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The aim of this tutorial review is to introduce to a broader readership the emerging technique of

electrophoretic NMR (eNMR). The ‘‘electrophoretic’’ element of the technique refers to the fact

that charged particles are induced to flow by the application of an electric field. This flow is

measured using pulsed-gradient spin-echo NMR (PGSE-NMR). The great potential of this

experimental approach is the fact that NMR is chemically selective and non-invasive. eNMR,

especially when combined with the more established PGSE-NMR experiment, may therefore be

used to quantify the structure of multi-component systems via the dynamics and charge of each

species within a complex mixture. Accordingly, eNMR is likely to be of great significance for

colloid scientists, biologists, technologists and formulation scientists.

1. Introduction

Surfactants—a concatenation of ‘‘surface active agents’’—are

schizophrenic molecules; part of the molecule is hydrophobic,

part is hydrophilic and the contrast between these characteri-

stics leads to their many interesting and useful properties.

Perhaps the most fundamental is the observation that at well

defined concentrations, surfactants spontaneously self-assem-

ble to form rather intricate structures, the simplest being the

‘‘micelle’’. This structure comprises the hydrophobic parts of

the surfactant molecule forming a ‘‘core’’ largely shielded from

the aqueous phase by the solvated polar headgroups. The

polar headgroups may be nonionic or ionic (anionic or

cationic), and the dissociation of the counterions associated

with the ionic headgroups leads to the ionic character of the

micelle.

Surfactants may also be characterised as an (association)

‘‘colloid’’. A colloid consists of ‘‘dispersed’’ microscopic

particles (like the oil core of the micelle)—with a characteristic

Peter Griffiths graduated with
a PhD from Bristol University
in 1991, and after postdoctoral
periods with Profs. Terence
Cosgrove (Bristol University)
and Peter Stilbs (Royal
Insti tute of Technology,
Stockholm), was appointed
Lecturer at Cardiff in 1995,
Senior Lecturer in 2001/2 and
subsequently Reader in 2004.
He serves on several commit-
tees whose role is to advance
colloid and surface science
within the UK. The research
interests of his group focus on

fundamental physico-chemical properties of ‘‘soft matter’’—
structured fluid materials comprising particle, polymer and
surfactants in a low molecular weight solvent—using
several complimentary techniques ranging from spectroscopy to
scattering.

Peter Griffiths

Alison Paul also graduated
with a PhD in Colloid Science
from Bristol University in
2001. After postdoctoral
appointments in Bristol ,
Royal Institute of Technology
(KTH), Stockholm, and the
School of Chemistry Cardiff
University, she is now based in
the Welsh School of Pharmacy
in Cardiff. Her current posi-
tion is Senior Research Fellow
and Project manager on an
EPSRC funded ‘‘Platform
Grant’’ on Bioresponsive
Polymers. Her research inter-

ests lie in understanding the links between physico-chemical
behaviour and therapeutic performance of polymeric drug
delivery systems.

Natasha Hirst graduated from
Cardiff University in 2001 and
is currently studying for a PhD
in colloid science. Her research
centres on the effects of sol-
vency in polymer/surfactant
systems.

Alison Paul

Natasha Hirst

School of Chemistry, Main Building, Park Place, Cardiff University,
Cardiff, UK CF10 3AT

TUTORIAL REVIEW www.rsc.org/csr | Chemical Society Reviews

134 | Chem. Soc. Rev., 2006, 35, 134–145 This journal is � The Royal Society of Chemistry 2006



length scale of the order of 1 nm to 1 mm—within a second

‘‘continuous’’ phase. Depending on the state of the dispersed

and continuous phases, colloids encompass solid foams (gas in

solid), emulsions (liquid in liquid) and smoke (solid in gas).

Given this definition based on a characteristic dimension,

polymer solutions may also be regarded as colloids; indeed,

polymers and surfactants share many common properties.1,2

Electrophoresis is the transport of charged particles in an

electric field; under the effect of a constant electric field Edc

ions of a particular species attain the steady-state velocity ve =

mEdc, where m is the electrophoretic mobility. The electro-

phoretic mobility is determined by the charge on a particular

species and is of considerable interest in colloid chemistry

because the (long range) Coulomb interaction is often the

dominant interaction between colloidal structures.3 From a

non-colloid perspective, understanding the migration of ions in

electric fields is also important as the separation of ions

according to mobility criteria is the basis of several analytical

techniques.4

1.1 Why electrophoretic NMR?

Electrophoresis is an established field, especially with respect

to colloidal particles where it is possible to quantify their

velocity using microscopy or laser Doppler approaches.5 There

are, however, few experimental techniques that measure the

velocity of small molecules of interest (polymers or surfactant

micelles) in complex, multi-component mixtures. This is due to

the fact that the detection approach (light scattering, osmotic

pressure, dielectric spectroscopy) cannot identify or distinguish

between the various components. Essentially, a technique is

required that is ‘‘chemically selective’’, and NMR is the most

obvious candidate. In an electrophoretic NMR (eNMR)

experiment (also known as DCNMR6 or magnetic resonance

electrophoresis MREP7,8), the electrophoresis element is

analogous to standard electrophoresis methodology—an applied

electric field generates a coherent motion in the sample, and the

charged molecules acquire a velocity or flow dependent on their

charge and size. This flow is quantified by encoding a spatial and

temporal dependence to the NMR signal by the use of magnetic

field gradients.9,10 There are several approaches to quantifying

the flow11 and these are discussed later, but in one guise of the

experiment, each chemically identifiable peak in the NMR

spectrum will be modulated by the electrophoretic mobility of

the species from which that peak originates. Adding the

electrophoretic mobility dimension to the already well-

established and highly versatile NMR stable of experimental

techniques, is therefore likely to make a significant impact on

colloid science (nanotechnology) and a range of biochemically

related disciplines.

eNMR is however, not a particularly new technique. Proof

of concept of eNMR was shown many years ago,12 but the

technique has undergone rapid development in recent

years.6,11,13–20 To set this review in context, eNMR prior to

1989 has been described in an excellent review by Johnson and

He18 with subsequent reviews by Holz6 and Johnson.11 This

review builds heavily on those, focusing more on the data

published in the last five years or so rather than the technique

per se, although some technique relevant material is of course

included. The reader might also find Callaghan’s monograph9

on NMR methods for the measurement of diffusion and flow

of interest.

2. Theoretical aspects

2.1 Electrophoresis

Electrophoresis describes the motion of a charged colloidal

particle due to the influence of an applied electric field, Edc.

Ultimately, the particle attains a constant drift velocity ve when

the electric force causing this motion balances the viscous drag

or the resisting force due to the motion of the particle, a force

that depends on the hydrodynamic radius (size and shape) of

the particle and the viscosity of the medium. Frequently, the

force is expressed in terms of a hydrodynamic potential such as

the f-potential, corresponding to the charge of the colloid at

the plane of shear, Fig. 1.

Quantifying the electrophoretic mobility m of a species is a

relatively straightforward task. However, general theories

relating m to molecular properties are complicated and

often difficult to use. Counterions in an electrolyte solution

(with viscosity g and relative dielectric constant er) surround-

ing a particle (with radius a and charge Ze) screen the

charge of that particle such that the effective potential drops to

zero over a distance given by the inverse Debye screening

length, k21

k~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2rF2

eoerRT

� �

Ic

s

(1)

where r is the density of the solvent, eo is the permittivity of

vacuum, F is the Faraday constant, R is the gas constant, T is

the absolute temperature, and Ic is the ionic strength. Making

the assumption that the applied electric field does not distort

the ionic atmosphere, Henry showed that the electrophoretic

mobility is given by

m~
Ze

6pga

X1 kað Þ
1zkað Þ (2)

where X1(ka) is a monotonically increasing function—the

Henry function—that ranges from 2/3 for ka % 1 to 1.0 for

ka & 1.

In the ‘large particle’ limit, where ka & 1, eqn (2) is

equivalent to m = s/gk, where s is the surface charge density

(s = Ze/4pa2). Smoluchowski showed that

m~
eoerf

g
(3)

where f is the potential at the plane of shear (between the

stationary and moving solvent layers). Thus, for ka & 1, a

measurement of the electrophoretic mobility provides a direct

route to s and to f. Note that there is no dependence of m on

particle size (a) or even particle shape. Accordingly, electro-

phoresis is a common technique for determining the surface

charge on colloidal particles.21

In the ‘small particle’ limit where ka % 1, eqn (2) may be

recast into m = Ze/f, where f = 6pga, by expressing the

balance of electrostatic and frictional forces at steady state i.e.
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ZeEdc = fve. Note now, there is a dependence of the

electrophoretic mobility on size and shape via f.

m~
Ze

6pga
(4)

It is also common to find used an expression analogous

to eqn (3);

m~
2

3

eoerf

g
(5)

Henry’s equation can often be a crude approximation since

the applied electric field may distort the ionic atmosphere.

However, Henry’s formula is accurate provided that the f-

potential is small. Modern analytical treatments of this

problem have been reviewed by Hunter.21 A major difficulty

with many if not all electrokinetic theories is that the results

are expressed in terms of f-potentials, but the f-potential

cannot be measured (except in the Smoluchowski limit)

because the counterions inside the plane of shear move with

the particle, thereby modifying the apparent surface charge

density. Further, and of most significance here, surfactant and

polymer containing systems rarely fall into one of these two

limiting cases; for typical surfactant solutions (r y 2 nm and at

ambient ionic strengths) 0.4 , kr , 1 and therefore, only

approximate or relative values of the f-potential can be

obtained.

2.2 Measuring electrophoresis by NMR

eNMR combines pulsed-gradient spin-echo NMR and in situ

electrophoresis to directly determine the drift velocities of

the NMR active ions in the electric field. A brief synopsis

of the relevant theory is provided here but the reader is

referred to other texts for a more detailed discussion.9,22

The drift velocities are quantified using a pair of field

gradient pulses separated by a characteristic time i.e. PGSE-

NMR. If a magnetic field gradient g(z) is applied co-axially to

the main magnetic field B0, the effective magnetic field is Bz =

B0 + g(z).z. Viewing the spins within a frame of reference

rotating with frequency v0 = 2cB0 about the z axis,

application of the first of the two field gradient pulses of

duration d and amplitude cg(z), winds the spins into a helix

with pitch 2p/cdg(z). The second field gradient pulse,

which is identical but of opposite phase to the first, unwinds

this helix leading to a spin-echo. Diffusion of the

molecules to a different position within the sample leads to a

difference in the magnitude of the field gradient, which

results in a loss of phase coherence and hence, spin-echo

intensity.

If an electric field of duration t1 is applied in the z-direction

during the time interval between these two gradient pulses, the

associated magnetisation helix is shifted in phase, h = qvet1

where ve is the drift velocity. Therefore, the simplest method

for measuring the presence of flow involves the determination

of a phase shift.11 However, if a U-tube electrophoretic cell

has been used, the opposing direction of flow of the material

in the two tubes (Fig. 1) renders the sign of the phase

angle indeterminable. The magnitude of the phase angle is

therefore determined by fitting the echo amplitude to a

cosine function cos
qmIt1

keA

� �

with current I as the experimental

variable, knowing

Edc~
I

keA
(6)

where ke is the conductivity and A is the cross-sectional area of the

cell. Fig. 2 illustrates the sensitivity of this approach, presenting

raw data for a series of mixed surfactant micelles where the charge

is controlled by the micelle composition.

Fig. 1 Illustrative representation of the electrophoretic and diffusion components of the eNMR experiment. The photograph shows the location

of the U-tube within the rf coil assembly, the schematic shows the location of the coils that generate the magnetic field gradient in the z (vertical)

direction, whilst the enlargement in the middle shows the opposing direction of the flow of the ions within the two columns of the U-tube.
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When the electrophoretic mobility is small, and/or in

combination with a narrow range of accessible experimental

variables, a more accurate method for determining the

associated small phase change that results from the low drift

velocity is to measure the phase shift of an off-resonance spin-

echo, Fig. 3.11 When the resonance offset Dvor is small such

that B1 & tDvor and Dvor & 2/T2*, the echo signal in the

vicinity of 2t is given by

S(t) 3 cos(Dvort + Dh) (7)

Under these conditions, Dh = 0 in the absence of the

gradient pulses but is Dh = qvet1 when the gradient pulses

are present. Fig. 3 illustrates the shift ts of the zero points when

the field gradients are applied, from which Dvor = p/t0 and that

Dh = pts/t0. Although this method allows the drift velocity to

be determined accurately when a single resonance line is

present, it provides no information when more than one

resonance line is present, and is therefore limited to rather

simple systems.

By far the most productive experimental approach is to

harness the data processing capability of the computer on the

spectrometer; the (first) spin-echo in a 2D experiment is

Fourier transformed, and the resultant spectrum is ‘phased’.

All subsequent spectra are phased with the same parameters

and the peak associated with the ionic species of interest

becomes modulated by the factor cos
qmIt1

keA

� �

. The

electrophoretic mobility of each species mi is then obtained from

the period of the oscillation, Fig. 2.

3. Practical aspects

eNMR has come a long way since its conception, but in

general, is far less straightforward than the NMR

diffusion experiment it closely resembles since several non-

electrophoresis artefacts complicate the measurement of the

true electrophoretic mobility. Whilst these have all been

recognised previously, these have only recently been investi-

gated systematically by Stilbs et al.23 To illustrate the current

state of the art of eNMR, the salient features of that study are

briefly discussed here.

3.1 Sample holder

Fig. 4 displays some of the common electrophoretic cell

geometries that have been used to date. The U-tube (Fig. 4(a))

is the most common, but gives the counterflow of ions

resulting in the loss of the signs of the mobilities. Furthermore,

shimming with this configuration can be a problem. The

cylindrical design (Fig. 4(b)) avoids these problems but is less

convenient due to the required gel plug. The configuration

shown in Fig. 4(c) has a better filling factor and the glass

Fig. 2 Normalised signal intensity as a function of electric field

current for a series of 50 mM surfactant solutions with aSDS = 0.13 ($),

aSDS = 0.37 (#), aSDS = 0.50 (n) and aSDS = 1.0 (%). The data

have been normalised following the procedure in the text. The

lines through the data correspond to a fit to the cosine modulation.

At this surfactant concentration, the solution mole fraction aSDS =

micelle mole fraction xSDS. Reproduced with permission from

Langmuir, 2001, 17, 7178–7181.52 Copyright 2001 American

Chemical Society.

Fig. 3 Two off-resonance signals in the presence of flow (a) spin echo

detected when the gradient is switched off (b) spin echo detected when

the gradient is switched on. Reproduced with permission from

Electrophoretic NMR by C. S. Johnson, in Encyclopedia of Nuclear

Magnetic Resonance, ed. D. M. Grant and R. K. Harris.11 Copyright

1996 Wiley and Sons Ltd.

Fig. 4 Common sample environments. Reproduced with permission

from Electrophoretic NMR by C. S. Johnson, in Encyclopedia of

Nuclear Magnetic Resonance, ed. D. M. Grant and R. K. Harris.11

Copyright 1996 Wiley and Sons Ltd.
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sieving reduces electroosmosis, but any gas generated cannot

escape. Platinum, blackened platinum, and Ag/AgCI electro-

des have been used by various groups, with the latter two types

decreasing gas production at the electrodes.

3.2 Sample heating

The electrophoretic current heats the sample during the time it

is applied, and although heating in this fashion is homo-

geneous, cooling due to the tube walls leads to a parabolic

temperature profile, and therefore convection. There are no

practical solutions to his problem, except the use of convection

compensated pulse sequences.

3.3 Electroosmosis

Electroosmosis is the biggest problem in eNMR and is often

manifest as an apparent charge on a non-charged species such

as water. Electroosmosis can occur in these systems caused by

the build-up of an electric double-layer close to the charged

glass surface due to the adsorbed counter-ions. This layer has a

net charge and will therefore be subject to an electromotive

force if an electric field is applied parallel to the wall. This

results not only in the migration of the ions but also the flow of

the liquid associated with them. Increasing the ionic strength

decreases the double-layer thickness, and may offer a route to

reducing electroosmosis, although for colloidal systems higher

ionic strength often has a deleterious consequence for the

sample. Whilst the true electrophoretic mobility may be

obtained mathematically by a number of routes (subtracting

the electroosmotic mobility for an uncharged probe species

from the apparent mobility, or measuring the flow profile by

flow imaging perpendicular to the branches of the U-tube

and decoupling the electroosmotic and electrophoretic

kinetics) by far the simplest solution is to suppress electro-

osmosis by coating the glass surface with a polymer such as

poly(acrylamide) PAA.24

3.2 NMR pulse sequences

Many, if not all, of the problems discussed above can be

alleviated by an electrophoretic version of the double

stimulated echo pulse sequence, (EDSTE) Fig. 5.23 The

electrophoretic velocity field for ions changes sign on a

nanosecond timescale when the electric field is switched, while

other coherent displacements such as natural convection

proceed unchanged. Hence, any constant velocity effects such

as convection are filtered out while the electrophoretic phase

modulation is maintained. There are other advantages to this

pulse sequence, specifically (i) for a capillary geometry,

electroosmotic flow builds up over y100 ms and is thereby

suppressed by the faster polarity reversal and (ii) since the

polarity is reversed, electrolysis is also reversed thereby

suppressing the total volume of gas produced at the electrodes.

Several of these aspects have been addressed experimentally by

Manz et al.25

The optimised experiment configuration arrived at by Stilbs

et al.23 is a PAA-coated glass U-tube with two blackened Pt

wires as electrodes immersed into the solution as depicted in

Fig. 6, with this suspended in an NMR tube filled with D2O,

employing an EDSTE-based NMR sequence. This results in

almost constant peak intensity for neutral molecules, while

preserving the electrophoretic cosine modulation for ions. As

may be seen in Fig. 7, the water signal decays by about 6% at

the maximum current used, a figure that should be compared

with an expected 5% decay due to the unavoidable Joule

heating.

Fig. 5 Pulse sequences often used in electrophoretic NMR experi-

ments; a) stimulated echo b) spin echo and c) double stimulated echo.

Reproduced with permission from the Doctoral Thesis of Erik

Pettersson, KTH, Stockholm, Sweden, 2005.

Fig. 6 Photograph of the U-tube electrophoretic cell developed by

Stilbs et al. Copyright P. Stilbs.
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4. Experimental investigations

The focus of this section is to give a comprehensive survey of

recent data to illustrate the nature of the information available

via eNMR. There have been some key papers that describe

important applications of eNMR in a somewhat limited

fashion (for example ion transport,26–28 protein mixtures29,30

and technique development31,32). These are outside the scope

of this review and will not be further discussed. Rather, this

review arbitrarily describes only those articles in which eNMR

forms part of a larger experimental study, and it is intended

that this will more fully demonstrate the capability and

versatility of eNMR.

4.1 Polymeric systems

The presence of charged or ionisable groups on a polymer

largely determines the behaviour of the polymer—solubility,

tendency to adsorb at surfaces—and these may be controlled

by changes in external variables such as pH or ionic strength.

This character is harnessed in many diverse practical applica-

tions, such as waste water remediation, flocculation of fibres,

ink fixing coatings in ink-jet paper and in drug delivery.33

4.1.1. Strong polyelectrolytes. eNMR has been applied to a

number of strong polyelectrolytes by Scheler et al.34–38

specifically a series of poly(acrylamide) copolymers

(‘‘Praestol’’), (poly(styrene sulfonate) PSS and poly(diallyldi-

methylammonium chloride) PDADMAC. Fig. 8 reproduces

typical raw experimental data for the eNMR experiment

performed on PSS37 whilst Fig. 9 illustrates the cosine fit to the

intensities.

In this series of papers, Scheler et al. showed that the charge

on the polymer is accessible by setting the force due to the

electrostatic nature of the polymer driving the flow equal to

the frictional force opposing the flow;

ZeEdc~
kbT

Ds
v (8)

where kb is the Boltzmann constant and Ds is the self-diffusion

coefficient. If the polymer self-diffusion coefficient is known

Z~
kbTm

eDs
(9)

From this, Scheler et al. were able to compare and contrast

the behaviour of the self-diffusion coefficient, the fractal

dimension and electrophoretic mobility as a function of

ionic strength. For the PSS,36,37 (Mw = 77,000 g mol21), the

Fig. 7 The decay of integral intensity of the water peak for different

experimental setups as function of the electrophoretic current. The

electrophoretic experiment was performed with conventional stimu-

lated echo detection (ESTE) (n) without polyacrylamide (PAA)

coating on the tube walls; (x) with tube walls coated by PAA; (#)

with tube walls coated by PAA and with Pt-black cover on the

electrodes; and (%) with tube walls coated by PAA, with Pt-black on

the electrodes and with the U-tube immersed in perfluorinated oil.

Experiments with double stimulated-echo detection (EDSTE) were

also performed (+) with PAA coating and Pt-black on the electrode;

and (e) with PAA coating, Pt-black on the electrode and the U-tube

immersed in D2O. Reproduced with permission from P. Stilbs et al.,

Concepts in Magnetic Resonance, 2004, 22, 61.23 Copyright 2004 Wiley

and Sons Ltd.

Fig. 8 Raw eNMR spectra for poly(styrene sulfonate) as a function

of applied electric field. Reproduced with permission from U. Scheler

et al. Colloids and Surfaces, A, 2003, 222, 35.36 Copyright 2003,

Elsevier.

Fig. 9 Cosine fit to the intensities for poly(styrene sulfonate) PSS

data presented in figure 8. Reproduced with permission from

U. Scheler et al. Colloids and Surfaces, A, 2003, 222, 35.36 Copyright

2003, Elsevier.
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self-diffusion coefficient and fractal dimension increased whilst

the electrophoretic mobility initially increased but ultimately

dropped with increasing ionic strength. Taken together, these

results showed that the effective charge on the PSS decreased

from y37 to 20 over the salt range 0 , [NaCl] , 0.04 mol l21,

as a reflection of the increased condensation of the counterions

onto the polymer. Similarly, the same authors showed that the

charge on the Praestol copolymer scaled linearly with ionic

composition.35

4.1.2 Weak polyelectrolyte. Poly(ethylene imine) PEI in

aqueous solution is largely uncharged at high pH, but at low

pH exhibits one of the highest charge densities of any

polyelectrolyte.39 Its branched globular architecture results in

very little coil expansion40,41 over the pH range 2 , pH , 11,

i.e. the range over which the fractional charge on the polymer

varies from 1 to 0. Therefore, branched PEI is a suitable choice

to probe the molecular weight dependence of the electro-

phoretic mobility of the polymer as a function of pH, without

the complicating factors of significant pH induced changes in

conformation and self-diffusion coefficient as observed in the

PSS and Praestol work.

The self-diffusion coefficient and electrophoretic mobility of

two molecular weights of PEI (Mw = 2,000 g mol21 and

25,000 g mol21) were recorded over a wide range of pH, 4 ,

pH , 13. There was little change in the self-diffusion

coefficient for each polymer over this pH range, but there

was a pronounced molecular weight dependence, consistent

with the expected change in size. The electrophoretic NMR

data are presented in Fig. 10.42 As can be seen, the

electrophoretic mobility shows no dependence on molecular

weight, but a significant step-change is observed around the

pKa of the PEI (pKa = y10). The consistency of results

between the different molecular weights may be rationalised by

noting that the charge on the polymer scales linearly with the

number of ionisable groups, and therefore to a first

approximation, molecular weight i.e.

Z(pH)~a pHð Þ Mw

RMM
(10)

where a(pH) is the pH dependent fractional charge on the

polymer and RMM is the molar mass of the monomer unit.

The self-diffusion coefficient scaled linearly with molecular

weight Ds 3 Mw
21 and since z 3 Mw

+1 (eqn (10)), the

electrophoretic mobility, being proportional to the product

z Ds (eqn (9)), scales as Mw
0 i.e. is independent of molecular

weight, as shown in Fig. 10.

In Fig. 11, the fractional charge on the polymer calculated

from the pH titration is compared with the normalised

fractional charge calculated from the electrophoretic NMR

results. Clearly, there is a significant difference between the

magnitudes of the degree of protonation extracted from

the two approaches. One possible reason for this could be

the effects of ionic strength as shown by Scheler et al.

However, if one uses Manning’s model of counterion

condensation43 to calculate an electrophoretic friction factor,

strictly only valid for linear polymers and thence the fractional

charge on the polymer, the electrophoretic mobility measure-

ments are further reduced by a factor of approximately 2–3

and the agreement between the two approaches improves.

Nonetheless, further work is required to consolidate the

contribution that eNMR may make to this area.

Fig. 10 The electrophoretic mobility of two samples of branched

poly(ethylene imine) PEI as a function of pH; closed symbols Mw =

2,000 g mol21 open symbols Mw = 25,000 g mol21. Shown for

comparison is the predicted charge (line) based on pKa y 10. The solid

squares are data for PEI of Mw = 7,200 g mol21 in 0.1 N NaCl (G. H.

Lindquist and R. A. Stratton, J. Coll. Int. Sci., 1976, 55, 45.71)

Reproduced with permission from P. C. Griffiths et al.,

Macromolecules, 2005, 38(8), 3539–3542.42 Copyright 2005 American

Chemical Society.

Fig. 11 The charge from electrophoretic mobility measurements for

the two samples of branched PEI in Fig. 10, Mw = 2,000 g mol21

(closed symbols) and Mw = 25,000 g mol21 (open symbols) as a

function of pH (left hand axis). The open squares are the comparable

parameter calculated from Mw = 2,000 g mol21 pH titration data

(right hand axis). Reproduced with permission from P. C. Griffiths

et al., Macromolecules, 2005, 38(8), 3539–3542.42 Copyright 2005

American Chemical Society.
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4.2 Surfactant systems

4.2.1 Single surfactant solutions: surfactants with macro-

counterions44. One of the more challenging parameters to

model in terms of surfactant micellisation, is the degree of

counterion dissociation a, and whether a determines or is a

consequence of the size and shape of the surfactant micelle.

Since the charge of an ionic micelle arises from the distribution

of counterions according to electrostatic interactions between

headgroups and counterions at the micelle surface, a combina-

tion of PGSE-NMR and eNMR is an ideal combination to

probe the degree of counterion dissociation.

Recently, Bales et al.45 have proposed the thesis that the

micelle aggregation number N is a simple reflection of the

aqueous phase concentration of counterions Caq,

N = N(Caq) (11)

Caq is calculated according to eqn (12), and embodies

surfactant solutions in which the ‘‘counterions’’ arise from

monomeric surfactant, counterions dissociated from the

micelle surface and any added salt

Caq = F((a([surfactant] 2 [monomer]) + [monomer] + Cad) (12)

where F = 1/(1 2 w), the correction factor for the micelle

excluded volume and the square brackets denote concentra-

tions. Hence, it is possible to prepare a series of solutions of

surfactant and salt such that the overall free counterion

concentration Caq and therefore aggregation number N, is

invariant across a wide range of surfactant concentration—a

so called ‘‘constant Caq series’’.45 A recent study of sodium

dodecyl sulfate (SDS), dodecyl trimethyl ammonium chloride

(DTAC) and bromide (DTAB) using small-angle neutron

scattering (SANS) coupled with time resolved fluorescence

quenching (TRFQ) showed this to be a valid approach,46 a

concept subsequently generalised by Bales et al.47–50

These are particularly interesting systems for eNMR (and

PGSE-NMR) since if by a suitable choice of system, both the

surfactant and the counterion bear protons that exhibit peaks

at quite different chemical shifts, it is possible to study their

individual mobilities (diffusion and electrophoretic mobility)

in this complex mixture. The tetramethyl ammonium dode-

cylsulfate (TMADS) system is one such example.44 Due to the

large difference in effective size between monomeric versus

micellised surfactant, and associated/dissociated counterions,

and taking into account the different charges on each species,

the diffusion coefficient and electrophoretic mobility of each

species will be quite different, and each will vary depending on

the effects of sample composition on the equilibrium between

micellised and non-micellised states Fig. 12. For example, the

diffusion decay of the methylene resonance associated with

dodecyl group reflects the concentration-weighted average

mobility of monomeric and micellised surfactant;

<M(measured)> = M(micelle)(1 2 x(monomer)) +
x(monomer)M(monomer)

(13)

where M is the mobility parameter (electrophoretic mobility m

or self-diffusion coefficient Ds) and xmonomer is a monomer

mole fraction, whereas the behaviour of the methyl resonance

arising from the TMA+ ion reflects contributions from both

bound and free counterions;

<M(TMA +) > = x(TMA +) M(TMACl) + (1 2 x(TMA +) )M(micelle) (14)

where x(TMA+) is the mole fraction of TMA+ counterions in

solution, including contributions from monomeric surfactant

and those dissociated from the micelles,

xTMAz~
monomer½ �za surfactant½ �{ monomer½ �ð Þ

surfactant½ � (15)

Hence, from a simultaneous fit to eNMR and PGSE-NMR

data Fig. 12, it is possible to calculate a. The degree of

counterion dissociation for TMADS/TMACl is found to be

constant within experimental error aTMA+ = 0.34 ¡ 0.05

throughout the Caq series. This combination of NMR

techniques is potentially more informative than other more

commonly employed (but simpler) techniques (e.g. conductiv-

ity) due to the chemical specificity of NMR.

4.2.2 Binary surfactant solutions: sodium dodecylsulfate

(SDS)–dodecyl malono-bis N-methylglucamide (C12BNMG)

mixtures51,52 and SDS–tetra(ethylene oxide) dodecyl ether

(C12 E4) mixtures53. Mixtures of surfactants are used widely

in industrial and domestic formulations.1,2 Whilst each

component has a particular function (e.g. surface tension

lowering, wetting, active ingredient deposition and control of

stability or rheology), the properties of the complex mixture is

invariably different to those of the individual components.

Understanding the interactions between the various compo-

nents is therefore crucial to optimizing their performance,

and the degree of counterion dissociation is again a key

parameter.54

As has been shown, the electrophoretic mobility is a useful

parameter with which to explore a, and has been measured for

a series of mixtures of SDS and the nonionic sugar surfactant

Fig. 12 eNMR and conductivity data for TMADS constant Caq

series [TMA+] = 39.9 mM. Cosine fit to equation TMA+ ions (filled

squares) and micelles (filled circles). Also shown are conductivity data

(open triangles). Lines are predictions based on various values of a;

0.25 (dash-dot), 0.35 (solid), 0.45 (dotted). Reproduced with permis-

sion from A. Paul et al. J. Phys. Chem., 2005, 109, 15775.44 Copyright

2005 American Chemical Society.
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dodecyl malono-bis N-methylglucamide (C12BNMG), as a

function of micelle composition, xSDS. This is a particularly

interesting system as there is no change in aggregation number

with composition, thus permitting a to be studied in isolation

to any changes in micelle size and shape.

Representative data for such mixed micelles are shown in

Fig. 13.51,52 (Incidentally, the raw data are presented in Fig. 2.)

The f-potential for these mixed micelles can be estimated from

the micellar mobility by adopting the large-particle limit

approach (eqn (3)). As the relationship between f-potential

and mobility is linear, both values are given in the figure. Over

the mole fraction range 0.2 , xSDS , 0.8, these f-potentials are

greater than a simple linear interpolation between the two

limiting compositions, indicating that a significantly higher

fraction of the sodium ions must be dissociated from the

micelle surface compared with the case of simple SDS micelles.

At higher SDS mole fractions, the f-potential tends towards

the linear interpolation between the two limiting cases,

indicating that the sodium counterion dissociation must tend

towards the simple SDS case as the surface becomes more

SDS-like. The re-adsorption of sodium ions reduces the

electrostatic repulsion between the headgroups in order that

they can attain the separation required by the volume of the

hydrophobic tail.

A parallel study was also performed on systems comprising

SDS and the non-ionic surfactant tetra(ethylene oxide) dodecyl

ether (C12E4).53 The main distinction between these two

systems is that in the SDS–C12BNMG system, micelle size

and shape is invariant with composition whereas addition of

C12E4 to SDS micelles leads to significant micelle growth. For

SDS–C12E4, with increasing non-ionic content, the aggrega-

tion number increases and the micelle becomes more elliptical.

Associated with this shape change is a reduction in hydration

of the surfactant headgroups. The degree of sodium counter-

ion dissociation and f-potential shows an initial small decrease

with decreasing SDS micelle mole fraction but subsequently

increases, Fig. 14, reflecting the interplay between the

electrostatic character of the micelle surface and the micelle

curvature.

It is interesting to compare these two systems; the

electrophoretic mobility of the mixed anionic–non-ionic

surfactant system comprising SDS–C12E4 system increases—

albeit after an initial drop—with increasing nonionic composi-

tion, whereas the SDS–C12BNMG decreases. Thus, changes in

the electrophoretic mobility may arise due to changes in both

micelle size/shape and counterion binding. An approach to

deconvolute these various effects has been advanced.53 The

effective charge on the micelle, eeffective, arises due to counter-

ion dissociation characterised by amixedmicelle
Naþ . The behaviour of

amixedmicelle
Naþ versus micelle composition, xSDS for these two

systems is shown in Fig. 15.

It was concluded that as SDS molecules present in the

micelle are replaced by C12Em, there is no significant change in

the overall degree of sodium counterion binding. For other

poly(ethoxylated) surfactants with a greater number of

ethylene oxide units,55–57 and for dimethyl phosphine and

dimethyl amine,58 this is not the case and a decrease in

counterion binding is generally observed due to the decreasing

surface charge density as the headgroup of the ionic surfactant

is diluted over the micelle surface. For short chain ethoxylated

surfactants and the SDS–C12BNMG surfactants, no signifi-

cant change is observed in the counterion binding, at least

over the composition range that is rich in ionic surfactant,

xSDS > 0.8, in agreement with the theoretical predictions of

Hall et al59 and Maeda et al.60

4.2.3 Microemulsion based systems. Surprisingly, there have

been few microemulsion studies performed by eNMR. One

Fig. 13 Measured (N) and corrected (#) electrophoretic mobilities

(left hand scale) as a function of SDS mole fraction xSDS for 50 mM

surfactant solutions. The corresponding f-potentials are shown on the

right hand scale. Reproduced with permission from P. C. Griffiths

et al., Langmuir, 2001, 17, 7178–7181.52 Copyright 2001 American

Chemical Society.

Fig. 14 f-Potential (N) calculated from the large particle limit for

mixed micelles calculated from the electrophoretic mobility (O) for

mixed micelles comprising sodium dodecylsulfate SDS and C12E4 as a

function of micelle composition xSDS.
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such11 considered a sample prepared with triisopropylbenzene

(TIPB) as oil phase, with CH3(CH2)11(OCH2CH2)4OH (Brij

30) and sodium dodecyl sulfate (SDS) as the surfactants. The

peak height versus current plots shown in Fig. 16 can be fitted

to cosine functions to obtain the mobilities. The mobilities for

TIPB and the surfactant peaks were identical, indicating that

these components move together in the microemulsion

droplets.

4.3 Polymer–surfactant systems

4.3.1 Surfactant–polymer mixtures. Mixtures of water-

soluble polymers and surfactants have numerous applications

in industry. Non-ionic polymers and anionic surfactants61

show strong interactions due to the adsorption of polymer

segments into the micelle palisade layer,62 shielding part of the

hydrophobic core of the micelle from the aqueous phase.

Stilbs et al.63 measured the self-diffusion and electrophoretic

mobility within a system comprising poly(ethylene oxide) and

the anionic surfactant SDS. Changes in the self-diffusion of the

species, often associated with the onset of an interaction

between these two components, were correlated with changes

in the electrophoretic mobility, Fig. 17. The electrophoretic

mobility of the (non-ionic) polymer was essentially constant

until the concentration at which the interaction starts, above

which the mobility increases as the charged surfactant is added

to the solution. This combination of techniques was shown to

yield the correct charge for the surfactant anion 1.08 ¡ 0.04,

and an estimate for the charge on an SDS micelle, 35.4 ¡ 1.8.

From these data, the authors calculate f = 100 mV, in good

agreement with a numerical solution of the Poisson–

Boltzmann equation for a micelle. Again, this study illustrates

the complementarity of eNMR and PGSE-NMR, and

separates effects due to changes in conformation (diffusion)

and charge (eNMR) associated with surfactant micelle

binding.

4.3.2 The effects of solvency on surfactant micellisation and

polymer/surfactant complexation. In many applications, sur-

factants are formulated with a variety of additives to achieve a

desired range of properties and alcohols are frequently used as

a cosurfactant. With increasing concentration of alcohol, the

solubility of an ionic surfactant increases, the dielectric

constant of the solvent decreases,64,65 but the surface charge

density in the palisade layer becomes more diluted. Short chain

alcohols generally act as co-solvents,66,67 medium chain

alcohols partition between the palisade region and the aqueous

solution68 whereas long chain alcohols are solubilised into the

micellar core. Therefore, there is a coupling between the charge

on the micelle and its impact on the micellisation and the

solvent composition. Polymers are also often present in

formulations, and the interactions between surfactant and

polymer (e.g. binding of surfactant monomers and micelles to

the polymer chain) may also respond to changing solvent

composition.69

Fig. 18 shows some preliminary data70 to illustrate the

interplay between the tendency of the micelle to bind to a

Fig. 15 Relative degree of counterion dissociation

�binary mixture
counter ion

�pure single compnent
counter ion

as a function of micelle composition (expressed in terms of the ionic

surfactant mole fraction) for SDS–dodecyl malono-bis-N-methyl-

glucamide (C12BNMG) (open circles) and SDS–tetra(ethylene oxide)

dodecyl ether (C12E4) (filled circles) calculated from the large particle

limit formulism.

Fig. 16 Microemulsion eNMR data showing the identical cosine modulation for the surfactant and oil peaks and the constant intensity for the

water peak. Reproduced with permission from Electrophoretic NMR by C. S. Johnson, in Encyclopedia of Nuclear Magnetic Resonance, ed. D. M.

Grant and R. K. Harris.11 Copyright 1996 Wiley and Sons Ltd.

-

-
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polymer, the charge on the polymer–surfactant complex, and

the counterion dissociation.

In the absence of any added polymer, the electrophoretic

mobility of SDS decreases with increasing ethanol content, due

to the reducing charge on the micelle commensurate with a

drop in aggregation number. The degree of counterion

dissociation is largely invariant with solvent composition. On

addition of the non-ionic polymer, poly(vinyl pyrrolidone)

PVP (Mw = 40,000 g mol21), and for pure aqueous solutions,

there is strong polymer surfactant complexation and the

electrophoretic mobility of the SDS is greatly reduced

compared to the no-polymer case, and the polymer has

acquired some electrophoretic mobility due to the bound

anionic micelles. On addition of ethanol, the tendency for the

polymer and surfactant to interact is reduced, and accordingly

the electrophoretic mobility of both the polymer and

surfactant decrease. The drop in the SDS case is far more

pronounced than that for the PVP, and indeed the two curves

appear to cross, reflecting the contribution from the mono-

meric surfactant. For ethanol contents greater than 20%, the

electrophoretic mobility of the polymer drops precipitously

towards zero and that of the SDS tends towards the no-

polymer behaviour, both reflecting that the interaction

between the PVP and SDS ceases at 25% ethanol. This insight

is not easily gained by common surfactant science methodo-

logies such as surface tension and fluorescence due to the

complicating factors of changes induced by the solvent

composition.

5. Future outlook

eNMR is proving to be a highly versatile technique, in

particular for the study of charge effects in polymer and

surfactant containing systems. The strength of eNMR builds

on the unique features of NMR, namely chemical specificity

and non-invasiveness. In this regard, eNMR is highly

complementary with its more established cousin, PGSE-

NMR, and together, these approaches represent very signi-

ficant tools for the chemist. eNMR is not without its

drawbacks, in particular the insensitivity of NMR and the

rather intricate control one must impose on the sample

environment, but these issues are being addressed and

significant progress has been made. Given the fact that most

of today’s NMR spectrometers are equipped with field

gradient capability, the additional requirements for the electric

field components are minor; over the next 5 years or so (the

time period of the material in this review), eNMR will continue

to flourish.
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