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ABSTRACT 

The construct ion and performance of a Pulsed Field Gradient system for 

use with a commerc ial , high-resolut ion , Fourier-Transform NMR spectrometer 

is described . The self-diffusion coefficient of benzene as measured by 

the calibrated system is in agreement with the current literature value , 

within the overall experimental error of the system ( +2% ) .  The use of 

an external lock in conjunct ion with signal averaging facilitates the 

measurement of self-diffusion coefficients for solution components in 

small concentrat ions . During s ignal accumulat ions, the system exhibits 

freedom from the spin-echo phase and envelope instabilities mentioned as 

sources of error even in recent publicat ions dealing with the Pulsed 

Field Gradient technique ( e . g .  von Meerwall et a l . , 1 97 9 ) .  The 

ability of the system to invest igate dilute solutions is demonstrated by 

measurements made on 0 . 5% ( w/v ) solut ions of polystyrene in carbon 

tetrachloride . Homogeneity coils included in the NMR probe have allowed 

the self-diffusion coefficients of some single components in mult i

component systems to be invest igated , and results for the binary system 

butanol-benzene are presented . 

Polymer self-diffusion coefficients have been obtained for 110 , 000 

molecular weight random-coil polystyrene in the solvents carbon tetra

chloride , deuterated-chloroform and deuterated-toluene .  The Pulsed 

Field Gradient NMR method was used for the measurements ,  and the poly

styrene concentrat ions ranged from 0 . 5% (w/v ) to 2 5% ( w/v ) . For each 

solvent a concentrat ion regime is found in which the de Gennes ' polymer 

self-diffus ion scaling law is obeyed; and the upper concentration limit 

at which this scaling law breaks down is defined . The self-diffusion 

coefficient of polystyrene in the solvent deutero-benzene has also been 

determined, and is shown to agree with Forced Rayle igh Scattering self

diffus ion results for similar molecular we ight polystyrenes in normal 

benzene . In contrast , values of th� self-diffusion coefficient obtained 

for polystyrene random-coils by calculation from sedimentat ion data are 

shown to differ significantly from those directly determined . The 

mutual diffusion coefficients of the polystyrene solutions have been 

obtained from Quasi-E lastic Laser Light-Scattering experiments .  These 

mutual diffusion coefficients do not approach the directly measured self

diffusion coeffic ients even at concentrations where the random-coils are 

on average well separated . It is proposed that migrat ing polymers must 

suffer transient entanglement effects over the experimental time scales 



employed in the diffusion measurements .  

Quasi-Elast ic Laser Light-Scattering has also been used to measure the 

diffusion coefficient of polystyrene latex spheres in 0 . 01M and 0 . 001M 

sodium chloride . Experiments were conducted over the latex sphere 

concentration range 0,0 04% (w/v ) to 4 . 46% (w/v ), and several measurements 

were also made for low concentrat ions of latex spheres in triply 

distilled water . The diffusion coefficient was found to be ionic 

iii 

strength dependent over the entire concentrat ion range studied . Solut ions 

of polystyrene spheres at moderate concentrat ions exhibit the phenomenon 

of multiple scattering . The available literature on multiple scattering 

is reviewed and criteria adopted for the reliable interpretation of data 

collected during experiments on these solutions . The diffusion 

coefficients so obtained show substantial agreement with the mutual

diffusion coefficient results of Anderson et al . ,  obtained by a capillary 

penetration technique . The conclusion reached in this sect ion of the 

work is that Quasi-Elast ic Laser Light-Scattering is able to provide a 

measure of the mutual diffusion coeffic ient in the presence of interact ions 

between charged macromolecules .  This conclusion i s  seen to be in accord 

with earlier laser light-scattering studies on solut ions of the protein 

Bovine Serum Albumin, provided that a reassessment of available mutual 

diffusion data on these systems is undertaken . 
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CHAPTER 1 

INTRODUCTION 

1 . 1  RESEARCH GOALS 

The first obj ective of this study was to develop a pulsed field gradient 

facility for· the measurement of liquid-component diffusion coerficients by 

the technique of Pulsed Field Gradient Nuclear Magnet ic Resonance (PFGNMR ). 

The pulsed field gradient apparatus was designed to be interfaced to an 
existing , commercial Nuclear Magnetic Resonance ( NMR) spectrometer . 

It has been previously held ( Tanner(1) , 1966; von Meerwall et al . ( 2) , 

1979) that the PFGNMR technique gives rise to.systematic errors in the 

self-diffusion coefficient of about 10% . Prudent design of the PFGNMR 

instrumentation developed in this work has reduced this error to 1% . 

The second intention of this thesis was to study diffusion in some well

defined macromolecular solutions and to compare macromolecular diffusion 

coefficients measured by different techniques . Specifically , measurements 

were to be made by the techniques of both PFGNMR and Quasi-Elastic 

Laser Light Scattering (QELS) , and the following comparisons undertaken . 

QELS diffusion measurements made on concentrated solutions ·of polystyrene 

latex spheres were compared with capillary penetration , mutual diffusion 

coefficients obtained from similar solutions: this comparison indicates 

that QELS measUPes the mutual diffusion coefficient of a concentrated , 

solution of charged macromolecules .  For random-coil polymer solutions , 

self-diffusion coefficients measured by PFGNMR were compared with those 

calculated from sedimentation coefficients: marked disagreement was 

found in this comparison , with a positive indication that it is  the 

sedimentation-derived diffusion coefficient which is in error . A 

comparison of mutual (by QELS) and self (by PFGNMR) diffusion coefficients 

obtained from the same random-coil polymer solution indicates that 

polymer entanglement phenomena play an important role in polymer 

diffusive motion even at high polymer dilutions . Finally , PFGNMR 

measurements made on concentrated random-coil polymer solutions were 

compared with the theory of de Gennes1 ( 3) for self-diffusion in 



polymer gels: cons iderable agreement between measurement and theory is 

evident . 

2 



1 . 2  DIFFUSION IN  MACROMOLECULAR SOLUTIONS 

1 . 2 . a  Definition of Diffusion Coefficients 

Of interest to this thesis are three diffusion coefficients related 

to diffusive motions in solutions containing a single macromolecular 

solute and a single solvent species . These are the macromolecular 

self-diffusion coefficient DS , the solvent self-diffusion coefficient 

DSolv and the macromolecular solution mutual-diffusion coefficient 

DM . These diffusion coefficients are now defined . 

3 

According to the theory of Brownian motion , the mean-square-displacement , 
2 r , of the centre-of-mass of a freely diffusing macromolecule during 

the time t is given by (4) 

1 . 1  

Thus , DS gives a direct measure of the laboratory frame translational 

motion of the macromolecule . The self-diffusion coefficient of the 

solvent is also defined by equation 1 . 1  if r2 is taken to be. �the 

mean-squared-displacement of the solvent molecules during the time t .  

Concentration gradients in the macromolecular solution give rise 

to flows of matter which tend to relax those gradients .  These 

randomly distributed flows are the process of mutual diffusion . For 

a one-dimensional concentration gradient along the x-axis the flow 

of solute molecules , J, per unit time across a unit area perpendicular 

to the x-axis is given by Fick ' s  equation (4) 

J = -D 2.£ M ax 
1 . 2  

where c is the solute concentration and the negative sign indicates 

that matter flows in the direction of decreasing concentration . The 

mutual diffusion coefficient DM thus characterises the relaxation of 

concentration gradients in the macromolecular solution . 

When the macromolecular concentration becomes so small that solute-



solute interactions cease to make a significant contribution to 
macromolecular diffusive motion, D5 and DM become indistinguishable 
and are both denoted by D0, the infinite dilution macromolecular 
translational diffusion coefficient. Einstein has shown that (4) 

where kB is Boltzmann's constant, T the absolute temperature and f0 
is the frictional coefficient per macromolecule at infinite solute 
dilution. For non-hydrated hard spheres of radius R ,  f0 is 

(4) accurately represented by 

1.3 

1.4 

where n0 is the solvent viscosity. Equation 1.4 is known as Stokes' 
law. A measurement of D0, together with equations 1.3 and 1.4, 
can be used to define the apparent hydrodynamic radius, �' of a 
solvated macromolecule through the equation(4) 

Equation 1.5 is known as the Stokes-Einstein equation. 

For the purposes of this thesis, two macromolecular concentration 
regimes are defined. The very dilute regime should be taken to 

1.5 

mean those macromolecular concentrations at which solute-solute 
interactions do not make a significant contribution to macromolecular 
diffusive motion. The concentrated regime consists of those 
macromolecular concentrations other than very dilute. D0 is measured 
only in the very dilute regime, whereas macromolecular diffusion in 
the concentrated regime is characterised by D5 and DM. 

D5 is a parameter of fundamental importance in directly describing 
macromolecular dynamics and a knowledge of D5 enables important tests 
of theoretical models concerning macromolecular solutions. However, 
due to experimental difficulties, .. very few direct measurements of D8 
have been reported in the literature. The more accessible quantities 

DM and D0 (D0 by extrapolation of DM to c = 0) have been obtained 
for many macromolecular solutions by observing the relaxation of 

4 



one-dimensional concentration gradients(4) . Although DM is a function 
of macromolecular motion, solution thermodynamic parameters also make 
an important contribution to DM. Thus, macromolecular dynamics are 
only observed indirectly in measurements of DM. 

When DM and appropriate thermodynamic data are available for a 
1 1 1 t. D b b . d f h 

· 

(5 ) macromo ecu ar so u �on, S can e o ta�ne rom t e equat�on 

where v is the solute partial specific volume and A are virial n 
coefficients, obtained from osmotic pressure measurements. The 

1.6 

symbol n; is used here to represent the self-diffusion coefficient 
obtained in this indirect manner (in order to distinguish it from the 
directly determined D8) . 

Another indirect determination of the self-diffusion coefficient 
involves the sedimentation coefficient, s, obtained from 
ultracentrifugation studies. In this instance the calculated self
diffusion coefficient is given by(5) 

where p is the solution density. This equation is derived under 
the assumption that the macromolecular frictional coefficients in 
. d" . d d"ff . "d . 1(5 ) se �mentat�on an � us�on are � ent�ca . 

1.7 

1.2.b The Direct Measurement of Macromolecular Diffusion Coefficients. 

There are various methods available for the direct measurement of the 
diffusion coefficients n8 , DM and D0• The particular measurement 
techniques referred to in disussions in this thesis are now briefly 
reviewed. 

DS characterises the random motions of an (average) individual 
macromolecule in an isotropic solution. To follow such individual 
motions it is necessary to label the macromolecules in some manner. 

5 



The long-established radio-tracer technique employs the label of 
radioactivity provided by tritiating some of the macromolecular 

6 

sample. Countervailing gradients of labelled and unlabelled 
macromolecules are established such that the total concentration of 
macromolecules is everywhere the same. The relaxation of the labelled 
gradient is then monitored to provide a measure of D

S
. The principle 

disadvantage of the radiotracer method is that macroscopic displacement 
of the macromolecules is necessary to measure D

S
, with such displacements 

taking several days{4) . 

In 196 5  Stejskal and Tanner developed the PFGNMR technique(6) , which 
can be used to measure the D

S 
of random-coil macromolecules. 

PFGNMR employs the intrinsic molecular label provided by the characteristic 
Larmor frequencies of the macromolecular 1H nuclei. This label is 
given a spatial dependence by applying a magnetic field gradient in 
the form of two pulses, with molecular displacement during the inter-
pulse period being detected. An average macromolecular displacement 
of a few hundred nanometres can be detected by the PFGNMR method, 
enabling relatively rapid measurements of D

S
. 

(7) Recently, Hervet et al. have reported a new technique for D
S 

measurement. They call their approach Forced Rayleigh Scattering 

(FRS) and labelling is achieved by exciting, with spatial periodicity, 
a photochromic dye attached to a small proportion of the macromolecules. 
The intensity of laser light scattered by the macromolecular solution 
varies according to the relaxation of this spatially periodic 
excitation, which is in turn governed by the self-diffusion coefficient 
of the labelled macromolecules. Average macromolecular displacements 
of a few hundred nanometres can be detected by FRS allowing D

S 
to be 

rapidly measured to a reported accuracy of about 10%(7) . 

The mutual diffusion coefficient DM characterises the relaxation of 
concentration gradients in the macromolecular solution. Direct 
measurement of DM involves setting up a one-dimensional concentration 
gradient on a macroscopic scale, and monitoring the relaxation of 
the gradient as a function of time� Three methods of DM measurement 
of interest to this work are the diffusion cell technique, where two 
stirred solutions of initially differing macromolecular concentration 
are separated by a rigid permeable membrane; the capillary penetration 



technique, where a capillary containing a macromolecular solution is 
immersed in a solution of differing concentration; and interferometric 
techniques, which follow the relaxation of concentration gradients 
by monitoring changes in solution refractive index. The above methods 
of DM measurement require macroscopic displacement of the solute, 
giving rise to rather long experimental times. 

Values for the diffusion coefficient D0 have long been reported in 
the literature{4) n0 was usually obtained by extrapolation of DM 
measurements to zero macromolecular concentration. In 196 4, Cummins 
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et al.{B) first used QELS to measure D0• The QELS experiment involves 
illuminating a macromolecular solution with a laser beam, and light 
scattered (largely) by dielectric discontinuities at solvent/macromolecular 
interfaces is then collected by a photodetector •. The total scattered 
intensity at the photodetector fluctuates on a timescale determined by 
the diffusive displacements of the macromolecules, and characterisation 
of the intensity fluctuation timescale is sufficient to determine 
D0

{8) . QELS is sensitive to macromolecular displacements of several 
hundred nanometres, and experimental times of one minute can be 
sufficient to determine D0 to + 1% in some instances. 

In the work which follows the term "macroscopic DM (or D8, D0) 
measurement" should be taken to mean that the diffusion coefficient 
was measured by a technique requiring macroscopic solute displacement. 

1.2.c Diffusion Coefficient Measurement in This Thesis. 

The techniques of PFGNMR and QELS were chosen for diffusion coefficient 
measurement in this thesis. The reasons for this choice were two-fold. 
First, the QELS facility was already in existence in the Chemistry, 
Biochemistry and Biophysics department at Massey University, and 
a commerical NMR spectrometer was also available to serve as the basis 
for development of the PFGNMR experiment. Second, both the PFGNMR 
and QELS techniques exhibit various deficiencies which merit further 
investigation. An outline of these deficiencies is now given, and 
their relevance to the research goals of this thesis explained. 
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The QELS technique only provides a well-defined macromolecular diffusion 
coefficient measurement in the very dilute macromolecular concentration 
regime, where n0 is measured. 
anisotropy can be accounted for 
technique is equally applicable 

Sample polydispersity and molecular 
in the analysis of QELS data and the 
to either random-coil or globular-

macromolecular solutions. The intensity of the light scattered by 
a solution varies as r6, where r is the radius of the scattering particles. 
In the case of a solution containing relatively massive macromolecules, 
the scattered light can be considered as arising from the macromolecular 
component alone. 

In the concentrated macromolecular solution regime, where solute-solute 
interactions become important, it is .no longer possible to rigorously 
relate the experimental quantity obtained from an analysis of QELS 
data to a well-defined property of the diffusing system. However, the 
experimental quantity has the dimensions of a diffusion coefficient, 
and has been shown by several authors to exhibit a concentration 
dependence similar to values of DM determined by macroscopic diffusion 
studies. Therefore, to define the measurement made by QELS in the 
concentrated regime, the approach has been to compare QELS results with 
macroscopic diffusion coefficient measurements made on similar 
systems. In the case of random-coil macromolecular solutions Roots et 
al. (g) have recently demonstrated that macroscopic mutual diffusio� 
coefficients of concentrated polystyrene/toluene solutions are in good 

(10) agreement with the QELS measurements made by Pusey et al. on the 
same system. This agreement is in accord with earlier QELS/ 
macroscopic-DM comparisons which used non-identical (but similar) (11 12) polymer/solvent systems ' 

Comparisons have also been made between QELS and macroscopic DM 
measurements obtained from the study of solutions of the charged, 
globular-macromolecules Bovine Serum Albumin (BSA) and Cyanomethemoglobin. 
The BSA comparison is shown in Figure 1.1, where a strong disagreement 
between QELS and DM measurements is evident. Similar disagreement is 
also found for the Cyanomethemoglobin comparison suggesting, perhaps, 
that QELS does not measure a macroscopic D in the case of solutions M . 
of charged, globular macromolecules. However, protein solutions are 
not ideal systems for comparative studies. The difficulties associated 
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A comparison of QELS (Phillies et al.) and diffusion cell 

(Keller et al. ) measurements made on solutions of Bovine 
Serum Albumin in acetate buffer (at pH�S) - after Phillies 

et al., reference 1 3 . It is evident that a substantial 

discrepancy exists between the DM values of Keller et al. 

and the quantity measured in the QELS experiment. This 

discrepancy can not be explained by the differing samples 

or slightly different salt concentrations employed. 



with the preparation of monodisperse protein solutions are well known, 
and samples with some degree of polydispersity are usually presented 
for study. Sample variability can also be a problem and diffusion 
coefficient variations of up to ten percent have been observed for 
samples prepared in an identical manner, but obtained from different 

(13 15) sources ' 
• The complications caused by polydispersity and 

sample variability, together with possible protein aggregation effects 
and the dependence of protein charge on pH, all lead to uncertainties 
in the interpretation of comparative diffusion results. Clearly more 
comparative diffusion measurements need to be made, particularly on 
charged globular-macromolecules, and it may be that polystyrene latex 
spheres would be a more useful system for such comparative studies. 
These synthetic latex spheres are monodisperse, relatively free from 
aggregation effects and possess a fixed charge little affected by pH 
changes. It was for these reasons that latex spheres were selected 
for a study by QELS, with the intention of assessing the suitability of 
latex sphere solutions for use as a comparative system. 

We now return to the PFGNMR technique, which in this thesis will 

10 

always be concerned with the study of 1H nuclei in the sample. To avoid 
complicating the PFGNMR experiment, solvents containing 1H must be 
avoided. (If necessary deuterated solvents can be employed.) The 
PFGNMR technique possesses the advantage of direct and rapid 
measurement of DS. However, in the past this advantage has been offset 
by poor experimental accuracy, a typical figure being + 10%(2) . 
This inaccuracy has two major components. First, the magnitude of the 
applied field gradient, G, encountered by the sample must be accurately 
known (since DS a: G2

) . It is now recognised that G is best determined 
by calibration using a sample with a well-known diffusion coefficient; 

b . (16 ,17) . h l"b . . "t usually enzene or water • Uslng sue a ea l ratlon routlne l 
. "b . f b 0 5%(17 ) Th d lS possl le to obtaln G to an accuracy o a out . • e secon 
source of inaccuracy arises from time-domain instability of the NMR 
signal during signal averaging, a problem which has been encountered 
since the first PFGNMR experiments were performed(l) . Even in recent 
papers on the PFGNMR technique (for example reference 2, published 
1979) signal instability has been a problem, leading to the conclusion 
that systematic errors of +5 - 15% are present whenever signal 
accumulation is used. Reduction of the error even to this level 
requires that an experienced operator visually inspect the NMR signal 



and make an acceptance/rejection decision based on the appearance 
of the signal. The requirement that a signal should be discernable 
after a single accumulation precludes the study of very dilute 
samples. The PFGNMR technique, then, requires considerable 
improvement if n8 measurements are to be made to good (!1%) accuracy. 
It was one of the aims of this thesis to improve the accuracy of the 
PFGNMR technique through careful experimental design, in order to 
fully realise the potential of PFGNMR as a direct D8 measurement 
technique. 

1 1  
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CHAPTER 2 

THE LASER LIGHT-SCATTERING EXPERIMENT 

2.1 HISTORICAL SKETCH AND INTRODUCTION 

The advent of the laser in the early 1960s provided the long awaited ideal 
of a narrow-band, high power light source for light-scattering experiments. 
In 1964, Pecora(1S) showed that the Rayleigh component of the light 
scattered by a very dilute macromolecular solution would be broadened 
by macromolecular translational diffusion. The mathematical formalism 
used by Pecora was partially based on the earlier formalism of Van Hove(19) , 
developed for neutron scattering. Pecora showed that the broadening of 
the Rayleigh line might also be used to study rotational motion and 
molecular flexation. 

The frequency shifts involved in the broadening of the Rayleigh line, 
which have their origins in the Doppler shifts associated with 
macromolecular Brownian motion, are so small that conventional 
interferometers can not be used to resolve the frequency distribution of 

h d . h H (20 )  d . 1 . d t e scattere l�g t. owever, Forrester ha prev�ous y po�nte out 
that if a narrow-band light source containing several frequency components 
was incident upon a photodetector, the frequency components would beat 
together to provide a photocurrent containing the component difference 
frequencies. The photocurrent could then be examined by a spectrum 
analyser. This process afforded a much improved resolution over 
interferometric methods; as was first demonstrated for a laser light 

(21) source by Javan et al. • 

In 1964, Cummins, Knable and Yeh(22) used such an optical mixing technique 
to observe the spectrum of laser light scattered by dilute solutions of 
polystyrene latex spheres, and the broadening of the Rayleigh line was 
found to be in quantitative agreement with theory. Pecora's theories 
have since been validated for a wide range of very dilute, macromolecular 
systems. 

In the early 197 0s the analysis of the photocurrent was shifted from the 
frequency domain into the time domain. The range in time over which 
intensity fluctuations in the scattered light were correlated was now 
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determined by forming the intensity autocorrelation function . The origin 

of the intensity fluctuations in the light scattered by a solution of 

macromolecules can be seen by analogy with the scattering of X-rays 

by a crystal . An ordered crystalline array scatters X-rays to give a 

diffraction pattern with relatively few , but intense , maxima . In contrast , 

macromolecules in solution are , at any instant , randomly located . The 

diffraction pattern arising from the scattering of laser light by such 

a solution thus consists of a superposition of many randomly placed 

maxima and minima of varying intensity and size . Since the macromolecules 

are free to diffuse through the solution , the diffraction pattern of the 

scattered light will fluctuate with time . A photodetector having a 

photosensitive area approximately equal to the extent of one diffraction 

maximum ( a  coherence area ) will thus record a randomly fluctuating 

light intensity whose time evolution is related to the diffusive 

displacements of the macromolecules . An estimate of the timescale of 

these fluctuations is the average time (a coherence time of the 

scattered light ) taken for a diffraction minimum to replace a maximum 

at the detection point . A coherence time is of order of the time taken 

for a macromolecule to diffuse over the distance of one wavelength of light . 

The time domain approach 

by Jakeman and Pike( 23 ) , 
( 24 25 ) made by Koppel ' • 

was formalised in an extended series of papers 

with several important contributions also being 

The time domain and frequency domain data form 

a Fourier-transform pair , and so the information obtained by either 

analysis method is equivalent . However , in practice time domain 

analysis is preferred since it offers freedom from errors associated 

with non-linearities in the analogue spectrum analysis method. 

The range of systems to which the laser light scattering technique could 
. ( 25 )  be appl1ed was also extended in the early 1970s , when Koppel 

provided a theoretical interpretation for data collected from very 
. ( 26 )  

dilute , polydisperse macromolecular solutions . Brown , Pusey and D1etz 

provided experimental confirmation of Koppel's work , and also provided 

a more practical method of analysis which could be used to characterise 

the intensity autocorrelation functions obtained from studies on 

polydisperse systems . This development released many interesting 

biological systems for study since these systems can not usually be 

prepared to contain a single component . (The reasons for this may 

either be strictly preparative considerations , or may be due to the 



presence of complex equilibria in the solution . )  The analysis method 

developed for polydisperse solutions can also be used to characterise 

the intensity autocorrelation functions obtained from concentrated 

macromolecular solutions( iO ,ii ) . 

The remaining contents of this chapter will be devoted to a review of 

the theoretical basis required for the characterisation of intensity 

autocorrelation functions of the type encountered in QELS studies on 

concentrated macromolecular solutions . 
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2 . 2  THEORY REVIEW 

2 . 2 . a .  The Laser Light-Scattering Experiment 

1 5  

This section defines a laser light-scattering experiment , and introduces 

terminology used in discussion of the experiment . 

In Figure 2 . 1  the laser light-scattering experiment is presented 

schematically . A narrow beam of laser light passes through the 

macromolecular solution of interest and the �cattered light is 

intercepted by a photodetector ( a  photomultiplier in the case of this 

work ) .  The position of the photodetector relative to the emergent 

unscattered beam defines the scattering angle , e ,  while the intersection 
of the incident and scattered beams defines the scattering volume . 

Figure 2 . 1  actually defines a homodyne scattering experiment ; that is 

only light scattered by the macromolecular component impinges upon the 

photodetector . An alternative QELS experiment , the heterodyne 

experiment , colinearly mixes a portion of the unscattered beam with the 

scattered light at the photodetector . 

In the following discussion it will be assumed that the light from a 

laser can be considered as a single frequency , constant amplitude , 

plane wave of coherence time long compared with any requirements for 

phase stability of the incident light . The photodetector is assumed 

to have a photosensitive area of less than a coherence area . Also , 

the photodetector is assumed to have a finite quantum efficiency , and 

it is further assumed that only one anode-pulse is emitted per detected 

photoevent at the photocathode . These assumptions are met by commercial 

lasers and photodetectors of the type employed in this thesis( 27 ) . 

Furthermore , QELS experiments are arranged so that the number of 

detected photoevents is well within the count-rate capacity of the 

photodetector . 

For the geometry shown in Figure 2 . 1 ,  the scattering vector , s , is 

defined by 

k �s 



�-------- k· - I  

Figure 2. 1. 

S c at t er ing  

volu m e .  
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A p e r t u r e / 

A schematic representation of the laser light scattering 

experiment , using a photomultiplier ( PMT ) as a detector. 

k .  and k are the wave vectors of the incident and 
- l  - s  
scattered light respectively , and n0 is  the refractive 

index of the scattering medium . e is the scattering 

angle, and the moduli of the wave vectors are given by 

l ki l = 2nn0/ Ai and l �s l = 2nn0/ As · 



where k .  and k are the wave vectors given in Figure 2 . 1 .  The 
""� ....-s 

magnitude of S is given by ( 27 )  

2 . 1 

where n0 is the solution refractive index and AO is the vacuum 

wavelength of the incident laser radiation . In the case of a massive 

macromolecule scattering visible light , the magnitude of the momentum 

change (�q where � is Planck's constant divided by 2n ) suffered by 

the macromolecule during a scattering event is so small that the 
. ( 28 )  macromolecular momentum can be cons�dered unchanged • Light of 

the wavelength used in a QELS experiment is not usually absorbed by 

the scattering particles , and so energy and momentum transfer 

considerations due to absorption need not be considered . It is 
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because the momentum changes associated with a scattering event are so 

small that the laser light scattering experiment is termed quasi-elastic , 

and hence the acronym QELS was coined . This acronym will be used 

henceforth to denote the homodyne experiment shown in Figure 2 . 1 .  

2 .2 . b .  The Homodyne Intensity Autocorrelation Function for a Very 

Dilute , Monodisperse Solution of Small Macromolecules . 

The very dilute macromolecular solution is considered here in order 

to relate the diffusive motions of macromolecules to fluctuations in the 

total scattered intensity . These dilute solutions provide the basis for 

discussion of the more interesting concentrated macromolecular solutions . 

The magnitude of the scattered intensity impinging upon a 

photodetector as a result of scattering from a macromolecular solution 

would show random fluctuations with time ( as discussed in section 

2 . 1 )  such that a recording of the intensity would closely resemble 

a noise pattern . The theory of noise and stochastic processes indicates 

that such a time-varying intensity can be characterised by forming the 

intensity autocorrelation function ( IAF ) or , more usually , the 

normalised intensity autocorrelation function ( NIAF ) .  If the 

scattered intensity at the photodetector is stationary ( a  stationary 

scattered intensity has the same average value regardless of the time 

at which the average is initiated ) ,  the NIAF is defined as( 2g ) 



where E8 ( o )  represents the magnitude of the total scattered electric 

field at the photodetector at a time t '  and E8 (t ) represents E8 at 

a later time t '+t . I ( O )  and I ( t )  are similarly defined . The symbol 

* indicates that the complex conj ugate has been taken , the angular 

brackets indicate a time average and the symbol g (2) ( t ) is used to 

denote the NIAF as defined by equation 2 .2 .  

1 8  

The average intensity scattered by a solution of  diffusing macromolecules 

is indeed stationary , and so equation 2 . 2  is valid for a macromolecular 

1 . ( 29 ) . d so ut1on • Furthermore , although the macromolecular solut1ons un er 

consideration are termed very dilute , there are still sufficient 

scatterers in the scattering volume for the Central Limit theorem to 

be valid(29 > . According to this theorem E8 ( t )  will be a Gaussian 

distributed random variable , for which the normalised first and 

second order electric field autocorrelation functions are related by(2S ) 

where 2 . 3 

Thus , in the case of a very dilute macromolecular solution the problem 

of characterising the scattered intensity fluctuations has been reduced 

to that of finding the first order electric field autocorrelation 

function , g( l ) ( t ) .  

The model under consideration here is that of homodyne scattering 

from a very dilute solution of identical , small ( i . e .  macromolecular 

radius less than A0/20) , Brownian macromolecules immersed in an 

invisible solvent . The assumptions built into this model are as 

follows . Each macromolecule is assumed to interact independently with 

the incident electric field ( of frequency w0
) ,  and so the amplitude 

of. the total scattered electric field at the detector is the 

superposition of the fields from the individual scatterers . The 

condition that the macromolecules be small precludes intramolecular 

interference effects and also ensures that the macromolecules are 
. . . . . . • ( 28 ) 

opt1ca lly 1sotrop1c , even 1f they are not phys1cally 1sotrop1c • 
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The optical isotropy of the macromolecules means that the amplitude of 

the scattered electric field due to each macromolecule i s  independent 
of time . This scattered amplitude is the same for all macromolecules 

since the macromolecules are identical . The Brownian motion asser.tion 

means that diffusion governs the conditional probability of macromolecular 

displacement , and the very dilute assumption implies that the macromolecules 

undergo independent displacements . 

For the above model , the normalised electric field autocorrelation 

f . . . b ( 1 8 )  unctlon l S  glven y 

whence 

<I ( O ) I (t )>/<! ( 0 )> 2 2 
= 1 + exp ( -2q D0t )  

Thus , in a homodyne laser light-scattering experiment construction of 

h 1 .  d . . 1 . f . ( 2 ) ( ) . t e norma lse lntenslty autocorre atlon unctlon g t lS 

sufficient to determine D0 • It  should be noted that equation 2 . 4  

is an adequate representation for many macromolecular solutions of 

interest . Most macromolecules are sufficiently small to  be optically 

isotropic , and they usually scatter sufficient light to allow studies 

to be conducted in the very dilute concentration regime . 

2 . 2 . c .  The Photocount Analysis Method 

To measure the diffusion coefficient of macromolecules in solution 

it is first necessary to obtain the NIAF , which can b e  formed very 

efficiently by using the technique of photocount autocorrelation . This 

technique has been discussed in detail by , among others , Jakeman and 
. ( 2 3 )  ( 30 )  ( 24 )  Plke , Foord e t  al . , and Koppel . The application of 

photocount autocorrelation to the study of light scattered by a 

macromolecular solution is  now cons idered . 

The intensity fluctuations in the scattered light can be  characterised 

by using a photodetector as an intermediate processor . For those 

photodetectors which work by photon annihilation ( such as photomultipliers ) 

the probability per unit t ime of detecting a photon is directly 
. . . . . d h d t ( 31 ) 

proportlonal to the lntenslty lnCl ent upon t e etec or . 

2 • L 



The NIAF is formed by calculating the products I ( O ) I (t ) ,  where I ( O )  

and I ( t )  are intensities measured at instantaneous times . However , 

in the context of a QELS experiment , the term instantaneous means a 

time interval very short compared with the coherence time of the 

scattered intensity . Thus , the intensity I ( t ) can be defined as 

I (t ) � I ( t , T )  = n ( t , T )  2 . 5  

where I ( t , T )  is the average intensity during the short time interval 

T centred on t �+t , and n ( t , T )  is the number of photodetections which 

are encountered in the time T .  The NIAF is then given by 

<I ( O ) I ( t )> /< I ( 0 )>2 
� <I ( O , T ) I ( t , T )>/<I ( O ,T ) >2 

� <n( O , T )n ( t ,T )>/<n ( O , T ) >2 2 . 6  

where <n( O ,T )n (t , T ) >  is  known as the ( un-normalised ) full photocount 

autocorrelation function , denoted by C ( t , T ) . In practice C ( t , T )  p p 
would be calculated at a number of discrete points which are usually 

multiples of the sampling period T ;  that is the following function 

would be formed 

C (mT , T )  = <n( O , T )n ( mT ,T )> m=1 , 2 , 3 ,  • • • • •  p p 

However , there are severe computational difficulties associated with 

constructing the above full photocount autocorrelation function in 
. ( 32 ) real-t1me • These  problems have been overcome by adopting a 

technique known as clipping ( or one-bit quantisation ) .  

Originally developed for use in the microwave region , the technique 

of clipping makes use of the fact that most of the spectral information 

conveyed in a rand�mly fluctuating Gaussian s ignal is contained in the 
. ( 33 )  distribution of the mean-value-crossings of that s1gnal • That 

is , such a signal can be represented by j ust two values , 0 and 1 ,  

depending upon whether the amplitude of the signal is  less than or 

greater than the mean . ( In general the mean value is not the only 
. d . . h b · 1 ·  d( 3 3 )  ) Th t . 1 preset ampl1tu e cr1ter1on t at can e ut1 1se • e op 1ca 

analogue of this microwave technique was developed by Jakeman and 

P . k ( 2 3 )  Th . d ( T )  . d f . d 1 e • e c1 1ppe count , nk , 1s e 1ne as 
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nk ( T )  = 1 if n ( T )  > k 

2 . 7  

nk ( T )  = 0 if n ( T )  � k 

where the non-negative integer k is termed the clipping level . The 

effect of clipping a typical distribution of photocounts at two is 

shown in Figure 2 . 2 . ( iii ) . Fluctuations in the photocount rate can 

now be characterised by forming the s ingle-clipped autocorrelation 
. ( 2 3 )  function , Ck ( t ) ,  deflned by 

2 . 8  

The advantage of single-clipped over full photocount autocorrelation is 

that by clipping the input signal , the history of the photocount rate 

can be stored as a linear chain of O ' s  and 1 ' s ,  and so can be simply 

held in a shift register . The products n ( O , T )nk (mT , T )  can now be 

formed by using AND gates as multiplicat ive elements and so both the 

circuit complexity and time required for multiplication are greatly 

reduced .  Thi s  makes practicable the construction of an inexpensive , 

real-time autocorrelator . 

? 1  

The norma l i sed , s ingl e - cl ipped photocount autocorre lat ion funct ion ( the 

acronym NIAF wi l l  henceforth denote this function ) is t hen defined as
( 2 3 )  

g ( 2 ) ( t  T )  = k ' t10  

For Gaussian scattered-light fields g�2 ) ( t , T )  is  related to the 

scattered electric field autocorrelation function , and hence to the 
( 23 )  diffusion coefficient of the macromalecules , by 

2 . 9  

tto  

The parameter C is a complicated function of the counting and clipping 

parameters ( <n> , <nk> and k ) .  The effect of using sample periods T 

which are not very small compared with the coherence time of the 

scattered intensity is only to add a term which can be included in C( 34 ) . 

Further , the parameter C includes the effect of exposing more than one 

2 . 1 0 
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Figure 2. 2. The relationship between the full and clipped photocount. 
2 . 2. (i )  A typical distribution of photocounts. 

2. 2 . (ii ) The number of photocounts, n(T ) , per sample time T. 

2 . 2. (iii ) The result of clipping the photocount distribution 
at two. If more than two photocounts are recorded 

during T, the clipped photocount, nk (T ), has a value 

of one ; otherwise nk (T ) = 0 .  



coherence area of the photcdetector to the scattered light . 

In any particular experiment the parameter C can be regarded as a 

constant . The light scattering experiment , shown schematically in 

Figure 2 . 1 ,  can thus be set up non-critically with respect to the 

exposed detector area and the sample period T .  A single-clipping 

autocorrelator can then be used to determine g�2 ) (t , T )  and the . 

diffusion coefficient of macromolecules in very dilute solution 

calculated via equation 2 . 1 0 .  

2 . 2 . d .  The Method o f  Cumulants :  Application to Data Obtained from 

Concentrated Solutions of Macromolecules .  

Single-exponential NIAFS can be interpreted in terms of a single 

diffusion coefficient D0 , as indicated by equation 2 . 10 .  An analysis 

method suitable for characterisation of  multi-exponential NIAFs , such 

as those encountered in QELS studies on concentrated , monodisperse 

macromolecular solutions , is  now discussed . 

F d . 1 . ( 29 ) or a mono 1sperse so ut1on 

where 

2 . 11 

For polymer systems whose NIAFs are characterised by a distribution 

of decay rates , r . , the above equation can be generalised in the 
. 1 ( 25 26 ) follow1ng manner ' 

with 

2 . 12 

G ( r )  is the normalised distribution of the decay rates , and G ( f ) dr 

can be interpreted as the fraction of the total intensity scattered 

on average by scattering centres whose average decay rate lies between 

r and ( r + df ) ( 26 ) 

2 3  

I 
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Experimental determinations of G(f )  would contain information about the 
mean and variance of the decay rates in the s ys tem under inves tigation. 
Equation 2. 12 indicates that G(r )  may be obtained by invers e Laplace 
transformation of l g(1) (t ) l .  However, experimental es timates of 
l g(1) (t) l obtained in a QELS experiment are not s ufficiently precis e 
to allow the characteris ation of G(r )  by this method. Koppel(2S ) ' and 

(26 29 ) Pus ey and eo- workers ' have propos ed and developed an alternative 
analys is s cheme which allows a broad range of multi- exponential NIAFs to 
be characteris ed. 

The analys is s cheme proceeds by firs t defining the mean decay rate, 
r ' as 

2. 13 

Als o 
exp(- r t) = exp(-rt) e xp[ - (r-"f) t] 

Expanding exp[ -(r-"f) t] and substituting into equation 2. 12, together 
with rearrangrnent into a form commonly encountered in s tatis tical 
theory eventually yields (29 ) 

I < 1) I - - 2 -2 - 3 -3 ln g (t) = -rt + �2< r t) /(2! r ) -�3 < r t)  /(3 ! r  )+ • • • •  

where 

� = J�
c r-r) r G(r ) dr 

r 0 

2.14 

The terms � /� are known as the normalis ed moments of the dis tribution r 
G(r ) .  The firs t three moments provide es timates of the distribution 
mean, variance and s kewdness. Formally, tnl g(i ) (t) l is the cumulant 

(25 ) . generating function for G(r )  , and hence th1s method of analys is 
is us ually referred to as being the method of curnulants or j ust 
curnulants analys is . 

Equation 2.14 is exact provided that all terms are kept. However, the 
us efulness of the above approach derives from the fact that for many 
G(f ) 's of interes t the terms in equation 2. 14 fall off very rapidly 
with increas ing order in r t  (29 ) Thus , a s econd or third order 



polynomial in t is  usually an adequate approximation to equation 

2 . 14 .  Having measured the s ingle-clipped , normalised photocount 

autocorrelation function it is necessary to perform a least-squares 

fit to plots of
_
ln [ g�2 ) ( t , T )-1 l versus time in order to obtain 

r ,  �2 etc . ; where ( from equations 2 . 11 and 2 . 14 )  

- - 2 -2 - 3 -3 ln c - 2rt + 2�2 < rt )  / ( 2 ! r  ) - 2�3 ( rt ) / ( 3 ! r  ) + • • •  

Since the s ignal-to-noise ratio deteriorates  as g�2 ) ( t )  decays , it 

is usual to employ a weighting scheme in the sums of squares 

minimisation ( 35 , 3 6 ) 

The problem of deciding whether a second , third or fourth order 

polynomial in rt best describes a given set of data can be 

circumvented by making use of the fact that as t + 0 ,  the higher 
. ( 26 )  terms in equation 2 . 1 5 become progressively less 1mportant • 

2 5  

Thus , a series of measurements are made for a range of T and for each 

value of T �ln [ g�2 ) ( t , T ) -1 ]  is fitted to linear , quadratic and cubic 

functions in t .  The values of r and the � obtained from each of these n 
fits are plotted against T ,  and extrapolation to T=O yields values 

for these variables free of systematic error . An example of such 

a plot can be seen on p 1 1 5  of this thesis . 

Signal-to-noise considerations will generally prevent the use of 

very small T values , but spanning a range of times such that 

0 . 4 ; S: rt ; s: 4 . 0  usually enables reliable extrapolation to T = 0 ( 26 >
. max 

Here , t is the maximum time at which the autocorrelator computes a max 
value of the intensity autocorrelation function . 

QELS experiments have shown that the NIAFs obtained from studies on 

concentrated , monodisperse macromolecular solutions are multi-exponential 
( 1 0 ,  11 , 1 2 ) The distribution of decay rates implied by such NIAFs 

can , perhaps , be  thought of as arising from local solution inhomogeneties 

( i . e .  local areas of excess macromolecules and other areas of excess 

solvent which persist for a time comparable to the coherence time 

of the scattered light ) .  It has not yet proved possible to derive an 

expression for the total scattered electric field originating from 

concentrated macromolecular solutions . Thus , while r and the � can n 
be obtained from a cumulant s analysis of the QELS data obtained from 

2 . 1 5 



a study of such solut ions , it is not possible to directly assign these 

quantities to propert ies of the interact ing system . Further , the 

QELS measurement obtains an apparant m�an decay rate , f ,  on a timescale 

comparable to that required for changes to occur in the local solut ion 

environment , whereas a macroscopic diffusion coefficient measurement 

on the same solution averages over a very much longer period . Thus , 

although in the case of a QELS study on a concentrated macromolecular 

solut ion it is poss ible to define a quantity DML where by analogy 

with equat ion 2 . 12 

2 . 16 

this quantity is not necessarily related to a macroscopically measured 

diffusion coefficient . 

Thus , multi-exponential NIAFs can be characte'rised by finding the mean 

decay rate r and the variance of the decay rate distribution �2 ; r2 , 

by ut ilising the method of cumulants for data analysis . The precision 

of the QELS technique only allows f and �2 to be determined with a 
( 2 6 )  . -reasonable degree of accuracy (typ1cally � ( 1 - 5 )% for r ,  and 

2 6  

+ ( 5-30 )%  for �2 ) .  In the case of concentrated macromolecular solut ions 

it is not possible to place a direct physical interpretation on the 
- -2  quantit ies r and �2 /r . However , experiment s on concentrated solut ions 

of random-coil polystyrenes have shown that the diffusion coefficient 

DML calculated via equation 2 . 16 appears to be equivalent to the 

macroscopically measured mutual diffusion coefficient ( as discussed 

in Chapter 1 ) .  Thus , the term DM will be used to - denote the diffusion 

coefficient measured by QELS under a cumulants analysis of concentrated , 

random-coil macromolecular solut ion data . For concentrated solutions 

containing other than random-coil macromolecules , the t erm DML will be 

used to denote the quantity measured by QELS using cumulant s analysis . 

2 . 2 . e .  Implications of the Angular Dependence of the Intensity 

Autocorrelat ion Funct ion Decay Rat e 

Plots of r ( or f )  versus q2 should yield a straight line of slope 

D0 ( or DM , DML for concentrated macromolecular solut ions ) provided , 

of course , that the process characterised by r or f is not a funct ion 

-- ------



of q .  The expression for q is , from equation 2 . 1  

In this work only e can be easily changed , and so it is the invariance 

of D0 C or DM , DML) with sin2 ( 8 /2 ) which is the important test of 

experimental reliability . 

The resolution of the QELS experiment is taken to be of order 1/q .  
This can be  seen by noting that for photodetection purposes the NIAF , 

( 2 ) ( ) . g t , var1es as 

and it can be shown that ( 1 8 )  

I ( 1 )  1 2 . g ( t ) "-' <exp ( 2l_s.. [r_( t ) -r_( O ) ] )> 

where [ r ( t )-r( O ) ]  is  the displacement of a s cattering particle 

during �he t7me t .  Thus , g ( 2 ) (t ) suffers a s ignificant change in 

magnitude as the average scattering particle traverses a distance of 

order 1/q ( in the direction of _s.) ,  hence defining the resolution of 

the QELS experiment . For the macromolecules and scattering angles of 

interest to this work , the macromolecular radius is always much less 

than 1/q and so the QELS experiment only probes  the macromolecular 

centre-of-mass motion . 

There are only two effects of concern to this thes is which can engender 

anomalous non-linear q2 versus r plots : the presence of heterodyne 

components in the scattered light , or the presence of dust in the 

scattering volume . Heterodyne components arise when stray light is 

scattered into the photomultiplier tube during small angle studies 

( scattering from the sample-cell walls for example ) .  For a pure 
( 1 8 )  heterodyne experiment the NIAF decays as 

Significant heterodyne components in the scattered light will cause 
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the NIAF to decay more slowly then in a pure homodyne experiment , and 

so could lead to a smaller diffusion coefficient being calculated in 

the case of a curnulants analysis of QELS data . Significant heterodyne 

components in the NIAF of a very dilute , monodisperse macromolecular 

solution are easily detectable since the NIAF will deviate from 

s ingle-exponentiality at low scattering angle s , and so such data can 

be readily rej ected . 

Dust in the scattering solution poses a maj or problem in all light 

scattering experiments .  As the massive dust particles traverse the 

scattering volume the amount of light scattered . to the photomultiplier 

increases greatly , and serves to introduce large components into the 

NIAF which decay on a timescale much slower than that of experimental 

interest . Dust further disturbs the QELS experiment by introducing 

a non-stationary term into the NIAF , since dust particles are not 

always pre sent in the scattering volume . Provided that only small 

quantities of dust are present in the scattering solution , satisfactory 

QELS measur ements can usually be made at large scattering angles 

because the scattering of light from the massive dust particles is 

subject to intra-particle interference effects ( 29 ) . These interference 

effects s erve to enhance the intensity of the light s cattered by the 

dust to small scattering angles , thus making large scattering angle 

QELS studies on macromolecular solutions poss ible . However , weakly 

scattering systems , where study at large scattering angles is not 

28 

poss ible due to l imited signal-to-noise , pose severe c leanl iness 

requirements .  For dilute , monodisperse macromolecular solutions the 

effect of dust is eas ily detectable as a deviation from single- exponential 

NIAFs . In the case of concentrated macromolecular solutions , low 

values of DML could be calculated . 



2 � 3 · INSTRUMENTATION 

2 . 3 . a .  A Digital Correlat6r with Blinker Facility 

The basic principles of photocount autocorrelation were outlined 

in section 2 . 2 . c .  Suitable circuitry for the implementation of data 

collection and processing rates of up to 20MHz was made possible by 

the development of high-speed digital integrated circuits .  The 

(auto ) correlator used for data processing in this thesis was of an 

original design by 0 '  Driscoll and F inder ( 37 ) . .The complete correlator 

was electronically designed and constructed in this laboratory by 

2 9  

R .  C .  O ' Driscoll , and a description o f  the circuitry and operating 

principles has recently been published( 37 > . This correlator is very 

similar , both in specifications and operating modes , to commerically 

available correlators . There is , however , one very important 

difference : the incorporation of a dust effect minimising device 

( known as a blinker ) into the O ' Driscoll-Pinder correlator . The blinker 

is essentially an automated data rej ection scheme which is triggered 

by abnormally high s cattered-intensity levels , such as those 

associated with the passage of a dust particle through the scattering 

volume . The blinker is of central importance to much of the work 

performed in this thesis , and it is thus appropriate to give a brief 

description of it ' s  operation . 

A block diagram of the essential features of the correlator is shown 

in Figure 2 . 3  where , for s implicity , the three additional monitor channels 

which record the total counts , total clipped counts and total elapsed 

sample times have been omitted ( these channels are used to calculate 

the NIAF , as will shortly be described ) .  The circuit blocks labelled 

delay , and intensity monitor , form the basis of the blinker . The delay 

circuitry postpones the arrival of the input pulses to the clipper in 

order to allow the intensity monitor t ime to examine the incoming data 

for spurious intens ity fluctuations . A signal is designated spurious if  

n( t ,T )  exceeds a preset number , the blinker level , for each of three 

consecutive sample periods . When met , this condition generates a 

correlator stop command . To ensure that the dust has left the 

scattering volume one second is allowed to elapse before the system 



S T C  

if 
Mas ter  

c l o c k  

S y n c h r o n iser 
,-----

f-----+ · · · · +-----, 

-..---1 · . .  -+-----, 

Input 

n ( t)1Bu f f e r  Cl ipper 
nk ( T )  
_____, nk( T l l nk( 2 T l 

p - e lement 

s h i f t  reg i s ter 
n k( p T l  

Figure 2 . 3 . 

Dera ndom i s e r  I n ( t )  H Hn- J 
I n tens i t y  
m o n i t o r  

� 
To correla t o r  

s t o p / s t a r t  

Channel  1 
of s t ore 

� '---

C h anne l p 

of s t ore 

L--
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monitor form the "bl inker" . 

The circuit blocks labelled Delay and Intens ity 
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checks for a correlator start command . A start command consists of 

four sample periods each with n ( t , T )  less than the blinker level , and 

when encountered allows the main shift register to fill . Correlation 

then proceeds . 
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The correlator may be stopped and restarted many times during an 

experimental run , so it is important that the randomly blinker-generated 

stop-start commands in no way interfere with the function of the 

correlator . These  commands must not cause ambiguous interpretation of 

any photocount data arriving near to the time when the correlator is 

stopped or started . Also , photocounts arriving close to the end of a 

sample period must be treated j ust the same as photocounts arriving 

in the middle of the sample period ( and not , for example , ignored while 

n( t ,T )  is  loaded into a subsequent processor ) .  I t  is the function of 

the circuit blocks labelled derandomiser , and synchroniser , to obviate 

any data process ing problems associated with the random arrival of 

either input photocounts or blinker-generated correlator stop-start 

commands ;  thus allowing the photocount autocorrelation function to be 

correctly determined . 

The acceptance or rej ection of input data by the correlator depends 

on n ( t , T )  relative to the blinker level setting . If  this level is set 

too high then the high count rates associated with dust will be 

processed . If  set too low , large intensity fluctuations statistically 

associated with the solution under study will also be removed . · The 

choice of a suitable blinker level is only straightforward for a dilute , 

monodisperse macromolecular solution , as such solutions are characterised 

by s ingle exponential NIAFs . The blinker level is  thus adj usted until the 

plot of .tn( g�2 ) ( t , T ) -1 ) versus t becomes a straight line 
( 37 )

. 

Consideration of the s ignal-to-noise  typically encountered in a QELS 

experiment leads to the conclusion that an NIAF can be considered a 

single�exponential if  the experimental estimate of the decay rate variance , 
-2 . ( 26 )  -2 �2/r  , ls less than 0 . 02 . The term �2/r  is  given the symbol Q � in 

this work . 

Finally in this section the calculation of the NIAF is  considered . 

After M sample periods the contents of channel m of the store represent 

t he un -n orma l i sed , c li pped I A F , G� 2 ) ( m T ) . The norma l i se d , single -c l ipped 

I A f , g� 2 ) ( m T ) , i s  t he n  ob ta i ned by d i v i d i ng G�2 ) ( m T ) hy t he c a l c u ln. te d 

Ld� · · l i r 1 c- , ( ;� 2 ) ( ().) ) ,  whceP 
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G�2 ) (�)  = ( total counts ) x ( total clipped counts ) / ( total sample periods ) 2 . 17 

It is the function of the monitor channels mentioned earlier to 

provide the various counts which enable G�2 ) (�)  to be calculated . 

When the blinker is being used these monitor channels must not record 

any information during correlator off times , otherwise an incorrect 

G( 2 ) C �) will be calculated . k 

· 2 � 3 � b �  · Considerations for Photomultipliers as Photodetectors . 

In this work a photomultiplier tube (PMT ) was employed as a photodetector . 

Several precautionary points concerning the application of commercial 

PMT assemblies to photocounting experiments are now discussed . 

The first problem considered is that of correlated after-pulses . 

Amplification of a photoelectron ej ected at the photocathode of a 

PMT relies on a statistical secondary emission p�ocess . The time of 

arrival of the secondary emission electrons at the anode will depend 

on the particular transit path taken by individual electrons down the 

amplifying sections of the phototube . The time taken by d ifferent 

groups of electrons travelling by different paths can lead to 

correlated after-pulses , an occurence that is particularly damaging to 

correlation experiments . Apart from variations in transit times , correlated 

after-pulses can also be caused by optical , soft X-ray or positive ion 
. ( 27 )  feedback ; induced by the arr1val of large pulses at the anode • 

Correlated after-pulses can be effectively eliminated by imposing a 

dead-time upon the PMT output electronics such that after-pulses which 

occur within a certain time of the parent pulse are prevented from 

passing to the output circuitry . For the carefully selected PMTs used in 

photocount experiment s , the dead-time is quite small ( SOns for the 

commonly employed ITT FW1 30  PMT , for example ) ,  and for normal count-rates 

does not interfere with collection of data . However , the transit 

time of the PMT is dependent on the high voltage applied to the PMT . 

Changing the high voltage away from the manufacturers recommended 

setting ( as is sometimes necessary to reduce the input count-rate for 

example ) may so alter the PMT characteristics that correlated after

pulses appear outside the PMT dead-time , and so become included in the 

experimental data comprising the NIAF . It is thus important to consider 



this source of error if the high voltage applied to the PMT is 

altered from the recommended setting . 

The second problem considered in this section is the manipulation of 

the exposed photocathode area to provide the maximum signal-to-noise 

from the PMT . Consider two distinct points , A and B ,  on a photocathode 

which receives light from a source of finite dimensions . The 

amplitude of the total scattered electric field at A ,  EA ' will differ 

from the field amplitude at B ,  EB ' since the pathlengths from various 

points on the source to the two points A and B will differ . When A 

and B are coincident , EA and EB will be identical . When A 

and B are distinct EA will be correlated to EB , and as A and 

B move far apart EA and EB will eventually become uncorrelated . 

In fact , EA and EB will be correlated only when the points A and B 

are separated by less than the linear dimensions of a coherence area . 

Thus , exposing an area of the photocathode which is larger than a 

coherence area will not further increase the signal-to-noise ratio 

obtainable from the PMT . By making the coherence area as large as 

possible , the maximum amount of correlated , scattered light can be 

collected . For a three-dimensional source radiating onto a 

two-dimensional detector , it can be shown that the expression for a 

coherence area is ( 27 )  

where n is the solid angle subtended by the source at the detector . 

Decreasing n obviously increases A h ' and it is for this reason that 
CO 

( consistent with the requirements of the Central Limit theorem ) the 

laser beam is focused into the scattering cell ( see Figure 2 . 4 ) . 

2 . 3 . c .  The Laser Spectrometer 

The components which comprise the laser spectrometer are shown 

schematically in Figure 2 . 4 ,  with relevant specifications given in 

3 3  

Table 2 . 1 .  The block labelled PMT in Figure 2 . 4  is shown in more detail 

in Figure 2 . 5 .  The laser , and components contained in the dashed outline 

in Figure 2 . 4 ,  are mounted on a two tonne steel reinforced concrete 

table . The table is isolated from building vibrations by placing 



Figure 2 . 4 .  
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A schematic diagram of the laser spectrometer . The 

focal length of the lens is 2 0cm , with the sample cell 

located at the focal point . The oscilloscope is 

used to monitor the accumulat ion of the IAF . Data 

accumulated by the correlator is passed to the PDP 11-03  

digital computer for analysi s .  
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He-Ne 
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tube and 

associated 

electronics . 

Correlator 
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Specificat ions 

Output power : 55mW at 632nm . 

Amplitude stability : better than 3% per hour 

Precision : 0 0 
+ 0 . 03 C ;  accuracy : + 0 . 01 C .  

Quantum efficiency : 0 . 46% . 

Dark count : -10  per second at 2 5°C .  

Correlated after-pulses : 

Dead t ime : SOns . 

Output pulse width : 2 5ns . 

Opt imum HV : 1 7 5 0V .  

3 <1 per 1 0  pulses . 

48 data channels of  108 count capacity . 

4 monitor channels of 1010  count capac ity . 

Sample t ime presettable with 2� digit mant issa . 

Sample t imes available ; O . OS�s to ( 9 . 95 )x1 05�s . 

Clipping level adj ustable in unity steps : 00-9 9 . 

Blinker level adj ustable in steps of 2n : n= 1 -8 . 

The correlator also funct ions in other modes 

(multi-scaling , double-clipping ) ,  and has 

other features ( cross-correlation , probability 

analys is ) .  

Table 2 . 1 .  Spec ificat ions of the laser light-scattering spectrometer . 
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the sample cell . Light from the sample cell is imaged 
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on to the vert ically orientated 1 0 0�m slit , located 1 0cms 

from the lens which has a Scm focal length . 



slabs of 10cm thick foam rubber between the floor stands and the 

table . 
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The helium-neon laser used to carry out QELS experiments in this thesis 

was a Spectra Physics ( California , U . S . A . ) model 1 2 5A ,  chosen for it ' s  

amplitude stability . The components inside the dashed outline in Figure 

2 . 4  comprise the Precision Devices ( Malvern , England ) 4300 spectrometer . 

The PMT assembly is mounted on an arm free to rotate concentrically about 

the sample cell . Scattering angles can be read to a precision of 

0 . 1° with the aid of a vernier scale mounted around the outside of the 

index matching bath . The accuracy of the scattering angles depends on 

the precise setting of the zero degree position , which corresponds to the 

position of the emergent , un-scattered laser beam . The angular alignment 

scheme adopted in this work is discussed in Chapter 6 .  

The photomultiplier tube used in the 4300 spectrometer is the ITT 

( Indiana , U . S . A . ) FW130 ; the tube commonly employed for photocount 

experiments .  The high voltage is supplied to the tube by an EMI 

( Hayes , Middlesex , England ) PM2 5A power supply . The temperature of the 

index matching bath is controlled by a Precision Devices temperature 

controller , while actual temperature measurements were made with a 

calibrated HP (Hewlett-Packard , U . S . A )  2801A quartz crystal oscillator 

thermometer . 

The data in the correlator storage channels is acessible via the correlator 

data bus for output ( following D/A conversion ) to an oscilloscope . The 

oscilloscope display is updated at a 9kHz rate , allowing the accumulation 

of the IAF to be observed . A serial interface , also connected to this 

data bus , is used to transfer data to a DEC ( Digital Equipment Corporation , 

U . S . A )  PDP-1103 digital computer for analysis pruposes . A DEC-writer 

was utilised for hardcopy computer input/output , and the computer was 

also interfaced( 3S )  to an HP ( Hewlett-Packard , U . S . A . ) 7015B chart 

recorder for visual display of ln( g�2 ) ( t , T ) -1 ) versus t plots . 

Several types of high optical quality scattering cells were used in the 

QELS experiments . Most experiments were performed using 1 . 000cm square 

fluorimeter cells ( Helma , England ) which were polished on four sides . 

However , several experiments utilised 1cm wide by O . SOOcm path length cells 

( Spectrosil , U . S . A . ) with "frosted s id es " . Evaporat ion of solvent from 



either type of stoppered cell was negligible during the time taken 

to complete a set of experiments on the solution under study . 

38 



CHAPTER 3 

THE PULSED FIELD GRADIENT EXPERIMENT 

3 . 1  INTRODUCTION : THE NUCLEAR MAGNETIC  RESONANCE EXPERIMENT 

3 . 1  a .  Nuclear Magnetic Resonance 

It is well known that a nucleus with nuclear spin quantum number I ,  

immersed in a magnetic field of magnitude B0 , has 2I+1 energy levels 

( the Zeeman levels )  equally spaced with a separation( 39 )  

where y i s  the nuclear magnetogyric ratio ( a  constant for a given 

nucleus ) .  Associated with each nuclear spin is a nuclear magnetic 

t f 0 d . b ( 3 9 ) momen , o magnltu e � glven y 

� = y}H 

The 1H nuclei of interest to  this thesis are particles with I = �. 
In the remainder of this section a classical treatment of the behaviour 

of spin � particles placed in a steady magnetic field !o is given . 

This field is considered to lie along the laboratory z-axis , that 

is £a = B�, where 1 is the z-axis unit vector . 

At thermal equilibrium the nuclear spin ensemble can be described in 

terms of the occupancy of the Zeeman levels . This occupancy has the 

form of a Boltzmann distribution . For spin � particles there are 

h . . . b ( 3 9 )  
only two energy levels w ose relatlve populatlons are glven y 

3 . 1  

where n1 and n0 are the number of nuclear magnetic moments aligned 

against and with the steady field !o respect ively ,  and T is the 

absolute temperature . As can be seen from equat ion 3 . 1 ,  a measurable 
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polarisation of the nuclear spins can be achieved by making B0 large . 

In NMR experiments B0 is usually arranged so that the frequency of the 

electromagnetic radiation necessary to cause transitions between the 

Zeeman levels is in the radiofrequency (rf)  range . 

Significant polarisation of the nuclear spins g ives rise to a 

macroscopic magnetisation of magnitude M ( the magnitude of the net 

magnetic moment per unit volume ) .  For the NMR experiments of interest 

to this thesis , it is sufficient to deal entirely with this macroscopic 

magnet isation . At thermal equilibrium M is aligned along the steady 
-
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field axis , that is M = Mk . If B0 is constant in magnitude (homogeneous ) 
- "' 

over the ensemble of nuclear spins , the magnetic moments comprising M 

all precess about � at the angular frequency 

where w1 is known as the Larmor frequency . The equation of motion of 

M in the rotating frame (a frame of reference rotating about the "' 
d f . ld d . . f ) . ( 3 9 ) stea y 1e 1rect1on at an angular requency w 1s 

when w = w1 , the magnetic moments become stationary with respect to 

the rotating frame , thus giving the appearance ( in the rotating 

frame ) of having set B0 to zero . 

Manipulation of M can be achieved by applying a small field of 
-

magnitude B1 ( <<B0 ) that rotates in the x-y plane at the Larmor 

frequency( 39 ) , a field which is considered to lie along the x �-axis 

of the rotating frame as shown in Figure 3 . 1 . a . ( ii ) . Classically , 

!:! will precess about B1_!� (£,0 being "absent" in a frame rotating 

at w1 ) ,  where i� is a unit vector along the x �-axis of the rotating 

frame . Significant reorientation of M occurs on ly when the small field "' 
. ( 39 )  

B1�� is applied at the Larmor frequency of the magnet1c moments 

This  s ituation is analogous to many resonant systems where the presence 

of a small "driving force" ( the rf field B1l,� in this case ) applied 

in the presence of much larger static forces can cause a significant 

response in a system when the frequency of the driving force is equal 

to the "natural frequency" ( w1 in this case ) of the system . Thus the 
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term Nuclear Magnetic Resonance was coined for experiments involving 

reorientation of M by a small , rf magnetic field applied in the 
1'-.1 

presence of a much stronger , static magnetic field . 

In practice , the field B1l� is generated by passing an rf current 

oscillating at w1 through a coil located coaxially about the sample 

x-axis . However , if an oscillating magnetic field of magnitude 2B1 
is applied along the laboratory x-axis , this field can be considered 

as being composed of two counter-rotating fields of magnitude B1 ; 

that is 
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where l and i are unit vectors along the laboratory x and y axes 

respectively . If  B1 < <  B0 ( the case in an NMR experiment ) ,  the effect 

of a rotating magnetic field on a nuclear magnetic moment is negligible 

unless the frequency of rotation approaches the Larmor frequency , 

and so only the component rotating in the same sense as the precession 

of M can cause reorientation of the magnetic moments .  
1'-.1 

In an NMR experiment it is not possible to make a magnetic field B� 
which has a perfectly homogeneous magnitude over the sample , with the 

result that a distribution of Larmor frequencies is present in the 

sample . A measure of the variation in the steady field magnitude 

is given by the root-mean-square deviation of B0 , �)2 In a I< liBO
) . 

frame rotating at the average Larmor frequency w1 = -yB0 , components 

of � located in a field possessing a deviation liB0 will appear to 

precess about the z �-axis at the small angular frequency liW = -y ( t�B0 ) 

When the field B11� is applied to the sample , the net field 

}?. = ( t�B�� + B1l� )  will determine the precession axis of the components 

of M .  However , i f  the magnitude of the rf field is made sufficiently 
1'-.1 

large ( B1 >> �( liB0
) 2 ) , and the time ( tp ) for which the rf field is 

applied is made sufficiently short [tp << 1/ (y;f( liB0 )
2 ) ] ,  then the 

precession about the net field is equivalent to precession about B1l� · 

With these restrictions on the rf field , all components of � will 

rotate together as a single total magnetic moment vector . In the time 
. ( 39 )  

tp , the angle of rotation o f  M is 8 = yB1t
p 

rad1ans • 
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Consider the situation when the rf  field !1 is  applied for a time sufficient 
0 to rotate � through 90  , that is a pulse of rf current is applied to 

a coil surrounding the sample ( the coil is oriented coaxially about 

the sample y-axis ) .  Following the 90° rf pulse , M precesses in the 
� 

x-y plane , about � · The precession of � in this plane induces an 

rf voltage in the coil surrounding the sample ( the same coil that 

was used to generate !1 is usually used ) .  The rf voltage induced 

in the coil decays as the precessing x-y magnetisation returns to the 

equilibrium s ituation M = Mk , as illustrated in Figure 3 . 1 . c .  The 
� � 

signal induced in the coil is termed a free induction decay ( FID ) since 

it is a result of free ( i . e .  no applied rf field ) precession of the 

magnetisation in the x-y plane . 

If B0 is homogeneous over a nuclear spin ensemble which has a single 

resonant frequency , the decay of the magnitude of the magnetisation 

in the x-y plane is characterised by two time constants , T1 and T2 • 

T1 is the longtitudinal relaxation time , which characterises the 

return to equilibrium of the z-axis component of M ( i . e .  from zero 
� 

j ust after the 90° rf pulse , to M = Mk at equilibrium ) .  T2 is the "" -

transverse relaxation time , which characterises the return to 

equilibrium of the x-y component of � ( i . e .  from Mi' j ust after the 
0 90  rf pulse , to zero at equilibrium ) . These decay rates are a 

sensitive function of the chemical environment of the particular 

resonant nuclei under study , and NMR studies are capable of yielding 

a wealth of chemical information about the nuclear spin ensemble . In 

liquid or liquid-like systems a study of the FID can also yield 

information concerning the laboratory frame motion of molecules 

containing the resonant nuclei .  NMR is thus an important investigative 
. ( 40 ) 

technique which , since the first experiments by Bloch ln 1946 , 

has been widely applied in many sciences . 

3 . 1  b .  The Formation of Spin-Echoes . 

In an inhomogeneous magnetic field , such as that encountered in NMR 

experiments ,  the precessional frequency of the magnetic moments varies 

over the sample . Thus , following a 90° rf pulse , the decay of the 

magnetisation in the x-y plane is augmented ( over and above T2 



relaxat ion ) by a loss of phase coherence among the magnet ic moments , 

as illustrated in Figure 3 . 1 . a .  ( i i i ) .  As was first pointed out by 
( 41 )  Hahn , a sequence of two rf pulses can be used to  reverse these 

phase losses through the format ion of a spin-echo , a phenomenon which 

is of central importance to the measurement of diffusion coefficients 

by NMR . For the purposes  of the present discuss ion , the resonant 

nucle i are considered to be fixed in the magnetic field �o · The rf two

pulse sequence usually employed to generate spin-echoes is due to Carr 

and Purcell ( 4 2 ) . Th " f l . h t "  t 1 s  r pu se sequence requ1res t at at a 1me = T 
0 after the end of a 90  rf pulse , a second pulse be applied for a t ime 
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suffic iently long to rotate M through 1 8 0° , as shown in Figure 3 . 1 . a . ( iv ) . 

The magnet ic moments ,  still reta iling their unique , pos it ion dependent 

precessional frequencie s , now begin to rephase as shown in Figure 

3 . 1 . a . ( v ) ,  unt il at t = 2T rephas ing is complete . 

at t = 2T ( see Figure 3 . 1 . c )  is  termed a spin-echo . 

The rephased signal 



3 . 2  DIFFUSION COEFFICIENT MEASUREMENT BY NUCLEAR MAGNETIC RESONANCE 

3 . 2  a .  The Attenuation of Spin-Echoes Due to Diffusion 

In any experiment on a liquid-like system , the molecules in the sample 

may diffuse appreciable distances during the time 2T . Since B0 is 

not homogeneous over the sample , the nuclear magnetic moments 

associated with the diffusing nuclei acquire a time-dependent 

precessional frequency . Consequently , phase losses which occur among 

the magnetic moments comprising M during the time t=O to t=T are not 
... 

completely reversed during the refocusing period t=• to t=2T . As was 

first pointed out by Hahn( 4l )
, the magnitude of the spin-echo signal 

at t=2• is additionally reduced ( over and above any reduction due to 

relaxation processes ) ,  compared with the signal magnitude at t=O , 

by an amount which is dependent on the diffusion coefficient of the 
( 42 )  

molecules containing the resonant nuclei .  It was Carr and Purcell 

4 5  

who first provided a practical method for measuring self-diffusion 

coefficients by observing the attenuation of spin-echoes in an 

inhomogeneous magnetic field . This method is now described as it contains 

the fundamentals of the PFGNMR experiment . 

The Larmor frequency of a nuclear spin is position-dependent in an 

inhomogeneous magnetic field , and diffusion of nuclear spins in such 

fields results in additional attenuation of the spin-echo . Carr 

and Purcell proposed that the intrinsic label provided by the Larmor 

frequency of a nuclear spin be used to define the spin ' s  position . This 

can be achieved by placing a known , static , one-dimensional magnetic 

field gradient of magnitude G ,  ( usually ) along the z-axis of the 
( 4 2 )  . sample , where G �s much greater than the magnitude of any gradients 

due to inhomogeneities in B0 . Translation of a nuclear spin in the 

direction of the applied magnetic field gradient causes a well-defined 

change in the Larmor frequency of that spin . Since dephasing in the 

spin-echo experiment is now almost entirely due to the well-defined 

applied gradient , the factor A by which diffusion attenuates 
. . b ( 4 2 )  

the amplitude of the spin-echo can b e  calculated . A �s g�ven Y 



where A ( G )  and A ( O )  represent the magnitude of the spin-echo at t=2T 

in the presence and absence of magnetic field gradient respectively , 

and D is the self-diffusion coefficient . 

There are , however , experimental limitations to the steady gradient 

experiment . These arise when the gradient magnitude is increased 
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to make possible the measurement of smaller values of the self-diffusion 

coefficient . Increasing G shortens the interval over which the phase 

coherence of the spin-echo is partially restored , and so it becomes 

necessary to increase the bandwidth of the detection system in order 

to observe the spin-echo . This degrades the signal-to-noise ratio of 

the detected FID . Furthermore , increasing G usually increases the 

variation of the total magnetic field over the sample . As previously 

discussed , the manipulation of � demands that B1 be much greater than any 

variations in the magnitude of the total magnetic field , and so increasing 

G demands that the output power of the rf transmitter be increased . 

These limitations imposed by the requirement for larger values of G 

mean that it is not practical to measure diffusion coefficients smaller 
-11 2 -1 . . ( 43 )  than about 10 m s by the steady grad1ent techn1que . 

3 . 2  b .  The Pulsed Field Gradient Nuclear Magnetic Resonance Experiment 

In an attempt to eliminate the experimental problems associated with the 
( 43 )  steady gradient technique , Stej skal and Tanner developed an 

experiment which utilised two identical pulses of magnetic field gradient 

to measure a diffusion coefficient . The timing of the gradient pulses 

relative to the rf pulses is shown in Figure 3 . 2 ,  where the various 

pulse widths and separations are also defined . Since the gradient 

pulses are applied between the rf pulses , the requirements on B1 are 

considerably reduced . A broad echo is also obtained because the 

refocusing ( and defocusing ) rate around t=2• is now only determined 

by the small residual gradients which arise from the residual 

inhomogeneities in B0 . Values of the self-diffusion coefficient down 

to 1 o-14m2s-1  have been measured by the PFGNMR method( 44 ) . The 

derivation of the expression for the diffusive-attenuation of the spin

echo in a PFGNMR experiment is now briefly reviewed . For the moment , the 

sample under cons ideration is assumed to be a simple fluid . 



Figure 3 . 2 .  
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:\ 
N M R s ignal  magn itude .  

The pulse parameters , and t iming relationships between 

the pulses used in a pulsed field gradient experiment , 

with an example of  the magnitude of the NMR signal 

encountered with such a pulse sequence . The 180° 

rf pulse always occurs between the two gradient pulses . 

In this work , d is usually 500�s . 

47 



The random-walk nature of the diffusion process examined in a PFGNMR 

experiment is best viewed through the model first proposed by Carr and 

Purcell( 42 )  for the steady-gradient experiment . Carr and Purcell 
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considered an ensemble of spins with M initially aligned along the y�-axis 
-

of the rotating frame ( i . e .  j ust after the 90° pulse )  to be subj ect 

to a linear z-axis magnetic field gradient G .  The phase history 

of a single diffusing spin was determined from a random walk model , 

and an average over the ensemble performed to determine the 

residual y �  component of magnetisation at t=2T . 

I f  the z-axis magnet ic field gradient has a magnitude much greater 

than the gradients due to inhomogeneities in B0 , we need only 

consider the one dimensional components of motion of magnetic moments 

along the gradient axis . The random walk model assumed is as follows : 

a nucleus remains at a given position z for T seconds , then suffers a rms 

jump displacement of C along the z-axis , where the new z-coordinate 

differs from the previous one by ea . , and a . is a random variable l l 
whose value is either 1 or -1 . If the magnitude of the field in which 

a nucleus finds itself at t=O  is B0( o ) , and if the z-axis field 

gradient has a constant magnitude G ,  then after j = t/T j umps a 

nucleus will find itself in a field of magnitude 

After N steps the phase � of the precessing nuclear moment will differ 

from the value �O it would have had in the absence of diffusion by 

an angle 

N 
�D = 0-�0 = E yT[B0 ( j T) - B0 ( o ) ] 

j = 1  

N j 
= GCyT E E a . 

. 1 . 1 l ] =  l= 

. ( 45 )  The above model has been extended to the PFGNMR exper1ment by 

3 . 2  

noting the following facts . In the PFGNMR experiment ( see Figure 3 . 2 ) , 

the field gradient has a value of G only during the times 0 < t � o 

and � < t � � + o , being zero for all other times . The beginning 

of the first gradient pulse i� taken as time zero since no significant 

dephasing occurs before then . The 1 80° rf pulse always falls 

between the two gradient pulses , and so the sign of all phase changes 

which occur during the second gradient pulse are reversed (with respect 



to the first gradient pulse ) .  For a PFGNMR experiment , equation 3 . 2  

thus becomes ( 4 S ) 

N1 j N2+N1 j 
�D = GCyT ( l: l: a . - l: l: a .  ) 

j =1 i=1 l j =N2+1 i=1 l 

where N1 = o/T and N2 = �/T . 

The amplitude of the magnetisation at t = 2T can be obtained by 

summing , over the ensemble ,  the normalised y '-components of the 
. . ( 42 )  magnetlsatlon 

00 

3 . 3  

M , ( G )  y = My , ( O )  J cos ( �0 ) . P ( �0 ) d�D 3 . 4  
-00 

where M , ( G )  and M , ( 0 )  are the components of M detected at t=2T in y y � 

the presence and absence of field gradient pulses respectively , and 

P ( �0 ) is the probability of obtaining a phase difference �0 . In 
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the limit of  large N1 , N2 ( the case in a PFGNMR experiment ) the Central 

Limit theorem predicts that the distribution of �D will be Gaussian , that 

is 

3 . 5  

2 
<�0> can be calculated from equation 3 . 3 . Recalling the Einstein 

definition of the self-diffusion coefficient , D = C
2

/ ( 2T ) , and 

substituting for N1 , N2 in h . . . 3 . ld ( 4 5 ) t e serles ln equatlon 3 .  yle s 

3 . 6  

Using equations 3 . 5  and 3 . 6 ,  equation 3 . 4  can be evaluated to give 

the expression for the diffusion-attenuated spin-echo originally 

derived by Stej skal and Tanner from a macroscopic approach . This 
. ( 43 ) expression lS 

3 . 7  

where D is the self-diffusion coefficient ; n8 or DSolv in this work . 



When � >> 8 / 3 , the time over which diffusive displacements are observed 

is well-defined as � .  In the case of gradient pulses of larger width , 

the diffusion time is taken as being ( �- o / 3 )
( 43 )

. 
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If the macromolecular self-diffusion coefficient n5 is being measured in 

a PFGNMR experiment , the value of n5 obtained via equation 3 . 7  must be 

interpreted with some caution . This is because the resonant nuclei in 

random-coil macromolecules can suffer z-axis displacements due to 

macromolecular rotation and intramolecular rearrangement , whereas 

equation 3 . 7  only takes into account the translation of the nuclear spins 

due to the centre-of-mass molecular motion . However , in practice the values 
-2 

of G,  � and o available in a PFGNMR experiment require z to be greater 

than ( 50nm ) 2 for any significant ( >1 % )  attenuation to be observed . 

Thus , for macromolecules with a radius of gyration less than 50nm , 

such as those used in this work , the PFGNMR experiment is only 

sensitive to the macromolecular centre-of-mass motion . 



CHAPTER 4 

INSTRUMENTATION FOR A PULSED FIELD GRADIENT EXPERIMENT 

4 . 1 .  INTRODUCTION 
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The principal advantage of PFGNMR is the ability to directly measure 

self-diffusion coefficients . However , in the past the PFGNMR technique 

has been subj ect to several systematic errors , with the result that 

accuracy estimates of + ( 5-20 )%  are commonly quoted for the self-diffus ion 

ff . . ( 2 )  -. . . . coe lClent . Imprec1s1on can 1ncrease this error even further . The 

main sources of error in the PFGNMR experiment have been associated 

with setting up the known , reproducible and uniform magnetic field 

d . . d b  h . ( l 7 ) gra 1ent requ1re y t e exper1ment • 

There are several coil configurations available for the generation of 

1 .  . f . ld d . ( 46 ' 4 7 ) h . d f h f . ld 1near magnet1c le gra 1ents . T e magn1tu e o t e 1e 

gradient is commonly determined by one of several schemes : by 

theoretical calculation from a knowledge of gradient coil dimensions , 

by determination from the decay rate of the NMR signal following the 
0 90  rf pulse ( the larger the gradient , the more rap id the signal decay ) ,  

or by utilising a substance whose diffusion coefficient is already well 

known . The difficult ies with the theoretical calculation are that 

accurate winding of the coils is assumed , and the contribution from 

image currents induced in the nearby magnet pole p ieces must be taken 

into account . Calculation of the magnitude of the magnetic  field gradient 

from it ' s  effect on the NMR signal is prone to many sources of systematic 
( 16 )  error Although some of these errors can be eliminated by careful 

adj ustment of the sample position , and corrections can be made for other 

sources of error , the overall requirements of the ca libration are too 

rigorous to allow the gradient to be simply determined . The most 

satisfactory method of calibrating the field gradient appears to involve 

the use of a substance of well known self- diffusion coefficient . The 

self-diffusion coefficients of both benzene and water are known to a 
( 48-5 0 )  few tenths of a percent , and both of these liquids are well suited 

to gradient calibration since they possess strong 1H NMR signals thus 

providing good precision .  By calibrating the gradient us ing benzene , 

it has recently been shown that a reproducibility of !1% , and an overall 



accuracy of +2% , can be obtained for steady gradient diffusion 
ff . . t t t . . . ( 17  ) coe lclen measuremen s on wa er ln varlous salt solutlons . 
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The determination of the field gradient magnitude in a PFGNMR experiment 

is subj ect to several additional complications which are not present 

in the steady gradient experiment . The generation of a field gradient 

pulse is associated with rapid current changes during the rise and fal� 

times of the pulse . This leads to the generation of eddy currents in 

nearby metal obj ects . There are two systematic errors associated 

with eddy current generation . First , the eddy current extended "tail" 

of the gradient pulse may still be present during the 1 80° rf pulse 

if the gradient pulse is placed too close to the rf pulse . This has 

the effect of adding a third , small gradient pulse to the sequence 

with the result that the spin-echo at t=2T will be additionally 

attenuated , and in fact the spin-echo may not even reach a maximum at 

t= 2T . The second error associated with eddy current generation arises 

from the contribution that eddy current induced magnetic fields make to 

the magnetic field gradient applied to the sample . Eddy currents 

will cause the gradient pulse shape to deviate from the ideal 

rectangular shape assumed during the derivation of the expression for the 

spin-echo attenuation . Thus , it is important to give careful consideration 

to the minimisation of eddy currents during construction of the NMR 

probe in which the gradient coils are housed . The effect that 

res idual eddy currents have on the PFGNMR experiment must also be 

determined .  

A review of the literature indicates that the PFGNMR experiment also 

suffers from several systematic errors whose causes are not well 

understood . First , experimenters often make a correction to the length 

of one of the gradient pulses in order to correctly position the spin

echo maximum at t=2T ( 1 • 2 ) . ( This does not appear to be an eddy current 

effect . )  Second , it has often been mentioned that there is some 
. ( 1  2 )  instability in the position and rf phase of the spln-echo ' , a fact 

which has led some experimenters to adopt a procedure in which the 

operator accepts or rej ects spin-echos for height analysis on the basis  

of the echo ' s  position and appearance . This necessarily requires that 

an experienced operator perform the experiments , although computerised 

echo inspection can also be used( 2 ) . The problems of signal stability 

and gradient pulse length adj ustment have been encountered since the 



inception of the PFGNMR techniqu�
( 1 ) 

and cont inue to be mentioned in 

even the more recent papers on the technique ( see reference 2 ,  

published 1 9 79 ) .  Even when "spurious" spin-echoes are rej ected , it 

is estimated that the reproducibility of the measured self-diffusion 

coefficient lies only in the range �5-15%  if signal averaging is 

employed . Further investigation into the cause of these "spurious" 

spin-echoes is clearly required . 

The remaining sections of this chapter are devoted to the design 

5 3  

and construction details of the NMR probe , the magnet ic field gradient 

coils , the gradient pulse timer and the gradient pulse power supply . 

Particular attention was paid to the minimisation of the various errors 

which have been discussed in this sect ion . Preliminary experiments have 

indicated that there are a number of experimental precaut ions which must 

be observed if the spin-echo magnitude · is to be accurately measured . These 

will be discussed in section 4 . 3 .  Finally , a sect ion containing the 

gradient calibration and reproducibility experiments will be presented . 



4 . 2 . DESIGN AND CONSTRUCTION OF INSTRUMENTATION 

4 . 2 . a .  Probe and Gradient Coil Design 

54 

The primary design criteria for the 1H NMR probe are set by the commercial 

JEOL ( Tokyo , Japan ) JNM-FX60 high resolution spectrometer to which the 
1 probe is connected . The H resonant frequency in the magnetic field 

( B0 = 1 . 4  Tesla )  of this spectrometer is 60MHz , and the probe must 

fit in the 32mm gap between the magnet pole pieces . The output 

impedance of the pulsed rf transmitter is s on (which should be matched 

for maximum power transfer ) ,  while the receiving electronics require that 

the NMR signal be preamplified before being passed to the spectrometer 

for subsequent processing . Apart from these bas ic physical and electronic 

constraints ,  the design of the probe must also be consistent with the 

requirements for error minimisation , as outlined in section 4 . 1 .  

Various aspects of the design of NMR probe electronics have been covered 

. . 1 b k d . ( 51 )  ( 52 )  d ( 53 )  1n art1c e s  y Clar an McNe 1l , Lowe and Tarr , and An erson . 

The des ign of magnetic field gradient coils for PFGNMR experiments 

b ( 4 6 )  d Odb ( 54 )  
een treated by , among others , Tanner , Odberg an erg , 

has 

and Webster and Marsden( 4? ) . Working from the design criteria set out 
-1 -1 

in these articles , a 60MHz low-resolution probe containing 0 . 1 5 Tesla .m  A 

field gradient coils has been constructed by Dr P . T .  Callaghan . 

Contributions from the author amount to construction of the sample-tube 

holder and homogeneity-coil constant current supply . 
criteria for probe construction are now reviewed . 

The design 

One of the important components of a pulsed NMR spectrometer is the 

electronic circuitry which is used to couple power from the rf 

transmitter into the sample coil , and then to convert the precessing 

nuclear magnetisation into a signal at the input of tQe receiver 

preamplifier . The basic requirements for such a circuit are : 

efficient transfer of power from the transmitter to the sample coil , 

protection of the preamplifier from the destructive overloads of the 

transmitter , rapid ring-down ( decay ) of the transmitter pulse ( 60v-pp 

from the JEOL rf tran smitter ) to the milli- or microvolt levels of the 

FID signal , and a high signal-to-noise ratio for observat ion of the FID .  



The above points are included in the design of a single coil ( i . e .  one 

coil used for both rf irradiation and reception ) series resonant 
. . d . . b k d . ( 44 ) c1rcu1t presente ln an art1cle y Clar an McNell . 

5 5  

Us ing the criteria set out by Clark and McNeil , the circuit shown 

schematically in Figure 4 . 1 . a  has been constructed . This circuit cons ists 

of three subsystems which are turned to the operating frequency : the 

transmitter output circuit ( L1 , c1 , R1 ) ,  the sample coil circuit 

(L2 , c2 , R2 ) and the preamplifier input circuit ( L3 , c3 , R3 , Rin ) .  C1 
includes any 

preamplifier 

resistance . 

transmitter output capacitance , c3 includes the 

input capacitance , and R . is the preamplifier input ln 
It was found advantageous to shield the discrete components 

in the circuit in order to minimise rf pick-up and noise . 

The transmitter is connected to the sample coil L2 via a coaxial cable 

which has a characteristic impedance of son .  The length of this cable 

was chosen to lie in a range such that the cable acts as the inductor 

L1a . The length of the cable within the inductive-range was set to 

give a circuit input impedance , when tuned by c1 , equal to the rf 

transmitter ouput impedance . When a transmitter pulse occurs , the 

diodes n1-n4 become short circuits .  The tuned pair L2c2 represents a 

very low impedance in parallel with the much larger impedance of L3 , 

and so all the rf current appears in the sample coil L2 • The preamplifier 

is protected from damaging overloads by the effective short circuit 

diode pair n3 and D4 , and by the high impedance of L3 . 

Following the rf transmitter pulse , the circulating current in L2 must 

quickly ring down so that the FID signal induced in L2 can be observed . 

This requires that QT ' the quality factor of the effective transmitter 

load circuit , be kept as small as possible . For the circuit shown in 

Figure 4 . 1 .  a , 

Since L1 has already been determined , QT can be made small by keeping 

L2 small or by increasing R1 and R2 . However , any reduction in L2 
reduces the magnitude of the rf magnetic field , B1 («L2 ) .  Increas ing 

R1 or R2 limits the current through L2 and so also reduces B1 . In 



Figure 4 . 1 .  a . 

4 . 1 . b .  
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4.1. u  - - - -
- - - -

A single coil series resonant circuit - after Clark 

and McNeil , reference 5 1 .  The resistor R� is included 

to reduce the transmitter pulse decay time to -1 . 5�s . 

L1 is adj usted to present a son load to the rf 

transmitter ( which has zo= son )  when tuned by c1 . 

L1c1 , L2c2 and L3c3 are tuned pairs . D1-D4 are 

high speed silicon diodes . 

The configurat ion of the rf irradiation/recept ion 

coil - after Lowe and Tarr , reference 52 . The coil 

is constructed from 0 . 17mm copper shim , and is 

7mm long by 9mm in diameter . 



practice , the values of 12 and R1 are arranged ( R1 by adding the 

resistor R� ) such that a sufficiently large B1 is generated while 

5 7  

QT is held t o  the desired low value . To b e  consistent with this 

compromise solution the inductance 12 needs to be kept much smaller than 

is practical for a wire-wound coil of dimensions suitable for use as a 
( 52 )  sample coil . For this reason , following 1owe and Tarr , a 2 turn coil 

was wound from 0 . 17mm copper shim .  This coi l ,  which is illustrated 

in Figure 4 . 1 . b . , provides good rf field homogeneity over a sample volume 

equal to the coil ' s  length( 52 )
. 

Following the ring-down of the transmitter pulse , the small voltage 

levels induced in 12 by the precessing magnetic moments can be observed . 

For small voltage levels the diodes n1-D4 behave as open circuits and 

so the receiver circuit consists of the preamplifier input stage and the 

elements 12 , c2 , 13 , c3 • The maj or problem during the FID reception 

stage lies in maximising the s ignal-to-noise ratio in the receiving 

circuit . A detailed Nyquist noise analys is of the circuit does not 

. ld 11 1 '  b . . f . d . ( 51 )  ' th y1e any genera y app 1ca le cr1ter1a or no1se re uct1on , w1 

Clark and McNeil suggesting that a low-noise , high input impedance 

preamplifier be employed ,  while keeping R2 and R3 as small as poss ible . 

Thus , 13 should be chosen to minimise R3 while ensuring that Q3 (oc13/R3 ) 

remains suffic iently small for the receiver circuit to follow a rapidly 

decaying FID . Clark and McNeil  suggest Q3 = 2Q2 as a practical des ign 

criteria . The preamplifier used in this work is a tuned , single stage 

JE01 60MHZ FET preamplifier , although any other tuned , rf , low-noise 

l ' f '  ( 5 5 )  d ff ' preamp 1 1er woul su 1ce . 

A second aspect of importance in the design of an NMR probe for 

PFGNMR experiments is the provision of a large , uniform magnetic field 

. k ( 46 )  h . 1 gradient over the sample volume . It 1s well nown t at two coax1a , 

circular coils with opposed magnetic fields (an opposed Helmholtz pair ) 

produce the largest region of uniform field gradient along their 

common axis if their radius equals 2/1:3 times their separation distance . 

Other coil configurations can also be employed to provide uniform 

. ( 47 5 4 )  magnetic field grad1ents ' , but we have chosen the opposed 

Helmholtz pair for constructional simplicity . 

In a PFGNMR experiment , the gradient coils are located between the 

pole-p ieces of an electromagnet . The presence of nearby non- saturated 

magnetic material contributes an additional magnet ic field by induced 
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d .  1 1 "  t d b h f "  ld d d . . h " 1  ( 46 )  1po e a 1gnmen , over an a eve t e 1e ue to con uct1on 1n t e col s . 
The above relationship between the coil radius and separation no longer 
describes an opposed Helmholtz pair giving the largest region of uniform 
field gradient over the sample when these induced fields are present ( 46 ) . 

However , by using the method of images ( see , for example , reference 56 ) ,  
Tanner has calculated the optimum coil shape for an opposed Helmholtz 
pair placed between magnet pole-pieces located at z = + 1 .  The results of 
Tanner ' s  calculations were presented in the graph reproduced here in 
Figure 4 . 2 .  A surface of revolution of curve A in Figure 4 . 2  about its 
abcissa has the correct shape for the gradient coils . A derivation of 
the equation describing curve A is given in Append ix 1 .  It is the midsurface 

of the windings which should coincide with curve A ,  and sufficient turns 

should be wound so that the field associated with the leads is unimportant : 
( 46 )  1 8  turns has been found t o  be adequate . 

In this work a pair of 1 9-turn coils were wound from 26-swg enamelled 
copper wire on a Teflon former , which was constructed to conform as 
closely as practically possible to the shape given in Figure 4 . 2 .  The 
approach of the coils used in this work to the optimum shape ( curve A )  

is shown in Figure 4 . 2 ,  and the variation in the magnitude of the field 
gradient over the z-axis of the sample volume was calculated to be 

-1 - 1  0 . 143 � G � 0 . 144 Tesla . m  A . The relative positions of  the sample 
dewar , gradient coils and rf coil are shown in Figure 4 . 3 .  To ensure 
mechanical stability the rf coil was bound to the outside of the sample 
dewar with Teflon tape . Teflon tape also forms the insulation between 
the right hand lead and the lower turn of the rf coil ( see Figure 4 . 1 . b ) . 

A photograph of the completed PFGNMR probe is shown in Plate 1 . There 

are three sources of error in the PFGNMR experiment that can be 
minimised at the overall probe design stage . These are eddy current 
generation , spurious sample movements and variations in the magnitude 
of the steady magnetic field . Where possible Teflon , laminated plastic , 
glass and Perspex have been used as construction materials for the probe 
in order to reduce eddy currents .  The NMR sample tubes are held firmly 
in place by a well-seated holding arrangment shown in Figure 4 . 3  and 
Plate 1 .  Variations in B0 can be minimised by including in the probe an 

2 external lock . This device consists of a H sample whose resonance 
frequency is compared with a frequency standard , with any frequency 
difference forming the error signal in a feedback loop controlling B0 . 
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A 
B 
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C o i ls be t we e n  p o le p 1 e ce s . 

C o i l s  1 n  t h i s  w o r k .  
C o i l s  1 n  f r ee s p a c e .  

5. 0 6 .0 7. 0 8. 0 
R e l a t i v e  d i s t a nc e  f r o m  m i dp l a n e  ( z / l ) 

Coil shape for the generat ion of uniform magnetic field 
gradients . A surface of revolution of curve A about 
the abscissa has the required shape for coils in an 
opposed Helmholtz configuration to give the largest 
region of most homogeneous field gradient along the coil 
axis when the coils are located between magnet pole-
pieces . r is the coil radius measured from the coaxial 
coil axis , and z is the distance to the coils as measured 
from a midplane centrally located between the coils at 
right angles to the coil axis . 2 1  is the z-axis 
separat ion of the magnet pole-pieces . 
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Figure 4 . 3 .  
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oewar 

Coil 
former 
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The sample space geometry , and sample holder . The 

viewing port along the axis of the Helmholt z coils 

allows the rf coil to be accurately centred . The 

sample dewar isolates the gradient coils from the 

sample temperature , and dur ing exper iments a stream 

of constant temperature air i s  d irected at the co i l  

base . 
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Plate 1 .  

o grad ient 

coil base . � 

Sample air

blast pipe . 

lock . 

The low resolut ion probe used in the PFGNMR experiment . 
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Plat e  1 .  The low resolut ion prob e used in the PFGNMR experimen t .  



Also shown in Plate 1 are the aB0�/ ax ,  aB0�/ ay and aB0�;az  homogeneity 
coils included in the probe to aid the resolving of 1H reson&nces in 
the frequency domain . The improved resolution afforded by these coils 
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also provides a valuable increase in the signal-to-noise ratio when working 
with dilute molecular species . The homogeneity coils were designed 

d . h . . d ( 53 ) d h . accor 1ng to t e cr1ter1a set out by An erson , an t e co1ls 
were constructed by inlaying copper shim into the outer surface of the 
laminated plastic probe box sides . The current for the coils is 
provided by three constant current power supplies built around the 
Motorola MC1446 integrated circuit ( a  comprehens ive power supply 
IC - see reference 5 7 ) .  The current is continuously variable in the 
range + ( 0-1 ) amps , with a current regulation of better than 0 . 01% . 

4 . 2 . b .  A Digital Pulse Programmer for Pulsed Field Gradient Experiments . 

It is the function of the pulse programmer to provide control pulses 
for the sequentially timed intervals d ,  � and 6 ( as defined in Figure 
3 . 2 ) .  The experimentally important intervals 6 and � must be both 
precise and accurate over a wide range of times ( lOO ' s  of microseconds 
to l OO ' s  of milliseconds ) ,  and also possess a high degree of 
reproducibility . The accuracy and reproducibility of the timing pulses 
is best acheived by using digital logic circuitry in combination with 
clock pulses derived from a quartz crystal . The schematic circuitry 
shown in Figures 4 . 4 . a ,b , c  represents the essential features of a 
digital pulse timer designed and constructed as part of this work . 

The circuit , which utilised 7400 series TTL integrated circuits 
throughout , has been designed so that the experimental parameters � and 
6 ,  as well as the time d ,  can be set directly on BCD coded thumbwheel 
switches . A 1MHz signal , derived from the JEOL spectrometer crystal 
clock , provides the clock pulses entering the divider chain . Timing 
pulses appropriate to any particular experiment can be selected using 
NA ND gates as detailed in Figure 4 . 4 . b .  The precision of the output 
pulse timing is determined by the number of up/down counters ( 74190 ' s )  
in cascade . Figure 4 . 4 . a thus represents a programmer with a precision 
of two digits in each of the intervals d ,  � and o .  Such a precision has 

been found to be quite adequate for our PFGNMR experiments . The 
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4 . 4 . c .  

The timing pulse select ion c ircuitry . 

The c ircuit modificat ion required when using a two

pulse , sp in-echo sequence as a trigger . 
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up/down counters are used in the down counting mode , and are directly 
connected to the thumbwheel switches . A load command is provided by 
the trigger pulse ( see Figure 4 . 4 . a )  to initially set the d ,  6 and o 
counter contents , and the o counter is again loaded j ust before the 
end of the 6 interval in preparation for t iming the second o interval . 

6 5  

At power turn-on a reset pulse ( >  1�s ) must b e  provided to  the appropriate 
PRE or CLR inputs of the D flip-flops ( 7474 ' s )  to set their initial 
output states . The circuit shown in Figure 4 . 4 . a  requires only a 
single trigger pulse to initiate timing . The two pulse spin-echo rf 
logic pulse sequence provided by the JEOL spectrometer (which is used 
as the trigger in this work ) is easily converted into the required 
single trigger pulse by including the circuitry , shown in Figure 4 . 4 . c ,  
before the trigger input of Figure 4 . 4 . a .  When the gradient two-pulse 
sequence reaches completion , the 1MHz clock access to the divider chain 
is disabled . The appearance of the falling edge of the next trigger 
pulse readies the timer for a new sequence ( i . e .  loads the down counters , 
and sets the outputs of the divider chain to zero ) , and timing proceeds 
from the rising edge of the trigger pulse . In the JEOL spectrometer the 
1MHz clock and rf logic pulses are independently generated , which 
results in there being an uncertainty of +1�s in the interval d .  As 
the accurate timing of this interval has no experimental significance , 
this uncertainty is of no consequence . The circuit presented does not 
require the NAND gate range switches ( see Figure 4 . 4 . b )  to be "debounced" , 
or to make-before-break , as false clocking of the counters is prevented 
by their inhibited CLK inputs ( inhibited by the 7474s shown beneath 
each counter set ) . Further details concerning the pulse programmer 
are given in Appendix 2 .  

4 . 2 . c .  A Power Supply for Pulsed Field Gradient Generation 

The design of a power supply for the generation of current pulses , 
using the Helmholtz coils as a load , needs to be undertaken with 
considerable care as the PFGNMR experiment is very sensitive to any 

d . t 1 ml" smatch( 5 B ) . Th PFGNMR . t . th t gra len pu se e experlmen requlres a 

current pulses of between about 0 . 5  and 1 0 amps be passed through an 

inductor , with the rise and fall times of the current pulses being 
sufficiently fast to be cons istent with the rectangular shape assumed 



during the derivation of equation 3 . 7 .  The current pulses must possess 
a well regulated and highly reproducible amplitude and width , and 
both pulse amplitude and width must be independent of pulse separation . 
Several designs for pulsed current supplies suitable for a PFGNMR 
experiment have appeared in the literature , where rechargable batteries 

d t . . h . h ( 46 ,  58 , 5 9 )  f an rans1stor sw1tc es compr1se t e power supply . All o 
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th d . h d . d . h h . b 1 ( 5 8 ) ese es1gns ave 1sa vantages , w1t t e most su1ta le power supp y 
possessing only a limlted current regulation ( 1% ) . In order to achieve 
the design criteria of high precision and accuracy for the PFGNMR experiment , 
a pulsed power supply offering current regulation of 0 . 02% and full power 
bandwidth of �5kHz has been assembled . This power supply , which is  
built around a modified commercial operational power supply ( essentially 
an op erat ional amplifier with a 1 0 amp . output stage ) ,  is now described . 

A Kepco ( New York , USA ) JQE25-10M low speed , unipolar , operational 
power supply was adapted for high speed operation by the removal of 
the output capacitor , and by the addition of several phase shifting 
networks around the error amplifier to prevent oscillation . Further 
modifications to various components brought the specifications of 
the altered JQE25-10M up to those of the equivalent high speed model , 
OPS25-10M .  ( The various modifications were based on the circuitry of  
the OPS25-10M . ) The power supply which is shown schematically in  Figure 
4 . 5 ,  is operated in the constant current mode by sensing the voltage 
developed across a 5 0 watt , 20ppm temperature coefficient , 0 . 1ooon 
precision resistor in series with the load . This voltage is compared to 
a temperature compensated voltage reference by means of an error 
amplifier which drives the output power transistors . The phase shifting 
networks ( lag I and I I  in Figure 4 . 5 )  are adj usted for minimum ringing 
of the current pulses , while retaining the maximum rise-time . The opt imum 
value of the feedback capacitance was found to be zero . 

One of the simplest methods of providing current pulses in the load of 
Figure 4 . 5 is to step the reference voltage from zero to Vr by means 
of the circuit shown in Figure 4 . 6 .  However the resultant current 
pulses possessed far from optimum shape , as illustrated in Figure 4 . 6 ,  
and although various other direct switching schemes were employed none 
were found to be satisfactory . The short ramp and long tail ,  at the 
beginning and end of the current pulse respectively , appear to be associated 
with the charging and discharging of capacitors around the error amplifier . 



Figure 4 . 5 .  

Power 
stage "'0 

a 
0 _. 

A schematic circuit diagram of the Kepco power supply , 
operat ing in the constant current mode . Lags I and II  
are phase shifting networks which are adj usted to prevent 
oscillat ion of the output current . The other components 
are the unregulated supply ( E  ) ,  sensing resistor ( R  ) ,  u s 
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feedback capacitor ( Cf ) ,  reference voltage ( Er ) ' reference 
resistor ( R ) and current control resistor ( R ) .  r cc 



Figure 4 . 6 .  

T T L  pulses 
in -----<>---i 

/ 
FET  

Current pulse 

Programming the load current by stepping the reference 
voltage . The resultant current pulse observed in the 
load is also shown , where the small initial ramp is 
about 50�s long , the pulse width is 500�s and the long 
tail lasts about 1 . 5ms at an init ial amplitude of 
2 0mA . Such a pulse shape is unsatisfactory for 
accurate PFGNMR experiments .  
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By changing the time constants of lag I or lag I I  it is  possible to 
alter the pulse shape . 
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Apart from non-ideal current pulse shape , a further problem was encountered 
with simple current switching schemes . During preliminary testing of 
the probe /power-supply /pulse -programmer / NMR-spectrometer system , the 
spin-echo was found to exhibit random variations in both phase and 
position ( as previously noted by other authors ) .  These spurious effects 

worsened as the magnitude of the current pulses was increased , but were 
not a function of rf-pulse/gradient-pulse separation and so were not eddy 
current effects . However , when the power supply was turned off , no random 
variations of the spin-echo were observed . Careful examination of the 
current flowing through the load with an oscilloscope , applied across 

RS ' revealed that small current pulses flowed through the load during 
the rf pulse .  That the variations in the spin-echo phase and pos ition 
are caused by rf pick-up , e ither at the sensing resistor or at 
some other part of the circuit , can be readily demonstrated by using 
longer rf pulses . If a 450°-T-540° rf pulse sequence were used , the 
spurious gradient pulses became larger and the variations in the spin-echo 
worsened considerably . Why the variations should be random is not 

( 5 7 )  well understood , although Matson notes that echo stability i s  
improved i f  the gradient pulses are synchronised to the line frequency 
( 50 Hz ) .  This suggests that hum may also contribute to the pick-up 
in some manner . In any event it is apparent that the gradient coils 
should be isolated from the power supply at other than during the times 
6 .  

Both the pulse shape and rf coupling problems are solved by the 
circuitry shown in Figure 4 . 7 . a .  The current pulses generated by this 
circuit have the shape shown in Figure 4 . 7 . b .  The width of the current 
pulses , as observed by monitoring the voltage across R ( see Figure 
4 . 7 . a )  via a storage oscilloscope with a differential input , shows 
excellent accuracy and reproducibility with the leading and trailing 
edges of sucessive pulse pairs coinciding over all pulse widths and 
spacings examined . 

The current pulses in the load ( the Helmholtz coils ) are generated by 
externally switching the current path with the Darlington connected 
transistor sets QA and QB . During 6 ,  the QA transistors are on and QB 



Figure 4 . 7 . a .  

4 .  7 .  b .  

Pulse w idth  = 100j.!s 

G = 1 . 2  Tesla.m-1 

-- 14j.! S ..,__ 

The c ircuitry used for the generat ion of gradient 

pulses in this work . The transistors are Texas 

Instruments T I P36A ( QAi ' QB1 ) ,  TIP30A ( QA2 ' QB2 ) 

and 2N3906  ( QA3 , QB3 ) ; D1 is a high speed power 

d iode ( BYX5 5 ) ;  D2 are high speed s ignal diodes 

( 1N4148 ) and R is a 30 Watt , 0 . 10 wirewound resistor . 

The opt ical isolator is a Hewlett-Packard HP43 50 , 

chosen for it s 2MHz bandwidth . 

Characteristics of the current pulse generated by 

the c ircuitry shown in Figure 4 . 7 . a .  The rise and 

fall t imes of the pulse do not change significantly 

with pulse magn itude . ( The diagram is  taken from an 

osc illograph , and has been drawn to scale . )  
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off , thus allowing current to flow through the gradient coils . At all 

other t imes QA are off and QB on , and the gradient coils are isolated 

from the circuit . The optical isolator ( an HP436 0 ,  chosen for its 

2MHz bandwidth ) provides both a convienient ( + SV ,  OV ) to ( OV ,  - SV )  

logic voltage level translation as well as protection for the TTL 

pulse programmer in the event of transistor ( QA or QB ) failure . The 

transistors are protected from large inductive voltage spikes 

encountered during current turn-off by placing high speed power diodes 
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in parallel with R and the gradient coils . The gradient coils , which 

would deform if a continuous current of �10 amps were passed through 

them , are protected by a series 3 amp fuse . We have found , as have others 
( 5 9 )  . , that some fuse holders do not afford adequate contact w�th the 

fuse which results in spurious pulse shapes . Fuse holders , and any 

plugs in series with the gradient coils , must therefore be chosen with 

some care . 

The use of the Kepco constant current supply in the circuit configuration 

shown in Figure 4 . 7 . a  allows , then , the generation of current pulses which 

match the stringent requirements of a PFGNMR experiment . By switching 

the external current path and thus eliminating rf p ick-up , 

the maj or problem of spin-echo position and phase instability has been 

eliminated , and so signal accumulation can be  performed in a routine 

manner . Also , problems associated with capacitor charging and discharging 

around the Kepco error amplifier are circumvented by this circuit 

configuration s ince the  system now suffers only m inor excurs ions away 

from the equilibrium output current situation . The circuit shown 

in F igure 4 . 7 . a also has the advantage that the magnitude of the current 

pulse in the coil can be determined at any time by measuring the voltage 

drop across the 0 . 1000� precision res istor , and in this work a � digit 

calibrated DVM has been utilised for such measurements . 

4 . 2 . d .  The NMR Spectrometer 

The great advantage of interfacing the PFGNMR instrumentation to a 

computer controlled NMR spectrometer , in this case a JEOL JNM-FX60 ,  

is the ease and flexibility with which data can be accumulated , 

manipulated and analysed . A block diagram of the FX60 is shown in 

Figure 4 . S ,  together with the addit ional instrumentat ion required for 
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Plate 2 .  The JEOL JNM FX-60 NMR spectrometer , and the instrumentat ion for the PFGNMR experiment . 
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the PFGNMR experiment . Temperature control is achieved by a 

conventional hot air feedback system ( JEOL JES VT- 3 )  which uses a 

thermocouple as the sensing element ( see Figure 4 . 3 ) . A precision of 

better than +0 . 5°C can be obtained with this system over a period of ten 

hours . 

The rf experimental parameters (rf pulse widths etc ) are entered into 

the spectrometer computer ( a  Texas Instruments 9 80-A model )  via a light-pen 

system . Having adj usted the NMR signal to maximum resolution and 

stabilised B0 by engaging the 2H external lock , data aquisition proceeds 

routinely under computer control . Spin-echoes are phase-sensitive 

detected , digitised and accumulated in the computer memory ( see Figure • 

4 . 8 ) .  In the case of PFGNMR experiments , phase-sensitive detection 

ff d . d . h . ( 60 ) o ers several a vantages over alternat1ve etect1on tee n1ques . 

First , phase-sensitive detection results in the NMR signal being shifted 

to the audio-frequency ( AF ) -range , where a low-pass filter can be used 

to improve the t ime-domain s ignal-to-noise ratio ( see Figure 4 . 8 ) . Second , 

phase-sensitive detection preserves the phase information in the rf 

NMR signal , and if time domain sampling of the spin-echo begins at 

t=2T , the time domain data can be Fourier-Transformed to the frequency 

domain . Frequency domain analysis considerably improves experimental 

s ignal-to-noise by effectively app lying a band-pass f ilter . In the 

frequency domain spin-echo amplitudes are obtained by integrating the 

peak area . In this work the zero peak amplitude is s et by placing a 

baseline through the centre of the noise on either s ide of the peak . 
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4 . 3 .  EXPERIMENTAL CONSIDERATIONS 

4 . 3 . a .  Sample Related Considerations 

In this work thin-wall sample tubes of 4 . 0mm external diameter were used , 

and the samples were � Smm in height as measured from the bottom of 

the tube . To prevent evaporation , small teflon plugs were made to press

fit into the sample tube ( see Figure 4 . 3 ) .  A 0 . 2mm diameter hole was 

drilled through the plugs to allow pressure equalisation , and the plugs 

were located �2mm above the sample miniscus . Apart from obviating 

sample evaporation during even the longest experimental runs , the plugs 

should also reduce temperature gradients in the sample . 

To measure sample temperatures , the sample tube was replaced by a 

similarly teflon plugged tube containing a Smm glycerol sample and a 

thermistor , with the bead of the thermistor located �2 . 5mm from the 

bottom of the tube . The thermistor had previously been calibrated to 

+0 . 01° C with the HP2801A thermometer mentioned earlier ( Chapter 2 ). .  

Measurements with the thermistor indicated that the sample reached 

thermal equilibrium �10 minutes after being p laced in the probe . Removal 

and replacement of the thermistor sample tube did not perturb the 

JEOL temperature control system , and the JEOL temperature control 

specification of +0 . 5°C has been confirmed by measurements over a 10 hour 

period , with better short term precision observed .  

4 . 3 . b .  Signal Related Cons iderations 

For the experiments reported in this thesis the gain of the incoming 

signal was always adj usted to ut ilise at least 1 0  bits of the A/D 

converter , thus giving a digitisation precision of at least 0 . 1% .  

Spurious DC signal components aris ing from various amplifier offsets 

can reduce the effect ive A/D dynamic range available to the NMR signal , 

and also such components must be excluded when the NMR signal amplitude 

is being measured in a PFGNMR experiment . DC offsets can be a 

particular problem when weak s ignals are being studied since the 

requirement for adequate digitisation precis ion is only satisfied by 



high amplifier gains , with a corresponding increase in the DC offset 

terms being presented to the A/D converter . 

The JEOL spectrometer has two features which effectively eliminate 

DC offsets . First , the A/D converter has both coarse and fine offsets 

to balance incoming and internally generated DC terms . Second , a 
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phase alternating pulse sequence ( PAPS ) was employed in which every second 

90° 1 � -T -180° 1 � rf pulse sequence is applied along the negative x � and y 
X y 

axes by phase-shift ing the rf pulses by TI radians ( see Figure 3 . 1 ,  and 

caption ) ,  while at the same t ime alternating the s ign of the A/D 

converter . This  has the effect of cancelling any res idual DC terms 

( such as those caused by thermal drifts  of the amplifier offsets )  and 

also provides cancellation of any coherent "noise" sources , such as 

stray rf pick-up in the necessarily unshielded rf irradiation/receiver 

coil in the probe . This last problem has been encountered when 

experiments were performed on systems with weak NMR s ignals . 

During the course of a PFGNMR experiment , the magnitude of the NMR 

signal was sometimes found to exhibit a small drift which could not be 

attributed to sample evaporation . This small drift was compensated 

for by occasionally re-measuring the magnitude of the unattenuated 

[ A ( O ) ]  s ignal ( see equation 3 . 7 ) .  Small , long-term drifts were also 

observed in the output current of the Kepco power supply , and these  

were taken into account by directly measuring the voltage across  R8 
for each setting of RCC ( see F igure 4 . 5 ) .  

4 . 3 . c .  Restrictions on Gradient Pulse Parameters . 

Any PFGNMR experiment is limited by the requirement that the contribution 

of G to the dephasing of the nuclear spins be much greater than the 

contribution from the residual inhomogeneities ( g0 ) in the steady field . 

In a PFGNMR experiment this is  tantamount to ensuring that 

( 4 . 1 )  

An estimation of g0 can be obtained from the half-height linewidth of 

a s imple molecular species , for example benzene . With the homogeneity 

coils adj usted for typical frequency resolut ion , the half-height 



linewidth of an �mm benzene sample was 34Hz ( see Figure 4 . 14 )  which 

corresponds to a residual gradient of 0 . 2  milli-Tesla .m-1 . Equation 

4 . 1 should be considered whenever the combination of low currents ,  

small grad ient -pulse widths and large rf-pulse  separations is employed . 
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Eddy currents , also , will place certain restrictions on the gradient 

pulses ( as discussed in section 4 . 1 ) .  Although eddy currents have been 

minimised by appropriate probe design , the effect that any residual eddy 

currents have on the PFGNMR experiment must be  ascertained . When 

eddy currents are present , the rate of decay of the FID in the "tail" 

of the gradient pulse is  proportional to g0 + g
e ' where g

e 
is the eddy 

current induced gradient . By using the pulse sequence shown in Figure 

4 . 9 ,  the initial slope of an on resonance FID can be compared with and 
-1 

without a gradient pulse for a range of T ' . Following a 1 . 5  Tesla . m  

field gradient pulse , with T 1  = lms , n o  change was observed in the FID 

implying ge was negligible compared with g0 , that is ge certainly 

� 0 . 01 milli-Tesla . m-1  at lms after the gradient pulse . When T 1  = 0 . 5ms 

the FID shows a small initial slope change : at worst ge � 1 5% of g0 
that is ge certainly

·
� 0 . 03 milli-Tesla . m-1  In PFGNMR experiments 

the gradient-rf pulse spacing is  always � 0 . 5ms ( in this work ) ,  and so 

the problem of inversion of the eddy current "tail" by the 180° rf pulse 

in a normal PFGNMR experiment need not be cons idered . However , s ince 

eddy currents are present , even though they may be small , the gradient 

pulses will deviate from the rectangular shape assumed during theoretical 

derivations . The effect of the shape deviations can be assessed 

experimentally by performing a PFGNMR experiment on a given sample and 

observing the measured diffusion coefficient as a function of decreasing 

gradient pulse width . Such an experiment was performed using a 

0 . 0 01M copper sulphate solution : so called doped water which has T1 , T2 
< 0 . 2s ( due to dipolar relaxation ) and so allows rapid accumulation of 

data for noise reduction purposes . As can be seen from Table 4 . 1 ,  eddy 

current distortion has no effect on the measured diffusion coefficient 

( within �1% ) down to the lowest gradient pulse widths likely to be 

experimentally encountered ( 0 . 5ms ) .  



Grad i ent  
<J-- d ----{> 

pu l s e  
-

----t> t' <)---

F ID 
<3------ ------<> 

sampl ing  
- - '-

Sh o r t  
r f  p u l s e  

900 rf 
pul se  

Figure 4 . 9 . Field gradient and rf pulse sequences used to assess 

the effect of the eddy current "tail"  on the PFGNMR 

experiment . A very short rf pulse is used to initiate 

timing in the pulse programmer , and d is sufficiently 

long to ensure that the nuclear spins have regained 

their equilibrium distribut ion before the gradient 

pulse is applied . The second gradient pulse occurs 

outside the FID sampling region . 
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Maximum current T-d-6 D Solv 

( A )  

5 

9 

9 

Table 4 . 1 .  

(ms ) 

6 . 0  

3 . 5  

1 5  

(ms ) 

2 . 0  

1 . 0  

0 . 5  

(ms ) 

3 . 5  

3 . 0  

1 4  

2 . 31+0 . 03 

2 . 35+0 . 02 

2 . 34+0 . 03 

The effect of eddy currents on the measured diffusion 

coeffic ient . The values of DSolv are r.ot dependent on 

the gradient pulse width , indicat ing that the Stej skal

Tanner formula for the spin-echo attenuation is valid in 

the presence of  the residual eddy currents encountered in 

this work . DSolv was determined by an un-weighted least 

squares  fit of 9 attenuation ratios to equation 3 . 1  

(with the gradient coil factor set equal to 0 . 1 5  
-1  -1 Tesla . m  A , as determined from preliminary experiments ) .  

The error quoted for DSolv was calculated from the standard 

deviat ion in the least -squares s lope . Experiments were 

analysed in the time-domain , and the external lock was 

not used . 



4 . 3 . d .  Accumulat ion and Pulse Repet it ion Time Effects. 

When us ing data accumulation rout ines for noise reduct ion purposes it 

lS important that the spectrometer system exhibit consistency over all 

rf pulse repetit ion rates ,  gradient pulse magnitudes and number of data 
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accumulat ions used . In success ive off-resonant ( 6V = 500Hz , 2T = 30ms ) 

accumulations under the act ion of gradient pulses ( d  = O . Srns , �=1 5ms , 

6 = 1 0ms and G= 1 . 3 5 Tesla . m-1A-1 ) the echo maximum was stable to �2 0�s 

(� 4° ) .  This represents a spurious attenuat ion of -0 . 2 5% . A further 

indicat ion of the reliability of the experiment under accumulat ion is 

given by the accuracy of the accumulated echo he ight . Using frequency 

domain analys is on doped water , glycerol and random coil polystyrene 

samples ; the data shown in Table 4 . 2  was obtained . These data· clearly 

show that the system is free of any spurious effects associated with 

either the number of accumulations or the rf pulse repetit ion rate used . 

It has been noted that if rf gradient pulse spacings of less than 5ms 

are used ( with d= O . Sms ) in conj unction with gradient pulse widths of 

greater than 10ms , spurious attenuat ion of the NMR spin-echo can be 

obtained . This appears in attenuation plots as a reduced intercept , 

although the attenuation plot remains a straight line . The reasons for 

this attenuation are not well understood , although this effect may be 

associated with interference of the magnet ic field magnitude stab ilisat ion 

circuitry by the gradient pulses . In any event , experiments in this 

work always employ ( 6-6 ) > Sms . For this condit ion , spin-echo format ion 

and stabil ity are well behaved ( as discussed above ) ,  and attenuat ion 

plots have the required intercept of 1 . 0  ( see , for example , Figure 4 . 1 3 ) .  



Sample 

a . . .  Doped water 

( 6= 5ms , o = 1 . 5ms ) 

b . . .  Glycerol 

( 6=25ms , o = 1 5ms ) 

c . . .  Doped water 

( 6= 5ms , o = 1 . 5ms ) 

d . . . Polystyrene 
CC14 . 

( 6= 1 6ms , o = 1 0ms ) 

in 

Number of 
accumulat ions . 

4 

2 0 0 

1 0  

1 00 

4 

4 

4 

2 5 0  

2 5 0  

2 5 0  

Repetit ion 
rate ( secs ) . 

1 

1 

3 

3 

1 

5 

1 5  

1 

2 

4 

8 1  

Attenuation 
ratio . 

0 . 41 9+0 . 002 

0 . 42 2  

0 . 8 00+0 . 005  

0 . 796+0 . 002 

0 . 42 3 + 0 . 002  

0 . 421+0 . 002 

0 . 4 2 1 + 0 . 0 02 

0 . 662+0 . 00 9  

0 . 668+0 . 0 0 9  

0 . 66 5+0 . 0 09 

Table 4 . 2 .  Checks for cons istency of the attenuation rat io under various 

rf and magnetic field gradient pulse condit ions . No 

systematic variat ions are observed . 



4 . 4  MAGNETIC  FIELD GRADIENT CALIBRATION 

4 . 4 . a .  Field Gradient and RF Pulse Profiles . 

In a PFGNMR experiment the magnitudes of both the attenuated and 

unattenuated spin-echoes are measured at t=2T . The experimentally 

important ratio A( G ) /A( O )  is thus unaffected by small systematic 

errors in the 90° or 1 80° rf  pulse lengths . The y-axis profile of 

the rf pulse length required to rotate the nuclear magnetic moments 
0 through 1 8 0  at various y-axis displacements from the centre of the 

irradiation coil is  shown in Figure 4 . 10 . The 180° rf pulse length was 

experimentally determined by using a doped water sample in a tube with 

8 2  

a flattened bottom , the length o f  the sample being �mm . I n  a PFGNMR 

experiment spurious attenuation of the spin-echo occurs if the resonant 

nuclei diffuse to a region of the sample having a different 90° rf pulse 

length , in the t ime T .  Figure 4 . 10 shows that B1 easily satisfies the 

homogeneity requirements of the PFGNMR experiment . 

The y-axis profile of the field gradient magnitude can also be 

experimentally determined with the 1mm sample by measuring the attenuation 

( for a given 6 , � and G )  at different positions . For each y-axis 

displacement the sample was allowed 5 minutes thermal equilibration and 

then 100 accumulations were performed , resulting in a noise-to-s ignal ratio 

of � . 7% .  The 9 0° and 180° rf  pulse lengths were chosen according to 

Figure 4 . 1 0 in order to retain the same signal-to-noise at all y-axis 

positions . As can be seen from Figure 4 . 10 ,  no systematic variations in 

the attenuation ratio were observed over the central region of the 

profile , with the data within +2mm of the zero displacement position all 

lying within a +0 . 8% range . Within + 3mm of the centre position the data 

all lie in a +1%  range , which is consistent within the combined errors 

of the experimental noise-to-signal ratio ( +0 . 7% )  plus the contribution 

from the +0 . 1° C temperature variation which occured during the 

experiment ( +0 . 3% ) .  Thus , the uniformity of the field gradient is  

consistent with the accuracy goals set for the PFGNMR experiment if  

samples of � 6mm length are used . 
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profiles along the sample y-axis . For the gradient 

profile experiment , d=O . Sms , �=O . Sms , o=1ms and 
-1 G=0 . 4  Tesla . m . The field gradient is homogeneous 

to better than +1% over the middle 6mm of the coils . 
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4 . 4 . b .  Calibration and Reproducibility of the Field Gradient . 

Having now considered all the potential sources of error which can 

spuriously attenuate the NMR s ignal in a PFGNMR experiment , we are in 

a position to determine the field gradient magnitude . The field 
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gradient magnitude can be obtained by performing a PFGNMR experiment on 

pure water , taking due regard of the various experimental considerations 

discussed in sections 4 . 3  and 4 . 4 . a .  Distilled , deionised water was 

re-distilled in a glass still and cooled under nitrogen . The conductivity 

measured by a GM4249 ( Philips , Holland ) conductivity bridge was 

0 . 7  x 10- SO -im-1 . A 3mm ( he ight ) samp le  of thi s water contained in a 

4mm diameter sample tube , with a Teflon plug inserted above the sample , 

was used in the experiment . In  order to ensure good sample temperature 

stability , the JEOL temperature controller was set to �2 5°C 12  hours 

before the experiment , thus allowing equ ilibration of all parts of the 

air-blast system . The spin-echo attenuation plot obtained for the water 

sample is shown in Figure 4 . 11 with the data, and experimental parameters 

used , listed in Table 4 . 3 .  More accumulations were used at high attenuation 

ratios to partially offset the effects of noise , and an unweighted least 

squares analysis was used to obtain the slope (� the standard deviation ) 
. ( 41 )  and intercept given in Figure 4 . 1 1 .  According to the results of Mllls , 

the self-diffusion coefficient of water at 24 . 7+0 . 2°C is ( 2 . 2 8+0 . 01 )  x 
-9  2 -1  10  m s . Using the slope in Figure 4 . 11 the gradient coil factor , 

including the error due to temperature variations during the calibration 

run , is ( 0 . 1 505+0 . 0009 )Tesla . m-1A- 1  
• . This value is within 4% of the 

value calculated from a knowledge of the coil dimens ions . 

Since the gradient coil factor is now known , the reproducibility of the 

complete system can be checked by measuring the diffusion coefficient of  

benzene , which is  known to better than 0 . 2% .  Figure 4 . 12 shows the 

attenuation plot obtained by varying all three experimental parameters 

G,  � and o .  Within the experimental precis ion ( noise ) the data obtained 

are consistent with the Stej skal-Tanner formula ( equation 3 . 7 ) . The 

least squares slope of the benzene attenuation plot , in conj unction with 

equation 3 . 7  and the above value for the gradient coil factor , yields a 

( ) 
- 9  2 -1 . . . d diffusion coefficient of 2 . 25+0 . 05 x 1 0  m s , whlch lS ln goo 

-9 2 - 1 ( 49 )  
agreement with the accepted literature value of 2 . 210 x 1 0  m s • 

The overall reproducibility of the PFGNMR system thus lies within the 

combined errors of gradient calibration and experimental precision . 
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Water, 

1 

24 .7 °[ 

3 

6 = 1 .5 m s  

6. = 8 m s  

r262( il - 6/ 3 ) ( 1 0-7 A2 s3 ) 
5 

The spin-echo attenuation plot of pure water that was 

used to calculate the field gradient magnitude . The 

residual gradients due to inhomogene ities in the steady 

magnetic field �O do not make a s ignificant contribut ion 

to the spin-echo attenuat ion for the gradient pulse 

parameters used . The plot has a least-squares 
-2 intercept of 1 . 000+0 . 0 07 and a slope of - 0 . 0624A 

The standard deviation in the slope is 0 . 0004A- 2 . 



Number of accumulat ions = 2 0 . 

1 kHz off-resonance . 

AF filter at 2 . 5kHz width . 

Number of time domain points = 5 1 2 . 

Spin-echo rf pulse sequence repetit ion time = 1 s . 

T1 = 2 . 83 + 0 . 02 s  from crossover point method . 
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Current (A) . Attenuat ion rat io . + Noise contribution . 

2 . 941 

1 .  9 5 5  

3 . 931  
'"#� 

4 . 919  
�·� 

5 . 41 3  

0 . 969  

2 . 45 0  

3 . 437 

4 . 671 

4 . 428  

4 . 184 

3 . 684  
�·� 

5 . 165  
�·: 

5 . 41 3  
._•: 

4 . 919  

Table 4 . 3 .  

0 . 581  0 . 012  

0 . 786  0 . 009  

0 . 382  0 . 007 

0 . 216  0 . 00 5  

0 . 1 64 0 . 005  

0 . 964 0 . 011  

0 . 683  0 . 009  

0 . 471 0 . 0 08 

0 . 2 58  0 . 006 

0 . 298  0 . 007  

0 . 33 3  0 . 007 

0 . 428  0 . 007 

0 . 187  0 . 005  

0 . 161 0 . 0 04 

0 . 224  0 . 005  

Gradient coil calibrat ion experimental data . The 

experiment was conducted in the time domain . At 

larger attenuat ions ( those marked with a * )  40 

accumulat ions were used . 
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• Vary I 
• Vary 6 

0 Vary 6 

0 

0 Ben zene , 25  C. 

2 8 

The spin -echo attenuation plot for Analar benzene 

in which all three experimental parameters G ,  6 
and 8 ,  are varied .  The resultant linear plot 

indicates that the PFGNMR apparatus is free of any 

systemat ic error in G ,  6 or 8 . During the 

experiment G varied from 0 . 1 5 to 1 . 05 Tesla . m-1 

� from 5 to 50ms and 8 from 0 . 5 to 8ms . The 

diffusion coeffic ient of benzene determined from 

the above plot is within experimental error of the 

accepted literature value . 
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Finally , the reliability of the PFGNMR system was assessed at large 

field gradient magnitudes and pulse widths by measuring the diffusion 

coefficient of Analar glycerol at 25°C .  The attenuation plot shown in 

Figure 4 . 1 3 yields a diffusion coefficient of ( 2 . 1 5+0 . 06 )  x 1o-12m2s-1  

which is in  good agreement with the value of  ( 2 . 1+0 . 1 )  x 1 0-12m2
s

- 1  

. ( 6 1 )  obtained from the data presented by Toml1nson . 

4 . 4 . c .  Concluding Remarks 

The gradient pulse switching scheme used in this work , in conj unction 

with careful probe design , has eliminated the problems which are cited 

in the literature as being responsible for the poor reproducibility of 

diffusion coefficients measured by PFGNMR( 8 , 9 ) . In our system no 

gradient pulse width correction is over applied and automatic data 

accumulation is used under conditions of near perfect phase and 

envelope stability with correct echo formation at t=2T . Since data 

accumulation can proceed without the need for the echo inspection/ 
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. . h d( 2 )  d . h . h d re] ect1on se ernes  commonly employe , very 1lute samples w 1c o not 

have a discernable echo even after several accumulations can be studied . 

The efficiency of the experiment is also considerably improved since 

spin-echoes no longer need be rej ected , nor need time be taken to make 

acceptance/rej ect ion decisions , thus allowing faster rf pulse repetit ion 

rates to be achieved for some systems ( e . g .  for polymer-dilutent systems 

where repetition times down to 1s can be used ) .  

The PFGNMR system developed here possesses an accuracy of 1 . 2% ,  imposed 

by the field gradient calibration experiment . This brings the 

accuracy of the PFGNMR experiment up to the level recently attained for 

the steady gradient NMR experiment ( 1? ) , and represents a very 

significant improvement over even the more recently published( 2 )  

estimations of PFGNMR measurement reliability . 

The JEOL spectrometer has played a s ignificant role in the development 

of the PFGNMR instrumentation by providing a stable base from which 

to j udge the instrumentation performance . The Fourier-Transformation 

capability of the spectrometer also allows the diffus ion coefficients 

of individual components in a mult icomponent system to be determined 



1.0 �---------------------., 

0 0.5 -
d 
L 

c 
0 -
d 
:J 
c 
QJ --
d 
0 

.r::. 
u 
QJ 
I 

c 
0.. 

V1 

0.1 

Eigure 4 . 1 3 .  

Glycerol , 2 5  °( 

0.2 0 . 4  

6 = 2 5 m s  

� = 3 0 m s  

G2 [ ( Teslu )2 m-2 ] 

1 .0 

The spin-echo attenuat ion plot for Analar glycerol . 

The linear plot with an intercept of 1 . 0  ( within 

experimental error ) indicates sat isfactory performance 

of the PFGNMR apparatus when large gradient pulse 

widths are used . The diffus ion coeffic ient obtained 

from the above plot is in good agreement with 

literature values . 
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if the 1H resonances are separable . The homogeneity coils built 

into the probe allow a frequency resolution of �OHz , as is 

demonstrated in Figure 4 . 14 ,  and a study of individual component 

diffusion in a benzene-butanol mixture has been carried out using the 

PFGNMR system described in this chapter( 62 )  ( see Figure 4 . 1 5 ) .  

Finally , it should be noted that diffusion coefficients which appear 

henceforth in this thesis have been calculated assuming a gradient 
-1 -1  coil factor of 0 . 1 5 05+0 . 0009 Tesla . m  A , and any error quoted for 

9 0  

the diffusion coefficient measurements will contain the error associated 

with gradient calibration . 



Figure 4 . 14 .  

Benzene 

34 Hz 
- -

1 

Butanol 

100Hz 

The H frequency domain NMR spectrum of an equi-molar 

mixture of benzene and butanol , illustrating the 

resolut ion obtainable with the NMR probe used in 

this work . 
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S = 1 ms 

� = 15 ms 

0 

� 

0 

0 

Ben zene/ butanol 0 

0 

Benzene•/ butanol 

Spin-echo attenuation data for pure benzene , pure 

butanol ,  and the benzene and butanol components in an 

equimolar mixture ; illustrat ing the measurement of 

single component diffusion coefficients in mult i

component systems . All data were obtained at 2 5°C ,  

and the self-diffusion coefficient s 
-9  - 9  ( 2 . 2 3+0 . 04 )x1 0  , ( 0 . 43+0 . 01 )x10  , - -9  2-- 1  and ( 0 . 90+0 . 02 ) x10  m s 

are respect ively 
- 9  ( 1 . 83+0 . 04 )x10  
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CHAPTER 5 

THE STUDY OF DIFFUS ION IN RANDOM-COIL POLYSTYRENE 

5 . 1  INTRODUCTION 

SOLUTIONS : EXPERIMENTAL DETAILS . 

In this work , the diffusion coefficients DS and DM have been determined 

for various random-coil polystyrene/solvent systems ; over a range of 

polystyrene concentrations . PFGNMR was used to measure DS ' with DM 

9 3  

being measured by QELS . This chapter details the experimental procedures 

associated with this study , and also presents both the QELS and PFGNMR 

experimental results . 

The systems selected for study were those of 1 10 , 000  molecular weight 

polystyrene in the solvents carbon tetrachloride ( CC14 ) ,  deuterated-chloroform 

( CDC 13 ) and deuterated-toluene ( D-toluene ; study by PFGNMR only ) . These 

solvents lack a 1H s ignal , thus simplifying the PFGNMR experiment . The 

molecular weight of 1 1 0 , 000  was the smallest to provide an acceptable 

signal-to-noise ratio in the QELS experiment . Smaller ( rather than larger ) 

molecular weights are required so that the lowest polystyrene concentration 

accessible to the PFGNMR technique (� . 5gm% for the present apparatus ) 

could approach the very dilute concentration regime . This regime is  

of  great interest to  the DS/DM comparison which was planned as  part 

of this work , as in the very dilute regime DS and DM are expected to 

become indistinguishable . 

Preliminary QELS experiments indicated that the very low scattered light 

levels encountered in a study of 110 , 000  molecular weight polystyrene 

would require the use of small scattering angles in order to obtain 

an acceptable signal-to-noise ratio . However , as discussed in 

Chapter 2 , the combination of small scattering angles and low scattered 

light levels places severe restrictions on the QELS experiment in terms 

of solution cleanliness , with possible errors also being introduced by 

inadvertant heterodyning . These aspects of small angle studies have 

been given careful cons ideration in this work , as discus sed in section 

5 . 3  of this chapter . 



5 . 2  THE PULSED FIELD GRADIENT NUCLEAR MAGNETIC RESONANCE EXPERIMENTS . 

5 . 2 . a . Preparation of Samples for the PFGNMR Study . 
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Monodisperse , 1 1 0 , 00 0  molecular weight , random-coil polystyrene was obtained 

from the Pressure Chemical Company ( Pittsburgh , U . S . A ) , who give a value 

of 1 . 06 for M /M . n w ( which is the ratio of the number-average to weight-

average molecular weight ) The carbon tetrachloride used was BDH ( Poole , 

England ) spectroscopic grade . The deuterated solvents were Merck 

( Darmstadt , Germany ) spectroscopic grade , having 1H contaminations of 

< 0 . 1% and < 0 . 3% for CDC13 and D-toluene respectively . These solvents 

were taken from sealed phials and between use stored under dry nigrogen 

' d  f h 1 . . to avol urt er H contam1nat1on . 

Preparation of samples for study by PFGNMR 

required quantity of polystyrene ( dried at 

was achieved as follows . The 
0 40 C for 48 hours ) was accurately 

3 
weighed into a volumetric flask and solvent added up to the 1cm mark . 

The flask was then sealed under dry ni�rogen and the contents vigorously 

stirred by creating a vortex in the solution . Viscous samples were warmed 

to about 35°C and stirred while cooling . 24 hours was allowed to 

elapse and the sample was again stirred shortly before an NMR sample 

was extracted by pipette . A sample of < Smm length was placed in a 
""" 

4mm diameter NMR tube , and a t ight-fitting Teflon plug was positioned 

"""2mm above the sample meniscus . NMR sample tubes that had previously 

contained polystyrene solutions were thoroughly cleaned , rinsed with 

spectroscopic grade CC14 and then heated to dryness  ( together with 

the Teflon plug ) until  j ust prior to use . 

A study of the "solvent" diffusion in a solution of polystyrene was 

also planned . For this purpose chloroform ( CHC1 3 ) was re-distilled 

under dry nitrogen and at low light levels ( in order to prevent 

decompos ition ) . 0 The middle fraction boiling at 61 . 7  C was taken , and 

stored under dry nitrogen in the dark . 

5 . 2 . b .  Analysis of PFGNMR Data . 

The sample 1 . 5gm% in D-toluene is used as an example in this section . 
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1 The T1 ' s  of the polystyrene H ' s  were found to be less than 0 . 2s for this 

(and all other ) samples ,  thereby allowing rf spin-echo pulse-pair 

repetition times of 1 s .  Spin-echoes were time-domain accumulated in 

the PAPS mode , and were subsequently Fourier-Transformed to take advantage 

of the band-pass characteristics of frequency-domain analysis . The 

frequency-domain NMR spectrum for the 1 . 5gm% sample is shown in Figure 5 . 1 ,  

and the area under the benzene-ring 1H signal was determined from 

digitised data displayed by the spectrometer computer . 

The attenuation plot (�n [ A( G ) / A( O ) ]  vs . r2 ) for the 1 . 5gm% sample is 

shown in Figure 5 . 2 ,  together with various signal accumulation 

parameters . To improve experimental reliability the number of s ignal 

accumulations was increased at smaller attenuation ratios , with 1 . 5  times 

the basic A( O )  number of accumulations used for 0 . 4< [ A (G ) /A ( 0 ) ] <0 . 5  and 

twice the basic number for [ A( G ) /A ( 0 ) ] <0 . 4 .  I t  is appropriate to 

analyse data obtained under these conditions by a non-weighted least

squares fit , and the slope and intercept given in Figure 5 . 2  were obtained 

in this way . The intercept apparent in Figure 5 . 2  is due to the residual 

protonated toluene . For polystyrene solutions with a residual solvent 

signal , the attenuation ratio in a PFGNMR experiment is given by 

2 2 2 2 2 2 A ( G ) /A ( 0 ) = ( 1-x ) . exp [ -y G Dso ( �-o/ 3 ) ] +x . exp [ -y G DSolvo ( �-o/3 ) ]  4 . 1  

where x and ( 1-x ) are the fractions of the spin-echo signal due to the 

solvent and polystyrene 1H nuclei respectively . For the D-toluene used 

in this work , at a 1 . 5gm% polystyrene concentration , x < 0 . 16 .  The 

experiments reported in this thesis have DSolv > 
( 1 00 . DS ) .  Thus , under 

the action of gradient pulses suitable for the measurement of DS 
( o � 7ms , � � 1 3ms ) ,  the solvent term in equation 4 . 1  contributes less 

than 1% to the spin-echo attenuation ratio at even the smallest gradients 

used ( 0 . 1 5 Tesla . m-1 ) .  Hence , the slope of the attenuation plot in Figure 

5 . 2  correctly yields DS , while the intercept gives a measure of x .  

The reliability of the signal attenuation plots was ensured by occassionally 

taking a new value for A ( O ) , and due regard was also taken of the 

precautionary experimental points previously discussed in Chapter 4 .  

5 . 2 . c .  The Polystyrene Self-Diffusion Coefficients .  

Tables of results and relevant experimental parameters are given in 



Figure 5 . 1 . 

- CH -

© 
110,00 0 Mw pol ystyrene 

1 The H frequency domain NMR spectrum of ' l . Sgm% 

polystyrene in D-toluene , as determined by the low 

resolut ion probe . 400 accumulat ions were used , and 

the area under the benzene-ring/CH peak was used to  

determine spin-echo amplitudes .  
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� = 1 3 ms 
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The spin-echo attenuation plot for 1 . 5gm% , 110 , 000M 
w 

polystyrene in D-toluene . The y-axis intercept gives 

a measure of the fract ion of toluene which is 

undeuterated . The slope of the plot yields the diffusion 

coefficient of the polystyrene . 



Appendix 3 ( Tables A . 1 ,  A . 2  and A . 3 ) .  Attenuation plot s for the 
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largest ( 2 5gm% ) and smallest ( 0 . 5gm% ) polystyrene concentrations studied 

are shown in Appendix 4 ( Figures A . 1  and A . 2 ) .  An accumulation repetition 

time of 1s was used for all samples studied while the basic A ( O )  number 

of accumulations varied from 250  to 400 , depending on the particular 

polystyrene concentration used . The polystyrene DS values are 

presented in graphical form [log ( D8 ) vs . log ( c ) ] in Figure 5 . 3 .  For the 

moment we merely note that the plots exhibit a linear region of slope 

-1 . 7 5 .  ( These plots will be fully discussed in Chapter 6 . ) 

The reliability of DS values obtained from low signal-to-noise ratio 

experiments ( <  1gm% polystyrene ) was investigated by studying a doped 

water sample in a s ignal-to-noise ratio regime similar to that encountered 

for a 0 . 5gm% polystyrene sample . The attenuation plot for the water sample 

is shown in  Figure 5 . 4 ,  where the attenuation ratios >0 . 1  contain less 

than a 1%  noise contribution . The attenuation ratios 0 . 036  and 0 . 025  

were obtained from an average of s ix values , each with a noise-to-s ignal 

ratio contribution of about 8% . These high-noise , average attenuation 

ratios show excellent agreement with the extrapolated low-noise ratios , 

indicating an absence of systematic error in the calculation of 

polystyrene DS values in low signal-to-noise ratio experiments .  

The self-diffusion coefficients of two polystyrene samples ( 1 . 0gm% and 

20gm% ) were examined for any dependence on the effect ive experimental time 

( 6-o/3 ) .  Over the range of a few tens of milliseconds no dependence was 

found· within experimental error . It should also be noted that the size 

of the molecular displacements necessary for detection by PFGNMR 

precludes any influence from intramolecular modes for polystyrenes with 

molecular weights as small as 110 , 000 . 

5 . 2 . d . Self Diffusion of Chloroform in Polystyrene . 

The limited resolution afforded by the present PFGNMR probe does not 

allow separation of the chloroform ( CHCL3 ) and polystyrene 1H signals , 

thus complicating a study of solvent diffusion . However , field gradient 

pulse parameters appropriate for study of the solvent do not cause 

significant ( <  1% ) attenuation of the polystyrene signal . Under these 

condit ions the express ion for the total echo attenuation becomes 
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Doped water , 25 °( .  

fl = B m s  

6 = 3 ms 

Error bars ind icate the  s tandard 

deviation i n  the six va lues  used to 
c a l c ula te the average at tenuation  rat i o . 

5 1 5  

Spin-echo attenuation plot for doped water . The 

points with an attenuat ion rat io >0 . 1  contain <1% 

contribution from noise . The points with attenuation 
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ratios < 0 . 1  are averages  obtained from six values ,  with 

each value having a no ise-to-signal ratio of -8% . This 

noise-to-signal rat io is s imilar to that encountered when 

studying O . Sgm% polystyrene solut ions . The extra

polat ion of the low-noise ratios into the high-noise 

regime ( attenuation ratios <0 . 1 )  g ives excel lent 

agreement with the averaged , high-noise rat ios . This  

indicates an absence of systemat ic .error in PFGNMR 

experiment s conducted on dilute , low s ignal-to-noise ratio ,  

polystyrene solut ion s .  
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2 2 2 A( G ) / A( O ) =exp [ -D8 1 y G 8 (�-o/ 3 ) ]  + constant 
0 v .  

1 where the term "constant" represents the polystyrene H signal . 

DSolv was calculated by subtracting constants from the experimental 

attenuation ratios until such time as a least squares fit to the data 

indicated the presence of a single exponential . The values of DSolv 
obtained by this method are shown in Figure 5 . 5 .  The small concentration 

dependence of DS 1 is consistent with other work on solvent diffus ion 
0 V ( 6 3 )  in polystyrene solut ions . From the spread of the DSolv values 

the error in DSolv appears to be about + 3 % .  
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The self-diffusion coefficients of chlorofrom in 

polystyrene solut ions . These values were determined 

by subtract ing a "background" term from the attenuation 

rat ios unt il the initially curved at�enuation plot 

became a straight line . From the scatter on the data 

points , the error in determining d iffus ion coeffic ients 

by this method is about +3% . 
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5 . 3  THE QUASI-ELASTIC LASER LIGHT-SCATTERING EXPERIMENTS . 

5 . 3 . a . Application of the Blinker to Concentrated Polymer Solutions . 

Very dilute monodisperse random-coil polymer solutions ( those free from 

significant polymer-polymer interactions ) allow the blinker to be  

used as described by O ' Driscoll and Pinder ( 37 ) ; that is by assuming 

the plot of £n( NIAF-1 ) versus time is a straight line , and by adj usting 

the blinker level until such a plot is experimentally obtained . This 

method of selecting the blinker level will henceforth be referred to as 
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the blinker force-fitting ( BFF ) method . However , in  a concentration regime 

where significant polymer-polymer interactions occur , the application 

of the blinker is not straightforward as the variance of r, and hence 

Q ' , is  not usually known a prior i . 

The following method was adopted for using the blinker to study 

concentrated polymer solutions .  A suitable blinker level was selected 

and the IAF accumulation observed on the oscilloscope screen . The 

presence of dust in the scattering volume was indicated by an increase 

in the rate of accumulation of the IAF . The counts-per-sample-time 

were then increased ( by small adj ustments either to the correlator 

sample time or to the high-voltage applied to the photomultiplier) , unt i l  

careful observation o f  the IAF accumulation rate indicated that the 

blinker was activated before any noticeable increase in the count rate 

occured . The IAF accumulat ion was always observed for about 5 minutes 

to ensure a suitable counts-per-sample-time had been selected . This 

blinker setting method will henceforth be referred to as the ad hoc 

method . 

The ad hoc method of setting the blinker can be rather tedious however , 

and it also relies considerably on the j udgement of the operator . It is 

therefore advantageous to use the BFF approach whenever possible . The 

BFF method involves altering the blinker level until Q ' <0 . 02 ,  and so ,... 
any polymer solution which is expected to possess Q ' <0 . 02 can be 

( 10 ) . 
,... 

studied using this method . Pusey et al . g1ve values of Q '  versus 

polymer concentration obtained from a QELS diffusion study of 200 , 000Mw 
polystyrene in toluene . At a polystyrene concentration such that the 
. . . . f t . ( 6 4) 1ntermolecular spac1ng was about tw1ce the polymer rad1us o gyra 1on , 
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a value of 0 ' = 0 . 0 3+0 . 01 was obtained . This implies that for the polymer/ 

solvent combinations of interest to this work , the BFF method of blinker 

level sett ing should be valid for studying solutions having polystyrene 

concentrations < 1gm% . 
,...., 

The fraction of the total experimental time the autocorrelator spends 

off ( Aco ) due to the blinker being triggered provides a measure of both 

the solution cleanliness and data collection efficiency . Recall that 

for each time the blinker is triggered , the correlator ceases data 

collection for one second . Aco is thus given by 

Aco = (total blinker counts ) / ( total expt ' l time ) 

The value of  Aco obtained when the blinker is set by the BFF method also 

gives an estimate of the confidence that can be placed in the OELS data 

obtaine d .  I f  a value of Aco approaching 1 is required to yield 

0 ' <0 . 02 ,  the possibility that the blinker is being triggered by large 
,...., 

"statistical" intensity fluctuations , rather than by dust , should be 

cons idered . 

5 . 3 . b .  Preparation of Samples for the OELS Study. 

The aim of any sample preparation scheme is to eliminate any spurious 

components in the solutions wh ich might otherw ise interfere with the 

extraction of reliable OELS data . In the case of monodisperse 

random-coil polystyrene solutions the only contaminant of any import 

is dust . Dust particles tend to be electrostat ically charged and are also 

usually of low density . These properties must be taken into consideration 

when designing a solution cleaning scheme . 

As a first step in sample preparation new glassware was scrupulously 

cleaned by ultrasonication in hot radioactive-decontamination detergent 

( DECON 75 ) .  This  was followed by copious rins ing with hot tap water , 

distilled ( glass still ) water , re-distilled water and finally 0 . 22�m 

Millipore filtered ( filters pre-rinsed ) re-distilled water . Glassware was 

dried , wrapped in aluminium foil and stored at this stage if required 

for later use .  Any glassware that had previously contained a polystyrene 

solution was rinsed out with some 10 volumes of chloroform (a good 

solvent for polystyrene ) and soaked in hot chloroform together with a 



5 minute period of ultrasonication . The glassware was then subj ected 

to ethanol rinses followed by the water rinses detailed above . 

Centrifugation was adopted for the preparation of dust-free light

scattering samples because the pore size of Millipore filters suitable 
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for use with organic solvents is  too large to allow effective solution 

cleaning by filtration . The scattering cells and any syringes ( and needles ) 

used for sample cell loading were rendered dust-free by rinsing with 

a centrifuged solvent . As far as dust minimisation is concerned a 

suitable solvent should be non-polar , and possess both a low viscosity 

and low surface tension . These properties will allow rapid sedimentation 

of dust particles ,  and also prevent particles from residing in the 

meniscus of the solvent . The most suitable solvent consistent with 

the health of the experimenter (that is , benzene should not be used ) 

is cyclohexane . 

A sample for study by QELS was prepared in the following manner , where 

all steps marked * were carried out in an atmosphere of 0 . 22�m filtered 

air . 

1 .  

2 � n 

3 60cm of Analar cyclohexane was centrifuged at �32 , 000g 

( 1 5 , 000rpm ) for 2 hours in 4 x 15cm3 Teflon-stoppered glass 

centrifuge tubes , which had been loaded and sealed in 0 . 22�m 

filtered air . ( These tubes were selected from a series of tubes 

recommended for use at no more than 12 , 000rpm by loading with 

the dense solvent CCL4 , spinning at 16 , 000rpm for 10 minutes , 

and accepting the survivors . )  

The centrifuged solvent was used to rinse the loading syringe 

plus needle four times , being careful not to touch the sides 

of the centrifuge tube nor to withdraw solvent from near the 

surface or bottom of the tube . 

3 * The remaining centrifuged solvent was used to rinse the 

scattering cell , us ing the cleaned syringe for solvent transfer . 

4 . �  Both scattering cell and syringe were placed in a clean dessicator 

(which was only opened in the filtered air atmosphere ) and 

subsequently dried in vacuo . 



5 .  3 5cm of polystyrene solution was centrifuged for 2 hours at 

�3 2 , 000g in Teflon-capped tubes . The centrifuge tubes were 

loaded in the filtered air atmosphere . 

6 ·'· The clean syringe was used to remove a 2 cm 3 middle portion from 
3 the polystyrene solution , about 0 . 5cm was expelled to remove 

any dust which had clung to the end of the syringe needle during 
3 removal through the meniscus , and about 1 . 5cm placed in the 
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scattering cell . During entry into the solution in the centrifuge 

tube , a small amount of (the filtered ) air was expelled through the 

syringe needle to avoid contamination of the syringe by dust 

trapped in the meniscus . 

The above cleaning scheme produced appreciably cleaner solutions than 

any of the several alternative (combinations of filtering and 

centrifuging ) schemes tried . The effect of residual dust in the 

solutions was eliminated by the use of the blinker . It should also 

be noted that when making up a polystyrene solution , the precaution 

of filtering the solvent through a 0 . 2�m fluoropore Millipore filter 

was employed .  

5 . 3 . c . Spectrometer Related Considerations . 

To ensure that the average photocount rate does not vary during a 

QELS experiment , various warm-up times must be taken into 

consideration . The manufacturer ' s  recommendation of 2 hours was 

utilised for the laser , while measurement showed that a solution in 

a sample cell ( initially at 15°C )  reached thermal equilibrium at 

25°C �5 minutes after being placed in the index matching bath . There 

is also a characteristic warm-up time associated with the 

application of high-voltage to the photomultiplier tube (PMT ) , in 

that the photocount rate drifts appreciably over a period of about one 

hour after the voltage is applied ( or changed significantly ) .  Experiments 

were not conducted during this time . 

It was found that the IAF could be effected by the level of particulate 

contamination in the index matching fluid , a problem also noted by 

others ( 6 5 ) . In this work the cleanliness of the index matching b�th was 



ensured by using 0 . 22�m Millipore filtered water as the index matching 

fluid , in conj unction with the ant i-bacterial agent sodium azide 

which was added to the water at a level of 0 . 04gm% . 

The direction of the unscattered laser beam defines the zero scattering 

angle position in the QELS experiment , and the zero angle as measured 

by the vernier scale around the outside of the index matching bath 

must coincide with this position . In this work the zero angle was set 

in the following manner . An appropriate neutral density filter was 

first placed in the incident beam , with careful adj ustments made to 

ensure that the filter was perpendicular to the beam so that beam 

translation was avoided . The PMT mounting arm was then rotated to 0 . 0° 

as indicated by the angular scale , and the smallest aperture ( 0 . 5mm )  

selected t o  limit the PMT acceptance angle . Using the x-y motions 

available to the lens mounted in the PMT hous ing ( as shown in Figure 

2 . 5 )  the unscattered beam intensity was then adj usted to a maximum as 

determined by observing the count-rate on a 20MHz digital-analogue 

ratemeter constructed as part of this thesis . ( A  schematic circuit 

diagram of the ratemeter is given in Appendix 5 . ) The reproducibility 

1 0 7  

o f  the zero-angle setting was limited only by the precision o f  the vernier 

scale ( 0 . 1° ) .  When this alignment procedure was complete , placing a 

sample cell in the index matching bath did not detectably alter the 

position of the unscattered beam intensity maximum . 

5 . 3 . d . Spurious Contributions to the Intens ity Autocorrelation Function . 

When homodyne experiments are conducted at small scattering angle s ,  

· heterodyne components can be introduced into the IAF by stray scattering 

from , for example , the sample-cell walls . Heterodyne components in the 

IAF would lead to an art ifically decreased diffusion coefficient being 

determined ,  particularly at small scattering angles .  

A check for heterodyne components was carried out by measuring the 

diffus ion coefficient of 390 , 000M random coil polystyrene in butanon e .  w 
A dilute polystyrene solution ( concentration <0 . 1gm% ) was prepared 

according to the scheme given in sect ion 5 . 3 . b ,  and the diffusion 

coefficient determined as a function of scattering angle . The effect of 

the PMT acceptance angle ( determined by the aperture setting ) was also 



studied . The BFF method of blinker level setting was used , resulting 

in Aco � 1 / 3  for a Q '  < 0 . 02 .  The results of this study are shown in 
"' 

Figure 5 . 6 ,  and indicate that within +2% the diffusion coefficient is 

independent of both angle and aperture for those values studied . The 
0 -12 2 - 1  diffusion coefficient obtained at 25  C was ( 3 . 99�0 . 0 8 ) x1Q  m s , 

which is in good agreement with the value of ( 3 . 9 5+0 . 1 5 ) x1 o-12m2s-1  
. ( 64 )  

reported by Klng et al . • The angular independence of the diffusion 

coefficient indicates an absence of heterodyning effects . This 
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conclusion is supported by the fact that for acceptable values of Aco , 

single-exponential NIAFs were obtained ( Q ' <  0 . 02 ) ,  whereas multi-exponential 
"' 

NIAFs are expected if the scattered light contains heterodyne components .  

The presence of dust in the scattering volume prevented scattering angles 

below 10° being examined . Diffusion coefficient measurements have been 

carried out only at scattering angles above 1 0° in this thesis . 

A spurious contribution to the IAF was encountered when the voltage applied 

to the photomultiplier tube was reduced below the recommended 175 0V in 

order to finely adj ust the input count rate ; in order to allow correct 

operation of the blinker . Under these conditions the initial part of 

the NIAF contained a short u�-turn ; or down-turn , depending upon the 

applied voltage magnitude . This effect was only noticeable at small 

sample times ( T  of order �s ) ,  and was confined to the first and second 

data channels of the correlator . This effect is due to correlated or 

anti-correlated photomultiplier tube after-pulses , and so when working 

at small t imescales and reduced high-voltage settings , the first two 

data channels of the IAF were discarded . 

To examine the effect of IAF accumulation time on the measured diffusion 

coefficient the dilute solution of 390 , 000M polystyrene in butanone w 
was re-examined .  The diffus ion coefficient determined from a 3 hour 

IAF accumulation was found to agree with the earlier D0 determinations 

that were obtained from 2 0  minute IAF accumulations . The average 

scattered intensity varied by <1% over the 3 hour period . 

5 . 3 . e . Analysis of QELS Data 

In this section some relevant details of the analysis of QELS data 

obtained from 0 . 26gm% and 2 . 0gm% solutions of 1 1 0 , 000M polystyrene in w 



4.2 � 

' V)  
N 

E 
N 

b 4.0 f-� 
0 

0 

3.8 � 

0 

Figure 5 . 6 .  

• 

• 

• • 

_. -

390, 0 0 0 M., p o l y s t y r e n e  m buta n o n e  

• 

-

• 

• 

• 

20 

- -

• 

- - -

6 m m  ape r t u r e  

3mm a p e r t u re 

2 m m a p e r t u r e  

4 0  
S c a t t e r ing angle ( 0 } 

1 
• 

6 0  

+2°/o 

-2 °/o 

The diffusion coeffic ient of 3 9 0 , 000M polystyrene w 
in butanone as  measured by QELS in the very dilute 

0 concentrat ion regime , at 2 5 . 0  C .  Within +2% no 

variat ions were observed with aperture or scatterin� 

angle changes .  The value of D0 determined in this 

experiment shows good agreement with that obtained 
. ( 6 4 )  by Klng et al . . 
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CC 14 are presented . The 0 . 26gm% sample is representative of these 

solutions possessing polymer concentrations < 1gm% for which the 
"' 

blinker was set according to the BFF method ( as discussed in section 

5 . 3 . a . ) .  The 2 . 0gm% solution represents those solutions where Q ' > 0 . 02 ,  

requiring analysis by the method of cumulants in conj unction with 

blinker setting by the ad hoc method . The above samples , as with all 

random- coil polystyrene samples studied in this work , were prepared by 

the scheme outlined in section 5 . 3 . b .  

The 0 . 26gm% sample is first considered .  For this sample scattering 

angles below 30° provided an NIAF with an acceptable signal-to-noise 

ratio .  Individual IAFs were accumulated over 3 hour periods , 

and Figure 5 . 7  details the resultant s ignal-to-noise ratio obtained 

1 1 0  

for an NIAF at 8 = 1 3 . 7° . The small values o f  Aco encountered in the 

study of this  sample ( see Table 5 . 1 )  indicate that the intensity 

fluctuations removed by the blinker were indeed spurious . This is 

because an average correlator accumulation period of 4 seconds (Aco =1/5 ) 

represents a time extremely long compared with any statistical 

fluctuations ( of order 10 ' s  of milliseconds ) in the light intensity 

incident upon the photomultiplier tube . The scattering angles at 

which this sample was studied are given in Table 5 . 1 ,  together with 

the mutual diffusion coefficients as determined by the QELS technique . 

The scattering angles have been corrected for refraction at the 

polystyrene-solution/glass/water interface . The refractive index of 

the polystyrene solution was determined with a calibrated Abbe( Tokyo , 

Japan ) refractometer . The values of DM were calculated assuming 

that the IAF decays as a single exponential with exponent ( -2DMq2 ) .  

No systematic variations in DM were observed with scattering angle 

which implies that for the 0 . 26gm% sample , a Brownian diffusion process 

was being studied . 

Data obtained from concentrated polymer solut ions , such as the 2 . 0gm% 

sample , can be analysed by the method of cumulants .  Plots of �n (NIAF-1 )  

versus channel number for the 2 . 0gm% sample are shown in Figure 5 . 8 ,  

illustrating the signal-to-noise ratio obtainable at both the largest 

and smallest timescales used in the 8= 1 3 . 7 ° study . Analys is of 

this data by the method of cumulants involves plotting the initial 

slope , obtained from a tn ( NIAF-1 ) versus time plot , against the 

experimental sample time T .  NIAFs are obtained for a range of T ,  and 
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A · ·  · 3 hr. exp t. I bli n k e r  used . 

B ·  · · 2hr. e x p t. I bl inker not  used . 

Channel number 

• • 
• 

B ;  01 = 0.09 
• 

• 
• 

• • 
• 

• 

The s ignal-to-noise rat io obtained in several QELS 

experiments on a 0 . 26gm% solut ion of polystyrene 

in CC14 . Plot A was obtained us ing the BFF method 
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of  blinker level sett ing . Plot B was obtained without 

recourse to the blinker . DM calculated from the 

initial s lope of curve B is - 1 0% smaller than DM 
calculated from curve A ,  due to the effect of dust . 

( Note that the sample time , T ,  is not the same for 

the two plots . )  



Polystyrene 
concentration 

( gm% ) 

0 . 26 

0 . 2 6 

0 . 2 6 

0 . 26 

0 . 2 6 

2 . 0  

2 . 0  

2 . 0  

-_': <;': indicates 

Table 5 . 1 .  
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Aco 

12 . 8  1 / 5  2 . 98 

13 . 7  1 / 5  2 . 93 

17 . 3  1 / 5  2 . 99 

18 . 2  1 / 5  3 . 05 

27 . 2  1 / 5  3 . 01 

-;':<;'� 
1 3 . 7  1 / 3  2 . 94+0 . 05 

18 . 2  1 / 3  2 0 2
-Jn': . 9+ . 
-'· ·'· 

27 . 2  1 / 3  2 . 7+0 . 2""  

analysis by the method of cumulants . 

Details of the data analysi s  for the samples 0 . 26gm% 

and 2 . 0gm% in CC14 . The errors shown in DM indicate 

the spread of DM values .  DM was calculated from the 

small T values of SM in the case of a cumulants analysis . 
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• 

• 

• 

• 

• 
• 

• 
• 

• 
• 

• 
• 

• • 
• • • • • 

• • 
• 

• • • 
• • 

C h a n n el n umber 

Plots of £n( NIAF-1 ) versus channel number for the 

2 . 0gm% sample in CC14 . The IAFs for this sample 

were mult i -exponent ial ( Q '  � 0 . 8 ) , requiring analysi s  

by the method of cumulants .  The above plots indicate 

the s ignal-to-no ise rat io obtainable at the largest 

and smallest values of T used in the cumulants study . 

1 1 3  
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extrapolat ion of the initial slopes to  T=O  yields an  initial slope value 
( 2 9 )  free of syst emat ic error . Pusey et al . recommend that a range of 

T such that 0 . 4  < fT < 4 . 0  be used , although at the largest of - max 
the scattering angles employed in this study ( 8 = 2 7 . 2° ) ,  fT max = 0 . 4  

requires the use of a T too small to allow an IAF with an adequate 

s igna l-to-noise rat io to be obta ined . However , as the cumulants analys is 

plot s in Figure 5 . 9  show , the initial s lope of the £n ( NIAF-1 ) vs . time 

plots shows a T invariance for a range of access ible T values . This 

ensures accurate extrapolat ion to T=O . Further details of the data 

analys is  for the 2 . 0gm% sample are given in Table 5 . 1 ,  where the diffusion 

coefficient DM has been calculated assuming the IAF init ially decays as 

an exponential with exponent ( -2DMq2 ) .  SM ' used previously to denote 

the slope of a £n (NIAF-1 ) versus time plot , denotes the init ial slope 

( that obtained by extrapolat ion to T=O , as in Figure 5 . 9 )  of a £n ( NIAF- 1 )  

versus time plot if  cumulants analysis is used . 

5 . 3 . f . The Polystyrene Solut ion Mutual Diffus ion Coefficients . 

The DM values obtained for solut ions of 1 1 0 , 000Mw polystyrene in CC14 
and CDC13 are presented in Figure 5 . 1 0 ,  with tables of results given 

in Appendix 3 ( Tables A . 4  and A . S ) .  A linear dependence of SM on 

sin2 ( 8 /2 ) ,  shown in Appendix 4 ( Figure A . 2 )  for representat ive samples , 

was encountered for all polystyrene concentrat ions studied . 

The viscous sample B . Ogm% in CC14 proved imposs ible to render dust 

free , result ing in a value of Aco < 1 / 2 . The IAFs obtained from 

this sample were thus rather noisy and this accounts for the larger 

error placed on the value of DM for this sample . Dust problems were 

also encountered with the 1 . 0gm% and 2 . 0gm% polystyrene samples in 

the polar solvent CDC1 3 , aga in leading to a poorer signal-to-noise 

ratio . This problem was compounded by the smaller values of T required 

to study the larger diffusion coeffic ient of polystyrene in CDC13 . 

The angular invariance of DM is usually taken as the def inat ive test 

of rel iability in a QELS experiment . The range of angles over which 

DM was determined in this work was rather small , spanning only 

12° <8< 30° , with a smaller angular range than this in some cases . 

However , the angular invariance of DM has been demonstrated for the 
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Polynomial  f i t s  

0 3 r d  o r d er I e = 13 .7 ° 

• 2nd  o r der I e = 1 3.7 ° 

0 3 r d  o r de r  I 9 = 2 7. 2° 

• 2 n d  order  I e = 2 7. 2° 

I I 

100 200 300 
( 2 5) ( 50) ( 75 )  

T ( )JS ) 

Cumulant plots for the sample 2 . 0gm% polystyrene in 

SM is the init ial slope obtained from �n ( NIAF-1 )  

versus t ime plots at var ious va lues of T .  

DM is calculated from the value of SM at T=O . The 
0 bracketed scales apply to the 8 = 2 7 . 2  curves . The 

agreement between the values of SM at T=O  for both 

the second and th ird order polynomial fits indicates 

an absence of systematic error in the curve fitt ing . 
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1 .0 5.0 
Poly s t y r e n e  c o n c ent r a t i o n  ( g m 0/o ) 

Mutual diffusion coefficients obtained by QELS for 

solutions of 110 , 000M · polystyrene in the solvents w 
CDC 13 and CC14 , as a funct ion of polystyrene 

concentrat ion . 

25 . 00+0 . 03°C .  

All experiments were conducted at 
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similar system 390 , 0 00M polystyrene in butanone , studied over the w 0 0 more extended angular range 1 2  < 8 < 5 7 • Furthermore , it is dust which 

usually engenders a scattering-angle dependent DM . Setting the 

blinker level by the BFF method precludes the possibility of dust 

lowering the values of DM , but the ad hoc level setting method is not 

so precise , relying as it does  upon visual sensing of an increasing 

scattered intensity . 

The efficiency of the ad hoc method in removing dust-induced intensity 

fluctuations was assessed by studying the sample 0 . 96gm% in CC14 • 

The ad hoc blinker level setting method yielded a value for DM of 

( 3 . 33+0 . 08 ) x1o-12m2s- 1 . A trial application of the BFF method 

yielded a Q ' �0 . 02 at Aco = 1 / 3 , indicating that setting the blinker 

level by this method is valid at this polystyrene concentration . 
-12  2 -1  The resultant value of DM was ( 3 . 38+0 . 04 ) x1Q  m s (BFF method ) ,  

which is in excellent agreement with DM obtained by the ad hoc method . 

Thus , dust is not expected to have significantly influenced any of 

the results presented in Figure 5 . 10 ,  and these results would appear 

to be reliable in all other respects . 

1 1 7  
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CHAPTER 6 

DIFFUSION IN RANDOM-COIL POLYSTYRENE SOLUTIONS : DI SCUSSION OF RESULTS 

6 . 1  INTRODUCTION 

Having measured the diffusion coefficients DM and DS for the systems 

polystyrene in CC14 and in CDC13 , together with DS for polystyrene in 

D-toluene , the comparisons previously given as research goals in 

Chapter 1 . 1  can be undertaken . The nature of these comparisons is now 

described . 

For polymer solutions in which the random-coi ls are thoroughly overlapped , 

de Gennes ( 3 )  has predicted that DS should vary as c-1 · 75  (where c is the 

random-coil concentration ) .  For polystyrene in benzene , Hervet et al . (7 ) 

have used the technique of Forced Rayleigh Scattering ( FRS ) to confirm 
-1 75  that the concentration dependence of DS does vary as c · for 245 , 000M w 

polystyrene in benzene . The D5 values determined in the PFGNMR study can be  

used to investigate the accuracy of the de  Gennes ' theory for other 

polymer/solvent systems . 

Literature values of DM and the indirectly determined polymer self-diffusion 

coefficient n; , are available for the system 1 1 0 , 000M polystyrene in 

toluene ( g ) The PFGNMR study of polystyrene self-dif;usion in D-toluene 

was undertaken in order to effect a D5/D; comparison . It should be 

noted that the effect of comparing diffusion coefficients obtained from 

studies in deuterated and undeuterated solvents must be evaluate d .  

The QELS results in this work have been obtained by us ing the blinker 

for dust minimisat ion , and small  scattering angles have had to be used 

to obtain an acceptable signal-to-noise ratio . The reliability of the 

QELS-derived values 6f DM can be firmly established through a compar ison 

with macroscopically determined DM values . For the polystyrene/CC l4 
system the QELS results can be compared with the interferometrically

derived DM values obtained by Schick and Singer( 67 ) . 

The final comparison is between the diffusion coefficients DM and D5 . 

At low polystyrene concentrations (c < 1gm% ) , the effect of differing 
� 



solvents on D5/DM agreement is  investigated . 

6 . 2 .  THE dE GENNES ' SCALING LAW FOR POLYMER SELF-DIFFUSION . 

1 1 9  

A description of polymer self-diffusion in polymer gels has been given by 

de Gennes .  For the molecular weight of 110 , 0 0 0  , the polystyrene 

concentration must reach about Sgm% before the polymer gel regime is 

encountered( ? ) . In order to discuss the high concentration PFGNMR 

lt th th f d G 1 
( 3 )  

• b , f , d ( 7 ' 66 ) · resu s ,  e eory o e ennes 1s now r1e ly rev1ewe . 

At very dilute polymer concentrations , the polymers behave as independent 

coils of ( solvent-dependent ) radius RF . � is given by ( 66 )  

RF = .t ( M/m )\1 \1=0 . 6  6 . 1  

where .t and m are respectively the length and molecular weight of a 
( 4 )  

Kuhn statistical segment length .( equal to about 3 monomer lengths ) ,  

M is the polymer molecular weight and v is the ( good solvent ) Flory 

number . The macromolecules begin to overlap at a concentration c* 

such that the average distance between two neighbouring coil centres 
-;': 

i s  equal to 2 RF , thus defining c as 

6 . 2  

In the concentration regime c > c�'; , polymer chains interpenetrate and 

form a transient cross-linked network characterised by the average 

distance between entanglements ,  � ( see Figure 6 . 1 . a ) ; and the chain 

disentanglement t ime , T ( the time taken for a chain to adopt a r 
completely new configuration ) .  The parameter � is given by 

T 1 T h f . . . d d( 3) h t . t o eva uate t e concept o reptat1on 1s 1ntro uce ; t a 1s o r 
renew it ' s  configuration a polymer chain has to slip in a tube of 

diameter � defined by its neighbours ( see Figure 6 . 1 . b ) .  The tube can 

also suffer reorganisat ion ( Figure 6 . 1 .  c )  leading to addi t.ional 

relaxation of the polymer entanglements .  de Gennes has shown that for 

a given polymer molecular weight , under the assumption that � >> � .  



Figure 6 . 1 .  Entanglement phenomena in the polymer gel regime : 

the de Gennes ' model - after de Gennes , reference 3 .  

6 . 1 . a . Polymer entanglements . 

points between chains . 

A ,  B ,  C . . .  are contact 

The average distance between 

entanglement po ints is F, .  
6 . 1 . b .  One chain CL trapped inside other chains c1 , c2 , c3 . . . . 

For not too long t ime s , CL is essentially confined 

ins ide a tube of radius - E; .  
6 . 1 . c .  Tube deformat ion : a region of size  � moves over 

distances � · 
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T varies as r 

For an experiment conducted on a timescale long compared with T ( such 
( 7 )  r 

as PFGNMR experiments on 1 1 0 , 000M polystyrene , T can be taken w r ( 7 )  as the elementary step of t ime in a 3-dimensional random walk The 

appropriate 3-dimens ional elementary step of length is the end-to-end 

distance of the polymer chain( 3 , 7 ) . For a given ( low ) molecular weight 
( 3  7 )  chain the self diffusion coefficient i s  t hen found to vary as - ' 

D -1 . 7 5 -1  
s "' 

c no 

where no is the solvent viscosity . 

1 2 1  
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6 . 3  DI FFUS ION I N  RANDOM-COIL POLYSTYRENE SOLUTIONS : DISCUSSION OF RESULTS . 

6 . 3 . a .  Experimental Results and the de Gennes ' Scaling Law 

In Figure 6 . 2  the data presented in Figure 5 . 3  have been re-plotted as  

log ( Dsn0 ) vs . log ( c ) , so  that the solvent viscos ity effects are 

normalised . It i s  apparent that all three systems show a concentrat ion 
-1 . 7 5 . range where the self-diffus ion coeffic ient scales as c 1n 

accordance with the predict ions of de Gennes ' .  The size of this range is  

greatest for CC14 and least for D-toluene . It is clear that in the 

entangled regime where the scaling laws operate , Dsno is sens ibly 

independent of the solvent , an ent irely reasonable result for in this 

range of concentrat ions the main impediment to macromolecular motion 

is provided by intermolecular entanglements ,  and the entanglement 

renewal time T governs the diffus ion rate . r 

For each solvent a breakdown of the scaling law i s  apparent for 

c > 20gm% . The breakdown in the de Gennes ' scaling law at high 

concentrat ion arises from a fundamental assumpt ion in the scaling law 

derivat ion ; that is , the chain segments between entanglement points 

are assumed to have the same "flexibility" as a free chain . Thi s  

is equivalent t o  requiring that these chain segments contain several Kuhn 

stat ist ical units ( i . e .  � >> t ) ,  where the Kuhn statistical length 

t is about 0 . 9nm for polystyrene ( 4 ) . At c = 25gm% , � = 3nm ( from 

equat ion 6 . 3 }  and the requirement � >> t breaks down . It can be seen 

from equat ion 6 . 3  that � is  independent of the polymer molecular 

weight and so the breakdown of the DS scaling law might be expected to 

occur at concentrat ions >20gm% irrespect ive of the molecular we ight 

of the polystyrene molecule . 

At polymer concentrat ions below the polymer gel regime , some divergence 

of the data presented in Figure 6 . 2  is observed . This suggest s that 

the random-coils have different hydrodynamic radii  in the different 

solvent s ,  with polystyrene in D-toluene having the smallest hydro-

dynamic radius . However , D-toluene is a good solvent for polystyrene 
and so the polymer radius of gyration is  expected to be larger in this 

solvent than in the poorer solvents CDC1 3 and CC14 . The resu lts  in 

Figure 6 . 2  ind icate , there fore , that a larger rad ius of gyrat ion ( for 
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The self-diffusion coefficients of 1 1 0 , 000M polystyrene w 
in various solvent s ,  as a funct ion of polystyrene 

concentration . The data have been normalised to solvent 

viscos ity ( n0 ) and plotted as log ( D8n0 ) versus log ( c ) ,  

where c is the polystyre�e concentrat ion . The units 

of the various quant ities are cent ipoise ( n0 ) ,  
-11  2 -1 10 m s ( D8 ) and gm% (c ) . The data have been obtained 

by PFGNMR , and the straight line has the slope pred icted 

by the de Gennes '  scaling law for the polymer gel regime . 

Some divergence of the data is  apparent at low 

concentrat ions which suggests different coil hydrodynamic 

rad i i  in the different solvent s .  



a part icular molecular we ight polymer ) is as soc iated with a smaller 

frict ional coeffic ient ( a  smaller hydrodynamic radius ) .  A possible 

explanat ion for this effect is that the solvent , during polymer 

diffusive displacements ,  is less disturbed by flow through loosely

coiled , "swollen" polymers ( those in good solvents )  than by the 

process of flowing around more t ight ly-coiled polymers (those in 

poorer solvent s ) .  

124  

6 .  3 . b .  Direct and Indirect Measurement s of Polystyrene Self-Diffusion 

Coeffic ients 

In the polymer gel region , polystyrene self-diffusion coefficients 

directly determined by the techniques of PFGNMR and FRS a.re consistent 

with the de Gennes ' scaling law for DS . Furthermore , at a given 

polystyrene concentrat ion in the ge l region , the quantity DSnO is 

independent of the part icular solvent used . It is of interest to 

consider whether or not indirectly determined polymer self-diffusion 

coefficients , those calculated from mutual-d iffus ion or sedimentat ion 

coeffic ients , also show that same sca ling behaviour as DS . 

( 9 ) . + Roots et al . · have publ1shed DS values for 1 1 0 , 000Mw polystyrene 

in toluene . Sedimentat ion and mutual-diffusion measurements were made 

by Roots  et al . , with both techniques yielding mutually cons istent 

values of D� . The D� values are shown in Figure 6 . 3 ,  where it is 
+ apparent that DS does not show the simple scaling law behaviour 

exhibit ed by directly measured self-diffusion coeff icients . Figure 6 . 3  

also shows that in the solvent toluene a large discrepancy exists 

between the magn itude of the directly and indirectly determined values 

of the polystyrene sel f-diffusion coeffic ient , especially at low solute 

concentrat ions where up to a 100% variat ion is observed . 

Differences in the viscosit ies of deuterated and undeuterated toluene are 

too small to s ignificant ly influence polymer self-diffusion . However , 

the effect of deuterat ion on the expansion or contract ion of random 
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A comparison of random-coil polystyrene self-diffusion 
-11  2 -1  coefficients directly measured by PFGNMR ( D5 ;  x 1 0  m s ) 

with those determined from sedimentat ion coefficient s 
+ -11 2 -1 ( D5 ;  x 10 m s ) . A wide disagreement is apparent 

and only the D5 va lues scale according to the de Gennes '  

theory . 



coils due to polymer/solvent interactions is not so clear , and it is 

perhaps radius ·of gyration changes which account , in part , for the 

variations observed in Figure 6 . 3 .  The effect of deuteration on the 

nature of the solvent can be assessed by comparing DS for a polymer in 

1 26 

a deuterated and undeuterated solvent . Hervet et a l .  have used FRS to measure 

D5 of 1 2 3 , 000Mw polystyrene in benzene . They obtain 
-11  2 -1  -11  2 -1  

D5 = ( 3 . 5!0 . 4 ) X10  m s at  1 . 4gm% , and n5 = ( 2 . 9+0 . 2 )x1o  m s at 

2 . 1gm% . For 110 , 000M ( the closest molecular weight available here ) w 
polystyrene in deuterated benzene , a PFGNMR experiment yielded 

( -11  2 -1  DS = 3 . 2+0 . 1 )X10  m S at  2 . 0gm% . The deuteration of a solvent thus 

appears to have little effect on DS . 

The results summarised in Figure 6 . 3  indicate , therefore , that the 

sedimentation/mutual-diffusion indirect approach to the calculation of 

D; must be inappropriate for random-coil macromolecules .  Equations linking 

the mutual-diffusion and sedimentation coefficients to the polymer 

self-diffusion coefficient ( equations 1 . 5  and 1 . 6  in Chapter 1 )  do not 

successfully predict DS either in the polymer gel region (where 

entanglement phenomena predominate )  or in more dilute polymer solut ions 

( e . g .  at c= O . Sgm% ) where the random-coils are we ll-separated on average 

( see Table 6 .  1 )  . 

6 . 3 . c .  A Comparison of Macroscopic and QELS Determinations of the 

Mutual Diffusion Coefficient 

. ( 6 7 )  Schick and Slnger have presented n0 and DM values measured 

by interferometry , for various molecular weight polystyrenes in CC14 
and butanone . Older studies of polymer diffus ion ( such as those by 

Schick and Singer ; 1950 ) must be approached with some caution as the 

polymers used were often polydisperse .  The molecular weights reported 

may thus not be appropriate for us e in comparisons with the well 

characterised , monodisperse polystyrenes used in QELS studies . 

The D0 values of Schick and Singer , as a function of molecular weight , 

are presented in Figure 6 . 4  for polystyrene in CC14 and butanone . 

QELS values of D for polystyrene in butanone , obtained from the 
. 0 ( 64 ) work of Klng et al . , are also shown in Figure 6 . 4  and are in good 

agreement with the interferometry results . The polystyrenes used by 

Schick and Singer thus appear to be sufficiently monod isperse to allow 



Figure 6 . 4 .  

• 

A comparison of D0 values obtained by wedge inter

ferometry ( Schick and Singer ) with results from QELS 

studies (King et al . , and this work ) .  The QELS/ 

interferometry agreement obtained for polystyrene in 

butanone indicates that the polystyrenes used by 

Schick and Singer are sufficient ly well characterised 

to allow comparisons with QELS studies·, which use 

monodisperse polystyrenes of well known molecular 

we ight . Extrapolat ion of the QELS results for 

127  

polystyrene in  CC14 (this work ) to zero polymer 

concentrat ion also yields a value of D0 in good agreement 

with the macroscopically-determined results of Schick 

and Singer . 
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comparison with those used in QELS studies . 

Schick and Singer have measured DM over a limited polymer concentration 

range ( 0  to 0 . 5gm% ) of polystyrene in CC14 . For polystyrenes of 

molecular weight -1 1 0 , 00 0  ( in CC 14 ) ,  the interferometry results indicate 

that DM is concentration independent below 0 . 5gm% . In the solvent CC14 , 

the QELS values of DM also show such a concentration independence 

( see Figure 5 . 1 0 ) .  Extrapolation of the QELS results to zero polymer 

concentration yields a value of D0 in good agreement with the D0 results 

of Schick and Singer , as shown in Figure 6 . 3 .  Thus , where comparisons 

are able to be made , good agreement is found between the values of DM 
reported in this work and the macroscopically-determined DM values . 

6 . 3 . d . A Comparison of Self and Mutual Diffusion Coefficients in Polymer 

Solutions . 

Where solute-solute interactions dominate ,  the solvent-solute mutual diffusion 

coefficient and solute self-diffusion coefficients may differ markedly . 

However , in the limit of low solute concentrations such interactions vanish 

and the DM and DS values must reach the same infinite dilution limit . 

In F igures 6 . 5 ,  6 . 6  and 6 . 7  the mutual and the self diffus ion coefficients 

for 110 , 000M polystyrene are plotted against a linear concentration ' w 
scale for the solvents CC 14 , CDC 13 and D-toluene ( toluene for DM ) .  

The mutual diffus ion data for the last system are taken from the work of 

Roots et al . 

Even at the lowest concentrations ( O . Sgm% ) there is  a wide discrepancy 

between the mutual and the self diffusion coefficients . In the case of 

the poorer solvents CC 14 and CDC 13 , the low concentration values of DM 
exceed the corresponding DS values whilst for the good solvent toluene 

the opposite is true . As previously discussed , the independence of 

the measured DS values on solvent deuteration removes solvent isotopic 

differences as a mechanism for the DM/DS disagreement in the case of 

toluene . Such a mechanism does not even arise for CC14 and CDC1 3 , where 

the separat ion of DM and DS is still evident . The mutual and self 

diffus ion coeffic ients must ultimately agree at some concentration below 

the lower limit of 0 . 5gm% studied here . ( The concentration regime where 

ON � DS has been termed "very dilute" in this work . )  
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( D8 measurement s by PFGNMR ) and toluene ( DM measurements 

by a diffus ion cell technique ) .  The DM values are 

taken from the work of Roots et al . ( g )  
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In the present invest igat ion a discrepancy exists between mutual and self 

diffus ion coefficients over the ent ire concentrat ion regime available 

for study , implying that solute-solute interact ions st ill play a 

significant role in polystyrene diffusion at rather low solute 

concentrat ions , where c<<c* . The concentrat ion region c<c* , at least 

down to the lower limit of O . Smg% studied here , is perhaps best termed 

"dilute" (as opposed to "very dilute" ) and so lute interactions in this 

region can be envisaged as occurring in the following manner . At 

polymer concentrat ions of - O . Sgm% , polymer molecules are on average well 

separated . However , the experimental t imes over which DM and D8 are 

measured by QELS and PFGNMR are long enough to allow diffusing molecules 

to meet and suffer intermolecular entanglements . Table 6 . 1  lists 

the characteristic lengths associated with QELS and PFGNMR diffus ion 

coeffic ient determinat ions at the lowest polymer concentrat ion 

suscept ible to measurement by both techniques .  It should be noted 

that the average displacement of the macromolecules during a measurement 

period is significantly greater than their average separation . 

It may now be understood why the mutual/ self-diffus ion coeffic ient 

discrepancy is highly solvent dependent in the d ilute regime . The 

extent to which entanglements occur in polymer-polymer encounters 

during the experimental t ime interval will depend on the relat ive surface 

free energy of the cha in-chain and chain-solvent surfaces . In a good 

solvent such as toluene , polymers would show less tendency to entangle 

during intermolecular encounters than in a poorer solvent , thus leading 

to an increased 08 in a good solvent (�elat ive to n8 in a poorer 

solvent , such as CC14 ) .  The trends shown in Figures 6 . 5 ,  6 . 6  and 6 . 7  

for the DM/D8 discrepancies are thus not ent irely unexpected . The idea 

of a "dilute" concentrat ion regime is not new , having previously been 

termed an " intermediate state"  by Edwards ( 1 1 )  who writes that such a 

state is  characterised by a "lumpy" density , as some macromolecules are 

entangled with the ir nearest ne ighbours , while others are not . 

The possession of a smaller hydrodynamic radius by polystyrene in the 

good solvent D-toluene ( see Figure 6 . 2 )  can now also be better explained 

in view of the fact that polymer-polymer interact ions pers ist at the 

lowest polystyrene concentrat ions stud ied . In the dilute regime , 

polymer-polymer entanglements are expected to pers ist for longer 

per iods of t ime when the random-coils are in a poor solvent ; relat ive 



Polystyrene concentration . 

(gm% )  0 . 5 8 . 0 

RM 3 3nm 1 3nm 

R 9nm 9nm g 
2 k (r )�ELS 200nm-500nm 200nm-500nm 

2 k (r );FGNMR 1 100nm 730nm 

Table 6 . 1 . A comparison of the mean intermolecular spacing , Rm ; 

the radius of gyration of the polystyrene random coil 

macromolecules , R ; g and the experimental displacements ,  

1 3 3  

2 k 2 k ( r ) �ELS and ( r );FGNMR ' at two different concentrations ; 

one for c<c* and the other for c>c
*

. R has been g 
( 64 )  calculated according to King et al . . 
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to the pers istence of entanglement s in a good solvent . In the dilut e 

polystyrene concentrat ion reg ime this is expected to lead to a reduced 

OS for polystyrene in poorer solvent s ,  a trend which has been observed . 

Th i s  trend would be augmented by any tendency of the solvent to flow 

more eas ily through swollen polymers ( as suggested in sect ion 6 . 3 . a ) . 



CHAPTER 7 

POLYSTYRENE LATEX SPHERE DIFFUSION : A LASER LIGHT �SCATTERING STUDY 

7 . 1  INTRODUCTION 

In Chapter 1 it was pointed out that in the case of concentrated 

solutions of charged macromolecules , further experiments were required 

to investigate the relationship between DM and the apparent diffusion 

coefficient measur ed by QELS . This chapter presents the results of 

a QELS study of diffusion in solutions of polystyrene latex spheres 

1 3 5  

at moderate ionic strength . The quantity with the dimensions of a 

diffusion coefficient that can be obtained from QELS studies is compared 

with values of DM obtained from capillary penetration experiments on 

similar solutions of latex spheres . 

Two latex sphere concentration regimes were studied as part of this 

work : the very dilute  regime ( latex sphere concentrations ranging from 

0 . 004gm% to  0 . 02 5gm% ) and the concentrated regime ( >  0 . 4gm% ) . In the 

concentrated regime latex sphere solutions exhibit the phenomenon 

of multiple scattering ; that is , a single photon encounters more than 
. ( 7 0 )  one latex sphere dur1ng passage through the sample cell • The 

effect of multiple scattering on the QELS experiment must be assessed 

before QELS data obtained from a study of diffusion in concentrated 

latex sphere solutions can be interpreted with confidence . 

One of the effects of placing latex spheres  in solut ions of moderate 

ionic strength is that long range electrostatic interactions between 
( 71 )  the latex spheres are screened out . This ensures that the 

non-Brownian diffusion mechanisms associated with long range electrostatic 
. . f h . d . d b 1 ( 72 ) d 1nteract1ons , o t e type prev1ously stu 1e y Brown et a . an 

( 73 )  Dalberg et al . , are absent . Non-Brownian diffusion gives rise to 
. ( 7 2 )  

a scattering angle dependent diffus ion coefficient in QELS exper1ments , 

thus making it  difficult to assess the reliability of a QELS study . 

Unfortunately , screening the latex sphere surface charges also enhances 

the possibility of sphere aggregation , and so precaut ions must be taken 

to ensure that aggregates do not s ignificantly a lter the magnitude of 

the QELS-determined diffusion coefficients . 



Anderson et al .  ( 71 )  have determined the mutual diffusion coefficients 

of concentrated solutions of 0 . 091�m diameter latex spheres in 0 . 01M 

and 0 . 001M potassium chloride ( KCl ) The surfactant sodium dodecyl 

sulfate ( SDS ) was added to obviate sphere aggregation , and experiments 

were carried out on latex sphere solutions ranging in concentration 
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from O . Sgm% to 6gm% . The only latex spheres available for the QELS study 

possessed a diameter of 0 . 0 8 5�m .  Furthermore ,  although adding a 

surfactant to obviate sphere aggregation is a useful step , the 

SDS/KCl combination used by Anderson et al . should be avoided as the 
. 1 f d d . . b 

( 74 )  
A f d . 

potass�um sa t o o ecyl sulpate �s �nsolua le • part rom re uc�ng 

the effectiveness  of the surfactant in preventing sphere aggregation , 

the suspended precipitate in SDS/KCl solutions gives rise to undesirable 

scattering in a QELS experiment . Because of these  effects , sodium 

chloride ( NaCl ) was used as the source of ionic strength in the QELS 

experiments .  Solutions of 0 . 01M  and 0 . 0 01M NaCl were used as "solvents "  

for the latex spheres , and SDS was added a t  a concentration o f  0 . 0007M . 

The effect of the differing sphere diameters and differing surfactant 

concentrations on diffusion in latex sphere solutions must be taken 

into account when a DM/QELS-measurement comparison is undertaken . 



7 . 2 .  THE EFFECT OF MULTIPLE SCATTERING 
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The interpretation of QELS data collected from solutions displaying multipla 

scattering has been discussed in a number of recent theoretical and 
. . ( 70 7 3  7 5-77 ) exper1mental stud1es ' ' The theoretical predictions have 

permitted interpretation of the initial decay of an IAF obtained from 

a system of non-interacting Brownian particles , when a scattered photon 
. ( 73 )  has suffered up to four scatter1ng events . This treatment has not 

yet been extended to more than four scattering events , and the effect 

of multiple scattering on the long time part of the IAF has also not been 

theoretically investigated . Since l ight scattered from concentrated 

latex sphere solutions is  l ikely to contain more than four scattering 

events ( 7o ) , the theoretical results are of little use here . 
. 

The experimental studies of several authors have indicated that while 

multiple scattering can alter the initial part of the IAF , the long time 

part of the IAF is unaffected( 7 0 ) , even when a high proportion of the 

1 .  h . 1 . d ( 7e )  . d h . 1  bl . t 1 1g t 1s mu t1ply scattere . We now cons1 er t e ava1 a e exper1men a 

evidence in an effort to establish criteria for the interpretation of 

data collected from multiply scattering latex sphere solutions . 

( 70 )  Pusey has concluded that the maj or effect of multiply scattered 

light arising from the primary scattering volume is to add a rapid 

decay , characteristic of such l ight , to the slower decay associated with 

single scattering . The IAF thus contains a fast initial decay impressed 

upon the single exponential decay characteristic of singly scattered 

events . When the ratio of s ingly to multiply scattered light is small 

it  is difficult to resolve these two processes . The ease of  resolution 

of the two exponential decays also depends on the scattering angle as the 

two decay rates do not exhibit the same angular dependance . The initial 

decay rate has only a small angular dependance , showing less than a 
o 0 ( 7 0 )  

2 0  percent variation as the scattering angle varies from 160 to 2 0  · 

Multiple scattering also gives rise to a scattering volume which is  larger 

than that encountered in an experiment concerned only with singly 

scattered events . For the scattering geometry employed in the Malvern 

4300 spectrometer this re sult s in the illum inat ion of severa l 

h h h 1 · · ( 70 )  Th . 1 th d t s eo erence areas at t e p otomu t 1pl1er • 1s  eaves e ecay ra e 

of the IAF unchanged . 
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C lb 1 ( 75 ) h . . d . . . . d o y et a • ave also 1nvest1gate the behav1our of the 1n1t 1al ecay 

rate of the IAF obtained from multiply ( Rayleigh ) scattering solutions 

of large non- interacting polystyrene spheres . This decay rate 

exhibited a marked non-linear dependance on q2 , in contrast to the 

linear dependance expected from singly scattering , non-interacting solutions 

of spheres . It was also found that at a given scattering angle the 

initial decay rate of a multiply scattering solution was dependent on the 

particular cell path length used in the study of the solution . 

We may summarise the above observations as follows . The effect of 

moderate amounts  of multiply scattered light on the IAF of a 

monodisperse polystyrene sphere solution is to introduce an additional 

fast decay to the longer , single exponential decay associated with 

single scattering . The long time decay , if resolvable ,  may be analysed 

according to u�ual singly scattered QELS theories ( those presented in 

Chapter 2 ) . Analysis of the initial decay of the IAF in systems where 

multiple scattering is known to exist shows that this decay rate is not 

a linear function of q2 [ or equivalently sin2 ( 8/2 ) ] . Conversely , quantities 

derived from a decay rate exhibiting a linear q2 dependence can be 

considered free of multiple scattering effects . A path length independent 

decay rate also indicates that multiple scattering effects are absent . 
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7 . 3 .  THE EXPERIMENTAL STUDY 

7 . 3 . a . Sample Preparation 

Aqueous suspensions of polystyrene latex spheres of nominal diameter 

O . OBS�m and nominal concentration 1 0gm% were supplied by the Dow Chemical 

Company ( Indianapolis , USA ) .  The SDS and NaCl were Analar grade , obtained 

from BDH chemicals ( Poole , England . ) . The aqueous suspensions of latex 

spheres contain residual salts and surfactants , and so to standardise 

the ionic strength and surfactant concentrations in experimental 

solutions , the dialysis preparation scheme presented by Anderson et al . 

was used . 

The concentrated solutions ( >  O . Sgm% ) were prepared by forming an � 
�Sgrn% solut ion at the approximate ionic strength required , and then 

dialys ing this solution for 48 hours against the appropriate 0 . 001M or 

0 . 01M NaCl solut ion . SDS was also added at a level of 0 . 022grns per 

100cm3 of solution , to both the �Sgrn% and NaCl dialysis solutions . 

After dialys is , the following solutions were formed :  �2grn% ( 0 . 001M and 

0 . 01M ) , �gm% ( 0 . 001M ) and �2 . 5grn% ( 0 . 01M ) .  All solutions were stored 

at 4°C until used , and to further minimise aggregation effects , 

experiments on the 0 . 001M solutions were completed before dialysis of 

the 0 . 01M solution was carried out . The dilute solutions ( <  0 . 025gm% ) � 
were formed by simple dilution of the Dow agueous suspension with 0 . 001M 

or 0 . 01M NaCl solutions , as appropriate . 

Sample concentrations were determined by U . V .  spectrophotometry at a 

wavelength of 26 5nm with a Shimadzu ( Kyoto , Japan ) MPS-5000 

spectrophotometer . The samples were diluted to � . 004grn% and the 

absorbance readings compared with calibration curves prepared by 

diluting the neat Dow latex sphere suspension . The concentration of 

the Dow suspension , determined by drying 1cm3 of neat solution to 

constant weight at 60°C ,  was ( 1 0 . 1 5+0 . 0 5 )grn% . Absorbance read�ngs 

for duplicate samples were reproducible to about 0 . 5% ,  indicating 

that sample concentrations quoted in this work could contain an error 

of up to 2% . 

Since the latex spheres are very much better scatterers than 1 1 0 , 000Mw 



random-coil polystyrene molecules ,  a much simpler cell and solution 

clearing sequence than that presented in Chapter 6 could be employed . 

Having first removed any residual chemical traces from the cells by 

ultrasonication in hot detergent , followed by copious rinsing with 

re-distilled water ; the following procedure was used for preparation 

of a new sample . The cell was rinsed with ten volumes of each of 
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the following ; a hot detergent solution , hot tap water , re-dist illed 

water and 0 . 2 2�m filtered ( using a Millipore filter ) re-distilled water . 

This  last r insing step was performed in an atmosphere of 0 . 22�m filtered 

air , where the cell was also transferred to a dessicator and subsequently 

dried in vaauo . A small Millipore filter holder ( using 1 3mm diameter 

filters ) ,  suitable for attaching to the end of a syringe , was also 

subj ected to the above rinsing and drying steps . Light scattering samples 

were prepared by directly filtering the latex sphere solutions into 

a sample cell using the 1 3mm , 0 . 22�m pore s ize Millipore filters . 

These  filters had been pre-washed (and dried ) to remove any contaminant 

salts or surfactants depos ited in the filter during the manufacturing 

process . Intermediate latex sphere concentrations were obtained by 

diluting the �2gm% or �2 . 5gm% solutions with a NaCl/SDS solution filtered 

directly into the sample cell . Sample cells were weighed at each stage 

so that accurate concentration calculations could be made once an 

aliquot of the most dilute solution in the cell had been analysed by 

U . V .  spectrophotometry . All solution transfers and dilutions were 

carried out in an atmosphere of 0 . 22�m filtered air . 

The QELS experiments were performed using the laser spectrometer 

descr ibed in Chapter 2 .  Where appropriate , the experimental details 

outlined in Chapter 6 have been taken into consideration ( sample thermal 

equilibration t imes , etc ) . 

7 . 3 . b .  Use of the Blinker 

Preliminary experiments without the blinker indicated that the IAFs 

obtained from a study of a concentrated latex sphere solution exhibited 

both a short initial decay and a long , quasi-single-exponential decay . 

The long t ime decay assumed single exponentiality ( i . e .  Q '  � 0 .  02 ) 

when the blinker was s et by the ad hoc method . However , setting the 

blinker level in this way is rather tedious , and it was cons iderably 



simpler to manipulate the blinker level until  the long time decay 

assumed s ingle exponentiality as j udged from a ln( NIAF-1 ) vs . t plot . 

That such an adj ustment scheme is  permitted can be seen from the fact 

that during preliminary experiments the blinker held the correlator 

off for as l ittle as 1 second in 1 0 . A correlator accumulation period 

of 9 seconds represents a t ime extremely long compared with any 

statistical fluctuations in the light intensity falling on the photo

multiplier , and so the intensity fluctuations causing the blinker to 

act may be assumed to be due to the presence of dust in the scattering 
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volume . The preceding argument is expected to hold even when the correlator 

accumu lates for as little as , say , 1 in 2 seconds , although such dusty samples 

result in poor ut ilisat ion of the ava ilable experimental time . The applicabilit� 

of the blinker level setting method outlined above will be further discussed 

in section 7 . 4 . a .  

7 . 3 . c .  Data Analysis 

In this section we discuss , as an example , the data obtained from a 

solution of 2 . 1 5gm% latex spheres in 0 . 001M NaC l . This solution exhibits 

the complications typically encountered in the interpretation of data 

from the concentrated solutions of spheres studied in this work . 

A solution of 2 . 71gm% latex spheres in 0 . 01M NaCl is also discussed , 

and data obtained from this solution used to  j ustify the blinker setting 

scheme outlined in the last section . 

The 2 . 1 5gm% sample was studied in a 1 . 000cm path length cell and visual 

inspection indicated severe multiple scattering ; indeed the laser beam 

was attenuated to approximately 3% of the incident beam intensity 

on passage through the sample cell . Several plots of £n( NIAF-1 ) versus 

channel number for the 2 . 1 5gm% sample are shown in Figure 7 . 1 .  The 

theoretical background ( equation 2 . 17 )  was used to obtain the NIAFs for 

all data presented in this work . Despite the intense multiple 

scattering associated with the 2 . 1 5gm% sample , it should be noted that 

the low angle NIAFs in Figure 7 . 1  exh ibit a short initial decay followed 

by a longer , single exponential decay . This longer decay was attributed 

to single scattered events . 

The NIAFs shown in Figure 7 . 1  were obtained by using the blinker to 
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2.15gm0/o , 0.001 M 

Channel num ber  

Plots of �n( NIAF-1 ) versus channel number showing the 

presence of long and short decays in the NIAF , for the 

sample 2 . 1 5gm% polystyrene latex spheres in 0 . 001M  

NaCl . The long decay exhibits single exponential 

behaviour ( Q '  < 0 . 02 ) .  
-

The long and short decays are 

not separable at a scattering angle of 90° . 
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e 

1 5° 

3 0° 

15° 

30° 

Table 7 . 1 .  

Sample Aco Q ' 

2 . 1 5gm% 1/4  0 . 012 

2 . 15gm% 1/6  0 . 011  

2 .  71gm% 1/12  0 . 01 0  

2 . 71gm% 1 / 1 0  0 . 005 

Examples of correlator off-to-on t imes ( Aco ) encountered 

in the concentrated latex sphere study . The 2 . 1 5gm% 

( 0 . 001M )  sample gives typical values of Aco ; while the 

2 . 71gm% ( 0 . 01 M )  sample was the cleanest studied . Note 

that small Q ' values are obtained even when the blinker 

is infrequently triggered . The experimental run times 

were 15-30  minutes , depending upon the particular sample 

under study . 
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remove any spurious intensity fluctuations from the scattered light . 

That the intensity fluctuations removed were , in fact , spurious can be 

seen from the ratio of the ?verage correlator off-to-on times shown 

in Table 7 . 1 .  Also presented in Table 7 . 1  are the values of Q '  

obtained from the very clean sample 2 . 71gm% in 0 . 01M NaCl . The blinker 

was seldom triggered during accumulation of the IAFs for this sample , 

yet single exponential behaviour of the long time part of the NIAF was 

observed ( i . e .  Q '  < 0 . 02 ) .  This supports the earlier conclusion that 
,...., 

the spurious intensity fluctuations which trigger the blinker are 
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caused by dust in the scattering volume , and are not caused by processes 

of experimental interest . 

The count rates  observed for this sample were high although the s ignal

to-noise rat io was much poorer than would ordinarily be expected of 

such count rates . From this it  was concluded that most of  the multiply 

scattered l ight was uncorrelated and so did not mask the small amount 

of correlated s ingly scattered light present . A s imilar conclusion was 

h d b eh 1 
( 7 8 ) . . f . . . b . reac e y u et a . 1n stud1es  o cr1t1cal opalescence 1n 1nary 

solutions . At larger scattering angles it was more difficult to measure 

the long time decay rate owing to both the decreased amounts of s ingle 

scattered light and the poorer resolution between the long and short 

decays present in the IAF . Figure 7 . 1  illustrates these trends and 

indicates that the long and short decays can not be reliably separated 

at a scattering angle of 90° . Only data displaying two clearly 
. 

0 separable components have been analysed ( 8  � 30 for the 2 . 1 5gm% sample ) .  

The long time decay rate , s1 , is  the s lope of the long time part of a 

plot of £n ( NIAF-1 ) versus time . The assumption that the long , s ingle 

exponent ial decay is  related to a s ingly scattered process is supported 

by the linear dependance of s1 on s in2 ( 8/2 ) ,  shown in Figure 7 . 2 .  

Details of the data analysis for the 2 . 1 5gm% sample are presented in 

Table 7 . 2 .  The quantity D1 has been calculated assuming the long time 

decay of the NIAF is a s ingle exponential with exponent ( -2D1q2 ) .  

Although the range of angles over which the 2 . 1 5gm% sample was studied 

was rather small , more dilute samples with a much extended angular range 

show good agreement between high and low angle values of the observed 

diffus ion coefficient ( see Figure 7 . 4 ) .  
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2.1Sgm0/o , 0. 001  M 

0.02 0 . 0 6  

A plot showing the linear dependence o f  the long-time 

decay rate , SL , on sin2 ( 8 /2 ) for the sample 2 . 1 5gm% 

in 0 . 001M NaCl . SL was obtained from the long time 

part of a �n( NIAF-1 ) versus time graph , and the 

l inear dependence on sin2 ( 8/2 ) indicates that s ingle

scattering processes characterised by a single diffusion 

coeffic ient are be ing observed . 
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15° 

20° 

2 5° 

30° 

Table 7 . 2 .  

Channels analysed Q ' DL ( 1 0-12m2s -1 ) 

8-51 0 . 020  8 . 49 

9-51  0 . 018 8 . 50 

10-51  0 . 012 8 . 36 

12 -51  0 . 02 5  8 . 42 

Details of the data analysis for the sample 2 . 1 5gm% in 

0 . 001M NaCl . Only the low angle IAFs ( 8  � 30° ) show 

two clearly resolvable exponentials . The values of 

Q '  are small enough to consider the long t ime part of 

the IAF as being represented by a single exponential 
( 2 9 )  decay . 

. '  
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7 . 3 . d .  The Concentrated Solution Results 

The D1 values obtained for solutions � 0 . 4gm% are presented in F igure 

7 . 3 and Appendix 3 ( Table A .6 ) ,  with the angular dependence of the 
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long time decay rate of the NIAFs shown in F igures 7 . 4  and 7 . 5  for 

representative samples . Unless otherwise noted , experiments were 
carried out at 2 5°C . With the exception of the 4 . 46gm% sample ( the most 

concentrated sample studied ) the long time decay was well repres ented 

by a s ingle exponential for all latex sphere concentrations in both the 

0 . 01M and 0 . 001M NaCl solutions , and the lowest value of Aco encountered 

was 1 / 3 .  

In the case o f  the 4 . 46gm% solution , which was studied in a 0 . 5 00cm 

path length cell to minimise multiple scattering , the long time part of 

the first NIAF obtained ( at 8 = 30° ) exhibited s ignificant curvature 

( Q '� 0 . 3 ) , yet did not appear to be dusty when the IAF was observed during 

accumulat ion . Setting the blinker by the ad hoc method revealed that 

the long time decay was multi-exponential at all scattering angles 

studied . Calculations show that the average inter-sphere spacing is 

only � . 1�m ( about a sphere diameter ) in the 4 . 46gm% sample , and so it 

is probably the influence of short-range sphere interactions which are 

reflected in the multi-exponential nature of the long time decays . The 

method of cumulants was used to extract the initial decay rate of the 

long time part of the NIAF after channels containing the multiple 

scattering data were discounted . No systematic variations in D1 with 

angle were found for this sample ( see Figure 7 . 5 ) .  The difficulty of 

estimating the number of channels to analyse as the "true" long time 

part of the NIAF is reflected in the increased error associated with the 

value of D1 for · this 4 . 46gm% sample ( see  Figure 7 . 3 ) . 

Figures 7 . 4  and 7 . 5  indicate that the long time decays were not affected 

by multiple scattering . To confirm that multiple scattering did not 

affect the measured value of n1 a 2 . 2 0gm%, 0 . 01M  solution was prepared 

from freshly dialysed stock , and studied in a 0 . 500cm path length 

spectrophotometer cell . This solution was also diluted to form the 

1 . 1 7gm% and 0 . 55gm% solutions . The D1 values determined for thes e  

solutions are also shown in Figure 7 . 3  and are in good agreement with 

the trends exemplified by the 2 . 5gm% , 1 . 44gm% and 0 . 51gm% solut ions in 

0 . 01M sod ium chloride studied earlier in a 1 . 00cm path length cell . 

The diffus ion coefficient of the 0 . 5 5gm% sample showed no change when 
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2 3 4 
L atex con c e n trat i o n  ( gm0/o l 

The concentration dependence of the diffusion coefficient 

determined by QELS assuming the long-time slope of the 

£n ( NIAF-1 ) versus time plot is given by ( - 2D1q
2

) .  
The value of D1 shown for each part icular concentrat ion 

was obtained by calculat ing D1 at each of the invest igated 

angles and averaging the results . The errors shown 

represent the spread of experimental values . 
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A 0.55gm0/o , 0 .01  M ;  0.5  cm . cel l  
B 0.43gm0/o , 0 . 001 M ;  1 .0 cm ce l l  

0.1 5 0 . 4 5  

Plots showing the linear dependence o f  s 1  on . sin2 ( 8/2 ) 

for representative solutions . The vertical scale 

shown has been divided by three when plotting the results 

obtained for solut ion A .  
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A 2 .1Sgm0/o , 0 .001  M ;  1 .0  cm cel l  
B 4.46 gm0/o , 0 .001  M ;  0.5 ctn ce l l  
[ 1.1 7gm0/o , 0 . 0 1  M ;  0 . 5  cm ce l l  

0 .09 

Plots showing the  linear dependence of SL on sin2 ( 6/2 ) 

for representative solut ions . The vert ical scale 

shown has been divided by two when plott ing the results 

obtained for solut ion A . 
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measured 4 days after the original determination , indicating that 

sample aggregation is not a problem in this study . 

Two concentrations , 0 . 43gm% ( 0 . 001M NaC l )  and 1 . 44gm% ( 0 . 01M NaCl ) ,  

were also studied at 20°C . The differences in the experimental values 

of D1 at the two temperatures ( 20°C and 2 5°C )  are adequately described 
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by the change in solvent viscosity . At infinite dilution the Stokes

Einstein equation indicates that the diffusion coefficient is proport ional 

to the reciprocal of the solvent viscosity , and the fact that the same 

proportionality exists for both the 1 . 44gm% and the 0 . 43gm% samples 

indicates that solvent viscos ity still provides the dominant activation 

energy requirement at quite high latex sphere concentrations . 

7 . 3 . e .  The Very Dilute Solution Results . 

In the very dilute latex sphere concentration regime , the QELS technique 

provides a direct measure of D0 . The very dilute regime study was carried 

out to assess the accuracy of the values of n0 obtained by extrapolation 

of D1 to zero latex sphere concentration . 

Figure 7 . 6  presents the results obtained from the very dilute regime 

QELS study . The values of these diffusion coefficients are listed in 

Appendix 3 ( in Table A .7) . All samples were prepared by simple dilut ion 

of the original Dow latex sphere suspension . The ionic strength of 

a latex sphere solution has been taken as that of the dilutent . 

To examine the reproducibility of the diffusion coefficients obtained 

in the dilute regime , most samples were prepared in the following manner : 

a given latex sphere concentration was made up in either water or 

0 . 001M NaCl . 1cm3 of this solution was accurately added to a sample cell , 

and the diffusion coefficient of the sample was measured . 1 0�1 of a 

previously filtered NaCl solution was then added to raise the ionic 

strength to the desired value without appreciably altering the latex 

sphere concentration . Such families of samples prepared by the addition 

of sodium chloride , or by subsequent intra-cell dilution are indicated 

in Figure 7 . 6  by lettered subscripts .  Multiple scattering effects were 

not apparent in any of the IAFs obtained from these dilute solutions . 

The range of scattering angles studied was 30° - 1 0 5° in all cases , 
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Latex concentration ( 10-2 gm% l 

The very dilute regime latex sphere diffusion coeffic ients 

as a funct ion of sphere concentrat ion and ionic strength . 

The diffus ion coefficients show apprec iable ionic 

strength dependence but no significant concentrat ion 

dependence ( within the +1% error bars ) .  Families of  

samples generated from a common parent solut ion are 

denoted by lettered subscripts . These solutions were 

formed e ither by intracell dilut ion with solvent , or by 
-1 the addit ion of 1 0�l . ml quantities of an appropriate , 

concentrated salt solution . 



and the error bars shown in Figure 7 . 6  indicate the spread of 

experimental results . 

Table 7 . 3  presents parameters for latex sphere concentrations of 

0 . 004gm% and � . 023gm% . The hydrodynamic radius , �' was calculated 

from the Stokes-Einstein equation , and RS is the calculated mean latex 

sphere separation . An estimate of the experimental rms displacement 
2 k  of a sphere , (r  ) 2 ,  may be obtained from 

2 = 
r 

where t is the experimental observation time . I n  a QELS experiment , 

t is of the order of the time required for a NIAF to decay to the 1 /e 
. t ( 2 7 )  poln . 
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Interparticle collis ions are not expected to  p lay a maj or part in 

diffusion at these concentrations , for even at the largest concentrations 
2 k  considered here RS/ ( r  ) 2 > 1 0 .  Further , Figure 7 . 6  indicates that for 

the lowest ionic strength solutions the diffus ion coefficient is not 

concentration dependent in the dilute regime ( within the approximately 

1%  errors ) and so the spheres may be considered free of electrostatic 

interactions . However , the diffus ion coefficient of the spheres is 

noticeably ionic strength dependent , 

spheres is not expected to 
. ( 79 ) reglme . This suggests 

strength dependence of the 

be ionic 

that the 

diffusion 

whereas the diffusion of hard 

strength dependent in the very dilute 

experimentally determined ionic 

coefficient observed here may be 

due to a phys ical size change of the spheres , possibly induced by 

shielding of the surface charges from one another at moderate ionic 

strengths . Further , increasing the ionic strength above 0 . 01M in sodium 

chloride did not increase the measured diffusion coefficient . Such 

a saturation effect would be expected if electrostatic shielding were 

occurring . 

We may examine the possibility of shielding effects causing changes in 

sphere s ize by calculating the change in radius which occurs when the 

strain , caused by electrostatic interactions between sulphate groups 

located on the surface of a sphere , is  relaxed by shielding of · these 

groups . A sphere with surface charges suffers a stress of magnitude 

2 Stress = a / ( 2£ )  



Solvent . Dist illed water . 0 . 01M NaCl . Distilled water . 0 .  01M NaCl . 

T .otex Cone . ( gm% ) 0 . 004 0 . 004 0 . 02 2  0 . 02 3  

Do ( 1 0 -12m2s -1 ) 6 . 52 + 0 . 07 6 . 87 + 0 . 07 6 . 54 + 0 . 07 6 . 96 + 0 . 08 
- -

RH ( �m )  

Rs ( �m ) 

2 k ( r ) 2 ( �m )  

Table 7 . 3 .  

0 . 037 5 0 . 0357  0 . 0374 0 . 0352  

1 . 8  1 . 8  1 . 0  1 . 0  

0 .  077 0 . 0 7 9  0 . 077 0 . 080  

Details of  the diffusion coeffic ient determined by QELS at latex sphere concentrat ions of  0 . 004gm% and 

�0 . 023gm% at various ionic strengths . RH was calculated from the Stokes-Einstein equat ion , 
2 k 

and R5 is the calculated mean inter- sphere spacing . The root -mean-square displacement , ( r  ) 2 , 
2 k 

was calculated from the equation ( r  ) 2  = 6D0t .  

I-' 
(Jl 
+=" 



where cr i s  the surface charge dens ity and E is the permitt ivity of the 

sphere . The c hange in sphere rad ius , da , wh ich occurs upon re laxat ion 

of that stre s s  is ca lculat ed from 

Strain = 3 ( da/a ) 

where a i s  the sphere radius and B
M 

the bulk modulus . Us ing a value 

f h f h d . -2 ( 71 ) . . . f or t e sur ace c arge enslty of 1 0�Ccm , a permltt lvlty o 
( 8 0 )  9 ( 8 0 )  2 . 5 E

0 and a bulk modulus of 3 x 1 0  , the calculated change 

in sphere radius i s  2 . 5  percent for the tran s it ion from a ful ly 

stra ined to a fully re laxed stat e .  Such a c hange i s  close t o  the 

experimentally observed change of 5!2 percent . However , it should be 

not ed that the p ermitt ivity and bulk modulus values quoted are for 

disordered bulk polystyrene . We have used these in t he absence of more 

appropriate values for charged latex spheres . In addit ion , t he bulk 

1 5 5 

modulus i s  unl ikely t o  remai n  constant up to stra ins of several percent , 

and thus a smaller value of bulk modulus i s  probably more appropr iat e . 

It i s  clearly des irable to d irect ly measure the sphere radius a s  a 

fun ct ion o f  ion i c  strength by , for example , low angle X-ray scatter ing , 

in order t o  conf irm that sphere rad ius changes can account for t he 

di ffus ion coeffic ient variat ion s  observed . 

The d iamet er of t he spheres studied in this work i s  g iven by the 

manufacturer a s  0 . 08 5 �m with a standard deviat ion of 0 . 005 5�m . The QELS 

experiment yields a d iameter of 0 , 07 5  + 0 . 001�m in d ist illed wat er . Other 

authors have report ed s im ilar di screpancies betwe en t he quoted sphe re 

diameter and a Stoke s -E in s t e in d iameter obta ined from QELS measurement s 
( 7 5 , 8 1 ) 

However , for c ompleteness samples of the nominally 0 . 0 8 5 �m spheres 

were examined by transm iss ion electron microscope and the diamet e r  

d i stribut ion w a s  determ ined , as shown in Figure 7 . 7 .  An average d iameter , 

appropr iate ly we i ghted for a QELS exper iment ( i . e .  we ight ing 

proport ional to a
6 

to account for the variat ion in scat tered intens ity 

with sphere rad ius ) ,  was then ca lculat ed according to the formula o f  

Brown e t  a l . ( 7 2 2
. The calculated d iameter was 0 . 0 7 5�m ,  with an est imated 

random error of 3% , and shows exce llent agreement with the Stokes-E inste in 

value obtained from the h igh d ilut ion QELS re sults ( see Table 7 . 3 ) .  

Fina lly , the var iat ion of d i ffus ion coeffic ient with ionic strength 

in the very d i lute reg ime is not pecul iar to the 0 . 07 5�m diameter sphere 

samp l e . A cursory study o f  a di lute solut ion o f  0 . 0 9 1 �m diameter 

spheres showed that a change o �  approximate ly 3% occurred in the 

di ffus ion coeffic i e n t  upon changing the ion i c  strength from that o f  
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5 .1 8  6.2 6 7. 34  8.42 
Late x sphere  d i a meter ( 10-2 .urn ) .  

The diamet er distribut ion of t he nominally 0 . 08 5�m 

diameter spheres as det ermined by transmiss ion electron 

microscopy . The ( we ighted ) average diameter calculated 

from the di stribut ion data wa s 0 . 0 7 5�m . This value 

is in excellent agreement with t he diamet er calculated 

from the Stoke s-Einst e in equat ion , u s ing t he QELS 

results for latex sphere s in wat er . 
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distilled water to 0 . 01M in sodium chloride . An extended study of the 

0 . 091�m spheres was precluded owing to a paucity of available sample . 
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7 . 4  COMPARISON O F  RESULTS 

7 . 4 . a .  Theories of Macro-ion Transport in the Presence of a Concentration 

Gradient 

In the preceeding sections of this chapter it has been shown that 

QELS is able to provide a measure of the unique , reproducible quantity 

D1 , a quantity which is unaffected by multiple scattering ( since D1 
exhibits linear s1 versus q2 plots , and is  scattering cell path 

length independent ) .  It remains to compare D1 , the apparent diffusion 

coefficient obtained by QELS , with mutual diffusion coefficients 

determined by the observation of the relaxation of a macroscopic 

concentration gradient , as reported by Anderson et ·al . Unfortunately , 

the spheres used in the QELS study have a diameter 20% smaller than the 

spheres  of nominal diameter 0 . 09l�m used by Anderson et al . A further 

difference is that the effective surfactant concentration encountered 

in this work is expected to be somewhat higher than that encountered 

in the solutions of Anderson et al . because surfactant precipitation 

was prevented in the QELS study by employing NaCl as the source of ionic 

strength . Since the adsorption of surfactant ions can affect the surface 

charge density of the spheres ( ?O ) , the surface charge densities of the 

0 . 075�m and 0 . 09l�m spheres possibly differ . Thus , a direct comparison 

of results is prevented and instead interpretation through availabie 

macro- ion transport theory is sought . 

The concentration dependence of DM for solutions of charged latex 

spheres ( the macro-ions ) can be expressed in the virial form 

7 . 1  

Theories of macro-ion transport give an expression for k that is 

derived under the assumption that the solution is "dilute "; that is , only 

binary interactions between the macro- ions are important . Under these 

conditions an expression for k can be obtained which is  a function of 

only the macro-ion radius , macro-ion surface charge density and the 

solution ionic strength . Two theories ( 82 ' 83 ) which have had some 
( 71 )  . success ln predicting experimental values for k are now briefly 

discussed , with the intention of using these  theories to predict a 



value of k for the latex sphere solutions used in the QELS study . The 

slope of a ill1/D0) versus c plot provides the experimental value of "k" 

in the case of the QELS experiments , and equivalence of the theoretical 

and experimental values of k would indicate that n1 can be identified 
with DM . 

The theory of Anderson and Reed( S2 )  was developed from a microscopic 

analysis of the dynamics of Brownian particles .  It was assumed that 

particle interactions give rise to two additional ( over and above the 

solvent-particle interactions encountered in very dilute solutions ) ,  

uncorrelated forces acting on each particle : a random solvent force 

arising from solvent disturbance by surrounding particles , and a force 

resulting from direct ( electro-static )  interactions of a particle with 

it s neighbours . By considering only binary interactions ( equivalent 
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t o  assuming a " d i lut e "  solut ion ) t he d irect forces between each part icle 

and its neighbours were evaluated in terms of a pair potential energy 

E (r )  which exist s  for two charged particles separated by a centre-to · 

centre distance r ;  the term I in equation 7 . 2  accounts for these 

interactions . The hydrodynamic effect of the neighbours was considered 

to give rise to an additional frictional coefficient and is represented 

by the term A below . Anderson and Reed showed that given only E ( r )  for 

r � 2a (where a is the particle radius ) ,  the linear coefficient k can 

be calculated from 

k = S ( I-A ) /p 7 . 2  

where p is the particle density . Expressions for I and A are given 

in equations 16 of reference 71 , and for reasons of brevity are 

not reproduced here . 

h . f h ( 8 3 )  rnb .  T e alternatlve successful theory , that o Bate elor , eo lnes 

macroscopic and microscopic ideas by assuming that a gradient in chemical 

potential gives rise to an equivalent mean force per particle . An 

analogy is then· drawn between this particle flux and sedimentation , 

and analysis of the hydrodynamic interactions among particles in the 

latter phenomenon leads to the expression 

k = [ 1 . 45+8 ( G-P ) ] /p 7 . 3  
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The parameter G accounts for the hydrodynamic forces among sedimenting 

particles , and the long range forces due to the macroscopic concentration 

gradient are accounted for by P .  Expressions for P and G are given in 

equations 17 of reference 71 . 

The theories of both Anderson and Reed , and Batchelor , each provide an 

expression for k in terms of the interaction energy , E ( r ) , although 

E ( r )  must be obtained from the work of other authors . For a given 

( appropriate ) interaction energy , Anderson et al .
< 71 ) have shown that 

both theories predict similar values for k for systems as diverse as 

BSA and polystyrene latex spheres . The predicted values for k ( ktheo ) 

are in good qualitative agreement with experimental k values ( k  tl ) exp 
over a range of ionic strengths , although quantitative agreement 

between kth and k t1  was only obtained at moderately high electrolyte eo exp 
concentrations (� . 01M 1 : 1  electrolyte solutions ) .  Since ktheo and 

k t1  agree at electrolyte concentrations where an accurate expression exp 
for E ( r )  is relatively unimportant due to screening of the latex 

sphere charges ,  the hydrodynamic contribution to k has probably been 

correctly formulated . However , the particular expressions chos en by 

Anderson et al . to represent E ( r )  do not appear to be adequate ,  s ince 

agreement is  not obtained between k and k at the lower electrolyte theo expt1 
concentrations where an accurate description of E ( r )  becomes important . 

The expression chosen by Anderson et al . to represent E ( r )  in the case 
. ( 84 )  of polystyrene latex spheres , was derlved by Hogg et al . for 

the Gouy-Chapman model of the electrical double layer around a 

colloidal particle ( a  large charged , solid particle surrounded by a 

diffuse layer of electrolyte ions of opposite charge ) .  Under the 

assumptions that the surface potential (�0 ) of the charged spheres is  

small ( <  60mV ) , the electrostatic double layer is  thin in comparison 
,.... 

with the sphere radius ( equivalent to assuming the spheres can be . 

treated as flat plates ) ,  and the solution is "dilute" ; Hogg et al . 

have shown that the interaction energy between two charged spheres can 

be written as 

E (r ) 

where 

2 
= ( £a�0/ 2 ) tn [ 1+exp ( -2KaR ) ] 

-1 -1 
= ( 2k8T/e ) . sinh [ 2TieK cr/ ( £k8T ) ] 

7 . 4  

7 . 5  



and 

R = r/ ( 2a )  - 1 

The other parameters are ; the permittivity £ of the solvent supporting 

the electrolyte , the Boltzmann constant � '  the electronic charge e ,  

the absolute temperature T ,  the surface charge density a and the 

Debye-Huckel shielding length K-1 

The above expression for the interaction energy , while satisfactory for 

latex spheres in 0 . 01M electrolyte solutions is , however , invalid for 

0 . 0 01M solutions for two reasons . First , the values of the surface 

charge density possessed by latex spheres are too large ( >100mV ) to 

allow E ( r )  to be represented by equation 7 . 4 .  Second , the flat plate 
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. ( 85 )  approximation breaks down for 1 : 1  electrolyte concentratlons <0 . 005M 

( for spheres with a �  0 . 05�m ) . However , there are alternative 

expressions available for E (r ) . When considering the low ionic strength 

measurements the expression for E (r )  developed by Stigter and Hill( S6 ) , 
( 87 )  . ( 88 )  which was based on the work of Verwey and Overbeek and Hoskln , 

should more closely represent the experimental s ituation since this 

theory does  not suffer from restrictions on �0 , nor are the latex 

spheres assumed to be flat plates . For "dilute" solut ions Stigter and 
H ill have shown that 

E (r ) = £a��f . exp ( -2KaR ) / [ 2�2 ( R+1 ) ]  7 . 6  

where the symbols have been defined earlier , except for � (which can 

be obtained from tables in Hoskin , in conj unction with various equations 

in references  86 , 87 ) and f ( wh ich can be obtained from tables in 

Verwey and Overbeek ) .  

7 . 4 . b .  Application of Macro-ion Transport Theories to Latex Sphere 

Solutions . 

A summary of both the QELS and cap il lary penetrat ion ( Anderson et al . ) 

results , together with various theoretical predictions , is presented in 

Table 7 . 4 . Parameters used to evaluate expressions for E ( r )  ( equations 

7 . 4  and 7 . 6 ) are given in Appendix 3 ( Table A .8) , and computer programs 

were written to numerically evaluate k h 
via equations 7 . 2  and 7 . 3 .  t eo 
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For each sphere s ize  and solution ionic strength a range of k h values 
t eo 

has been calculated s ince a range of surface charge densities appears in 

the literature for polystyrene spheres .  Following Anderson et al . values 

of kth have been calculated for surface charge densities varying from eo -2  -2  ( 7 2 )  3 to 1 011C cm ( although values as low as 1 .  211C cm have been reported 

for smaller spheres with a = 0 . 023llm ) .  These values for the surface 

charge density have been obtained from potentiometric titration studies 

f 1 t h . 1 1 ' ' h 1 
. ( 89 ) H o a ex sp eres ln extreme y ow lOnlc strengt so utlons • owever , 

when any macro-ion in placed in a solution of moderate ionic strength , 

a layer of counter-ions ( the Stern layer ) becomes absorbed to the 
. f ( 8S )  d . . . . . d d ab . macro-lon sur ace an lt lS thls lOnlc-strength epen ent sorptlon 

of counter-ions which determines the effective surface charge density of 
. ( 9 0 ) the macro-lon • The surface charge density appropriate for inclus ion 

in equation 7 . 6  in thus not well-defined at moderate ionic strength 

since the extent of counter-ion absorption is not known , although charge 
- 2  densities approaching 1 011C cm are not expected t o  b e  appropriate . It  

would thus be rather difficult to  test  the accuracy of equation 7 . 6  

although , as will shortly be  discussed , equation 7 . 6  can be expected to  

be useful in the comparative s ituation under consideration in this work , 

provided that the two sets of spheres ( those used in the QELS and capillary 

penetration studies ) possess s imilar surface charge densities . 

The surface charge densities of the two sets of spheres could differ · 

since different surfactant concentrations and spheres of different 

diameters were utilised in the QELS and capillary penetration studies . 

The sphere surface charge density has been found to vary with sphere 

radius , although the radius differences encountered in this comparison 

are not expected to result in significant surface charge density 

variations ( 89 ) . The effect of adding surfactant to the latex sphere 

solutions is more complicated . In the capillary penetration study the 

surfactant is precipitated and so needs no further cons ideration . However , 

in the QELS study , the effect of the surfactant is three-fold . First , 

the addition of surfactant increases the effective ionic strength of the 

latex sphere solution . Second , the increased ionic strength of the solution 

reduces the sphere surface charge density due to increased counter-ion 

absorption . Third , the sphere surface charge density is increased due 

to absorption of the negatively charged surfactant on to the sphere 

surface .  The second and third effects will tend to cancel , thus leaving 

the sphere surface charge dens ity , to a first approximation , unchanged 
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by surfactant addition . The above discussion indicates , therefore , that 

the latex spheres used in the QELS and capillary penetration studies 

are expected to possess s imilar charge densities . Under this assertion , 

the nature of the diffus ion coefficient measured by QELS is now evaluated . 

7 . 4 . c .  Interpretation of Data Obtained at High Ionic Strength . 

The QELS results for the 0 . 07 5�m latex spheres in 0 . 01M solutions are 

summarised in Table 7 . 4  ( see also Figure 7 . 8 ) . The capillary penetration 

results of Anderson et al . are also given in Table 7 . 4  together with 

various theoretical predictions for the value of k .  As the data in 

Table 7 . 4  shows , both the QELS and capillary penetration results are 

in quantitative agreement with the values of k h predicted by the 
( 83 ) t eo -2 theory of Batchelor at a surface charge density of 3�C cm The 

interaction energy expression due to Hogg et al . was used to calculate 

ktheo since at these higher ionic strengths , and at lower charge densities , 

the approximations leading to equation 7 . 4  are met . The electrolyte 

concentration in both the capillary penetration and QELS study was 

assumed to be 0 . 01M ; that is the contribution to solution ionic 

strength by surfactant ( in the QELS study ) was neglected . This 

approximation leads to insignificant changes in ktheo when compared to 

the errors in k 1 . expt 

- 2  The theo;y o f  Batchelor predicts values of ktheo (using cr= 3�C cm and 

K-1 = 30A ) in quantitative agreement with both macroscopic and QELS 

diffus ion data . This indicates  that the QELS technique is able to 

provide a measure of the macroscopic mutual diffusion coefficient in 

high ionic strength solutions , at least up to sphere concentrations 

of �3gm% . Theoretical j ustification of the QELS results aside , we 

note that the QELS results satisfy our intuitive expectations of the 

diffus ion behaviour of charged spheres in a good charge screening 

medium ; that is , the smaller spheres used in the QELS study should 

exhibit a value for k greater than or equal to the value of k obtained 

for the larger spheres studied by Anderson et al . 



Salt 
concentration 

( M )  

0 . 01 

0 . 01 

0 . 001 

0 . 001 
·'· 

0 . 002" 

a . . .  model of 

b . . .  model of 

c . . .  model of 

Table 7 . 4 .  

Sphere 
diameter 

( l-!m )  

0 . 075  

0 . 091 

0 . 075  

0 . 091  

0 . 075  

k exptl 

3 -1 ( cm g ) 

5 . 5  + 0 . 6  

5 . 0  

11 . 7  + 0 . 4  

18  

1 1 . 7  + 0 . 4  

a 

4 . 3- 5 . 5  

3 . 3 -4 . 2  

3 5-41 

24-30  

3 -1  ktheo( cm g ) 

b c 

5 . 6-6 . 7  

4 . 9-5 . 7  

34-41 24-26 

26-30 2 0-22 
·'· 

1 4 . 3 "  
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A d & R d ( 82 )  . . f H l ( 84 )  n erson ee , 1nteract1on energy o ogg et a . 

B h 1 ( 8 3 ) . . f H l ( 8 4 )  ate e o r  , 1nteract1on energy o ogg et a . 

B h 1 ( 8 3 )  . . f . d H ' ll( 86 )  ate e or , 1nteract1on energy o St1gter an 1 . 

Theoret ical and experimental values for k .  The range 

of values  quoted for k h corresponds to a range of t eo _2 _2 surface charge densities from 3l-!Ccm to 10l-!Ccm 

The * indicates  that the effect of added surfactant has 

been taken into account when calculat ing these values . 

• 



7 . 4 . d . Interpretation of Data Obtained at Low Ionic Strength . 

Theoretical predictions of k for latex spheres in low ionic strength 

solutions are shown in Table 7 . 4 .  The Debye-Huckel shielding length 
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i s  much larger (� . 01�m ) in 0 . 001M salt solutions , s o  demanding a much 

more accurate formulation of the electrostatic interaction energy term 

than in the case of 0 . 01M solutions , if quantitative predictions of 

ktheo are required . Thus , as expected , there are variations in both the 

range and magnitude of ktheo obtained for a given range of surface 

charge density , depending upon the expression used for the interaction 

energy . Table 7 . 4  also contains the capillary penetration results of 

Anderson et al . for the 0 . 091�m spheres in 0 . 0 01M solutions . The 

experimental results of Anderson et al . ( see Figure 7 . 8 ) for this ionic 

strength are quite sca�tered , but show reasonable agreement with 

theory when the interaction energy is calculated us ing equation 7 . 6 .  

The QELS results are also presented in Table 7 . 4 .  The individual experimental 

points show l ittle scatter ( see Figure 7 . 8 ) but are in much poorer 

agreement with the theoreti�al predictions if the salt concentration is 

taken as 0 . 0 01M . This poor agreement could indicate that the QELS 

technique fails to measure the mutual diffus ion coefficient of 

charged spheres in low ionic strength solutions , whereas the technique 

apparently does measure this diffusion coefficient in high ionic 

strength solutions . However , the ionic strength of the solutions used 

in the low ionic strength QELS study contains important contributions 

from both NaCl ( 0 . 0 01M ) and SDS ( 0 . 0007M ) . Since SDS is a 1 : 1  electrolyte ,  

the effective salt concentration encountered in the QELS study is 

0 . 0017M .  

The increased effective ionic strength present in the QELS study can be 

accounted for by calculating a new value for k h . The salt t eo 
concentration was approximated as 0 . 002M in order to simplify 

-2 evaluation of equation 7 . 6 ,  and a charge dens ity of 3�C cm was 
3 -1 assumed . Under these conditions a value of 1 4 . 3cm g was obtained for 

ktheo for the spheres and solution conditions encountered in the QELS 

study . The relatively good agreement obtained between ktheo and kexptl 
in the capillary penetration study , where DM was measured , is now also 

obtained for the QELS measurements .  Thus , the QELS results are cons istent 

with the view that D1 prov ides a measure of the macroscopic mutual 
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• QELS I 0 .0 1 M  
• QELS I 0 .001 M 
• An de rson e t. a l .  I 0.001  M 

1 3 
Latex concentration 

The diffusion coefficients (DL } show a linear concentration 

dependence in both 0 . 001M and O . OlM NaCl solut ions . 

The n0 value used was obtained from the relevant ionic 

strength data in Figure 7 . 6 .  The results of Anderson 

et al . are also shown for 0 . 091�m latex spheres in 
0 . 001M potassium chloride . These values were calculated 

f . d ( 71 ' 91 ) . . 13 f rom exper1mental ata us1ng equat1on o 

reference 71 . The ePrors shown represent the spread of 

experimental values for both the QELS results and the 

results of Anderson et al . ( 71 , 91 > .  The experimental 

results of Anderson et al . fqr the O . Ol M  solutions , 

although not reproduced here , are in close agreement with 

the QELS results .  



diffusion coefficient . It should be noted that this conclusion rests 

upon the assumption that the surface charge densities of the 0 . 0 91�m 
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and 0 . 075�m diameter latex spheres are approximately equal . This 

assumption would appear to be valid for the solution conditions encountered 

in the QELS and capillary penetration studies of latex sphere diffusion . 

We now consider why it is that previous DM/QELS - measurement 

comparisons have indicated that QELS does not measure DM for solutions 

of charged macromolecules . 

7 . 4 . e .  Comparison With Other Work . 

A comparison of the results obtained from studies of diffus ion in solutions 

of the charged protein BSA has indicated that QELS does not measure 

the mutual diffus ion coefficient as determined by a diffusion cell 

technique( 1 3 )  ( see Figure 1 . 1 ) .  However , the diffusion cell work has 

recently been called into some question ( 6 9 ) due to the use of a non-rigid 

membrane in the experiments purporting to measure DM . 

For solutions of BSA , the concentration dependence of both the 

mutual and self diffusion coefficients has been independently 

determined in 0 . 2M sodium chloride solut ions at pH � 5 . 4 < 92 ) by Kitchen 

et al . These results can be used as alternative macroscopic 
. ( 1 3 )  measurements with which t o  compare the earl1er QELS study o f  BSA 

diffusion in 0 . 2 5M solutions . 

Kitchen et al . have determined the self-diffusion coefficient of BSA 

by a radiotracer-capillary-penetration technique which has yielded 

values in good agreement with independent determinations in 0 . 1M 
( 13 )  

. 
solutions at pH � 4 . 7  . Such agreement is expected between self 

diffusion coefficients determined at the different pH and ionic 

strengths because the conformation of BSA does not change s ignificantly 
( 9 3 )  " f  . h . " t " over the pH range 4 . 5  - 1 1 . 0  , and the d1 ferences 1n t e v1scos1 1es 

of the 0 . 2M and 0 . 1M salt solutions used in the two invest igations are 

also too small to appreciably influence self diffusion . The mutual 

diffusion data presented by Kitchen et al . was obtained by ut ilis ing 

two independent techniques ( a  capillary penetration and an ultra

centrifugation method ) which yielded values for the mutual diffus ion 

coefficient which were in agreement within the precision of the 

experiments .  Thus , both the self and mutual diffusion coefficient 
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data of  Kitchen et al . appear to  be  consistent . 

Several points of interest arise from the work of Kitchen et a l .  First , 

it was found that DM exhibited only a very weak concentration dependence 

( i . e .  k � 0 )  at p H�s . 4 .  Phillies et al . , using the QELS technique , 

also found k to  be sma ll n ear this pH for s olut ions of BSA studied over 

a similar concentration range (up to � 2 sgm% ) .  Second , Kitchen et al . 

found that values of the mutual and self diffusion coefficients  were 

related within the precision of the experiments ,  by the equation 

( 7 . 7 )  

where DS is the self-diffusion coefficient , � is the volume fraction 

and (��)p , T is the isothermal osmotic compressibility which can be  

obtained from the work of Scatchard et  al .
< 94 ) . Equation 7 . 7  can also 

b d h . h . D d (an) ( 1 3 , 94 )  e use toget er w�t su�table values for S an ac  p ,T , to  

predict values of DM for the experimental conditions encountered in the 

earlier QELS study of BSA diffusion( 1 3 )  Within the expected errors 

of the comparison , the diffusion coefficients obtained by QELS are in 

agreement with values of DM predicted from equation 7 . 7  over the 
. 

d .  ( ) . h s . . t . ( 9 5 ) ent1re pH range stu 1ed pH 4 . 5  - 7 . 6  �n t e QEL �nvest�ga �on 

Thus when the diffusion coe ffic ient s obta ined from the QELS study of 

Phillies et al . are c ompared with macroscopic DM det erminat ions ( both . 
experimental and theoret ical ) derived from the work of Kitchen et al . , good 

agreement i s  obtained . This indicates that QELS provides a measure of DM for 

these solutions of charged macromolecules ; a result which is in agreement 
with the conclusion reached in the last section . 



CHAPTER 8 

CONCLUSIONS 

8 . 1 . a .  Concluding Remarks 

The work presented in thi s thesis can be divided into three main areas : 

the development of the PFGNMR instrumentat ion , the study of diffusion 

in random-coil  polystyrene solut ions by the techniques of both PFGNMR 

and QELS , and the application of QELS to the study of diffusion in 

moderate ionic strength solutions of charged latex spheres � The 

outcome of research in these areas is now reviewed . 

The development of the PFGNMR apparatus was undertaken to provide a 

method for the rapid and accurate measurement of random-coil polymer 

self-diffus ion coefficients . It has been shown in this work that 

appropriate apparatus design has enabled self-diffusion coefficients to 

169 

be measured to an accuracy of -1% . Experiments involving signal

averaging have been performed without the need for the spin-echo 

acceptance /rej ection schemes which have often , in the past , been used in 

PFGNMR experiments to overcome the lack of spin-echo signal stability . 

Thus , the result of this work is that the PFGNMR method has been deve loped 

to a stage where accurate self-diffus ion coefficient measurements can 

be routinely made on a wide range of systems . However , while the 

accuracy of the PFGNMR experiment has been improved to a satisfactory 

level , the experiments in this thesis have been hindered , in some 

instances , by a lack of precision ( i . e .  an inadequate signal-to-noise 

rat io ) .  Increas ing the signal-to-noise ratio in the PFGNMR experiment 

( other than by sample volume increase s )  is seen as be ing the next 

important area in the development of the PFGNMR technique . This aspect 

of the PFGNMR experiment is  cons idered in some detail in sect ion 8 . 1 . b .  

The second area of invest igat ion in this thesis was the study of diffusion 

in random-coil polystyrene solutions . The techniques of PFGNMR and 

QELS were used to measure DS and DM respect ive ly . The behaviour of 

DS in the polymer gel regime is now relat ively well understood . It is 

evident from the studies in this thesis , and from the FRS studies of 

Hervet et a l . , that it is reptat ion which prov ides the dominan� mechan ism 



for polymer entanglement relaxation in the polymer gel regime . 

de Gennes ' has successfully predicted the observed concentration 

dependence of n5 in the polymer gel regime ; at least for polymer 

concentrat ions up to  - 2 0gm% . At larger concentrations some of the 

assumpt ions made by de Gennes '  regarding polymer chain configurations 

are violated , and the concentration dependence of D5 is no longer 

correctly predicted . Thus , there is a need for further theoret ical , 

and also experimental , invest igation into the self-diffusion of random

coil polymers at concentrat ions above 20gm% . Application of PFGNMR 
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to such studies will require that the experimental signal-to-noise rat io 

be maximised since the relat ively rapid T2 relaxat ion in polymer gels 

will reduce the magnitude of the spin-echo signal . Also , to measure 

the smaller coefficients encountered in polymer gels , the magnitude 

of the field gradient pulses will have to be increased if pulses of 

resonable length ( i . e .  consistent with the T2 limitat ions ) are to be 

used : However , gradient pulses of larger magnitude can be expected 

to complicate the PFGNMR experiment because of eddy current generation , 

and so there are practical l imitat ions to providing accurate D5 
measurements at large polymer concentrat ions . 

considered further in sect ion 8 . 1 . b .  

This problem is 

The value of the QELS study of  diffus ion in random-coil polystyrene 

solutions has been to provide DM measurement s which , when compared with 

D5 measurement s ,  have indicated that polymer-polymer interactions are 

important at even the lowest polystyrene concentrat ions available to 

j oint PFGNMR-QELS study . 

The interactions implied by the DM/D5 disagreement evident in the 

dilute concentrat ion regime may account for the observat ion that in 

this regime D5 does not necessarily monotonically decrease with increasing 

polymer concentration . The concentrat ion dependence o f  D5 in the 

dilute regime appears to be solvent dependent , although the limited 

precision afforded by the PFGNMR apparatus precludes definite 

conclusions from being drawn . Therefore , it is  essential that improved 

apparatus be designed with the aim of providing accurate n5 measurements 

at polymer concentrat ions extending into the very dilute regime . The 

concentrat ion dependence of D5 could then be compared for a series of 
solvent s of increasing "goodness"  ( from a theta-solvent to a very good 

solvent ) .  With the present PFGNMR apparatus , it is poss ible to obtain 



more accurate DS measurements in the dilute regime if a smaller 
·'· 

molecular weight polystyrene with a correspondingly higher c" value is 

employed ( e . g .  
·'· 

4000M polystyrene , which has c" w 10gm% ) .  However , 

as the concentrat ion dependence of DS could be molecular weight 

dependent , studie s on smaller molecular weight polystyrenes are not 

an adequate subst itute for an increase in experimental prec is ion . 
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The outcome of recent studies on the sedimentat ion of random-coil 

polymers has made it poss ible to apprec iate how the DS/D; discrepancies , 

encountered in the present work on random-coils , could eventuate .  

Brochard and de Gennes ( 96 )  have considered the sedimentat ion process 

in the polymer-gel regime of  random-coil polymer solutions , and have 

modelled this process in terms of the flow of solvent through a network 

of fixed polymer entanglements , a  so-called "porous -plug" model ; that 

is , the contribut ion to polymer motion due to  reptat ion is neglected 

in the presence of the much larger displacements due to sedimentat ion . 

Under this approach Brochard and de Gennes have predicted that in the 

polymer gel regime , the sedimentat ion coeffic ient should scale as 
-O . 5 · h 1 -1 · 0 . h 1 R t c 1n a non-t eta so vent , or as  c 1n a t eta so vent . oo s 

and Nystrom( 97 )  have found that in a non-theta solvent , the random

coil polystyrene sedimentat ion coeffic ient exhibits c-O . B  scaling 
behaviour , while in a theta solvent the predicted c-l . O  behaviour is 

observed . This part ial agreement between theory and experiment 

indicates that the process of solvent flow through a fixed polymer 

network is important in a sedimentation experiment , whereas in a self

diffus ion experiment , DS behaviour in the gel regime can be accounted 

for solely in terms of a relaxing , trans ient polymer network . Therefore , 
+ it is not surprising that DS and DS should show some differences as 

different phys ical processes are operating in the self--diffusion and 

sedimentat ion experiments . DM measurement s  are also fundamenta lly 
concerned with the flow of  solvent through the entangled polymers , 

and so the DS/D; discrepancy encountered for n; derived from DM 
measurements ( 9 )  might also be ant icipated . It should be noted that 

entanglements are not expected to play a significant role in interact ions 
+ between "hard-sphere" macromolecules and so DS/DS agreement is expected in 

this case , on the basis of the above argument .  It is interest ing to note 

that in studies of the self-diffusion of the globular protein Bovine Serum 
+ Albumin in 0 . 2 M sod ium chloride , agreement was found between DS and DS 

( within the limits of experimental error ) over a wide range of protein 



. ( 69 ) concentrat1ons . It is clear that the differences between directly 

and indirectly determined self-diffus ion coefficient s encountered for 

random-coil polymers represents an area for continuing experimental 

and theoretical invest igat ion , part icularly in the dilute regime . 

The final investigation in this thesis  was the QELS study of diffus ion 

in concentrated solutions of charged latex spheres .  From this study 
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it  was concluded that QELS measures DM for these solutions , a conclusion 

which rests upon the assumption that the surface charge density of the 

latex spheres used in this work is approximately equal to that 

encountered for the spheres used in the macroscopic-displacement , mutual 

diffusion studies of Anderson et al . Although this assumption appears 

to be well-founded , it is st ill clearly des irable to undertake a QELS/ 

macroscopic-DM comparison on ident ical sphere solutions . Compared with 

protein solut ions , polystyrene latex sphere solutions offer the 

advantages of simple preparat ion ( i . e .  non-rigorous dust removal 

steps can be used ) and freedom from aggregat ion problems . It has been 

shown in this work that the QELS experimental data obtained from latex 

sphere studies can be reliably interpreted , even though a s ignificant 

proportion of the scattered light is multiply scattered . However , 

interpretation of the QELS results would be simplified ( and larger 

scattering angles could be used ) if multiple scattering was reduced . 

Therefore , future studies should use , if possible , smaller diameter 

latex sphere s . 

8 . L b .  Towards an Improved PFGNMR Experiment 

The study of diffusion in random-coil polystyrene solut ions has indicated 

a need for measurements to be made at polystyrene concentrations below 

the 0 . 5grn% lower limit accessible to the present PFGNMR apparatus . 

The provision of a better signal-to-noise rat io in the PFGNMR experiment 

appears , at first s ight , to be a relat ively simple matter . If 
. ( 47 5 4 )  quadrupolar magnet ic field gradient co1ls ' are used , the sample 

volume can be increased by a factor of - 8 ( compared with the present 

apparatus ) ,  whilst maintaining a field gradient uniformity similar to 
that encountered with the Helmholtz coils used in this work . Improved 

l • t • d . . ( 5 5 )  h d preamp l 1er es1gns are also ava1lable . These s oul allow a 

further factor of two increase in the NMR signal-to-noise rat io . 

polystyrene concentrat ions down to about 0 . 05gm% are potent ially 

Thus , 



available for study at good precis ion (DS to -3% )  by incorporat ing 

existing apparatus improvements .  However , at polystyrene 

concentrat ions as small as 0 . 0 5gm% , few solvents possess suffic iently 

low levels of 1H contamina
.
t ion to allow s imple interpretation of the 

PFGNMR experimental results , as the signal attenuation ratio must 

be considered in terms of a weighted combination of DS and DSolv · 
Frequency domain analysis could be used to separately analyse the 

solvent and polymer NMR signals if sufficient resolution is available , 

and so it is  des iraBle to improve the resolution of the PFGNMR 

experiment up to the limit obtainable for a stat ionary sample ; about 
1 1Hz for H nuclei in a magnetic field of magnitude 1 . 4  Tesla . Such a 
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resolut ion would also provide an increase in the experimental signal-to

no ise rat io of - 1 5 ,  compared with the present apparatus . 

In principle , the resolut ion requirement is easily met by including 
. bl h . . 1 ( 5 3  ) . h NMR b H k . su1ta e omogene1ty col s 1n t e pro e .  oweyer , ma 1ng a 

probe with adequate resolution results in an increase in the amount of 

metal near the magnetic field gradient coils . This could lead to 

the generat ion of large eddy-currents which in turn would invalidate 
. ( 4 3 )  the Ste] skal-Tanner · sp in-echo attenuation formula , due to the 

gradient pulses assuming a non-rectangular shape . Eddy currents would 

be a particular problem if the magnitude of the field gradient pulses 

was to be further increased to facilitate the study of self-diffusion 

in the polymer-gel regime . 

Eddy currents are only associated with. magnet ic field gradient pulse 

turn-on and turn-off and so by limiting the rise and fall times of the 

gradient pulses to the form of a ramp , eddy-current effects can be 

minimised . A magnet ic field gradient ramped-pulse sequence is shown 

in Figure 8 . 1 ,  where the rf pulses shown represent a standard spin-

echo sequence . By suitable choice of the t ime � ,  eddy-currents can 

be made negligibly small . The expression for the spin-echo attenuation 

.under the act ion of the gradient pulses shown in Figure 8 . 1  is most 

easily derived according to the approach presented by Stej skal and 

Tanner ( 43 ) . This derivat ion is given in Appendix 6 ,  where it is shown 

that the spin-echo attenuation at t=2T is given by 
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Figure 8 . 1 .  A ramped -pulse magnet ic f ield grad ient pulse sequenc e 

for eddy current m inimisat ion . 

a standard spin-echo sequ enc e .  

The rf pulses form 



The symbols have their usual meanings ,  and B is defined in Figure 8 . 1 .  

As B tends to zero , the express ion for the spin-echo attenuation rat io 

reduces to the familiar Stej skal-Tanner formula (equation 3 . 7 . ) ,  as  

required .  

PFGNMR has the potential to  measure self-diffusion coefficients in 

many liquid systems , and offers part icular advantages in the study of 

individual components in multi-component systems when used in 

conjunct ion with frequency-domain analysis . Improving the resolution 

of the PFGNMR experiment to -1Hz would allow a much wider range of 

multicomponent systems to  be studied , and would also improve the 

experimental signal-to-noise ratio . Apart from obviat ing eddy

current induced problems in PFGNMR experiments ,  the ramped-pulse 

gradient sequence also has the advantage that it can be generated 

using lower bandwidth instrumentation than in the case of rectangular 

gradient pulses , thus simplifying the design of current pulse-supply 

output stages . 
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APPENDIX  1 

THE MAGNETIC FIELD DUE TO AN OPPOSED HELMHOLTZ 

PAIR IN THE PRESENCE OF MAGNET POLE P IECES 
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It is well  known (42 ) that two current loops ( with opposed current flows ) 

give rise to a large area of uniform magnetic field gradient along 

the ir common axis . Figure A . 1 . a .  depict s two such current loops 

of radius r0 , equally spaced a distance z0 about a plane at right 

angles to the z -axis , centred on z=O . The z component of the 

magnetic field magnitude at the point P (r , z ) ,  B , can be obtained by zr 
using the Biot-Savart law . For a coil with n turns 

B zr ( A . 1 )  

where I is the current and �O is the permeability of free space . From the coil 

configuration shown in Figure A . 1 . a . , a neces sary and sufficient condition 

for a un iform z -axis field gradient at the origin is 

Applicat ion of the above condit ion to equation A . 1  yields r0/z 0 = 2//3 
as t he coil configuration which would produce the largest reg ion of 

uniform field gradient at the origin . 

(A . 2 )  

Tanner ( 46 )  has indicated that the effect on B of two magnet pole-zr . ( 56 )  pieces located at z=+l is amenable to analysis  by the method of 1mages 

The geometry of the image problem is shown in Figure A . 1 . b .  and the 

expres sion for B now becomes zr 

B zr 

2 2 -3/2 2 2 -3/2  + ( ( r0-r ) + ( 21-z0-z ) ) - ( ( r0-r ) + ( 21-z0+z ) ) 

( A . 3 )  

where only the first order induction terms have been included ( i . e .  the 

effect of the nearest pole piece only ) . Applicat ion of the condition 

imposed by equat ion A . 2 to equat ion A . 3  yields 

3Z ( R2+z,2 ) -7 / 2 7Z3 ( R2+Z2 ) -9/2 + 3 ( 2- z ) R2+ ( 2-z ) 2 -7/2 
3 2 2 -9/2 - 7 ( 2-z ) R + ( 2-z ) = 0 ( A . 4 )  
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The magnet ic field gradient due to an opposed Helmholtz 

pair . 

A . 1 . a .  Two opposed current loops and the ir associated magnetic 

field . 

A . 1 . b .  Th� geometry for the image field calculat ion . The 

primary current loops are located at z=�z0 , the pole 

pieces at z=+l and the image current loops at z=�( 21-z0 ) .  
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where the dimensionless quantit ies R = r0/ l , Z = z0/l have been employed . 

Second order induction terms can easily be included in equat ion A . 4 ,  

but our calculat ions have shown that these terms contribute less than 

1% to the value of R for a given Z and hence can be neglected (within 

the winding error ) .  Figure 4 . 2  details the correct ion to be made 

to R ,  for a given Z ,  in the presence of nearby pole -pieces . 

A . 4  is represented in Figure 4 . 2  as curve A .  

Equation 



APPENDIX 2 

THE DIGITAL PULSE PROGRAMMER 

The pulse programmer essentially consists of three sections : the 

divider chain and associated timing pulse select ion circuitry ; the 

d ,  � and o down counters ; and the control circuitry . With the aid 

of Figures 4 . 4  the workings of sections one and two are self evident . 

However , the control circuitry , consisting of sundry D flip-flops and 

several monostables ( 74123s ) ,  merits a little further explanation . 

The problem of providing sequent ially timed intervals is generally 

complicated by the presence of propagat ion delays , and it is the 

funct ion of the control circuitry to circumvent any inaccuracies such 

delays might otherwise cause . In sequential timing , the edge of a 

clock pulse which marks the end of an interval also marks time zero 

1 7 9  

for the next interval .  The second interval ' s  counters will always 

miss their time zero pulse if they are act ivated at the end of the 

first interval due to propagation delays associated with the act ivation 

process . 

Down counters , including the 74190  counter , often have a so-cal led 

" look ahead" feature for use in sequential t iming . This is an output 

pin whose logic state changes upon a count of one and this change may 

be used to act ivate the next interval � s  counters as the next clock 

pulse will mark time zero for this interval . Unfortunately the 

precision of the pulsed field gradient experiment often demands that 

there be order-of-magnitude differences in the frequencies of the clock 

pulses driving the � and o counters , with o having the higher-frequency 

pulses . Thus act ivation of the o counters by some "look-ahead" 

feature could result in o being incorrectly timed .  

In the present application these problems are overcome by inhibiting 

those counters not immediately concerned with timing a part icular 

interval . This is achieved by placing a logic zero at the CLK input 

of the initial counter in the cascade via a D flip-flop . Immediately 

a timed interval is completed , the next appropriate counters are 

act ivated , and the previous counters inactivated , by clocking the 



appropriate flip-flops ( those connected to the counters ' CLK inputs ) .  

The monostables are also triggered at this stage and provide a pulse 

sequence to the divider chain which causes all divider chain outputs 

to go to the count of nine , then zero . This reset-nine , reset -zero 

sequence has the effect of mimicking a timing pulse at the CLK input 

of any activated down counters and so time zero is restored and timing 

proceeds with no loss in accuracy . ( All control circuitry act ivation 

occurs in the period during which the 1MHz master clock is at logic 

one . )  For the case when 1�s pulses are selected , the D flip-flop 

marked as 7474* in Figure 4 . 4 . a  provides the necessary time zero 

pulse . 

1 8 0  
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APPENDIX 3 

AUXILIARY TABLES 

Polystyrene 

concentration 

0 
(rns ) (rns ) 

( gm% )  

0 . 5 0 

0 . 7 5 

1 .  0 0  

1 .  5 0  

2 . 00 

4 . 00 

8 . 00 

12 . 0  

16 . 0  

1 9 . 5 

25 . 0  

Table A . 1 .  

7 1 3  2 . 1+0 . 1  

7 1 3  2 . 3+0 . 2  

7 13  2 . 4+0 . 1  

8 14 2 . 0+0 . 1  

9 1 5  1 .  81+0 . 06  

1 0  1 6  1 .  00+0 . 03  

14 20 0 . 44+0 . 01 

19  2 5  0 . 194+0 . 006 

22  28  0 . 144+0 . 006 

18  22  0 . 083+0 . 003  

32  46  0 . 017+0 . 001  

The self-diffusion coefficients of 1 1 0 , 000M polystyrene 
w 

in CC14 , at 2 5°C .  The error in n5 is obtained 

from the standard deviat ion in the s lope of the attenuation 

plot , plus the gradient calibrat ion error ( 1 . 2% ) .  



Polystyrene 

concentrat ion 

0 
( ms )  

6. 
( ms )  

( gm% )  

0 . 54 

0 . 51 

o .  75  

0 . 75 

1 .  05  

1 . 48 

1 . 48 

2 . 05 

4 . 06 

7 . 98 

12 . 0  

16 . 0  

2 0 . 0  

2 5 . 0  

Table A . 2 .  

7 1 3  3 . 5+0 . 3  

7 1 3  3 . 2+0 . 2  

7 1 3  3 . 4+0 . 2  

7 13  3 . 6+0 . 2  

7 13  3 . 2+0 . 2  

8 14  3 . 2+0 . 1  

9 1 5  2 . 9+0 . 1  

9 1 5  2 . 3+0 . 1  

1 0  16 1 .  3 9+0 . 04 

13 20 0 . 67+0 . 02 

1 5  2 6  0 . 375+0 . 00 9  

1 7  28  0 . 1 97+0 . 00 5  

2 0  2 8  0 . 0132+0 . 00 04 

24 36 0 . 0057+0 . 0002  

The self-diffus ion coefficients of 1 1 0 , 0 0 0M polystyrene 
w 

in CDC13 , at 2 5°C .  (Errors as in Table A . 1  caption . ) 

1 8 2  



Polystyrene 

concentration 

( gm% ) 

0 . 7 5 

1 .  00  

1 .  50  

2 . 00 

4 . 03 

8 . 05 

1 2 . 0  . 

16 . 0  

2 0 . 0  

2 5 . 0  

Table A . 3 .  

0 
(ms ) 

5 

6 

6 

6 

1 0  

1 2  

14 

1 5  

2 0  

2 6  

/). 
(ms ) 

1 1  

1 2  

1 2  

12  

16  

1 9  

2 1  

2 4  

3 1  

3 9  

6 . 2+0 . 3  

4 . 5+0 . 2  

4 . 2+0 . 2  

3 . 35+0 . 09 

1 .  84+0 . 07 

0 . 79+0 . 02 

0 . 40+0 . 01 

0 . 207+0 . 007 

0 . 1 15+0 . 004 

0 . 05 3+0 . 002 

The self-diffus ion coefficients of 11 0 , 000M polystyrene 
w 
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in D -toluene , at  2 5°C .  lErrors as in Table A . 1 caption . )  
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Polystyrene Q ' Average Number of DM 
concentrat ion . DM . determinat ions 

( gm% ) .  

0 . 26 

0 . 48 

0 . 74 

0 . 97 

2 . 0 

8 . 0  

Table A . 4 .  

used to find 

( 1 0-11m2s -1 ) .  average . 

0 . 02 2 . 98+0 . 07 1 0 ,  using 5 angles . 

0 . 01 3 . 0+0 . 1  4 ,  using 4 angles . 

0 . 02 3 . 1+0 . 1  3 ,  using 3 angles . 
�'; 

0 . 06 3 . 33+0 . 08 25 , us ing 5 angles . 
#': 

-0 . 8  2 . 8+0 . 2  27 , using 3 angles . 
•': 

-3 2 . 3+0 . 3  35 , using 3 angles . 

#': - - - Calculated by the method of cumulants . 

Mutual diffusion coeffic ients for solut ions of 1 1 0 , 0 00M 
w 

0 random-coil polystyrene in CC14 , at 2 5  C .  The value of 

Q '  is  an est imate based on experimental values obtained 

at the smallest time scales used in the study of a 

part icular concentrat ion . DM has .been calculated from 

the in it ial slope of a ln ( N IAF-1 ) versus time graph in 

the case of a cumulants fit , and from the straight l ine 

ln ( NIAF-1 ) plot in the case of Q '  �0 . 02 .  The errors 

given for DM represent the spread of values obtained .  



Polystyrene 

concentration 

( gm% ) . 

0 . 24 

0 . 48 

1 . 0  

2 . 0  

":�': 

Table A . 5 .  
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Q '  Average Number of DM 
DM . determinat ions 

used to find 

( 1 0-11m2s -1 ) .  average . 

0 . 02 4 . 8+0 . 2  4 ,  using 4 angles . 

0 . 02 5 . 2+0 . 1  5 ,  using 5 angle s . 
�·: 

-0 . 6  5 . 0+0 . 2  2 0 ,  using 2 angle s . 
-.': 

- 1 . 0  6 , 0+0 . 3  1 0 ,  using 1 angle . 

- -- indicates analysis by the method of cumulants .  

Mutual diffus ion coefficients for solutions of 110 , 0 0 0M 
w 

random-coil polystyrene in CDC 13 . 

in Table A . 4  capt ion . ) 

(_Other comments as 



Salt 

concentration 

( M )  

0 . 001 

0 . 001 

0 . 001 

0 .  001 

0 . 001 

0 . 01 

0 . 01 

0 . 01 

0 . 01 

0 . 01 

0 . 01 

0 . 01 

Table A . 6 .  

Sphere 

concentrat ion · 

( gm% ) 

0 . 43 

1 .  28 

2 . 1 5 

4 . 46 

0 . 43 

0 . 51 

0 . 5 5 

1 . 1 7 

1 . 44 

2 . 20 

2 .  71  

1 . 44 

1 8 6  

Comment s 

7 . 2+0 . 1  

7 . 8+0 . 1  

8 . 44+0 . 06 

10 . 4+0 . 3  0 . 5cm cell . 

6 . 30+0 . 06 2 0°C 

7 . 2+0 . 1  

7 . 07+0 . 07 0 . 5cm cell . 

7 . 3+0 . 1  0 . 5cm cell . 

7 . 43+0 . 07 

7 . 7+0 . 1  0 . 5cm cell . 

8 . 0+0 . 2  

6 . 55+0 . 07 2 0°C 

The concentrated polystyrene latex sphere solutions results , 

at 2 5°C ( with several values at 20°C ) .  



Salt 

concentrat ion 

( M )  

0 . 001 

0 . 01 

0 . 01 

0 . 01 

0 . 001 

0 . 001 

0 . 001 

water 

water 

0 . 01 

water 

0 . 01 

0 . 001 

0 . 01 

0 . 001 

0 . 01 

Table A . 7 .  
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Sphere 

concentrat ion Comments 

( gm% ) 

0 . 0234 6 . 84+0 . 07 

0 . 0234 6 . 96+0 . 07 A 
0 .  0119  6 . 9 5+0 . 07 

0 . 0069 6 . 92+0 . 07 

0 . 0254  6 . 79+0 . 08 

0 . 0134 6 . 77+0 . 07 B 

0 . 0082 6 . 78+0 . 07 

0 . 0224 6 . 54+0 . 07 

0 . 0114 6 . 58+0 . 07 c 
0 . 0114 6 . 99+0 . 07 

0 . 0038 6 . 54+0 . 07 D 
0 . 0038 6 . 8 5 +0 . 07 

0 . 0038 6 . 7 1+0 . 07 

0 . 0038 6 . 81+0 . 07 

0 . 070 6 . 88+0 . 07 

0 . 070  7 . 01+0 . 07 

The polystyrene latex sphere di lute solut ion results ,  
0 at 25  c .  

series 

series 

series 

series 



Salt 

concentrat ion 

( M )  

0 . 001 

0 . 001 

0 . 001 

0 . 001 

0 . 0 02 

Surface charge 

dens ity 

-2 ( )..ICcm ) 

1 0  

3 

1 0  

3 

3 

0 . 075)..1m diameter spheres 

R f 

o . ooo 0 . 71 3 3  

0 . 010  0 . 7281 

0 . 025  0 . 7496 

0 . 05 0  0 . 7824 

0 . 100  0 . 8381  

0 . 1 5 0  0 . 8894  

0 . 200  0 . 9139  

0 . 3 5 0  0 . 9684 

0 . 500  0 . 9916 

0 . 750  0 . 9985  

100  1 . 000  

Sphere 

radius 

( )..lm )  

0 . 04 5 5  

0 . 0455  

0 . 0375  

0 . 0375  

0 . 0375  

1/Jo 
( V )  

0 . 205 

0 . 143 

0 . 205 

0 . 143 

0 . 126 

Parameters 

K 

0 
( A )  

96 

96 

96 

96 

68 

1 88 

1 . 905  

1 . 462 

1 .  844 

1 . 4 5 0  

1 . 42 0  

0 . 091)..1m diameter spheres . 

R f 

0 . 000  0 . 7678  

0 . 010  0 . 7872  

0 . 025 0 . 8 1 3 9  

0 . 05 0  0 . 8489  

0 . 100  0 . 91 0 0  

0 . 1 50  0 . 9463  

0 . 200  0 . 9684  

0 . 35 0  0 . 9939  

0 . 500  0 . 9 9 8 9  

0 . 7 50  0 . 9997 

100  1 0 0  

Tables A . 8 .  Parameters used to eva luate E ( r ) at low ionic strength . 
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APPEND IX 4 .  

AUX ILARY FIGURE S .  

Q5gm0/o polystyrene In  C C l 4 

20  

fl = 13ms 

6 = 7ms  

t t 
60 

The spin-echo attenuat ion plot for the smallest 

1 1 0 , 0 00M polystyrene concentrat ion studied . 
w 
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1.0 �•·-------------------, 

0.7 

0.4 

Figure A . 2 . 

6 =  46ms 

6 = 3 2 ms 

25.0gm0/o polystyrene In  C C l 4 

2 0  40 6 0  8 0  

The spin-echo attenuat ion plot for the largest 

1 1 0 , 00 0M polystyrene concentrat ion studied . 
w 

1 90 
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Figure A . 3 .  

A 0.97gm0/o I n  C C l 4  
B 8 .0 g m 0/o I n  C C l 4  
c 0.48 g m 0/o i n  C0Cl3 

0.02 0.06 

Representative plots showing the linear dependence of 
SM on sin2 ( 8 /2 ) .  This linear dependence indicates that 

a s imple Brownian diffus ion process is being studied . 

When plott ing the results obtained for sample A ,  both the 

vert ical and hor izontal scales shown have been multiplied 

by four . The vert ical scale shown has been mult iplied 

by three when plott ing the results obtained for sample C .  

191 
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APPENDIX 5 

A 2 0MHz DIGITAL-ANALOGUE RATEMETER . 

The schemat ic circuit diagram of the ratemeter developed to facilitate 

the setting of the zero degree scattering angle (as discussed in 

Chapter 5 )  is shown in Figure A . S . a .  The output photocount pulses 

from the photomult iplier/discriminator assembly are passed to a s on 
input impedance preamplifier ( des igned by Precision Devices ; Malvern , 

England ) to generate TTL logic compatible voltage levels ; with OV 

and -SV corresponding to " 1 "  and "O"  respect ively . These amplified 

pulses then enter a divider chain consisting of 7400 series decade 

counters ( 7490s ) . Outputs from the divider chain are available in a 

divide-by 2 , 4 , 1 0 , 2 0 , 4 0 , . . .  sequence , and NAND gates  are used to select 

an appropriate division factor . 

To set the zero degree scattering angle , the photomult iplier alignment 

is varied unt il the maximum photocount -rate is observed . Maximisation 

of this count -rate is most eas ily achieved if it is displayed in an 

analogue form . The monostable mult ivibrator , zener-diode and 

milliammeter shown in Figure A . S . a  form a simple frequency-to-current 

converter . The monostable output pulse width is adj usted unt il  a 

full-scale deflect ion reading is obtained on the milliammeter for a 

monostable input frequency of 500Hz . With the divider chain outputs 

available , this allows select ion of full scale photocount-per-second 

rates of 1000  to 2 0x106 ; in a 1 , 2 , 5 sequence , 

The monostable Q output ( normally at logic "1" , i . e .  at about -1 . 2V )  

is connected to the meter via a 3 . 3V zener diode . This diode prevent s 

current flowing through the meter in the absence of monostable pulses , 

thus giving a true zero count -rate indicat ion . The diode also serves 

to limit the current through the meter by reducing the voltage drop 

across the meter during a monostable pulse . 

Pulses emitted from the photomult iplier/discriminator assembly will 

show a random distribution in time , and so it is poss ible that not all 

pulses will be counted , as pulses arriving at the monostable input are 

ignored if a monostable output pulse is occurring . However , as the 



Figure A . S . a .  

-1V 35nsl..r � U- sV , 35ns F r o m  
M alvern - . [ _ � e---------�� Pre��----------------� 

discr i m i nator V 

Div ider  cha in , 149 0's 

2_p 1,? 4 �  

' 
-=- 1 m A  F SD.  

Range selec t i on v ia  N AND gates 

3.3V 
"' .. Monos table 

74121 

Schemat ic circuit diagram for a 2 0MHz digital-analogue 

ratemeter . A 2 , 4 , 1 0 , 2 0 • . .  4 0 , 00 0  division sequence 

was used to give 1 , 2 , 5 , 1 0kHz • • .  2 0MHz count-rate 

ranges . The monostable multivibrator output pulse 

width is  0 . 6ms . The meter is a 1mA FSD , DC ammeter 

with an internal res i stance of 300� .  The 3 . 3V zener 

diode prevents the meter showing a small offset in 

the absence of input pulses . 
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alignment of the photomult iplier only requires an indicat ion of the 

relat ive count-rate ,  and not the absolute count-rate ,  the random 

arrival of monostable input pulses is not a problem . In any event , 

the count-rate displayed by the rat e -meter is  not expected to be 

greatly in error since some averaging of the input pulse train occurs 

as the pulses pass through the divider cha in .  Also , the monostable 

output pulse width is small enough to allow a 1 : 1  correspondence 

between the monostable input and output pulses to be maintained for 

bursts of pulses at frequencies of up to 1 5 00Hz ( c . f . 500Hz for full 

scale deflect ion ) . 

1 94 



APPENDIX 6 

A PULSED FIELD GRADIENT SEQUENCE FOR EDDY CURRENT MINIMISATION 

The time-dependent behaviour of the macroscopic nuclear magnetisation in 

the x-y plane ( i . e .  following a 9 0° rf pulse ) was first classically 
. ( 4 0 ) ( 9 6 )  . descrlbed by Bloch . Torrey , treat lng the magnetisation as  a 

1 9 5  

macroscopic fluid ,  added t o  Bloch ' s  analysis by including the effect that 

diffusion has on the time rate of change of the magnetisation . The 

resultant equat ion describing the behaviour of M in the x-y plane is 

known a s  the Bloch-Torrey equation , which is gi�en by( 96 )  

where M(r ,t ) is 

B ( r , t ) ;  M x '  M y 
at t=O ; and MO 

= y�x� ( : ,t ) - ( Mx�+My
l ) /T2 

2 - ( Mz-MO )�/T1 + DV � 

the macroscopic magnetisation in the 

and M are the x ,y and z components z 
is  the equilibrium magnetisation . 

A . S  

inhomogeneous field 

of the magnetisat ion 

D is the self-

diffusion coefficient of the fluid , and other parameters are as previously 

defined in Chapter 3 .  

Torrey cons idered the behaviour of the magnet isat ion in the x-y plane 

in the presence of a steady magnetic field gradient . An expression for 

the attenuation of a spin-echo due to diffusion in the presence of this 

field gradient was derived by Torrey ( from equat ion A . S ) ,  and found to be 

identical to the equat ion obtained earlier by Carr and Purcell from a 

random walk model .  Thus , either a macroscopic ( Bloch-Torrey ) or 

microscopic ( Carr-Purcell ) approach is valid for obtaining an expression 

for the diffus ion-attenuated spin-echo . 

In 1964 , Stej skal and Tanner( 6 ) , following the macroscopic approach of 

Torrey , cons idered the behaviour of the x-y plane magnetisat ion under the 

act ion of a t ime-dependent magnetic field gradient , G ( t ) .  For a spin

echo experiment , Stej skal and · Tanner showed that the spin-echo attenuation 

due to diffusion :is  given by 

£n [A ( G ) /A ( O ) ) A . 6  



where 

f ::; F (T ) 

and 
t 

F (t ).  ::; f G(t I )dt I 
0 -

For the pulsed ;field gradient experiments of interest to this work , 

G ( t )  is a one-dimens ional gradient applied along the sample z-axis , 

A . 7  

A . B 

that is G( t )  ::; G (t ) k .  Also , it i s  assumed here that G (t ) is very much 

larger than any gradients due to inhomogene ities in the steady magnetic 

field �0 = B0� .  The ramped�pulse magnetic field gradient sequence 

shown in Figure 8 . 1  can thus be expressed as  

G (t ) = 0 0 .::. t .::. t1 
= (G/ S l Ct-t1 } t1 < t 

< 
t1 + 8 

= G t1+8 < t < t1+o 
= G [1- (1/8  l < t-t1-o ) J t1+o < t .::. t1+8+8 
= 0 t1+o+8 < t .::. t1 +Ll 
= ( G/ 8 }  Ct-t1-fl ) t1+Ll < t .::_ t1 +il+8 
= G t1 +L'H8 < t .::. t1 +il+o 
= G [ 1 - ( 1 / 8 ) C t-t1-o-fl ) ] t1+fl+o < t .::. t1+il+o+8 
= 0 t > t1+fl+o+8 . 

Equat ions A . 7 and A . B  can be evaluated for this choice of G (t ) ,  and 

substituted into equat ion A . 6 to yield 

which reduces to the Stej skal-Tanner square pulse expression as the 

ramp-time , �· , tends to zero . 

A . 9  

The reduction of the functions [F( t )  and !F (t ) 2 to their final forms 

1 9 6  

( as given in Table A . 6 . a )  requires that over a thousand terms be collected 

up and cancelled out . There i s , of course , ample opportunity for 

errors to occur in the term reduction process . To check the accuracy 

of equat ion A . 9  a numerical integration program was v�itten to evaluate 

equation A . 6 directly from the interval equat ions for F( t )  and F (t ) 2 

( see Table A . 6 . a ) . For a given D ,T , o ,fl and 8 ,  the attenuation ratio 

calculated numerically from equat ion A . 6  was compared with that calculated 

from the analyt ic expression , equat ion A . 9 .  The attenuat ion rat ios 

calculated from the two equat ions were in perfect agreement over the 



Time Interval 

0 < t < A -

A < t < B -

B < t < C -

C < t < D -

D < t < E -

E < t < F -

F < t < G -

G < t < H -

H < t < 21" 

Table A . 6 . a .  

F (  t )  

0 

g/ ( 2 8 )  ( t -A ) 2 

g8/2 + g ( t -B )  

go- g/ ( 28 )  cn-t ) 2 

go 

go + g/ ( 2 8 )  C t-E ) 2 

g8/2 + go + g ( t-r )  

2go  - g/ ( 28 )  ( H-t ) 2 

2go 

' 

: ' ' 

[F( t )  

�':�'� 
g ( 6o-o'l ) 

2 g ( o 8+8 / 6 )  
2 g ( -38o/2 + 3o  /2 ) 

g ( 2o8-B2/6 ) 
2 g ( 4o'l -26o-2o -2o B )  

0 

g283 /20  

[F ( t )2 

g2 < - 83/12  + 82o/4 - 8o2/2  + o3;s ) 

g2 < o28 - o 82/ 3  + 83/2 0 )  
2 2 g o ( 6-o- 8 )  

g2 C 83;2o  + o2 8 + o 8
2/ 3 )  

g2 < 82o/4 - 83112  + 7o 3/ 3 - s8o2/2 ) 

g2 ( 4o2 8 - 2o82/ 3  + s31 2 o )  
2 2 3 2 2 g < s o  l - 4o - 4o  6 - 4 o  8 )  

Evaluat ion of the integrals used to calculate the spin-echo attenuat ion ratio . The letters 

A , B , C ,  . . .  H denote the t imes t1 , t1+8 , t 1+o · · · t 1+6+o+B respectively , as shown in Figure 8 . 1 .  

The l imits for the entry marked ** are actually 1" < t � t1+6 , rather than those indicat ed in the 

t ime interval column . 

� 
\!) 
-..J 



very wide range of values of T , o , � and 8 that were examined.  

Equat ion A . 9 is thus deemed to have been correctly derived . 

1 �  
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A Pulsed Field Gradient System for a 

Fourier Transform Spectrometer 

P. T. CALLAGHAN, C. M. TROTIER AND K. W. joLLEY 
Department of Chemistry, Biochemistry & Biophysics, Massey University, Palmerston North, New Zealand 

Received November 16, 1 978 ; revised February 5, 1 979 

The construction and performance of a pulsed field gradient system for use with a 
commercial high-resolution pulse-Fourier transform NMR spectrometer is described. 

The diffusion coefficient of benzene as measured by the system lies within 0.9% of the 
current literature value. The use of an external 2H lock in conjunction with signal 

averaging facilitates the measurement of diffusion coefficients for solution components 

present in small concentrations and data are presented for a 0 .5% (w/v) solution of 

polystyrene (M, = 1 10,000) in carbon tetrachloride. The ability of the system to 

investigate slow diffusion is demonstrated by measurements made on a 10% (w/v) 
solution of polystyrene (M, = 230,000) in carbon tetrachloride. Homogeneity coils in 

the 1 H probe enable the self-diffusion of single components in multicomponent systems 
to be investigated, and results for the binary system butanol-benzene are presented. 

INTRODUCTION 

The NMR spin-echo technique for measuring self-diffusion has been used exten
sively since it was first suggested by Hahn (1 ) .  The advantages associated with the 
technique over conventional methods have been offset by poor experimental 
accuracy. A recent paper, however (2 ), demonstrated a reproducibility of ± 1 %  and 
an overall accuracy of ± 2% using a steady gradient technique to measure the 
self-diffusion coefficients of water in electrolyte solutions. 

An alternative method of studying self-diffusion in liquids is the pulsed field 
gradient technique. Stejskal and Tanner (3) have shown that two identical rectan
gular pulses applied before and after the 180° refocusing rf pulse give an echo 

gradient 

G 

T 
11 > 

< b > 

r.f. gradient 

" 190o G 

FIG. 1 .  Pulsed field gradient sequence showing the times r, d, Ll, and 8 which can be independently set 
in an experiment. 
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FIG. 2a. Schematic circuit diagram for the pulse programmer. 
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b 100 m5EC I SEC 
I K  

+ 5 V 

FIG. 2b. Timing pulse selection circuit. 

c 

LCLK Q�u-
" ' "" . 

�UL.__j 0 -

SPIN ECHO SEQUENCE TRIGGER PULSE 

FIG. 2c. Circuit modification required when using a two-pulse spin-echo sequence as a trigger. 

attenuation of 

A (G)/ A (O) = exp[ -D-/G282(<1 - 8/3)], 

where A (  G)  and A (O) are the echo amplitudes with and without the field gradient 
pulses, respectively. The magnitude of the gradient in the polarizing field is G and by 
a suitable choice of coil may be applied as a gradient with respect to the x, y, or z 

direction. The quantity D is the self-diffusion coefficient of the nuclear spins along 
the gradient direction defined by the relationship 

D = i2/2t, 

where i2 is the mean-square distance traveled along the gradient axis in time t. The 
quantity y is the magnetogyric ratio of the nuclei being observed and 8 and ,1 are 
pulse spacings defined in Fig. 1 .  

There are considerable advantages i n  using the pulsed field gradient technique for 
the measurement of self-diffusion coefficients. These include the sampling of nuclear 
spin echoes in the absence of a gradient (an essential requirement when frequency 
resolution is required), the ability to measure slower diffusion, and the detection of 
non-Gaussian diffusion by the use of various interpulse spacings (4, 5). 

We describe here a pulsed field gradient system controlled by the rf gate pulse of a 
commercial high-resolution pulse-Fourier transform spectrometer (JEOL FX-60). 

THE PULSE PROGRAMMER 

A digital pulse programmer has been designed so that the experimental 
parameters ,1 and 8, as well as the time d (see Fig. 1 ), may be set directly on 
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BCD-coded thumbwheel switches. The circuit, which utilizes 7400 series TTL 
devices throughout, is shown in Fig. 2a. A 1 -MHz signal, derived from the JEOL 
spectrometer crystal clock, provides the clock pulses entering the divider chain . 

Timing pulses appropriate to any particular experiment may be selected using 
NAND gates as detailed in Fig. 2b. The precision of the output pulse timing is 

determined by the number of up/ down counters (7 4 1 90s) in cascade. Figure 2 thus 
represents a programmer with a precision of two digits in each of the intervals d, L1, 
and 8. Such a precision has been found to be quite adequate for our pulsed field 
gradient experiments. The up/down counters are utilized in the down counting 
mode, and are directly programmed with the thumbwheel switches. 

The function of the pulse programmer is to provide the accurate, sequentially 
timed intervals d, 8, and L1. The TTL devices are used in a manner which avoids the 
problem of propagation delays so that the accuracy of all timed intervals is better 
than 1 1-lsec. 

At power turn-on, a reset pulse ( >  1 1-lsec) must be provided to the appropriate 
PRE or CLR inputs (see Fig. 2b) of the 7474s to set their initial states. The trigger 
pulse is provided by the spectrometer pulse programmer, and as such is a two-pulse 
sequence for a spin-echo experiment. This two-pulse sequence is easily turned into 

the required single-trigger pulse by the inclusion of the circuitry shown in Fig. 2c 
before the trigger input. 

The 1 -MHz clock access to the divider chain is automatically disabled when the 
two-pulse sequence reaches completion. The appearance of the falling edge of the 

next trigger pulse readies the system for a new sequence, and timing proceeds from 
the rising edge of the trigger pulse. The circuit presented does not require the NAND 
gate range switches to be de bounced, or to make before break, as false clocking of the 
counters is prevented by their inhibited CLK inputs. More details concerning the 
pulse programmer are given in the Appendix. 

CURRENT CONTROL 

The pulse programmer logic output is used to externally switch the current 
supplied by a commercial operational power supply (KEPCO JQE 2 5 - 1 0M) operat

ing in the constant current mode . This power supply was modified to give reduced 
response time by removal of the output capacitor, and the addition of several phase 
shifting networks around the error amplifier to prevent oscillation. 1 

Transistors in a three-stage Darlington configuration, shown in Fig. 3, are used to 
generate the field gradient pulses by externally switching the current path. During 8, 
the QA transistors are turned on and 06 are off, thus allowing current to flow through 
the gradient coils. At all other times QA are off and 08 are on, thus isolating the coils 
from the circuit. At all times the current magnitude is controlled by the power supply 
feedback amplifier. This has the advantage that the gradient pulse amplitude may be 
measured at any time by noting the voltage drop across the 50-W, 0. 1 0  precision 
resistor, R5. The actual current pulses flowing in the coils may be monitored across 
resistor R using an oscilloscope with a differential input amplifier. 

1 This brings the specifications up to the equivalent high-speed model OPS 2 5 - l OM upon whose 

circuitry the modifications were based. 
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FIG. 3. Current switching circuit for the field gradient coils. The transistors used are TIP 36A (QAJo  
Osd. TIP 30A (QA2• Os2l. and 2N3906 (QAJ• OsJl· 

The optical isolator provides a convenient ( -5 V, 0 V), to (0 V, +5 V) logic voltage 
level translation as well as protection for the TTL pulse programmer. A 2-A fuse is 
included to protect the coils in the case of system failure. The current supply output 
transistors are protected from large voltage spikes generated during current turn-off 
by the high-speed rectifier diodes in parallel with the coils. 

The current pulses produced by this system, using the Helmholtz coils as a load, are 
shown in Fig. 4a. The current regulation is better than 0.02% over the operating 
range ( l OO mA to 10 A) and the pulses are precisely matched in shape . Any error in 

1 00 

.Q 
"§ 90 .' 

] -.; E BO  
0 c: 
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,._ _____ .. 

100�5 

• r.f. field 
o gradient 

·o- . .  -o. - - &- - - -G- - -� . - ·o - . ·o· - - _o- . 

•4 ·2 0 
displacement m m  

FIG.  4. (a) Gradient pulse shape for a 1 .5 T m- 1 pulse determined by measuring the voltage across 

resistor R in Fig. 3. The rise and fall times are independent of the pulse height and duration. (b) 

Radiofrequenc;y tield and field gradient profiles measured along the y axis of the sample space. 
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measuring diffusion coefficients caused by deviation from the rectangular pulse 
shape is insignificant ( < 0. 1 % )  for values of 8 ;;.:  500 JJ-Sec. 

External switching of the current to provide the gradient pulses avoids the 
possibility of current flowing through the coils other than during times 8. Systems 
employing feedback amplifiers for current stabilization are susceptible to pickup on 
the sensing resistor during the rf pulse. This may cause small amounts of gradient 
current to be present during the rf pulse. We have found, by experimenting with 
other switching systems, that these small gradients can cause a distortion in the echo 
envelope and phase, effects mentioned by other authors (6, 7) . Isolation of the coils 
during times other than 8 avoids this problem. 

THE PROBE 

A 60-MHz low-resolution 1H probe was built to incorporate 0. 1 5  T m-t A-t field 
gradient coils. The entire unit was made to fit in the 32-mm gap between the 
polarizing magnet pole faces. 

The rf section of the probe consists of a single coil series resonant circuit designed 
according to the criteria set out by Clark and McNeil (8). The circuit diagram is 
shown in Fig. 5 .  We have used a JEOL 60-MHz FET preamplifier in the receiver 
stage although any other single-stage tuned preamplifier would suffice (9). Resistor 
R1 has been included to limit the coil Q during the ring down stage after the 
60-V pp rf pulse. In order to obtain maximum power transfer the length of the 50-fl 
coaxial transmission line was set (8) to give a load impedance, when tuned at c�. 
equal to the transmitter output impedance. 

The sample coil, Lz, was designed to give good homogeneity of the rf field and a 
good filling factor but with an inductance and Q limited to the desired low values. We 
have followed the method of Lowe and Tarr (1 0) and have wound a two-turn 
7 -mm-long, 9-mm-diameter coil from 0. 17  -mm copper shim. After the series 
capacitor C1 was tuned the 1 H 90° flip time was 23 JJ-Sec under a 60-V pp rf pulse at 
60 MHz. The coil was wound on the glass Dewar shown in Fig. 6 using Teflon tape to 
hold it in place. Sample tubes are inserted in the 5 -mm-diameter cavity down the axis 

P. S.D. ---1 
tune 
input 

500 

FIG. 5. Series resonant circuit after Clark and McNeill (8). Resistor R 1 is included to reduce ring down 
times to - 1 . 5  f.l.Sec and L1 is adjusted to present a 50-!l load to the rf transmitter. L1Cl> L2C2, and L3C3 

are tuned pairs. The diodes shown are high-speed silicon. 



PULSED FIELD GRADIENT SYSTEM 253 

� --_ thermocouple 

FIG. 6. Sample space geometry. The viewing port along the axis of the Helmholtz coil allows the rf coil 

to be accurately centered. 

of the Dewar and sample temperature is controlled using a copper-constantan 
thermocouple sensor in a conventional hot-air feedback system. The temperature 
variation over the sample volume is � 0.5°C. The rf profile measured along the y axis 
of the sample space is shown in Fig. 4b. The rf pulse strength was determined by 
measuring the _ 180° flip time in a very small water sample. 

The main aBz/ az gradient coils for diffusion measurements are an opposed 
Helmholtz pair wound with 1 9  turns per coil using 26-swg enameled copper wire 
on a Tefton former. During an experiment the coils are maintained at a constant 
temperature by a steady stream of air directed at their base. Helmholtz coils offer 
good gradient uniformity over the small sample volumes employed in this system, but 
for extended cylindrical volumes quadrupolar coils are superior ( 1 1  ) .  The shape of 
the Helmholtz former follows the equation of Tanner ( 12)  and minimizes second
order (i Bz/ az2) gradients over the sample space. The gradient uniformity in our coil 
is calculated to be better than 1 %  over the sample space 4.5 mm in diameter and 
4 .5  mm in length. The calculated y -axis profile has been confirmed experimentally 
by measuring the echo attenuation of a small water sample as a function of its 
position along the y axis (see Fig. 4b). 

We have included in the probe a set of aBz/ax, aBz/ay, and aBz/az homogeneity 
coils. These coils give a residual gradient, g0, of 0 .1  mT m - t .  This gradient is 
sufficiently small to resolve 1H resonances - 60 Hz apart which allows for indepen
dent measurement of diffusion rates in some multicomponent mixtures, and provides 
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a valuable increase in signal to noise when working with dilute molecular species. An 
excellent set of design criteria has been given by Anderson ( 13) .  

Where possible we have used Tefton, laminated plastic, and Perspex as  con
struction materials in the probe to minimize any eddy currents associated with 
switching on and off the field gradient pulses. These currents can distort the gradient 
time dependence from the desired square shape. By examining the 1H free-induction 
decay in the eddy current "tail" following a maximum 1 . 5  T m - 1  gradient pulse we 
have determined that eddy effects contribute � 0.03 mT m -1 at 500 J..LSec following a 
gradient pulse and � 0.01 mT m - 1  at 1000 J..LSec. Despite the small operating gap 
between the magnet pole pieces, gradients associated with eddy currents are entirely 
insignificant for diffusion experiments over the entire experimental range, 8 ;:;;,: 
0.5 msec, ..1 ;:;;,: 2 msec. 

RESULTS 

1 H  spin-echo signals are sampled with an AD converter and processed in the 
minicomputer of the JEOL spectrometer. Data are analyzed by plotting the natural 
logarithm of the echo attenuation versus 12 82(..1 - 8/3) and performing a least
squares fit to the resulting straight line. Using a water sample at 25°C and taking 
Mills' value ( 14 )  for the diffusion coefficient of water at this temperature (2.266 x 
10-9 m2 sec-1 )  we obtain a coil gradient of 0. 1 5 1 2 ± 0.0005 T m-1 A-\ which is 
within 1 %  of that calculated from a knowledge of the coil dimensions. With this 
value for the field gradient the diffusion coefficient of Analar benzene at 25°C is 
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FIG. 7 .  Echo attenuation plot for Analar benzene at 2S .oac in which all three experimental 

parameters, G, .:1, and 8, are varied. 
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(2.23 ± 0.02) x 10-9 m2 �ec -\  compared to the literature value ( 15) of 2.2 10  x 
10-9 m2 sec - I .  Figure 7 shows an echo attenuation plot for benzene at 25°C obtained 
by varying all three parameters G, .d, and 8. These data are consistent with the 
Skejskal and Tanner formula (3), the diffusion coefficient being independent of 8 
and .d within experimental precision. The data intercept also agrees with the 
measured zero gradient amplitude. 

The ability to accumulate data in a signal-averaging mode is a major advantage 
with modern NMR spectrometers. Use of an external 2H lock (JEOL NM 3900) 
allows for the accumulation of signals under pulsed field gradient conditions since we 
find that the lock signal recovers from the field gradient pulse in � 2msec. We have 
found that when adding successive spin echoes it is essential to remove any small 
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FIG. 8. (a) Echo attenuation data for a solution of 0.5% (w/v) polystyrene (M, = 1 10,000) in CC14 at 

25 .0°C. The line shown is obtained by a linear least-squares fit. (b) 10% (w/v) polystyrene (M, = 
230,000) in CC14 at 25.0°C. 
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FIG. 9. (a) 1 H frequency spectrum for 5 -mm-long, 4.5-mm-diameter sample consisting of an equimolar 

mixture of benzene and butanol at 25 .0°C. (b) Echo attenuation data for pure benzene, pure butanol, and 

the benzene and butanol components in an equimolar mixture. All data were obtained at 25 .0°C and the 

self-diffusion coefficients are respectively (2.23 ± 0.02) x 1 0-9, (0.43 ± 0.0 1 )  x 1 0-9, ( 1 .83 ± 0.02) x 10-9, 
and (0.90 ± 0. 0 1 )  x 10-9 m2 sec- 1 . 
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spurious de signal component. On our machine this is accomplished by phase
inverting successive spin-echo pulse pairs while at the same time alternating the sign 
of the AD converter. In Fig. Sa, the echo attenuation plot for 0 .5% (w /v) polystyrene 
(M, = 1 10,000) in carbon tetrachloride at 25°C is shown. Each data point represents 
400 accumulations. Previous published diffusion measurements on polystyrene 
solutions using pulsed field gradient NMR have been restricted to concentrations 
greater than 30% (16) .  In conjunction with photon correlation spectroscopy 
methods ( 1 7) we are proceeding with comparative diffusion measurements over a 

wide concentration range using a variety of polystyrenes and solvents of different 
molecular weights. 

Figure 8b shows the echo attenuation plot for a 1 0% (w /v) solution of polystyrene 

(M, = 230,000) in carbon tetrachloride at 25°C. The discrepancy between the data 
intercept and the zero gradient amplitude is caused by slow lock signal recovery in 
the time r - 8 (5 msec following the long, 22-msec) gradient pulse. It is eliminated by 
increasing r - 8. The diffusion rate of (6.8 ± 0.3) x 1 0-13 m2 sec-1 is near the slow 
limit for the technique and although other authors ( 18-20) have reported slower 
diffusion measurements in the vicinity of 1 0-1 3  m2 sec-\ the present result does 
represent a considerable improvement in sensitivity and precision in this 
range. 

The above results were obtained by measuring the amplitude of the spin echoes 
directly from the time domain signal. An alternative way is to start the signal 
sampling at the center of the echo so that the data may be Fourier-transformed into 
the frequency domain. Provided that the components of a mixture have resolvable 
resonances it then becomes possible to measure the self-diffusion rates of the various 
molecular species (21 ). Figure 9a shows the 1H frequency spectrum of an equimolar 
mixture of benzene and butanol. It can be seen that the homogeneity coils 
incorporated in the probe give a resolution of - 35 Hz over the sample volume and 
the benzene and butanol resonances are resolved. The echo attenuation data for pure 
butanol, pure benzene, and the equimolar mixture are shown in Fig. 9b. We intend to 

compare self-diffusion coefficients in various molar mixtures of this and other binary 
solutions with mutual diffusion rates obtained by the photon correlation spec
troscopy facility in this department ( 1 7). 

CONCLUSION 

We have shown that the pulse field gradient device described above gives excellent 
agreement with the accepted literature values for the diffusion coefficient of benzene 
( 15).  We have also demonstrated the advantages to be gained by interfacing such a 
device to a high-resolution pulse-Fourier transform spectrometer, the computer 
software of which facilitates spectrum accumulation and reduction.  Data accumula

tion enables measurements to be made on dilute solutions as is demonstrated by the 
0 .5% polystyrene solution results, and the Fourier transform capability enables the 
frequency spectrum to be obtained provided sampling is commenced at the center of 
the echo. This allows for the measurement of diffusion coefficients for single-solution 
components in multicomponent systems provided their resonances are resolvable. 
The high-resolution magnet and the simple homogeneity coils incorporated in the 
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probe provide a resolution of about 35 Hz, which is sufficient to resolve components 
whose chemical shift is � 1 ppm at 60 MHz. 

APPENDIX 

The pulse programmer consists of three sections: the divider chain and associated 
pulse selection circuitry; the d, Ll, and 8 down counters ; and the control circuitry. 

With the aid of Fig. 2, the workings of sections 1 and 2 are self-evident. However, the 
control circuitry, consisting of sundry D flip-flops (7474s) and several monostables, 

merits a little further explanation. 
The problem of providing sequentially timed intervals is generally complicated by 

the presence of propagation delays, and it is the function of the control circuitry to 
circumvent any inaccuracies such delays might otherwise cause. 

In sequential timing, the edge of a clock pulse which marks the end of an interval 
also marks time zero for the next interval. The second interval's counters will always 
miss their time zero pulse if they are activated at the end of the first interval due to 
propagation delays associated with the activation process. 

Down counters, including the 74190 counter, often have a so-called "look ahead" 

feature for use in sequential timing. This is an output pin whose logic state changes 
upon a count of one and this change may be used to activate the next interval's 
counters as the next clock pulse will mark time zero for this interval. Unfortunately 
the precision of the pulsed field gradient experiment often demands that there be 
order-of-magnitude differences in the frequencies of the clock pulses driving the L1 
and 8 counters, with 8 having the higher-frequency pulses. Thus activation of 
the 8 counters by some "look-ahead" feature could result in 8 being incorrectly 
timed. 

In the present application these problems are overcome by inhibiting those 
counters not immediately concerned with timing a particular interval. This is 
achieved by placing a logic one at the CLK input of the initial counter in the cascade 

via a D flip-flop. Immediately a timed interval is completed, the next appropriate 
counters are activated, and the previous counters inactivated, by clocking the 
appropriate fiip-flops (those connected to the counters' CLK inputs). The mono
stables (74 1 23s) are also triggered at this stage and provide a pulse sequence to the 
divider chain which causes all outputs to go to the count of nine, then one. This 

reset-nine, reset-zero sequence has the effect of mimicking a timing pulse at the CLK 
input of any activated down counters and so time zero is restored and timing 
proceeds with no loss in accuracy. 

For the case when 1 - �sec pulses are selected the D flip-flop, marked as 7474* in 
Fig. 2a, provides the necessary zero time pulse. 
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Stable and Accurate Spin Echos in Pulsed Field Gradient NMR 

In  a recent paper von Meerwall et al. ( 1 )  suggest  that pulsed gradient NMR 
requires an experienced operator who can visually locate the echo and correctly 
position it at t = 2T by applying gradient pulse width corrections. Even with 
such corrections applied these authors find rf phase and envelope position in
stabilities in the echo. Similar effects have been mentioned by Tanner (2) ,  who 
used manual addition and rejection of echos. Von Meerwall et al. adopt com
puter echo inspection and rejection in their system .  

I n  building our system w e  identified four sources o f  echo phase and envelope 
instability . These are eddy-current-associated gradients, sample movement, field/ 
frequency variations ,  and spurious gradient current stimulated by rf pulse radia
tion and other pickup (e.g. , mains ac) on the sensing resistor of the current 
supply. Eddy currents are eliminated by using laminated plastic and Perspex 
construction in the probe, our 4.5-mm sample tubes are held firmly in a well
seated holding ring, and an external 20 lock is  used to minimize field/frequency 
instability. We suspect that the fourth item, the spurious gradient current asso
ciated with sensing resistor pickup, is overlooked in the apparatus of other workers 
and is the source of many of the problems mentioned in the literature. The switch
ing system used in our apparatus (J) overcomes pickup effects by diverting any 
residual current through a dummy load when the desired gradient pulses are 
off. This system was developed because of the phase and envelope distortion 
and fluctuation present in our first apparatus ,  which employed conventional feed
back switching (4). Using our switching system no. pulse width correction is 
necessary in order to locate the echo at t = 2T and automatic data accumula
tion takes place under conditions of near-perfect phase and envelope stability . 

Figure 1 shows off-resonant (dv = 500 Hz) spin echos obtained for glycerol 
with and. without gradient pulses (G = 1 .35 T m-1 d = 1 5  msec, 8 = 10 msec, 
2T = 30 msec) . Application of the gradient pulse shifts the zero-phase point P 
by less than 50 p.sec,  representing a phase angle shift of less than 9°. In suc
cessive accumulations under the action of the gradient pulses, P is stable to 
:$20 p.sec ( :$4°). The echo envelope position shows a similar consistency . Another 
indication of the reliability of the experiment is given by the accuracy of the 
accumulated echo height. The consistency between the height after 20 accumula
tions and the height for a single accumulation is within the experimental noise 
( ± 2%). This order of stability is essential for samples with very low signal-to
noise ratios where echo observation and manipulation after each accumulation 
are · impossible.  This is the situation for a solution of 0 .5% w/v polystyrene in 
carbon tetrachloride . We have been able to measure the diffusion coefficient 
of the polystyrene in such a solution to a precision of better than 5% (3) ,  limited 
only by available signal to noise . 

In conclusion we do not agree with von Meerwall et al. ( I )  and Cantor and 
Jonas (5),  who suggest that D values cannot be obtained with the same pre-
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2 COM M UNICATIONS 

FIG. I .  Off-resonant ( �11 = 500 Hz) spin echos ( 2r = 30 msec) obtained from glycerol. (A) No 

field gradient pulses.  (B) G = 1 .35 T m-•.  � = 1 5  msec, li = 10 msec , d = 500 J.LSec. The symbolism 

is that of Ref. (3) .  

cision as relaxation times and give 5 to 10% as a typical reproducibility.  The 
factor limiting reproducibility in an experiment which involves adding successive 
spin echo signals is the phenomenon of unstable echos.  This in turn leads to a 
deterioration in experimental precision and accuracy.  Echo distortion will also 
cause deterioration in accuracy.  Once these problems are solved there is no 
reason why one should not obtain a precision and, by calibration with a standard 
molecular species,  an accuracy similar to that associated with the steady gradient  
method. Harris et  al. (6)  have obtained a precision of better than 1 %  using the 
steady gradient method with water and benzene and we have demonstrated a 
similar capability with pulsed gradient NMR (3) .  I n  the slow diffusion region the 
precision should not significantly deteriorate. Figure 2 shows our echo attenuation 
plot for glycerol at 25°C. We obtain D = 2. 1 5(4) x 10-12 m2 sec- 1 ,  which agrees 
well with the published value ( 7) .  
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FIG. 2. Echo attenuation plot for glycerol at 2s•c. 2r = 60 msec . .l = 30 msec, li = 25 msec, 
d = 500 J.LSec. 
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Laser l ight  scatter ing fro m concentrated solut ions of 
polystyre n e  latex spheres: A comparative study 

C. M.  Trotter and D .  N .  Pinder PROOF ONLY . 
/Nportment of Clremiury. Biochemistry and Biophysics . .  \.fas.uy Uniuersity. Palmerston North. New Zealand 
(Rrcdved 12 March 1980; acccptrd 2 June 1980) 

Qu.asidastic light scatterin3 was u� to measurr the mutual di!Tusion coefficient of polystyrrne latex spheres 
over the concentration ran�e O.OC-l to 4.�6 gm per 100 m!. M=urements were made at 25.0 ·c in solutions of 
0.01 M and 0.001 M sodium c!l!oride, with se'eral low sphere concentration measurements also �ing made 
in triply distilled water. The difTu,ion c<><:tliciwt was found to � ionic strength dependent over the rntire 

concentration r.lllge studied. Solutions of polystyrene spheres at modcrat� concentrations eAhibit the 

phenomenon of multiple scattrring. The available literature on multiple scattering is reviewed and criteria 
adopted for the reliable extraction of data from these solutions. The dilfusion coefficients so obtained show 
au�tantial agreement with the macroscopic capillary penetration results of Anderson o:t al. The conclusion 

reached in this work is that quasielastic light scattering is able to provide a measure of the macroscopic 

mutual diffusion coe ;ficient at moderate sphere concentrations and moderate ionic strengths. This conclusion 
is sun to be in accord "i:h earlier QELS studies on cyanomttbemoglobin and Boviite Serum Albumin, 
provided that a reassessment of available macroscopic diffusion data on thc:se systems is undertaken. 

INTRODUCTION 

In recent years quas ielast ic light scattering spe c 
trosccpy (QE LS) has been extensively used t o  study th" 

diffusion of both r andom coil macromolecules i n  suitable 
solvents and small  s ynthetic polystyrene latex spheres 
in water . In very di lute solutions intermolecular inter 
actions may be neglected, and provided the random coil  
macromolecules ar e  too small to engender internal 
mode contr ibutions , the intens ity autocorrelation func 

tion (IAF) of the s c attered light decays as a si ngle ex-
. ponential with exponent (- 2D�l), where D0 is the infinite 
.dilut\on translational diffusion coefficient of the macro
molecules and q is the scatterin� vector. 1 

The diffusion of random co il polystyrene has been 
studied by various inte r ferometric techniques, all  of 
which measure the translational mutual diffus ion coef
ficient D.�· Extrapolation of Dll to infinite dilution yields 
D,. and values for D0 obta ine d by extrapo lation of inter 

ferometry measurements a r e  in good agreement with 
-those derived from Q E LS s tud ies . 2•3 Dilute solutions of 

�mall latex spheres of knowa d iameter, also studied by 
QELS, yield self diffusion coefficients in good agree 
ment with those pred icted from the Stoke s - E instein 
equation. 

.Extension of the Q E I.S technique to concentrated poly 

mer solutions has been the subject of several investiga

tious . •- r The s i mple Q E LS theory is not applicable to 
solutions when the macromolecular concentration is so 
large that macromolecular interactions cause the IAF to 
become multiexponenti:ll.  In this case it has heen sug
gested that a cumulant an:J.lysiss. s may be applied to the 
IAF, with the first cumulant being related to the t rans 

lational mutual diffus ion coeffic ient of the macromolec 
ular solution through the re lat ions hip f = (- 2D>t Lq2) ,  
where f is t h e  first cumulant o f  the IAF a nd DilL i s  the 
diffus ion coeffic ient as determined by Q E LS .  However, 
it is not c ertain that the d iffusion coeff ic ient determined 
by the essenti ally microscopic QELS technique, in t he 
presence of particle interactio:-�s, can b!! ide nl i[ ied ·.vith 
the c b s s ic a l  mac roscopi c tr ans lational mutual  diffusion 

coefficient DM. In order to c l arify the relationship be 

tween DML and DJ/, se �·eral experimental investigations 

have been c ar r 1�d out. 

Pusey et a l .  have used QELS to study the diffusion of 

monodisperse random c oil polystyrene macromolecules 
in toluene as a function of concentration and compared 
DJI L with DJt values obtained from the wedge intecfer 
ometry studies of Rehag e .  t o The effects of the differing 
polymer molecular wei�hts used in the compar ison were 
partially offset by the different temperatures u s ed in the 
Q E LS  and interferometric studies . Both sets of diffu
sion data s how the same behavior with concentration, 
suggesting that at moderate polymer concentrations D11L 
can be identified with the macroscopic mut>1al diffusion 

coefficient . This conclusion has s i nce been validated by 
the re�ent work of Roots et al. , 1 1  who, us ing the same 
molecular weight polystyr ene as the ear lier QELS study 

by Pusey et al. , obtained values for [)JI in good agree
ment with the earlier DJIL d�term inations . 

A comparison of DJt and DJIL has also b�en attempted 
for charged macromolecu les. Alpe1·t a nd Banks6 haye ' 

used Q E LS  to study the diffusion of cyanometheruoglobin 
over a wide concentr ation range (up to protein volull'.e 
fractions of about 0. 4) . The value:o of D JIL obtained 
showed only a s ma ll decrease wit!'! concentration, a r e 
s ult  ii1 sharp contrast to t h e  rapid dec rease o f  DH v,;t h  
conc e ntration found from the class ical diffusion c e ll 
measurements of Keller et al. 1 2 Similar discr�;panc ies 
were also found in a concentrated solution study of bovine 

serum albumin (BSA) , where the Q E LS  results of 
Phillies et al. 1 were again com pared with diffusion c e ll 
me asu r e ments . 1 2 We leave a d iscussion of the apparent 

discr epancies between DJI and D .wr.  obtained fo:- solutions 
of c harged mac romolecules until later in this paper. 

Protein solu t ions are not.  howeve r, ideal systems for 

com parative s tudies . The d ifficu lties of preparing 

mol'od ispcrse prolci.Jt solutions arc well known and sam
ples with some d ·�gn:e3 of polydispersily (nor mally 

di n;ers,  trime r s ,  elc . )  are usually preser.ted Cor study . 

Sam pl� variability c a n  also be a pt·01J iem, par t ic u l a r ly 
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in the case or BSA where investigations have shown that 
different samples of BSA, studied under identical condi
tions, can show variations in the diffusion coefficient of 
up to 10%. 1 3 (This variation has been ascribed to differ
ences in the a.mount of iatty acid bound to the BSA. 11) 
The complications of polydispersity and sample varia
bility, together with possible protein aggregation effects 
and the dependence of protein charge on pH, all lead to 
uncertainties in the interpretation of comparative diffu
sion results . Polystyrene latex spheres would appear 
to be a more useful system for comparative studies be
cause these synthetic spheres are monodisperse, rela
tively free from aggregation effects, and possess a fixed 
charge little affected by pH changes . The mutual diffu
sion coefficients of concentrated solutions of 0 . 091 J..Lm 
spheres in 0. 01 and 0 .  OOlM KC! can be obtained from 
the capillary penetration measurements of Anderson 
et ·al. IS 

'l'his paper compares results obtained by QE LS with 
those obtained by Anderson et al. For all measurements 
made, we have used the independence of the measured 
difCusion coefficient with q2 as the criterion of experi
mental data reliability . Attempts have been made to en
sure that multiple scattering has not affected the quant i
ties derived from the IAF. The reproducibility of  data 
has been examined to ensure that possible aggregation 
effects lie within the stated error bounds of the experi
ments. 

SAMPLE PREPARAT I ON AND I N STRUM ENTATION 

.Aqueous suspensions of. polystyrene latex spheres of 
nominal diameter of 0. 085 J..L m and nomir..al concentra
tion of 10 g per 100 ml of solution had previously been 
obtained from the Dow Chemical Comp?.ny . The prepa
ration of experimental solutions utilized the dialysis 
scheme of Anderson cl al. except that solution ionic 
strength was provided by sodium chloride, instead of 
potassium chloride, to avoid the formation of the in
soluble potassium salt of any surfactant not bound to the 
spheres . The surfactant used was sodium dodecyl su1-
tate (SDS), supplied by B.  D .  H .  C hemicals {U. K . ).  
Latex sphere solution concentrations in this paper v..ill 
be given in grams of latex spheres per lOO ml of solu 
tion, denoted by a % symbol. 

Tho concentrated solutions (? 0. 5%) were prepared by 
!orn\lng a 5% solution at the approximate ionic strength 
required, and then dialyzing this solution for 48 h 
-.ga.1Mt the appropriate 0. 001 or 0. OlM sodium chloride 
solution. SDS was added at a level of 0 .  022 g per 100 

· rnl to both the 5% and the sodium chloride dialysis solu-
1ions to obviate coa�;Ulation of the spheres .  /Jter dialy
sis, the following solut ions of spheres were formed: 
- 2% (0. 001 and 0.  O lM), - 4% {0 . 001M), and - 2� 5% 
{0. OlM). All solutions were stored at 4 •c until used 
and to further minimize a(;gregation effects ,  experiments 
on the 0. 001M solutions were complct�Jd before dialysis 
of the 0.  01M solution was started. The dilute solutions 
(:.: O. l%) were formf:'d by simple dilution of the Dow 
ll}ll�tlus suspension with 0. 001 or 0. OlM sodiur11 c hloride 
1101\ltions, as appropriate . 

Lis.tht sc:\tter i n� s amples were :>repared bv filtiO'rine 

the sample solutions through a prewashed and dried 0 . 22 
J..Lm Millipore filter into a sample cell of 1 .  00 or 0 .  50 
cm path length. These sample cells had previously been 
well r insed with 0. 22 J..L fll filtered red is tilled wat�r and 
subsequently dried in t·acuo. Intermediate s ample con
centrations were obtained by diluting the - 2% or - 2 . 5% 
solutions with a filtered sodium chloride/SDS s olutio:t 
which was added directly to the sample cell. Sample 
cells were weighed at each stage so that accur:\te con
centration calculations could be made. All solution 
transfers, dilutions, and the final cell r insing steps were 
carried out in an atmosphere of 0. 22  J..Lm filtered air. 

Sample concentrations were determined by UV spec 
trophotometry at a wavelength at 265 nm with a Shi:nadzu · 

MPS-5000 spectrophotometer .  Absorbance readings 
were compared with a calibration curve prepared by 
diluting the neat Dow latex suspension. The c oncentra
tion of the Dow latex suspension, determined by drying 
1 ml of neat solution to constant weight at 60 •c, was 
10 . 1 5% ± 0. 05%. Absorbance readings for duplicate 
samples were reproducible to about 0.  5 Solution con-
centrations quo.ted in this paper could therefore contain 
an error of u-g to 2 perc ent .  percen•� .  

The experiments were performed using a Spectra 
Physics 1 25A He -Ne laser in conjunction v..ith a 4300 
spectrorr.eter (Precis ion Devices, Malvern, - U. K. ) and 
an !TT FW130 photomultiplier.  The index matching fluid 
in the thermal bath surrounding the sample was 0. 22 I-' m  
filtered water to which the antibacterial agent sodium 
azide had been added at a level of C .  04 g per 100 ml.  
This additive has been very effective in  maintair.ing the 
cleanliness of the index matching medium. The tem
perature or the thermal bath was regul�ted to better· than 
± 0 .  03 •c by a Precision De\ices temperature controller .  

Data processing was carried out by  a 48  c hannel c li?
ping and scaling digital correlator, �� which also inc ludes 
three additio<Jal channels to monitor total counts, c lipped 
counts , and the r.umber of elapsed sample times . The 
monitor channels were used to calculate the theoretical 

background and so o[.(ain the n':>rmalized intensity auto
correlation function (niAF). The accumclation or the 
IAF was observed on an oscilloscope, and the correlator 
was also interfaced to a PDP 1 1 -03 digital computer for 
data analysis purposes . Plots of the IAF were obtained 
using a computer controlled Hewlett-Packard 7015B 
chart recorder. 

The samples prepared in the manner outlined earlier 
generally showed such low dust levels that experiments 
could be performed at forward scattering angles down to 
1 5• (see Figs .  2 ,  4, and 5). For those sobtions which 
contained the occasional dust particle an automated data 
rejection scheme was used to delete any incoming data 
with an abnormally high average cou;1t rate . Full details 
or this rejection scheme have been given in a recent 
papcr . 16 

R ESU LTS AND DI SCUSSION 

Multiple scattering effects 

The interpretation or data collected from concentrated 
soluticns of polystyrene sphere!l is  complicated bj- the 
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presence of significant amounts of multiply scattered 
light. An additlonal c omplication, long r ange electro
static interactions of the. type previou�ly studied by 
Brown et al. 1 7  ami Dalberg et al. , 18 should be avoir1ed in  
this work since the concentrated samples of  spheres 
have been studied in solutions of moderate ionic strength. 
However, the addition of salts to a solution enhances the 
possibility of sphere aggregation and c are must be exer
cised in the interpretation of data collected from such 
solutions . 

The interpretation of QELS data c ollected from solu
tions displaying multiple scattering has been discussed 
ln a number of recent theoretical and experimental 
studies.  u-n The theoretical predictions have allowed 
corrections to be made to the initial decay or an IAF, 
obtained from a system or noninterac ting Brownian par
ticles, 18 when the scattered light has suffered up to four 
scattering events . The theoretical treatment has not 
yet been extended to include the effects of multiple scat
tering on the long time part of the IAF.  However, the 
experimental studies of several authors have indicated 
that the long time part of the IAF is unaffected by mul 
tiple scattering. 22 • 23 We now consider the available ex
perimental evidence so that c r ite ria can be established 
for the interpretation of data collected in the presence 
of multirJ.e scattering. ' 

Pusey22 has concluded that the major effect of multiply 
scattered light arising from the primary scattering 
volume Is to add a rapid decay, c haracteristic of such 
light, to the slower decay associated with single sc atter 
ing. The IAF thus c ontains a fast initial dec ay i m 
pressed upon the single exponential decay characteristic 
of singly scattered events. When the ratio of singly to 
multiply scattered light is small it is difficult to resolve 
these two processes. The ease of resolution of the two 
exponential decays also depends on the scattering angle 
as the two decay rates do not exhibit the same angular 
dependence .  The initial decay rate has only a small 
a.n.,oular dependenc e,  showing less than a 20% variation 
as the sc attering an,; 1 � (9) varies from 1 60° to 2 0° . 22 

Colby et al. 19 have also investigated the behavior of 
the initial decay rate of the IAF obtained from multiply 
scattering solutions of r.oninteracting polystyrene 
spheres. The decay rate e�hibited a marked nonlinear 
dependence on l. in contrast to the linear dependence 
expected from singly scattering, noninteracting solu
tions of spheres.  It was also found that at a given scat
tering angle the initial decay rate of a multiply scatter
ing solution was dependent on the  particular cell  path 
length used in the study of the solution. 

Multiple scatter ing also gives rise to a scattering 
volume which is larger than that encountered in a singly 
scattered experiment. For the scatter ing geometry e m 
ployed in the Malvern 4300 spec trometer this results in 
the illumination of several coherenc e  areas at the photo
multiplier. 22 The effect of accepting light over several 
coherence areas is to reduce the signal to noise ratio of 
the detected scattered l ight; however, the decay rates 
of the IAF remain unchanr;ed. 

We may summa1· i z e  the al:;ove ob servations as : 

"' .. 
8 .. 

I "<( 
:S 
5 

2.1 5 •;. , 0.001 M 

Channel number 
FIG. 1. Plots of lu(n !AF - 1) showing the presence of long ar.d 
short decays. In the nL-\F,  for the sample 2. 15� in 0. 001.\/ so
d iu m  chloride. The long decay exhibits single exponential 
behavlor. 

The effect of moderate amounts of multiply scattered 
light on the IAF of a monodisperse polystyrer.e sphere 
solution is to introduce an additional fast decay to the 
longer, single exponential decay associated -..ith single 
scattering. The long time decay, if resolvable, may be 
analyzet! according to usual QELS theories .  Analysis of 
the initial decay of the IAF in systems where multiple 
scat�ering is known to exist shows that this decay rate 
is not ll linear function o! q� [or equivalently sin:(9/2) ] .  
Conversely; quantities derived f::om a single exponen
tial  decay rate exhibiting a linear q2 dependence c an be 
considered free of multiple scattering effects . A path 
length independent decay rate aleo ensures that multiple 
scattering effects are absent: 

pata analysis 

In this section we discuss, as an example, the data 
obt:tined from the 2 . 1 5% polystyrene s phere solution in 
0. OOlM sodium chloride. This sample exhibits the com
plic ations typically encountered in the interpretation o! 
data from the concentrated solutions of spheres studied 
in this papel'. The the.oretical background has been used 
to obtain the niAF for all samples studied. 

The 2 . 1 5% sample was studied in a 1. 00 cm path le ngU 
c ell and visual inspection indicated sE:Vere multiple scat 
ter!ng; indeed the laser bearn was attenuated to approxi 
mately 3% of the inc ident beam intens ity on passage 
through the s ample c ell . Several plots of ln(niAF- 1 )  
versus channel nu mber for the 2 .  l S';t sample a r e  sho•v:t 
in Fig. 1. Despite the intense multiple scattering asso
c l a.tcd with the 2 . 1 5% sample, i t  s h0uld be ·n(lted that lite 
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FIG. 2 .  Plot showing the l inear dependence of the long time 
decay rate (S�) on sin2(0/2) for the sample 2 . 15% in 0. 00 1.W 

sodium chloride. SL· has been obtained from the long time 
part of a ln(n!AF - 1) versus time graph. 

niAFs 
low angle I exhibit a short initial decay followed by 
a longer, s ingle exponential decay. We associated this 
longer decay with single scattered events. 

The count rates. observed Cor this sample were high 
although the signal to noise ratio was much poorer than 
would ordinarily be exp2cted of each count rates.  From 
this we conc lude that most of the multiply scattered light 
was uncorrclated and so did not m ask the small amount 
of coherent singly scattered light present. A similar 
conclusion was reached by Chu et al. 23 in stud ies of 
critical opalescence in binny solutions . At larger scat
tering :�.ngles it was more difficult to measure the long 
time decay rate owing to dec reasing amounts of s ingly 
scattered light and the poorer resolution hetwcen the 

·long and short dec ays present in the IAF. Figure 1 il
lustrates these trends and indicates that the long and 

·short decays can not be reliably separated at a scatter
ing angle of 90° .  Only d:tta displaying two clearly sepa
rable components have been analyzed. 

TABLE I. Details of the data analysis for the sample 2 . 15% 
In 0. OOLW sodium chloride. Only the low angle lA F'  s show 
two cl�arly re solvable  cxpunentials. The values of 1J 2/f' 2 are 
small enough to consider the long time part of the IAF as being 
represented by a s ingle exponential decay . a 

Channels 
9 analyzed 2 DLql IJ/f'2 DL (10-12 m2 s· 1) 

15• 8-5 1 - 203 0. 020 8. 49 
20" 9-51 - 360 0. 018 8. 50 

25• 1 0 -5 1  - 550 0 •. 012 8. 36 

30• 1 2 -51  - 7 32 0 . 025 8. 42 

The long time decay rate S L Is the slope of the long 
time part or a plot of ln(niAF -1)  versus time . The as
sumption that the long, single exponential decay is re
lated to a singly scattered process is supported by the 
linear dependence of SL  on sin2(8/2), shown in Fig. 2 .  

Details of the data analysis for the 2 .  1 5% sample are 
presented in Table I. The quantity D L has been calcu
lated assuming the long time de�ay of the niAF is a 
s ingle exponential with exponent ( - 2Dtq2) . As Tab!� I 
shows, there is no systematic variation in the quantity 
D L with angle as would be expected of samples exhibiting 
aggregation effects . Although the range of angles over 
which the 2 . 1 5% sample was studied was rather s mall, 
more dilute samples with a muc h extended angular range 
show good agreement between high and low angle v alues 
of the observed diffusion coefficient (see Fig . 4). 

Concentrated solution results 

The observed D L values for solutions 2: 0. 5% are pre
sented in Fig. 3, with the angular depend_ence of the long 
time decay of the nlAF's shov;n in Figs .  4 and 5 for rep
resentative samples.  In all cases (except the 4.  46% 
sample) the long time decay is well represented by a 
single expone.ntial . Calculations show that the average 
separation of spheres in the 4. 46% sample is 0. 1 Jl m  
(about a sphere diameter) and the infiuence o f  particle 
interactions Is reflected in a multiexponential long time 
decay. To minimize multiple scattering effects , the 
4. 46% sample was studied in a 0. 5 c m  path length cell, 
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FIG. 3 .  The concentration dependence of the d iffusion codfl
c lcnt c:!ctcrm i ncd u� QE LS assu ming the Ion; time slope or a 
lo(nlA F  - 1) versus time plot is gi.,.en by ( - 2DLq�) .  The value 
of DL shown for a partlcular conccntr:ltion was obta inP.d by . 
calculatln!( DL , , c�ct. of the lnvc stlg.1tcd angles and avcra�ing 
th'3 results.  The e r rors shown represent the spread oi cxpcr
llllcntal valuea. 
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FIG. 4. Plots showing the linear dependence of SL on sin
.2(B/2) 

f->r representative solutions. The vertical scale shown has 
been divided by three when plotting the results obtained for 
solution A. 

and the method of cumulants was used to extract the ini
tial decay rate of the long time part of the niAF after 
channels containing the multiple scattering data wer e 
discounted . The d ifficu lty of estimating the number of 
channels to analyze as the true long time part of the 
niAF is ref ie<:ted in the inc reased error placed on the 
value of DL for this conc entration. 

Figures 4 and 5 indicate that the long time decays 
were not affected by mult iple sc attering: To further 
confirm that multip!e s c attering did not affec t  the mea
sured value of D L a 2. 5%, 0.  Ol.H solution was prepared 
from fr�shly c.iialyzcd stock, and studied in a 0. 50 c m 
path length, 1 c m  wide (frosted sides) spectrophotometer 
cell. This solution was also diluted to for m the 1 .  17% 

and 0. 55% s olution5 . The DL values determined for these 
.solutions are shown in Fig. 3 and are in good agreement 
with the trends exemplified by the 2 .  5o/c, 1 .  4 4%, and 
0. 51% solutions in 0. Ol,";! sodium chloride studied ear 
lier in a 1 .  00 cm path length cell.  The diifusion coeffi
cient of the 0. 55% sa mple showed no change when mea
sured 4 days after the original determination , indicating 

that sample aggregation is not a problem in this study . 
(The linearity of the plots in Figs . 4 and 5 also indicates 
an absence of aggregation effects . )  

Two concentrations [0 . 43% (0. 001M NaCl) and 1 .  4·1% 
(O. OBt NaC l) ] were also s tudied at zo·c.  The differ 
ences in the experimental values for DL a t  the two t e m 
peratures are adequately desc ribed b y  the change in 
solre11t viscos i�y. At infinite d i lution the Stokes -Ein
stei.n equation indicates that the diffusion coefficient is  
proiJOrtional to the reciprocal of the l:iOlYent viscos ity, 
and tile fact that the s ame proportionality exists for botll 
the 1. 44% and the 0 .  43% samples indic at!!s that solvent 
viscosity still  prO\;des the do minant ac tivation energy 
requirement at quite high latex s ph()re concentration.'! . 

Dilute solution results 

The !nvestlga .on of this regime was Init ially attempted 
using samples di luted from the or . .;inal dialyzed solu
tions, which had bee11 stored at 4 ·c for several weeks .  
However, the re[)roduc ibility o f  such s amples s howed 
var iat!ons or up to ± 4% and after 4 weeks some of these 
samples s howed aggregates visible to the naked eye. 
The study of these s amples was abandoned • 

Figure 6 presents the results obtained for samples 
prepared by a s imple dilution of the original Dow latex 
sphere suspens ion. To examine the reproda9jbility of 
the dHfus ion coeffic ients obtained in the d ilute regime, 
most · samples were prepared in the following manner: 
A given latex sphe r e concentration was m ade up in either 
water or 0. OOl.'vi sod ium chloride, 1 ml of this solut ion 
was acc urately added to a sample cell, and the diffus ion 
coefficient of the sample was measured. 10 Ill of a pre 
viously filte red sodium chloride solution was then added 
to raise the ionic strength to the desired .value without 
appreciably altering the concentration. Such families 
of samples prepared by the addition of sodium c hloride, 
or by subsequent intracell dilution, are indicated in Fig. 
6 by lettered subsc ript s .  Multiple sc�ttering effects 
were not appare nt in any of the IAF's obtaine!=l from these 
dilute solutio�s . The range of sc atte ring angles studied 
was 30' -105" in all cases, and the error bar s s hown i n  
Fig. 6 indic ate t h e  spread of experimental results. 

Table II presents parameters for latex sphere conc e n 
trations o f  0 .  004% and 0. 02 4%". The hydrody na mic r:l. 
dius RH was calculated from the Stokes - Eins tein equa
tion, and Rs is the c alc.ulated mean latex sphere separa
tion. The experime ntal rms displacement of a sph ere (,-2)112 may be obtained from 

' "' 
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� 6  
..J "' 

0.03 

A 2.15 •t.. 0.001 M: 1.0 cm cell 
B 4. 46%,0. 001 �I; 0.5 cm cell 

C t17 % , 0.01 M ; O.S cm cell 

0.06 

Sin1 1°11 
0.09 

F !G. 5. Plots sh:>wing the l lne:tr dcpcntlcncc of SL on s l n2(B/2) 
for rcprcsentalln: solutions. The vertical scale shown has 
been cfivldcd by two whc:� plotting the results obtained for 
solution A .  
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FIG. 6. The dilute regime latex sphere d iffusloll coeffic ient 
as a functloll of sphere concentration and ionic strength. Fam
ilies o! samples generated 1rom a common parent solution ar.e 
denoted by lettered subscripts. These solutions were formed 
either by intracell dilution with solvent, or by the additioll of 
10 111 ml'1 qualltities of all appropriate, concentrated salt so
lutioll. The errors shown include both the spread and repro
ducibility of the results. 

(1) 

where t is the experimental observation time. In a 

·QE I.S  experiment, t is the time required for a niAF to 
decay to the 1/ e point. 

- Inter particle coilisions are not expected to play a 
major part in diffusion at these concentrations, for even 
�t the largest concentrations considered here (r2)11 2/R5< 
l/1 0 .  Further, Fig.  6 indicates that for the lowest ionic 
:;trength solutions the diff\.• S ion coefficient is not concen
tration dependent in the dilute regime (within the ap
pro;o::!mately 1% errors) and the spheres may be consid
ered free of electrostatic interactions . However, the 

'diffusion coeffic ient of the spheres is noticeably ionic 
s_trength dependent, whereas the diffusion of hard 

'Spheres is not :·xpected to be ionic strength dependent 
�t infinite dilution. 21 This suggests that the experimen
·Wly determined ionic strength dependence of the diffu
sion coeffic ient observed here may be due to a physical 
6ize change of the spheres, possibly induced by s hield
Ing of the surface chargesfrom one another at moderate 
ionic strengths . Further, increasing the ionic strength 
above 0. OlM in sodium chloride did not increase the 
measured diffusion coeffic ient. Such a saturation effect 
would be expected if electrostatic shielding were oc 
curring. 

We may examine the poss ibility of shieldin{; effects 
causing changes in sphere size by c alculating the change 
In radius which occ1!rs when the strain, caused by elec 
trostatic interactions between sulfate groups located on 
the surface of a sphe re, is re laxed by sl!ielding of the!.e 
groups. Using a Viilue Cor the surface charge density of 
10 IJ.C c m·2, 1 5  a permittivity of 2 .  5.;: 0, zs and a bulk modu
lus oC 3 x 1 01, zs the calculated c hange in s phere rad ius is 
2, S% ror the trans ition- from a fullv strained to a fully 

r------ percent.  
relaxed state . Such a c hange is l c lose to the expe r imen
tally observed change oC ( 5:!; 2 )  I .  However, it should be 
noted that the permittivity and built modulus \'alues 
quoted are for disordered bulk polystyrene . We have 
used these in the absence of more appropriate values for 

charged latex spheres. In addition, the bulk modulus is 
unlikely to remain constant up to strains oC several per
cent, and thus a s maller value qf the bulk modulus is 
probably more appropriate.  We further nOte that although 
solvent mobil ity tends to prec lude sblvent o rder ing i.n the 

region about a charged latex sphere, the present investi
gation does not allow us to completely dismiss poss ible 
solvent ordering effects as bein; responsible for the 
tren<:ls detailed in Fig. 6. 

The diameter oC the spheres stndied In this work is 
given by the manufacturer as 0.  085 IJ. ID  with a standard 
deviation of 0. 0055 IJ. m .  The QEI.S exoeriment y ields 
a diameter oC 0.  075 ± 0.  001 IJ.In in distilled wate r .  
Other authors have reported similar discrepancies be 
tween the quoted sphere diameter and a Stokes -Einstein 
diameter obtained from QEI.S measure ments . u.H " How

ever, for completeness samples of the nominally 0. 085 
IJ. m  spheres were examined by transmission electron 
microscope and the moments of the radius distriOution 
were determined. An average diameter, appropriately 
weighted (or a QEI.S exper iment, was then c alculated 
according to the formula of Brown et al. IT The c"alcu
lated diameter was 0. 075 IJ.m, with an estimated ran
dom error of 3%, and shows excellant agreement with 
the Stokes-EiP.stein value obtained from the high dilution 
QEI.S results (see Table II). 

Finally, the \'ariation of diffusion coefficient with ionic 
strength in tn.e very dilute regime is not peculiar to the 
nominally 0.  OS5 1-1 m sample of sphere!! . A cursory study 
of a di!ufe solu,tion of 0. 09 1 J.Lm diameter s p�eres s howed 
that a change of approximately 3 /occurred in the diffu- J 
s ion·co�ffic ient upon chan�ing the 10nic strength from / 
"that of distil led water to 0. Ol .H in sodium c hlcl' icte . An j' 
extended study of the 0 .  091 J.L m spheres was prec luded 
owing to a paucity of available sample. 

TA B LE !I. Details o! the diffusion coefficient 

determined by QE LS. at latex sphere concelltra
tions of 0 .  00-t'� :tnd - 0. 023";,, at �·arious ionic 
strengths. R11 was calculated from the Stokes
Einstein '!quation, and R5 is the calculated mean 

intersphere spac ing. The root mean square dis 
placement (r ·) t / :  was calculated from Eq. ( 1 ) .  

Solvent Distilled water 0. 01.1/ NaCl 

Latex cone. 0. 0041, .0 .  004% 
o. 022% 0. 023% 

Do ( 1 0·12 m2 s'') 
6. 52 ± o. 07 6. 8H 0. 07 
6. 54 ot 0. 07 6. 96 ± 0. 08 

R11 ()l m) 0. 0375 0. 0357 
0. 0374 0. 0352 

Rs (I' m) 1 . 8 1 . 8 
1. 0 1 . 0  

( r l ) l/t  (I' m) o. 077 0. 079 
0. 07'1 0. 080 

percent 
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COMPAR ISON OF R ESU LTS 

Theoretical predictions of d i ffusion behavior 

The original aim oC this paper was to compare the ap
parent diffusion coefficient obtained by QELS with mutual 
diffusion coeCCic ients determined by the observation of 
the relaxation of a macroscopic concentration �:;radient, 
as reported by Anderson et al. Unfortunately, the 
spheres used in the QELS study have a diameter 20% 
smaller than the spheres of nominal diameter 0. 091 JJ. m  
used b y  Anderson el al. A further difference i s  that the 
ef£ective surfactant concentration encountered in this 
work is expected to be somewhat higher than that en
countered in  the solutions or  Anderson et a l .  because 
surfactant precipitation was prevented in the QELS study 
by employing sodiu m  chloride as the source of'ionic 
strength. Since the adsorption of su,rfactant ions can 
:a.trect the surface c harge density or the spheres, 22 the 
surface charge densities of the 0 . 075 and 0 . 091  JJ. m  
spheres probably differ.  Thus, a direct comparison of 
results is prevented and instead we seek interpretation 
through available theory. 

The theoretical work available assumes the sphere 
concentration to be so  low that only bin.ary interactions 
need be considered, and the concentration dependence oC 
the diffusion coefficient can be represented by the trun
cated virial formts 

D(c) = D0(1 + kc) • 

There are at least two distinct aspects to any theory 
which seeks to account for the rate of change k of the 
mutual diffusion coefficient with concentration of charged 
spheric al particles . 15 The first is an accurate expres 
sion for the interaction energy E between two charged . 

spheres in an electrolyte in terms of the assumed charge 
density on the spheres .  The second is an expression for 
k in  terms of the interaction energy . For a given inter 
action energy, the theories of both Anderson and Reed28 
and Batchelor29 predict similar values for k. When ex
amining solutions of BSA, and also solutions of poly
styrene spheres, the particular expressions chose n  by 
Anderson et  al.  to represent the interaction energy yield 
theoretical values for k which are in quantitative agree
-ment with experiment only at high ionic strengths 
(0. 01M). For the polystyrene spheres , Anderson et 
al. )0 used an expression for the interaction energy be 
tween two flat plates as an approximation to that between 
two large spheres . However, for ionic strengths as low 
:as 0. 001M such an approximation is invalid. 31 

'nlere are alternative express ions for the interaction 
energy between charged sphen!s. When considering the 
low ionic strength measurements we have chosen to use 
that developed by Stigter and Hill, 32 which is based on 
the work of Hoskin33 and Verwey and Overbeek, 3' i . e . , 2 

2 Wo f E = £a - exp{ -K (R - 2a) } (2) 
o 2 R  

where the symbols have their usual meanings, 15· 32 and 
l> aoo f can be obtained from tables in Hoskin, and Ver 
y;-ey :and Ove rbeek.  Even this expression for E i s  only 
�pproximate and best represents the interaction energy 
tor larger rather than s maller particle separations; 

TA DLE 111. Theoretical and experimental -values Cor A!. The 
ranlit3 of values quoted Cor k 1boor. corresponds to a range of 
surhce charge densities from 3 to 10 )l C cm"1• 

Salt •U>oor. (cml g"') 

conccn- Sphere 
trallon diameter koot l .  
(.\1) (IJm) (c ml g -1) a b . c 

0. 001<1 0. 075 11. 7 to 0. 4  . . 
�5-41 34-41 24-26" 

0. 00 1 0. 091 18 24-30 26-30 20-22 
0 . 01 0. 075 5. 5 ± 0. 6  4 .  3-5. 5 5. 6-6. 7 
0. 01 0. 091 5. 0 3. 3-4. 2 4. 9 -5. 7 

•:o-todel of Anderson and Reed, 1�•11 and Interaction energy of 
Hogg et al. lO 

b:\fodel oC Batchelor,21 and Interaction energy of Hogg et al. 30 
•Model of Batchelor, 11 and Interaction energy of Stigter and 

Hlll. 32 
dSee the discussion In the text regarding the validity of these 

values. 

consequently, the expression pertains to only dilute so
lution of charged spheres. 

Comparison of results with theory 

A summary of both QELS and capillary penetration 
(Anderson et al. ) results together. with various theoreti
c al predictions i5 presented in Tabie 111. For each 
sphere size and ionlc strength we have c alculated a 
range of theoretical values for k (k1hoor. l  s ince a r·ange of 

surface charge densities appears in the literature for 
polystyrene spheres. Following Anderson e t  al. , we 
have calculated values for kllloor. (or surface charge den
sities ranging from 3 to 10 1-LC cm"2 (although values as 
low as 1. 2 )J.C cm"2 and even 0. 47 )J.C c m"2 have been re
ported1 !• 35). These values for the surface charge dens ity 
(with the exception of the 0. 47 !J.C c m"2 \'alue) have been 
obtained from potentiometric titration studies of latex 
spheres in extremely low ionic strength solutions. 36 
When any macroion is placed in a solution of moderate 
ionic strength, hoo,;·cver, a layer of coWJterions (the 
Stern  layer) becomes absorbed to the macroion surface.31 
The surface charge density appropriate for inclusion in 
Eq. (2) is thus not well defined at moderate ionic 
strength s ince the extent of counterion absorption is not 
known (although charge density values approaching 10 
1-LC c m"2 would not be expected to be approp�iate) .  It 
would be rather difficult to te.st the accuracy of Eq.- (2), 
although, as will s hortly be discussed, Eq. (2) is useful 
in the comparative situation under consideration in this 
work. 

The high ionic strength solutions 

The QELS results for the 0. 075 !J.m latex spheres in 
0. OlM solutions are summarized in Table liT (see also 
Fig·. 7) . The capillary penetration results of Anderson 
et al. are also shown in Table Ill, together with various 
theoretical predict ions for the value or k. As the data 
in Table m show, both the QELS and capillary penetra
tion results are in quantitative agreement with the values 
of k, • .., •. predicted by the theory of Batchelorz9 at a sur -
face charge density of 3 J.IC cm"2• 
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• Ande rson et al. , 0.001 H 

5 
latu concontration ( % I 

FIG. 7. The diffusion coeffic ients as determined by Q E LS 
show a linear concentration dependence in both 0. 001 and 0. 01M 
sodium chloride solutions. The 00 value used was obtained 
from the data In F ig. 6. The· results of Anderson et al. are 
also show:>. for 0 . 09l p m  l:J.tex spheres in O. OOLH potassium 
chloride. These results were calculated from experimental 
data15•11 using E q. ( 1 3) of Ref. 15, together with the [)0 value 
from Fig. 6 of Ref. 1 5 .  The errors >· "town indicate the spread 
of experimental values for both the QE LS results and the re.o 
sults of Anderson et al . 1 5 • 31 The experimental results cf An
derson et al. for the 0. OlM solutions are in agreement with 
the QE LS results and so are not reproduced here. 

The surface charge densities of the two sets of spheres 
could differ s ince different surfactant concentrations and 
spheres of dUferent diameters were utilized in the QE LS 
and capillary penetration studies . Also, the sphere sur
face charge density has been found to vary with sphere 
I':tdius, although the radius differences encountered in  
this comparison are not expected to  result In significant 
5ur'face charge variations. 36 A surfactant, which can 
also influence the surface charge density of the spheres, 

· was· used at a concentration of 0. 0007M in both the 
QELS and c apillary penetration studies . In the QELS 
study surfactant ions would have become absorbed onto 
the Sphere surface and so increased the effective sur 
face charge density.  In the capillary penetration inves
tigation, the insoluble potassium salt of SDS would have 
formed, with a resultant decrease in the overall ionic 
slrength of the solution, and increased sphere interac 
tlon. However, it is the absorption of counter ions which 
determines the effective surface charge density of 
macroions in solution, H with the ionic strength of the 
solution determining the magnitude of the electrostatic 
interact,ion energy for a given latex sphere charge. O�ly 
small variations in the total ionic strength of these con
centrated s alt solutions (0. OUt) would result from sur 
factant precipitation and s o  i t  i s  to be expected that the 
spheres used in the capillary penetration study would 
exper.ience electrostatic interactions s imilar to the latex 
spheres used in the QE I.S study. It is appropr iate, 
therefore, that the same value of the surface c harge 
dens1ty (3 JlC c m'2) should yield values of k,b•or. in quan
titative agreement with both QELS and cat illary penetra
tion results . 

The above discussion indicates that QELS is able to 
provide a measure of the macroscopic mutual diffusion 
coeffic ient in  high ionic strength solutions, up to  s phe::-e 
concentrations of - 3%. Theoretical justification of the 
QELS results aside, we note that the QELS results sat
Isfy our intuitive expectations of the diffusion behavior of 
charged spheres in a good charge screening medium, 
1 .  e . ,  the s maller spheres used in the QELS study should 
exhibit a value for k greater than or equal to the value 
of k obtained for the larger spheres studied by Anderson 
et al. 

The low ionic strength solutions 

Theoretical predictions of k Cor latex spheres in low 
ionic strength solutions are shown in Table Ill. The 
Debye -Hiickel shielding length is much larger (- 0. 01 
Jlffi) in  0. 001;\-! salt solutions, .so demanding a much 
more accurate formulation of the electrostatic interac 
tion energy term than in the case of 0. Ol:vl solutions, if 
quantitative predictions of k111 .... are required. Thus, 
as expected, there are variations in both the range and 
magnitude of k thoor. obtained for a given range cf surface 
charge dens ity, depending upon the expression used for 
the interaction energy . Table m also contains the capil
lary penetration results of Anderson et al.  for the 0. 091 
J..L m spheres of 0. 001M solutions . The experimental re 
sults of Anderson et al. (see Fig. 7) for this ionic 
strength are quite scattered, but sh::>w reasonable agree
ment with theory when the interaction energy is calcu
lated using Eq. (2). 

The QE LS results · are also presented in Table ITI. 

The individual experimental points show little ·scatter 
(see Fig. 7) but are in muc h poorer agree ment with the 
theoretical predictions . This poor agreement could in
dicate that the QELS technique fails to measure the 
mutual diffusion' coeffic ient of charged spheres in low 
ionic strength solutions, whereas the technique appar 
ently does measure this diffusion coefficient in high ionic 
strength solutions . However, the diffusion coefficient 
measured by the Q E LS technique is independent of scat
tering angle and this is usually indicative of a single dif
fusive process, so possible alternative explanations for 
this poor agreement with theory are investigated. 

The ionic strength of the solutions used in  the low ionic 
strength QELS study contains important contributions 
from both sodium chloride (0. 001,\f) and SOS (0. 0007M) 
whereas the formation of insoluble potassium dodecyl 
sulfate in the c apillary penetration st-..1dy would have re
sulted in only a salt  solution of  0 .  001:\i providing solu 
tion ionic strength. The increased ionic strength of the 
QELS study can be accounted for by calculating a new 
value for k1boor • •  

Using Eq. (2) to represent the electrostatic interaction 
term (together with a surface charge dens ity of 3 
11C c m·2, and approximating the electrolyte concentr a 
tion a s  0.  002,\l) ,  a value o f  14 . 3 was obtained for k,  • .., •. 

for the spheres used in the QELS study. This c learly 
indic ates that the experimental value fOl' k obtained for 
th� 0. 075 Jl m spheres should be smal ler than the value 
of k for the 0. 09 1 IJ. m  spheres for the solution c ondi 
tions e ncountered i n  this c omparison. We not e  that a n  
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important parameter which must be assumed In these 
calculations is the surface charge density on the 
spheres. The magnitude of this parameter is  not well 
defined and it is strongly dependent on the solution con
ditions . The c harged surfactant absorbed on the 0.  075 
� m  spheres would tend to inc rease the surface charge 
density. (with respect to the O. 091 J.l m spheres) although 
the resultant inc rease in the hydrophobic nature of the 
sphere surface c aused by surfactant should aid counter
ion absorption, 21 and so s erve to reduce the sphere 
charge. The higher effective ionic strength encountered . 
in the QEI..S study probably further aids counterion ab 
sorption. In view of these contributing factors the 20% 
difference which exists between the exper imental and 
theoretical values for k for the 0. 075 �m spheres is not 
considered serious .  (A 10% difference also exists be 
tween k111..,,. and the experimental value for k obtained 
for the 0. 091 J.L m  s pheres . )  

Comparison with other work 

It is appropriate at  this stage to consider the earlier 
comparative studies carried out on cyanomethemoglobin 
and BSA, where results from QE I..S experiments were 
compared with the diffusion cell  data of Keller et  
al. 1• 7•12 Those c omparisons indicated that the QEI..S 
and macroscopic dcter minations of the mutual diffusion 
coefficient were apparently in marked disagreement at 
large protein c oncentrations . However, the work of 
Keller et al. has been c alled into some question by 
Kitchen et al. , 3s who caution that a systematic error 
may have been present in the mutual diffusion coefficient 
determinations . 

In the case of BSA, the concentr .tion dependence of 
both the mutual and self  diffusion coefficients has been 
e.xper!mentally deter m i ned i n  0. 2M sodium chloride 
solutions at p H =- 5. 439 by Kitchen et al. These results 
c an bf) used as alter native macrosc opic measurements 
with which to compare the earlier QELS study1 of BSA 
diffusion in 0. 2 5M solutions . 

Kitchen et al. have determined the selC-diffus ion coef
Jicient of BSA by a radiotrace r - c apillary-pcnetntion 
technique whic h has yielded values in good agreement 

�th independent deter minations in 0. lM solutions at 
pH "" 4 .  7. 12 Such agreement is expected between self
diffusion coefficients determined at the different p H's 
and ionic strengths because the confor mation of BS A 
does not change s ignificantly over the pH range 4. 5 -
1 1 . 0, 4 0  and the diffe r e nc es i n  the viscosities of the 0. 2 
and 0. 1M s alt  solutions used in the two investigations 
are also too s m a l l  to appreciably influence self-diffusion. 
The mutual diffusion data presented by Kitchen et al. 
were obtained by utilizing two independent techniques (a 
capillary penetration and an ultracentrifugation method) 
which yielded values for the mutual diffus ion coeffic ient 
which were in agreement within the precision of the ex
periments . Thus, both the s e lf - and mutual diffusion 
coe{ficient data of Kitchen t!t al. appear to be reiiable . 

Several points of interest arise from the work of 
Kitchen et al. First 1t was found that D" exhibited onlv 
a very weak conc e ntr ation dependence at thts pH. SP.c 

cond , Ki t.chen e t  a l .  found l ha t  va lues of the 
mutual and 

self-diffusion coefficients were related within the pre
cision or the experiments by the equation 

DJI = Ds(�;)
,
p - <I>) , (4) 

where Ds is the self diCfusion coefficient, 1ft is the vol 
ume fraction, and (6rr/6c),, r is the isothe r mal os motic 
compressibility which can be obtained from the work of 
Scatchard et al. H Equation (4) can also be used, to
gether with suitable values for Ds and (6;r/6cl, ,r , 12 •41 to 
predict values of DJI for the experimental conditions en
countered in the earlier QEI..S study of BSA diffusion. 1 
Within the expected errors of the comparison, the DiL 
values obtained by QEI..S are in agreement with values 
of D!l predicted from Eq. (4) over the entire pH range 
studied (pH 4.  5 -7 .  6) in the Q E I..S investigation. 1• 42 
Thus, when values of DJIL obtained from the QEI..S study 
of Philiies et al. are compared with macroscopic DJI 
determinations (both experimental and theoretical) d e 
rived from t h e  work of Kitchen et al. , good agreement 
is obtained. 

CONCLUSIONS 

Concentrated solutions of polystyrene spheres at 
moderate ionic strength exhibit IAF's which are c harac 
terized by a short, initial decay followed by a longer, 
single exponential decay. A review of earlier studies 
indicates that the short decay is attributable to multiple 
scattering. Invoking single scattered ih�ory to analyze 
the long time part of the IAF yields a unique, re:>roduci
ble diffusion coefficient which exhibits an angular inde 
pendence character istic of a simple Brownian d iffusion 
process. The diffusion coefficient so determined is 
highly ionic strength dependent, while a dilute solution 
study indicates that the high dilution diffusion coefficient 
is also ronic strength dependent. 

A direct comparison of the conc e ntration dependence 
or the latex sphere diffusion coeffic ient determined by 
QELS with c apillary penetration data is  pre,•ented, ov.ring 
to the different diameter spheres and different eCfective 
ionic strengths used in the QE I..S and capillary penetra 
t i o n  studies .  However, there exist several theories 
which predict values for the c hange in the macroscopic 
mutual diffusion coefficient with concentration ·• These 
theories are formulated in ter ms of the macroion radius 
and solution ionic strength, and predict valu11s for k i n  
good agreement with the macroscopic diffusion data o f  
Anderson et a l .  These same theories predict values for 
k which are also in substantial agreement with the ex 
perimental values of k obtained from the QEI..S study, 
indicating that Q B I..S is probably able to provide a· value 
for the macroscopic mutual diCCusion coefficiP.nt of latex 
spheres in solutions of moderate ionic strength. 

Earlier comparisons of Q E I..S and rnact·oscopic diffu
s ion codficient determinations ha1•e been carried out· 
using solutions of BS A, l . t z  and apparent disagreement 
was found between QE l.S and macroscopic measur e ments 
at hi�!l protein concent1·ations . Howe1·er, if the QELS 
data are c ompared with more recent, indepenrlently ver i
fiable l' a lue s Cor the macroscopic mutual diffusion coef 
fic ient. 31 good Jgrecmcnt is fcund. This ind ic ates t hat 
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the QE LS technique also provides a measure of D., for 
BSA solutions. 

Finally, if further comparative experiments are to be 
performed using polystyrene latex spheres in  moderate 
ionic strength solutions, every effort should be made to 
ensure that the QELS and c lassical studies are conduct�d 
on � common sample of spheres, under the same solution 
conditions. If SOS is to be used as a surfactant, sodium 
chloride and not potassium chloride shou ld be used as a 
source of ionic strength. This will prevent formation 
Of the inSOluble potassium salt Of SDS·IJ  Which, ifin SUS 
pension, could give r ise to s ignificant scattering and so 
interfere with the qE LS experiment. 
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