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ABSTRACT 

Nuclear magnetic resonance (NMR) techniques have 

often been used in studies of the interaction of water 

molecules with complex macromolecular structures such as 

proteins and polymers. We have measured the diffusion 

coefficient of protons in water/poly (ethylene oxide) solu-r 

tions as a function of concentration using a pulsed field 

gradient NMR technique, for values of the concentration of 

poly-ox in H^O from 0 to 1.2 gm poly-ox/gm ^0. Near zero 

poly-ox concentration, the slope of the D vs. concentration 

curve is quite large. As the concentration increases, the 

slope decreases, and at 1.2 gm poly-ox/gm H O the diffusion 
A 

coefficient is reduced by a factor of about 6 from the value 

at zero concentration. 

This paper presents the theory of field gradient 

methods used to measure diffusion coefficients, describes 

the apparatus and technique used for our measurements, and 

attempts to interpret the measured diffusion coefficients 

by considering a two phase model which treats obstruction 

and hydration effects in a unified way. 
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INTRODUCTION 

The need for microscopic characterization of water 

in living cells becomes apparent when one considers two 

current views of the living state. In one view (1), the 

cell is regarded as a "bag" containing water, ions and other 

macromolecular structures. The cell membrane is considered 

to be the important regulating member of this composite 

and is responsible for maintaining the ionic imbalance 

between the dilute ionic solutions on either side of the 

cell membrane. The key element of this view is the membrane 

pump which selectively moves ions of a specific type, sodium 

for example, across the membrane against an electrochemical 

potential gradient. Another view (2) maintains that the 

ion imbalance between the inside and outside of the cell is 

strongly influenced by the macromolecules inside the cell. 

This view rejects the notion of specific membrane situated 

ion pumps. The ion imbalance is attributed to long-range 

interactions in the complex intracellular system, the most 

notable of which is the interaction of water with macromole¬ 

cules in the cell, producing a significant fraction of water 

with different solubility properties. The ionic imbalance, 

in this view, is due to specific exclusion of particular 

ions. 

Thus, we have two quite different pictures. On the one 

hand, the water may be similar to that in bulk dilute ionic 
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solutions; on the other hand, it may be in an altogether 

different physical state due to interactions with the macro- 

molecular structures in the cell. It is clear that the 

question to be asked is: What is the character of the 

physical state of water in a living cell? (3) 

We have chosen to examine the diffusion coefficient 

of water to gain insight into this problem. There are 

several methods used to measure diffusion coefficients and 

among them are tracer, nuclear magnetic resonance (NMR), and 

quasi-elastic neutron scattering (QNS) techniques. In the 

tracer method, a sample of the material is tagged with 

radioactive nuclei (4). After a proper time has elapsed, 

the sample is frozen or otherwise treated to stop diffusive 

motion. The sample is then sectioned and the radioactivity 

of each section is measured, giving a spatial distribution 

of nuclei which can be analyzed to give a diffusion coef¬ 

ficient. This method is not of any use in our biological 

studies since the sections must be of macroscopic size 

(typically several centimeters) and since long diffusion 

times are involved (typically several hours). However, it 

is useful to know these results for bulk water when evalua¬ 

ting our NMR data. The pulsed field gradient (PFG) NMR 

method allows measurement of the diffusion coefficient over 

a much smaller time and space interval than the tracer method 

(5). The details of this technique will be given below. 

The pulse sequence we use gives diffusion coefficients which 
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are averaged over distances on the order of microns. This 

distance, again, is too large to be of much use in determin¬ 

ing the true "local" diffusive properties in biological sys¬ 

tems because many biological barriers and obstructions, such 

as cell membranes, are separated by distances of this order 

or smaller. Nevertheless, in artificial arrangements of 

known geometry, interesting barrier effects can be observed 

(6,7,8). Also, bulk samples can be examined and results can 

be compared with the results of other methods. QNS allows 

truly microscopic examination of complex systems because 

the space interval over which the diffusion is observed is 

on the order of angstroms (9). The problem with this method 

is that extensive manipulation of the data, such as the 

separation of the quasi-elastic peak from the inelastic 

background, is necessary in order to extract the quantities 

of interest. Hence, one is limited to cases where the data 

manipulation is straightforward enough to allow the sensible 

interpretation of the data. 

It is important to note the variability of reported 

diffusion coefficients. These values seem to vary inde¬ 

pendently of the method used to measure them. For example, 

in bulk water the literature values range from 2.04 to 2.66 

—5 2 times 10 cm /sec, with varying error bars which do not 

always overlap (4) . However, with most of the methods em¬ 

ployed, relative changes in the diffusion coefficient are 

easy to detect, especially when the changes are over an 

order of magnitude. 
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Our research group has previously conducted experiments 

on bulk water, brine shrimp (Artemia Salina) cysts, and 

agarose and poly (ethylene oxide) (poly-ox) gels. All of 

these systems have been studied with QNS (9) and, to some 

extent, with NMR (5,10,11). 

The results of these studies indicate that water in 

the presence of macromolecules has different properties than 

that in bulk samples, even though an exact characterization 

has not yet been made. The simplest, model of water con¬ 

sidered is the two-phase model in which there is free water 

in addition to à layer of water tightly bound to macro- 

molecular structures. Estimates’ of the bound fraction have 

been made from experimental data, but it seems that a better 

model is needed because the "free" water fraction has dif¬ 

ferent properties than bulk water (9). 

The purpose of this thesis is to present data on the 

diffusion coefficient of water in poly-ox/water solutions 

as measured with a pulsed field gradient NMR technique. 

There are several reasons for the interest in this system. 

First, no other source for these data has been found. 

Trantham has presented the QNS results (9), but there are no 

NMR data for comparison. So, these data fill a gap in the 

information we have on macromolecular solutions. Second, 

poly-ox is chemically well documented. Poly-ox can be syn¬ 

thesized with any reasonable number of repeat units. Some 

of the non-proprietary synthesis techniques are described 
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in the literature on poly-ox, and other chemical properties 

are well documented (12,13,14). Poly-ox has found widespread 

use in industry and is even approved by the FDA for specific 

food uses (12). Third, poly-ox/water solutions are compati¬ 

ble with our investigative interests. Poly-ox is water 

soluble in all proportions, although the lower hydrations 

are somewhat difficult to prepare. The solutions are stable 

over the measuring time needed for this experiment. The 

structure of a single repeat unit is simple and is shown in 

Figure 1. The four covalently bound hydrogen atoms do 

not readily exchange with hydrogen from the water, and a 

simplifying feature is the total lack of side chains. 

Fourth, there is evidence for strong interactions with water. 

By observing T^ and values of water protons in poly-ox/ 

water solutions, Ling and Murphy (15) conclude that water 

exists in "polarized multi-layers" and suffers motional 

restriction. Trantham's QNS data (9) indicate that 37% 

of the water in 20% weight poly-ox solution is "bound," and 

that the "free" water is not entirely like bulk water. 
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EXPERIMENTAL METHODS 

In this chapter, I will describe the theory of the use 

of NMR to measure diffusion coefficients, and then I will 

describe the specific details of the apparatus and procedure 

used in this experiment. 

A. THEORY 

1. General Discussion 

The following discussion on the theory of NMR diffusion 

measurements follows closely that given by Abragam (16) and 

Stejskal and Tanner (5). 

The effect of any temporal sequence of radio-frequency 

and magnetic field gradient pulses on the macroscopic 

nuclear magnetization, M(r,t), of a liquid sample can be 

well described by the phenomonological Bloch equations with 

an added diffusion term: 

= yflx/fat) - £ + DV^Âi (1) 
OT lx T, 

where x, j, and 1c are the laboratory unit vectors and H(r,t) 

is the applied magnetic field. In practice, H(r,t) is com¬ 

posed of a large static field, Hq, and a position dependent 

field directed along the 1c axis, 

F? = Ht = [Ho + S-f]î (2) 
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It is convenient to assume that G is uniform over the sample 

and to neglect, for the moment, any radio-frequency pulses. 

Then, representing the transverse magnetization by m = M 
X 

+ iMy, and using the convention = ^HQ, we get: 

|ijr = - x ur0 m -i G • r ym (3) 

This is simplified by letting m = (j, (r, t) exp (-i cu^t-t/^) , 

then: 

= -Ây(G-p)</ + DV1^ (4) 

It can be shown from Eq. (4) that if we vary the gradient,^, 

in some prescribed manner while monitoring m, we will be 

able to determine D, the diffusion coefficient. 

The work presented here uses a 90°-T-180° radio¬ 

frequency pulse sequence, as shown in Figure 2, which gives 

a spin-echo at t = 2T. We will get an expression for the 

echo amplitude specifically for the 90-°-T -180° pulse se¬ 

quence. Results for other pulse sequences, such as the 

90O-X”180O-X’
_180°'*XT-1800 ... sequence, are easily obtained 

(17) but will not be considered here. 

To get an analytic expression for the echo amplitude, 

it is easiest to first consider D = 0 in Eq. (4). The 

solution between t = 0 and t = *C is: 

(j. - Aexpb'i'P'F] Oitir (5) 
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with 

F = f G(f)d-r 
' 'o (6) 

At t =T» the 180° pulse occurs. The net effect of this 

pulse is to set the phase of if, back by twice the amount 

accumulated in the interval t = 0 to t = This effect is 

easily understood and is illustrated in Figure 3. Figure 

3 (a) shows the magnetization immediately after the 90° pulse 

in the frame rotating with the magnetization at ug = . 

At time t > 0, the individual spins have moved away from 

one another and the net magnetization along x* has de¬ 

creased. In fact, it is equivalent to state that the mag¬ 

netization has rotated away from the x1 axis by an amount 

<p , as shown in Figure 3 (b) . At t = X, the 180° pulse is 

applied along the x1 axis. This flips the magnetization 

around the x‘ axis so that it makes an angle - <f with the 

x' axis, as shown in Figure 3(c). Thus the net change in 

phase due to the 180° pulse is 2<p or twice the amount 

accumulated in the interval t = 0 to t = T . This argument 

is quite general even though we have chosen some convenient 

axes in this illustration. After the 180° pulse, the spins 

precess in the same sense as before and the solution to Eq. 

(4) becomes: 

</. = Rt) -2Fir))] t>r (7) 
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FIGURE 3 
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It is evident that at some time, t = X', the argument of the 

exponential may be zero giving (J. = A, the same amplitude as 

at t = 0. Also, depending on the nature of <G, the expression 

for (f. in Eq. (7) may give multiple maxima or maxima which 

do not occur at t = 2T . We may require the echo to peak 

at t = T' = 2TT . This requires F(2T) = 2F(TT) in Eq. (7) 

or: 

C Gf+idt = J ** G (t) dt (8> 
" O W 

That is, the phase accumulated from t = 0 to t = T must be 

exactly equal to the phase lost between t =t to t = 2T . 

It is possible to write a consolidated equation for at 

any time: 

= A«p 2u|r-tr) Plr) 
(9) 

where 

u(x) = 
0 

1 

x <0 

x>0 

Now, we wish to include the diffusion term in Eq. (4). 

We can attempt to take this term into account by letting A 

in Eq. (9) become A(t) . Then Eq. (4) gives: 

jf = -Df[F(t) - 2uir-rl A (10) 
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Integrating from t = 0 to t = T ' > XT gives : 

(ID 

This result is quite general, and to get expressions 

for the echo amplitude all that we must specify is 7j(t) and 

r1- 
In short, the basic idea of the technique is this: 

We "label" the spins or groups of spins with a position 

dependent process (the field gradient). After a proper 

time, we "un-label" the spins with the inverse of the pre¬ 

vious position dependent process (a 180° pulse plus the 

same field gradient); if a spin has changed positions 

(diffused), it will not be completely un-labeled. We then 

observe the effect of these partially labeled spins on some 

macroscopic parameter, such as the time dependent magnetiza¬ 

tion. 

2. Steady Field Gradient 

The earliest measurements of diffusion coefficients 

with NMR were made with the steady gradient technique. The 

field gradient is held at a constant value, gQ , throughout 

the 90°-XT-180° sequence. The expression for the echo 

amplitude is : 

(12) 
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Unfortunately, the constant field gradient has the effect of 

narrowing the echo width, which can be a severe limitation 

when small diffusion coefficients are being measured. This 

narrowing can be understood by considering the Fourier spec¬ 

trum of the spin-echo. The gradient widens the spectrum, 

and since the width of the time domain signal is inversely 

proportional to the width of the spectrum, the echo is 

narrowed. 

The physical process involved in the constant gradient 

technique can be understood by plotting the phase that the 

spins accumulate versus time as in Figure 4 (a). First, con¬ 

sider the case with no field gradient applied, so that each 

individual spin experiences the same magnetic field except 

for small inhomogeneities. The instantaneous phase of any 

given spin lies on the solid line of Figure 4 (a). Notice 

that this line is broader at t = t than at t = 0 or t = 2t . 

This represents the randomizing of phases due to the small 

inhomogeneities in the field, and this randomizing is 

responsible for the disappearance of the signal shortly 

after the 90° pulse as in Figure 2. The shape of this solid 

line is relatively insensitive to diffusion. Virtually all 

the spins realign with the same phase at t = 2f and the 

echo is formed. Now, let us impose-the constant field gra¬ 

dient. Any spins which do not diffuse will have an accumu¬ 

lated phase which is always within the family of lines en¬ 

closed by the dashed lines in Figure 4 (a) . However, spins 

which do diffuse may not have <Çn*+ = 0 at t = 2f, as is 
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the case for the single spin in Figure 4(b). These spins 

will not contribute constructively to the echo at t = 2H . 

At t = 2r all the spins which have not diffused are in 

phase and the echo is formed. 

There are two drawbacks to the constant field gradient 

technique. First, the echo width decreases with increasing 

gradient, making necessary large increases in electrical 

system bandwidth and making the use of high field gradients 

impractical. Second, the time during which the spins can 

diffuse and affect the echo height is on the order of 2‘C', 

and to investigate the dependence of D on diffusion time, 

we must change 2T . This causes problems since the echo 

height is also proportional to exp (-2't'/T2 ), and we may not 

know T2 with sufficient accuracy. Because of these prob¬ 

lems, the use of time dependent field gradients becomes 

attractive. 

3. Time Dependent Field Gradients 

Time dependent gradients have several advantages over 

the steady gradient described above. For example, one may 

choose to remove the gradient during the spin echo so that 

the echo is not narrowed. This keeps the bandwidth re¬ 

quirements of the electronics at a reasonable level and 

makes the use of high gradients practical. Another advan¬ 

tage is that there can be a well defined diffusion time 

which is more easily varied as an experimental parameter 

than in the case of the steady field gradient. For example, 
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if one is using pulsed field gradients, the spacing and width 

of the pulses determine the diffusion time. 

An example of the time dependent field gradient is the 

double pulse field gradient as illustrated in Figuré 5(a). 

This is the field gradient used in our experiments. The 

gradient consists of a steady background gradient, "g , and 
o 

two gradient pulses, 9-^, on either side of the 180° radio¬ 

frequency pulse at t = T. Here, the background gradient and 

the pulse gradient are not necessarily parallel. The pulses 

are of width <T and the leading edges are separated by A. 

By observing the requirement stated in Eq. (8), we can en¬ 

sure that the echo peaks at t = 2 X. This requires the area 

under each pulse to be equal, and it happens that for large 

pulse gradients the location of the peak is very sensitive 

to small differences in the pulse widths. Assuming that 

the peak occurs at t = 2X , the echo height is (5) : 

with t2 = 2*C-t^-<f-A. The first term in Eq. (13) is due 

to the steady background gradient and is a constant factor 

involves the dot product of gQ and g^. For some experi¬ 

mental arrangements it may be possible to have and ^ 

perpendicular to each other to eliminate this term, but in 

since we are going to vary & , and A. The third term 
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our case, the only way to neglect this term is to keep ^gQ 

small. The diffusion time for this sequence of gradient 

lated phase for a single spin of the ensemble as detailed in 

Figure 5 (b). All of the spins in the ensemble accumulate 

phase at the same rate except during the gradient pulses. 

If a spin does not change positions between t„ and t^ it will 

lose as much phase during the second pulse as it gains during 

the first pulse and will have zero phase at t = 2f and con¬ 

tribute to the echo peak. If, however, a spin does diffuse 

during this time, it may not have zero phase at t = , and 

the height of the spin echo will be reduced (dashed line). 

Thus, the diffusion measurement time is A + $ , which is a 

convenient quantity to vary when studying restricted 

diffusion. 

Other time dependent gradients are possible. We could 

try: 

This gradient has n half cycles of a cosine gradient on each 

side of the 180° pulse in addition to the usual background 

gradient, g^. This gradient would be particularly easy to 

implement because the bandwidth requirements of the gradi¬ 

ent circuitry are much less than those in the pulsed field 

gradient above. The diffusion measurement time will be 2T/n 

and can become quite small for large n. The amplitude of 

pulses is A + S as may be seen by considering the accumu¬ 

(14) 



20 

the echo can be shown to be: 

(U AM) 
Ai°) 

= -fbt- f 
Again, we have small so that the first and third terms 

are unimportant. If we make n large so that the diffusion 

measurement time is small and make B = 1 so that the gradi¬ 

ent is zero at t = 0,t, and 2*tr, the right hand side is 

2 
proportional to g^ , which is the same as in the constant 

gradient measurements. The echo at t = 2Trwill be somewhat 

narrowed but not as much as in the steady gradient case, 

but by paying this price, we have gained the ability to vary 

the diffusion measurement time. 

Another pulse sequence is the alternating pulsed field 

gradient (APFG) sequence. This sequence has n pairs of 

gradient pulses on each side of the 180° pulse, as shown in 

Figure 6. Each pair constitutes a single measurement over 

the time A + S . The echo height is (18): 

t3g* + 2.nS’(A-^S)g?- -2JT£A[£ 

+2.t, +A--^g,.^0 
(16) 

Again, one assumes that the background gradient ^Q, is small 

so that we can neglect the first and third terms. The re¬ 

sult reduces to the double pulse result, Eq. (13), when we 

take n = This sequence is equivalent to accumulating the 
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results of 2n diffusion measurements into one spin-echo and, 

thus, becomes useful when D is small. Also, the gradient 

is off during the spin-echo and the echo is not narrowed. 

The problems with this sequence are keeping the positive and 

negative pulses equal in width and amplitude and getting 

electronics fast enough to put many high current pulses in 

a given time interval. 

With a little imagination, any number of pulse sequen¬ 

ces can be constructed and analyzed. However, one must keep 

in mind the hardware restrictions of using high current, pre^ 

cisely timed waveforms. 

B. EXPERIMENTAL APPARATUS AND SAMPLE PREPARATION 

1. The Apparatus 

The equipment which was modified to measure diffusion 

coefficients is a conventional pulse NMR system capable of 

measuring T^ and T^ values and is diagrammed in Figure 7. 

The system has a superconducting magnet which was in per¬ 

sistent mode with a field strength of around 7 kilogauss 

so that the proton resonance was at 30 megahertz. The 

system has switch selectable diode or heterodyne detection 

of the NMR signal. The detected NMR signal is digitized by 

a Nicolet digital signal averager and manipulated by Fortran 

programs in our Interdata computer. 

The pulse sequencer can supply four sequential pulses 

with independent spacing between pulses and with independent 
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pulse widths. The firing sequence is A-B-C-D. To generate 

our double pulse gradient sequence, pulse A and pulse C were 

used to generate the 90° and 180° pulses, respectively, and 

pulse B and pulse D were used to drive the gradient pulse 

circuit. 

The gradient pulse circuit is diagrammed in Figure 8. 

The current for the gradient coils was provided by automo¬ 

tive lead-acid batteries. With these batteries, we can get 

pulses of coil current up to 22 amperes and rise times on 

the order of 20 microseconds with less than 2% sag over one 

millisecond. The coil current was monitored by measuring 

the voltage drop across a 0.1 ohm resistor. The current 

pulse waveform was also digitized on the Nicolet signal 

averager, thus allowing us to measure A and & (Eq. 13) 

for each pulse sequence in addition to accurately measuring 

the peak current. The current measuring circuit (the 0.1 

ohm resistor, the differential amplifier, and the Nicolet 

digitizer) was calibrated by passing several known currents 

through the 0.1 ohm resistor and recording the number of 

counts on the Nicolet digitizer. These data were least 

squares fit to a straight line and the slope was used as a 

constant conversion factor in the computer program. 

The gradient coil consisted of two oppositely wound 

co-axial coils on a teflon plug. The dimensions of the coil 

assembly were chosen to give a uniform field gradient over 

the sample tube. The teflon plug was machined to accurately 
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position a 10 millimeter NMR tube along the common axis of 

the coils. The theoretical calculation of the field gradi¬ 

ent gives a value of 5.1 Gauss/cm/ampere. This value was 

checked with a steady gradient diffusion measurement on 

water. The theoretical and experimental values agreed to 

within 2 percent. 

The modified system does not have a sample temperature 

controller or probe. However, the sample temperature was 

estimated by putting a glass thermometer in a sample tube 

and putting this tube into the magnet for a minimum of fif¬ 

teen minutes. It was found that the temperature in the 

sample region was reasonably stable around room temperature 

for a couple of hours, which is sufficient time to make two 

or three diffusion measurements. 

The digitized spin-echo waveform and the digitized 

current monitor waveform were analyzed by Fortran programs 

on our Interdata computer. In both cases, an average of the 

background noise was subtracted before any other manipulation 

was done. The time of the spin-echo was known (t = 27T) 

relative to the beginning of the pulse sequence, and up to 

80 data points around t = 2were fit with a quadratic 

least squares fit to determine the echo height. The coil 

current was found by averaging the values recorded across 

the top of a gradient pulse, then multiplying by the scale 

factor determined from the calibration procedure. The times 

A and S were found by locating the 40% and 90% levels of 
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the gradient pulses. After several echo heights were col¬ 

lected at different current settings, the data points were 

fit to the expression in Eq. (13) using a non-linear least 

squares fit. This fitting routine was written by Trantham 

(19) and uses Marquardt's (20) algorithm for minimizing chi- 

squared in the parameter space of the function. 

With this near total automation, ten to fifteen data 

points could be collected in about thirty minutes and a 

value for the diffusion coefficient obtained virtually imme¬ 

diately from these data. 

2. Solution Preparation 

We next discuss the preparation of the poly-ox/water 

solutions. Samples of three molecular weights of poly-ox 

were obtained from Union Carbide. The commercial designa¬ 

tions of the samples are WSR-301, WSR-205, and WSR-N-3000. 

The WSR-301 has a molecular weight of about 4,000,000, 

which corresponds to about 90,000 repeat units in each 

polymer chain. The molecular weights of the WSR-205 and 

WSR-N-3000 are 600,000 and 400,000, respectively (14,000 and 

9000 repeat units, respectively). The "N" in WSR-N-3000 

indicates a special narrower range of molecular weights com¬ 

pared to the WSR series. 

The concentrations we chose to examine are shown in 

Table 1. The 20% concentration was chosen because the QNS 

data we have are at this concentration. The 30% solutions 

are at the upper limit of the concentrations that are easily 
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Table 1 

Poly-ox Concentrations 

Designation Molecular 
Weight 

Concentration (% Poly 
0.1 1.0 10.0 20 

-ox Weight) 
30 54 

WSR-N-3000 400,000 X X X X - 

WSR-205 600,000 X X X X X 

WSR-301 4,000,000 X X X X - - 



29 

prepared using the technique described below. The 54% solu¬ 

tion of WSR-205 is from a batch made by Gilbert N. Ling of 

Pennsylvania Hospital. The lower concentrations were chosen 

as practical values between the 0% and 20% solutions. 

The viscosity of these solutions is drastically dif¬ 

ferent from water, even at the low concentrations. The 30% 

solutions are tacky gels, and the 54% solution is like a 

pliable plastic. The literature (12) states that the vis¬ 

cosity of a 5% solution of poly-ox and water is 4,500 to 

8,800 centipoises as compared to 0.8 to 1.0 centipoises for 

pure water and 500 to 1000 centipoises for castor oil (21), 

all at 25°C. This high viscosity contributes to making 

preparation of high concentration solutions difficult. 

We used a solution preparation technique suggested in 

personal communications with Gilbert N. Ling. The appro¬ 

priate amounts of poly-ox and water were placed in large 

mouth jars with tight fitting lids. The poly-ox immedi¬ 

ately forms globs of paste which float on the surface of 

the water. Also included in the jars was a glass stirring 

rod. The jars were weighed and sealed with laboratory film 

to avoid further evaporation of the water. They were then 

placed on a slow moving horizontal laboratory shaker in a 

cold room at about 5°C. Slow shaking avoids chain rupture, 

and the cold prevents bacterial growth. The samples were 

periodically removed from the shaker, weighed, opened, and 

stirred with the glass rod. After about thirty days, all 

of the solutions were well mixed with negligible water loss. 
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Another method of preparation, which we did not use, 

utilizes the evaporation of excess water. A 1% to 10% solu¬ 

tion can be prepared with gentle stirring in a relatively 

short time. To obtain higher concentrations of poly-ox, 

one can allow controlled evaporation of the excess water. 

If an elevated temperature is used, the temperature must not 

be above the thermal gelation point. Above this temperature, 

the solution may form a precipitate because of the inverse 

solubility characteristic of poly-ox. This temperature is 

around 100°C but varies slightly with concentration. Also, 

during the evaporation, careful stirring is necessary so 

that homogeneity is maintained throughout the sample. 



RESULTS AND DISCUSSION 

A. RESULTS 

The normalized, temperature corrected diffusion coef¬ 

ficients for water in poly-ox are shown plotted versus 

macromolecular concentration in Figure 9. Macromolecular 

concentration is defined as the ratio of poly-ox mass to 

total water mass. No distinction is made between the re¬ 

sults for different molecular weights because the uncer¬ 

tainties in the values measured obscure the molecular 

weight dependence of the diffusion coefficient, if any. 

The data are normalized by dividing by the diffusion coef¬ 

ficient of pure water. The temperature corrected value we 

—5 2 measured for pure water is 2.16 (+0.13) x 10 cm /sec at 

25°C. This value is within the range of values cited in 

the literature (4). 

The data were temperature corrected as follows. 

Pruppacher (4) presents diffusion coefficient data for pure 

water obtained with tracer methods over a wide range of 

temperatures. We assume the same temperature dependence 

for the poly-ox/water solutions. To normalize the data 

measured at temperature T' to 25°C, we multiply the measured 

diffusion coefficient by the ratio D(25°C)/D(T') as deter¬ 

mined from Pruppacher's data. The amount of correction varied 

between three and eleven percent. 
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B. DISCUSSION 

In developing a physical model to explain the data in 

Figure 9, one must consider two effects which influence the 

measured diffusion coefficient. The first effect is the so- 

called "direct-hydration" effect. The second effect we will 

discuss is the restriction of diffusive motion by obstruc¬ 

tions . 

1. The Hydration Effect 

The value of the diffusion coefficient measured in a 

multi-phase system with NMR methods depends on the diffusion 

coefficients in each region and the interactions between the 

regions at the region boundaries. In a two phase system, 

for example, we can write for the magnetization in each 

region: 

- -Â(ur0+^G*r) m, - ^ + D,V1m. + Cfnv-rn,) 

m, = Mlx + * M,* 

(17) 

where m^ and m2 represent the transverse magnetizations in 

each region, T2 ^ and T2 2 represent the transverse relaxa¬ 

tion times in each region, and so on. The constant C 

approximates the effect of exchange between the two systems 
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at the boundary in the limits of large and small C. If C is 

small, we have the case of slow exchange, and the two regions 

are independent of one another. If C is large, the exchange 

is fast, and the two magnetizations represented can reach 

equilibrium with each other in a time which is short compared 

to the relaxation times T0 .. Equation (17) can be simpli- 

fied. Let: 

m, = e»pj-Âw0t 

m»= VxexpUiwit 

+ -xyr-Fl = (h<' 
•a,! J 

jr -in-t) = 
where F is defined in Eq. (6). Then one obtains: 

D,V>, + c ) 

= Dxv\ + C IM*** - (4) 

(18) 

(19) 

Again, for C small, the equations separate, and we 

would expect to observe a signal with two exponential com¬ 

ponents. For a large C, however, m^ ft* m2 so that the coup 

ling term is finite and cancels when Eqs. (19) are summed. 

The differential equation for the observed signal is: 

# » ji[M, Mim] = [f.D, +(K)DJV,
4 (20. 

= D' 
where f^ is the ratio of the number of spins in region 1 to 

the total number of spins. Thus the measured diffusion coef¬ 

ficient in the special case of two phases in fast exchange is: 
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D'- D,f, + O-f.iD, (2D 

The number is related to the macromolecular concen¬ 

tration, c, which we have used as the abscissa in Figure 9. 

P _ r»uiwW o-P spins in ^eq»'on 1 - iwass of spins in region 
' I " nuwibe»* of total spins " +etal mass c-f spins 

_ mass o-f solute # moss o'f -Spins In région J. (22) 
“ to+ol moss of Spins moss ©f Soltl'te 

=. C • h 

where h is called the "bound hydration" and we are thinking 

of region 1 as the region next to the poly-ox molecules 

where the- diffusion coefficient for water may be smaller than 

that farther away from the poly-ox. In general, h is a 

function of c, but for low concentrations, we may regard h 

as fixed. 

If D^ « D£, and if the concentration c, is low, then 

the measured diffusion coefficient is: 

Df- (1 —hcj + hcD, (23) 

For a fixed bound hydration, we expect the diffusion coef¬ 

ficient to decrease linearly with increasing macromolecular 

concentration. This is clearly not the case for all of the 

data in Figure 9. However, for c <0.3, a linear least 

squares fit of the data gives h = 2.0. This value is com¬ 

parable to the value of h *= 1.9 given by Derbyshire and Duff 

(11) for agarose gels. This simple model does not explain 

the deviations from linearity at higher values of c, and we 

r> ôV 4“ « ■? /I v« ^ 4* ^ AM L. I    _ J e r J  
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2. The Obstruction Effect 

Obstruction effects can be determined from calculation 

of the diffusive flow through a geometric array of obstruc¬ 

tions with no hydration layers. Rorschach and Hazlewood (7) 

have given an approximate treatment and have shown that the 

diffusion perpendicular to a hexagonal array of cylinders is 

characterized by an effective diffusion coefficient: 

Do 
| + Ol 8<f i ••• 

(24) 

where (Ç is the volume fraction of the cylinders, and (Ç is 

given in terms of the macromolecular concentration, c, by: 

C 
c -I-A 

A — «tensity oÇ polymer in solution 
density of H2O 

i.as 

Even though the poly-ox/water solutions do not have this 

simple geometry, it seems reasonable that the form given in 

Eq. (24) might be a good approximation to a random array. 

(The diffusion coefficient for a cubic array of obstructing 

spheres is (7): 

^measured 
Dr. 

I + 0.63 <p + • • • 
(25) 

and the numerical factors are not very sensitive to geometry.) 
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The values of ÿ necessary to fit my data to Eq. (24) at 

each concentration are shown in Table 2. 

Values of greater than one are not consistent with 

the definition of $ . In fact, one would not expect the 

diffusion coefficient to be reduced from the zero concentra¬ 

tion value by more than a factor of about 2 for any concen¬ 

tration, c, and yet our data are reduced by a factor of 

about 6 at c = 1.2. Hence, the results cannot be explained 

solely as an obstruction effect. 

3. Combining Hydration and Obstruction Effects 

Clearly, one needs to unite the hydration and obstruc¬ 

tion effects in a single model. Wang (22) has attempted to 

do this. His approach is to derive results for the obstruc¬ 

tion and hydration effects independently and to combine the 

two effects by multiplying them together. Wang, however, 

does not calculate the obstruction effect correctly (7), 

so we will only use his concept .of the multiplication 

of the hydration and obstruction effects. 

Consider the arrangement shown in Figure 10. This 

diagram represents the cross-section of a particular cell in 

a hexagonal array of cylinders. The polymer or protein is 

considered to be an impenetrable cylinder of radius a. This 

cylinder is surrounded by a layer of water with diffusion 

coefficient for a < r < and diffusion coefficient 

for R^ < r < R. For this situation, the diffusion coef¬ 

ficient predicted by Wang's method of analysis is: 
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Table 2 

Necessary Values of <Ç in Eq. (24) 

G <P 

0.001 0.082 

0.01 0.062 

0.11 0.690 

0.25 1.274 

0.40 1.025 

0.43 1.252 

1.20 6.084 
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FIGURE 10 
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r i-f + 

Jï = p . p - I + o*8<P 
0 rhy4 'obs _ r -, 

£[|*a8«>] 

Ftf-tf- - <P(Ka-rt or using f = ’^_qX ~ "(.y, 

-I 

?<T^ 

<f» T* 

(26) 

D. - 

R," 

with 

i-OK1 

(l + o.6<p)(i-tp) 

%[' + O.Ô(P] 
“I 

K= 1 

<P= [*f> cTÂ < 1 

A = density o-f polymer in solution 
density o-f HxO 

(27) 

U5 

This expression has the limits that one would expect. As 

<P goes to zero, the expression approaches 1 which is the 

limit of having no polymer in solution. As (Ç goes to one, 

its maximum value, the function becomes: 

D = J3L (28, 

which is the same limit as for a single phase system with 

diffusion coefficient and similar obstructions. 

Wang gives no justification for this particular way of 

combining the two independently derived effects, and there 



41 

are potential problems in applying this model. For example, 

when one is considering the obstruction part of Wang's 

formulation, it is not clear what value one must take for 

the volume fraction of the obstruction, <P , since a tightly 

bound hydration layer may effectively increase the volume 

fraction. In other words, the hydration and obstruction 

effects are not independent. 

A more intuitively satisfying approach would be to 

consider both obstruction and hydration effects on an equal 

footing from the outset. Indeed, this can be done by using 

the cellular method of Rorschach and Hazlewood (7). The 

cellular method derives an expression for the effective dif¬ 

fusion coefficient from a solution of Laplace's equation for 

the concentration in a periodic array of obstructions with 

an imposed concentration gradient. For our analysis, the 

distribution of magnetization elements is analogous to the 

concentration at any point. However, Rorschach and Hazlewood 

show that the NMR measured diffusion coefficient differs 

from D and is given by 

h - 0 

\-<p <29) 

Again, consider Figure 10. Here, we have replaced the 

hexagonal cell with a circular cylinder of equal volume. 

We must solve Laplace's equation, V: c = 0, subject to the 
proper boundary conditions. We assumed that the polymer core 

was impenetrable, that the concentrations were equal at 

r = R^ due to fast exchange, that the diffusion currents at 
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r = R^ were continuous, and that the flow at r = R was in one 

direction only. The diffusion coefficient calculated from 

the cellular method is: 

, [['*&**■(»-%>] - » [H-j+ifti-far 
*[li+fe+*o-fci+ °-ô<p['+ pft-ïsî. _D_ 

Df 

<t<k 

-^[o.9(i+<p) + O.KI-<P) * ]
1
 1 <p> ^ (30) 

This form also has the proper limits for <p = 0 or 1. 

The two parameter nonlinear least squares fit of Eq. 

(27) and Eq. (30) to the data in Figure 9 gives the parame¬ 

ters shown in Table 3. The graphs of these functions for 

these parameters are shown in Figures 11 and 12. The two 

calculations give about the same kind of fit and results. 

The parameters seem to have reasonable values when 

compared with other observations. . The ratio D^/D2 25 ^ 

agrees with the work done by Seitz (10) on brine shrimp cysts. 

Seitz reports a reduction of the diffusion coefficient by a 

factor of about 8 in measurements on the diffusion coef¬ 

ficient in brine shrimp for a hydration of 1.2 gm water per 

gm dry solids (c 0.83) . The work of Tanner (23) has shown 

that there is an obstruction effect in Artemia cysts which 

accounts for about % of the reduction in D. The "local" 

value of D is thus reduced by a factor of about 4, which is 

quite similar to our reduction of 4-4.3 from Table 3. The 

value of K = 1.6-1.7 is large for a simple hydration layer 

and suggests that a substantial fraction of the water is 
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Table 3 

Fit Parameters for Equations (27) and (30) 

Cellular Method (Ecr. 30) Wancr's Method (Ecr. 27) 

A 1.25 (fixed) 1.25 (fixed) 

K2 2.57 + 0.24 2.91 + 0.24 

VD2 0.228 + 0.053 0.253 + 0.072 

h 1.28 1.52 
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affected by the polymer. The value of h = 1.3-1.5 is in 

rough agreement with values quoted by Derbyshire and Duff 

(11) for the agarose gel system. 

Thus it seems necessary to have a model which includes 

both hydration and obstruction effects since neither alone 

is sufficient to explain the variation of diffusion coef¬ 

ficients with solute concentration. 



CONCLUSION 

A. SUMMARY OF RESULTS 

We have measured the diffusion coefficient of water in 

poly(ethylene oxide)/water solutions using a nuclear magnetic 

resonance pulsed field gradient technique. The normalized, 

temperature corrected data are shown in Figure 9. These data 

are not explainable on the basis of hydration effects or 

obstruction effects alone. An analysis is presented which 

makes use of the cellular method (7) and Wang's method (22) 

of incorporating both hydration and obstruction effects. 

The parameters determined from both models are nearly equi¬ 

valent and are summarized in Table 3. More measurements are 

necessary to establish the validity of these models and to 

determine which better describes the physical system. 

B. POSSIBLE IMPROVEMENTS TO THIS EXPERIMENT 

To improve the results of this experiment, several 

changes must be considered. 

The double pulse method used may be replaced by a 

multiple pulse method so that a wider range of diffusion 

coefficients can be observed. More stringent control of 

pulse widths and amplitudes are necessary. 

A temperature control system is essential because of 

the strong temperature dependence of the diffusion coeffi¬ 

cients around 25°C. 
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Measurements on concentrations between c = 0.4 and 

c.= 1.2 would be useful to see if the leveling-off of the 

D/D^ versus c curve at c » 0.6-0.8 occurs as predicted by 

the hydration-obstruction theories. This would give a 

dramatic demonstration of the amount of hydration water in 

the polymer system and its importance in reducing the 

diffusion coefficient. 
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