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Abstract. This paper deals with measurements, performed using dynamic light scattering (photon
correlation spectroscopy (PCS) and Raman spectroscopy) and small angle neutron scattering
(SANS), on solutions of poly(ethylene oxide) (PEO) in water and heavy water. The joint
employment of these techniques allows us to carry out a side by side comparison between the
PEO/H2O and the PEO/D2O systems. The coil conformation dependence on temperature and
concentration is studied; in particular, the hydrodynamic radius, as evaluated from the diffusion
coefficient at infinite dilution using PCS, and the gyration radius, evaluated by SANS, are
determined at different temperatures, i.e. as a function of the solvent quality. On the other, the
study of the Raman D-LAM spectral contribution furnishes valuable information on the structural
arrangement of the molecules.

The experimental findings clearly show from the different diffusive properties of polymer
chains that the isotopic substitution affects the hydrodynamic radius behaviour with temperature,
and from the Raman scattering results that it induces a lowering of the conformational order degree.
Such findings provide evidence of the different behavioural properties of macromolecules in H2O
and D2O, and could be relevant for the areas of research in which the deuterium labelling technique
is commonly employed.

1. Introduction

In recent years much attention has been paid to poly(ethylene oxide) (PEO) [1, 2]. This
synthetic polymer is of relevant importance in polymer physics, both for the simplicity of its
fundamental repeating unit –(CH2–CH2–O)–, which makes it a good model for the study of
more complex polymeric systems, and for those features (e.g. its drag reducing properties)
for which it is employed in a wide variety of applications. Moreover PEO shows some
peculiar properties of great interest; for example, unlike other polyepoxides (general formula
[(CH2)xO]n, for PEOx = 2), it is soluble both in common organic solvents, like the other
members of the series, and in water. This characteristic behaviour seems to be ought to a
crucial balance of the hydrophobic forces exerted by the ethylene units, –CH2–CH2–, with
the hydrophilic interaction of the oxygens contained in the oxirane units and in the terminal
groups. These latter play an important role in the shortest chains, their importance decreasing
when the polymerization degreen increases. The resultant of these two competitive forces,
hydrophilic and hydrophobic, makes PEO soluble in water in all proportions at temperature
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lower than the boiling point of water; above this point it presents a miscibility gap that, by
diminishingn, shifts towards higher temperatures and vanishes forn < 48.

As far as PEO molecule conformation is concerned, it is well stated that in the crystalline
state PEO assumes a helical conformation (like other important biological systems, e.g. DNA)
that contains seven structural units CH2–CH2–O with two helical turns per fibre identity period
(19.3 Å), i.e. 72 helix structure [3, 4]. Previous works have reported experimental evidences
which support the hypothesis that PEO retains some of its helicity even in dilute aqueous
solutions [5, 6], assuming in the presence of water a more ordered conformation with respect
to the one in the melt state. Moreover the similarity of the ether oxygen spacing (2.88 Å) to
that of the oxygens in water (2.85 Å) evidently provides a good structural fit of the PEO coil to
the water H-bonding network. These two occurrences could be related to the unusual ability,
assessed by Devanand and Selser [7], of water molecules to ‘pack’ into and swell coils along
with a general structuring of water in the PEO/H2O system. As a result the second osmotic
virial coefficientA2 and the prefactora in the scaling relationRg = anν are unusually large
for PEO in water, indicating that water is an extremely good solvent for PEO. However in
a recent work of Biezeet al [8] the hypothesis that PEO can be hydrated by an unperturbed
tetrahedral water lattice is refused and no evidence of structured water at the polymer interface
is observed.

The aim of the present work is to study the conformational properties of PEO chain in
the two solvents H2O and D2O. In this frame, it is well known that deuterium labelling
plays an essential role in many areas of research where a purely massive effect is attributed
to the H/D substitution. In contrast with this assumption many experimental anomalies have
been observed near phase boundaries and in particular near critical points, where the overall
interactions are delicately balanced and, therefore, even small additional contributions can
shift the critical temperature significantly [9, 10]. We will show that, also far from these
conditions, in PEO aqueous solutions, the H2O/D2O solvent substitution affects significantly
the conformational behaviour of the polymer and its temperature dependence.

2. Theoretical background

The phase diagram of PEO aqueous solutions has been studied with particular interest by
several authors because some peculiar properties, as for example the presence of a low critical
solution temperature (LCST), cannot be explained by the simple Flory theory [11–13]. In this
section some of the theoretical models able to describe the PEO phase diagram will be briefly
reviewed.

The early theory of Kjellander and Florin (KF) to elucidate the phase behaviour of PEO
aqueous solutions [14] is based on the hypothesis of a good structural fit between water and
polymer molecules. PEO molecules are thought to be engaged in a hexagonal water structure
(ice Ih structure): all the ether oxygens of the polymer chain replace some of the oxygens in the
water structure and are bound to the lattice with hydrogen bonds. This picture is sustained by
the occurrence that, as already mentioned, the distance between the oxygen atoms in the PEO
helical conformation and in the water hydrogen-bonded tetrahedral coordination is nearly the
same. Indeed the hypothesis of an enhanced water structure around the chain could explain
the experimental findings that both the entropy and the enthalpy of mixing are negative in
PEO/H2O solutions; the structuring of water around PEO should be entropically unfavourable
but this latter contribution in the free energy is overcome by the enthalpic one. The good
structural fit is fundamental in making the enthalpy contribution sufficiently large and would
explain why the other polyethers are not soluble in water. In the KF theory [14] a parameter,
w, is introduced to take into account polymer–polymer contacts and hydration shell overlaps.
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It plays, essentially, the role of theχ parameter of the Flory theory in describing the solvent
quality. KF calculations indicate thatw decreases monotonically as temperature is raised
making the solvent poorer. This behaviour can be rationalized by hypothesizing that the
energetically stabilized hydration shells around the polymer chains break down as temperature
is increased. The phase separation at the LCST is considered to be due to the rupture of the
balance between the entropic and enthalpic contributions; the former becomes increasingly
more important at higher temperature even if its absolute value decreases because of the
hydration shell breaking down; the latter decreases in absolute value too; if the structure does
not break down sufficiently rapidly when the temperature is raised, the unfavourable entropy
contribution soon dominates and the system phase separates.

Figure 1. Matsuyama and Tanaka theory results forA2. In the inset the temperature behaviour of
the average hydration number/polymerization degree ratio, as obtained by MT theory and ultrasonic
velocity measurements, is reported.

A different picture, in which the phase diagram for the PEO/water system has been
calculated using Flory–Huggins theory assuming that each segment of the PEO chain may
exist in two forms due to the rotations around C–C and C–O bonds, was proposed by Karlström
[15]. There exists theoretical and experimental support for the idea that the oxygens prefer
a gaucheorientation around the C–C bond and that atransconformation is preferred around
the C–O bonds. Such an orientation creates a segment of the PEO chain which has a rather
large dipole moment and could be expected to interact favourably with water, whereas other
conformations will have smaller or no dipole moments and can be assumed to interact less
favourably with water. Changing temperature the probability distribution corresponding to
thegaucheandtransconformation varies and modifies the PEO–water interaction. Using this
model a semiquantitative agreement with the experiment is achieved.

More recently Matsuyama and Tanaka developed a theory [16] (MT) to describe LCST
in polymer solutions and applied it to PEO aqueous solutions. The model is based on the
assumption that each monomer is able to formP physical bonds with the solvent. Since the
interaction energy is of the order of thermal energy, the bonding–unbonding equilibrium is
easily established by thermal activation. The system is defined as formed bym clusters (i.e.m
solvent molecules attached to a polymer molecule), each cluster being considered as a separate
chemical species, and by free solvent molecules. Applying the Flory–Huggins theory to the
system formed by them clusters and by the solvent, the distribution ofm can be determined.
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The resulting average number〈m〉 of the solvent molecules bonded to the polymer decreases
with temperature, causing a worsening in the solvent quality and, at a certain temperature, to
a phase separation. Matsuyama and Tanaka used this model to fit, with a good accuracy, the
phase diagram of PEO/H2O solutions assumingP = 1 and introducing four free parameters
[16]. Figure 1 shows the second virial coefficient, as obtained by MT. In the inset the〈m〉/n

behaviour as a function of temperature, obtained using a value ofP = 2, is compared with
the data obtained by previous ultrasonic velocity measurements [17]. The choiceP = 2,
instead ofP = 1 as in the Matsuyama and Tanaka paper, has been made solely to allow a
more direct comparison with the experimental results on the hydration number. It should be
stressed that different experimental techniques can furnish different values of the number of
water molecules which are thought to be present at the PEO hydration shell.

As far as the theoretical behaviour ofA2 is concerned, it presents a maximum at about
60◦C; this result is in contrast with previous experimental findings [1]. However, changing the
value of the parameters involved in the calculation, for exampleP , the maximum shifts towards
lower or higher temperatures. Recently the MT theory has been successfully employed in the
study of PEO aqueous solutions [18]; however it does not explain why other polyethers are
not soluble in water and does not take into account the evidence that PEO in water partially
retains the 72 helix structure.

3. Experimental set-up

The solutions were freshly prepared from standard PEO samples with average molecular weight
Mw = 3400 Da, using ultrapure H2O and D2O. PEO solutions were filtered in recirculation
through 0.22 µm (nominal pore size) Millipore PTFE filter. Great care was taken in order to
obtain stable, clear and dust free samples. The samples were sealed in optical quartz cells, and
then mounted in an optical thermostat stabilizing temperatures within±0.1 ◦C.

3.1. PCS measurements

PCS measurements were performed using a photon counting optical system and a Brookhaven
BI-2030 correlator to analyse the scattered light. As exciting source, the 4880 Å vertically
polarized line of an Innova unimode Ar+ laser model 70, working in the power range of 50–
400 mW, was used. The scattered light, by means of an optical fibre, was detected in a 90◦

scattering geometry. The intensity–intensity autocorrelation functions were analysed with a
standard cumulant analysis. All the measurements were performed in thekRg � 1 region
where no internal modes contribute to the correlation function.

It is well known that the experimentally measured quantity in a PCS experiment, working
in a homodyne geometry, is the scattered intensity autocorrelation function〈I (0)I (t)〉. Under
the hypothesis of samples consisting of a large number of independent scatterers, the Siegert
relation [19] can be applied:

g(2)(t) = 1 +b|g(1)(t)|2 (1)

whereb is an optical parameter. Equation (1) links the second order correlation function
g(2)(t) = 〈I (0)I (t)〉/〈I 〉2, namely the intensity autocorrelation function normalized to the
square of the average intensity, i.e. to the first order correlation functiong(1)(t), defined as
g(1)(t) = 〈ES(0)ES(t)〉/〈I 〉. If the scatterers are monodisperse, isotropic and in a dilute
solution, it can be demonstrated that:

g(1)(t) = exp(−Dk2t) (2)

k = (4πn/λ) sin(θ/2) being the scattered wave vector andD being the diffusion coefficient.
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At low concentration, for thek values and the scatterers’ mutual distance involved in the
present experiment,D(k) represents the collective diffusion,D(k → 0) = Dc, determined
both by hydrodynamic and structural contributions [20]:

D(k → 0) = Dc = D0
H(0)

S(0)
(3)

whereS(k) andH(k) are the structure factor and the hydrodynamic function respectively and
S(0) = S(k → 0) andH(0) = H(k → 0) are their values in the limit ofk → 0.

Extrapolating the data to zero concentration, the infinite dilution diffusion coefficientD0,
i.e. the diffusion coefficient of the isolated particle, can be obtained. The hydrodynamic radius
can be calculated fromD0 using the Einstein–Stokes (ES) relation:

RH = kBT

6πηD0
(4)

whereη is the solvent viscosity andRH represents the radius of the entity constituted by the
scatterer and its hydration shell.

If some polydispersity is present a standard cumulant analysis [19] is more suitable for
the fitting ofg(1)(t):

ln g(1)(t) = −Deff k2t + 1
2µ2t

2 + · · · . (5)

In equation (5),Deff is the collective diffusion coefficient, averaged over the distribution
of particle size weighted by the square mass.

The measure of the effective diffusion coefficient at different concentration values
furnishes fundamental information about the investigated system. In fact, the concentration
dependence ofDc can be examined through the Gibbs–Duhem expression [21]:

Dc = kBT

ζch

(
1 − NAV1

M
c

)
(1 + 2A2Mc) (6)

whereζch is the frictional coefficient of the polymer molecule in solution, which, in the
limit of infinite dilution, takes the Einstein–Stokes formζ0 = 6πηRH . The second term in
parenthesis is the virial expansion of the structure factor,A2 is the second virial coefficient
of the osmotic pressure,M is the molecular mass,NA is the Avogadro number andV1 is the
partial specific volume of the polymer. In equation (6) the concentration dependence ofDc is
separated into two parts: the first contribution originates from the chemical potential, involved
in the virial coefficient; the second contribution is due to the hydrodynamic interaction, which
is included in the frictional coefficientζch. From equation (6) it can be further concluded
that the concentration dependence ofDc can be nonzero at theθ condition because, even if
A2 vanishes,ζch may be still concentration dependent. In the theoretical calculations, the
concentration dependence ofDc is normally expressed as [21]:

Dc(c) = D0(1 + kDc) (7)

where kD depends on the relative magnitudes ofA2 and of the first order concentration
coefficient of the virial expansion ofζch. For this reason the relation linkingkD to A2 is
usually written [22]:

kD = 2A2M − kf − V1 (8)

wherekf is the friction coefficient andV1 is usually small and can be neglected.
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3.2. Raman measurements

Polarized (IV V ) and depolarized (IV H ) Raman spectra were obtained by a Spex Ramalog 5
triple monochromator in a 90◦ scattering geometry in the−40–80◦C temperature range, using
the 5145 Å line of an Ar+ laser. The laser power was maintained at approximately 5 W. The
scattered photons were automatically normalized for the incoming beam intensity in order to
ensure good data reproducibility. The samples were sealed in optical quartz cells and then
mounted in an optical thermostat which stabilizes temperature within±0.1 ◦C. The spectral
range covered was 200–400 cm−1 with an instrumental resolution of 2 cm−1. The investigated
values of temperature and concentration both in H2O and D2O are reported in table 1.

Table 1. Concentration values,c (g cm−3), corresponding to the rationw/np between the number
of water and polymer molecules respectively, for the temperatures and concentrations investigated
in Raman measurements.

c (g cm−3)

nw/np T = 20◦C T = 30◦C T = 45◦C T = 60◦C

20 1.03 1.01 1.00 0.99
100 0.73 0.72 0.71 0.70
200 0.53 0.53 0.52 0.51
280 0.43 0.43 0.43 0.42
350 0.37 0.37 0.37 0.36

The spectral information which matters most in this study are the isotropic scattering
intensities, calculated from the parallel and perpendicular components of the scattered light.
By polarization analysis, the different polarization character of the spectral contributions can
be put in evidence through the evaluation of the isotropic contribution:

IISO = IV V − 4/3IV H . (9)

As far as the strongly polarized longitudinal acoustic mode (LAM) of polymers is
concerned, it is commonly attributed to many contributions representing the polymer skeletal
bending and stretching vibrations [23]. In the elastic rod model, which can be used for
crystalline systems, the LAM centre frequencies are related to the stem lengthlK by the
formula [24]:

ωLAM = kν = 1

lK

√
E

ρ
(10)

whereE andρ are the elastic modulus and density respectively, and whereν = √
E/ρ is the

propagating velocity of the longitudinal perturbation.
In non-crystalline systems the narrow LAM band is replaced by the much broader polarized

band associated to the disordered longitudinal acoustic mode (D-LAM) [25]. In such a case,
in equation (10),lK is the Kuhn statistical segment length which is a measure of the polymer
flexibility, and can be expressed in terms of the ratio between the square of the polymer coil
radius,R, and its maximum possible value,Rmax : lk = R2/Rmax . The broadening of the
D-LAM band must be attributed to the conformational disorder of the non-crystalline systems.

The D-LAM bands have been fitted by the log-normal functional form:

I (ω) = A exp

[
−1

2

(
ln(ω/ωD-LAM)

γD-LAM

)2
]

(11)
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whereA is the amplitude,ωD-LAM the band centre frequency andγD-LAM the width of the
distribution. The log-normal function has been chosen because it is the function that better fit
the strongly non-symmetrical profile of the bands. The asymmetry [26, 27] of the bands arises
from the fact that the D-LAM contribution results from a non-homogeneous overlapping of
sub-bands due to the many different conformers in the sample.

3.3. SANS measurements

SANS data on D2O solutions of PEO 3400 were collected on the 30 m instrument of the
WC Koehler Scattering Centre of Oak Ridge National Laboratory (USA). Samples were held
in quartz spectrophotometric cells (pathlength 2 mm). A sample–detector distance of 1.52 m,
combined with the 4 cm beam stop, and neutrons of mean wavelength of 4.75 Å (1λ/λ ∼ 5%)
gave a range of momentum transfer 0.03–0.38 Å−1. In all cases the two dimensional scattering
contours, corrected for detector efficiency, instrumental background etc, were isotropic and
therefore were reduced to 1D radial averages which were converted to scattering cross sections
per unit volume (cm−1) using water as secondary calibration standard. Temperature was
controlled within 0.2 ◦C by means of an external bath.

It is well known that, in a SANS experiment, the coherent differential scattering cross
section of a solution of monodisperse and centrosymmetric particles, under the hypothesis of
independence of intermolecular and intramolecular averages, can be separated into three terms
[28]: (

dσ(k)

d�

)
coh

= nP (k)S(k) (12)

wheren is the number density, andP(k) andS(k) are the form and structure factor respectively.
Under the assumption that the distribution of the monomer in the coil is Gaussian the form
factor of an ideal polymer chain can be simply derived:

P(k) =
∣∣∣∣ ∫

V

(ρ − ρ0) exp(ik · r) dV

∣∣∣∣2 = K2V 2f (kRg)

= K2V 2 2

(kRg)4
(exp(−(kRg)

2) − 1 + (kRg)
2) (13)

where the integral is on the volume of the particleV , ρ andρ0 are the coherent scattering length
densities of the particle and solvent respectively,K = ρ − ρ0, f (x) is the Debye form factor
[29] for a random coil andRg is the gyration radius. In a dilute solution interparticle interactions
can be neglected and the structure factor can be approximated to 1; as a consequence the spectra
result simply proportional, through the number concentration, to the form factor.

From equation (12) the Zimm plot method for the analysis of static intensity measurements
can be simply derived. In the limit of lowk values and dilute solution, the form factor can be
approximated by the expressionP(k) = K2V 2(1 + R2

gk
2/3) and the structure factor can be

approximated to its value atk = 0, S(0). S(0) is the inverse of the osmotic pressure and can
be expressed using a virial expansion. This results in

c

(dσ(k)/d�)coh

= M

K2V 2

(
1 +

k2R2
g

3

)
(1 + 2A2Mc). (14)

The experimental data of intensity have been fitted using the Debye form factor. However,
increasing concentration, interactions between the polymer chains must be taken into account.
To determine the value ofA2 equation (14) has been used. The value ofc/I in the limit of
k → 0 has been calculated according to the Guinier approximation (equation (14)) and the
resultingc/I versusc data have been fitted using a linear regression.



6086 C Branca et al

4. Results and discussion

PCS measurements have been performed on PEO 3400 at different concentration and
temperature values. The chosen concentrations are all in the dilute region according to the
condition reported in the literature [21]:

c < c∗ ∼= 3M

4πNAR3
g

(15)

wherec∗ is the overlapping concentration. In equation (15) theRg values were obtained from
the SANS data.

As far as the PEO 3400/H2O solutions are concerned, figure 2 shows the effective diffusion
coefficient data as a function of concentration at some of the investigated temperatures.
The straight lines in figure 2 are the best fit according to equation (7). It is well stated,
according to previous findings in polymeric and colloidal systems, and to computer simulation
experiments [30–32], that a positive slope of the initial dependence of the diffusion coefficient
on concentration indicates the existence of repulsive interactions among the particles; a fairly
independent behaviour with concentration signals a nearly theta condition and, finally, a
negative slope indicates that attractive interactions are present in the system. This interpretation
of the data is in agreement with the theoretical landscape sketched in the previous sections
according to the Gibbs–Duhem expression (equation (6)).

Figure 2. Concentration dependence of the effective diffusion coefficient for PEO 3400/H2O
solutions at various temperatures.

From the extrapolated values ofD0, the hydrodynamic radius has been determined for
different temperature values. The obtained results are reported in figure 3(a). It is evident
that different regimes can be distinguished. In the first one, from 5 to 15–20◦C,RH increases
with temperature; then it saturates in the range between 20 and 40◦C and, finally, from 40 to
80◦C, it slightly decreases with increasing temperature. This result can be better interpreted
considering also the temperature behaviour ofkD, which is reported in figure 4(a). The trend
of kD is similar to that ofRH : it increases with temperature until 20◦C and decreases from
25 to 80◦C. Both the results can be interpreted in terms of a temperature dependent solvent
quality of water. To rationalize these results one should bear in mind that the amount of water
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for each polymer molecule decreases with increasing temperature, as shown by Mandelstam–
Brillouin light scattering and by ultrasonic measurements [17] (see inset of figure 1). This can
be ascribed to the enhanced thermal motions at higher temperature that lead to lower residence
times of water molecules in the nearby hydration of the polymer. As a consequence, the
average number of water molecules moving together with the polymer will be lower. At the
same time, it should be also pointed out that with increasing temperature, owing to the rupture
of a certain fraction of hydrogen bonds in water, the number of water molecules available for
bonding with the polymer increases too. Finally, as already mentioned in the previous section,
the excluded volume interactions, for increasing values of temperature, increase and tend to
swell the polymer structure. Therefore, the hydrodynamic radius behaviour as a function
of temperature is determined by the net result of these three effects. Our results indicate,
at low temperatures, a major incidence of the intramolecular repulsive interaction between
the constituent monomeric units, then an equilibrium, and, at high temperatures, an effect of
apparent shrinking of the PEO coil also due to the loss of water molecules. This interpretation
is in agreement with MT theory.

Figure 3. (a) Temperature dependence of the hydrodynamic radius for PEO 3400/H2O solutions.
(b) Temperature dependence of the hydrodynamic radius for PEO 3400/D2O solutions.

As far as thekD behaviour is concerned, it can be explained by a temperature dependent
solvent power of H2O. This finding is in accordance with the behaviour of Mark–Houwink–
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Figure 4. (a) Temperature dependence ofkD for PEO 3400/H2O solutions. (b) Temperature
dependence ofkD for PEO 3400/D2O solutions.

Sakurada parameters,K anda, in the scaling law relating the intrinsic viscosity [n] to Mw:

[η] = KMa
w. (16)

TheK anda behaviour, as reported in the literature [1], indicates that from 10 to 35◦C water
becomes a better solvent, from 35 to 45◦C it approaches its limiting value and, finally, the water
solvent power begins to decrease above 45◦C. This behaviour is reflected in the measuredkD

temperature dependence, even if friction effects, which are known to be large for PEO in water
[7, 33], must be taken into account (equation (8)).

Figure 5 shows, in a log–log plot, the dependence of the PEO diffusion coefficient
extrapolated at infinite dilutionD0 on Mw, at T = 25◦C. The data, which include results
previously obtained [34], fall along a straight line yielding a scaling exponent ofν = 0.57. This
value is slightly lower than the one previously obtained without the data for theMw = 3400
sample. This finding can be attributed to the fact that PEO 3400 has not fully reached the
asymptotic good solvent behaviour. However it is relevant that in PEO aqueous solutions
the scaling law connectingD0 andMw holds in the range 3400–4 000 000 Da with a scaling
exponent close to the value of 0.588 [35–37] predicted by the theory for a swollen coil in a
good solvent.
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Figure 5. Log–log plot ofD0 as a function ofMw for PEO/H2O solutions. The straight line
represents the best fit according to the scaling lawD0 = AMν

w (ν = 0.57).

The interpretation of PCS data is in accordance with the results of Raman measurements.
In figure 6, for example, the D-LAM spectra of a PEO 3400/H2O and of a PEO 3400/D2O
solutions are reported. The continuous and dashed lines represent the best fit according to
equation (11). In figure 7 the evolution of the fit parametersωD-LAM andγD-LAM is reported as a
function ofnw/np ratio, for the PEO 3400/H2O and PEO 3400/D2O solutions,nw andnp being
the number of water and polymer molecules respectively. As far as the PEO 3400/light water
system is concerned, it is evident that, increasing the water content, a remarkable frequency
increase (over 10 cm−1) towards values corresponding to those of the crystal phase takes place.
On the other hand the diminishing ofγD-LAM clearly indicates the sharpening of the spectral
contribution. This evidence is in agreement with the assumption, already mentioned in the
introduction, that PEO in water tends to assume, with respect to the melt case, a more ordered
conformation, closer to the crystalline one. The picture that emerges is that the addition of
water molecules promotes the formation of more rigid hydrated polymer coils. This gives rise
to theωD-LAM increase and can be related to the measured initial decrease of the PEO/water
compressibility [14] as the water content is raised starting from the pure polymer system. The
same hydration process destroys the intermolecular interactions among the polymeric chains
and promotes the sharpening of the D-LAM contribution, until, essentially, only one intense
band, corresponding to the isolated hydrated polymer coil, is found. In this interpretation the
plateau region in figure 7 begins when the number of water molecules per PEO molecule is
enough to assure a full hydration of the polymer. The hydration numbernH , as obtained by
ultrasonic velocity measurements, agrees with this interpretation of the Raman spectra.

A similar analysis has been carried out for the temperature dependence of the D-LAM
contribution. In figure 8 theωD-LAM andγD-LAM parameters are reported for a PEO+200 H2O
system as a function of temperature. The chosen concentration corresponds to the plateau zone
for ωD-LAM andγD-LAM assuring both a complete hydration of the polymer and a sufficient
optical contrast for a good signal-to-noise ratio. As shown, increasing temperature from 10
to 45◦C a small frequency shift towards lower values and a significant broadening of the
D-LAM mode is recorded. At higher temperatures, however, one observes an inversion in the
behaviours of theωD-LAM andγD-LAM parameters. Such data indicate, in the 10–45◦C range,
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Figure 6. D-LAM contributions for a PEO 3400/H2O solution (open circles) and for a PEO
3400/D2O solution (closed squares) at 60◦C. The lines among the experimental points represent
the best fit according to equation (11). The arrows indicate the D-LAM centre frequencies.

Figure 7. Concentration dependence of the D-LAM centre frequency (ωD-LAM ) and width
(γD-LAM ) for the PEO 3400/H2O solutions (open circles) and for the PEO 3400/D2O solutions
(closed squares) at 60◦C. The lines are guides for the eye.

a broadening of the Kuhn length distribution towards higher values. We interpret these results
in terms of the effect of the solvent power evolution of H2O.

It is well known that SANS represents a powerful technique, complementary to the
previously reported ones. In order to examine thoroughly the PEO/water system and to
introduce the comparison with the PEO/D2O solutions, SANS measurements in the PEO
3400/heavy water system have been performed at three different temperatures. In figure 9(a)
the coherent differential scattering cross sections are reported atT = 40◦C as an example. The
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Figure 8. Temperature dependence of the D-LAM centre frequency (ωD-LAM ) and width (γD-LAM )
for the solution PEO 3400 + 200 H2O. The lines are guides for the eye.

spectrum profile is in agreement with the one reported in literature for a solution of PEO 21000
in D2O [38]. In the low-k region the decrease in the intensity with the increase of polymer
concentration reflects the contribution of the interactions between polymer. In the high-k

region, where correlations between polymer segments over shorter length scales determine the
scattered intensity, the magnitudes of the scattered neutron intensities rank in the opposite order
with increasing polymer concentration. This follows from the fact that in the large-k limit,
the nature of the correlations within each polymer coil is relatively insensitive to polymer
concentration, and each polymer coil acts as an independent scatterer. Consequently, the
scattered intensity is simply proportional to the polymer concentration [38]. These occurrences
are shown in figure 9(b) which shows the spectra normalized to concentration. As it can be
seen, in the low-k region the scattered intensity decreases with increasing concentration and
in the high-k limit the normalized spectra superimpose. In figure 9(a) the continuous lines
are the fit according to the random coil form factor (equation (13)). In table 2 the obtained
values ofRg for all concentrations and temperatures are reported. The apparent values of
Rg decrease with increasing concentration indicating repulsive intermolecular interactions. It
is important to note that the apparent values ofRg, obtained by fitting the spectra at higher
concentration, decrease nonlinearly with increasing PEO concentration. If the conformation
of the macromolecules does not change with concentration, the excluded volume effect would
lead to a linear decrease inRg as a function of polymer concentration. The nonlinear variation
of Rg observed for PEO may be due to the combined effects of possible changes in the three-
dimensional structure and to the interparticle interaction of PEO coils at high concentration
[38, 39]. As a consequence, it is expected that SANS spectra are sensitive to the isolated coil
and can furnish a value ofRg only in the most dilute solutions. At higher concentrations in the
semidilute region,c > c∗, polymer coils begin to entangle and theRg values obtained, more
properly, are to be considered static correlation lengths,ξ [39].

To obtain a quantitative estimation of the interparticle interaction the Zimm plot has been
used. In figure 10 the quantityc/I (0) is reported as a function of concentration at different
temperatures, whereI (0) is the intensity extrapolated at zero wave-vector. It is evident that
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Table 2. Resulting fit parameters using the Debye form factor for the SANS measurements on
PEO 3400/D2O solutions.A is the amplitude parameter.

c = 0.07 g cm−3 c = 0.09 g cm−3 c = 0.13 g cm−3 c = 0.19 g cm−3 c = 0.29 g cm−3

T (◦C) A Rg (nm) A Rg (nm) A Rg (nm) A Rg (nm) A Rg (nm)

20 0.58 1.25 0.56 1.15 0.53 0.95 0.42 0.74 0.30 0.50
40 0.76 1.42 0.74 1.30 0.71 1.12 0.59 0.90 0.41 0.65
60 1.02 1.58 1.05 1.51 1.05 1.32 0.89 1.07 0.66 0.79

Figure 9. (a) Coherent differential scattering cross section for PEO 3400/D2O solutions at
T = 40◦C. (b) Coherent differential scattering cross section normalized to concentration for
PEO 3400/D2O solutions atT = 40◦C.

a linear dependence on concentration is not suitable for the analysis. However, using the
procedure described in the experimental section, the value ofA2 has been obtained using a
linear regression to the three most diluted concentrations for the data extrapolated tok = 0 (see
figure 10). The obtained values ofA2 as a function of temperature are reported in figure 11.
As can be seenA2 decreases with increasing temperature indicating a lowering of the solvent
power of D2O as the temperature increases. This finding is in contrast with thekD behaviour



H↔D substitution in PEO–water 6093

Figure 10. c/I (0) as a function of concentration at different temperatures.

Figure 11. Temperature dependence ofA2 for PEO 3400/D2O solutions.

obtained for PEO 3400/H2O solutions; however this result could be attributed to the different
isotopic nature of the solvent. It will be shown that this hypothesis is confirmed by PCS
measurements on PEO 3400/D2O solutions. In figure 12 the evaluated radii of gyration are
reported as a function of temperature for the most diluted concentration. It can be clearly
seen thatRg increases with temperature. This occurrence could be attributed to the fact that,
even at the lowest concentration, 0.07 g cm−3, Rg values are to some extent diminished by the
repulsive interaction between the chains. Moreover, a comparison between the magnitude of
kD andA2 reveals that the friction coefficient virial coefficient,kf , must be unusually large.
This finding is in agreement with previous measurements on PEO/H2O solutions [7].

For a direct comparison with the PEO/light water solutions a series of PCS and Raman
measurements on the PEO 3400/D2O system have been also performed. The effective diffusion
coefficient data are reported in figure 13 as a function of concentration at the same temperatures
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Figure 12. Temperature dependence of the gyration radius for PEO 3400/D2O solutions.

as in figure 2. Straight lines are the best linear fit according to equation (7). A comparison with
the diffusion data on PEO/H2O solutions reveals that, in heavy water, PEO coils have a lower
diffusion coefficient. This occurrence could be ascribed simply to the different rheological
properties of the solvent; in fact, at 5◦C D2O shear viscosity is∼30% higher than H2O, this
difference slightly decreasing as temperature is raised to a value of∼15% at 100◦C [40]. This
explanation is not fully satisfactory. In figure 3(b) the hydrodynamic radius, as obtained from
the ES relation, as a function of temperature is shown. Hydrodynamic radius data reveal a
slightly different behaviour, both in the magnitude and in the temperature dependence. At low
temperatures, in D2O, RH values are slightly higher than in H2O and remain nearly constant
as temperature is raised; in the temperature range of 25–40◦C, polymer dimension decreases
and then reaches a constant value, slightly lower than in H2O at the same temperatures. The
temperature dependence of the solvent quality of D2O turns out to be different from the one
in H2O. It must be stressed that at higher temperaturesRH , both in H2O and in D2O, tends
to be independent of temperature. This occurrence can be related to the decrease of the
hydration number, due to the enhanced thermal motion, and to the lowering of the solvent
power incidence.

These findings suggest that the isotopic substitution affects the solvent properties and their
dependence on temperature. The increasing of the gyration radius and the decreasing ofA2,
as evaluated from the SANS data, in the temperature range 20–60◦C support this hypothesis.
Also the evaluation ofkD reveals a different behaviour of the two solvents. In figure 4(b) the
kD values are reported as a function of temperature for the PEO/D2O system. In agreement
with theRH andA2 behaviour,kD decreases with temperature in all the investigated range.
In particular, starting from values slightly higher than in H2O it decreases until, in the range
40–80◦C, no appreciable difference, both in the behaviour and in the numerical values, can be
noted. In addition, from the comparison between theRH andkD data it seems that their whole
behaviours in D2O are shifted towards lower temperatures with respect to those in H2O.

The similarity of the temperature dependence ofkD andA2, evaluated using PCS and
SANS respectively, suggests thatkD can be considered a faithful indicator of the PEO intercoil
interactions character, in spite of the dependence onkf , even at that temperatures not directly
probed by SANS measurements.
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Figure 13. Concentration dependence of the effective diffusion coefficient for PEO 3400/D2O
solutions at various temperatures.

The ratioRH/Rg furnishes other interesting information about the nature of the solvent–
polymer interaction. Treatments based on the assumption of a Gaussian chain predict values
of RH/Rg about 1.5 [41, 42]. In the good solvent limit the obtained value is of 1.6.
Instead Benmouna and Akcasu [43], using Ptisyn’s pseudo-Gaussian (blob model) found
a higher value for highly swollen chain:RH/Rg = 1.9. Previous investigation [7] on
PEO/water solution gave a result ofRH/Rg = 1.7, intermediate between the two theoretical
predictions, which, however, states the swollen conformation of the PEO chain in water
solution. In figure 14 theRH/Rg ratio, as obtained from PCS and SANS measurements,
is reported as a function of temperature. The obtained values decrease with temperature from
RH/Rg = 1.5 at 20◦C to RH/Rg = 1.1 at 60◦C showing, in agreement with the previous
results, a lowering of the solvent power. The comparison with the data of Devanand and
Selser [7] indicates that D2O is a worse solvent with respect to water, even if it must be
stressed that the cited results ofRH/Rg = 1.7 in the PEO/water system were obtained for
higher molecular weight than 3400 Da; indeed a slightly lower value of theRH/Rg ratio
could be due to the fact that PEO 3400 has not yet fully reached asymptotic good solvent
behaviour.

The different solvent behaviour of water and heavy water can be shown also by examining
the Raman D-LAM contribution. In figure 7 theωD-LAM andγD-LAM behaviours as functions
of concentration for PEO 3400/D2O solutions are reported and compared to those for the
PEO 3400/H2O solutions at 60◦C. The most striking feature is that in the case of PEO/D2O
solutions, by adding heavy water molecules, the D-LAM centre frequency tends to an
asymptotic value smaller than that relative to the PEO/H2O system. Such a behaviour clearly
indicates that the PEO chain conformation in the presence of heavy water is less close to the
one of the crystalline phase with respect to the case of the PEO/H2O system. In addition, if
we focus attention on the concentration dependence of the distribution width, a remarkably
higher degree of disorder can be demonstrated supporting once more a markedly different
behaviour of the PEO/H2O and PEO/D2O systems. In fact, the width of the distribution,
related to the variety of the different conformers existing in the sample, never approaches the
value obtained in the case of the PEO/H2O system, keeping always a higher value. Moreover,
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Figure 14. Temperature dependence ofRH /Rg for PEO 3400/D2O solutions.

ωD-LAM begins to saturate at lowernD/np values, wherenD andnp are the number of heavy
water molecules and polymer molecules respectively; this finding indicates that full hydration
is reached at lower water content so that the hydration number is less in D2O than in H2O.
Again the experimental evidence reveals a direct relation between the hydration of the PEO
coil and its conformational properties.

5. Concluding remarks

The paper deals with the conformational properties of PEO in the two solvents H2O and D2O,
investigated by the joint employment of different techniques. It is shown that the solvent quality
of PEO/light water–heavy water solutions depends on temperature: first increasing and then
decreasing in the PEO/H2O system; always decreasing with temperature in the PEO/D2O
system. This behaviour has been related to the net result of different occurrences strictly
connected with the formation and the rupture of the polymer coil hydration shell and of the
H-bond network in the bulk solvent. In particular, it is well known that hydrogen bonding
is stronger in D2O than in H2O, so that the energy gain for the formation of a bond between
PEO and the solvent is lower in D2O than in H2O. This occurrence could explain the results
reported in the present paper; in fact in the Matsuyama–Tanaka theory, a decrease of the energy
gain due to the formation of a physical bond between solute and solvent leads the curve ofA2

as a function ofT to lower values and shifts it toward lower temperatures, as experimentally
detected by our PCS and Raman analysis.

In conclusion, the present work shows that, besides being lethal for biological systems due
to the modification of the H-bond potential well, the isotopic substitution technique, nowadays
widely employed in a plenty of structural and dynamical studies, can give rise to different
conformational arrangements with markedly different temperature behaviour. These results
have a remarkable fall-out on many methodologies available nowadays.

It is well known, for example, that, in designing an experiment to probe molecular structure
and dynamics in condensed matter systems, neutron scattering in a wide sense, due to the time–
space scale to which it is sensitive and to the simplification brought about by the neutron–
nucleus interaction, well meets the necessary requirements. In such a case it is commonly
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assumed that the unique distinctive isotope character allows us to select the incoherent or
coherent nature of the scattering (that on its own reflects the neutron particle–wave) without
any change in the system behavioural properties. What clearly emerges from the present study
is that, at least in the PEO–water case, in spite of the great maturity attained in this field, the
complexities connected with isotopic substitution, with all its connected drawbacks, limit the
effectiveness of the technique that, as a consequence, often requires considerable scrutiny.
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