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Volumetric data of the polyoxyethylene (POE)/water system at 25°C and pressures up to 40 MPa are 
reported together with small-angle neutron scattering (SANS) measurements of dilute solutions of POE in 
water at 25°C and pressures up to 200 MPa. The combination of both data is used to interpret the variation of 
the radius of gyration and the second virial coefficient of POE with pressure by means of existing theories on 
dilute polymer solutions. This allows the evaluation of the unperturbed dimensions of POE in water at 25°C. 
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I N T R O D U C T I O N  

The influence of pressure on the conformation and 
interaction of water-soluble macromolecules, especially 
proteins, other biopolymers and membranes, has recently 
attracted much attention 1-3. This is understandable since 
living organisms have been detected under extreme 
physical conditions 4, e.g. at the bottom of the deep sea 
under hydrostatic pressures up to 100 MPa. 

The understanding of the conformational stability of 
biopolymers under such conditions may become a 
major task for molecular physics. To contribute to an 
understanding of the variation of conformation and 
interaction of a polymer in an aqueous environment 
under high pressure we have chosen the simplest water- 
soluble polymer, polyoxyethylene (POE), with a 
repeating unit ~ H 2 ~ H 2 - O - .  

POE is a remarkable polymer in several respects (see 
ref. 5): it is soluble in water from 0°C to about 100°C and 
soluble in most organic solvents, although its lower 
bomologue, polyoxymethylene, as well as all its higher 
homologues, polyoxypropylene, polyoxybutylene, etc., 
are insoluble in water but soluble in most organic 
solvents. 

Hence, we can hope that, even in the simple case of 
POE, water will play an important role in the 
stabilization of its conformation in solution, and that 
changes in the thermodynamic state of water will lead to 
changes in the conformation and interaction of this linear 
polymer, where they are easier to interpret than in the 
complex case of a protein. 
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MATERIAL 

Polyo xyethylene 
The investigated POE was a product from Serva 

(Heidelberg, Germany) with the specifications n = 800- 
900 monomer units. It was used without further 
purification. Gel permeation chromatography with a 
Sephadex G-200 column revealed a small polydispersity 
(Mw/Mn < 1.1). Tentative measurements with high-angle 
light scattering in water at 25°C yielded a mass-average 
molar mass Mw between 25 000 and 30 000 g mol -  1. The 
Staudinger index in water at 25°C was [~/]= 
52.5 cm 3 g-1.  This leads to a molar mass M, between 
35 000 and 60000g mo1-1 according to the different 
molar mass-viscosity relationships quoted in the 
literature 5,6. 

Water 
Light water was bidistilled with a conductivity of 1 to 

2 #S cm -1. Heavy water was purchased from Merck 
(Darmstadt, Germany) with a D 2 0  content of 99.75 ~ D. 
Its conductivity was less than 1 #S cm-  1 

Solutions 
Solutions of POE in water were prepared by weighing 

first the polymer, then the water into an appropriate 
vessel. The POE was then allowed to dissolve in the 
water, supported by shaking the vessel. When the 
solution was visually homogeneous it was placed in an 
oven at a temperature of 10 K above the melting point of 
POE (Tm=70°C) to guarantee the dissolution of any 
possible remaining crystallites of POE 7,a. 
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Figure 1 Scheme of the experimental set-up for the densitometric measurements 

DENSITOMETRY 

Experimental equipment 

The density measurements were carried out with a 
commercially available densitometer of type DMA 512 in 
combination with the reading unit DMA 60 (both 
instruments from Anton Paar, Graz, Austria). The 
densitometer applies the principle of a vibrating tube and 
has been developed by Kratky and Stabinger et al. 9. The 
external cell DMA 512 is designed for temperatures and 
pressures up to 150°C and 40 MPa, respectively. The 
experimental set-up is shown schematically in Figure 1. 
The temperature of the cell was stabilized by an 
ultrathermostat within -t-0.01K. The high-pressure 
system was obtained from Nova Swiss (Effretikon, 
Switzerland). The pressure could be measured with a 
resolution of 0.005 MPa by use of a pressure transducer 
(type 8206) obtained from Burster (Gernsbach, 
Germany). The whole system, except for the cell and a 
connecting tube, was filled with distilled water. The 
solution/water interface was at a distance of about 20 cm 
from the beginning of the vibrating tube. 

Data evaluation 
For a given temperature T and pressure p the density p 

of a liquid in the vibrating tube is determined by 

p =aD 2-b  (1) 

D is the period of vibration, a and b are constants. Both 
constants depend on temperature but only b depends on 
pressure 1°. The dependences of a and b on pressure and 
temperature were determined by use of bidistilled water 
and air since their densities are well known over a wide 
range of pressure and temperature T M .  In order to 
obtain volumetric data of dissolved or dispersed particles, 
usually not the absolute density values are measured but 
only the density increment Ap of the solution with respect 
to the pure solvent. Measuring the period of vibration of 
the solvent Do, and of the solution D, at the same 
temperature and pressure, Ap can be determined with 
high accuracy according to 

Ap = a(n  2 - 02)  (2) 

The maximum error in Ap for the measurements reported 
here can be estimated to be less than 2× 10-Sg em -3. 
The experimental data of Ap were used to calculate the 
molar volume Vm of the solution as well as the apparent 
specific volume v~ of the solute as a function of pressure 
and composition, represented by x2, the mole fraction, 
and w 2, the mass fraction, of the solute: 

Vra = [M1 (1 -x2)+M2x2]/(Po+Ap) (3) 

v* = { 1 - A p / [ W  2 (Po + Ap)] }/Po (4) 

where Mx and M 2 a re  the molar mass of the solvent 
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(Mr = 18.015 g mo1-1) and of the monomer unit of the 
solute (M2 = 44.053 g mol -  x), respectively. 

Results 

In contrast to the scattering experiments, the 
densitometric study was extended to concentrated 
solutions. In the dilute range no dependence of the 
apparent specific volume v* on concentration could be 
observed within the limits of experimental error (see 
Figure 2). 

In general, most of the polymer/solvent systems exhibit 
a similar behaviour, except for polyelectrolytes where a 
slight increase of v* with increasing concentration has 
been observed ~ s. From the thermodynamic point of view 
a constant v* can only be expected in the case of ideal 
solutions. The constant behaviour of v~ in the dilute 
range in our case, therefore, has to be explained with the 
limited accuracy of the experimental values. 

In order to deduce volume quantities that reflect the 
interactions between solvent and polymer molecules, the 
accuracy has to be improved and/or, if that is not 
possible, the measurements have to be extended to higher 
concentrations. 
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Figure 2 Apparent specific volume v* of POE in H 2 0  at 25°C and 
0 MPa  as a function of mass fraction w2 

At this point it is helpful to introduce the 
thermodynamic excess functions (Table 1). A molar 
excess function is defined as the difference between a real 
and an ideal mixture, both at the same temperature, 
pressure and composition. For  the molar excess volume 
Vm~We get 

E Vm--E ° V~ = x ~  (5) 

with V~ ° the molar volumes of the pure components. For  
binary mixtures the excess functions can be expressed by 
power series of the mole fraction x 2 (Table 1). 
Guggenheim la first derived for the molar Gibbs free 
energy: 

E 
G ~ = x 2 ( 1 - x 2 ) [ A + B ( 2 x 2 - 1 ) + C ( 2 x 2  1 ) 2 + . . . ]  (6) 

The coefficients, A, B, C . . . .  are empirical parameters 
deduced from experimental data. Because of the term 
X2(1 - -  X2) , GEm is equal to zero for x 2 = 0 and x 2 = 1. 

A similar relation is obtained for the molar excess 
volume V~, the pressure derivative of G~: 

(~GEm/ap) = Vm E =  x2(1 - x2)[A' + B'(2x2 - 1) 

+ C ' ( 2 x 2 - 1 ) + . . . ]  (7) 

Note that the parameters A, B, C . . . .  in equation (6) are 
functions of pressure and temperature and therefore 
A ' , B ' , C ' , . . .  in equation (7) and Table 1 are the 
corresponding pressure derivatives. 

For  the evaluation of the excess volumes according to 
equation (5) the molar volumes Vi ° of the pure 
components have to be known. For  that purpose we 
present volumetric data of the pure polymer measured 
with the same instrument as the solutions. Problems arise 
from the fact that the polymer is in the solid state at 25°C. 
Therefore the measurements were carried out at 
temperatures above the melting point (70°C). To be sure 
that no bubbles are inside the vibrating tube, a minimum 
pressure of 5 MPa was applied. 

The inner part of Table 2 (numbers in italics) contains 
the experimentally observed densities of liquid POE at 
several pressures and temperatures. The values placed 
outside the italic region are obtained by linear 
extrapolation. At 0 MPa the densities reported in this 
work agree within 0.5 9/0 with the data reported by Simon 
and Rutherford tS. 

The molar volumes of several P O E / H 2 0  solutions at 
25°C and at different pressures are presented in Table 3. 
As before, the values from 50 to 100 MPa are obtained by 
linear extrapolation. The extrapolated values have to be 

Table 1 Some volume quantities for binary systems expressed by use of the empirical parameters A' and B' according to equation (6) 

Definition Empirical expression 

Molar volume 

Molar excess volume 

Partial molar volume 

Partial molar excess volume 

Partial molar volume at 

infinite dilution 

Vm= V/(nl +n2) 
VEm = Vm-- Xl Vl° -- x2 V2 ° 

Vi= (~V/~nl)r.p,.j, ! 
v E= Vm--X2(~Vm/aX2)-- Vx ° 

vE= Vm- x, (aVm/~X~)-- V; 

V~ ° = lira V= 
xt~O 

v~ = lira v~ 
x 2 ~0 

Vm = x2(1 - x2)[A' + B'(2x2 - 1)] + (1 - x2)V  ~ + x 2 V 2 

v~= x2(1 -x2)[A' + 8'(2x2 - 1)] 
Vl= V/° + V/E 

V E = (A ' - -  3B ' )x  2 + 4B 'x  3 

2 3 V E = A ' - -  B' + Xa(6B' - 2A') + x2(A'  -- 9B') + B 'x  2 

V ~  = A'  + B' + V~ 

V 2 =  A ' -  B' + V 2 
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used with caution, because the compressibility of liquids 
is not a constant but decreases with increasing pressure. 

An estimate of the extrapolation error can be obtained 
from a comparison with pure water. Here a linear 
extrapolation of the densities in the range of 0 to 40 MPa 
up to 100 MPa leads to a value that is too low by about 
0.3 ~ .  With increasing pressure the deviation becomes 
more significant, e.g. 1 . 2 ~  at 200MPa.  Because of the 
small estimated deviation up to 100MPa  it seems 
allowable to calculate excess volumes by use of the 
extrapolated values as presented in Tables 2 and 3. 

The molar excess volume Vm E as a function of the mole 
fraction x 2 for P O E / H 2 0  at 25°C is shown in Figure 3 at 
different pressures. According to equation (7) the 
experimental values were fitted by use of two parameters 
A' and B'. 

The dependence on pressure of A' and B' is presented in 
Figure 4 and can be approximated by: 

A' / (cm 3 m o l -  l) = _ 4.277 + 0 .0107p /M Pa  (8) 

B'/(cm 3 mol -  1)= _ 1.80 (9) 

With the equations (8) and (9) and the p-V-T data of the 
pure components we are able to calculate all volume 
quantities of the system P O E / H 2 0  at 25°C and any 

Table 2 Density of pure POE at various temperatures and pressures 

P (g cm -3) 

P (MPa) 120.3°C 110.6°C 100.7°C 90.0°C 80.0°C 25.0°C 

0 1.0454 1.0525 1.0602 1.0685 1.0764 1.1186 
5 1.0485 1.0555 1.0632 1.0715 1.0794 1.1214 

10 1.0519 1.0 .587 1.0662 1.0744 1.0821 1.1233 
15 1.0550 1.0617 1 . 0 6 9 1  1 . 0 7 7 1  1.0847 1.1253 
20 1.0583 1.0648 1.0721 1.0800 1.0876 1.1275 
25 1.0615 1.0680 1.0751 1.0830 1.0904 1.1298 
30 1.0647 1.0711 1.0782 1.0859 1.0932 1.1321 
35 1.0678 1.0741 1 . 0 8 1 1  1.0888 1.0961 1.1347 
40 1.0708 1.0771 1.0841 1.0918 1.0991 1.1376 
50 1.0774 1.0833 1.0901 1.0975 1.1045 1.1416 
60 1.0838 1.0895 1.0961 1.1033 1.1102 1.1462 
70 1.0902 1.0957 1.1021 1.1091 1.1158 1.1508 
80 1.0965 1.1019 1.1081 1.1149 1.1214 1.1554 
90 1.1029 1 .11)80  1.1140 1.1207 1.1270 1.1600 

100 1.1093 1.1142 1.1200 1.1265 1.1327 1.1646 

For meaning of italics, see text 

pressure up to 40 MPa and with some caution up to 
100 MPa (Figures 5, 6 and 7). 

It should be noted that the validity of the extrapolated 
volumetric data is supported by our high-pressure SANS 
measurements (see next section). 

SMALL-ANGLE N E U T R O N  SCATTERING 
(SANS) 

Experimental 
The SANS experiments were carried out at the small- 

angle neutron scattering instrument PACE of the 
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Molar excess volume Vm E of  POE in H 2 0  at 25°C and 
different pressures as a function of mole fraction x 2. Full lines: best fits of 
the experimental values. Dotted lines: best fits of the extrapolated values 
(see text) 

Table 3 Molar volume of several P O E / H 2 0  mixtures at 25°C at various pressures and mole fractions 

V m (cm 3 mo1-1) 

x 2 0 MPa  10 MPa  20 MPa  30 MPa  40 MPa  50 MPa  60 MPa  70 MPa  80 MPa  90 MPa  100 MPa  

0 18.068 17.988 17.910 17.834 17.760 17.688 17.618 17.551 17.484 17.420 17.357 
0.0085 18.229 18.148 18.071 17.995 17.992 17.843 17.767 17.690 17.614 17.537 17.460 
0.0246 18.530 18.482 18.375 18.301 18.228 18.148 18.069 17.991 17.912 17.834 17.756 
0.0411 18.841 18.764 18.688 18.616 18.542 18.466 18.392 18.317 18.242 18.168 18.093 
0.0405 18.820 18.750 18.674 18.600 18.528 18.454 18.380 18.307 18.233 18.160 18.086 
0.0701 19.381 19.304 19.229 19.156 19.085 19.009 18.935 18.861 18.788 18.714 18.640 
0.1334 20.556 20.481 20.408 20.337 20.267 20.193 20.121 20.049 19.976 19.904 19.832 
0.1496 20~61 20.782 20.710 20.642 20.572 20.498 20.426 20.354 20.282 20.211 20.139 
0.1866 21.552 21.477 21.404 21.333 21.264 21.190 21.118 21.046 20.974 20.902 20.830 
0.2509 22.770 22.692 22.617 22.545 22.474 22.398 22.324 22.251 22.177 22.103 22.029 
0.2914 23.561 23.469 23.393 23.310 23.246 23.163 23.085 23.007 22.929 22.850 22.772 
1 39.382 39.217 39.071 38.913 38.725 38.589 38.434 38.128 37.977 37.977 37.827 

For meaning of italics, see text 
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Nova Swiss (Effretikon, Switzerland) except for the 
pressure transducer (type 8212), which was obtained from 
Burster (Gernsbach, Germany). 

The pressure generator and the tubes were filled with 
D20. The filling of the cell with the solution occurred via 
a connecting tube, from bottom to the top in order to 
avoid bubbles in the sample volume. The solution/D20 
interface was at a distance of about 20 cm from the cell. 

Data evaluation 
The scattering behaviour of a solution depends on its 

thermodynamic state, characterized by the parameters 
temperature, pressure and composition. In order to 
separate the influence of the different parameters, two of 
them must be kept constant. Usually experiments are 
performed at constant temperature and pressure, where 
the angular distribution of the scattered intensity for 
several concentrations of the solute is measured. By 
subtraction of the background scattering, caused by the 
solvent, the sample cell, etc., the partial differential 
scattering cross section of the solute per unit volume 
(d~./dfZ) 2 is obtained, if the scattered intensity is 
normalized to absolute units. According to Zimm a6 

Kc/(d~,/dQ)2 = 1~IMP(Q)] + 2A2c + . . .  (10) 

where c is the mass concentration, Q is the scattering 
vector ([Q[ = (4n/2)sin(0/2), 0 = full scattering angle, M is 
the molar mass of the dissolved particles and A 2 is the 
second virial coefficient of the osmotic pressure of the 

Laboratoire l_~on Brillouin (LLB) in Saclay, France*. 
The wavelength and sample-detector distance were 
1.2 nm and 2.55 m, respectively. 

For neutron scattering experiments under high 
pressure a special sample cell is required that fulfils both 
the mechanical and small-angle scattering conditions. 
Since no commercial high-pressure cell for the 
requirements of SANS was available, a suitable cell was 
specially designed and constructed by the mechanical 
workshop of the University of Osnabriick, Germany, in 
collaboration with the Institut Laue-Langevin (ILL) in 
Grenoble, France. A cross section of the cell is presented 
in Figure 8. 

The sample volume is placed in the centre of a steel 
body of 10 cm diameter. The cylindrical sample volume 
has a diameter of 15 mm and a thickness of 4.5 mm. Two 
sapphire windows of size 24 mm diameter x 12 mm and 
19mm diameterxl0mm are held by steel flanges 
screwed to the steel body. The sealing of the cell is 
performed by O-rings of gold wire (1 mm diameter) 
placed between the steel flanges and the windows. 

The circular aperture of the entrance window is 12 mm, 
which is reduced to 10 mm by a cadmium diaphragm to 
avoid parasitic scattering from the inner walls. The inner 
part of the steel flange at the exit window is cone-shaped 
with a cone angle (as indicated in Figure 8) of 20 °. 
Thereby the upper value of the observable Q range of the 
cell is limited. For the measurements reported here the full 
scattering angle was about 7 ° . 

The experimental set-up is shown schematically in 
Figure 9. The high-pressure system was obtained from 

*Cf. Laboratoire l.~on Brillouin, 'Equipements Experimentaux', 
Saclay, 1982 
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Figure 5 Partial molar excess volume V~ of the system POE/HzO at 
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curves indicate extrapolated functions (see text). The functions are 
calculated by use of the empirical parameters A' and B' (see Fioure 4) 
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0.3 

solution. For dilute solutions all higher virial coefficients 
are neglected. The single-particle scattering function 
(structure factor) P(Q) represents the intramolecular part 
of the scattering cross section, whereas the second term on 
the right-hand side of equation (10) reflects the 
intermolecular interferences. The constant K (contrast 
factor) is determined by the scattering length density 
increment Ab of the solute 

K = (Ab)2/NA (1 l) 

where NA is Avogadro's number and Ab is given bylV: 

Ab=b 2 -blp~v~ (12) 

p~ and v~ ° being the mass density of the pure solvent and 
the partial specific volume of the solute at infinite 
dilution, respectively. The specific scattering lengths of 
the solvent (D20: bl =5.767 x 101° cm g -1) and of the 
monomer unit of the polymer (C2H40 , b2=0.5664 x 
l01° cmg -1) are obtained from the tabulated atomic 
scattering length ~s and atomic masses ~9. 

The scattered intensity of the solvent and of four 
solutions were measured at 25°C and at three different 
pressures (0, 100, 200 MPa). In order to normalize the 
relative intensities I, the incoherent scattering of a 1 mm 
H 2 0  sample at 25°C was used as a standard. Taking into 
account its primary beam transmission T, with respect to 
the empty beam, each spectrum was corrected for the 
scattering of the empty cell and then divided by the 
thickness of the cell, d. 

The absolute scattering cross section per unit volume 

(dZ/dfl) of the sample is obtained according to 

(dZ/dl)) = (d~Z/dll)~ ~[(I ,IT,-  IpclTpc)/dpc]/ 

[ ( I . / T .  - lwc/Twc)/dwc] (13) 
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Figure 8 Cross section of the high-pressure cell: l, steel cap; 2, 
sapphire windows; 3, pressure connection; 4, steel body; 5, cadmium 
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The subscripts PC and WC indicate the empty pressure 
cell and the empty water cell, respectively. The absolute 
scattering cross section of a l mm H 2 0  sample 
(dX/d~)~ == was calculated by the empirical expression2°: 

(dE/df~)~ =~ = exp[ 7- 0.028 + 0.285 ln(2/nm) 

+ 0.072 ln2(2/nm)] cm -1 (14) 

Subtraction of the scattering cross section of the pure 
solvent (dZ/dQ)] from that of the solution yields the 
scattering of the solute: 

(dX/dQ)2 = (dE/df l ) -  (1 - c/p°~)(dT,/d~)°~ (15) 

Results 
The scattering data, treated as described above, are 

represented in Figures lOa-c in so-called square-root 
plots. Here, in contrast to a Zimm plot, the term 
[-Kc/(dE/dQ)2] 1/2 is plotted against Q2 +constant  × c. 
Extrapolation to zero scatterin 8 angle (Q= 0) yields a 
straight line with slope A2x/M that intercepts the 
ordinate at 1/v/M. From the extrapolation to zero 
concentration the scattering curve of an isolated polymer 
coil is obtained. It is obvious from equation (10) that 

lim (dE/dl~)2/(Kc)=M (16) 
Q~0 
c'-*0 

Hence the molar mass M is obtained from the value of the 
single-particle scattering curve at Q = 0 as well. 

It is noteworthy that synthetic polymers are 
polydisperse with respect to molar mass so that the 
quantities obtained by scattering experiments are mean 
values. For the molar mass M the mass average Mw is 
obtained, whereas for the structure factor P and the 
second virial coefficient A 2 we obtain the z averages P= 
and (A2h,= (ref. 21). However, in the following we neglect 
all effects of polydispersity, since Mw/Mn<I.1 for our 
sample. 

For nearly monodisperse samples the mean square 
radius of gyration (R  2) can best be calculated from the 
initial slope of the single-particle scattering curve in a 
square-root plot (cf. ref. 22, Figure 2): 

hm[Kc/(d~,/df~)2] 1/2 = M-1/2[-1 + (( R2) /6)Q 2 +...] 
c~O 

(17) 

The structural and thermodynamic parameters obtained 
from the scattering data as presented in Figure 10 are 
tabulated in Table 4. The values presented in the first 
three columns are directly deduced from the scattering 
data. Introducing the volumetric data for the solvent (p~) 
and the solute (v~ °, see section on 'Densitometry'), the 
molar mass M and the second virial coefficient A2 can be 
calculated. 

It should be noted that the value ofv~ ° (see Figure 7) for 
100 MPa is a result of an extrapolation as described 
above. The good agreement of the molar mass for the 
measurements at 0 and 100 MPa supports the validity of 
the extrapolation. For the measurements at 200 MPa the 
molar mass M =  19 x 10 a g mo1-1 was used to calculate 
A2. 

The radii of gyration in Table 4 are not deduced from 
the initial slopes of the square-root plots but are obtained 
by least-squares fits of the whole scattering curve using an 
empirical relation for the structure factor of an expanded 
coil 23: 

P(Q) = [2(e- x + x -  1)/x 2 ] [2 arctan(25n/x)] - o.15 

(18) 

with x=(  R2)Q 2. 
In Figures lla-c the experimental data are presented 

together with the best fit of equation (18) in double 
logarithmic plots of P(Q) against Q(R2) 1/2. If we fit the 
experimental data with the structure factor of an 
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unperturbed Gaussian coil, a more significant deviation 
in the range (R2)1/2Q> 2 appears. 

D I S C U S S I O N  

The scattered intensity of a solution is affected by intra- 
and intermolecular interferences; both are influenced by 
the thermodynamic state of the solution. The absolute 
value of the intramolecular part of the scattering cross 
section is proportional  to the molar mass M of the 
scattering particle and to the contrast factor (see equation 
(12)). For  given scattering lengths of the solvent and the 
solute the contrast factor is determined by the pressure 
derivatives of the chemical potentials at infinite dilution: 

lira (t~#l/t~p)r= V ° (19) 
x2~O 

lim (Olt2/t3p)T-= V~ (20) 
X 2 ~ 0  

Expressed by the excess chemical potentials we obtain: 

lim (dlaE/Op)r = V E=  0 (cf. Figure 5) (21) 
x2~O 

lim (o#E/Op)-r = V2 E (cf. Figure 6) (22) 
x2~O 

which means that V~ can be substantially different from 
the corresponding value of the pure substance. 

From Zimm's  equation (10) it is obvious that the 
intermolecular interferences, related to the osmotic 
pressure ~, are reflected in the thermodynamic properties 
as well. In general g can be expressed by the chemical 
potential of the solvent: 

r~= - ( # t - # ] ) / V 1  = --(t~--U°~)/Vt--#E/v~ (23) 

/ ~  =/~] + R T I n  xl 

Comparison with the virial expansion 

it = RTc/M + RTA2 c2 + RTA3 c3 + . . .  (24) 

leads to a relation between A2 and pE if, as in the case of 
low concentrations, higher virial coefficients are 
neglected: 

--U E =A2RTVlc2~  A2RTM2x2/Vt  (25) 

The non-ideal behaviour of the solution must have an 
effect on every other thermodynamic quantity, especially 
on the excess volumes, which are related to the chemical 
potentials by 

V~ = (oI~E /Op)T (26) 

V E = (Ol~ E/Op) T (27) 

Table 4 Structural and thermodynamic parameters of the system POE/D20 at 25°C obtained by SANS 

P (MPa) 

lira (dY~/df~)2/c (R 2 )  1/2 AzM c~ p~ 
c~o 
Q*o 
(cm 2 g - l )  (nm) (cm s g-l) (cm a g-l) (g cm-3) 

Mw /12 

{g tool -1) (m 3 mol kg -2) 

0 76.5 7.3 _+ 0.2 49.4 0.838 5:0.001 1.1044 
100 71.3 7.0_+ 0.2 28.7 0.820 = + 0.01 1.1509 
200 72.3 6.9_+ 0.2 23.8 1.1877 

(20_+ 2) x 103 (2.4_+ 0.2) x 10- 3 
(18_+ 2) x 103 (1.6_+ 0.2) x 10- 3 
(19 x 103) (1.3 _+ 0.2) x 10- 3 

= Extrapolated value (see text) 
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After differentiation of equation (25) in combination with 
equation (26), a general relation for the pressure 
dependence of the second virial coefficient is obtained24: 

V~ = (M~RTx~/V,)[- (~Az/Op) r-flrA2] (28a) 

o r  

vE= VtRTc2[ - (eA2/OP)T--flTA2] (28b) 

with fl r the isothermal'compressibility of the solvent. For 
binary systems all volume quantities are determined by 
V E, because of the Gibbs-Duhem theorem. Obviously the 
dependence of V E on the concentration is reflected in the 
pressure dependence of A 2, and vice versa. It is interesting 
to note that at ideal osmotic pressure (A 2 = 0) the solution 
generally can exhibit non-ideal behaviour (V1E # 0)if  the 
term OA2/~ p is not equal to zero. 

The preceding general relations between the scattering 
of neutrons by dilute solutions and the thermodynamic 
functions can be summarized in the following diagram: 

(dZ/dfl)r- f(O, c, p) L 

lim dE/dfl =f(p,~ lim dX/dQf(p) ~ l i m  dlE/dD 
£ 

I c . o  
Q-O C 

(OA2/~p)r= f(p) lira V2(x 2 

~""~ Vi= f(( x2, P) 
x2-o T 

A2(p)=~(M, ( R 2 ) o ,  ( R 2 ) ) *  

' =f(Q, p) 

[ (R2) =f(p) 

From the diagram it is obvious that the 
thermodynamic state of the system, fully described by the 
volume as a function of pressure, temperature and 
composition, directly acts on the zero-angle scattering 
(Q--*0) of the solution. For higher Q values, however, 
where interparticle interferences become negligible, the 
scattering is dominated by the conformation of a single 
chain and no simple relations between scattering and 
thermodynamic data can be expected. 

A comparison of zero-angle scattering and volumetric 
data is offered by equation (28). V1E as a function of 
pressure and composition is determined by the 
densitometric measurements. Hence, A 2 as a function of 
pressure can be calculated if an initial value is known. 
Using the relation for V E, as presented in Table 1, 
equation (28a) becomes 

A'-3B'=M2RT/VI[-(t?A2/t3p)r-flrA2] (29) 

when the term with x 3 is neglected. 
The pressure dependence of A' and B' was determined 

in the range 0-40 MPa and is given approximately by 
equations (8) and (9), respectively. Taking into account 
that V~ and fir are functions of pressure as well 11, the 
differential equation (29) can be solved numerically. In 
Figure 12, A 2 at 25°C of POE in water is plotted against 
pressure, as calculated by equation (29) with the initial 
value A 2 = 2.4 x 10- 3 cm a mol g-  2 at p = 0 MPa. 

The values of A 2 observed by SANS, as indicated in 
Figure 12, agree within the limits of experimental error. 

Since the same intersegmental forces act on both the 
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Figure 12 Second virial coefficient A 2 of the system POE/water at 
25°C as a function of pressure. Full circles: observed by SANS for 
POE/D20. Full curve: as deduced from volume data for POE/H20 (see 
text). Broken curves: as full curve, but by use of extrapolated data 

intra- and intermolecular interactions of a macro- 
molecule in solution (cf. ref. 22, figure 3b) a relationship 
must exist between the coil expansion as reflected on the 
radius of gyration of a perturbed coil and its pair 
correlation as reflected on its second virial coefficient. 
Yamakawa has summarized existing theories on this 
subject 21 : 

(i) Original Flory-Krigbaum-Orof ino theory 

A2(p)=constant x (R2)3/2(p) 

x 0.435 ln{1 + 0.885[~2(p) - 1]} (30) 

(ii) Modified Flory-Krigbaum-Orof ino theory 

A2(p) =constant  x (R2~3/2(p) 
x 0.175 In{1 + 4.49[ct2(p) - 1]} (31) 

(iii) Kurata-Yamakawa/Yamakawa-Tanaka theory 

A2(p)  = constant × ( R E ~ 3/2(p)0.547[1 -- { 1 + 0 .646 

x [(ct2 (p) - 0.541)/0.459] 217 - 1 }/ct3(p)] - 0.468 

with constant = 4n 3/2NA/M 2 and ~2(p)  = ( R 2) (p)/( R E) o 

where ( R E ) 0  is the radius of gyration of the 
corresponding unperturbed polymer coil of molar mass 
M. 

Comparison of these theories with the experimental 
data is shown in Fioure 13. 

For the unperturbed dimension of the POE coil in 
water at 25°C we obtain ( R 2 ) 1 / 2 = 5 . 9  r im,  6.2 nm and 
6.1 nm, respectively. This yields with M --- 19 000 g mol -  1 
values for ( ( R 2 ) o / M )  1/2 = 0.043 nm (mol g-  1)1/2, 
0.045rim (molg-1)  1/2 and 0.044nm (molg-1)  1/2, 
respectively. These values may be compared with 
corresponding data on POE in the melt as obtained from 
SANS, where 0.045nm (molg-1)  1/2 is reported by 
Allen 25, 0.047 nm (mol g -  1 )1/2 by Allen and 
Maconnachie 26 and 0.041 nm (mol g-1)1/2 by Kugler 27. 
The characteristic ratio C ~ = 4 . 0  given by Flory 2s 
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Mean square radius of gyration (R2)  1/2 as a function of the 
second virial coefficient A 2 for the system POE/DzO: O,  experimental 
values; , calculated by theory (i); . . . .  , calculated by theory (ii); --  
• -- ,  calculated by theory (iii) (see text) 

corresponds to ((R2)o/M) 1/2 =0.031 nm (mol g-  1)1/2, 
whereas recent results 29 from viscosimetric data on POE 
in water at different temperature and ambient pressure 
yield a value of 0.036 nm (mol g-1)1/2 at 25°C. 

We can conclude that existing theories on 
conformation of expanded linear chain molecules 
adequately explain the behaviour of POE in water at 
room temperature as a function of pressure. 
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