importance
of crowding.
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Taken together, our results suggests continuous changes in the aggregation phenomenon over
the investigated concentration with three distinct concentrations that signal changes in the nature
of the aggregates.
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Chapter 5
Characterization of Dynamics and Internal
Structure of a Mixed-Surfactant Wormlike
Micellar System Using NMR and
Rheometry
Reproduced by permission of The Royal Society of Chemistry.

Suliman Barhoum, Rolando

Castillo, and Anand Yethiraj. Soft Matter, 2012, 8, 2950-2957 . (Some sections have been modified
to fit this format) .

5.1

Abstract

We use complementary experiments - proton NMR diffusometry and relaxometry , deuterium NMR
lineshapes and rheometry - to construct a comprehensive picture of the microscopic structure of a
mixed-surfactant wormlike micellar system composed of a zwitterionic surfactan t and an anionic
surfactant in brine. In this system, the time of micellar breaking and recombination
122

Tb

is not small

compared with the micellar reptation time

"[R,

weakening the condition to obtain a stress relaxation

function with just one relaxation time at long times. From NMR relaxometry, we determined the
overlap concentration. Deuterium NMR spectral lineshapes indicate the presence of orientational
disordered domains with slow exchange between domains. NMR diffusometry and rheology probe
different timescales and yield complementary information indicating polymer-like behaviour at
the corresponding lengthscales. Via NMR, surfactant diffusion coefficients are seen to decrease
with increasing diffusion time, consistent with restricted diffusion within a reptating micelle. At
the same time, comparison of measurements with protonated and deuterated surfactant strongly
suggest that the short and long time diffusion coefficients measured correspond to intra-micellar
and micellar diffusion respectively. Fitting the diffusion results to a simple model, the average
end-to-end micellar distance was estimated to be in the I J.lm range and only weakly dependent
on concentration. The water diffusion measurements, on the other hand, imp ly a great degree
of water structuring at the micellar surface. We also found that the wormlike micelles obeyed
simple polymer-like scaling behaviors with a crossover from Zimm-like (diffusion) to Rouse-like
(rheology) exponents.

5.2

Introduction

Amphiphilic molecules in aqueous solution form aggregates with different structures such as bilayers, vesicles, spherical, and cylindrical or wormlike micelles, depending on molecular geometry as
well as on the net charge and surfactant concentration. I Wormlike micelles are interesting due to
the fact that they are elongated objects like polymers (which have interesting dynamics and hydrodynamic effects 2- 5 ) ; however they continuously break and recombine."!" This has technological
applications (from heat-transfer fluids to oil-field applications to drain-openers") because unlike
normal polymers they can reform after breaking and can thus survive repeated shear."
Much work has been carried out on the study of wormlike micelles via theory8, 11- 13 and com123

puter simulation'vl" and there have been several reviews of the subject.s" 10. 15. 16 Experimentally,
wormlike micellar systems can be composed of cationic, anioni c, zwitterionic or non-ionic surfactants .6,8.17-20 Mixtures of cationic and anionic surfactant." zwitterionic dimeric surfactant solutions 22 and cationic surfactants solutions 2o. 23 have also been investigated. Rheology has been used
to explore the phase and micellar structure in several sys tems . A common surfactant in wormlike micelle literature is cetyl trimethylammonium bromide (CTAB f 4-28 which forms cylindrical
worm like surfactant micelles; systems forming reverse micelles have also been reported. 29,3o
Small -angle neutron scattering and dynamic light scattering studies have reported on isotropic
to nematic phase transitions," transitions from vesicle s to wormlike micelles," the concentration
dependence of the hydrodynamic correlation len gth. I? and the effect of adding salt on the micellar

growth.P Scattering measurements have also characterized important lengths of the micellar network " and have been used to investigate local structure and ftexibility .35.36 Combinations of rheology and small angle neutron scattering (Rheo-SANS) have also been used to study concentration
dependences of shear thinning and alignment in a block copolymer wormlike micellar system. ' ?
Pulsed-field-gradient nuclear magnetic resonance was used to identify sub-diffusive behavior
in a wormlike reverse micelle sys tem." This technique has been employed in other (polymer and
protein ) soft matter systems-":" to provide information that is complementary to scattering method s, and is especially useful when the system contains large and/or multi -component aggregates.
Thi s is becau se spectra l separations of different chemical components is easy in NMR, challenging
in scattering, and practically impossible in rheology.
Recently, a multi-component system con sisting of mixtures of two similar-sized surfactants,
one zwitterionic (N-tetradecyl-N,N-dimethyl-3-ammonio- l -propanes ulfonate or TOPS) and the
other anionic (sodium dodecyl sulfate or SOS ) in brine 34.42.43 has been studied by rheology and
scattering techniques. The TOPS/SOS sys tem wa s studied in a range of TOPS concentrations C,
spanning both dilute and semidilute regime at different surfactant ratios R= [SOS]/[TOPS] and dif ferent temperatures.34.42,43 The average micelle contour length is found to be in the micron range
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and (for R

= 0.55)

to increase with C, when the wormlike mic elle s are totally screened by salt

addition, while the " mesh size" reflecting intermicellar correlation s was in the 50 - 100 nm regime
and insen sitive to changes in C z , the surfactant concentration ratio or ternperature.r' An intere sting feature of thi s system is that while R

= 0.55

mixtures could be fit to Maxwellian viscoela stic

behavior with a single relaxation time for the stres s relaxation modulu s G(t) at long times." tho se
for R

= 0.43

- 0.45 show deviations from the Maxwellian model.f Two timescales are relevant

in wormlike micellar sys tems.

tb

refers to the breaking/recombination timescale, while

tR

is the

reptation timescale. If the micellar chain break s and recombines many time s during the reptation
proces s (i.e.; TR »

Tb),

the tube -like contour segments exhibit a single relaxation rate ."

In previou s work" we have shown that mixed-species (polymer-surfactant) aggregates are eas ier to study than single-species (surfactant) aggregates becau se the dynamics of each species can be
independently and simultaneously measured via complementary NMR experiments. This allows
model s of aggregate structure to be suffic iently constrained. In this work, we use the TDPS-SDS
system (with R

= 0.45)

to obtain unprecedented detail about both the structure and dynamics in a

sys tem where the linear rheolo gy is not dominated by a single relaxation time at low frequencies.
In this work, we used NMR diffu sornetry and relax ation mea surements as well as deuterium
NMR to explore the dynamics and the structure of the micellar ag gregates. Relaxation in NMR
refer s usually to two proce sses by which nuclear magnetization prepared in a non-equilibrium
state return s to the equilibrium distribution. Different physical proce sses are responsible for the
relaxation of the components of the nuclear spin magnetization

vecto~

M parallel and perpendicular

to the external magnetic field , Bo (which is conventionally oriented along the z axis) . These two
principal relaxation processes are termed T, and T 2 relaxation, respectively. The longitudinal T 1
and tran sver se relaxation T 2 time s can be measured directly using NMR, and can be used to report
on changes in the local environment .f
In the NMR diffu sion experiment, the sample experiences both an external uniform magnetic
field from the magnet and a non-uniform spatially well -defined magnetic field (i.e.; pul sed field
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gradient). Therefore, the molecular diffusion is measured from the signal attenuation that arises
from the dephasing of nuclear spin coherence.S'<" Deuterium NMR, on the other hand, is an
effective probe of orientational order of the hydrocarbon chains ." Thus we are able to obtain independent dynamical information on all components in a 3-component system via spectral separation
(via either a difference in chemical shift or spin label) of diffusion coefficients.
Utilizing these complementary NMR techniques on the TDPS-SDS system (with R

= 0.45),

in tandem with rheology, we obtain unprecedented detail about both the structure and dynamics in
the case where the linear rheology of the system is not dominated by a single relaxation time at
low frequencies.

5.3
5.3.1

Experimental
Materials

N-tetradecyl-N,N-dimethyl-3-ammonio-l-propanesulfonate (TDPS, M w

= 363.6,

purity> 99%),

sodium dodecyl sulfate (SDS, M , = 288.38, purity> 99%), and SDS-D25( M; = 313.53, 98
atom % D) were purchased from Sigma-Aldrich Canada and were used as received. We prepared
stock solutions ofTDPS/SDS/NaCI(0.5M)/D 2 0 as well as TDPS/SDS - D25/NaCI(0.5M)/H 2 0
at C,

= 50

mM, as well as the brines NaCI(0.5M)/D 20 and NaCI(0 .5M)/H 2 0 . Samples with

TDPS concentration and protonated/deuterated SDS below 50 mM (in the semidilute regime) were
prepared by diluting with brine made of D2 0 / H 20 respectively. The samp le in the concentrated
regime C,

=

ISDS]/[TDPS]

140 mM was prepared separately.

= 0.45.

The surfactant ratio in all samples was R

=

Deuterium oxide D 20 (for all protonated SDS samp les) and deuterium-

depleted H20 (for deuterated SDS samples) were purchased from Cambridge Isotope Laboratories.
While surfactant mixtures were prepared by addition of constituents by mass, the volume fraction is
the relevant quantity when considering hydrodynamic corrections. We estimate a volume fraction
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<l> using
<l> =
VTDPS

VTDPS + V SDS
+ VSDS + VNaCI(0.5Ml/1I20

(5 .1)

where Va = ma/Pa, Va, mit and Pa are the volume, mass, and density of the a component in solution, with a indicating TOPS, SOS or NaCI(0.5M)/H 20 . Note that this is an estimate of volume
fraction due to the assumption of volume additivity. Because of the densities (PTDPS=PSDS ~ I g/cm ',
and PNaCI(O.5Ml/lhO ~ 1.02 g/cm") our estimated volume fraction is essentially equivalent to the
mass fraction .
NMR spectra were collected on a Bruker Avance II spectrometer with a 'H resonance frequency
of 600 .33 MHz and a 2H resonance frequency of 92.15 MHz. We can easily separate the water
peak at 4.7 ppm and the surfactant peaks spectrally in the NMR spectrum. However due to the
broad (super-Lorentzian) lineshapes we are unable to spectrally separate TOPS and SOS peaks (0

- 4 ppm) . Thus we prepared some samples with deuterated SOS . We are then able to compare
surfactant dynamics of TOPS (proton NMR with deuterated SOS yields only the TOPS peaks)
with surfactant dynamics of TOPS-SOS peaks in protonated SOS samples.
Relaxation measurements were performed using a Micro-S imaging (3-axis gradient) probe.
The inversion recovery technique was used to measure

T, : sixteen time delays were used, and

the integrated intensities in the spectrum were fitted to the equation: I(t) = 10 (1 - 2exp(-t/T 1»).44
A (ll'/2).-t/2-(ll')x-t/2-acquire spin echo experiment was used to measure T 2 : 16 values, at delay time t, of the integrated intensity were taken to measure T 2 and were fitted to the equation:

Three-axis self-diffusion measurements were carried out in a Micro-S imaging (3-axis gradient) probe with a maximum gradient strength of 200 G/cm or a Oiff30 diffusion probe with a
maximum field gradient 1800 G/cm employing a pulsed-field gradient stimulated-echo sequence '"
with trapezoidal gradient pulses. In our experiments, the duration b of field gradient pulse is 2 ms,
and the gradient g was varied in steps from 0 % to ~ 100% . For deuterated SOS samples, 2H
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NMR spectra were collected using a (n/2)x-t-(n/2)y-t-acquire quadru pole echo experiment with
256 scans was used, with t

= 10 JlS.

Spectrally resolved molecular diffusion coefficients along the field direction (Dj ) and perpen dicular to the field direction (D, and Dy) are obtained from the attenuation of the signal according
to the equation ."

D = 21n (S(k))
k

S(O)

(5.2)

where S(k) is the integrated intensity of the signal in the presence of field gradient while S(O) is the
intensity of the signal in absence offield gradient, and k

= (yog) 2(fl- 0/3) is a generalized gradient

strength parameter. The diffusion time fl is the duration in the pulse sequence in which molecular
diffusion has an affect on the signal attenuation. The signal attenuation as a function of k associated
with TDPS-SDS peaks is a single exponent ial over the whole range ofTDPS concentration. When
there is free bulk diffusion, the diffusion coefficient does not depend on diffusion time fl.

5.3.2

Rheometry

Rheological measurement s were carried out on an Anton Paar Physica MeR 30 I rheometer. All
the rheometric measurements were done at T

= 298

K using the cone-plate geometry of 50 mm

diameter and 0.5 0 cone angle . The stress relaxation experiments were performed with an applied
shear strain y

=0.5. The flow curve s experiments were carried out with shear strain rate y varying

from 0.00 I to 150 I/ s. In addition , the oscillatory shear experiments were performed with an
angular frequency w varied in log-ramp from 50 rad/s to 0.01 rad/s ,
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5.4

Results and Discussion

5.4.1

NMR Relaxation and the Overlap Concentration

Longitudinal T 1 and tran sverse T z relaxation measuremen ts were carrie d out for TDPS jSDS /NaCI
(0 .5M)j D zO samples at different TDPS co nce ntration C z • The proto n longitudin al rela xat ion rate
R 1 = I j T) (figure 5.1) ca n be fit to a mono-exponenti al decay, with a significant increa se as one
cros ses the overlap concentration (reported to be at 7 mM by Lopez-Dia z et aI4z). The monoe xponential fit is phenom enolo gical. Th e change in R\ indi cates a change in the local enviro nment for
the surfa ctant molecules which corre spond s well with the wormlik e micelle overlap concentration.
Based on the exponential fit, we extract a characteristic conce ntration of
mM (i.e.:

Chreshold :::;

Chreshold

= (5.9 ± 0.6)

C* ). The T z relaxation time (not show n) shows no appreciable change as a

function of TOPS concentration C z •

2.0
1.5

Fit : yO + A exp( -CjC*)
yO =1.75 ± 0.01
A =-0.91 ± 0.05
C* = (5.9 ± 0.6) mM

'!!. 1.0

rE
0.5

0.0 -..-- -,-- --,-- --.-- -.--- ....-- ....------,

o

40

80

120

Cz{mM)
Figure 5.1 : Proton longitudinal relaxation rate R} = I / T . versus TOPS concentration C, for
TOPSjSOS j NaCI(0 .5M)j OzO samples at T=298K .
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5.4.2

Deuterium NMR and Orientational Structure

Measurement s with deuterated SDS provide good opportunities to look at the orientational structure of the SDS (using deuterium NMR ), and to separate the dynamics of the TDPS (using proton
diffusometry ). We also use these samples to mea sure the variation of the water diffusion coefficient
with surfactant concentration.
Figure 5.2a shows 2H NMR spectra for Cz

= 46 mM as a function

of temperature. The appear-

ance of a single broad peak in the deuterium NMR spectrum implie s a structure that is intermediate
between an isotropic liquid and an oriented liquid . It is likely an indication of the presence of a
liquid crystal mesophase in domain s with wide orientational angular distribution where there is
a slow exchange between the domains." As we will describe below, this is consistent with the
interpretations of figure 5.3a where we see only a small anisotropy in the measured diffusion coefficient. This averages out the first-order quadrupole coupling." We may fit the deuterium NMR
lineshape to the absorption Lorent zian function
(5.3)
where wand wOare the frequency coordinate and the Larmor frequency of the deuterium (spin- I)
nuclei respectively. W is the deuterium peak width at half maximum of the absorption peak.
For deuterated SDS samples (T DPS/ SDS - D25/NaCl(0.5M)/H 20 ) at two TDPS concentrations (C z

= 10 and 46 mM ), we can extract

the deuterium peak width at half maximum (W) of the

absorption peak as a function of temperature between 298K and 323K. This peak width in show s
an exponential behavior as a function of reciprocal of temperature 1IT. By globally fitting both
data sets in figure 5.2b to one exponential function W
tion energy to be E,

:::0

= A exp(E a/K BT),

we estimate the activa-

21.8( I)K nT. The activation energy associated with narrowing of the spectral

lines likely is associated with either slow re-orientation in the local environment of a molecule, or
slow molecular exchange between environments with different local orientational order .
Water diffusion in aqueou s surfactant solutions has been shown to be a weighted average of
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Figure 5.2: (a) The deuterium NMR lineshap e is we ll fit to a Lorent zian function . Th e peak width
W for C, = 46mM decreases with increasing temper atur e in the range from 298K to 323K (b) Th e
peak width W exhibits an Arrhenius temp erature depend ence: results for

Cz = lOmM and 46mM

can both be fit with a single activation energy and (c) Relati ve H 20 diffusion coefficient versus
total surfactant volume fraction <1> in TDPS /SDS - D25 /NaCI (O.5M)/H 20 samples at T=298K.
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two kinds of water, bulk water and surface associated water.t? Th e water molecule is a polar
molecule, and it associates with a surface of charged molecul es or ch arged aggregates. It has
been shown to be a reasonable approximation to assume that the surface -ass ociated water is essentiall y stationary in compari son to the bulk water. 39,49 Thu s, water diffusion coefficients obtained
as a function of surfactant packing fraction report directly on the frac tion of surface-ass ociated
water. Figure 5.2c shows the variation of the relative self-diffusion coefficient of H 20 molecules
in TDPSISDS - d25/NaCI (0.5M) /H 20 over the range of total surfactant volume fraction <1> from
0.001 to 0.023.
The H 20 diffusion coefficient value s are scaled to the bulk diffusion coefficient (i.e.; Do = 2.23

x I 0- 9 m 2Is) of H20 molecule in 0.5 M brine , which we also mea sured . The decrease in H 20 diffusion coefficient with increa sing surfactant volume fraction arises from H20 molecules associating
with the surface of charged cylindrical TDPS-SDS micelles in the aqueous solution. From simple
geometry for a cylindrical micelle, we related the observed diffusion coefficient to the thickness of
the water layer h (assumed to be static - this is valid since the surfactant diffusion coefficient is 3
order s of magnitude smaller than that of water ) and the diameter of the bare cylindrical micelle d:

&~ I - (I

+ 4(h /d + (h/ d)2)) <1>.

(5 .4)

A single H 20 monolayer has thickne ss 0.3nm. Fitting the observed diffusion coefficient in
figure 5.2c , we find that hid

= 0.182

± 0.004. Allow ing for the surface-ass ociated water to diffuse

like the surfactant diffusion modifie s this result slightly to hid

= 0.186 ± 0.004.

Given a micellar

diameter of d ~ 6nm,42 this implie s a water layer thickne ss of ~ 3 to ~ monolayers.

5.4.3

Three-axis diffusometry and micelle structure

The observed self-diffusion coefficient (figure 5.3a ) measured along z, x, and y axes display a
very similar behaviour, and thus exhibit insignificant effect s of ordering in the

~

14 T magneti c

field. Dz , D, and D, all decrea se as a function of diffusion time f::... If what we mea sure is only
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Figure 5.3: (a) TDPS-SDS self-diffusion coefficient (D, , Dy , D z) versus diffusion time !1.. C z = 50
mM . (b) Relative z-selfdiffusion coefficient D[g;ol ofTDPS /SDS /NaCI(0.5M)/D 2 0 versus D[~;O]
ofTDPS/SDS - D25/NaCI(0.5M) /H 20 . If the values were equal they would be on the 45 degree
line and (c) D, for non de uterated SDS samples versu s that for deuterated SDS samples. C z
40mM, 46mM and 50mM at T

= 298K .
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=

the self diffusion of the wormlike micelle, then we would not expect 0 to show a dependence on
!J.. For!J.

~

15 ms, the wormlike micelle is already in the long-t ime limit due to the fact that the

RMS displacement over the millisecond timescale is much larger than the average mesh size of the
TOPS/ SOS/ NaCI(0 .5M) micellar solution ~ ::::: 75 nm.34
The observed decrease of 0 with !J. suggests strongl y that the observed diffusion coefficient
is a combination of micellar self-diffusion and surfactant self -diffu sion inside the micelle. This is
confirmed by comparing surfactant diffusion coefficients for systems with non-deuterated and fully
deuterated SOS. This is akin to contra st matching experiments in neutron scattering. The surfactant
self diffusion coefficient D, was measured for TOPS/SOS - 025/NaCI (0.5M)/H2 0 samples with
deuterated SOS at 3 TOPS concentrations (40 mM , 46 mM , and 50 mM). Here we measure the
TOPS self-diffusion coefficient, wherea s in the protonated samples one measures an average value
of TOPS and SOS diffusion coefficient s. If the two value s are equal they would lie on the 45 degree
line. The values obtained for the relati ve diffusion coefficient s in figure 5.3b are only closest to
the 45 degree line at the smallest values (corresponding to large st !J.). This is consistent with
the notion that the micellar diffusion coefficient should depend only on the micelle size and the
solvent viscosit y. Therefore, assuming a Stoke s-Ein stein-like relation for the micelle in the solvent
D oc I /l] , the diffusion coefficient relative to the solvent diffusion coefficient should be the same
for both syste ms.
Figure 5.3c on the other hand shows the bare self diffusion coefficient s Oz. Here we see that
the values for deuterated and non-deuterated sample s are clo sest to the 45 degree line for small !J.
(i.e.; for large Oz). This is consistent with surfactant diffusion within the micelle - these value s
should indeed be insensitive to solvent viscosity .
Three-axi s diffusion measurements thus show that there is very insignificant anistropy in the
wormlike micelle conformations in the presence of a large magnetic field. Moreover, comparisons
of meas ure ments in deuter ated and non-deuterated surfactant show a clear trend: micellar diffus ion
is dominant for large !J.,while intramicellar diffusion is dominant for small !J..
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Figure 5.4: (a) Z-axis mean square displacement MSD z versus diffusio n time Cl. Inset: root
mea n square displacement (RMSD z) versus TDPS concentration C, (b) Anisotropic mice lle selfdiffusio n coefficients «Dm)z, (Dm)x, (Dm)y) extracted from the slopes of the mean-square disp laceme nt MSD curves as a function of TDPS concentration (C z) for TDPS /SDS/NaCI(O.5M)/D 20
samples at T = 298 K. The anisotropic micelle self-diffusion coefficients (Dm)z and (Dm)y curves
are offset along the y-axis, (c) The average z-end to end distance L, of the TDPS-SDS mice lle
versus TDPS concentration C z, extracted from a fit of the signal attenuat ions using equatio n 5.5 ,
for TDPS/SDS/NaCI(O.5M )/D 20 samples at T= 298 K. The mean L, is aro und 1.1 ut«.
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5.4.4

Micellar and intramicellar diffusion

From the ob served values of anisotro pic self-diff us ion coefficie nts (fig ure 5. 3a) at different diffusio n time s tJ., the mean-square displacement MSD value s (M SD j = 2D j tJ., i = x, y, z) are obt ained
(figure 5.4a ). The dependence is clearly linear; however the straight line doe s not pa ss through
the origin . Therefore, the diffu sion is neither lateral diffusion' " nor it is si ng le- file diffusion '" for
whi ch the MSD should scale as the square root of the diffu sion time . Th e slope in figure 5.4a repre se nts a rea sonable estim ate for the micellar diffu sion (figure 5.4b) at different TDPS concentration
C z. The non-zero intercept on the other hand, is an indi cation of faster intra-micellar surfactant
diffu sion at shorter time s.
Figure 5.4b shows the vari ation of the anisotro pic micelle diffu sion coefficients (D m)" (Dm)y
and (Dm)z of the micelle as a function of TDPS concentration in the semidilute regime (i.e .;

10 mM

s c, ~ 50 mM ) for (D m)"

(Dm)y and in the 10 mM ~

c, ~

140 mM regime for (Dm)z of

TDPS-SDS/NaCI (0 .5M )/D zO. The ani sotropic diffu sion curves D, and D, are offset along the
y-ax is. The ani sotropic se lf-diffus ion coefficients exhibit a power law dec rease with respect to C z.
We globally fit the three data set s in figure 5.4b in the sem idilute regime to a single power law
d

(G lobal fit in graph ). Our experiments yield a power law D = D z (CIC*r with the exponent d=
0.5 8±0.03. The Zimm model for pol ymer dynamics in a good so lvent considers the hydrodynamic
interactions between the monomers on the polymer ch ain and between the monomers and the
so lvent molecules in the pervaded vo lume. It would predict an exponent d = (I - v)/(3v - I) = 0 .54
(using v = 0.588 for a self-avo iding pol ymerj .? Thi s exponent is show n for compari son (das hed
line labeled " Zirnrn model " in the graph ). We calculate an experimental exponent v = (I

+ d)/ ( I +

3d ) = 0 .58 ± 0 .01. From the power law fit, we al so obtain the average Zimm diffusion coefficient

D z of the wormlike micelle of 8.3( I ) x 10- 12

mZIs.

For fre e diffu sion , D is independent of tJ.. For bounded diffu sion, the apparent diffusion coefficient is smaller than the true diffusion coefficient at long time s when molecules start to feel the
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effects of the boundaries. The signal attenuation function Seq) which is related to the diffusion
coefficient 0 via equation 5.2 is modified due to the effect of boundaries. We utilize a simple
restricted diffusion model for surfactant diffusion in a one dimensional wormlike micelle. V We
modify this to incorporate a diffusing micelle, resulting in the following signal attenuation equation: 52

In[S(q)]
(5.5)

here D, is the molecular bulk surfactant self-diffusion, Om is the micellar self-diffusion, q

= y6g/(2lT)

and L, is the average length of the one-dimensional channel.
As the diffusion time increases, a larger fraction of molecules feel the effects of confinement
with the diffusion coefficient not changing much for !J.~ 300ms. The z-axis signal attenuation
curves for each diffusion time in figure 5.3a were fitted to equation 5.5. From this fit (signal
attenuation curves and fit not shown) , we extract the average end to end distance L z (figure 5Ac)
for the wormlike micelle . The infinite sum in equation 5.5 is approximated by an upper limit
N

= 1000. Om was obtained from the slopes of figure 5Aa for each TOPS concentration Cz (value s

obtained for Om are shown in figure 5Ab) . Os, the free diffusion of surfactant inside a micellar
enviro nment, and L, are fit parameters. A value of D,

= 13 X 10- 12 m2 Is provided

a good fit for

all concentrations. Having the Zimm diffusion coefficient Oz, the average time 1:z for a micellar
chain to diffuse a distance of order of its average end to end distance L can be calculated.? Using

L,

= 1.l(I )flm and Oz = 8.3(1) X

10- 12 m2/s, we get t-.«
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*;::0 0.15 s.

5.4.5

Rheology and Supramicellar Structure

Relaxation modulus experiments were performed for a range of TOPS concentrations in the semidilute regime (10 mM ::; C z ::; 50 mM). If the relaxation modulus exhibits a single exponential at
long times, then recombination and the scission process is rapid, i.e.; the micellar chain breaks
and recombines many times in a time scale

lb «TR

and the primary relaxation mechanism is

reptation.f

A stress relaxation dominated by a single exponential relaxation decay is generally consistent
with the worm like character of the self-assembled structures in the solution. If

l R

»

lb,

stress

relaxation follows a single exponential in wormlike solutions according to the Cates model. LopezOiaz et al 43 note that

Tb/TR

is minimum at R = 0.55, which is precisely the R value where the

mixture perfectly fits the Maxwellian Cole-Cole semicircle. While R = 0.55 mixtu res cou ld be fit
to Maxwellian viscoelastic behavior with a single relaxation time for the stress relaxation modulus
G(t) ;B those for R = 0.43 showed deviations from the Maxwellian model.P For our (R = 0.45)
samples, all relaxation functions G(t) (not shown) are better fit to a bi-ex po nentia l than a single
exponential.

The elastic modulus Go (figure 5.5a) associated with the slower, domi nant, relaxation mode is
extracted. Reduced viscoelastic spectra are extracted over the whole ,ra nge of T OPS concentration
C z . The inset in figure 5.5a is an example of Cole-Cole diagram for C z = 50mM. The upturn in
Gil at higher frequencies is an expected outcome of Rouse-like behavior.P This elastic modulus

(figure 5.5a) scales as C/ where the exponent b is given" by 3v/(3v - I) = 3.0 ± 0.1, implying

v = 0.50 ± 0.01. In addition, the zero-shear-strain viscosity (figure 5.5b) also scales'' as C/ with
s= I /(3v - I) = 2.4 ± 0.1, or v = 0.47 ± 0.0 I. Both of these scaling behaviors are in the semidilute
regime, and consistent with (v = 1/2) Rouse-like behavior.
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Figure 5.5: (a) The elastic modulu s Go versus TOPS concentration C z. Inset: Cole-Cole diagram
for C, = 50mM non-deuterated SOS sample (b) Zero- shear strain viscosity T] versus TOPS concentration C, (o n a logarithmic scale) for TOPS /SOS /NaCI (O.5M)/O zO samples. Power law fits
in the semi-dilute regime are con sistent with the exponent expec ted for Rouse-like behavior - see
text.
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5.4.6

Two Polymer-like Scalings

In this work, we obser ved two distinct polymer-like scalin gs in micell ar dynamics in the semidilute regime. Oiffusometry in the semi -dilute regime is con sistent with a scaling exponent v

=

0.58 ± 0 .0 I (consistent with the value of 0.588 for Zimm -like behavior in a good solve nt). On
the other hand , rheological measurements are con sistent with a random-walk scaling exponent of

v

= 0.5 .
The se result s have a simple interpretation. In the semidilute regime of mixed- surfactants

TOPS /SOS , NMR diffusometry provide s access to dynamic s at shorter lengthscales and times
(where hydrodynamic interactions are not screened) and can be described by Zimm dynamics in a
good solvent .i -" On the other hand, the rheo logica l measurements provide access to dynam ics at
larger scale s at which the hydrodynamic interactions are screened, and Rouse dy namics results . In
spite of the fact that, in order to remain in the semi-dilute regime, the range of the fit is small, the
two exponent s are distinct (about 8a- apart ) and are con sistent with classic po lymer -like scalings
in different hydrodynamic regime s.

5.5

Conclusion

In this work, we carried out several complementary NMR experiments, as well as rheology, and
these result s yield a comprehensive picture of micro scopic structure in a worm like micellar system.
From NMR longitudinal relaxation T , measurements (figure 5.1), we estimate the T OPS charac teristic overlap concentration C*

~

(5.9 ± 0 .6) mM . This compares reaso nab ly wit h the value of

~ 6 - 7mM determined using diffusive wave spectroscopy." In addition , the temperature depen-

dent 2H NMR spectra (figure 5.2a) show a single broad deuterium peak that imp lies orientational
disordered domain s with slow exchange between domains. The narrowing of this peak is consistent with the temperature dependence of an isotropic liquid crystal mesophase with slow molecular
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exchange between environments with different orientational orde r."
By measuring the self-diffusion coefficient of the water H20 molecule in deuterated SDS samples. we were able to obtain the functional dependence of the relative self diffusion coefficient of
the water molecules H20 with respect to the total surfactant volume fraction (figure 5.2c). Often
one can assume a single monolayer of surface associated water,"? In this system however there is
the equivalent of 3 to 4 layers of surface-associated water. A pronounced change in water structure
has been reported before in neutron diffraction studies of water in high-salt conditions .r'
Diffusion time dependence on diffusion coefficient s (figure 5.3a). linearity of the mean square
displacement MSD versus time (but with non-zero offset) (figure 5.4a) and the contrast-matched
diffusion experiments all point to a model that includes two ingredient s: surfactant restricted diffusion in a cylindrical micelle. and micellar diffusion in water. Therefore. extracting the micellar
diffusion from the slopes of the MSD curve s (figure 5.4a) and a fit to a simple model with these
two ingredients yields an average end-to-end distance of the wormlike micelle in the I - 1.5 Jlm
range and is not strongly concentration-dependent (figure 5.4c ). which is not far from the contour
length found by Lopez-Diaz et al. 43
Rheology reports on longer timescales and lengthscales than NMR. There appears to be a distinct second relaxation time in the stress relaxation measurements which is also consistent with
oscillatory shear measurement s (inset in figure 5.5a) that are not purely Maxwellian. This is consistent with previously report s results" which showed deviation s from the Maxwellian model at

R =0.45.
Finally. two distinct (Zimm and Rouse) polymer-like scalings are observed via NMR and
rheometry respectively. indicating that the worm-like micelle s exhibit classic polymer-like behaviour in different hydrodynamic regimes .
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Chapter 6
NMR Detection of an Equilibrium Phase
Consisting of Monomers and Clusters in
Concentrated Lysozyme Solutions
Reproduced with permission from Suliman Barhoum and Anand Yethiraj. J. Phys. Chem. B. 20 IO.
114 (51). 1706217067. Copyright 2010. American Chemical Society.

6.1 Abstract
Protein aggregation is an important biophysical phenomenon. and it is technically challenging to
quantify. Scattering studies in concentrated protein solutions are not in complete agreement over
the existence of an equilibrium cluster phase . We use pulsed-field-gradient NM R spectroscopy to
characterize diffusion in the long-time limit in concentrated lysozyme solutio ns. and find strong
evidence for the existence of an equilibrium phase that consists of both lysozyme monomers and
clusters (aggregates). They indicate too that there is rapid exchange between monomer and aggregate on the NMR timescale, and that macroscopic measurables (e.g .• the relaxation rate and
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the observed diffusion coefficient) reflect a weighted average of the two fractions. Our results are
quantitatively compared. with no fit parameters, to simple theories of macromolecular crowding. 1

6.2

Introduction

The interactions of proteins in water is important in many biophysical processes. Concentrated
solutions of protein exhibit a tendency to self-associate to form aggregates.' This phenomenon is
important because many human proteins have segments that can form amyloid aggregates.' which
are implicated in the root causes of many "conformational diseases'Y-' On the other hand, much
can be learned about structure and conformations of proteins in solution by treating them as polymeric colloidal suspensions/' with a phase behavior that includes liquid-liquid phase separation?
and the formation of crystalline aggregates.v? Dynamics in concentrated protein solutions is also
complicated by effects of macromolecular crowding.i-!" This too can be modeled in analogy with
behavior in dense colloidal suspensions. 11.12
For this reason, the aggregation of lysozyme solutions has been studied extensively using scattering techniques.P"" nuclear magnetic resonance,8.9.17.20and computer simulations.e'v? Lysozyme
solutions in the concentrated regime have been shown to exhibit metastable liquid-liquid phase segregation''v" that is in some cases followed by crystallization and precipitation.7.8.19.2o Aggregates
detected in solution in the latter studies are transient aggregates.
However, small-angle scattering studies have reported too that concentrated lysozyme solutions
form not only transient aggregates but also a stable equilibrium phase consisting of both individual
proteins (referred to here as "monomers") as well as clusters. 13.14 Parameters like temperature,
salt concentration, and pH were found to playa role in changing cluster size and cluster density.13.14 These results provide support for a colloidal model to understand the phase behaviour of
lysozyme.i" with the generic feature of long-range repulsions and short-range attractions yielding
the possibility for complex gel and glass phases in lysozyme solutions."
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The small-angle scattering evidence for equilibrium clusters is based on one interpretation
of the interference peak observed at low scattering vectors.

A second small-angle scattering

study.P which also observes an interference peak, however attributes it to interactions of individual monomers. In addition, a recent small-angle neutron scattering and neutron spin echo study
has proposed a scenario that invokes the existence of clusters ("dynamic clusters") but with macroscopic properties in the long time limit that are determined by monomeric proteins. 16 Thus scattering studies 13,15,16.26 are still not in complete agreement on the existence of an equilibrium cluster
phase.

In this context, we present an NMR study in concentrated lysozyme solutions that provides
quantitative and independent evidence, in the long time limit, for an equilibrium phase that consists
of fractions of protein monomers and fractions of aggregates or clusters. We find too that proteins
exchange rapidly between monomer and cluster form on the NMR timescale. The NMR signal
is a weighted average of the different fractions, and the macroscopic properties are governed by
this weighted average. Monomer diffusion coefficients are compared with theoretical models for
long-time self diffusion in crowded solutions: good agreement is found with the model of Han and
Herzfeld. I I

6.3

Experimental

Hen egg white lysozyme with 14,600 average molecular mass and HEPES buffer were purchased
from Sigma-Aldrich Canada. We prepared 20 mM HEPES buffer solution in 0 20 at pl-l e 7.5, and
used it to prepare lysozyme stock solution with 40 mg/ml lysozyme concentration. The lysozyme
stock solution was stirred and filtered using a 0.22 urn filter to remove undissolved material. A
centrifugal filter device with a YM-IO membrane was used to concentrate the lysozyme stock
solution more. This high concentration lysozyme stock solution was diluted with the 20 mM
HEPES buffer solution to prepare the lysozyme samples (batch I, prepared from 274 mg/ml stock
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solution: 14 mg/rnl , 36 mg/ml , 169 mg/ml , and 245 mg/ml ; batch 2, prepared from 247 mg/ml
stock solution: 70 mg/ml and 100 mg/ml; batch 3, prepared from 274 mg/ml stock solution: 93
rng/ml) . The lysozyme concentration was measured after preparation via the absorbance at A = 595
nm Z7 using a UV-visible spectroscometer. In increasing order, the se concentrations resulted in
lysozyme volume fractions of cD

= 0.012 , 0.031 , 0 .059 , 0 .079,

0 .085, 0 .143 and 0 .215 .

Figure 6.1a shows the one-dimensional NMR spectrum of the highe st lysozyme concentration
sample C

= 254

mg/ml in an aqueous solution, while figure 6.1 b shows the Fourier transform of

a pulsed gradient stimulated echo at a gradient strength where the water and HEPES signals are
co mp letely attenuated, leaving only the lysozyme spectrum. NMR experiments were carried out
on a 600 MHz Bruker Avance II spectrometer equipped with a Micro-5 imaging (3-axis gradient)
pro be with a maximum gradient strength of 200 G/cm (2 Tim ). Unless otherwise stated , all NMR
experiments were performed at T

= 298 K.

(a)

(b)

Figure 6.1 : Lysozyme(254 mg/ml) /HEPES /D zO, sample temperature 298 K. (a) 'H - NMR onedi mensional (I D) spectrum of sample. (b) I H - NMR ID spectrum after a pulsed-gradient stimulated echo (~

= 100 rns, gradient strength = 0.62 Tim) .

The self-diffusion results were obtained with a pulsed field gradient stimulated-echo sequence
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with (almost square) trapezoidal gradient pulses. The diffusion coeffici ent of the lysozyme specie s
in aqueous solution is obtained from the attenuation of the signal according to:28

S(k) )
In ( S(O) = -Ok

(6. 1)

where S(k) is the " intensityof the signal (the integration of the relevant peak region) in the presence of field gradient pulse. S(O) is the intensity of the signal in the absence of field gradie nt pulse.
k

= (yog) 2(L\-

dient pulse. y

0/3) is a generalized gradient strength parameter. g is the amplitude of the field gra-

= ylf = 2.6571

x 108 T- 1. S- I is the gyromagnetic ratio of the' H nucleus, 0

= 2 ms

is the duration of the field gradient pulse, and L\ is the time period betwee n the two field gradient
pulses which was varied from 50ms to 700 ms .
The relaxation meas urements were also performed using the imagi ng probe. Th e inversion recovery technique with 16 time de lays t was used to measure T ,. and the intensity data of lysozyme
peaks in the region between 6.5 to 9.5 ppm were fit to the equation l(t)

= 1 (I
0

- 2 exp (~)). A

serie s of 16 ( ~ ), - t/2 - (Jr), - t/2 - acquire spin echo experiments with varying de lay times twas
used to measure T 2 • obtained similarly from a fit of the inten sitie s to the equation I(t)

6.4

= 1 exp (:f;-).
0

Results and Discussion

6.4.1 Crowded Diffusion
Figure 6.2a shows a multi-exponential attenuation in the signal which is due to the existence
of water and HEPES mo lecules in the solution in addition to lysozyme species . The early linear
(small k) and later linear (large k) parts in the signal attenuation have disti nct spectra l sig natures
that overlap in chemical shift but are separable in the field-gradient dimension (figure 6.1). The
linear regime at large k corresponds to the signal attenuation associated with lysozyme peak s in
the spectrum, which is mono-exponential. Thi s is con sistent also with relaxation results where the
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10

k=(y5g)2(d-&3)

(a)

~o

monomers +aggregates
(b)

(c)

Figure 6.2: (a)The attenuation of the signal S(k)/S(O) on a log scale versus k = (y8g) 2(li - 8/3)
for 254 mg/ml (<1> = 0.215) lysozyme concentration and with li= 100 ms. The black line shows the
attenuation in signal of lysozyme peaks. The blue line shows the attenuation in signal of DOH and
HEPES peaks. (b) Lysozyme self-diffusion coefficient D (scaled by 'the theoretical value at zero
concentration-Pv" at diffusion times li= 50, 100, and 150 ms versus lysozyme volume fraction <1>.
Dashed lines are long-time self-diffusion coefficients obtained in the works of Medina-Noyola.F'>'
Tokuyama and Oppenheim 12 and Han and Herzfeld." Volume fraction error bars (left error bars) .
(c) Illustration of the effect of aggregate formation on the free volume seen by monomers.
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time dependence of the lysozyme signal attenuation exhibits a single relaxation time.
Figure 6.2b shows the variation of the lysozyme self-diffusion coefficient D at diffusion time
/),=

50, 100, and ISOms as a function of lysozyme volume fraction:

(6.2)
treating the globular protein lysozyme as an ellipsoid with dimensions a
22.5 A,32 leading to hydrodynamic radius R

= (abc)I /3 ;::,

=b =

IS

A and

c

=

17 A. In equation 6.2 NA is the Avogadro

number and M w is the molecular weight of lysozyme. If one used instead the specific volume of

lysozyrne.P one gets a lower value of volume fraction <1>

= ex 0.717

X 10- 3. The uncertainty

in volume fraction reflects a systematic difference in the calculation of volume fraction based on
the bare lysozyme volume (lower value) and the volume fraction deduced from the hydrodynamic
radius of the lysozyme molecule. The diffusion coefficients are scaled by the theoretical value
at zero concentration Do

=

11.7 X 10- 11 m 2/s20 which employs an anisotropy correction to the

calculation for spheres.l?
Figure 6.2b shows that the lysozyme self-diffusion coefficient D increases with decreasing
lysozyme volume fraction <1>. Also plotted are the long-time self-diffusion coefficient according
to Tokuyama and Oppenheim,'? Medina-Noyola'? (using the formula obtained in van Blaaderen
et al.3') and Han and Herzfeld!' (using the self-consistent value tsrl R

= 213) - we would

expect

the experiments to be closest to the model values for low volume fractions of lysozyme in solution
where aggregate formation is least important. For <1> < 0.1, the Medina-Noyola form appears
to be closest to the observed diffusion coefficient results for lysozyme. The Medina-Noyola and
Tokuyama-Oppenheim theoretical curves underestimate the diffusion coefficients at higher volume
fractions; this fact has been noted before-? and can be understood simply as follows:
• The observed diffusion coefficient is a relaxation-weighted average of monomer and aggregate diffusion, as expressed in equation 6.4. This alone would indicate that the observed
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diffusion coefficient is a lower bound for the monomer diffusion .

• When there are aggregates, the calculated volume fraction reflects an underestimation of the
free volume and an overestimation of the effective volume fraction seen by the monomers.
This latter point is illustrated in the cartoon (figure 6.2c).

We revisit the compari son of experimental diffusion coefficient s with theor y after a more careful analysis of the effect s of relaxation weighting on the observed diffusion coefficient s.

6.4.2 Relaxation Rates
Figure 6.3a and figure 6.3b show the variation of longitudinal relaxation rate R I (=I/Td and
transverse relaxation rate R 2 (= I/T 2 ) respectivel y as a function of reciprocal lysozyme concentration I [ C. Based on the assumption that the lysoz yme molecules coexi st with lysozyme aggreg ate s
espec ially at high lysoz yme concentration. the observed relaxation rates R, (i.e R] and R2 ) include
co ntributions from both the aggregate relaxation rate Ri•a and the monomeric relaxation rate Riom '
Therefore . the observed relaxation rates R I and R2 may be written

R,

= bR iom + ( I -

(6.3)

b)Rioa

where Riom and Rioa are R I•m or R2•m and R I •a or R 2oa ' and b

= Cm/C

is the fraction of the free

lysoz yme monomers, and C m is the free monomer concentration.
Parts a and b of figure 6.3 are clearl y not a linear function of ~ (equation 6.3) . In simpler
mice lle- and aggregate-forming systems (such as SDS and PEO-SDS solutions") there is a linear
dependence of the relaxation rates on ~. this implie s that the concentration of free monomers is a
cons tant above a critical aggregation concentration. In this sys tem, the free fraction of monomers
is itself a function of C.
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Figure 6.3: (a) Proton longitudinal relaxation rates R, and (b) tran sverse relaxation rates R 2 ver sus
rec iprocal of lysozyme concentration I [C . Both relaxation rates show a systematic decrease as a
functio n of I [C .
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Figure 6.4 : (a) Lysozyme self-diffusion coefficient D versus diffusion time !:J. for lysozyme concentrations C

= 169 mg/ml (<1> = 0.143 ) and 254 mg/ml (<1> =0.215). The values of Dm obtained

the fit are shown to the right of the data. (b) Mean- squared displacement Z2
of A for C

= 70, 100, 169, and 254 mg/ml,
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from

= 2D!:J. as a function

6.4.3

Fraction of Protein Monomers and Clusters

Figure 6.4a show s the variation of lysozyme self-diffusion coefficient 0 at two different
lysozyme concentrations (C= 169 mg/ml and 254 mg/rnl) as a function of the diffusion time b..
At lower concentrations, we have limited signal at high b.. At all concentrations, the signal attenuation of lysozyme peaks is mono-exponential over the range of diffu sion time b. probed (not
shown) . The lysozyme self-diffusion coefficient shows a small but unambiguous increase with
diffusion time for both C

= 169 mg/ml

and 254 mg/rnl .

Figure 6.2b show s that in the time scale of the NMR experiment we are already accessing
the long time self diffusion coefficient of lysozyme at b. = 50 ms. Therefore for a monodisperse
system of lysozyme proteins we would not expect 0 to show a dependence of b. for b. > 50 ms. In
addition, if we were not in the long-time limit , we would expect to see a decrease not an increase."
However if the lysozyme exists in monomeric form and in clusters, then these two states would
be expected to have different microscopic correlation times: shorter for monomers and longer
for aggregates. Then the observed diffusion coefficients from a pulsed-gradient stimulated echo
would be a (longitudinal) relaxation weighted average of the monomer and the aggregate diffusion

coefficient.V" Thus , the observed lysozyme self-diffusion coefficient 0 can be written in the form
D

= bD mexp (-RI .mb.) + (\

where from equation 6.3, b
both C

= 169 mg/ml

- b)D a exp (-RI .ab.)
bexp(-RI .mb.) + (\ - b) exp(-Rl,ab.)

= (R I -

(6.4)

RI,a)/(Rl,m - RI,a)' By globally fitting the diffusion curves of

and 254 mg/ml to equation 6.4, we are able to calculate the monomer and ag-

gregate relaxation rates (RI,m : : : 0.30(4)

S - I,

RI,a : : : 1.2(\) S- I , and Da : : : 8(8)xIO - 12 m 2 / s). There is

a large uncertainty in D a. We can say unambiguously, however, that D, «
proach is to calculate the mean-squared displacement

Z2

Om. An alternative ap-

= 2Db. (ignoring the effects

of relaxation

weighting, figure 6.4b). The slope in figure 6.4b yields a reasonable estimate (although, comparing
with the fit to figure 6.4a , in fact an underestimate of about 10% at higher concentrations) of the
monomer diffusion coefficient.
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From the monomer and aggregate relaxation rates (R I •m and R l,a) and the measured relaxation
rates R I , we can obtain (equation 6.3) the fraction b of lysozyme free monomers in the solution and
the fraction (I - b) of lysozyme molecules in the aggregate state for all samples; figure 6.5a shows
that the fraction b of free lysozyme monomers decreases by increa sing the concentration, while
the fraction (1- b) of lysozyme monomers in the aggregate state increa ses with increasing concentration. At large concentrations, approximately 25 % of lysozyme molecules are in the aggregate
state. Using equation 6.4 and the calculated R I . m , R I .a , and D. at !':J.

= 100 ms,

we calculate the

scaled lysozyme monomeric diffusion coefficient Om/Doat different lysozyme volume fractions <I>
(figure 6.5b). A rough estimate of the error in Om/Do is obtained from the errors in the global fitting. The <I> dependence of the monomer diffusion coefficients exhibit reasonable agreement with
the theoretical results of Han and Herzfeld up to <I> "'" 0.15.
From the fit to the diffusometry results, we can plot the longitudinal relaxation rate R 1 and
transverse relaxation rate R 2 respectively as a function of the fraction b of free lysozyme monomers
(not shown). By fitting both curves to equation 6.3, we are able to calculate the longitudinal and
transverse relaxation rates of lysozyme monomer and aggregate. While R 1•m
R I .a

= 1.2(3)s -1 (for

= 0.29(7)

S-I

and

the monomer and aggregate) are simply restating the results of the global

fitting in equation 6.4, we are also able to obtain the corresponding transverse relaxation rates
(R 2•m

= 75(6)

S-I

and R2.a

= 325(25)

s -I).

The relaxation rate and the diffusion measurements for 254 mg/mllysozyme sample have been
done at three different temperatures 298, 288, and 278 K. Figure 6.6a and figure 6.6b show the variation of longitudinal R I relaxation rate, transverse R 2 relaxation rate, and the diffusion coefficient
respectively as a function of temperature. The relaxation rates R 1 and R2 increase as the temperature decreases, while the diffusion coefficient shows a decrease as the temperature decreases .
Thi s too is consistent with the fraction of lysozyme aggregate increasing with decreasing lysozyme
solution temperature.
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Figure 6.5 : (a) The fraction b of lysozyme free monomers and the fraction (I - b) of lysozyme
monomers in the aggregates versus lysozyme concentration C (b) Monomeric se lf-diffusion coeffic ient Dm/D o (scaled by the theoretical value at zero concentration-v -") at!1.= 100 ms vers us
lys ozyme volume fraction <1>. Dashed lines are long -time self-diffusion coefficients obtained in the
works of Medina-Noyola.Pv" Tokuyama and Oppenheim \ 2 and Han and Herzfe ld."
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Figure 6.6: (a) Relaxation rates R 1 (open circles, left scale ) and R2 (filled squares, right sca le)
versus temperature T. (b) Lysozyme diffusion coefficient D versus temperature. C = 254 mg/ml .

6.5

Conclusion

We have carried out NMR relaxometry and diffusometry experiment s on concentrated lysozyme
solutions. Mono-exponential dependenc e of the NMR signal on the dela y time in the inversion
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recovery and spin echo experiments suggest that if there are multipl e spec ies in solution they must
be exchanging rapidly on the NMR timescale . Both longitudinal and transverse relaxation rates
show a sharp increase with increasing concentration, suggesting the increa sed contribution to the
signal from lysozyme clusters or aggregates .
Diffusometry as a function of lysozyme volume fraction <D agreems with simple colloidal models for macromolecular crowding for <D < 0.1, with no fit parameter s. At higher volume fraction s
or concentrations, there is a marked deviation , again pointing to the role of aggregates . All the
models underestimate the observed diffusion coefficients for large <D. A simple picture for this is
that the formation of aggregates creates more free volume for the monomers .
The dependence of diffusion coefficient on diffusion time tJ. provides quantitative evidence
of aggregates . Prior to approaching the long-time self-diffusion limit, one would expect a decrease in D with increasing tJ.. Given that the experiments are clearly in the long-time limit
( TBrow nian -

40 ns «

tJ.) , one would naively expect no tJ. dependence for a monodisperse sys-

tem. The presence of aggregates (with a relaxation rate larger than that of monomers) results in the
observed diffusion coefficients being a relaxation-weighted average of monomer and aggregate diffusion. Unique to NMR is the fact that microscopic molecular correlation times in the picosecond
to nanosecond window lead to relaxation times in the millisecond to second window, where one is
probing long-time self diffusion. Putting together both diffusion measurements (e.g., figure 6.4a)
and relaxation measurements, we were able to calculate the relaxation rates of lysozyme in the
monomer and the aggregate state.
In addition, we obtained from the fit in figure 6.4a the self-diffusion coefficient of lysozyme
monomers D m as a function of volume fraction, as well as of the aggregates Da • The monomeric
diffusion coefficient is in rather good agreement with simulations of crowded diffusion of model
proteins (Han and Herzfeld!' ), The value obtained for aggregate diffusion is D, :::: 8 X 10- 12 m2 / s.
If the cluster s were compact and freely diffusing , this implie s an aggregate size of 9R o, about 2-3
times larger than the values deduced by Porcar et al." and Stradner et al.' :' A possibility that
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is cons istent with our experiments and with the picture of an equilibrium cluster phase driven by
competition between short range attraction and long range repul sion (as suggested by Stradner et
al':') is that the clusters are not tightly bound oligomers but instead form loose percolating networks
at higher den sity coexisting with , and exchanging with , monomers at lower den sities . This has been
observed in colloidal system s." Finally, we quantified (figure 6.5a) the fraction b and I - b of free
monomer s and aggregates over the entire range of lysozyme concentration. Above C
(at T

= 298

= 100 mg/ml

K), the aggregate state constitutes a fraction of roughl y 20 - 25 % of the proteins in

solution, this fraction increa ses with decrea sing T. The macro scopic properties of the long-time
limit are therefore governed by a weighted average of monomeric and aggregate properties.
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Chapter 7
NMR Study of Membran e-Associated
Peptides and the Impac t of Peptide Size on
Micelle Properties

7.1

Abstract

The nature of peptide-micelle complexes and micelles were studied for a 19-residue antimicrobia l peptide (Gad2) in complex with anionic surfactant (sodium dodecyl su lfate (SDS)) as well
as for two sma ller dipeptides (Ala-Gly and Tyr-Leu) in complex with SDS, and in SDS alone respectively. Using pulsed-field-gradient PFG-NMR spectroscopy measurements, we extracted the
hydrodynamic radius of an antimicrobial peptide (Gad2)-sodium dodecyl sulfate (SDS) complex
as a function of SDS concentration. The size of a Gad2-SDS complex shows more than a factorof-two increase over the entire range of SDS concentration, while there is only a small increase in
the aggregate number of SDS molecules per each Gad2 molecule. This suggests that the number
of peptide molecules in the complex increases with the SDS concentration. For dipeptide (Ala-Gly
and Tyr-Leu)-SDS solutions, PFG-NMR measurements show that the self-diffusion coefficient of
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SOS is similar to the self-diffusion of SOS in the absence of peptide . This indicates that, unlike
larger peptides, Ala-Gly and Try-Leu peptides do not impact significantly the aggregate nature
of SOS micelles. Comparing the diffusometry results of buffered SOS system with unbuffered
SOS/OzO systems suggested that the micellar size in the buffered system is smaller than the micellar size in the unbuffered system for SOS concentrations below 60 mM. Moreover, the observed
self-diffusion coefficient of SOS in the buffered and unbuffered SOS systems merge at around 60
mM. This concentration is identified as an onset of crowding beyond which hydrodynamic corrections to the diffusion coefficient are extremely important.

7.2

Introduction

Membrane-associated proteins and peptides are often studied in the context of micelles. Micelles
provide a hydrophobic-hydrophilic interface, but unlike large systems such as liposomes , are small
enough to enable solution NMR signals to be observed . Micelles are commonly employed in
NMR structure determination of membrane proteins. l? but have also been used in studies where
the protein-lipid interaction itself is the focus.r" One important class of membrane-associated
proteins are the antimicrobial peptides (AMPs).
AMPs are often short peptides consisting of 12 to 50 residues and act by associating with (and
often disrupting) membranes. AMPs have been shown to play an important role in attacking and
killing microbes such as bacteria , viruses, and fungi. 7- IO Moreover, some AMPs exhibit activities

,

against tumor cells by disrupting the membrane of the diseased cells and targeting the cell interior
without affecting the membrane of host cells in the mammal's body. I I This selectivity, for microbial and/or tumour cells, is thought to arise in large part due to the interaction between the positive
charge on the AMP, with the anionic components of the tumour or pathogen cell rnembrane.P
Therefore , anionic sodium dodecyl sulfate SOS micelles are commonly employed in the structural
studies of AMPs, as well as other membrane proteins. P:"
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Studying the dynamics of proteins in protein-micellar systems by extracting their diffusion coefficients can be useful. These provide information about the fraction of peptide in the aggregate
and free states as well as the average size of protein-micelle complexes. Therefore, NMR diffusometry ' :" as well as fluorescence correlation spectroscopy-? have been used as tools to obtain the
size of protein-micelle complexes.
A starting point for determining the details of protein or peptide structure is the determination of its hydrodynamic size. Extracting the true hydrodynamic radius R H of biomolecules or
biomolecular complexes in realistic mimetics of cellular environments is challenging for two reasons. First, R H is only meaningful when extracted from self-diffusion coefficients extrapolated
to infinite dilution of the diffusing object. At finite concentrations there are hydrodynamic corrections to the diffusion coefficient .F Even for a simple colloidal system of spherical particles,
these corrections depend sensitively on the details of interparticle interactions. Second, this problem is compounded by the practical challenge that many membrane proteins of interest can only
be prepared in tiny quantities, making a detailed study as a function of micelle volume fraction
impractical.

In this work, we use NMR diffusometry and relaxometry to identify the principles one needs
to apply to obtain reliable quantities such as the hydrodynamic radius and the aggregate ratio, a
number characterizing the ratio of detergent to peptide molecules in the aggregate (non-free) state.
We find, reassuringly, that the most minimal model utilized to extract hydrodynamic size works
well for peptides, at least for those with the size (19 residues) of Gad2 or greater; however, one
must be careful to avoid the onset of crowding in order to reliably use these simple models.
The nature of the association of peptides with anionic SOS micelles depends on the details of
the electrostatic environment; for example, cationic peptides bind more strongly than their zwitterionic counterparts. 17 NMR diffusometry studies have also found that peptide binding with anionic
SOS micelles and zwitterionic dodecylphosphocholine (OPC) micelles are different, also due to
the difference in electrostatic environment.

19

Similarly, it was found that a cell-penetrating peptide
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(CPP) alters the dynamics and size of neutral and negatively charged bicelles in different ways .23
Several diffusion studies in peptide- or protein-micelle system s have been carried out in the last
twelve years .20. 21.23-30 However, the onset of crowding effects remain ambiguous, the partitioning
of SDS and peptide molecules and true hydrodynamic radius of a peptide -SDS complex over a
wide range of SDS concentration remain unquantified .
Pulsed-field gradient (diffusion) NMR studies have also showed that the hydrophobic interaction has a significant role in the peptide-micel1e binding process. 18 A similar conclusion on the role
of the hydrophobic interaction was reached on the binding of neuropeptides to a membrane-mimic
environmenrf and on the binding of two tripeptide systems to SDS micelles . 16
NMR studies were carried out to study the binding of a cationic peptide on SDS micelles in
the presence and absence of zwitterionic CHAPS (3-[C3-cholamidopropyl)dimethylammonio]-Ipropanesulfonate) surfactant as a crude model for cholesterol in the biological membrane. While
the binding of the peptide to the SDS micelle, in CHAPS-free solution, is attributed to electrostatic attraction as well as hydrophobic interaction, the presence of CHAPS in the solution inhibits
the hydrodynamic interaction of the peptide with the comicelles composed of anionic SDS and
zwitterionic CHAPS surfactants. "
Since AMPs are subjects of much interest and also represent an even larger class of amphipathic, helical peptides, an AMP, Gad2, was selected for this study. Gad2, and a related peptide
Gadl, have been identified in recent efforts to discovere new AMPs in Atlantic Cod fish. 31.32
In this work, we used NMR diffusometry and relaxometry to stud; the interaction between the
cationic Gad2 AMP and an anionic SDS micelle as a membrane mimic environment. In order to
do so, we used the same simple model that was applied and developed to signal the changes in
the nature of the complexes in a system of nonionic polymer-anionic surfactant system in aqueous

solution.P We compare the nature of the resulting peptide-SDS complex with those that form with
two much smaller peptides, and are able to identify important distinguishing characteristics.
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7.3

Experimental

Gad2 peptid e with 2 168 average molecul ar mass has been synthesized and purified in a similar way
as surfactant-protein B (SP-B) peptid e." Ala-Gly peptid e with 146.14 average mole cular mass,
Tyr-Leu peptide with 294 .35 ave rage molecul ar mass, and SDS (99 % purity) with 288.38 avera ge
molecular mass were purcha sed from Sigm a-Aldri ch Canada and were used as receiv ed without
purification. Deuterium oxid e D2 0 with 99.9% isotopi c purit y was purchased from Cambridge
Isotope Laboratories.
Table 7.1 : Sample nomenclature. All samples unle ss stated have 0.1 M sodium oxalate buffer in
them.
Abbreviation

Complete sample detail s

SDS-a

SDS/sodium oxalate(O.1M)/D 2O

SDS-b

SDS (60mM )/ sodium oxalate (O.1M )/D 2O

SDS-c

SDS ( I87mM )/ sodium oxalate (O.1M)/D 2O

Gad2 -SDS- a

Gad 2/SDS / sodium oxalat e(O.1M )/D 2O

Gad2 -SDS-b

Gad2 (2mM )/ SDS (60mM )/ sodium oxa late(O. 1M )/D 2O

Gad2 -SDS- c

Gad 2(2.67mM )/SDS (80mM )/ sodium oxa late(O. 1M)/D 2O

Ala-Gl y-a

Ala - Gly(2mM ) /s odium oxa late(O.1M)/D 2O

Ala-Gly-SDS-b

Ala - Gly(2mM )/SDS / sodium oxalate(O.1M)/D 2O

Ala-Gly-SDS-c

Ala - Gly(2mM )/SDS(60mM )/ sodium oxalat e(O.1M) /D 2O

Tyr-Leu-a

Tyr - Leu(2mM )/ sodium oxal ate(O.1M)/D 2O

Tyr-Leu-SDS-b

Tyr - Leu(2mM )/SDS / sodium oxalat e(O.1M)/D 2O

Tyr-Leu-SDS-c

Tyr - Leu(2mM )/SDS(60mM)/ sodium oxalate(O .1M) /D 2O

Gad2-SDS-a samples were prepar ed from two different stock solutions. We prepared three
different stock solutions: Gad2 -SDS-b , Gad2 -SDS-c , and sodium oxalat e (0. IM)/ D 2 0 . Samples
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with SDS co ncentration (20 mM , 30 mM , and 60 mM) were prepared by mixing Gad 2-SDS-b
stock solution with sodium oxalat e(O.1M) / DzO stock solution, while we used Gad2-SDS- c stock
solution to prepare samples with SDS conce ntration ( I mM, 2 mM, 4 mM , 8 mM , 13.3 mM , 25
mM , 35 mM, 40 mM , 50 mM , 80 mM), where the ratio (R) of SDS co ncentration to peptide
conce ntration is con stant (R

= [SDS]f[Gad2] = 30).

Ala-Gl y-SDS-b samples were prepared by mixing Ala-Gly-SDS-c stock solution with AlaGly-a stock solution. Also, Tyr-Leu-SDS-b samples were prepar ed by mixing Tyr-Leu-SDS-c
stock solution with Tyr-Leu-a.
SDS -a samples were prep ared from two different stoc k solutions. Samples with SDS concentration below 60 mM were prepa red by mixing SDS-b stoc k solution with sodium oxalat e(O.1M)/D zO
stock solution, whil e samples with SDS co ncentration above 60mM were prepared by mixing SDSc stock solution with /s odium oxalat e(O.1M)/D zO stock solution. The pH value of different stock
solutions including the buffer solution were adju sted to be 4 by the addition of sodium deuteroxide
or deuterium chloride.
The one -dimen sional ( I D) proton NMR spectra for different spec ies in all samples at a resonance frequenc y of 600 MH z on a Bruker Avance II spectrometer are shown in figure 7.1 . In all
cases the trace signal of HDO in DzO is the most dominant peak; however the HDO, peptide and
SDS peak s are all spectrally separable. An advantage of the Gad2 peptid e is that it has aromatic
group s; thus the spectral region of the aromatic group is used to measure separately the peptide signal attenuation which is used to extra ct the self-diffusion coefficient of the peptide molecule in our
Gad2 -SDS samples. In these samples, the spectra of both SDS and the Gad2 peptide components
overlap in the (0-4ppm) spectra region.
Figure 7.1 shows the one dimen sional spectra for SDS-a with C SDS
Ala-Gly -SDS-b with C SDS

= 6 mM ,

and Tyr-Leu -SDS-b with C SDS

= 6 mM ,

= 6 mM

Gad2-SDS-b,

samples at sample

temperature 298K.
The self-diffu sion measurements were carried out in a diffusion probe (Diff 30) and with maxi 175
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Figure 7.1: 1D I H NMR spectrum for (a) SDS-a with C SDS = 6 mM (b) Gad2-SDS-b (c) AlaGly-SDS-b with C SDS = 6 mM (d) Tyr-Leu-SDS -b with C SDS = 6 mM at sample temperature 298

K.
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mum field gradient (1800 G/cm). Diffusion was measured with a pulsed-field gradient stimulatedecho sequence" with (almost square) trapezoidal gradient pulses . The diffusion coefficient of a
molecule in aqueous solution was obtained from the attenuation of the signal according to the
equation'?

S(k»)
In ( S(O)

(7.1)

= -Ok

where S(k) is the " intensitytof the signal (the integration of the relevant peak region) in the presence of field gradient pulse, S(O) is the intensity of the signal in the absence of field gradient pulse,
k

= (y6g?(~ -

6/3) is a generalized gradient strength parameter, y

is the gyromagnetic ratio of the I H nucleus, 6
~

= 100 ms is the time period

= 2 ms is the duration

= yH = 2.6571

X

108 T-1s- 1

of the field gradient pulse,

between the two field gradient pulses, and g is the amplitude of the

field gradient pulse.
The signal attenuation in all samples was observed to be monoexponential (figure 7.2). This
suggests that the exchange of SDS molecules between the SDS in micelles and in free solution
must be very rapid on the NMR time scale. Values of the diffusion coefficients were calculated
from the monoexponential decays using equation 7.1 .
Figure 7.2 shows the signal attenuation and the self-diffusion coefficients for SDS and peptides
in the different peptide systems. For SDS-a system (figure 7.2a), the spectrum region 0-4 ppm is
used to measure the signal attenuation. For the Gad2-SDS system (figure 7.2b) the spectrum region
0-4 ppm is used to measure the SDS signal attenuation while the spectrum region 7-9 ppm is used
to measure Gad2 signal attenuation. For the Ala-Gly-SDS-b system (figure 7.2c), the SDS signal
attenuation is measured using the SDS peak at 0.8 ppm, while the spectrum region at 3.6ppm is
used to measure the Ala-Gly signal attenuation. Also, for the Tyr-Leu-SDS-b system (figure 7.2d),
the SDS signal attenuation is measured using SDS peak at 3.8 ppm, while the spectrum region 6-8
ppm is used to measure the Tyr-Leu signal attenuation.
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Figure 7.2: The attenuation of the signal S(k)/S(O) on a log sca le versus k = (y6g)2(~ - 6/ 3) for
(a) SDS-a with C SDS

= 40 mM (b) Gad2-SD S-c

(c) Ala-Gly-S DS-b with C SDS

Leu-SDS-b with C SDS = 15 mM with 6 = 2 ms and ~ = 100 ms.
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= 2 mM

(d) Tyr-

Value s of the se lf-diffusion coefficients D are ca lculated from the slopes of the cur ves in figure 7.2. The signal attenuation is norm alized with respect to the value at zero gradient. Therefore,
In(S(k )/S (O))

= 0 at

zero field gradient. T , rela xation measurem ent s we re also performed using

the Diff30 diffu sion probe and the relaxation rates (R,

7.4
7.4.1

= I I T))

are reported in sec tion 7.4.1 .

Results and Discussion
Relaxometry

Lo ngitudinal T] relaxation mea surements were carried out for the SDS peaks for different peptide
samp les and at different SDS concentration . All result s (figure 7.3) exhibit an exponential dependence on surfactant concentration. Becau se thi s exponentia l dependence arise s from chan ges
in the surfactant environment, this is typicall y interpreted as an estimator of critical aggregation

concentration s.Pr "
Figure 7.3 show s the variation in the proton relax ation rate R. for the SDS peak s in SDS-a ,
Gad2-SDS-a, Ala -Gl y-SDS-b, and Tyr-Leu-SDS-b samples. In all cas es , the concentration dependence can be fit to an exponential , the exponent is an estimator of the critical aggregation
concentration (CAe) or critical micellar co ncentration (CMC). The monoexponential fit is phenomenological.
Proton longitudinal relaxation measurem ent s were carried out for the SDS peak s for SDS-a at
different SDS concentration (figure 7.3a). A fit to yO + A exp( _ C SDS ICo) yields a (Co = 1.9 ± 0.2 mM) ,
which we identify with the criti cal micell e concentration CMC. Figur e 7.3b shows the variation in
the proton longitudinal relaxation rate R 1 for the SDS peak s for Gad2-SDS-a samples in the range

o- 4 ppm at different

SDS concentration, where the critica l aggr egation concentration CAC of the

Gad2-SDS -a sys tem is (\ .3 ± 0.1 mM ). Figure 7.3c shows the variatio n in the proton longitudinal relaxation rate R , for the SDS peak for Ala -Gl y-SDS-b samples at 0.8ppm at different SDS
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concentration, where the critical aggregation concentration CAC of the Ala-Gly-SDS-b system is
1.9 ± 0.2mM . Figure 7.3d shows the variation in the proton longitudinal relaxation rate R 1 for the
SDS peak for Tyr-Leu-SDS-b samples at 3.8 ppm at different SDS concentration, where the critical
aggregation concentration CAC of the Tyr-Leu-SDS-b system is I ± 0.1 mM

7.4.2

Diffusometry

7.4.2.1

Surfactant Solutions and Analysis Methods

Figure 7.4a shows the self-diffusion coefficient of SDS in an SDS system SDS-a (with no peptide)
with sodium oxalate buffer (pH=4) (red open circles) and without sodium oxalate buffer SDSjDzO
(pH=3-3.5) (blue open squares). Also , in the same graph, the self-diffusion coefficient of SDS
in an SDS system SDSjDzO (with no peptide), without sodium oxalate buffer, and with pH=4
(black filled squares). SDS samples whose pH was not adjusted (pH=3-3 .5), and SDS samples
whose pH was adjusted to pH=4 show certainly the same behavior, but the buffered samples at
pH=4 show different behavior in the SDS concentration regime below 60 mM. This indicates that
sodium oxalate buffer impacts significantly the self-diffusion coefficients .
Because the pulsed-field-gradient attenuation is monoexponential (figure 7.2a), this suggests
that the exchange of SDS molecules between the SDS in micelles and in free solution must be very
rapid on the NMR time scale. Therefore, in the interpretation of observed diffusion coefficients in
surfactant systems, where a surfactant molecule visits more than one environment over very short
timescales, a two-site exchange model is known to work very well." For example, in all systems
considered here, the SDS surfactant can either be a free monomer in solution or associated with a
surfactant-rich aggregate. Thus , the self-diffusion coefficient of SDS is a linear combination of the
self-diffusion coefficient D~r~es of the free molecules in bulk and that of the bound molecules in the
micelle D~~c~lIe in peptide-free solutions or a peptide-SDS complex D~~~r :
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(7. 2)
for C SDS > Co, w here fs is the fracti on of free SDS mo lecul es, D~~:r is eithe r the micellar diffusion coeffi cient or the micell e-p eptid e co mplex diffu sion coe fficie nt, and Co refers to the critical
(micellar or aggregation) concentration (CMC or CA C) , and C SDS is the total SDS co nce ntration.
Two approaches are used in ord er to ex trac t ph ysical param eter s such as the fra ction (r,) of free
SDS molecules and the self-diffus ion of a peptide-SDS compl ex D~~~ or the micellar aggregate
D~c~lle' The first and more general approach is to rewrit e equation 7.2 in the form

S
DSD
S (D SD
S) (C SD
I S) + D SD
Obs =
freeS - DSD
Aggr
freeS) ( CSD
Aggr

(7.3)

for C SDS > Co, D~r~es is alway s a con stant and very clo se to the self-diffus ion coefficient of SDS at
any concentration below the CMC. Linear dependence of the SDS se lf-diffus ion D~~~ versus the
reciprocal of SDS concentration I j C SDS implies that qr~; and D~~:r are constants. In addition,
we may extract D ~~:r ' i.e. the self-diffusio n coe fficient for either an SDS micell e D~~:elle or a
peptide-SDS complex D~~:r from the inter cept, and the concentration of free SDS molecules C~r~es
is calculated from the slope. Usin g these values , in the linear (low conce ntration) regime, we can
obtain the free surfactant fraction as a fun ction of conce ntration eve n at higher concentrations using

(7.4 )
A second and more mimimal approach is fea sible when the size of the peptide that has a
tendency to associate with micelles is large enough that surfactant motion is rapid on the timescale
of peptide motion. Therefore, thi s kind of peptide is usually associated with several surfactants
and so there can never be a free peptide, i.e . the peptid e bindin g fraction is clo se to I . In this case,
D~~:r = DPeptide. Usin g thi s additional information allo ws us to use the two -site model even in a
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regime where the D~~~ versus I ICs DS relati onship is not linear. The only prov iso is that the overal1
particulate volume fraction must alway s be sma l1enough that hydrod ynam ic effect s are negligible.
For the SDS system, this is genera l1y true for concentrations below 60 mM, or volume fractions
below 0.04. Using this we can rewrite equation 7.2 in the form :

(7.5)

For buffered and unbuffered SDS solutions we find a systematic differenc e in al1quantities. The
micel1ar self-diffusion coefficient D~~c~lIe

= 7.2 ± 0.1 x

10- 11 m2 Is and 4042 ± 0.02 x 10- 11 m 2 Is in

the SDS-a and SDS/D 20 systems respectiv ely. The self-diffusion coefficient of the SDS micel1e
is extracted by linearly fitting the self-diffu sion coefficient of SDS in figure 704band figure 704c,
respectively, in the regime of SDS conc entration that is higher than CMC but below the onset of

crowding .P
The concentrations of free surfactant in solution are found to be C~r~ = 1.8 ± 0.1 mM and
5.1 ± 004mM 33 for SDS-a and SDS /D 20 respecti vely. Moreo ver, the fraction (fs ) of free surfactant (figure 704d)is obtained using D~r~;

= (2.6 ± 0.1 ) x 10- 10 m2 Is and

(4.7 ± 0.1)

x 10- 10 m2 Is.

These are the SDS observed self diffusion coe fficients in buffered and unbuffered systems, respectively, at the lowest SDS concentration (figure 704a), which is below the CMC, and at very low
surfactant packing fraction (<1> < 0.001 ). Th erefore, al1 surfac tants are in the non-ag gregated state,
and hydrodynamic effect s are negli gibl e.
The ratio of D~r~; in the unbuffered with respe ct to the buffered SDS solution is ~ 2 for C SDS <
60 mM (figure 704a). This indicate s the pre sence of of stable dimer s and n-mers (n < 2 3

= 8). Also,

the micel1ar self -diffusion coefficient in the unbuffered SDS so lutio n is significantly larger than the
micel1ar self-d iffusion coefficient in the buffered solution (figure 704b). Thi s indicates that while
the micel1ar size in the SDS -a sys tem is sma l1er than the micel1ar size in the SDS /D 20 sys tem, the
fraction (fs ) of free SDS molecule s (figure 704d) for SDS -a shows a more rapid decrea se compared
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to the fraction (f,) for the SDS /D 20 system. The presence of sodiu m oxa late buffer (Na2C204)
promotes the formation of SDS micelle s. Moreo ver, it causes a dec rease in the value of critical
micellar concentration.

7.4.2.2

Peptide: Gad2

Figure 7.5a shows the self-diffusion coefficient of Gad 2 and SDS in Gad 2-SDS-a. We measured
the self-diffusion of Gad2 in the SDS concentration range above 13.3 mM . Due to experimental
limitations (small value of signal to noise ratio ), we were not able to extract the self-diffusion
coefficient of Gad2 in the SDS concentration range below 13.3 mM.
Figure 7.5b is a plot ofD~~~ versus I ICsDs. Over a range of concentrations, this behavior is linear and yields D1~ir = (3.9 ± 0.1 ) x 10- 11 m 2Is. Since the conce ntration of SDS is 30 time s higher
than Gad2 concentration (R = [SDS]/[Gad2] = 30), we know that there is unlikely to be free peptide . Therefore, we use equation 7.5 with DPeptide = Dg~~2 and D~r~;

= (2.6 ± 0.1) x

10- 10 m 2Is to

obtain the fraction (f s ) of free surfactant in the monom er state in the aqueou s solution as well as
the concentration of free surfactant C~r~es , this is shown in figure 7.5c . With increasing surfactant
concentration, f decreases while C~r~; rises from about I mM to an asymptotic value of "," 2 mM.
The lower value (near I mM ) is con sistent with CAC value of (1. 1±0.2 ) mM that is extracted using relaxometry (figure 7.3b ). Thi s is consistent with the pictur e 33.4 0 that the concentration of free
surfactant above the CAC/CMC is equal to the value of the CAC/CMC . In the peptide -SDS systern (and similar to the behavior in the nonioni c pol ymer-anionic surfactant system (poly(ethylene)
oxide (PEO)-SDS sysrem r'") the free conc entration rises furth er until it reaches the CMC value in
the buffered solution.
Also, we estimate the hydrod ynami c radiu s RH of Gad 2-SDS complexes (figure 7.6a ) using the
Stokes -Ei nstein -S utherland eq uation "'
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(7 .6)

where KB is the Boltzmann co nstant, T is the absolute temp eratur e, D = DPeptide, and 11 is the solvent
viscosity (11D 2 0 =1.1 mPa. s). The R H value obtained from surfactant diffusion in a pept ide-SDS
complex is consistent with the lowest value obtained for pept ide diffusion in Gad2-SDS-a and is
approximately 5 nm. Sinc e the values obt ain ed from surfac tant diffusion represent the asymptotic
value at low dilution , this agreem ent is a welcome self-co nsistency chec k. R H (obtained from
peptide diffu sion ) increases as a function of co ncentration to about 10 nm at 60 mM , approximatel y
a fac tor of 2 larger .
Moreover, the variation in the ratio of SDS molecules to peptide mo lecules in a complex r
(C SDS - C~r~;)/(CSDS /R)

=

= (I - DR is ex tracted (figure 7.6b). It shows that r exhibits a very slight

increase, from 27 to 29, over the entir e range of SDS conc entration , it approaches R

= 30 asymp-

totically. We need to under stand how the aggre gate size chan ges in order to accommodate the
two-fold increa se in the hydrod ynami c radiu s RH , we will return to this point later.

7.4.2.3

Dipeptides: Ala-Gly and Tyr-Leu

In order to study the effect of peptide size on the dynamic s of peptide-SDS complexes, di ffusometry
was carried out to quantify complex form ation of SDS with the dipeptides Ala -Gly and Tyr-Leu.
A plot of the SDS self-diffu sion coefficient for all sys tems in the current study in one graph
(figure 7.7) shows clearl y that SDS diffusion look s similar for the systems with small di-peptides
(Ala-Gly and Tyr-Leu) and SDS-a systems. Thi s suggests that the fraction of free SDS in TyrLeu-SDS-b and Ala-Gly-SDS-b systems is similar to the fraction of free SDS in the SDS -a system
(figure 7.4d). On the other hand, SDS diffu sion look s very different for the system with long
peptide (Gad2 -SDS-a), suggesting that the Gad2 -SDS compl exes are very different from the other
Ala-Gl y-SDS and Tyr-Leu-SDS complexes which are essentiall y indi stingui shable from micellar
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Self-diffu sion of SDS in all the sys te ms studie d: SDS-a, Tyr-Leu-SDS-b, Ala-Gl y-

SDS-b , and Gad2-SDS-a. Sample nom enclature is provided in Table I .

aggregates with no peptide.
Figure 7.8a show s the self-diffusion coefficient of Ala-Gly and SDS in the Ala-G ly-S DSb system. By linearl y fitting the self-diffusion of SDS , D6~ (figure 7.8b ), for SDS concentration higher than CAC, we extract the se lf-diffusio n coefficient of SDS in the Ala-Gly-S DS
complex D~~:r = (7.4 ± 0.8 ) x 10- 11 m 2 Is. The hydrod ynami c radiu s of Ala-G ly-SDS complex

RH

= (2.7 ± 0 .3) nm

is then calculated usin g equation 7.6 . In addition, the concentration of free

SDS mol ecu les C~r~; = (1.7 ± 0.2 ) mM . The scatter in the values comes from the very low value
of the fraction of bound peptide ( I - fp ) for co ncentrations

s

20 mM .

Si nce the Ala-Gly peptide is short, the y are rapidl y exchangeable between free and aggregate
state s. Thu s, the fraction (f p ) of free Ala-Gl y peptide is calculated usin g the following equation,

(7.7)
where D~~:-G IY = (5 .3 ± 0.2)
so lution and D~~:r

x 10- 10 m 2 Is

= (7 .4 ± 0.8 ) x

is the self diffu sion of Ala-Gly peptide in the SDS-free

10- 11 m 2 Is.
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From the calculated values of the free fraction (f,) of SDS and free fraction (fp ) of Ala-Gly peptide, the ratio of SDS molecu les to peptide molecules in the aggregate state r

= (CSDS/2mM)(( I -

f,)/

( I - fp ) ) is calc ulated in the Ala-Gly-SDS-b system (figure 7.8d) . The graph shows a scatter in r
for finite conce ntration, with a mean value r = 48 ± 4.
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Diffusometry was also carried out on the dipeptide Tyr-Leu system. Figure 7.9a shows the selfdiffusion coefficient of Tyr-Leu and SDS in Tyr-Leu-SDS-b. The analysis method is identical to
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that in the Ala-Gly -SDS-b system . The observed self-diffusion of SDS is a weighted-average parameter, where the self-diffusion coefficient of SDS D~~~r in the Tyr-Leu-SDS complex is extracted
by linearly fitting the self-diffusion of SDS D~~~ (figure 7.8b) in the regime of SDS concentration
which is higher than CAe. Thus, by using equation 7.6 , the hydrodynamic radiu s of Tyr-Leu-SDS
complex R H

= (2.87 ± 0.04) nm.

For Tyr-Leu-SDS-b the DJ:e~-Leu

= (4.0 ± 0.4 ) x

10- 10 m2 / s is the self diffusion of Tyr-Leu pep-

tide in SDS-free solution and D~~~r

= (6.9 ± 0.1) x

10- 11 m 2/s (figure 7.9b) . Therefore, the frac-

tion (fp ) of free Tyr-Leu peptide (figure 7.9c), and the ratio of SDS molecules to peptide molecules
in the aggregate state (r) (figure 7.9d) for Tyr-Leu-SDS-b system have been extracted in a similar
way as for Ala-Gly-SDS-b system . However, for Tyr-Leu-SDS-b system , r exhibits a systematic
increase at low SDS concentrations with a change in slope between 5 and 10 mM, reaching a value
of approximately r = 20 at 40 mM. Note that the scattering in the data for Tyr-Leu is much smaller
than for Ala-Gly . This is due to the presence of a non-negligible fraction of bound peptide even at
small SDS concentration. The 60 mM value is not reliable due to crowding effects, this is discussed
later. This asymptotic value is comparable to Gad2-SDS, where the asymptotic value approaches
the molar ratio at large concentration, consistent with a binding ratio I - fp close to I, and very
different from the Ala-Gly-SDS system, where it is closer to 0.5 at 40 mM.

7.5

Conclusion

Using diffusometry, we measured the signal attenuation curves of SDS and peptide components in
different samples. The monoexponential signal attenuation curves (figure 7.2) indicate that there
is either a quick exchange between the molecules in the monomeric state and aggregate state for
SDS and short peptides (Ala-Gly and Try-Leu) or the molecules are presented in one state (e.g. an
aggregate state for the long peptide (Gad2)) . Therefore, the self-diffusions of SDS molecules and
short peptides are weighted-average parameters. Based on that, we were able to extract parameters
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such as the fraction and the concentration of free SDS and free peptide molecules over the entire
range of SDS concentration.
Using relaxometry (figure 7.3), we estimate the critical micellar co ncentration (CMC) for the
SDS-a system to be 1.9±0 .2 mM (figure 7.3a), significantl y lower than the value ofCMC

= 5.2 ± 0.2

mM 33 for the unbuffered SDSjD 20 system. Thi s indicates that the presence of the sodium oxalate
buffer in the solution enhances micellar formation . The value of critica l aggregation concentration
(CAC) for Gad2-SDS-a, Ala-Gly-SDS-b, and Tyr-Leu-SDS-b systems is 1.3 ± 0.1 mM , 1.9 ± 0.2
mM, and 1.0 ± 0.1 mM respectiv ely. Value s consistent with these are obtained from diffusion
measurements.
The concentration dependen ce of the self-diffusion coefficient depend s sensitively on the presence of sodium oxalate buffer. In the presence of the buffer, we see, not only that the CMC is lower ,
but micellar diffusion coefficient is larger by a factor of

~

2 and the micelle size is smaller by the

same factor (figure 7.4b ). The diffusion coefficient s for buffered and unbuffered surfactant merge at
around 60mM. In past work 33 this concentration has been identified as the onset of crowding, and
so we can say with confidence that 60 mM in the SDS system signals the concentration at which
one cannot extract hydrodynamic radius or aggregate ratios from observed diffusion coefficients .
There is a distinct difference in the behavior of large peptide s (M~eptide > M~rfactant ) and small
dipeptides (M~Ptide ~ M~rfactant ) . The small dipeptide s (Ala-Gly and Tyr-Leu) hardl y affect the
SDS diffusion coefficient (figure 7.7). Thi s is consistent with the dipeptide s behaving just as the
surfactant does, i.e. rapidly exchanging between aggregate and free state. For large peptides such
as Gad2 , on the other hand, rapid exchang e betwe en free and aggregate state is practically impos sible . This is because the surfactant molecule s form micellar-lik e aggregates along the peptide
chain. This is consi stent with a bead -on-a-chain picture 42 . 43 for large-molecule aggregates .
The surfactant itself is alway s in the rapid exchan ge limit. The concentration of free SDS in
solution rise s from the CAC value

(~

I mM) to the CMC value

(~

2 mM) when the total SDS con-

centration increase s from 10 to 60 mM . In Gad2-SDS samples, the SDS concentration is increa sed,
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with the peptide-surfactant molar ratio kept constant. Therefore, a moderate increase in free surfactant concentration necessarily implies a small change in aggregate number (the number of SDS
molecules associated with each Gad2 molecule) from 27 to 29. The hydrodynamic radius of the
aggregate state is more than 3 times the size of a peptide monomer in the absence of surfactant.
The concentration range between 0 and 10 mM is the regime where the linear model (equation 7.3)
is valid. At 10 mM, the surfactant aggregate diffusion coefficient and the peptide diffusion coefficient coincide. At larger concentrations (where the linear model is not valid), the aggregate size
increases from 5 nm at 10 mM to 10 nm at 60 mM. In this range, crowding effects are not yet
important, therefore the increase in R H likely reflects a true increase in aggregate size. Given that
the ratio of SDS to Gad2 molecules in a complex is fixed, the only way for mean aggregate size
to increase is for the average number of peptides in one complex to increase from I (at 10 mM) to
approximately 2 (at 50 mM).
In all 3 systems, the concentration of free SDS C~?ees is found to increase over the entire range
of SDS concentration, with the asymptotic value being close to 2 mM. This is roughly consistent
with the value of the CAC obtained from relaxation experiments, although the values from the
latter are not true measurements of the CAC but only indicative values.
Previous experiments have reported peptide binding fractions fb

=I

- fp in dipeptides based

on measurements at two concentrations.l " Our results for both Ala-Gly and Tyr-Leu provide these
values as a function of SDS concentration. Our values are roughly consistent with those quoted
values at concentrations of about 10 mM. We also calculate the ratio of SDS molecules to peptide
molecules in the aggregate state, r, in the three peptide-SDS systems, and can compare them to the
molar ratio R (which was held constant for Gad2-SDS-a but allowed to increase linearly for the
short dipeptides). The quantity r is highly susceptible to noise when the fraction of bound peptide
is very small, as is the case for Ala-Gly. The value of r has a self-consistent large concentration
asymptote of r = R for Gad2 (figure 7.6b) and Tyr-Leu (figure 7.9d) complexes. However, for
Ala-Gly complexes this value is noisy but has a mean value much larger than R (figure 7.8d). This
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is indicative of a high peptide free fraction. Thi s indicate s that SDS molecules have more affinity
to associate with Gad2 and Tyr-Leu peptides than to the Ala-Gl y peptid e. Thi s is based on the fact
that Tyr-Leu dipeptide is more hydrophobic than Ala-Gly dipeptide.
We co nclude with some recommendations for diffusion mea surem ent s made in order to extrac t
param eter s such as the hydrody namic radius and peptide bindin g fraction s. Our results co nsis tently
show that meas urements shou ld be made well below the concentration that signals the onset of
crowding (about 60 mM for SDS ), and a safe recommendation is two-thirds of this value, i.e. 40
mM . Surfactant with sodium oxalate buffer can have unu sual properties which shou ld be know n a
pri ori , e.g. pure SDS solutions contain micellar aggregates with a hydrodynamic radius twice that
of those in so lutions with sodium oxalate buffer. Ideally measurements for hydrodynamic radius
sho uld be carried out for at least two concentrations. This procedure will work very well for larger
pep tides, but less well for small ones, especially those that are not very hydro phobic .
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Chapter 8
Conclusion s
Multi-component solutions consisting of polymer, surfactants, micelles, proteins, and other macromolecules are common to many biological systems, as well as cosmetic, pharmaceutical and technological applications. In addition, the biological cell represents a vivid examp le of a system that
includes different kinds of macromolecules at high concentrations (i.e. 400 gil). Such a high concentration makes the intracellular medium a crowded environment that affects the characteristics
of the macromolecules, such as the structure and dynamic s. In our research study, we are trying
to experi me ntally simu late the multi-component crowded environment in the living cell. We have
investigated four systems which have significant relevance to modern day biology and medicine: a
polymer-surfactant solution, a wormlike micellar system, a protein solution, and a protein-micelle
system .
PFG-NMR is a powerful technique that can be used to study the dynamics of differen t molecular components simultaneously and to study the molecular diffusion in restricted geometries. This
might provide structural information about the restricted geometries . However, PFG-NMR, in my
view, is underutilized technique in the field of soft matter and biophysics. My doctoral studies represent a systematic attempt to utilize PFG-NMR in order to extract different physical parameters
for molecular complexes such as the hydrodynamic radiu s/radius of gyration of spherica l charged
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or non-spherical uncharged complexes . As an example , this sheds more light on the binding characteristic of an antimicrobial pep tide Gad2 on a membrane mimic environment. Coup led with
other techniques, such as deuterium NMR, NMR relaxometry, and rheometry, we utilized PFGNMR to co nstruct a pict ure of the microscopic structure of a wormlike micellar system as a syste m
composed of restricted geometries.

8.1

Polymer-Surfactant Aggregates

The dy namics of macromo lecules in an anionic surfactant- nonionic polymer system (SDS-PEO
system) (chap ter 4) has bee n investigated using nuclear magnetic resonance (NM R). We were able
to identify accurately and qua ntitatively the critical aggregation concentration (CAC) (figure 4.8)
and the onset of the crowding respectively .
We measured the self -diffusion of SDS , PEO , and DOH molecules simu ltaneo usly over the
entire range of SDS concentration in both SDS /D zO (figure 4.4a) and PEO (0.5% w/v)/S DS/ DzO
(figure 4.5a) systems . Using the self-diffusion profile of the SDS molecu les for SDS/D zO syste m,
we were able to extract the critical micellar concentration (CMC) (figure 4.4a).
In our self-diffusion analysis, we assume that the observed self-diffus ion coefficient of SDS
molecul e is a weig hted -average of SDS in free and SDS-PEO aggregate (i.e. two-species model).
Based on this assumption, we calculated the concentration of SDS molec ules in the monomeric
state (figure 4.8) . We find that the two-species mode l is definitely valid below 64 mM, and definite ly not valid above 145 mM. One can thus say that the onset of crowding occ urs somewhere
in this concentration range. For C SDS > 145 mM the concentration of free SDS molecu les C rz
based on the two-species model exhibits a sharp increase above CMC that is clear ly not physical
(figure 4.8) . This is consistent with both relaxometry (figure 4.6) that shows crossover between
two different regimes at C SDS

= 60 mM and

DOH self-diffusion measureme nts (figure 4. I 0) that

exhibits a noticeable decrease above e 100 mM . This indicates an increase of the fraction of DOH
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molecules associated with the charged surfactant. Therefore, a three-species model is defined in the
SDS concentration regime C SDS > 145 mM which considers the saturation of polymer molecules
with surfactant and the formation onset of SDS micelles in the solution . It implicitly signals the
onset of crowding in the solution. Based on this model, we were able to calculate the concentration of SDS molecules in the micellar state as well as the concentration of SDS molecules in
the monomeric and SDS-PEO aggregate states over the entire range of SDS concentration (figure4.9a).

8.2

Wormlike Micellar Aggregates

The second system that was studied is a mixed-surfactant wormlike micellar system composed of
anionic surfactant SDS and zwitterionic surfactant TDPS in brine solution at surfactant concentration ratio R

= [SDSj

/[TDPSj

= 0.45 (chapter 5) that shows

deviation from Maxwellian behavior.

Using relaxometry (figure 5.1), we identified the TDPS overlap concentration C* that shows a
crossover from dilute to semidilute regime .
Deuterium NMR spectra (figure 5.2a) shows that the wormlike micellar system is composed
of domains with different orientational orders, where there is a slow molecular exchange between
different domains. This is consistent with the anisotropic self-diffusion measurements (figure 5.3a)
that indicate an isotropic orientation of the micelles.
Moreover, both the time-dependent self-diffusion measurements (figure 5.3a) and the linearity
of the mean-square displacement with non-zero offset (figure 5.4a) indicate that the observedself diffusion is a combination of two dynamical modes: surfactant diffusion in a mice lle and
micellar self-diffusion. Therefore, by applying the simple model of restricted diffusion within one
dimensional boundaries (equation 5.5), we were able to extract the average end-to-end distance
of the micellar chain (figure 5.4c). From the mean square displacement versus diffusion time
graph (figure 5.4a) we calculated the micellar self-diffusion «Dm) ,,(Dm) y,(Dm)z) over the entire
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of TOPS concentration in the semidilute regime (figure 5.4b) . We found that self-diffusion of the
mice lles in the semidilute regime is consistent with the self-avoiding walk model, while rheometry
(figure 5.5a and figure 5.5b) shows consistency with the random-walk model. This semi-dilute
wormlike micellar system behaves like a dilute polymer system when probed on (relatively) short
length scales by NMR, but like a concentrated polymer system when probed on long length scales
by rheology.

8.3

Protein Clusters in Equilibrium

The third system that was studied is the Iysoyme protein system . Oiffusometry and relaxometry
have been carried out on a system of concentrated lysozyme solutions (chapter 6). We found that
the observed self-diffusion coefficient of the lysozyme shows an increase with the diffusion time
(figure 6.4a) and that we are already accessing the long time self-diffusion limit (figure 6.2b) even
at t;..= 50 ms. This indicates that these concentrated lysozyme solutions include lysozyme in both
monomeric and aggregate form, with the lysozyme self-diffusion coefficient being a relaxationweighted average of the monomer and the aggregate diffusion coefficients (equation 6.4) . The
time scale is not in the fast exchange limit for the relaxation measurements but nevertheless is fast
enough that we get a monoexponential attenuation for diffusion. The average size of a lysozyme
cluster was estimated to be nine times the monomer size. Also, we calculated the fraction of
lysozyme in monomeric and aggregate states over the entire range of the lysozyme concentration
(figure 6.5a). The fraction of lysozyme in both states levels off above lysozyme concentration
C = 100 mg/rnl (at T=298 K) with 20 - 25% fraction of lysozyme in the aggregate state. Our
results thus provided unambiguous support for the existence of a phase of equilibrium protein
clusters.
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8.4

Peptide-Surfacant Aggregates

The dynamic s of macromolecules in peptide-anionic surfactant systems was explored using nuclear magnetic resonance (NMR). Thi s study mainl y include s three different system s: a system
composed of a 19-residue antimicrobial peptide (Gad2) and anionic surfactant (sodium dodecyl
sulfate) SDS, a system composed of dipeptide s (Ala-Gly and Tyr-Leu ) and anionic surfactant
(SDS), and a system con sisting only of anionic surfactant (SDS) in an aqueous solution.
A comparison of diffusometry result s of SDS solutions with and without sodium oxalate buffer
(figure 7.4) sugge sts that the micellar size in the buffered system is smaller than the micellar size in
the unbuffered system. Based on NMR diffusometr y measurements , we identify the SDS concentration (C SDS = 60 mM) beyond which the crowding effect (figure 7.4a) plays a crucial role in the
dynamics of macromolecular aggregate s. This provide s confirmation of the existence of collective
micellar effects at these concentrations, implying that measurements designed to extract true hydrodynamic radii should be carried out well below this concentration . Using NMR relaxometry
(figure 7.3) we identify the SDS concentration at which the peptide-SDS and micellar aggregates
start forming in a solution .
Next, we extract the true hydrodynamic radius (figure 7.6a) of the Gad2-SDS aggregate over the
entire range of SDS concentration where crowding effects are not significantly important. Using
NMR diffusometry, we extract the fraction of free dipeptide s (figure 7.8c and figure 7.9c) over
the entire range of SDS concentration. The functional behavior of the free fraction for smaller
dipeptides show s more concentration dependence for the more hydrophobic dipeptide (Tyr-Leu)
which has more affinity to form peptide-SDS aggregates.
We find, in summary, that simple models for analyzing diffusion coefficients in peptide-surfactant
systems work best at relatively low surfactant concentrations, and for hydrophobic peptides that
are much larger than the surfactant, and less well for peptides whose size is comparable to the
surfactant.
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